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Maintaining xylem water transport under drought is vital for plants, but xylem failure does occur when drought-induced

embolisms form and progressively spread through the xylem. The hydraulic method is widely considered the gold

standard to quantify drought-induced xylem embolism. The method determines hydraulic conductivity (Kh) in cut branch

samples, dehydrated to specific drought levels, by pushing water through them. The technique is widely considered for

its reliable Kh measurements, but there is some uncertainty in the literature over how to define stable Kh and how that

relates to the degree of xylem embolism formation. Therefore, the most common setup for this method was extended to

measure four parameters: (i) inlet Kh, (ii) outlet Kh, (iii) radial flow from xylem to surrounding living tissue and (iv) the

pressure difference across the sample. From a strictly theoretical viewpoint, hydraulic steady state, where inflow equals

outflow and radial flow is zero, will result in stable Kh. Application of the setup to Malus domestica Borkh. branches

showed that achieving hydraulic steady state takes considerable time (up to 300 min) and that time to reach steady

state increased with declining xylem water potentials. During each experimental run, Kh and xylem water potentials

dynamically increased, which was supported by X-ray computed microtomography visualizations of embolism refilling

under both high- (8 kPa) and low-pressure (2 kPa) heads. Supplying pressurized water can hence cause artificial refilling

of vessels, which makes it difficult to achieve a truly stable Kh in partially embolized xylem.

Keywords: acoustic emissions, drought stress, hydraulic method, Malus domestica Borkh., X-ray computed microtomography.

Introduction

Vascular water transport has been referred to as the ‘backbone

of plant physiology’ (Brodribb 2009) and is vital for plant

functioning. It consists of two interconnected pathways: (i) the

phloem, which distributes sugars throughout the plant, fueling

cell maintenance and growth (Van Bel 2003, Sala et al. 2012,

Hubeau and Steppe 2015, Steppe et al. 2015) and (ii) the

xylem, responsible for dynamic upward transport of water and

nutrients (Tyree and Zimmermann 2002, Venturas et al. 2017),

sometimes over more than 100 m to the canopy (Ryan et al.

2006, Kim et al. 2014). Both pathways are interconnected by
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an intricate network of living cells in both xylem and phloem that
can store large amounts of water (Sano et al. 2005, Pfautsch
et al. 2015a). This storage function substantially contributes to
the dynamic transport of water and is categorized into three
components: (i) capillary water, (ii) water released from elastic
living cells and (iii) water released from embolism formation
(Tyree and Yang 1990, Tyree and Zimmermann 2002, Hölttä
et al. 2009, Scholz et al. 2011, Vergeynst et al. 2015a,
Pfautsch et al. 2015b, Steppe 2018).

Xylem can be described as a chain of continuous water
columns, passively transporting water upward via cohesion-
tension forces (Dixon and Joly 1895). This transport mechanism
is formulated as the widely accepted cohesion-tension theory.
Though this transportation method does not require energy from
the plant, it comes with the disadvantage of being metastable,
as it is subjected to tension, i.e., negative water potentials (ψ ,
MPa) (Steudle 2001, Cochard et al. 2013). Increasing tension
can potentially induce a phase transition of liquid water to
vapor (Mayr et al. 2014), entry of air bubbles through cell
wall pores (Zimmermann 1983) or expansion of preexisting gas
nanobubbles in the sap (Schenk et al. 2015), all of which can
result in a breakage of the continuous water columns and thus
formation of embolisms (Tyree and Zimmermann 2002). If left
unchecked, progressing drought stress and embolism can lead
to plant mortality, and hence limit biomass production (Brodribb
et al. 2010, Melcher et al. 2012).

Quantifying a plant species’ vulnerability to drought-induced
embolism and the resulting decrease in xylem hydraulic conduc-
tivity is becoming increasingly more important as climate change
increases the frequency, duration and severity of drought and
heat stress events (Allen et al. 2010). For this purpose, a wide
variety of methods have been developed, di�ering in the ways
embolism is induced and how its e�ects are measured (Cochard
et al. 2013). Despite the existence of di�erent techniques, the
gold standard remains the hydraulic method �rst introduced
by Sperry et al. (1988a) and later modi�ed in various ways
in many studies (Espino and Schenk 2011), such as using
more rigid tubing to minimize tubing volume changes and
additional calculation steps to account for background �ow rate
(Hacke et al. 2000, Torres-Ruiz et al. 2012). In this method,
embolism in a plant sample is induced by bench-top dehydration
and quanti�ed by measuring loss in hydraulic conductivity. The
original technique uses a hydraulic system where an aqueous
solution is sent via a small positive pressure head (range 1–
8 kPa) through a cut branch sample, while the resulting �ow rate
at the outlet side is measured by a precision balance (Sperry et
al. 1988a), but a wide variety of solutions and pressure heads
(up to 70 kPa) have since then been utilized in various studies
(Espino and Schenk 2011). In a di�erent approach, only the inlet
�ow is measured using a �ow meter (Cochard et al. 2000).

The Van den Honert (1948) concept describes that station-
ary �ow of water is determined by the water potential gradient

between two points in the hydraulic pathway and the resistance
across it (Tyree and Ewers 1991). Sperry et al. (1988a)
�rst used this pressure–�ow relationship to translate mass �ow
rate to Kh by determining the pressure di�erence over the cut
sample. The technique is repeated on samples with di�erent
degrees of embolism formation in order to quantify loss in
Kh, which is then rescaled to percentage loss in conductiv-
ity (PLC, %), by calculating maximum hydraulic conductivity
(Kh,max) of the respective samples, and dividing the two quan-
tities (Eq. (1)):

PLC =
(
1–

Kh
Kh,max

)
× 100 (1)

If the water potential of the cut branch samples is determined,
then a vulnerability curve (VC) can be constructed, relating per-
centage loss in Kh to xylem tension (Sperry et al. 1988c). The
universal index P50 (MPa), representing xylem tension at which
50% loss in Kh occurs, can be derived from the VC and is widely
used to classify the degree of vulnerability to drought-induced
embolism in plants (Choat et al. 2012, Melcher et al. 2012).

Following the method described by Sperry et al. (1988a),
correct assessment of Kh is based on a deviating trend in
running mean (RM), and this approach implies a stable condition
in out�ow (Melcher et al. 2012). The reported timespan to reach
this stability in Kh is typically within the �rst 30 min of measure-
ment (Cochard 2006) and varies depending on sample char-
acteristics and examined species: Espino and Schenk (2011)
reached stability within the �rst 5 min in fully hydrated samples,
Nardini et al. (2012) within 20–40 min, and 10–15 min
was recorded in Tri�lò et al. (2014). Variation in timespans
makes it di�cult to reproduce hydraulic experiments, especially
when di�erent criteria are used to de�ne stability in Kh, and
reproducibility is even harder when timespans are not mentioned
(e.g., Torres-Ruiz et al. 2012, Beikircher et al. 2013) or when
stability criteria are not speci�cally described (e.g., Hacke et al.
2000, Hacke and Sperry 2003, Jacobsen et al. 2005).

Recently, it has been shown that hydraulic stability is
not reached within timespans typically used in hydraulic
experiments. Simultaneous measurements of in�ow and out�ow
through herbaceous stems of asparagus (Asparagus o�cinalis
L.) demonstrated that much of the water supplied to a drying
stem moved radially into stem tissue, with in�ow exceeding
out�ow by 5.89 ± 2.03 10−6 m2 MPa−1 s−1 at a stem water
potential of −0.5 MPa (Figure 1) and further increasing to
3.14 ± 7.51 10−5 m2 MPa−1 s−1 at water potentials below
−2 MPa (Zinkernagel and Mayer 2018). It is likely that this
radial �ow into stem tissues will a�ect hydraulic conductivity
even after steady-state is reached and even could contribute to
re�lling embolized vessels.

Studies also di�er in the pressure head applied to samples
during conductivity measures. Low-pressure heads are typically
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1648 De Baerdemaeker et al.

Table 1. Applied pressure heads in different studies to measure hydraulic conductivity (Kh) of various plant species.

