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Abstract

Cavitation resistance has often been viewed as a relatively static trait, especially for

stems of forest trees. Meanwhile, other hydraulic traits, such as turgor loss point

(Ψtlp) and xylem anatomy, change during the season. In this study, we hypothesized

that cavitation resistance is also dynamic, changing in coordination with Ψtlp. We

began with a comparison of optical vulnerability (OV), microcomputed tomography

(µCT) and cavitron methods. All three methods significantly differed in the slope of

the curve,Ψ12 and Ψ88, but not in Ψ50 (xylem pressures that cause 12%, 88%, 50%

cavitation, respectively). Thus, we followed the seasonal dynamics (across 2 years) of

Ψ50 in Pinus halepensis under Mediterranean climate using the OV method.

We found that Ψ50 is a plastic trait with a reduction of approximately 1MPa from

the end of the wet season to the end of the dry season, in coordination with the

dynamics of the midday xylem water potential (Ψmidday) and the Ψtlp. The observed

plasticity enabled the trees to maintain a stable positive hydraulic safety margin and

avoid cavitation during the long dry season. Seasonal plasticity is vital for

understanding the actual risk of cavitation to plants and for modeling species'

ability to tolerate harsh environments.
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1 | INTRODUCTION

One of the major risks to plants under drought is hydraulic failure

(Brodribb and Cochard 2009; Kursar et al., 2009; McDowell

et al., 2008). As the soil dries and/or evaporative demand increases,

negative pressure (Ψx) develops in the xylem. When this pressure

exceeds the ‘air seeding’ threshold, a cavitation event occurs. An air

bubble is pulled into a conduit, rapidly expands, and embolises it

(Tyree and Zimmermann 2002). In the case of extensive levels of

embolism, the plant faces desiccation of organs (Brodribb et al., 2021;

Cardoso et al., 2020) and even death (Hammond et al., 2019). From a

practical standpoint, the xylem pressure at which 50% loss of

conductivity (LC) occurs (Ψ50) has been found to correlate with

drought resistance, and it is commonly used to determine plants'

drought adaptation (Brodribb and Cochard 2009; Choat et al., 2012).

Many studies measured the plasticity of Ψ50 in response to

environmental factors. Xylem vulnerability varied in respect to the

light conditions (Lemoine et al., 2002; Schoonmaker et al., 2010),

nutrients availability (Harvey and Driessche 1997, 1999; Beikircher

et al., 2019; Bucci et al., 2006; Ewers et al., 2000; Hacke et al., 2010;

Plavcová and Hacke 2012; Plavcová et al., 2013; Villagra et al., 2013),

temperature variations (Mayr et al., 2002), and water availability
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(Anderegg 2015; Awad et al., 2010; Beikircher and Mayr 2009;

Cardoso et al., 2018; Jacobsen et al., 2007; Ladjal et al., 2005;

Martorell et al., 2015; Stiller 2009). Despite this well‐established

plasticity, Ψ50 is considered a static trait through time, probably

because the xylem is composed of dead cells and is thus less plastic

once formed (Choat et al., 2012). The commonness of this perception

is manifested by many studies which measured the xylem vulnerabil-

ity curve (VC) at one point of the experiment and compared it

with the seasonal dynamics of Ψx to determine if cavitation had

taken place (e.g., Fontes et al., 2018; Hochberg et al., 2016;

Skelton et al., 2017).

However, there are good reasons to assume that Ψ50 is, in fact,

seasonally dynamic. For starters, most hydraulic traits will change

during the season. Xylem architecture (the probable mechanistic

determinant of Ψ50; von Arx et al. 2012; Kaack et al., 2021), the

turgor loss point (Ψtlp, which is normally coordinated with Ψ50;

Bartlett et al., 2014; Brodribb et al., 2003; Cardoso et al., 2018), and

the stomatal closure (Herrera et al., 2022; Sorek et al., 2021) in

respect to Ψx were shown to change during the season. Also, from a

strategic point of view, a seasonal adjustment of stomatal closure and

Ψtlp to lowerΨx will place plants at greater risk of cavitation unless an

equal adjustment of Ψ50 takes place. Finally, the few studies that did

characterize the seasonal dynamics of Ψ50 measured considerable

seasonal plasticity.

