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The goal of this study was to assess the effect of induced embolism with air injection
treatments on the function of xylem in Acer rubrum L. and Salix nigra Marsh. Mea-
surements made on mature trees of A. rubrum showed that pneumatic pressurization
treatments that created a pressure gradient of 5.5 MPa across pit membranes (�Ppit)
had no effect on stomatal conductance or on branch-level sap flow. The same air injection
treatments made on 3-year-old potted A. rubrum plants also had no effect on whole plant
transpiration. A separate study made on mature A. rubrum trees showed that 3.0 and
5.5 MPa of �Ppit values resulted in an immediate 100% loss in hydraulic conductance (PLC)
in petioles. However, the observed change in PLC was short lived, and significant hydraulic
recovery occurred within 5–10 min post air-pressurization treatments. Similar experiments
conducted on S. nigra plants exposed to �Ppit of 3 MPa resulted in a rapid decline in
whole plant transpiration followed by leaf wilting and eventual plant death, showing that
this species lacks the ability to recover from induced embolism. A survey that measured the
effect of air-pressurization treatments on seven other species showed that some species
are very sensitive to induction of embolism resulting in leaf wilting and branch death while
others show minimal to no effect despite that in each case, the applied �Ppit of 5.5 MPa
significantly exceeded any native stress that these plants would experience naturally.

Keywords: embolism refilling, air-pressurization, hydraulic conductivity, Granier sap flow probes, xylem

INTRODUCTION
Tension driven sap transport in plants is powered by evapotran-
spiration (Dixon and Joly, 1894). This requires that the sap within
xylem conduits remain continuous in order to use the cohesive
properties of water that allow upward transport against the oppos-
ing forces of gravity and hydraulic resistance (Pickard, 1981).
Although spontaneous cavitation of water under tension is highly
improbable under conditions existing in the xylem (Pickard,
1981), it is common that xylem transport capacity is reduced from
embolisms that form either from menisci failure at air water inter-
faces of bordered pit membranes, or from preexisting air pockets
located within xylem conduits (Tyree and Sperry, 1989; Sperry
et al., 1996). Menisci failure is thought to depend on the severity
of water stress experienced by a plant and from morphological
properties of the xylem (Choat et al., 2008). Large variation in
the ability to withstand negative pressures exists in plants and it
has been shown that some species evolved to tolerate relatively
large tensions before embolism starts to affect water transport
(−3.5 MPa in some halophyte species like Rhizophora mangle L.;
Scholander et al., 1964; Sperry et al., 1988b; Melcher et al., 2001)
and even down to about –6.7 MPa for a desert shrub Heterome-
les arbutifolia (Lindl.) M. Roem (Jarbeau et al., 1995). However,
for many temperate North American tree species, sap pressures
ranging from −3 to −4 MPa would significantly impair the water
transport system via massive embolism formation. Recently, it
was demonstrated that embolism, measured using acoustic tech-
niques, was the main cause for reduced leaf hydraulic conductance

(Johnson et al., 2012). It follows that increased embolisms result in
increased leaf-level water stress causing a drop in leaf water poten-
tial, reduced stomatal conductance, decreased net photosynthetic
gain, leaf wilting, and even leaf death, thus understanding plant
responses to hydraulic failure is of great importance.

Embolism formation is more or less stochastic in that it is dif-
ficult, if not impossible, to pinpoint exactly where an embolism
will form within a stem prior to its occurrence. This imposes lim-
its to the types of studies that can be conducted and thus many
reports rely on methods that artificially induce embolism in plants.
Based on the assumption that aspiration of air through bordered
pit membranes (air seeding) is a major cause of embolism forma-
tion and its spread across and along the stem (Choat et al., 2008),
an embolism induction method was developed using a pneumatic
stem pressurization system (Sperry and Tyree, 1988). Although
this method has been used frequently to construct vulnerability
curves, it is interesting to ask if it is also feasible to use this tech-
nique to study changes in the physiological responses of plants
subjected to artificially induced embolism compared to natural
water stress induced embolism, especially in the new view of plants
being able to refill vessels after they are embolized.