Pressure head (kPa) Plant species/plant group Study

6–7 A. saccharum Marshall Sperry et al. (1988a)

3 Shrub species from the Great Basin, Utah Hacke et al. (2000)

6 Mediterranean woody species Martinez-Vilalta et al. (2002)

4–6 Diffuse-porous and conifer species Li et al. (2008)

2–3 Ring-porous species Li et al. (2008)

1.6; 7 Vitis vinifera L. Choat et al. (2010)

2.5; 5.0; 7.5; 10 A. officinalis L. Zinkernagel et al. (2011)

1–2 V. vinifera L. Jacobsen and Pratt (2012)

8 Acer var. Nardini et al. (2012)

4–5.5 Olea europaea L. Torres-Ruiz et al. (2012)

4 M. domestica Borkh. Beikircher et al. (2013)

6 Quercus ilex L. Martin-St Paul et al. (2014)

8 Laurus nobilis L. and O. europaea L. Trifilò et al. (2014)

8–8.5 Humulus lupulus L., V. vinifera L. and Clematis vitalba L. Balaz et al. (2016)

2–4 Chaparral shrub species Jacobsen et al. (2016)

1.5–2 Chaparral shrub species Venturas et al. (2016)

Figure 1. Influence of xylem water potential (ψx, MPa) on the difference
in hydraulic conductivity (�Kh, m2 MPa−1 s−1) between inlet and
outlet of asparagus shoot segments (modified with permission from
Zinkernagel and Mayer (2018)).

applied, as they are assumed to avoid embolism refilling during

conductivity measurements (Kolb et al. 1996, Sperry et al.

1988a, Melcher et al. 2012). However, even within the range of

low-pressure heads, examined species and research objectives

make it difficult to standardize pressure heads (Table 1). The

maximum applicable pressure head that is expected to avoid

embolism displacement for a given species can be estimated

from vessel diameter as P = 2σ /rv, with σ representing the

surface tension of water at 20 ◦C (0.0728 N m−1) and rv the

radius of the widest vessel (Van Ieperen et al. 2000, Melcher

et al. 2012), but that method should be further investigated

in light of recent discoveries of low surface tension in xylem

(Christensen-Dalsgaard et al. 2011, Schenk et al. 2018).

Despite the advances in plant hydraulic research, neither

physiological nor theoretical nor physical explanations are avail-

able to justify a particular timespan for reaching stability in Kh

and which pressure heads to use. By extending the original

setup with additional measurements, our study aimed at quanti-

fying water flow dynamics through cut branch samples of Malus

domestica Borkh. when used in the hydraulic method to explain

some of the reported uncertainties. Without questioning the

reliability of the method in measuring Kh, it is however important

to formulate the right criterion to determine which of the mea-

sured Kh values is best suited to reflect the degree of drought-

induced embolism formation, and thus for construction of the

hydraulic VC. Following up on two previous studies in which both

inlet flow and outlet flow were determined (Espino and Schenk

2011, Zinkernagel and Mayer 2018), we measured (i) inlet Kh

with a flow meter, (ii) outlet flow with a precision balance, and

added (iii) measurement of diameter change as proxy of radial

flow between xylem and surrounding living tissue with a linear

variable displacement transducer (LVDT) and (iv) the pressure

difference across the sample with pressure sensors. Stability in

conductivity was defined following fluid dynamics theory; more

specifically, hydraulic steady state is reached when inflow equals

outflow and radial flow becomes zero. To assess the effect of

pressure heads on conductivity measurements, a low (2 kPa)

and high (8 kPa) pressure head were applied in the setup. In

addition, the impact of the hydraulic method on xylem tension

was assessed, and X-ray computed microtomography (μCT)

was used to verify the degree of xylem embolism in response to

drying, flushing and hydraulic measurements with different pres-

sure heads. Finally, acoustic emissions (AE) were measured on

dehydrating M. domestica Borkh. branches to construct acoustic

VCs and assess whether these can be reliable substitutes for

constructing VCs without the risk of hydraulic artifacts.

Tree Physiology Volume 39, 2019
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Materials and methods

Plant material

Malus domestica Borkh. branches for hydraulic conductivity and
µCT measurements were collected during August and Septem-
ber 2016, while AE measurements were carried out in August
2017 (day of year (DOY) 214 until DOY 215). Comparison
between AE and hydraulic method over consecutive years is
justi�ed because the trees were grown under a moist and
temperate climate in sand-lime soil at the Faculty of Bioscience
Engineering, Ghent University, Belgium (51◦03′10.3′′N latitude;
3◦42′32.3′′E longitude). The trees had an average diameter
at breast-height of 17.2 ± 1.7 cm and an average height of
3.6 ± 0.7 m. They were around 15 years old and were pruned
every 2–3 years, and aside from being rainfed, no additional
watering was supplied.

Maximum vessel length

Maximum vessel length was determined by connecting the
proximal end of cut branches to a compressed air tank via
�exible tubing (Zimmermann and Jeje 1981, Ewers and Fisher
1989). Air was then pressurized to 100 kPa and sent through
the branch, with the apical end submerged in water. The
branch was gradually cut back until a steady stream of bubbles
originated from one xylem vessel element. Branch length was
measured, which represented the length of the longest vessel.
The maximum vessel length of M. domestica Borkh. was on
average equal to 58.9 ± 6.4 cm (n = 10).

Sampling procedure for the hydraulic, µCT and AE method

Branches for the hydraulic, µCT and AE method were cut
underwater before sunrise to achieve full hydration of functional
vessels see (Figure 8A; De Baerdemaeker et al. 2017). To
ensure that xylem tension at the time of cutting was near
zero to avoid cutting artifacts (Cochard et al. 2013, Wheeler
et al. 2013), three alternate leaves near the apical end of
the branch were covered in aluminum foil the day prior to
measurement. Wrapping the leaves in aluminum foil allows leaf
water potential to equilibrate with xylem tension by lowering
stomata conductance and transpiration (Tri�lò et al. 2014, De
Baerdemaeker et al. 2017). After branch excision, xylem water
potential (ψx, MPa) was determined with a pressure chamber
(Model 1000, PMS Instrument Company, Albany, OR, USA;
Scholander et al. 1965) and found to be 0 MPa for all cut
branches. Hydraulic branches were on average 113 ± 7 cm
long (n = 18), µCT branches 115 ± 7 cm (n = 5) and AE
branches 114 ± 8 cm (n = 4). The length of the study branches
was around twice the maximum vessel length to avoid arti�cially
created embolisms from the cutting procedure (Melcher et al.
2012, Cochard et al. 2013, Torres-Ruiz et al. 2015). The
cut end was then submerged in a water-�lled bucket, and the
branches were covered with a black polyethylene bag during

transportation to the lab, which was about 2 min removed from
the sampling site.

Sample preparation hydraulic method

A 15 cm section was marked in the middle of the branch, with
an average diameter of 7.56 ± 0.07 mm (n = 18). This 15 cm
section was chosen to allow to a certain extent comparison
with the 15 cm long samples used in the original hydraulic
method on Acer saccharum Marshall (Sperry et al. 1988a).
The 15 cm length is also the most common length for xylem
vulnerability studies using the centrifuge method (Alder et al.
1997). Study branches were subjected to di�erent bench-top
dehydration periods: 0, 2, 4, 6, 8, 10, 12, 14 and 16 h. Two
additional steps were executed prior to dehydration: (i) removal
under water of all but one leaf in the marked 15 cm section.
Wounds were covered with superglue to limit leakage and
dehydration, potentially disrupting conductivity measurements.
(ii) Covering three leaves close to the 15 cm section with
aluminum foil, to determine xylem tension at the end of each
bench-top dehydration period, while the remaining leaves were
left exposed to speed-up the dehydration process. Following
each dehydration period, branches were gradually shortened
underwater up to the 15 cm section, which allowed su�cient
time to relax the tension and avoid cutting artifacts (Cochard
et al. 2013, Wheeler et al. 2013). Additional care was taken
to keep the remaining leaf above the water surface during
cutting. The section was then wiped, and the remaining leaf
was covered in aluminum foil (Figure 2I, Figure S1E1 available
as Supplementary Data at Tree Physiology Online). From both
ends of the sample, 0.5 cm of bark was removed with a sharp
knife to ensure that water directly entered the xylem vessels. To
avoid the pinching e�ect of the garden shears used to shorten
the branches, both ends were cut transversally with a sharp knife
to reopen the vessels. Para�lm was wrapped around the bark at
both ends to allow a smooth �t with the silicone connection
tubes of the hydraulic conductivity apparatus.