Kolb and Sperry (1999) found that Artemisia tridentata reduced

its Ψ50 from −1.6MPa to −4.5MPa from May to July. In addition,

Jacobsen et al. (2007, 2014) found a 1−2MPa decline in

vulnerability to cavitation from the wet season to the dry season

in several Californian plant species. More recently, grapevine shoots

and leaves were shown to exhibit a 0.7−1MPa decrease in Ψ50 as

the growing season progressed (Charrier et al., 2018; Sorek

et al., 2021), and similar patterns were also measured in leaves of

other Mediterranean species (Sorek et al., 2022). It is difficult to

understand if these examples are exceptions or the rule for most

species. Specifically, a seasonal dynamic in a deciduous species,

which grows its new functional xylem in a few months, seems more

reasonable than equivalent plasticity in long‐standing evergreen

forest trees. Forest trees in general, and pines in particular, are

known to have limited Ψ50 plasticity when grown under variable

environments (Maherali and Delucia 2000; Klein et al., 2013; Ladjal

et al., 2005; Lamy et al., 2014; Unterholzner et al., 2020), though

they showed plasticity in some occasions (Domec et al., 2010;

Corcuera et al., 2011; López et al., 2013).

In the current study, we examined the seasonal dynamics of

cavitation resistance in stems of Pinus halepensis. Since pines are one

of the most globally dominant forest species, the existence or lacking

of a dynamic Ψ50 in pines would significantly impact our under-

standing of forests' response to drought. If pines seasonally acclimate

their Ψ50 to lower values, then many of the studies that measured

Ψ50 only at the wet season may have overestimated forest

vulnerability to drought. We evaluated the cavitation resistance

using the optical vulnerability (OV) method. We determined the

accuracy of the OV measurement for pines’ shoots through

comparison with two established methods: microcomputed tomog-

raphy (µCT; Brodribb et al., 2016; Choat et al., 2015; Cochard

et al., 2015) and the cavitron (Cochard 2002; Cochard et al., 2005).

We hypothesized that the xylem vulnerability is a seasonally plastic

trait, which will adjust to lower Ψx along the summer in coordination

with the known dynamics of the midday water potential (Ψmidday) and

the Ψtlp.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental design

The study consisted of two parts: (1) a comparison of OV method

with the cavitron and µCT methods in pines' shoots, and (2) a

characterization of the seasonal dynamics of the stems' Ψmidday,

xylem vulnerability, and Ψtlp.

2.1.1 | Experiment 1—methods comparison

Because of the controversies regarding the validity of methods for

the assessment of xylem vulnerability (Choat et al., 2010; Wheeler

et al., 2013), we decided to compare the OV method with more

commonly used methods. VC of P. halepensis were constructed in

June 2020 using three different methods: cavitron, µCT, and OV.

The latter two are imaging methods, while the cavitron is a

hydraulic method. Shoots were collected from three 2‐year‐old,

1.5 m tall, potted pines, growing in the greenhouse of Weizmann

Institute of Science, Rehovot, Israel. Pines were watered daily in

the morning to full capacity and kept under natural conditions. Five

shoots were sampled for cavitron, 1−2 shoots per tree. Additional

three branched shoots were sampled from each plant respectively

for simultaneous evaluation using the OV and µCT. OV was

continuously measured on 4−5 mm‐thick twigs, while 1−2 mm‐

thick twigs from the same shoots were sampled every few hours

and scanned using the µCT. The use of many samples from the

same individual plants and the concurrent evaluation of multiple

methods meant that we were not able to standardize sample size

and location across methods. This may complicate a simple

interpretation of these results.

2.2 | Cavitron method

The Cavitron technique (Cochard 2002; Cochard et al., 2005) is

considered reliable for tracheid‐bearing species such as conifers

without the influence of the ‘open vessel’ artifact (Pivovaroff

et al., 2016). It uses centrifugal force to generate Ψx in the xylem

by spinning stem samples. The stems are exposed to stepwise

decreasing Ψx, while measuring the conductivities at the same time.

The VCs are plotted as the relationship between Ψx and the

corresponding LC.
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Shoots with a length of 70−80 cm were harvested, wrapped in

wet tissue and placed in a black plastic bag, and transferred to the

laboratory. Starting at approximately 20 cm from the apex, a 27.4 cm‐

long segment per shoot was then excised by carrying out several

cuttings under water, debarked to minimize resin exudation, and both

ends trimmed with a fresh razor blade (Delzon et al., 2010).

