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A B S T R A C T

Embolism repair ability has been documented in numerous species. Although the actual mechanism driving this
phenomenon is still debated, experimental findings suggest that non-structural carbohydrates (NSC) stored in
wood parenchyma would provide the osmotic forces to drive the refilling of embolized conduits.

We selected 12 broadleaved species differing in vulnerability to xylem embolism (P50) and amount of wood
parenchyma in order to check direct evidence about the possible link(s) between parenchyma cells abundance,
NSC availability and species-specific capacity to reverse xylem embolism.

Branches were dehydrated until ∼50% loss of hydraulic conductivity was recorded (PLC ∼50%). Hydraulic
recovery (ΔPLC) and NSC content was, then, assessed after 1h of rehydration.

Species showed a different ability to recover their hydraulic conductivity from PLC∼50%. Removing the bark
in the species showing hydraulic recovery inhibited the embolism reversal. Strong correlations between the ΔPLC
and: a) the amount of parenchyma cells (mainly driven by the pith area), b) the consumption of soluble NSC
have been recorded.

Our results support the hypothesis that refilling of embolized vessels is mediated by the mobilization of
soluble NSC and it is mainly recorded in species with a higher percentage of parenchyma cells that may be
important in the hydraulic recovery mechanism as a source of carbohydrates and/or as a source of water.

1. Introduction

Terrestrial plants face the contrasting needs of maintaining a rela-
tively stable water content, while losing large amounts of water vapour
to the atmosphere when stomata are open to allow CO2 diffusion into
the leaf (Raschke, 1976). In vascular homoiohydric plants, this delicate
balance is made possible by continuous absorption of water from the
soil, that is then transported to the foliage through the xylem conduits
while under negative pressure (Nardini et al., 2018; Venturas et al.,
2017).

Intense or prolonged drought events pose a serious threat to the
survival of plants, including crops and forest trees (Lesk et al., 2016).
Drought and heat waves reduce soil water availability and increase
atmospheric evaporative demand, putting plants at risk of desiccation.

Under these conditions, timely stomatal closure is a fundamental me-
chanism allowing plants to maintain their hydration status and resist
drought stress (Martin-StPaul et al., 2017). However, under prolonged
drought, plants can continue to lose significant amounts of water via
residual cuticular transpiration (Schuster et al., 2017), leading to pro-
gressive dehydration and decreasing xylem pressure.

When xylem pressure drops below the species-specific critical
thresholds, an air-phase can be aspirated into water-filled xylem con-
duits through pit membrane pores, leading to gas-filled and non-con-
ductive elements (Mayr et al., 2014; Tyree and Sperry, 1989). When
this so-called xylem embolism process spreads to a significant number
of conduits in the plant body, leading to high loss of plant hydraulic
conductance, the residual water transport capacity cannot assure ade-
quate hydration of tissues and the plant can eventually die by terminal
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desiccation (Choat et al., 2018; Nardini et al., 2013; Tyree et al., 2002).
This typically occurs when xylem hydraulic conductance is reduced by
more than 80% in angiosperm species (Nardini et al., 2013; Urli et al.,
2013). However, even when trees experiencing non-lethal drought,
they can also undergo xylem embolism and suffer from reduced hy-
draulic efficiency, which potentially translates in decreased photo-
synthesis, reduced content of non-structural carbohydrates (NSC) and
progressive decline of tree vigour and health due to carbon starvation
(Peguero-Pina et al., 2018; Tomasella et al., 2019; Zhang et al., 2015).