Hydraulic conductivity apparatus

The hydraulic conductivity apparatus was built to mimic the
original setup described by Sperry et al. (1988a), where Kh is
obtained by measuring the �ow rate at the outlet side via an
electronic precision balance (Figure 2L, Figure S1F1 available
as Supplementary Data at Tree Physiology Online). To unravel
water �ow dynamics in the study samples during Kh mea-
surements, the apparatus was enhanced (Figure 2, Figure S1
available as Supplementary Data at Tree Physiology Online),
allowing for a complete assessment of the hydraulic method, by
expanding it with a �ow meter (Liqui-Flow with 0–20 g h−1

range and 0.05 g h−1 accuracy, Bronckhorst (High Tech),
Montigny les Cormeilles, France) at the inlet side (Figure 2D,
Figure S1C available as Supplementary Data at Tree Physiology
Online), a LVDT (LVDT, DF/5.0, Solartron Mobrey, Brussels,

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Figure 2. Schematic of the modified hydraulic conductivity apparatus used for hydraulic conductivity measurements: (A) reservoir with Volvic water to
induce required pressure head; (B) Liqui-Cel mini module degasser; (C) vacuum pump; (D) Liqui-Flow flow meter; (E) and (J) Vegabar14 pressure
sensor; (F) bypass tube; (G) cut M. domestica Borkh. branch sample; (H) LVDT; (I) aluminum covered leaf; (K) receptacle; (L) electronic precision
balance; (M) Guardo Action Cam +; (N) Campbell scientific CR1000 data logger; and (O) computer.

Belgium) perpendicular to the sample surface (Figure 2H,

Figure S1E2 available as Supplementary Data at Tree Physiology

Online) and two pressure sensors (Vegabar14 with 0–10 kPa

range and 0.01 kPa accuracy, Schiltach, Germany) at both

ends of the study sample (Figure 2E–J, Figure S1D available as

Supplementary Data at Tree Physiology Online). Two different

pressure heads (2 and 8 kPa) were applied to assess possible

embolism refilling. The pressure heads were set by changing

the height of the hydraulic head, which was a reservoir with a

broad surface to ensure that the pressure head remained fixed

at 2 or 8 kPa during the course of the conductivity experiment

(Figure 2A, Figure S1A available as Supplementary Data at Tree

Physiology Online). The supplied solution to the reservoir was

commercially bottled mineral Volvic water (Volvic natural mineral

water, Danone waters group, France; pH = 7.2, 8.0 mg l−1 Na,

10.4 mg l−1 Ca, 6.0 mg l−1 Mg, 4.0 mg l−1 SO4), because it

closely resembles the ion composition of xylem sap (S. Jansen,

personal communication). Micropur tablets (Micropur Forte MF

1T, Katadyn Inc., Kemptthal, Switzerland) were added to the

Volvic solution to prevent formation of bacteria and viruses. A

lid prevented evaporation and contamination of the solution,

but was placed loosely onto the reservoir to avoid pressure

buildup in the system. A mini-degassing module (Liqui-Cel

mini module G543, Membrana, Charlotte, NC, USA), connected

to a vacuum pump (MVP055-3, Pfeiffer Vacuum, Assiar,

Germany), was installed between the reservoir and the sample

to remove air bubbles from the solution in order to avoid artificial

embolism formation (Figure 2B and C, Figure S1B available as

Supplementary Data at Tree Physiology Online; Espino and

Schenk 2011). No filter was used. The average particle size

in the solution was 84.4 ± 40.7 nm, and 95% of the particles

had a size lower than what could be removed by a standard

200 nm filter (Figure S2 available as Supplementary Data at

Tree Physiology Online). The size distribution and concentration

of nanoparticles in Volvic water with Micropur tablet were

determined by light scattering-based single particle tracking

using a NanoSight LM10-HS instrument (Malvern Instruments

Ltd, Malvern, UK) equipped with a 488 nm laser. Movies of

60 s were recorded while the data were analyzed with the

NTA Analytical Software version 3.2 (Malvern Instruments Ltd,

Malvern, UK). Branch samples were installed in a custom-built

holder (Figure S1E available as Supplementary Data at Tree

Physiology Online), which ensured a stable installation of both

the LVDT and sample. The silicone tubes that connect the

sample to the apparatus were manually filled with Volvic water

via a syringe. Care was taken when connecting the sample via

plastic clamps to these silicone tubes to avoid formation of

air bubbles. Tissue paper was put underneath the connections

to check for leakages. In case of leaks, sample measurement

was stopped, discarded and repeated. A bypass tube was

installed to flush the hydraulic apparatus before and after each

experiment (Figure 2F, Figure S1E3 available as Supplementary

Tree Physiology Volume 39, 2019
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Figure 3. Difference between average hydraulic conductivity (Kh,
10−5 kg s−1 m MPa−1) of freshly cut M. domestica Borkh. samples
(dark gray, Kh initial), and average Kh of flushed samples (light gray,
Kh after flushing) at both the inlet and outlet sides (n = 5) with their
standard error (1 SE). Significant differences are indicated with different
letters (P < 0.05). Freshly cut Kh was significantly higher than flushed
Kh at both the inlet and outlet sides (P = 0.00031 and 0.00013,
respectively).

Data at Tree Physiology Online) to remove air bubbles and

contaminations. Flushing lasted for 10 min by connecting the

apparatus to an inox pressure case (pressure case RVS 24L

spray-matic, Air Compact, Gentbrugge, Belgium), which was

filled with Volvic water and pressurized to 100 kPa (Figure S3A

available as Supplementary Data at Tree Physiology Online). A

receptacle was placed at the end of the apparatus to catch

the outflowing solution (Figure 2K, Figure S1F2 available as

Supplementary Data at Tree Physiology Online). The opening

was covered with Parafilm to avoid evaporation, but a small

incision was made to avoid pressure buildup in the system. The

precision balance with receptacle, Parafilm cover and water-

filled tubing was tared before the start of each Kh measurement

to only account for the outflow effect.

Data were collected every 5 s and averaged over 1 min

for the flow meter, pressure sensors and LVDT, and were

measured as millivolt (mV) signals via a data acquisition system

(CR1000, Campbell Scientific, Logan, UT, USA), which was

connected to a computer (Figure 2N and O, Figure S1 available

as Supplementary Data at Tree Physiology Online). Values were

monitored live with the LOGGERNET software (LOGGERNET 4.5,

Campbell Scientific). The precision balance could not be logged

and therefore photos of the display were taken every minute

with a camera (Guardo Action Cam +, TE-GROUP nv, Kapellen,

Belgium; Figure 2M, Figure S1F3 available as Supplementary

Data at Tree Physiology Online).

Hydraulic conductivity

Sample measurements typically lasted longer than half a day

to ensure that Kh based on hydraulic steady state could be

quantified. Hydraulic steady state was determined using two

approaches: (i) stability in Kh, which refers to the point when

Kh at the inlet side approximates Kh at the outlet side within

a threshold range of 6 ± 1 10−8 kg s−1 m MPa−1 or the

difference between both becomes minimal. This assumption is

justified, because the difference in inlet (Pin) and outlet pressure

(Pout) remained constant during the course of conductivity

measurements (Figure 4). Volvic water will only flow through

the xylem in that case. (ii) The second approach used stability in

diameter change (�d, mm), which refers to the point where the

change in branch diameter flattens out. Then, water is no longer

directed to living cells to replenish them and radial flow will

be minimal, no longer influencing xylem hydraulic conductivity.

Kh values were also recorded at the start of each conductivity

experiment or using a deviation in RM of the outflow (Sperry

et al. 1988a). Calculation of RMs was based on the previous

five 1-min conductivity readings, and they were plotted against

time to determine at which point the trend in RM deviated from

a previous decreasing/increasing trend.