Embolism formation was thought to be irreversible (Tyree and
Sperry, 1988). More recent studies have demonstrated that some
plant species possess mechanisms to heal embolized vessels even
during times when water potentials of plant tissues remain neg-
ative. The ability of plants to remove embolisms under tension
changes the perception that embolism formation in the xylem
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of plants is permanent. However, embolism removal, or refill-
ing, when xylem water potentials (Ψxp) are negative (Borghetti
et al., 1991; Salleo et al., 1996; Canny, 1997; McCully, 1999; Tyree
et al., 1999; Melcher et al., 2001; Clearwater and Clark, 2003;
Brodersen et al., 2010; Nardini et al., 2011; Zwieniecki et al., 2013)
is not ubiquitous in plants. For example, Acer negundo L. lacks
the capacity to refill embolism under certain water stress con-
ditions (Hacke and Sperry, 2003). Other studies demonstrate
that refilling only occurs after significant reduction of water
stress and with limited transpiration, as observed using mag-
netic resonance imaging (MRI) in grapevines (Holbrook et al.,
2001). Direct observations of dynamic changes in water content
in the xylem using MRI (Holbrook et al., 2001; Clearwater and
Clark, 2003; Scheenen et al., 2007; Zwieniecki et al., 2013) and
high-resolution computer tomography (Brodersen et al., 2010),
provide strong in vivo evidence that refilling in plants occurs
under moderate water stress conditions. Kaufmann et al. (2009)
used MRI on the roots of Zea mays seedlings and observed func-
tional refilling occurred in these seedlings only after re-watering
and when plants where under dim light conditions (Kaufmann
et al., 2009). The question remains if plants can remove embolisms
such that functional hydraulic connections are made during times
of moderate plant stress and when exposed to natural sunlight
conditions.

The focus of this report is on studying changes in water trans-
port capacity in plants subjected to induced embolism. The level
of induced embolism from pneumatic pressurization treatments is
independent from levels of plant water stress conditions, thus the
instantaneous measure of the level of embolisms within a sample
may exceed that of the predicted embolism level from vulner-
ability curves for a given tension. In theory, air-pressurization
methods should allow one to study the biological responses of
plants when exposed to embolism. Here we describe the use of
air-pressurization treatments to induce embolism and report on
the dynamic effects on water transport, stomatal conductance,
and the percent loss of hydraulic conductivity (PLC) to determine
the feasibility of the air injection method in physiological stud-
ies. We use three independent methods to estimate water fluxes
(1) heat dissipation probes and (2) changes in stomatal conduc-
tance (g s) measured on mature trees of A. rubrum, and (3) whole
plant transpiration measured on potted plants of A. rubrum and
Salix nigra measured using an analytical balance. We chose to
focus this study on A. rubrum and S. nigra plants because it had
been previously demonstrated that A. rubrum had the capacity
to refill embolisms (Zwieniecki et al., 2013) and from preliminary
tests, S. nigra seemed to lack the capacity to tolerate air injection
pressures above 3.0 MPa.

MATERIALS AND METHODS
PLANT MATERIAL
All measurements were conducted at the Harvard Forest Research
Station located in Petersham, MA. Data were collected during the
summer months (June to August). Tree ages varied from young
adult trees that were about 30 years old (15-m tall trees); younger
trees that were 15–20 years old (5-m tall); and 3-year-old potted
saplings (1–2 m tall). Scaffolding was used to provide access to the
mid-canopy branches of the young adult trees of A. rubrum and to

conduct various branch-level manipulation studies. All measure-
ments made on S. nigra were made on 3-year-old potted saplings.
The potted saplings for both A. rubrum and S. nigra were obtained
from Lawyer Nursery (Plains, MT, USA) in early spring. Trees
were planted into 7.6-l pots filled with commercial grade potting
soil and were grown in the field and exposed to natural light,
rainfall, and temperature conditions. All measurements made on
potted plants were made in July to August. If necessary, the pot-
ted plants were irrigated to maintain predawn water potentials
above −0.5 MPa.

DIURNAL gs, E, Ψxp AND PLC
Diurnal measurements of stomatal conductance (g s), transpira-
tion (E), covered leaf water potential (ψxp), and the percent loss of
hydraulic conductance (PLC) in petioles were made on mature A.
rubrum trees. Stomatal conductance and E were obtained using a
steady state promoter (LI-COR1600, Lincoln, NE, USA). At about
2-h intervals, five mature leaves were sampled from five different
trees (25 leaves). Stem water potentials (ψxp) were estimated by
measuring the balancing pressure of a separate subset of leaves
(n = 5) using a pressure chamber system (PMS Instrument Co.
Corvallis, OR). These leaves were covered with plastic bags and
aluminum foil at dawn to ensure that the leaf water potentials
were in close equilibration with the stem water potential (Begg
and Turner, 1970; Turner and Long, 1980; Melcher et al., 1998).