Although trees can recover full hydraulic functionality by producing
new xylem conduits (Zhang et al., 2019), different studies have re-
ported that some plants, under specific conditions, can refill embolized
conduits with water (Beikircher and Mayr, 2017; Gleason et al., 2017;
Love and Sperry, 2018; Savi et al., 2016; Trifilò et al., 2015; Yoshimura
et al., 2016). Considering the importance of hydraulic recovery for the
overall performance of forest trees and crops under future climate
scenarios (Klein et al., 2018), and despite scepticism around the actual
occurrence of this phenomenon in planta (Cochard and Delzon, 2013;
Wheeler et al., 2013), the possible mechanisms allowing plants to refill
embolized conduits have been subjected to intense scrutiny by several
studies in recent years (Brodersen et al., 2018; Martorell et al., 2014;
Nardini et al., 2018; Ooeda et al., 2017; Secchi and Zwieniecki, 2016;
Trifilò et al., 2017). It has been shown that xylem embolism reversal is
frequently accompanied by starch degradation and release of sugars in
the conduits (Beikircher and Mayr, 2017; Salleo et al., 2009; Secchi and
Zwieniecki, 2011, 2012; Tomasella et al., 2017; Yoshimura et al., 2016;
Wang et al., 2018), apparently ‘priming’ the xylem for refilling via an
osmotic mechanism when plants are rehydrated and xylem tension is
released (Brodersen and McElrone, 2013; Knipfer et al., 2016; Nardini
et al., 2011). In accordance, enhanced expression of several genes in-
volved in NSC metabolism and transport, as well as of aquaporins have
been reported in plants undergoing hydraulic recovery (Chitarra et al.,
2014; Perrone et al., 2012; Secchi et al., 2011), and metabolic inhibitors
have been shown to block the refilling process (Secchi and Zwieniecki,
2016; Trifilò et al., 2014).

Considering the proposed role of stored NSC in the hydraulic re-
covery process, it has been postulated that vessel-associated par-
enchyma and/or phloem play key roles in the xylem refilling me-
chanism (Salleo et al., 2004; Secchi et al., 2017). In fact, the amount of
wood parenchyma correlates to the quantity of NSC stored in the stem
(Morris et al., 2018; Plavcová et al., 2016; Pratt and Jacobsen, 2017)
and, hence, with the potential osmotic forces generated in refilling
conduits after drought relief (Nardini et al., 2018).

Previous studies have also shown that post-drought hydraulic re-
covery is often vigorous and complete in species characterized by low
wood density and high stem capacitance (Ogasa et al., 2013; Trifilò
et al., 2015), while species with denser wood often do not recover at all
their xylem functionality upon rehydration. Wood density and capaci-
tance are inversely correlated (Savi et al., 2017) and generally asso-
ciated with the percentage of wood volume occupied by parenchyma
(Pratt et al., 2007; Pratt and Jacobsen, 2017; Scholz et al., 2007; Zheng
and Martínez-Cabrera, 2013), suggesting a possible link between par-
enchyma abundance, NSC availability, and species-specific capacity to
reverse xylem embolism upon rehydration.

In the present study, we explicitly tested the hypothesis that species-
specific recovery from embolism is correlated with parenchyma abun-
dance, as a proxy for the amount of NSC available to generate the os-
motic forces during the refilling process.

2. Material and methods

Experiments were performed during summer 2017 on twelve adult
angiosperm species (Table 1), growing in the campus of University of
Messina, Italy (38°15′36″N; 15°35′53″E; 51m a.s.l.). Species were se-
lected on the basis of a preliminary screening, taking into account the
xylem parenchyma fraction (Fig. 1) and the species-specific

vulnerability to xylem embolism (see subsection 2.3).

2.1. Measurements of branches anatomical traits

Three branches per species, including those used for hydraulic
measurements, were collected from different individuals to estimate the
amount of wood parenchyma. For each sample, transverse and tan-
gential micro-sections (25 μm thick) were cut with a rotary microtome
(RM 2245, Leica Biosystems, Nussloch, Germany). Sections were
stained with a solution of safranin and astra blue (1% and 0.5% in
distilled water respectively), and fixed on glass slides with Eukitt
(BiOptica, Milano, Italy). Images were acquired at 100× magnification,
using a D-sight slide scanner (Menarini Group, Florence, Italy) and
analysed with ImageJ version 2.0.0.