Raw data extracted from the data logger (mV) were converted

to diameter change (�d, mm) for LVDT, inflow (F in, g h−1)

for flow sensor, and inlet (Pin, MPa) and outlet pressure (Pout,

MPa) for pressure sensors, by using their respective calibration

equations. The camera time was extracted from metadata by

using Phyton 2.7.13 software. For each specific time interval (t,

h) derived from metadata, weight readings of the balance (W ,

g) were entered manually and converted to outflow data (Fout,

g h−1; Eq. (2)):

Fout = Wi+1 − Wi

ti+1 − ti
(2)

The offset between camera and logger time was fixed by

linearly interpolating Fout over fixed 1 min time intervals using

the PhytoSim software package (PhytoSim 2.1, Phyto-IT, Gent,

Belgium). Inlet (Kh,in, 10
−5 kg s−1 m MPa−1; Eq. (3)) and outlet

(Kh,out, 10
−5 kg s−1 m MPa−1; Eq. (4)) hydraulic conductivities

were calculated by incorporating the length of the sample

(Lsample = 0.15 m) and the pressure difference (Pin − Pout,

MPa) over the sample. By directly measuring the pressure drop

over the sample, corrections for passive water uptake were not

required (Torres-Ruiz et al. 2012):

Kh,in =
(

Fin
1000×3600 × Lsample

Pin–Pout

)
× 105 (3)

Kh,out =
(

Fout
1000×3600 × Lsample

Pin–Pout

)
× 105 (4)

Maximum hydraulic conductivity

Maximum hydraulic conductivity (Kh,max) was assessed after

initial conductivity measurements (Cochard et al. 2013), by

flushing the samples with degassed Volvic water for 1 h with

100 kPa of pressure (Figure S3 available as Supplementary
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Data at Tree Physiology Online; Jacobsen et al. 2005). The
�ushing procedure seemed to work for re�lling as air was
removed from the sample (Figure S3B available as Supplemen-
tary Data at Tree Physiology Online), but �ushed conductivity
was almost three times lower than initial conductivity (Figure 3).
Therefore, Kh,max was calculated in an alternative way, by assum-
ing that maximum hydraulic conductivity coincides with the
conductivity value of freshly cut branches of well-irrigated plants
before sunrise. Kh,max was determined under both pressure
heads at both the inlet and outlet side, calculated over a
maximum timespan of 30 min (Cochard 2006) and chosen
in accordance to hydraulic steady state between in�ow and
out�ow. The average of obtained Kh,max values for each pressure
head and side (n = 5) was used for the remainder of the
experiment to calculate PLC (Eq. (1)) and is referred to as Kh,max

from freshly cut branches.

Hydraulic VC

The hydraulic VC was obtained by plotting percentage loss
of conductivity (PLC, %) against xylem water potential (ψx,
MPa) for each consecutive bench-top dehydration period. Four
types of hydraulic VCs were constructed for each of the two
pressure heads: (i) hydraulic steady-state VC according to equal
Kh,in and Kh,out, (ii) hydraulic steady-state VC according to
minimal or zero radial �ow between xylem and surrounding
living tissue—this was determined via a segmented regres-
sion on diameter change (Muggeo 2008), where the distinct
breakpoint indicated a clear transition between fast and slower
increase in diameter; (iii) VC based on a deviation in RM of
the out�ow (Sperry et al. 1988a); and (iv) VC constructed
from the �rst measured conductivity values. To calculate the
change in xylem water potential measured at the end of bench-
top dehydration and at the end of the conductivity experiment,
an average was made of two relationships: (i) a linear relation
between continuous LVDT diameter change and the two ψx

point measurements (Vergeynst et al. 2015a) and (ii) a linear
relation between time and the two ψx point measurements.
The VC x-axes could then be adjusted so that conductivity
values matched with the prevailing steady-state xylem tension at
that time.

Acoustic emission sample preparation and data registration

Four branches were sampled for AE measurements and trans-
ported to an experimental room, which was lit with an arti�cial
green light during preparation steps to diminish photosynthesis
and transpiration (De Baerdemaeker et al. 2017, Epila et al.
2017). Wet cloths were �xed against the cut end of the
branches to avoid air entry, and branches were placed in custom-
built holders to ensure an unbiased link and an equal distance
(8 cm) between the two sensor types (De Baerdemaeker
et al. 2017, Epila et al. 2017). Broadband point-contact AE
sensors (KRNBB-PC, KRN Services, Richland, WA, USA) mon-

itoring acoustic activity and dendrometers (DD-S, Ecomatik,
Dachau, Germany) measuring xylem shrinkage were installed on
a section of exposed xylem (1.5 × 0.5 cm). The AE sensor was
pressed against the xylem via a compression spring (D22050,
Tevema, Amsterdam, The Netherlands) in a small PVC tube. A
droplet of vacuum grease (High-Vacuum Grease, Dow Corning,
Sene�e, Belgium) was added between the sensor tip and branch
to ensure good acoustic contact, which was validated via the
pencil lead break test (Tyree and Sperry 1989b, Vergeynst et al.
2015b). Petroleum jelly was applied between the dendrometer
tip and xylem, to avoid evaporation from the exposed wound
(Vergeynst et al. 2016). After installation, wet clothes were
removed and normal light was turned on in order to start the
bench-top dehydration experiment.

Readings from dendrometers were registered every minute
via custom-built acquisition boards. The AE signals were ampli-
�ed by 35.6 decibels (dB) (AMP-1BB-J, KRN Services) and
waveforms of 7168 samples length were acquired at 10 MHz
sample rate. The signals were collected using two 2-channel PCI
boards and redirected to the software program AEwin (PCI-2,
AEwin E4.70, Mistras Group BV, Schiedam, The Netherlands).
A 20–1000 kHz electronic band pass �lter was applied and
only waveforms above the noise level of 28 dB were retained
(Vergeynst et al. 2016). To determine the decrease in xylem
water potential of AE branches, no more than three leaves were
wrapped in aluminum foil at any given time, while the remainder
were left exposed to ensure a similar dehydration time conform
to hydraulic branches. Water potential readings were done every
20 min, providing a su�cient 1-h timespan for a newly wrapped
leaf to come in equilibrium with branch xylem. Both during leaf
removal and wrapping, AE detection was interrupted to avoid
noise (De Baerdemaeker et al. 2017, Epila et al. 2017).

Acoustic VC

The obtained AE signals were used to construct an acoustic VC
(VCAE) (Mayr and Rosner 2011, Vergeynst et al. 2015a, De
Baerdemaeker et al. 2017). The AE signals were cumulated
over the measurement period from which the �rst derivative
was calculated to construct an AE activity curve. The endpoint
of the VC was determined as the point at which the decrease
in AE activity, following the AE activity peak, decreased most
strongly. From a mathematical point of view this corresponds
to the local maximum of the third derivative (Vergeynst et
al. 2016). Four branches were bench-top dried for 24 h,
providing su�cient time to reach complete dehydration, as was
validated by the µCT image of a 16-h-dehydrated M. domestica
Borkh. branch, illustrating near full embolism formation (see
Figure 10). The AE activity was calculated using a 5-min time
interval, whereas the third derivative was determined using a
12-h time interval, based on the time scale at which the AE peak
occurred (Vergeynst et al. 2016). The continuous x-axis of the
acoustic VC (VCAE) was obtained by establishing a segmented
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linear relation between xylem diameter shrinkage (�d/di, µm
mm−1) and discrete measurements of ψx (De Baerdemaeker
et al. 2017).

X-ray computed microtomography

To unravel water �ow dynamics in the study samples during
conductivity measurements, di�erent aspects were investigated
via µCT: (i) native embolism of freshly cut branches, (ii) the
e�ect of �ushing, (iii) the duration of the bench-top dehydration
period to reach full embolism formation and (iv) the possibility of
low-pressure heads re�lling embolized vessels. Apple samples
15 cm long with a diameter similar to the sections used in the
hydraulic method were scanned at the Nanowood CT facility
(UGCT, Centre for X-Ray Tomography, Laboratory of Wood
Technology, Faculty of Bioscience Engineering, Ghent University,
Ghent, Belgium) (Dierick et al. 2014). Samples were �xed
into a small Terostat-�lled bottle (Terostat-IX, Teroson, Henkel,
Düsseldorf, Germany) and centered via screws, with the open
ends of the sample covered with Terostat to halter dehydration
and air-entry (Figure S4 available as Supplementary Data at
Tree Physiology Online). The targeted scanning point was taken
∼5 cm below the top end and was marked with tape in the
event scanning needed to be executed at the same height
(for instance, a sample was �rst dehydrated and scanned, after
which the same sample was installed in the hydraulic conduc-
tivity apparatus, and re-scanned to investigate the e�ect of a
low-pressure head). The sample was loaded onto the rotation
platform of the Nanowood µCT-scanner (UGCT, Centre for X-
Ray Tomography) (Figure S4 available as Supplementary Data
at Tree Physiology Online). Samples were scanned for 32 min,
and the resulting 3.5-mm high 3D volume was reconstructed
from 2000 projections taken during the 360◦ rotation. Recon-
structions were made with the Octopus reconstruction software
package (Dierick et al. 2004, Vlassenbroeck et al. 2007) and
resulted in an approximate voxel pitch of 5 µm. To quantitatively
examine the e�ect of dehydration and re�lling, the di�erence
between embolized (black) and water-�lled (gray) vessels on
the µCT images was calculated via the image analysis software
Fiji (Schindelin et al. 2012) and translated to percentage via
the total amount of vessels derived from the anatomical wood
section of the species (Figure S5 available as Supplementary
Data at Tree Physiology Online). This calculation illustrated that
52% of the vessels were embolized on the 6-h-dehydrated µCT
image and was thus taking as proxy for the µCT P50.