Diurnal PLC was determined on petioles collected from fully
expanded mature leaves located mid-canopy on south facing
branches from five mature A. rubrum trees. At ∼2 h intervals,
five petioles (about 5-cm long) were excised under water in the
field with razor clippers and transported to the laboratory in a
container filled with tap water (the laboratory was about 100 m
away from the trees). In the lab, 1-cm long petiole segments were
re-cut under water from each petiole using fresh razor blades
and attached to a hydraulic apparatus (Sperry et al., 1988a). Care
was taken during petiole attachment to the hydraulic apparatus
to ensure that embolisms were not inadvertently pushed out of
open conduits since the petiole segments were shorter then mea-
sured conduit lengths. The flow rate (Jv) of perfusion solution
through the petiole was measured using an analytical balance
(±0.01 mg, Sartorius Model #R160P, Gottingen, Germany) inter-
faced to a computer. A 10 mM KCl perfusion solution was used in
all hydraulic experiments to reduce potential fluctuations that can
result from bordered pit membrane ionic responses (Zwieniecki
et al., 2001). Petioles were supplied a constant pressure head (�P)
of 1.5 kPa and the native petiole specific conductivity (kn) was
calculated as:

kn = Jv/�P × L, (1)

where L is the petiole length. After determination of kn, a 200-
kPa pressure flush was applied to each petiole segment using
degassed 10 mM KCl solution for 2 min and repeated three times
to restore kn to its maximum hydraulic conductivity value (km).
After flushing, petioles were reattached to the hydraulic appara-
tus to measure km under the same hydraulic conditions used to
determine kn. The PLC of the petiole (kPLC) was calculated as
kPLC = 100 × (1 − kn/km).
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AIR-PRESSURIZATION – STEM PLC
The effects of air pressurization on PLC were measured on 3-
year-old stems of A. rubrum plants collected from the field. Large
leafy branches (1.5 m long) were excised from trees early in the
morning (around 6:00 am). They were placed into plastic bags
that contained moist paper towels and taken to the lab. Shorter,
0.15-m long unbranched stem segments were then re-cut from
the large branches under tap water and used for air-pressurization
experiments. Initial stem hydraulic conductivity (kh) was deter-
mined (as described for petioles). Then nitrogen gas was forced
into the distal end of each stem segment for 1 min. This was
achieved by attaching the distal end of each stem segment to a
high pressure compression fitting that was attached to pressure
delivery system. During pressurization, the entire stem and fit-
ting was placed under water to prevent the non-pressurized stem
end from drying out. Gas pressure was released rapidly and the
stem was allowed to degas in a container filled with clean perfu-
sion solution for 3 h. After degassing, it was necessary to apply
10–20 kPa of hydraulic suction for 8 min to remove gas from
the gas pressurized end. We found this to be necessary because
it removed a 10–20% loss in stem kh that was observed to occur
at relatively low applied gas pressures (<0.5 MPa) compared to
when hydraulic suction was not applied to the gas pressurized
end of the stems. Following suction, stems were reattached to the
hydraulic apparatus to measure kh post gas pressurization and
PLC was determined as described for petioles. The hydraulic pro-
tocol used for the stems differed slightly from that used for the
petioles, in that a hydraulic head of 10 kPa was used to mea-
sure kh before and after each air-pressurization treatment. Also,
a series of four 10-min, 400 kPa hydraulic pressure flushes, were
used to achieve maximum stem hydraulic conductivity. This pro-
cedure was repeated at each pressure step until kh was reduced by
100%.

AIR-PRESSURIZATION – EFFECT ON SAP FLOW USING GRANIER STYLE
PROBES
Measurements of sap flow using heat dissipation type “Granier”
probes were made on small diameter branches (about 5 cm). This
was achieved by the authors by constructing probes that had both
the reference and the heated components installed on a single in-
line probe, with reference and heated parts located on opposite
ends of each 25 cm long probe. This allowed measurements to be
made in a single insertion point into a branch. Instead of mak-
ing axial drill holes, as in traditional two-probe systems, only one
longitudinal hole was made through a branch junction into the
pith using a 30 cm long drill bit. The probe was inserted into
this hole such that it was in line with the main portion of the
stem. To ensure good thermal contact between the probe and the
xylem conducting tissue, each probe was covered with a thin layer
of high conductive thermal paste before inserting the probes into
the stems. Constant voltage was supplied to the upstream ends of
the probes to maintain a constant temperature. Temperature was
measured on both ends using fine wire copper-constantan ther-
mocouples interfaced to a multiplexer and a Campbell Scientific
datalogging system (CR10X, Logan, UT, USA). The temperature
difference between the upstream and downstream ends was used
to calculate sap flow rates through the branches.