The area of axial parenchyma (AP), including both apotracheal and
paratracheal cells, and of radial parenchyma (RP), were measured. For
each image, an area of approximately 1mm2 was selected and the areas
occupied by the parenchyma cells were manually outlined. AP and RP
areas were converted in percentage values by dividing the recorded
areas for the corresponding analysed area. Since the axial and radial
parenchyma cells orientate perpendicularly to the transverse and tan-
gential section, respectively, the percentage of xylem parenchyma cells
in a unit of wood volume (RAP) was estimated as: RAP=AP + RP.
Additional anatomical measurements were performed on branch cross
sections using ROXAS v. 3.0.139 (von Arx and Carrer, 2014). Analysis
was performed on a wedge of known angle (α) centred at the pith for
each image. A first manual editing of the images to outline the contour
of the pith and of each ring was carried out. For each outlined sector in
the wedge, ROXAS automatically measured the area (A), the number of
xylem conduits (Nc) and the mean conduit area (MCA). Then, traits’
data (Yˈ) of pith area (Apith), xylem ring area (RA), total xylem area (XA)
and total vessel number were up-scaled to the whole cross section as
Y=Yˈ/α× 360. Vessel density (Vd) has been estimated as: (Nc/XA).

2.2. Measurements of maximum vessel length

In order to avoid possible excision artefacts during hydraulic mea-
surements (Venturas et al., 2017), maximum vessel length (MVL) was
estimated for each species using an air injection method. At least three
branches (more than 1m long) were collected for each species from
different individuals, enclosed in a plastic bag and transported to the
laboratory within 10min. The apical end of the samples was cut and
connected to a pressure chamber equipped with a precision pressure
test gauge (A4A, Ashcroft Inc., Stratford,CT, USA), while the basal end
was immersed in a water-filled tray. A pressure of 60 kPa was applied
and the basal portion of the stem was observed with a magnifying lens.
Progressive 2 cm cuts were made at the basal end, until a stream of air
bubbles emerged from the basal cut section, indicating the presence of
at least one vessel cut open at both ends. This length was recorded as an
estimate of MVL (Table 1).

2.3. Vulnerability to xylem embolism

Species-specific vulnerability to xylem embolism was assessed in
terms of the xylem pressure values inducing 50% loss of xylem hy-
draulic conductivity (P50). P50 values were obtained by published data
for all species (see references in Table 1), except in M. alba. For this
species, a vulnerability curve was measured using the bench dehydra-
tion technique on samples of similar age and dimensions of that used for
estimating the ability to recover from xylem embolism. Summarizing,
P50 values have been obtained by vulnerability curves performed by the
bench dehydration method for all species except for A. unedo and P.
latifolia. For these species, P50 values have been obtained by vulner-
ability curves performed by the air-injection method.
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2.4. Estimating dehydration time required to reach 50% loss of hydraulic
conductivity

The target 50% loss of hydraulic conductivity was set for experi-
ments aimed at verifying species-specific ability to recover from xylem
embolism upon rehydration (see below). Preliminary experiments were
performed to get information about species-specific dehydration time
intervals necessary to reach the desired loss of conductivity. Samples
longer at least 2 times the species-specific MVL were detached from
plants, put in large plastic bags and transported to the laboratory within
about 5min.

In the laboratory, branches were exposed to air, and the percentage
loss of hydraulic conductivity (PLC) was measured on stem samples
detached at different time intervals (see below for details on hydraulic
measurements) until PLC∼50% was recorded.

2.5. Estimating species-specific capacity for embolism recovery

Branches at least 2 times longer than the species-specific MVL were
cut in air (Torres-Ruiz et al., 2015), enclosed in a plastic bag and
transported to the laboratory where they were bench-dehydrated for

the species-specific time required to reach a PLC of ∼50% (see sub-
section 2.4). Then, the basal end of samples was put into a water-filled
tray, and 10 cm cuts were progressively made under water to progres-
sively relax xylem tension and reconnect the xylem network with water,
until obtaining sub-samples shorter than the MVL (relaxed samples, R).
This experimental procedure was aimed at avoiding spurious embolism
in terminal shoot samples during dehydration (Wheeler et al., 2013).
Xylem tension relaxation was checked in at least two branches per
species, collected from different samples, by measuring the water po-
tential of leaves previously wrapped in cling film and aluminium foil (at
least 1h before the measurement) to assure equilibration with xylem
pressure (Ψx). Water potential was measured using a pressure bomb in:
a) samples collected when PLC ∼50% was reached (native samples, N);
b) samples at the end of the cuttings procedure (relaxed samples, R); c)
R samples maintained with their basal end immersed in water for
10min after the cutting procedure (R10min); d) R samples after 1 h re-
hydration (R1h). The initial PLC was measured in R samples (PLCR), and
the eventual hydraulic recovery was measured in R1h samples (PLCR1h).
Xylem recover ability was calculated as ΔPLC= PLCR – PLCR1h.