Statistics

Analysis of variance was performed to detect di�erences
between average Kh of freshly cut and �ushed branches
(P < 0.05), with values validated for normality and homogeneity
via Wilcoxon signed rank test and Levene test, respectively. The
acoustic VC (VCAE) was averaged over the four branches and
�tted using the smooth spline function in the stats library in R

software (RStudio version 1.1.419—© 2009–2017 RStudio,
Inc., Boston, MA, USA). Xylem water potential at which 50% of
embolism-related AE occurs (AE50, MPa) was directly derived
from the VCAE (De Baerdemaeker et al. 2017). Hydraulic VCs
were �tted via the �tplc R package in the stats library of R
software (Duursma and Choat 2017). Two types of models
were �tted to the data via the R package: (i) the reparameterized
Weibull function of Ogle et al. (2009) and (ii) a sigmoidal model
as postulated by Pammenter and Van der Willigen (1998). A
Weibull �t was justi�ed only for hydraulic steady state in Kh

for 8 kPa pressure head, because a xylem water potential of
0 MPa coincided with 0% PLC. From the �tplc package, P50
values of hydraulic VCs were calculated as well (Duursma and
Choat 2017). Figures were made with RStudio and SigmaPlot
13 graphing software package.

Results

Hydraulic method

Measurements of hydraulic conductivity and branch diame-
ter dynamically changed with time when using the hydraulic
method (Figure 4). Independent of the duration of bench-top
dehydration, Kh �rst decreased, reaching a local minimum,
followed by an increase toward an absolute maximum and a
further decrease until the end of the experimental run. Inlet
hydraulic conductivity (Kh,in) started consecutively higher than
outlet hydraulic conductivity (Kh,out), after which the di�erence
between both decreased. Hydraulic steady state in conductivity
was reached when Kh,in approximately equaled Kh,out for the
�rst time within a threshold range of 6 ± 1 10−8 kg s−1 m MPa−1

(Figure 4A–C) or the di�erence between both became minimal
(Figure 4D–F). Overall, the timespan to reach hydraulic steady
state increased with the duration of bench-top dehydration
(Figure 4, Table 2). Maximum Kh of hydrated samples (0 h of
dehydration, re�ecting the hydrated condition of non-detached
branches; Zinkernagel et al. (2011)) corresponded well with
Kh,max measured on freshly cut branches, but absolute values
of Kh and corresponding maximum values per experimental run
decreased when longer sample dehydration periods were used
(Figure 4, Table 3). For both pressure heads, the di�erence
between Pin and Pout remained constant during the experi-
mental run, but increased with dehydration level, because of
the increase in resistance in the hydraulic pathway (Figure 4).
Diameter change (�d, mm) or radial �ow from xylem to sur-
rounding living tissues was negligible in hydrated samples (0 h
of dehydration) but became important and pronounced in all
dehydrated samples (Figure 4). The timespan to reach hydraulic
steady state in radial �ow also increased with dehydration
level for the 8 kPa pressure head, but was less clear for the
2 kPa pressure head (Table 2). Initial xylem water potentials
(ψx, MPa), measured after each bench-top dehydration step
and thus prior to the experimental run, became more negative
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1654 De Baerdemaeker et al.

Figure 4. Change in inlet pressure (gray, Pin, kPa), outlet pressure (light gray, Pout, kPa), stem diameter or radial flow (orange, �d, mm), inlet hydraulic
conductivity (red, Kh,in, 10

−5 kg s−1 m MPa−1) and outlet hydraulic conductivity (blue, Kh,out, 10
−5 kg s−1 m MPa−1) of M. domestica Borkh. samples

for two different pressure heads (8 kPa: A–C; 2 kPa: D–F) and for three different bench-top dehydration periods (0 h: A, D; 6 h: B, E; 12 h: C, F)
during conductivity measurements.

with longer bench-top dehydration periods, but returned to zero

when measured at the end of the experimental run (Figure 5).

Hydraulic VCs were constructed for both pressure heads

from inlet and outlet Kh using four approaches: (i) hydraulic

steady state in Kh, (ii) hydraulic steady state in �d, (iii)

deviation in RM and (iv) start value (Figure 6). Each conductivity

reading was plotted against its corresponding ψx. Xylem water

potential was calculated from the time-dependent and diameter-

dependent linear relation between ψx at the start and end

of measurements, to account for the release in xylem tension

during each experimental run (Figure 5). For the 8 kPa pressure

head, a distinct sigmoidal curve with a strong fit was obtained for

hydraulic steady state in Kh and �d (Figure 6A, Table 4). The

distinction between inlet and outlet-based VCs was also minimal,

clearly pointing to stability. Vulnerability curves based on RM and

start value had a weaker sigmoidal fit (Table 4), and the larger

divergence between inlet and outlet PLC values showed that

stability was not reached, and dynamic water flow conditions

were still occurring in these samples, affecting the respective

Kh readings (Figure 6A, Table 4). For the 8 kPa pressure head,

a Weibull function could be fitted to hydraulic steady state in

Kh, as this was the only scenario generating a near 0% PLC at

a xylem water potential of 0 MPa (Figure 6A). Similar findings

resulted from the 2 kPa pressure head measurements, with the
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Table 2. Timespan to reach hydraulic steady state according to stability in hydraulic conductivity (Kh) and stability in diameter change or radial �ow
(�d) for the di�erent bench-top dehydration periods and the two pressure heads (8 and 2 kPa).

Dehydration
period (h)

t�(Kh,in−Kh,out) ≈ 0 (min) t�d ≈ 0 (min)

8 kPa 2 kPa 8 kPa 2 kPa

0 105 232 27 205
2 105 213 28 224
4 114 216 179 81
6 223 278 93 167
8 205 / 101 /
10 279 604 160 95
12 306 308 144 100
14 348 / 163 /

Timespan when inlet Kh approximately equals outlet Kh in a threshold range of 6 ± 1 10−8 kg s−1 m MPa−1 or when the di�erence between
both becomes minimal (t�(Kh,in−Kh,out) ≈ 0, min), and timespan when diameter change becomes minimal (t�d ≈ 0, min) for the di�erent bench-top
dehydration periods and the two pressure heads (8 and 2 kPa).

Table 3. Evolution of maximum hydraulic conductivity at the inlet (Kh,max,in) and outlet sides (Kh,max,out) for both pressure heads (8 and 2 kPa) and
for the di�erent bench-top dehydration periods in comparison to Kh,max of freshly cut branches (n = 5).

Dehydration period (h) Kh,max,in (10−5 kg s−1 m MPa−1) Kh,max,out (10−5 kg s−1 m MPa−1)

8 kPa 2 kPa 8 kPa 2 kPa

0 9.1 8.5 8.9 8.5
2 8.9 6.9 9.2 6.6
4 6.8 6.1 6.9 6.0
6 5.4 3.5 5.4 3.4
8 4.4 / 4.1 /
10 2.7 1.8 2.5 1.8
12 1.6 1.0 1.5 0.8
14 0.9 / 0.8 /

Freshly cut Av±SD 8.6 ± 1.5 8.6 ± 0.5 8.6 ± 1.5 8.0 ± 0.6

Value of maximum hydraulic conductivity at inlet side (Kh,max,in (10−5 kg s−1 m MPa−1)) and outlet side (Kh,max,out (10−5 kg s−1 m MPa−1)) for
the di�erent bench-top dehydration periods and the two pressure heads (8 and 2 kPa) compared with Kh,max of freshly cut branches.

goodness of sigmoidal �t more comparable between all scenar-
ios (Figure 6B, Table 4). Due to the lower pressure head used,
maximum conductivity values decreased more rapidly for similar
bench-top dehydration periods, resulting in steeper increases
toward 100% PLC compared to 8 kPa pressure head (Table 3).
For both pressure heads, P50 values became more negative
when moving from hydraulic steady state in Kh to start value
(Table 5), because the time to reach stability in Kh was longest
(Table 2). The P50 derived from inlet and outlet-based VCs was
minimal for hydraulic steady state in Kh and �d, compared with
deviation in RM and start value (Figure 6B, Table 5).