The 27.4‐cm‐long stem segment was fixed on a custom‐built

rotor (Cochard 2002) mounted on a Sorvall RC5 centrifuge (DuPont

Instruments). Both ends of the segment were placed in plastic

cuvettes filled with a solution that could be replenished. The solution

is ultra‐pure and degassed water, including 10mM KCl and 1mM

CaCl2. A positive hydrostatic pressure (ΔP), generated by different

amounts of water in the two cuvettes, drove the water flow through

the segment while spinning. The flow rate (F) was calculated by the

amount of water moved at a given time interval. Then, the xylem

specific conductivity (Ks) was calculated as:

K
F L

P A
=
Δ

s (1)

where L was the length and A was the xylem area of the segment.

Ψx was first set to—0.5MPa for measuring maximum conductiv-

ity, Ks,max. Subsequently, a VC was obtained by repeated Ks

measurements, stepwise exposing the segment to more negative

pressure until > 90% LC was reached:

K

K
LC = 1 − × 100%

s

s,max







 (2)

VCs were sigmoidal and fitted to a Weibull function (cumulative

distribution function) as:

BLC/100 = 1 − exp[−(Ψ / ) ]x
C

(3)

where the constants were calculated by minimizing RMS error.

The Cavisoft software (version 5.2, University of Bordeaux) was

used to control centrifuge speed and for conductivity estimation.

2.3 | OV method

The OV method is based on continuous imaging of the sample

when abrupt changes in light reflectance are interpreted as xylem

cavitation (Brodribb et al., 2016). A Raspberry Pi microcomputer

was used to control and store images produced by a camera,

contained within a custom‐built clamp that was used to fix the

sample in place. The sample field of view was magnified by a ×20

lens and illuminated by LED light source that provided reflected

light from the sample surface. Details of the optical system, image

capturing, post image processing, and data analysis, as well as an

overview of OV method, are present at www.opensourceov.org.

Shoots with a length of 80−90 cm were harvested, wrapped in a

black plastic bag, and transferred to the laboratory. Then, the basal

ends were recut (by ca. 10 cm in total) under water, and the shoots

were allowed to rehydrate for 2 h in buckets filled with water while

wrapped in a black plastic bag. After that, the shoots were removed

from the water and unwrapped. A small section (rectangle of

2.5 × 1 cm) of the bark and phloem from each collected sample was

carefully removed. The exposed xylem was covered with a

conductive adhesive gel (Aquasonic Clear; Parker Laboratories

Inc.) to reduce heterogeneity in the speed of desiccation across

different xylem layers. The camera clamp assembly was positioned

to best view the exposed xylem and fixed in place. Images were

taken every 5 min. The Ψx was measured every 10 min continuously

using the PSY1 stem psychrometer (ICT International), which was

installed ca. 10−20 cm from the OV clamp. Scholander pressure

chamber (Model 1505D; PMS) measurements were taken once a

day to validate the psychrometer measurement, which showed a

good agreement with the psychrometer method (Supporting

Information: Figure S1). A best‐fit regression model of the Ψx

versus time was used to determine the Ψx of all the images taken

below the Ψtlp (Supporting Information: Figure S2). Above Ψtlp the

Ψx was determined as the nearest psychrometer measurement. The

dehydration usually lasted five (summer) or seven (winter) days until

cavitation events had ceased (concluded after 24 h with no

cavitation events). The image sequences were processed using

ImageJ, as described in Hochberg et al. (2017). The degree of

cavitation (in %) was expressed as the cumulative number of

cavitated pixels at a specific time normalized to the total number

of cavitated pixels under full dehydration (Brodribb et al., 2016).

These data were used to determine the VCs, which is the

percentage of cavitated area as a function of Ψx. Weibull function

was used to fit the curves when comparing the three methods.

However, mean curves, calculated from all the raw individual

curves, were used to determine Ψ50 for examing its seasonal

plasticity.

2.4 | Micro‐CT method

The short tracheids of P. halepensis (i.e., ~2 mm; David‐Schwartz

et al., 2016) allow the measurements of cut samples without the risk

of artificial cavitation inducement. Small branchlets (1−2mm in

diameter, ~5 cm in length) were removed from the large branch to

which the OV sensors were attached. The water potential at sampling

was measured by the psychrometer, which was installed ca.

10−20 cm from the OV sensors. Branchlets were covered with a

wet paper towel and cut from the large branch. The samples were

immediately sealed to prevent water loss by dipping them in hot wax

(<60°C) and immediately in ice water. The fixed samples were

promptly scanned in the μCT (RX Solutions). Each scan was

conducted under a power of 4.8 Watt with a frame rate of 1 image

s−1 and 1440 images per scan, resulting in a voxel size of 5−8 μm.

After the first scan, each sample was cut at the middle of the scanned

area to embolize all the tracheids, the cut edge was recovered with

parafilm to prevent further dehydration, and the sample was scanned

again to account for the branchlet's maximal conductive area (LAmax).