All hydraulic measurements were performed on 10–15 cm long
branch segments, using a hydraulic apparatus. Samples were perfused

Table 1
Names of species, family, abbreviations (Abbr), xylem pressure values inducing ∼50% loss of xylem hydraulic conductivity (P50), mean values ± SEM of the
maximum vessel length (MVL, n=3) and of the percentage of wood parenchyma cells (RAP, n= 3).

Species Family Abbr P50 (MPa) MVL (m) RAP (%)

Arbutus unedo L. Ericaceae Au −3.1 (Martínez-Vilalta et al., 2002) 0.24 ± 0.01 19.2 ± 1.0
Ceratonia siliqua L. Fabaceae Cs −2.6 (Trifilò et al., 2015) 0.36 ± 0.005 25.6 ± 4.0
Cercis siliquastrum L. Fabaceae Csq −1.8 (Nardini et al., 2003) 0.20 ± 0.01 17.4 ± 2.2
Eucalyptus camaldulensis Dehnh Myrtaceae Ec −4.6 (Trifilò et al., 2015) 0.90 ± 0.005 14.8 ± 0.2
Laurus nobilis L. Lauraceae Ln −2.5 (Trifilò et al., 2015) 0.42 ± 0.01 17.1 ± 0.5
Morus alba L. Moaraceae Ma −0.9 0.32 ± 0.01 28.6 ± 1.9
Myrtus communis L. Myrtaceae Mc −3.1 (Trifilò et al., 2015) 0.31 ± 0.02 23.0 ± 1.6
Nerium oleander L. Apocynaceae No −1.5 (Trifilò et al., 2015) 0.30 ± 0.02 14.0 ± 1.3
Olea europaea L. Oleaceae Oe −2.1 (Trifilò et al., 2015) 0.66 ± 0.005 16.8 ± 0.8
Phillyrea latifolia L. Oleaceae Phi −6.5 (Martínez-Vilalta et al., 2002) 0.26 ± 0.03 20.0 ± 1.7
Pistacia lentiscus L. Anacardacieae Pl −4.1 (Trifilò et al., 2015) 0.32 ± 0.03 13.7 ± 1.5
Quercus ilex L. Fagaceae Qi −3.3 (Trifilò et al., 2015) 0.91 ± 0.01 28.0± 4.0

Fig. 1. Images at 100× magnification of transverse sections of: (a) Arbutus unedo, (b) Ceratonia siliqua, (c) Cercis siliquastrum, (d) Eucalyptus camaldulensis, (e) Laurus
nobilis, (f) Morus alba, (g) Myrtus communis, (h) Nerium oleander, (i) Olea europaea, (j) Phillyrea latifolia, (k) Pistacia lentiscus, (l) Quercus ilex. Scale bars at 100 μm are
shown.
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with a solution based on a commercial mineral water containing several
ions and with [K+] adjusted to a value of 15mM by adding KCl in order
to simulate native xylem sap content (Trifilò et al., 2014). The solution
was initially perfused at a pressure (P) of 8 kPa and, when the flow (F)
became stable, the initial xylem-specific stem hydraulic conductivity
(Ks) was calculated as (F/P)× (L/Ax), where L is the sample length and
Ax is the xylem cross sectional area. Samples were then flushed at
P=0.2MPa for 20min to remove embolism and flow was re-measured
at P=8 kPa to obtain Kmax. The PLC was calculated as: 1 - (Ks/
Kmax)× 100.