Simultaneous sap flow measurements were made using six
probes, installed into six south facing branches located mid canopy
on three mature trees. A scaffolding system provided access to the
branches. Data were recorded every second and averages every
10 min. Three branches were used as positive controls and three
branches were pressurized. Before pressurizing each stem with
nitrogen gas, covered leaf water potentials (ψxp) were measured
using a Scholander pressure bomb on three leaves that were cov-
ered in plastic bags and aluminum foil at dawn. The average value
of ψxp was used to determine how much gas pressure to apply
in order to create a 5.5 MPa pressure gradient across the xylem
pit membranes (�Ppit) [�Ppit = Pgas − ψxp]. Stems were pres-
surized at about 10:00 am for 2 min using a pressure delivery
system attached to an excised side branch located about 1–1.5 m
upstream of the sap flow probes. We chose 10:00 h for the applica-
tion of pneumatic treatments a bit arbitrarily, but mainly because
we knew that the plants were under negative water potentials at
this time and that PLC levels, due to natural embolism, was high
but not at maximum values as determined from diurnal PLC stud-
ies on A. rubrum (Figure 1B). We chose to pressurize the stems for
2 min because we wanted to ensure that the gas penetrated all the
vessels near the site of air injection. It took about 1 min to hear
the gas escape from downstream petioles as indicated by snapping,
crackling, and popping sounds. Sap flow was measured continu-
ously for several days before and after air pressurization. It should
be noted that during gas pressurization, the applied gas infiltrated
the branch and traveled several meters from the insertion point to
the petioles and leaves. This was known because gas would cause
snapping or crackling sounds from petioles during pressurization.

AIR-PRESSURIZATION – EFFECT ON GS AND �L

The effect of air-pressurization on stomatal conductance was
determined by inducing �Ppit values of 5.5 MPa into excised side
branches about 1.5–2.0 m upstream of the measured leaves. Stom-
atal conductance (g s) and leaf transpiration (E) were measured
using a steady state porometer (LI-COR1600, Lincoln, NE, USA).
Simultaneous values of ψxp were obtained using a pressure cham-
ber system on covered leaves. We compared three branches that
were air-injected to three branches that were left intact “control
branches.” We also made measurements on two excised branches
that were left in the shade of the tree as our“negative control.” Mea-
surements on the three treatments were made together to provide
comparative analysis because g s, E, and ψxp change diurnally.

AIR-PRESSURIZATION – EFFECT ON WHOLE PLANT TRANSPIRATION
Three-year-old A. rubrum and S. nigra potted saplings were used
for measuring the effects of air-pressurization on whole plant tran-
spiration. Pressure collars were placed around the main stem of
each plant before the leaves appeared in the spring to allow for
air-pressurization treatments during the summer. After several
months of summer growth plants were transported from the field
to a greenhouse and placed on a high capacity analytical balance
(Sartorius ±0.1 g) that was interfaced to a computer. The pots were
double wrapped in plastic bags and the plastic was taped around
the main stem in an effort to minimize evaporation from the pot.
The change in weight was recorded every second and the aver-
age was collected every minute. Before air-pressurization, each
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FIGURE 1 | (A) Diurnal trends in stomatal conductance (gs, n = 15) and
transpiration rate (E, n = 15), (B) covered leaf water potential (ψxp, n = 10)
and the percent loss in hydraulic conductance of petioles (PLC, n = 10) of
A. rubrum measured on a sunny day from mature trees. (C) Regression
analysis of PLCpet to ψxp (y = −29.47x + 20.14, R2 = 0.87) of data from
(B). Each data point represents the pooled average values measured from
three mature trees located near each other.

plant was removed from the balance and several axial slits were
made through the xylem using a razor blade to allow for the gas to
penetrate the water conducting tissue (Sperry et al., 1988a). If the
plant had a pressure collar already attached to it, then it was used
to apply pressurization of gas, otherwise we attached a self-built
split-chamber pressure collar to the main stem. Before pressuriz-
ing each stem, covered leaf water potential (ψxp) was measured
on three leaves using a Scholander pressure bomb. The average

value of ψxp was used to determine �Ppit. Each plant was pres-
surized for 2 min. After the pressurization treatment, each plant
was returned to the analytical balance and their weights were con-
tinuously monitored until the next morning and in some cases
for several days. All plants were pressurized in the morning hours
(9:30–11:00 am). This procedure was repeated on a total of five
plants of A. rubrum and three plants for S. nigra. Additional exper-
iments were also performed on S. nigra plants that were subjected
to air-pressurization pressures to generate �Ppit values of 0.5, 1.0,
2.0, 3.0 MPa that were administered to different plants to deter-
mine the pressure required to stop transpiration and determine
if plants could refill embolisms after pressurization treatments.
Control plants were not pressurized but they also had slits made
into their xylem using a razor blade.

AIR-PRESSURIZATION – PETIOLE RECOVERY
Changes in specific petiole conductivity (kpet) were measured
before and after air-pressurization treatments of 15 young A.
rubrum trees at 10 am. Five trees were used for each �Ppit treat-
ment, 0 (control), 3.0, and 5.5 MPa. Air-pressurization followed
the same procedure used for the sap flow probe studies. Petioles
were excised underwater using razor clippers and transported back
to the laboratory while remaining in water. In the lab kpet was mea-
sured using a hydraulic apparatus following the same procedure
used to determine diurnal patterns of PLC.