One slice from each scan was analyzed using ImageJ software
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(Schindelin et al., 2012), where the bark, pith tissues and resin ducts

were manually cropped out and the air‐filled area was quantified just

for the xylem tissue using the threshold tool. The degree of cavitation

was quantified as:

cavitationdegree =
LA

LA
× 100%

nat

max
(4)

where LAnat is the loss of area due to native cavitation shown in the

intact scan. Then the VCs was determined by cavitation degree as a

function of Ψx using Weibull function as stated in cavitron methods.

2.4.1 | Experiment 2—seasonal plasticity of xylem
vulnerability

The experiment was conducted on 10‐year‐old field trees, growing in

theVolcani Center, ARO, Israel. The measurements of VCs by OV and

cavitron method, Ψmidday, Ψtlp, and osmotic potential (Ψπ) were

carried out at a 2−6 month intervals from March 2020 to February

2022 (a total of eight time points).

2.5 | Seasonal dynamics of xylem vulnerability

Three to six shoots at each time point, 80−90 cm in length, were

excised at noon (11:00 AM−12:00 PM) from the sun‐exposed side of

the trees, enclosed in a big black plastic bag to avoid water loss, and

transferred to the lab. The shoots were allowed to rehydrate for

2 h in buckets filled with tap water while wrapped in a black plastic

bag before the dehydration commenced. Vulnerability measurements

by the OV method were conducted on shoots, that were formed in

the winter of 2020 and were later either 1‐year old (March to

October 2020), 2‐year old (December 2020 to October 2021), or

3‐year old (February 2022). At the same time, the OV sensor was

attached to the outer edge of the stems; thus, the monitored tissue

was mostly made of current‐year tracheids. The OV method was

used exactly as described in Experiment 1.

Two potential artifacts associated with the OV method were

examined and eliminated. First, the OV method examines only the

outermost layer of the xylem and thus could result in a deviation from

the xylem vulnerability of the whole shoot. To ensure that this is not

the case in our study and to strengthen the observation of the OV

with a better‐tested method, in March and July 2021, VCs were also

collected using the cavitron (as described in Experiment 1). Second,

the OV method assumes that no xylem embolism are present when

the dehydration starts. Accordingly, µCT measurements of native

embolism in October 2020 (the end of summer with the lowest

Ψmidday) were conducted.

In addition, a short experiment was conducted to examine that

the seasonality of OV curves is not a direct function of the Ψx. In this

experiment, we simulated the Ψx reduction of the entire summer in

1 week. VCs were collected in July 2021 for 2‐year‐old potted

seedlings under well‐irrigated conditions or exposed to 1 week of

dehydration that resulted in a minimal Ψx of −2.7MPa. According to

preliminary tests on the well‐irrigated seedlings, Ψx of −2.7MPa is

the lowest Ψx that leads to no cavitation and thus should allow the

measurement with the OV method.

Since the VC of December 2020 indicated a less negative Ψ50

compared to the VCs of October 2020, we wanted to find if new

growth had started. This was done by light microscopy observations

of xylem anatomy. Five segments, approximately 2 cm in length and

4‐mm in diameter, which were similar in age and diameter to the

ones we used for observations on seasonal vulnerability, were

soaked in a solution of 70% ethanol for 48 h. Cross‐sections of

50 µm thickness were obtained using a sliding microtome

(SM2010R; Leica Biosystems). The sections were stained for 30 s

with Toluidine Blue O followed by a wash in distilled water. Images

of the cross‐sections were captured with a digital camera (DS‐Ri2;

Nikon Instruments) mounted on a Nikon Eclipse Ni microscope

(Nikon Instruments).

2.6 | Midday stem water potential (Ψmidday),
osmotic potential (Ψπ), turgor loss point (Ψtlp) and
hydraulic safety margin (HSM)

To estimate the water status of the trees during the course of the

season, we measured their Ψmidday, Ψπ, and Ψtlp. Ψmidday was

measured at noon (11:00 AM−12:00 PM) on twigs from the sun‐

exposed side of the trees, which were covered with aluminum zipper

bags for 30min before excision, and measured with a Scholander

pressure chamber (Model 1505D; PMS). The 30‐min leaf coverage

was applied to achieve the equilibrium with Ψx.