2.6. Impact of phloem girdling on embolism recovery

According to previous studies (Trifilò et al., 2014; Venturas et al.,
2015), stem girdling inhibits the embolism repair process. Hence, the
effect of girdling on hydraulic recovery was tested in 6 out of 12 spe-
cies. Branches 2-fold longer than species-specific MVL were cut in air,
and processed as described in subsection 2.5. However, 1 h before
starting the hydraulic measurements, the samples were girdled for their
entire length at 15 cm intervals, by removing about 5mm wide bark
rings, avoiding (when possible) areas where leaves were attached. The
exposed wood was immediately covered with a thin layer of silicone
grease to prevent desiccation (Trifilò et al., 2014). Girdled samples
were then measured to estimate their PLC at the end of the relaxation
procedure and after 1 h rehydration (see subsection 2.5).

2.7. Estimating non-structural carbohydrates

Non-structural carbohydrates (NSC) were measured on the same
samples used for hydraulic measurements. Just before hydraulic mea-
surements, a 5 cm stem segment was collected from at least 5 samples
per treatment, and microwaved at 700W for 3min to stop enzymatic
activities. Samples were then oven-dried at 70 °C for 24 h and ground to
fine powder (particle size < 0.15mm). Then, 15 ± 1mg of material
were transferred in a 1.5ml Eppendorf test vial. The super-natant was
collected to measure the soluble NSC fraction (NSCsol) by means of the
anthrone-sulfuric acid assay. A glucose standard curve was used to
compare the colorimetric response of the samples, whose absorbance
was read at 620 nm, and the NSC content was expressed as mg [glucose]
g−1 [DW]. The insoluble fraction was used for starch measurement.
Starch digestion was performed overnight at 55 °C, using 100 U of α-
Amylase (EC 3.2.1.1, Sigma-Aldrich,St. Louis, MO, USA) and 25 U of
Amylogucosidase (EC 3.2.1.3, Sigma-Aldrich, St. Louis, MO, USA) per
sample. To prevent further degradation, the samples were boiled for
3min. For analyses, 2 μl of final supernatant were transferred in a plate
reader (1420 Multilabel Counter Victor3, PerkinElmer), with 300 μl
final volume of essay buffer (Tris-HCl with MgCl2 5mM, NADP+

125 μM, and MgATP 1mM) and evaluated by measuring the fluores-
cence of NADPH (329 and 460 nm for excitation and emission wave-
length, respectively). Known amounts of Amylose were also processed
and analysed to obtain a calibration curve. The final concentration of
starch in the sample was then expressed as mg [starch] g−1 [DW].

To quantify eventual variations in NSCsol and in starch content
during hydraulic recovery following the rehydration procedure, ΔNSCsol
and ΔStarch were also estimated. In detail, ΔNSCsol was calculated as:
(NSCsol, R - NSCsol, R1h) and ΔStarch was calculated as: (StarchR -
StarchR1h) where NSCsol, R and StarchR were the NSCsol and the starch
content, respectively, as recorded in relaxed samples while NSCsol, R1h
and StarchR1h were the NSCsol and the starch content as recorded in R
samples after 1h rehydration.

2.8. Statistical analysis

All statistical analyses were performed with the software R (v. 3.3.3,
R Core Team, 2017). Differences in PLC between treatments were tested
for each species separately, using Welch's t-test (for species with only 2

treatments) and one-way-Welch's ANOVA followed by Games-Howell
post hoc comparisons (for species with more than 2 treatments) to ac-
count for non-homogenous variances. Differences were considered as
highly significant for P < 0.05, and marginally significant for P < 0.1.
Spearman's rho (ρ) correlation coefficient among anatomical and hy-
draulic parameters and NSC of all studied species was calculated. For
statistically significant correlations (P < 0.05), a regression model was
calculated.