AIR-PRESSURIZATION – PLANT SPECIES SURVEY
Eight species, Parthenocissus tricuspidata (Siebold & Zucc.) Planch
(vine), Sambucus nigra L. (shrub)1, Cornus rugosa Lam. (shrub),
Magnolia spp. L. (tree), Fraxinus americana L. (tree), Quercus
rubra L. (tree), Ulmus americana L. (tree), and A. rubrum (tree),
were used to investigate how air-pressurization treatment affect
stomatal conductance. Five branches, each from a separate plant,
were either pressurized with gas for 2 min, not pressurized (pos-
itive controls) and excised from the branch and not pressurized
(negative control). For pressurization treatments, gas pressuriza-
tion was achieved by excising a side branch and attaching this
with a compression collar that was attached to a pressure deliv-
ery system. Gas delivery pressure was increased at a rate of about
0.5 MPa min−1 and when the desired air injection pressure of
5.0 MPa was achieved, the pressure was maintained for 2 min.
Stomatal conductance was measured using a steady state porom-
eter (LI-COR1600, Lincoln, NE, USA), five times every 2 min for
a 10-min period prior to pressurization treatments. Five stom-
atal conductance measurements were also measured the following
day at the same time to determine if the pressurization treatment
impacted stomatal function.

RESULTS
The diurnal transpiration rate (E), stomatal conductance (g s), cov-
ered leaf water potential (ψxp), and the percent loss in petiole
hydraulic conductivity (PLC) were measured for a 24-h period.
Measurements were collected from mid-canopy leaves on young
adult trees about 20-m tall on a sunny day (Figures 1A,B). Peak
E and g s occurred between the hours of 10:00 am and 4:00 pm

1All S. nigra refers to Salix nigra and all Sambucus nigra are not abbreviated
throughout the manuscript.
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FIGURE 2 | Average percent loss in hydraulic conductance (PLC) was

measured on current year stems of A. rubrum after applying

pneumatic pressure (PLC50 = 1.4 MPa). The minimum pressure required
to reduce hydraulic conductivity by 95% was 4.0 MPa (n = 6).

with corresponding ψxp of −0.5 to −1.0 MPa with respective
native PLC values of 45% and 55%. The field trees showed a native
permanent level of embolism (predawn values) of about 25%. We
also found a strong correlation between petiole PLC and ψxp from
regression analysis (y = −29.47x + 20.14; r2 = 0.87; Figure 1C).

The average percent loss in hydraulic conductance (PLC) was
measured on current year stems of A. rubrum after applying
pneumatic pressure (PLC50 = 1.4 MPa). The minimum pressure
required to reduce hydraulic conductivity by 95% was 4.0 MPa
(Figure 2). Due to the fact that S. nigra has very long vessels we
were unable to measure vulnerability curves for this species or to
determine how PLC changes diurnally due to potential errors that
can arise from hydraulic measurements made on plants with long
vessels (Wheeler et al., 2013).

The flow of sap through branches attached to mature trees
was measured using Granier style sap flow probes (Figure 3).
Data were collected over many days after each pressurization
treatment (Figure 3A). Sap flow rates are shown for both the
non-pressurized, control branches (dotted lines), and for branches
that were pressurized to �Ppit values of 5.5 MPa (solid line).

FIGURE 3 | Branch-level sap flux measured on mature A. rubrum trees

using heat dissipation sap flow probes. (A) Several consecutive days of
measurements are shown after applying 5.5 MPa of �Ppit (solid lines)
compared to non-pressurized control branches (dotted lines). The arrow

indicates when gas pressure was applied to the xylem. Note that on day 6
it was raining in the morning resulting in low flow rates for all branches
measured. (B) The effects of air-pressurization on sap flow shown for a 24-h
period. All branch-level measurements are standardized by total leaf area.
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FIGURE 4 | (A) Stomatal conductance (gs) measured on A. rubrum leaves
attached to stems before and after pneumatic pressurization treatment
with �Ppit of 5.5 MPa (triangles) compared to non-injected control
branches (circles) and from excised branches (squares). (B) Xylem pressure
potentials (Ψxp) measured from leaves covered in plastic bags that were
attached to controls and manipulated branches during the experiment.

Pressurization of all treated branches was done at about 10
am in the morning (Figure 3A). An arrow indicates when air-
pressurization occurred (Figure 3B). Note that in Figure 3A, it
was raining in the morning on day 6 (Julian day 226) resulting in
reduced sap flow for all branches. Figure 3B shows the effect of
injecting nitrogen gas on branches (solid line) compared to con-
trols (dotted lines) for a 24-h period. There were no measurable
effects on the flow of sap from air injection treatments that induced

�Ppit values of 5.5 MPa. After about 30 s of applied pressures many
petioles would produce a popping sound and gas would escape out
of them as indicated by the production of small bubbles of a white
substance.