We estimated the Ψtlp using the Ψx~time function (Supporting

Information: Figure S2). We assumed that the change in slope is an

indication for Ψtlp because both the lower capacitance and higher

stomata conductance above Ψtlp (Hochberg et al., 2016) are expected to

result in much steeper slopes. Since the room temperature was kept

constant, the dehydration rate belowΨtlp was stable, resulting in an easily

characterized linear curve that facilitated the determination of Ψtlp.

Because we evaluated Ψtlp in a nontraditional method, we tested

our values against the needles osmotic potential (Ψπ). Six 1.5‐ml‐

tubes of needles were collected at each sampling day (from March

2020 to March 2021) and kept frozen at −20°C until analyses. To

extract the cell sap, the needles were thawed and centrifuged at

14 000 rpm (MIKRO 120; Hettich) for 2 min. Subsequently, the

extracted sap was measured in a vapor pressure osmometer (Vapro

5600; Wescor Inc.). For measurements made using the osmometer,

solute concentration was converted to water potential using the van't

Hoff equation (Banks and Hirons 2019; Khare 2015) with Ψtlp

(Supporting Information: Figure S3):

Ψ = −CRTπ (5)

C is the solute concentration in mmol kg−1, R is the universal gas

constant (8.314472 × 10−6 m3MPa K−1 mol−1), and T is the tempera-

ture in K. Temperature was considered 25°C.
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The HSM was defined as the differences between naturally

occurring xylem pressures and pressures that would cause hydraulic

dysfunction, that is, Ψmidday−Ψ50.

2.7 | Statistics

All statistical analyses were done with the SPSS 18.0 statistics

package for a personal computer (SPSS) using the 0.05 significance

level. Comparisons of more than two groups between all means were

made with one‐way analysis of variance and the Duncan test.

Student's t tests were used to compare means between two groups.

The values are all given as means ± se.

3 | RESULTS

3.1 | Experiment 1—methods comparison

We found no significant differences among methods in Ψ50

(Figure 1, p > 0.05), which ranged from −3.81 ± 0.14 MPa in the

OV method, through −4.16 ± 0.11 MPa in the cavitron, and down

to −4.20 ± 0.36 MPa in the µCT method. Differently, the slope of

the OV method was about two to three times as large compared

with the other two methods (−60.32 ± 0.90%/MPa in the OV

compared with −25.17 ± 3.30%/MPa and −18.83 ± 1.32%/MPa in

the µCT and cavitron, respectively; Table 1). Also the Ψ12 and Ψ88

of the OV method (−3.17 ± 0.12 MPa and −4.40 ± 0.12 MPa,

respectively) were significantly different from the microCT

(−2.75 ± 0.37 MPa and −5.89 ± 0.41 MPa, respectively) or cavi-

tron (−2.14 ± 0.09 MPa and −6.25 ± 0.24 MPa, respectively;

Table 1). The values obtained by the µCT method showed larger

variation, probably because the data was collected on separate

individual twigs of branches, compared to a single branch in the

other methods. Since the Ψ50 was the parameter on which all

three methods agreed, we decided to focus our analysis of

Experiment 2 on Ψ50.

3.2 | Experiment 2—seasonal plasticity of xylem
vulnerability

The seasonal dynamics of all measured hydraulic traits (Figure 2a)

followed the climatic changes (Figure 2b). The midday xylem water

potential (Ψmidday) was the highest at the end of the rain season, with

values of −1.72 ± 0.03MPa in March 2020 and −1.18 ± 0.02MPa in

March 2021, gradually declining to approximately −2.58MPa in

October 2020 and 2021, the end of the dry season. Turgor loss point

(Ψtlp) showed a similar sinusoidal wave pattern as Ψmidday, gradually

declining from −2.00 ± 0.24MPa in March 2020 down to

−3.48 ± 0.06MPa in October 2020, up to −2.17 ± 0.12MPa in March

2021, down to −3.34 ± 0.06MPa in October 2021, then back up to

−2.10 ± 0.07MPa in February 2022.