Hydraulic VCs based on steady state in Kh and �d for Kh,out

were also constructed against initial xylem tension, measured
at the end of bench-top dehydration prior to conductivity mea-
surements (Figure 7). In comparison with deviation in RM and
start value, these VCs had a stronger sigmoidal �t for the 8 kPa
pressure head (with again a Weibull �t for steady state in Kh)
but were weak for the 2 kPa pressure head (Figure 7A and B,
respectively, Table 4). The P50 was −1.01 MPa for steady state
in Kh and −1.08 MPa for steady state in �d for the 8 kPa

pressure head, whereas P50 was −0.74 MPa and −0.61 MPa,
respectively, for the 2 kPa pressure head (Table 5).

The µCT method

X-ray computed microtomography was applied to further assess
the impact of the hydraulic method on hydraulic conductivity
measurements. Because Kh of �ushed branches was signi�-
cantly lower than initial conductivity of freshly cut branches
(Figure 3), suggesting a possible �aw in the �ushing procedure,
µCT images of both states were used to visualize xylem before
and after �ushing (Figure 8). Because all embolized vessels
were completely re�lled after �ushing, the �ushing method was
judged to work properly (Figure 8B).

The e�ect of small pressure heads on Kh measurements
was also studied using µCT images, which showed that vessels
also re�lled during an experimental run (Figure 9). For the
8 kPa pressure head, 94.7% of embolized vessels of a 12-
h-dehydrated branch sample were re�lled (Figure 9A and B),
while for the 2 kPa pressure head, 93.4% of embolized
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1656 De Baerdemaeker et al.

Table 4. Goodness of fit presented as root mean square error (RMSE) of Weibull/sigmoidal fits to hydraulic vulnerability of M. domestica Borkh.

calculated from scenarios against adjusted and initial xylem water potential, for both inlet (Kh,in) and outlet hydraulic conductivities (Kh,out) and for

both pressure heads (8 and 2 kPa) (n = 8).

8 kPa 2 kPa

RMSE Kh,in (−) RMSE Kh,out (−) RMSE Kh,in (−) RMSE Kh,out (−)

Adjusted ψx

Steady state in Kh 0.019 0.019 0.745 0.774

Steady state in �d 0.224 0.178 0.635 0.641

Deviation RM 0.610 0.472 0.851 0.842

Start value 0.993 0.537 0.668 0.877

Initial ψx

Steady state in Kh / 0.016 / 0.767

Steady state in �d / 0.216 / 0.735

Root mean square error (RMSE, −) derived from Weibull and sigmoidal fits of obtained hydraulic VCs from four scenarios (hydraulic steady state in

conductivity (Kh)—hydraulic steady state in radial flow (�d)—deviation in RM—start value) against adjusted and initial xylem water potential (ψx),

for both inlet Kh and outlet Kh and the two pressure heads (8 and 2 kPa).

Figure 5. Average xylem water potential (ψx, MPa) of M. domestica
Borkh. with standard error (1 SE) at the end of each bench-top
dehydration period (h) for both the 2 kPa (light gray, closed circles)
and the 8 kPa pressure head (black, closed circles). At the end of the
conductivity experiment, xylem tension returned to zero independent of
the bench-top dehydration period (black, open circles).

vessels of a 6-h-dehydrated branch sample were refilled

(Figure 9C and D).

Acoustic emission method

The average acoustic VC, displaying changes in AE during

sample dehydration continuously, resulted in a more pronounced

S-shape compared with the hydraulic VC (Figure 10). The

resulting AE50 (i.e., water potential at which 50% embolism-

related AE occur) was −0.86 ± 0.04 MPa, which closely

corresponded to the P50 of −0.87 MPa derived from the

6-h-dehydrated μCT image.

Discussion

The hydraulic method has without question proven its vast reli-

ability in quantifying hydraulic conductivity, but for determining

the degree of embolism, the findings of this research clearly

show that the assumption of stable conductivity is not that

straightforward because of the long time required to reach

steady state between inflow and outflow, influence of radial

flow (Pereira and Ribeiro 2018) and possible refilling effects

in embolized xylem. The approach will work for VC and P50
value comparisons between organs, plants and species done in

the same lab using the exact same methods (e.g., Jacobsen et

al. 2007, McCulloh et al. 2011), but it could prove problematic

when comparison is done between different labs (e.g., Choat

et al. 2012) that use different timespans, different criteria for

reaching hydraulic stability and different pressure heads.

Hydraulic steady state

One of the major uncertainties when applying the hydraulic

method is the timespan to reach stability, as this determines

the value of Kh,out to construct the hydraulic VC. According to

Melcher et al. (2012), a deviation in RM of Kh,out, as proposed

by Sperry et al. (1988a), should result in stable (steady

state) measurement conditions. But measurement of water flow

dynamics through the samples in the hydraulic conductivity

apparatus showed that a deviation in RM did not yield stable

conditions. (i) There is a distinct difference between Kh,in and

Kh,out (on average 0.2 10−5 kg s−1 m MPa−1 for the 8 kPa pres-

sure head, and 1.24 10−5 kg s−1 m MPa−1 for the 2 kPa pressure

head), and radial flow is rapidly increasing (on average a slope

of 0.0030 mm min−1 for the 8 kPa pressure head and a slope of

0.0018 mm min−1 for the 2 kPa pressure head) (Figure 4). (ii)

There is a distinct deviation between hydraulic VCs constructed

from Kh,in and Kh,out (Figure 6), and between the resulting P50

values (Table 5). (iii) The non-steady state in hydraulic conduc-

tivity also translates in weak sigmoidal fits (Table 4). Moreover,

prolonging conductivity measurements beyond a timespan of

30 min illustrates a large variability in deviation in RM making it

difficult to select the value to construct the hydraulic VC, espe-

cially if only measurements of Kh,out are considered (Figure 4).
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Table 5. Derived P50 values from hydraulic VCs of M. domestica Borkh. calculated from scenarios against adjusted and initial xylem water potential,
for both inlet (Kh,in) and outlet hydraulic conductivities (Kh,out) and for both pressure heads (8 and 2 kPa).

8 kPa 2 kPa

P50 Kh,in (MPa) P50 Kh,out (MPa) P50 Kh,in (MPa) P50 Kh,out (MPa)

Adjusted ψx

Steady state in Kh −0.44 −0.44 −0.27 −0.30
Steady state in �d −0.59 −0.56 −0.35 −0.35
Deviation RM −1.17 −1.09 −0.82 −0.46
Start value −1.36 −1.20 −0.78 −0.36

Initial ψx

Steady state in Kh / −1.01 / −0.74
Steady state in �d / −1.08 / −0.61

Values of 50% loss in conductivity (P50, MPa) derived from hydraulic VCs calculated from four scenarios (hydraulic steady state in conductivity
(Kh)—hydraulic steady state in radial �ow (�d)—deviation in RM—start value) against adjusted and initial xylem water potential (ψx), for both
inlet Kh and outlet Kh and the two pressure heads (8 and 2 kPa).

Based on the theory of �uid dynamics and given a constant
�P over the measured sample, stability in hydraulic conductivity
is reached at hydraulic steady state, which implies that Kh,in must
be equal to Kh,out and radial �ow zero. Only then will water move
through the xylem only and will no longer be redirected to re�ll
osmotically active living cells. Theoretically, this corresponds
with stationary �ow described by the Van den Honert concept
(Van den Honert 1948), which is the basis for calculating xylem
hydraulic conductivity (Sperry et al. 1988a). The timespan to
reach hydraulic steady state increased with increased levels of
dehydration (Table 2) as also observed by Hacke et al. (2015).
From a physiological point of view, this pattern corresponds to
water transport dynamics in intact plants and can be illustrated
by the close link that exists between sap �ow and stem
diameter variations (Figure 11; Steppe et al. 2006, 2015).
Water transport dynamics are a direct result of the time-lag
that exists between foliar transpiration and root water uptake
(Figure 11A and B; Schulze et al. 1985, Steppe et al. 2002).
This translates into a dynamic diameter variation pattern of
shrinkage (i.e., depletion of internal water reserves during the
day) and swelling (i.e., replenishment of internal water reserves
overnight) to overcome the imbalance between water loss and
uptake (Figure 11C and D; Herzog et al. 1995, Zweifel et al.
2001, Steppe and Lemeur 2004). Measurements of stem diam-
eter variation also provide information on radial (turgor-driven)
stem increment (Steppe et al. 2006, Venturas et al. 2017),
hence justifying the use of a LVDT in our study as a means to
assess the impact of radial �ow dynamics on Kh measurements.