Leaf level measurements of g s, and uncovered leaf water poten-
tials (ψL) were measured before and after applying �Ppit values
of 5.5 MPa into branches attached to mature trees of A. rubrum
(Figure 4). Measurements of g s were made on leaves attached
to control (circles), air-pressurized (triangles), and branches that
were completely excised from the tree and left in the shade
(squares). Corresponding covered ψL are shown (Figure 4B).
Values of ψL decreased compared to the controls in the excised
branches only. Each data point represents an n = 1 because we did
not want to remove too many leaves from the test plants during
measurements of g s.

The effect of air injection treatments on whole-plant transpira-
tion was measured on potted plants of A. rubrum (Figure 5) and
S. nigra (Figure 6). A. rubrum plants showed variable response
to the application of stem pressurization that resulted in �Ppit of
5.5 MPa. While plant number one seemed to maintain and even
increase transpiration rate after application of pressure, plant two,
and three experienced a small reduction in mid-day transpiration
which was consistent with mid-day transpiration reduction under
moderate water stress conditions. Re-watering restored higher
transpiration rates in the case of the plant 3. Subjecting S. nigra
plants to �Ppit treatments greater than 2.55 MPa, rapidly and per-
manently stopped the flow of sap through the plants (the plants
died a few days after the treatment). Whole plant transpiration
was monitored for both species after air-pressurization for several
days in order to determine if there were any longer-term effects
of air-pressurization on whole plant transpiration. S. nigra plants
pressurized to �Ppit values of 2.55 MPa, died. All other plants for
both A. rubrum and S. nigra survived the pressurization treatments
without any visible damage or drop in expected transpiration rates
(Figures 5 and 6).

Petiole ks was monitored for 30 min after pressurizing plants
to generate a �Ppit value of 5.5 MPa in the xylem of branches
of mature A. rubrum trees growing in the field (Figure 7). The
data show that air pressurization reduced kpet to values near
zero immediately following air-pressurization (time zero). Within

FIGURE 5 | Whole plant transpiration of potted plants of 2-year-old

A. rubrum trees. Data were measured using an analytical balance before
and after injection of gas that created �Ppit values of 5.5 MPa in the main

stem of the treated plants. The arrows indicate when pneumatic treatment
was applied. The W represents when the plants were removed from the
balance for watering.
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FIGURE 6 | Whole plant transpiration measurements made on potted

plants of 3-year-old S. nigra trees collected using an analytical balance

before and after air-pressurization treatments. The arrows indicate when
pneumatic treatments were applied. (A) Shows three different plants
pressurized with three different �Ppit air injection pressure treatments
measured over a 24-h period. (B) Shows two plants subjected to �Ppit
pressures of 0.5 and 3.0 MPa. Note that �Ppit pressures over 2.0 MPa
resulted in reduced flow and non-recovery in S. nigra.

2.5 min, kpet was restored on branches subjected to the 3.0 MPa
treatments. In the case of the 5.5 MPa pressurization, it took
around 10 min to restore kpet to 70% of the average kpet measured
from control branches (dashed line), and these petioles seemed
to remain at about 30% reduced kpet values for the 30 min of
measurement time.

We surveyed various plants to determine the effect of air-
pressurization treatments on stomatal conductance (Figure 8).
We found that applying gas pressures of 5.0 MPa resulted in a total
loss of stomatal conductance in P. tricuspidata and Magnolia spp.
and resulted in branch death several days after air-pressurization
treatments. Species that only partially recovered (stomatal con-
ductance reduced by 50–80%) were Sambucus nigra, C. rugosa,
and Q. rubra. F. americana, U. americana, and A. rubrum showed
no effect of air pressurization on stomatal conductance. We also
measured changes in stomatal conductance on excised branches
for all species surveyed and found that stomatal conductance was
zero in all species.

DISCUSSION
Here we present results from short (minutes) and long-term stud-
ies (days) that measure the response of A. rubrum and S. nigra to
air-pressurization treatments. The choice of species was dictated
by our expectation that the habit of the species (A. rubrum is a tree
and S. nigra is a large multi-stem shrub) may be a result of their
ability to tolerate embolism. In this study all air-pressurization
treatments combined the value of applied gas pressure and the
measured sap tension required to produce a known pressure gra-
dient across the air water interface at bordered pit membranes
(�Ppit). We found that �Ppit values of 5.5 MPa had minimal
effect on transpiration, stomatal conductance, and sap flow on
A. rubrum trees. Whereas, �Ppit values greater than 2.5 MPa had
devastating effects on S. nigra plants with concomitant inhibi-
tion of whole plant transpiration and no signs of recovery that
eventually resulted in plant death. The difference in response
to the air injection treatments of these two species may explain
“shrub strategy” that embolism formation results in the loss of
the stem function and the necessity to replace it with a new
stem. The “tree strategy” of A. rubrum might rely on the ability
of the plant to not only protect itself from embolism forma-
tion but in the event that embolisms occur, it has the ability to
restore hydraulic function and avoid catastrophic discontinuity
of the xylem sap. However, this simplified view is complicated
by the fact that ring-porous species (Q. rubra) still showed sig-
nificant loss of stomatal conductivity 24 h after induction of
embolism.