In accordance with our hypothesis, a significant increase was also

observed in the cavitation resistance of P. halepensis under drying

conditions. In 2020, the most notable change was measured in the

beginning of the season, with Ψ50 shifting from −2.74 ± 0.11MPa in

March to −3.66 ± 0.06MPa in May (Figure 3, p = 0.003). By the end

of the dry summer, in October, the cavitation resistance reached its

maximum, withΨ50 of −3.96 ± 0.05MPa. An overall shift of 1.22MPa

in Ψ50 occurred over the 20‐21 season. Then, a converse trend took

place in winter. Less negative Ψ50 (−3.36 ± 0.07MPa, p = 0.001) was

observed in December, further increasing to −2.99 ± 0.09MPa in

March 2021. A similar trend in cavitation resistance was observed

in the following year as well, with Ψ50 decreasing from

−2.99 ± 0.09MPa in March to −3.89 ± 0.04MPa in October and then

F IGURE 1 Vulnerability curves constructed using the cavitron
(green, n = 5), µCT (orange) and OV (blue, n = 3) methods. Solid lines
show the relationships between xylem water potential (Ψx) and
percentage loss in Ks (cavitron), percentage loss in conductive area
(µCT) and percentage loss in pixel area (OV). Each filled dot is a
measured datum. Vertical dashed lines mark the point where 50% of
the xylem was cavitated (Ψ50). Mean Ψ50 ± se measured by the three
methods were given beside the legends. For more detailed
information regarding vulnerability curves, please see Table 1.

TABLE 1 Values of Ψ12, Ψ50, Ψ88 (the points where 12%, 50%,
88% of the xylem were cavitated) and the slope of the vulnerability
curves generated from OV, cavitron and μCT methods.

Index OV cavitron μCT

Ψ12, MPa −3.17 ± 0.12c −2.14 ± 0.09a −2.75 ± 0.37b

Ψ50, MPa −3.81 ± 0.14a −4.16 ± 0.11a −4.20 ± 0.36a

Ψ88, MPa −4.40 ± 0.12a −6.25 ± 0.24b −5.89 ± 0.41c

Slope, %/MPa −60.32 ± 0.90c −18.83 ± 1.32a 25.17 ± 3.30b

Note: The values are means ± se of three (in OV and μCT) or five repetition
(in cavitron). Different letters indicate significant differences at p = 0.05

across each row.
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increasing back to −2.91 ± 0.09MPa in February. The coordinated

change of Ψmidday,Ψtlp, and Ψ50 (R2midday~tlp = 0.7678, R2midday~50 =

0.7453, R2tlp~50 = 0.9535, Supporting Information: Figure S4) ensured

that the plants maintained a positive turgor and an HSM of

1.02 ± 0.14 to 1.93 ± 0.13MPa throughout the experiment

(Figure 2a). Accordingly, the µCT images of the shoots that were

collected in October 2020 (before the first rain) showed only a

marginal level of native embolism (3%−5%, Figure 4).

Since the OV method ‘sees’ only the outer part of the xylem

and, thus, mostly the newest growth, it does not necessarily

represent the entire branch (Brodribb et al., 2017; Gauthey

et al., 2020). Accordingly, additional observations in 2021 were

done using the cavitron method to confirm that our OV results

regarding the seasonal dynamics of Ψ50 are also true for the whole

branch. A shift of approximately 0.6MPa in Ψ50 was found between

the VCs conducted in March (Ψ50 = −3.21 ± 0.13MPa) and July

(Ψ50 = −3.80 ± 0.06MPa) (Figure 5). It's important to mention that

this shift was not associated with a change in Ks,max that did not

F IGURE 2 (a) Seasonal behavior of midday water potentials
(Ψmidday), turgor loss points (Ψtlp), Ψ50 (the points where 50% of the
xylem were cavitated), as well as hydraulic safety margin (HSM,
Ψmidday−Ψ50) at each sampling month from March 2020 to
February 2022. The values are means ± se of three (in Mar. 2020) or
six repetitions (in all the other dates). The statistical analysis is
presented in Supporting Information: Table S1, while correlations
among Ψmidday, Ψtlp and Ψ50 are shown in Supporting Information:
Figure S4. (b) Diurnal average air temperature (Temp), relative
humidity (RH) and daily rainfall recorded by a weather station 1.8 km
away from the location of the sampled trees. (‘Bet Dagan’ station,
https://ims.data.gov.il). [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Seasonal variation of vulnerability curves (VCs)
measured on Pinus halepensis using the optical vulnerability method
(OV). Individual VCs are shown by gray circles, while respective mean
VCs are shown by black solid curves. Vertical solid lines mark the
water potential (Ψx) where 50% of the xylem was cavitated (Ψ50).
Mean Ψ50 ± se of each sampling month appears beside the
vertical line.
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differ between sample times (0.24 ± 0.004 in March and

0.29 ± 0.013 kg s−1 MPa−1 m−1 in July, p = 0.15) (Figure 5).

Finally, to provide some insights regarding the source of Ψ50

seasonal plasticity, two more measurements were performed. To

account for the possibility that the growth of new xylem is in charge

of the observed plasticity, a cross‐section collected in December

confirmed that when Ψ50 increased, a substantial amount of new

xylem already differentiated (Supporting Information: Figure S5).