Dynamic water transport in stem and branches can be
described as the �ow of water in two coaxial cylinders separated
by a virtual membrane (Steppe et al. 2006, 2015). The �rst
pathway is the direct �ow path through the xylem driven by
a water potential gradient (Van den Honert 1948), and the
second one is the radial �ow path, which drives changes
in stem water content or hydraulic capacitance in the living
tissue, also known as elastic changes. In well-watered plants,

the temporal imbalance between leaf transpiration and stem
sap �ow (or root water uptake) is small, and steady state
or stationary �ow conditions are quickly reached, with radial
water �ow only slightly contributing to the transpiration stream
(Figure 11A). This results in a limited diameter shrinkage and
swelling registered by the LVDT (Figure 11C). This explains why
(i) hydraulic steady state is reached faster in samples that are
less dehydrated and (ii) changes in diameter are negligible in
these samples (Figure 4, Table 2). In a drought-stressed plant,
the imbalance between transpiration and stem sap �ow is larger,
requiring a higher contribution from radial water �ow to the
transpiration stream. This results in a larger time-o�set until
equilibrium is reached (Figure 11B) and a more pronounced
diameter shrinkage and swelling (Figure 11D).

Consequently, some of the observed decrease in outlet
hydraulic conductivity by Wheeler et al. (2013) in branches cut
under tension could be the result of the depleted internal re-
serves that stimulate radial �ow once connected to the hydraulic
conductivity apparatus instead of arti�cial embolism formation
by the cut. Moreover, the imbalance was also witnessed in
asparagus, where longer bench-top dehydration periods needed
to measure the more dehydrated samples resulted in larger
o�sets between inlet and outlet hydraulic conductivity measure-
ments (Figure 1; Zinkernagel and Mayer 2018), demonstrating
that the dynamic water transport principles hold for both woody
and herbaceous species. We can thus conclude, independently
of the examined species, that the longer the bench-top dehydra-
tion period, the longer it takes to reach hydraulic steady state,
and the more pronounced the increase in stem diameter will be
during Kh measurements (Figure 4, Table 2).

By extending the original hydraulic conductivity apparatus
with additional measurements, a solid background was provided
to assess the impact of di�erent (i.e., steady state and non-
steady state) Kh values to construct hydraulic VCs. Hydraulic
VCs based on steady state in Kh and �d were more justi�ed
approaches to depict vulnerability to drought-induced embolism
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Figure 6. Hydraulic VCs of M.domestica Borkh. showing percentage loss
of conductivity (PLC, %) against adjusted xylem water potential (ψx,
MPa) derived from hydraulic steady state in hydraulic conductivity (Kh,
10−5 kg s−1 m MPa−1) for inlet hydraulic conductivity (Kh,in, black,
closed circles) and outlet hydraulic conductivity (Kh,out, black, open
circles), derived from hydraulic steady state in diameter change or radial
flow (�d, mm) for Kh,in (red, closed circles) and Kh,out (red, open
circles), derived from deviation in RM for Kh,in (light gray, closed circles)
and Kh,out (light gray, open circles), and derived from start value for Kh,in

(orange, closed circles) and Kh,out (orange, open circles). Vulnerability
curves are shown for the 8 kPa (A) and 2 kPa pressure head (B) and
are fitted with a sigmoidal model with the exception of the Weibull fit for
hydraulic steady state in Kh of the 8 kPa pressure head.

inM. domestica Borkh. (Figure 6). Stability was illustrated by the

strong overlap between VCs based on Kh,in and Kh,out (Figure 6,

Table 5) and could be described by a strong sigmoidal fit

(Table 4). Hydraulic steady state in �d was defined at the

breakpoint distinguishing faster from slower increases in stem

diameter. While this approach is easy to use, it still includes a

small radial water flow effect, which explains why the timespan

to reach stable �d was shorter than for stability in Kh (Table 2).

Vulnerability curves based on hydraulic steady state in Kh were

the only ones providing near 0% PLC in hydrated samples,

suggesting that steady state in Kh is the best proxy for overall

hydraulic steady state (Figure 6).

Figure 7. Hydraulic VCs of M. domestica Borkh. showing percentage
loss of conductivity (PLC, %) against initial xylem water potential (ψx,
MPa) derived from hydraulic steady state in hydraulic conductivity (Kh,
10−5 kg s−1 m MPa−1) for outlet hydraulic conductivity (Kh,out, black),
and derived from hydraulic steady state in diameter change or radial flow
(�d, mm) for Kh,out (red). Vulnerability curves are shown for the 8 kPa
(A) and 2 kPa pressure head (B) and are fitted with a sigmoidal model
with the exception of the Weibull fit for hydraulic steady state in Kh of
the 8 kPa pressure head.

Assessment of the hydraulic method

Being able to objectively quantify hydraulic steady-state flow

conditions in the study samples addresses one of the major

concerns regarding the use of the hydraulic method. By using

this approach, we discovered an additional and substantial flaw

in the theory behind the hydraulic method. According to Sperry

et al. (1988a), low-pressure heads in the range of 1 to 8 kPa

would be insufficient to refill embolized vessels (Kolb et al.

1996, Melcher et al. 2012). At first glance, this seemed to

hold because the difference between Pin and Pout (i) remained

constant during an experimental run and (ii) increased with the

duration of bench-top dehydration, which was explained by an

increased resistance in xylem flow path (Figure 4).

The dynamic change in ψx occurring during each experimen-

tal run required calculation of adjusted, steady-state (instead
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Figure 8. (A) X-ray computed microtomography image illustrating native embolism (black dots) of a freshly cut M. domestica Borkh. sample.
(B) A μCT image of a flushed M. domestica Borkh. sample, showing that the flushing method was capable of refilling all embolized vessels.

Figure 9. Montage of μCT images illustrating the refilling of embolized vessels (black dots) of a 12-h-dehydrated M. domestica Borkh. sample under
a 8 kPa pressure head (A, B) and the refilling of embolized vessels of a 6-h-dehydrated M.domestica Borkh. sample under a 2 kPa pressure head
(C, D) during hydraulic conductivity measurements.

of initial) ψx that corresponded to the respective Kh values to

construct hydraulic VCs. These hydraulic VCs strongly shifted to

the left (Figure 6), with on average across the two pressure

heads, a P50 of −0.36 MPa and −0.46 MPa, respectively

(Table 5). These values are unlikely to be correct for M. domes-

tica Borkh. as P50 values between −0.85 MPa and −3.8 MPa

have previously been reported for this species (Beikircher et

al. 2013, De Baerdemaeker et al. 2018). Despite success-

ful quantification of hydraulic steady state, the corresponding

steady-state ψx no longer reflects the amount of embolized

vessels, which were present at the end of bench-top dehydration

and characterizing the intended level of drought stress. To

avoid the issue of refilling, one might reason that the first

measured Kh then represents actual conductivity of the drought-

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article-abstract/39/10/1646/5527798 by G

hent U
niversity user on 15 N

ovem
ber 2019
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Figure 10. Hydraulic steady-state VC in outlet hydraulic conductivity
(Kh,out, 10

−5 kg s−1 m MPa−1) for 8 kPa pressure head (light gray,
open circles), fitted with a Weibull function versus the average acoustic
VC (VCAE, red) with standard error bands (1 SE) of M. domestica Borkh.
showing percentage cumulative acoustic emissions (cum AE, %) against
xylem water potential (ψx, MPa).

stressed sample. However, constructing VCs with Kh start values

showed similar issues as when deviation in RM was used: no

stability, and therefore violating the steady-state precondition

(Figure 6, Table 5) and a weak sigmoidal fit (Table 4). To

mirror the intended drought level of the study sample, steady-

state Kh and �d values for both pressure heads were plotted

against initial ψx (Figure 7). Resulting VCs showed a stronger

sigmoidal fit, and the P50 values of the 8 kPa pressure head for

stability in Kh and stability in �d were well within the above-

mentioned range of reported P50s for this species (Table 5),

but given the principles of dynamic water transport through

the study samples, this approach should be used with care,

because it combines steady state in Kh with initial, non-steady-

state ψx.