3. Results

3.1. Vulnerability to xylem embolism and anatomical traits

Across our set of studied species, large variability in vulnerability to
xylem embolism estimated in terms of P50 was present (from −0.9MPa
in M. alba to −6.5MPa in P. latifolia, Table 1). The total amount of
wood parenchyma (RAP) ranged from about 14% of wood volume in P.
lentiscus and N. oleander to about 29% in M. alba (Fig. 1, Table 1).
Considerable variation was also observed in terms of maximum vessel
length, that ranged between 0.2 m in C. siliquastrum to 0.9 m in E. ca-
maldulensis and Q. ilex (Table 1).

Ray parenchyma (RP) was more abundant than axial parenchyma
(AP) in all the study species (Table S1). Pith area (Apith) ranged widely
between species, from about 6% of stem cross-sectional area in P. len-
tiscus and Q. ilex, to almost 40% in C. siliqua (Table S1, Fig. 3). Large
differences were also observed across species in terms of vessel density,
Vd (from 73 conduits mm−2 in C. siliqua to 420 conduits mm−2 in A.
unedo and P. latifolia), mean conduit area, MCA (from 200 μm2 in P.
latifolia to 1400 μm2 in M. alba) and number of conduits, Nc (from 500
in M. alba to 3300 in A. unedo) (Table S1).

3.2. Embolism recovery in response to rehydration in intact and girdled
samples

On the basis of species-specific P50 and preliminary experiments,
branches of the different species were dehydrated to xylem water po-
tential (Ψx) values between about −1 MPa (C. siliquastrum and M. alba)
and −6 MPa (P. latifolia) (Table 2), to induce PLC values between 40
and 60% (Fig. 2). PLC values were measured in samples where xylem
tension had been relaxed by progressive cutting samples underwater
(Fig. 2, R samples). This procedure induced a significant increase in Ψx

that was already observed at the end of the cutting sequence, when
values between −0.4MPa (C. siliqua, N. oleander and Q. ilex) and
−1.1MPa (A. unedo and O. europaea) were recorded. After R samples
had been rehydrated for 10min (Table 2, R10min), Ψx further increased
and ranged between −0.2 and −0.45MPa. After 1 h of rehydration
(R1h), Ψx was between −0.02 and −0.1MPa in all the study species
(data not shown). The girdling procedure applied to 6 out of 12 species
did not affected the pattern of xylem water potential changes. Girdled
branches were dehydrated to statistically similar Ψx values (Table 2,
NG), and after the fast relaxation procedure (i.e. RG samples) their Ψx

was not statistically different from that of non-girdled branches. Simi-
larly, RG samples had Ψx values similar to R sample after both 10min
and 1h rehydration.

When branches of different species experiencing PLC values of
40–60% (Fig. 2, R samples) were rehydrated for 1 h after reconnecting
the xylem system to the water source through sequential cuttings based
on species-specific MVL, different patterns of hydraulic recovery were
observed. In seven out of 12 species PLC significantly decreased within
1h (Fig. 2, R1h), reaching values between 10 and 20%, while in the
remaining five species non-significant or only marginally significant
decreases of PLC were recorded. It can be noted that, among the four
species showing no rise in PLC (i.e. embolism reversal), three had RAP
values < 15% (i.e. Ec, No, Pl), while all species showing a significant
or a marginally significant PLC recovery had RAP values > 15%
(Table 1).
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Among the species where a significant hydraulic recovery was ob-
served, six were treated with a girdling procedure. In all these species,
removing the bark resulted in the suppression of the PLC recovery
pattern, that remained close to values recorded in R samples even after
1h rehydration (Fig. 2).

3.3. NSC and starch consumption: relationships with the embolism reversal
ability

The different studied species also widely differed in terms of starch
and soluble carbohydrates (NSCsol). In particular, in R samples, starch
content ranged between about 3 (Q. ilex) and 190mg g−1 (C. siliqua),
while NSCsol ranged between 50 (P. latifolia) and 150mg g−1 (P. len-
tiscus) (Table S2, Fig. 3). Both starch and NSCsol were different between
R and R1h samples, but because of the large variability of data, these
differences turned out to be non-significant. Nonetheless, NSCsol de-
creased in the species showing a significant decrease of PLC following
rehydration. In fact, a positive correlation was recorded between the
decrease in PLC following re-hydration (ΔPLC) and ΔNSCsol (Fig. 3a).