In addition, our short acclimation experiment showed that the

exposure of pines to Ψx equivocal to those experienced by the field‐

grown pines did not change the xylem VC (Supporting Information:

Figure S6). The significance of these findings is discussed below.

4 | DISCUSSION

4.1 | Experiment 1—methods comparison

We found that the Ψ50 value of P. halepensis obtained with the OV

method was in close agreement to those obtained by µCT and

cavitron (Figure 1). Likewise, Brodribb et al. (2017), Lamarque et al.

(2018) and Gauthey et al. (2020) reported that similar estimates of

Ψ50 were produced by the three techniques for angiosperms and

conifers. At the same time, the significantly higher slope of the OV,

which was also evident in Brodribb et al. (2017), reminds us that the

different methods do not measure the exact same thing (Venturas

et al., 2019). Our current understanding regarding the critical role of

xylem connectivity in determining its vulnerability (Guan et al., 2021;

Wason et al., 2021) could explain why monitoring a small area with

conduits at high proximity results in a higher slope as compared with

monitoring of the whole cross‐section. Furthermore, the fact that the

OV requires partial debarking of the stem, could introduce air seeds

that are not present under native conditions (Venturas et al., 2019)

and thus a different starting point of the VC (Hacke et al., 2022).

Finally, because the method were carried on different parts of the

shoot (branches for cavitron and OV, branchlets for μCT), and since it

is known that xylem structure varies with distance from the branch

tip (Hacke et al., 2022; Soriano et al., 2020; Williams et al., 2019), the

assumption that the curves should be identical is possibly wrong to

begin with. These explanations could also be part of the reasons for

the discrepancies between estimates of cavitation resistance derived

from the OV and hydraulic methods in previous studies (Pratt

et al., 2020; Venturas et al., 2019).

4.2 | Experiment 2—seasonal plasticity of xylem
vulnerability

The results supported our hypothesis: the xylem vulnerability of P.

halepensis shoots was seasonally plastic, adjusting to lower Ψmidday in

coordination with the Ψtlp. Owing to this adjustment, the safety

margin was well maintained throughout the year, protecting the

shoots from cavitation (Figure 2). The lack of cavitation is also

manifested by the seasonally stable Ks values that were measured

with the cavitron (Figure 5) and the marginal embolism values (<5%)

that were detected with the µCT at the end of the dry season

(Figure 4). The significant difference between Ψtlp and Ψ50 (Figure 2)

suggests that even under drier conditions significant cavitation is not

expected. Typically, when Ψmidday approaches Ψtlp complete stomatal

closure minimizes the transpiration (Brodribb et al., 2003), protecting

the plants from further dehydration into cavitating Ψmidday.

F IGURE 4 An example of visualization of native embolism in the
shoot of Pinus halepensis harvested in October 2020 (before the first
rain) by microcomputed tomography (µCT) method. Black lumina in
the xylem indicate air‐filled spaces, while gray areas water‐filled
conduits. In the three shoots we harvested the level of embolism was
3%−5%.

F IGURE 5 Seasonal variation of vulnerability curves (VCs)
measured on Pinus halepensis using the cavitron method in March and
July 2021. The corresponding maximum conductivities measured at
−0.5MPa are shown in the upper right panel. Individual VCs are
shown by circles, while mean VCs are shown by the curves. Vertical
lines mark the point where 50% of loss of conductivity and shaded
areas represent the standard error. n = 8 in March and 6 in July. Mean
Ψ50 ± se was given respectively beside the legends.
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It is important to highlight that if we ignore the seasonal

adjustment of Ψ50, we might get the wrong impression that the

safety margin was eliminated and cavitation had taken place. The

Ψmidday decreased to approximately −2.6 MPa in October 2020

(Figure 2), which based on the March Ψtlp and VC would result in

turgor loss and cause about 30% cavitation (Figure 3). Many

studies that evaluated native embolism measured the VC at one

point of the season and then followed the dynamics of Ψx

(e.g., Fontes et al., 2018; Hacke and Sauter 1995; Hochberg

et al., 2016). Our study shows that such a methodology is

potentially erroneous. Since in many cases the VC is constructed

in the wet season (to avoid potential native embolism), we believe

that many studies have underestimated the safety margin. Such an

artifact could be part of the explanation for the many reports of

negative safety margins in Mediterranean species (Choat

et al., 2012), which seems counter‐intuitive from an eco‐

physiological perspective. The idea of seasonality in Ψ50 is so

out of the main dogma that many studies (e.g., Benson et al., 2022),

including the large hydraulic databases (Choat et al., 2012; Yan

et al., 2020), do not report the VC sampling time, making it

impossible to estimate the potential extent of such biases.