These findings show that it is crucial for research using

the hydraulic method to construct VCs with a uniform proto-

col, allowing a more correct assessment and comparison of

hydraulic VCs between species and between labs. Our recom-

mendation is to measure hydraulic conductivity in a maximum

timeframe of 10 min, and at uniform timespans (e.g., after

1 min) independently of the examined species and bench-top

dehydration period, and with a maximum applicable pressure

head that is based on the diameter of the largest vessel

(Van Ieperen et al. 2000). Clearly, hydraulic stability cannot

be reached and is inappropriate to be used as proxy for VC-

related Kh values. Avoiding the use of very low-pressure heads

is equally important, as the resulting VCs tend to be more r-

shaped than s-shaped (Figure 6B). The validity of r-shaped VCs

has been widely debated (Jansen et al. 2015), and our findings

suggest that such curves could be measurement artifacts under

certain conditions.

The hydraulic method promotes embolism refilling: validation
with μCT

X-ray computed microtomography allows distinguishing func-

tional from embolized vessels without disrupting the dynamic

water relations of the examined species (Cochard et al. 2015,

Brodersen et al. 2018). The μCT images showed that freshly cut

branches had approximately 9% native embolism (Figure 8A),

and that flushing was capable of refilling all vessels (Figure 8B).

By using Kh from freshly cut branches as proxy for Kh,max

to calculate PLC, the potential risk of overestimating Kh,max

by flushing vessels that lost their functionality during plant

development (Jacobsen and Pratt 2012) was avoided. However,

we witnessed the opposite effect, as Kh after flushing was signif-

icantly lower than initial Kh from freshly cut branches (Figure 3).

Because our measurements were conducted in August and

September, our Malus species was in the fruit ripening period.

Knipfer et al. (2015), referring to the study of Choat et al.

(2009) and that of Lang and Ryan (1994), highlighted that

fleshy fruit species like apple lose a part of their transport

ability during ripening. Choat et al. (2009), who examined

the phenomenon on grapevine, found higher concentrations of

xylem solutes in grapevine post-veraison and related this to

the deposition of gels into the xylem vessel lumen. Therefore,

a possible hypothesis might be that high-pressure flushes

can dislocate these gels present in vessel lumens (Jacobsen

and Pratt 2012), which can then clog the remaining vessels

of the sample. This significant problem has been previously

addressed by Espino and Schenk (2011). Another and perhaps

even likely hypothesis is that embolism potentially can change

pit membrane structures (S. Jansen, personal communication)

and that the interaction with high-pressure flushes result in a

reduction in hydraulic conductivity when measured with low-

pressure heads.

Not only high-pressure flushing, but also low-positive-

pressure heads were capable of refilling embolized vessels,

which was already shown by Knipfer et al. (2016), even

though that was long assumed to not be the case (Sperry

et al. 1988a). Both, 8 and 2 kPa pressure heads refilled about

94% of the cavitated vessels (Figure 9), questioning the use

of pressurized water to quantify drought-induced embolism.

This refilling also explains the increase in Kh (Figure 4), and

in ψx (Figure 5) during each experimental run, which is

supported by the findings of Brodersen et al. (2010) and

Brodersen and McElrone (2013), who observed less negative

xylem water potentials after vessels refilled. Additionally, the

12 h dehydrated sample swelled 6.6% due to refilling under

8 kPa (Figure 9A and B), and the 6-h-dehydrated sample

swelled 2.4% due to refilling under 2 kPa (Figure 9C and D),

emphasizing the importance of considering dynamic water flow

in study samples when using the hydraulic method (Figure 4).

The fact that small positive pressure heads can refill embolized

vessels is not that unlikely if one considers the phenomenon

Tree Physiology Volume 39, 2019

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article-abstract/39/10/1646/5527798 by G

hent U
niversity user on 15 N

ovem
ber 2019



Assessment and validation of the hydraulic method 1661

Figure 11. Synthesis of dynamic water transport showing the diurnal course of transpiration rate (solid black line), stem sap flow (dashed black
line) and stem water content depletion rate (thick solid black line) for a well-watered (A) and water-stressed plant (B), and the diurnal course of
diameter variation (thick black line) for a well-watered (C) and water-stressed plant (D). The tight coupling between stem flow and diameter variation
illustrates that the dynamic behavior emerges from the time lag between water loss by transpiration and root water uptake. The temporal imbalance
takes longer to overcome under drought stress, putting more strain on the internal water reserves.

of root pressure (Tyree and Sperry 1989a). Root pressure

is a widely accepted mechanism to explain recovery from

daily cycles of embolism formation in intact plants (Tyree

and Zimmermann 2002). In general, root pressure is very

weak with values only slightly exceeding atmospheric pressure

(typical range: 1–150 kPa; see Sperry et al. 1988b, Fisher et

al. 1997, De Swaef et al. 2013, Lopez and Barclay 2017).

During the day, its influence is negligible, but during the night,

when transpiration is zero, root pressure pushes up the sap,

dissolving air bubbles and refilling embolized vessels (Tyree

and Zimmermann 2002, Wegner 2014).

Hydraulic versus AE method

Quantification of vulnerability to drought-induced embolism is

crucial in drought-related plant research, but the difficulty of

the hydraulic method in deciding which Kh value best depicts

the degree of embolism and the dynamic refilling effect of the

method suggest that there is merit in other techniques that

do not interfere with the hydraulic properties of the branch,

such as the acoustic method (Rosner et al. 2006, Mayr and

Rosner 2011, Nolf et al. 2015, Vergeynst et al. 2015a, De

Baerdemaeker et al. 2017). We tested the acoustic (AE) method

to determine if it could be a reliable substitute for measuring

P50 values (Figure 10). The average AE50 of −0.86 MPa with a

standard error of only 0.04 MPa forM. domestica Borkh. (n = 4)

illustrates the consistency and accuracy of the AE method,

which can also continuously measure changes in dehydration

without creating conditions for radial flow, embolism refilling and

xylem tension changes (Rosner et al. 2006, Mayr and Rosner

2011, Vergeynst et al. 2015a, De Baerdemaeker et al. 2017,

Pereira and Ribeiro 2018). Already in 1983, Tyree and Dixon

(1983) highlighted the importance of the AE technique as a

powerful diagnostic tool to describe plant water relations. The

method of course cannot quantify Kh, and further research

is required on the origins of AE from drying plant tissues

(Cochard et al. 2013), but recent and ongoing developments

are promising for the use of AE as a reliable alternative to the

hydraulic method to construct VCs (Wolkerstorfer et al. 2012,

De Roo et al. 2016).

Conclusion

Hydraulic methods are irreplaceable for quantification of

hydraulic conductivity, and have been used successfully to

compare vulnerabilities to embolism between plant organs,

plants and species. There is no doubt that such comparisons are

meaningful when obtained using the exact same methods, but

our findings show that comparisons can become problematic

when VCs and P50 values are compared between studies

that used slightly different methods and different criteria for

stability in Kh, because slight differences in the methodology

can have large impacts on the measurements. By extending the
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original hydraulic setup, fundamental insights were gathered
to tackle the Kh stability enigma, as hydraulic steady state
was dependent on water �ow dynamics, such as radial �ow,
xylem tension release and re�lling of embolized vessels. When
publishing hydraulic results, it is important to consider that
stability in Kh is not the best criterion to characterize the
degree of embolism. To standardize measurements and avoid
vulnerability overestimation, we recommend standardizing the
protocol by taking Kh readings within a timeframe of 10 min at
uniform timespans (e.g., after 1 min), as this allows insu�cient
time for signi�cant radial �ow, embolism re�lling, and xylem
tension dissipation phenomena. Methods that (i) can measure
dehydration continuously on a single sample, without disrupting
dynamic water relations and (ii) are practical and cost-e�ective
can be used as reliable substitutes for the hydraulic method. The
AE technique has these desirable traits and is thus a promising
alternative to hydraulic methods for VC construction.

Supplementary Data

Supplementary Data for this article are available at Tree Physiol-
ogy Online.
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