3.4. Correlations between pith area and xylem hydraulic traits

Both P50 and ΔPLC were correlated with the percentage pith area,
with species showing the largest volume of wood occupied by pith
being more vulnerable to xylem embolism and showing the largest PLC
recovery upon rehydration (Fig. 3b and c).

4. Discussion

Our results show that excised branches of twelve woody species
have different capacities to recover from embolism after 1h rehydra-
tion, despite similar starting PLC levels and similarly high (close to 0)
water potential reached at the end of the rehydration period. We show
that this species-specific capacity to reverse embolism is correlated with
the amount of parenchyma cells, especially of the pith area, and

apparently depends on the consumption of soluble NSC.
In accordance with previous studies (Trifilò et al., 2014; Venturas

et al., 2015), detached branches experiencing substantial embolism
level recovered their hydraulic functionality following short-term re-
hydration. It has been suggested that cut branches put in contact with
water can refill xylem conduits via purely physical effects related to
capillarity, that would not occur in intact plants (Knipfer et al., 2017).
However, it can be noted that capillarity may partially explain the as-
cent of sap within a vessel. In accordance, it cannot occur in longer and
wider vessels. The species-specific occurrence of embolism reversal
detected in our experiments, despite similar water potential values
reached at the end of the rehydration, calls for a role of biological
processes in this phenomenon. In addition, it is unlikely that our PLC
data were affected to a significant extent by a ‘cutting artefact’ as de-
scribed by Wheeler et al. (2013). This is because the samples were
processed taking into careful account species-specific maximum vessel
length, and were also subjected to a xylem tension relaxation procedure
before performing hydraulic measurements. This procedure resulted in
xylem water potential values between −0.2 and −0.5MPa in all the
species at the time of cutting, i.e. a range of values recommended by
Torres-Ruiz et al. (2015) as optimal for final excision of samples to be
used in hydraulic measurements.

The biological nature of the embolism refilling process detected in
our experiments is also confirmed by the effects of experimental gird-
ling on the recovery process. In fact, selective removal of the bark from
branches resulted in similar patterns of water potential decline and
recovery during dehydration and rehydration, and similar PLC levels at
the end of dehydration. However, girdled samples did not recover the
PLC values after 1h rehydration, in accordance with previous ob-
servations in excised branches (Trifilò et al., 2014; Venturas et al.,
2015) or intact plants (Christman et al., 2012). In a recent study,
Salmon et al. (2018) have shown that detached branches of Betula
pendula can refill embolized conduits even under moderate residual
negative stem water potential, but the recovery process disappeared
when living cells were killed with a heat treatment. Schmitz et al.

Fig. 2. Mean values ± SEM of the percentage
loss of hydraulic conductivity (PLC) as recorded
in relaxed samples (R), R samples after 1 h re-
hydration (R1h), in girdled samples (RG) and in
RG samples after 1 h rehydration (RG1h).
Different letters indicate significant differences
from Tukey's pairwise comparisons or t-test
(n≥6).
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(2012) reported that inhibition of NSC production by bark and wood
photosynthesis resulted in the impairment of embolism repair processes
in different mangrove species. All these effects would be consistent with
the proposed role of bark, phloem and living cells in general as sources
of energy, solutes and water necessary to provide the driving forces and
the water volumes to refill embolized xylem conduits (Nardini et al.,
2018).

Our results suggest that embolism reversal was more effective in
species with higher amount of parenchyma cells in their stems, and
especially with higher pith area. Taking into account the potential
impact of wood parenchyma on wood density, our data are in line with
previous studies suggesting that embolism reversal is more likely to be
observed in species with lower wood density, which are often those
more vulnerable to xylem embolism formation under drought (Nardini
et al., 2013; Santini et al., 2016). Although we could not detect a cor-
relation between amount of wood parenchyma and quantity of stored
NSC, such a relationship has been previously reported in different as-
semblages of species (Plavcová et al., 2016; Pratt and Jacobsen, 2017).
Moreover, the correlations recorded between the magnitude of PLC
recovery and the consumption of soluble NSC and between the ΔPLC
and Apith strongly suggest that abundant parenchyma cells might be
important in the hydraulic recovery mechanism as a source of carbo-
hydrates, or as a source of water due to the generally high capacitance
of woods with high parenchyma fractions (Pratt et al., 2007; Secchi
et al., 2017; Trifilò et al., 2015).