While out of the main dogma, we speculate that the seasonal

plasticity of Ψ50 is actually a common phenomenon, especially in

plants that experience large changes in water availability between

winter and summer. In support, other hydraulic traits that are

coordinated with Ψ50 (i.e., Ψtlp) or supposed to mechanically define

Ψ50 (i.e., xylem anatomy) are seasonally plastic in most species that

experience a seasonal drought (Bartlett et al., 2014; Fonti et al., 2010).

Furthermore, the current findings add up to six more studies that

documented seasonal dynamics in Ψ50 (Charrier et al., 2018;

Jacobsen et al., 2007; Kolb and Sperry 1999; Sorek et al., 2021, 2022).

In total, there are currently 17 species that were documented to

exhibit a 1−3MPa change in Ψ50 between, or along, seasons. This

little number of species should be weighed against the only 10

species (Jacobsen et al., 2007; Feng et al., 2015; Sorek et al., 2022;

Zhang et al., 2018) that showed a constant seasonal Ψ50. Taken

together, the current knowledge suggests that the seasonal plasticity

of Ψ50 is probably common and should to be incorporated into future

hydraulic models.

It is difficult to explain the seasonal plasticity of Ψ50 because

xylem conduits are dead (Choat et al., 2012). It is important to

remember that only marginal cavitation values were found in our

experiment (Figures 2 and 4), ruling out the possibility that

cavitation of the vulnerable tracheids only is in charge of the Ψ50

seasonal plasticity (as portrayed in Figure 2 of Mackay et al., 2015).

Our acclimation experiment showed that short exposure to low Ψx

does not change the VC (Supporting Information: Figure S6),

implying that the modification is a slow and gradual process. The

simplest explanation is that the pine produced more resistant

tracheids as summer progressed while vulnerable ones during the

wet winter to maximize growth. In support, the cross‐section taken

in December (Supporting Information: Figure S5) confirmed that by

the time Ψ50 became less negative, new growth had already taken

place. Typically, there is very little growth during summer in

Mediterrannean pines (Campelo et al., 2021), theoretically compli-

cating the explanation of the shift between July and October

through growth of new xylem. However, it is important to

remember that xylem differentiation can be lengthy and the new

growth of the early summer could transform into conductive vessels

when apparent growth had ceased (Jacobsen et al., 2018; Pratt

et al., 2020). At the same time, it is difficult to explain how these

new tracheids, which represent only a small proportion of the total

conductive xylem, could make such a large impact on Ψ50. We

should consider the possibility that since the OV method focus on

the outer part of the xylem it augments its importance in

determining Ψ50. This could be the reason that the shift between

March and July 2020 collected with the OV was ~1MPa (Figure 3)

compared with ~0.6MPa shift between March and July 2021

collected with the cavitron (Figure 5). Future studies should aim to

link the VC dynamics with the seasonal dynamics of xylem conduits

differentiation and blockage, as well as the potential shifts in the

xylem network connectivity.

Another potential driver for the seasonal plasticity could be the

change in xylem sap composition (Losso et al., 2017). Recent findings

supported the existence of lipids in the xylem sap (Schenk et al., 2018;

Yang et al., 2020), and those could modify the sap's surface tension,

potentially changing the Ψ50 of the dead tissue. In addition, it is

important to remember that structural changes can take place even in

a dead conduit. Cell wall thickening and lignification can occur with

the assistance of living neighboring cells (Barros et al., 2015; Blokhina

et al., 2019). Sorek et al. (2021) suggested that the seasonal change in

the Ψ50 of grapevine leaves is associated with a seasonal change in

the pit membrane thickness of the conductive vessels. Furthermore,

While these ideas are yet to offer a mechanistic understanding of

seasonal plasticity, they remind us that dead conduits can potentially

exhibit plasticity.

5 | CONCLUSION

The findings suggest that the VC of P. halepensis is plastic, shifting to

more negative ΨX during summer. This mechanism enables the trees

to maintain a positive safety margin and avoid cavitation. More

research is needed to understand how common this plasticity is and

what are the mechanisms that drive it. Accounting for the VC

seasonal plasticity is important for understanding the actual cavita-

tion danger that plants experience and avoiding potential artefacts.

Integrating this plasticity into the basic concepts of plant hydraulics

should enable modelers and ecologists to better predict species

ability to sustain harsh environments.
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