In this study, diurnal embolism levels tracked diurnal leaf-level
water potentials in A. rubrum (Figure 1) as shown previously to
occur in R. mangle (Melcher et al., 2001). It is easier to under-
stand why more vessels embolize with increasing tension, but if
the refilling process is initiated by an embolism event (Secchi and
Zwieniecki, 2010), then this implies that refilling might be hap-
pening concurrently with increased levels of embolism formation
as water potential continues to decrease from morning to mid-day.
However, when a plant reaches its minimum diurnal xylem water
potential (ψxp) it is most likely associated with the highest level
of cavitation events and the lowest level of refilling capacity. Our
data suggest that from 14:00 to 22:00, A. rubrum plants were able
to recover part of their capacity to transport water. This recov-
ery is associated with an afternoon drop in stomatal conductance,
reduced transpiration, and partial recovery of stem water poten-
tial. These physiological changes may play an important role in
reversing the ratio of cavitation to refilling events and allow plants
to recover from embolism starting in the afternoon and continue
through the night.

Several physiological mechanisms have been proposed to
describe how plants refill embolized conduits when the surround-
ing tissue is under negative water potentials (Nardini et al., 2011).
Holbrook and Zwieniecki (1999) describe that water first enters
the conduit lumens followed by refilling of the pit chambers. The
geometry of the pit chambers act as pressure valves to ensure that
all the small air pockets trapped in the bordered pit chambers refill
before simultaneous hydraulic connections are made (Holbrook
and Zwieniecki, 1999). Thus, if only the lumens are filled with sap,
one cannot assume that hydraulic continuity has been restored
with neighboring xylem conduits, or that “functional refilling”
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FIGURE 7 | Changes in petiole specific hydraulic conductivity (kpet)

measured after applying �Ppit treatments of 3.0 (open symbols) and

5.0 MPa (closed symbols) of nitrogen gas through excised side branches

located about 1-m upstream of the petioles that were used for kpet

analysis. Data were compared to non-pressurized controls (dashed lines
represent the averages and dotted lines represent the 95% C.I. of the

controls). Petioles remained attached to the trees until collected for kpet
measurements. Note that kpet was restored to average control kpet values
within 2.5 min from the �Ppit 3.0 MPa air-pressurization treatment. It took
5 min to reach about 70% of average kpet for control branches for 5.5 MPa
of �Ppit pressure treatments. Five trees were used for each measurement
treatment, e.g., 15 trees in total.

FIGURE 8 | A survey of plant tolerance to pneumatic pressurization

treatments. All plants were pressurized with 5.5 MPa of gas pressure for
2 min. Repeated measures of stomatal conductance were measured for
10 min before air-pressurization treatments and then the following day. All
measurements were made at the same time of the day before and after
air-pressurization. Asterisks represent leaves that were wilted the following
day. Both days were similar in abiotic conditions (e.g., both days were
sunny). For all species, stomatal conductance was also measured on leaves
from branches before and 24 h after being excised from the parent tree.
Leaves from all excised branches had zero-stomatal conductance (data not
shown).

has occurred (Kaufmann et al., 2009; Zwieniecki and Holbrook,
2009). Since excising stem segments underwater for assessment

of embolism status using hydraulic protocols results in a rapid
relaxation in hydraulic tension, this may allow for refilling vessels
to establish hydraulic continuity. If these hydraulic connections are
made after excision underwater due to tension relaxation, then this
would result in false estimates of hydraulic restoration, as seen by
Wheeler et al. (2013), and may lead to false estimates of high resis-
tance to embolism (Wheeler et al., 2013). There is a similar issue
related to the interpretation of cryo-scanning electron microscope
(cryo-SEM; Canny et al., 2001) and X-ray tomography (Brodersen
et al., 2010) analysis because they both assess the water status of the
vessel lumens and not hydraulic continuity between vessels. It is
quite possible that plants continuously refill vessel lumens during
times of negative water potentials but that true hydraulic connec-
tions only get established when xylem sap tensions are relaxed as
previously observed using MRI on roots of Z. mays (Kaufmann
et al., 2009).