Pith cells have been recognized acting as water and carbon storage
reservoirs especially in succulent species (Goldstein et al., 1984; Hearn,
2009). Nevertheless, starch grains have been found also in the pith of
some deciduous species and in palms (Essiamah and Eschrich, 1985;
Pei-Lang et al., 2006; Piispanen and Saranpää, 2001). Therefore, it
could be speculated that an abundant percentage of pith cells and RP,
contributing to water and/or carbon storage, are both involved in
xylem embolism reversal, as our results suggest. This hypothesis,
however, needs to be further investigated in planta.

The correlation observed across species between ΔPLC recovery and
the change in ΔNSCsol recorded during the recovery process is con-
sistent with previous studies suggesting a role for carbohydrates in the
embolism reversal process (Savi et al., 2016; Yoshimura et al., 2016;
Wang et al., 2018). Progressive depletion of starch and accumulation of
soluble sugars in xylem sap has been reported for poplar stems under-
going drought stress (Secchi and Zwieniecki, 2012). It has been sug-
gested that this process primes the xylem for embolism repair via
generation of localized osmotic pressures once plant water potential
rises again to water potential close to zero following drought relief
(Secchi and Zwieniecki, 2016). In our study species, only those un-
dergoing a decline of NSCsol during the rehydration phase finally
showed a significant recovery of PLC, supporting the view that during
the dehydration phase soluble sugars were released and then used for
the refilling process. However, the fate of these sugars after hydraulic
recovery is not clear, and our data do not provide evidence for their
inter-conversion in starch, or consumption by respiratory metabolism.

The conditions experienced by detached branches dehydrated and
rehydrated in the laboratory are obviously different from those of an
intact plant. Hence, our results do not necessarily provide evidence that
embolism reversal does occur in planta. One of the most obvious dif-
ferences between detached branches and intact plants is related to the
conditions during the rehydration phase. In fact, detached branches put
in contact with water might eventually rehydrate to water potential
values close to zero, a condition that might favor the spontaneous
dissolution of the gas phase in embolized conduits (Venturas et al.,
2017), or would strongly favor active refilling of conduits avoiding
drawdown of refilling water by still functioning conduits under tension.
A condition of ‘zero water potential’ is generally not possible for intact
plants, unless stem or root pressure are generated (Gleason et al., 2017).
In fact, even when at field capacity, soils have slightly negative water
potential due to the presence of solutes, and in any case perfect

Fig. 3. Relationships between: a) changes in the soluble non-structural carbo-
hydrate content during hydraulic recovery following the rehydration (ΔNSCsol)
and the xylem recovery ability (ΔPLC); b) recovery ability (ΔPLC) and pith area
(Apith) and c) pith area (Apith) and xylem pressure values inducing 50% loss of
xylem hydraulic conductivity (P50). Species abbreviations are reported in
Table 1. Regression lines (dotted lines) and related β coefficients values are
reported. Significance level: *P < 0.05,**P < 0.01.
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equilibration of plant water potential with soil water potential is rare
(Donovan et al., 2001). As a consequence, most woody plants rehy-
drated by natural precipitation following a prolonged drought are likely
to experience some residual negative pressure in their functioning
xylem conduits, possibly making impossible embolism reversal. Pre-
vious studies have suggested that embolism reversal is possible even
under conditions of residual negative water potential (Nardini et al.,
2008; Stiller et al., 2005), and this has been explained by anatomically
based hydraulic isolation of refilling conduits from still functioning
ones (Ooeda et al., 2017).

In conclusion, while the eventual occurrence of embolism refilling
under tension in the study species needs to be further investigated, our
data reports experimental results supporting the hypothesis that re-
filling capacity of branches is species-specific and related to the amount
of parenchyma and NSC.
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