Two approaches were used in this study to address the issue
if refilling of vessels results in functional refilling in A. rubrum
(1) whole plant air-pressurization studies on potted plants with
measurements of whole plant transpiration rates and (2) mea-
sured changes in fluid flow on stems of mature trees pressurized
with gas measured using Granier style sap flow probes. We chose
both of these approaches because they do not require destructive
sampling techniques and should provide insight on whether the
removal of embolisms from pneumatic pressurization treatments
results in functional refilling. We induced �Ppit values of 5.5 MPa
across bordered pit membranes because this value was shown to
reduce hydraulic conductivity by nearly 100% in petioles deter-
mined from vulnerability analysis (Figure 2). Despite this high
level of pressure treatment, we were unable to permanently shut
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down transpiration in the stems and petioles of A. rubrum even
for a short period of time following injection of gas. Stomatal
conductance and sap flow remained generally unaffected in both
the branches of mature trees and on whole plant transpiration
measured on potted plants. The dynamics of the restoration of
transport function from induced embolism, as determined from
PLC measurements, was very fast. The rates are similar, or even
faster than the refilling time determined from MRI investigations
of natural and pressure induced embolism observed in the same
species (Zwieniecki et al., 2013). However, we feel that analysis of
embolism refilling from air-pressurization treatments should be
taken with caution as determination of PLC requires a prolonged
period of “de-gassing” during which time samples remain bio-
logically active and could potentially restore functionality of the
hydraulic path from available water. Thus, more studies are needed
to better understand the degree that air pressurization alters the
native state of the hydraulic path.

The degree that air injection mimics natural formation of
embolism in stems, beyond the correlation between PCL curves
obtained from branches exposed to tension and those exposed to
air-pressurization induced embolism (Sperry et al., 1988a), is still
not well understood. Thus it is not clear what happens when gas
is forced into the xylem at high pressures and where the water
goes when it is displaced during pressurization treatments. In our

study, we found that the rate that hydraulic conductance returns
to pre air injection levels in A. rubrum was very fast (<10 min)
thus we were unable to detect any physiological effects from air
injection based on stomatal conductance and sap flow measure-
ments that were made at 10 min intervals. However, we did find
that the same level of pressures applied to several species resulted
in significantly different responses showing that some species are
very sensitive to air injection treatments such as the shrub-like
species Sambucus nigra and C. rugosa and the vine P. tricuspi-
data. This study did find support that other tree species such as F.
americana, and U. americana remained fully operational within a
short time after pressurization. However, the tree species Magnolia
spp. and Q. rubra did not tolerate air injection very well suggest-
ing that not all tree species possess the capacity to refill induced
embolism.

ACKNOWLEDGMENTS
The authors would like to thank Emily Huhn and Barbara Muñoz,
Sahara Moon Chapotin, Rachel Spicer, and N. Michele Hol-
brook for their help in the field and for discussion on functional
embolism refilling. We would also like to thank two reviewers that
improved the quality of this manuscript. We thank the Harvard
Forest for logistics. Support for this project was funded in part by
USDA grant 98-35100-6081 and NSF grant IOS-0919729.

REFERENCES
Begg, J. E., and Turner, N. C. (1970).

Water potential gradients in field
tobacco. Plant Physiol. 46, 343–346.
doi: 10.1104/pp.46.2.343

Borghetti, M., Edwards, W. R. N., Grace,
J., Jarvis, P. G., and Raschi, A. (1991).
The refilling of embolised xylem in
Pinus sylvestris L. Plant Cell Environ.
14, 357–369. doi: 10.1111/j.1365-
3040.1991.tb00944.x

Brodersen, C. R., McElrone, A. J.,
Choat, B., Matthews, M. A., and
Shackel, K. A. (2010). The dynam-
ics of embolism repair in xylem:
in vivo visualizations using high-
resolution computed tomography.
Plant Physiol. 154, 1088–1095. doi:
10.1104/pp.110.162396

Canny, M. J. (1997). Vessel contents dur-
ing transpiration – embolisms and
refilling. Am. J. Bot. 84, 1223–1230.
doi: 10.2307/2446046

Canny, M. J., McCully, M. E., and
Huang, C. X. (2001). Cryo-scanning
electron microscopy observations of
vessel content during transpiration in
walnut petioles. Facts or artefacts?
Plant Physiol. Biochem. 39, 555–
563. doi: 10.1016/S0981-9428(01)
01288-8

Choat, B., Cobb, A. R., and
Jansen, S. (2008). Structure and
function of bordered pits: new
discoveries and impacts on whole-
plant hydraulic function. New Phytol.
177, 608–626. doi: 10.1111/j.1469-
8137.2007.02317.x

Clearwater, M. J., and Clark, C. J.
(2003). In vivo magnetic resonance
imaging of xylem vessel contents in
woody lianas. Plant Cell Environ.
26, 1205–1214. doi: 10.1046/j.1365-
3040.2003.01042.x

Dixon, H. H., and Joly, J. (1894). On the
ascent of sap. Proc. R. Soc. Lond. 57,
3–5. doi: 10.1098/rspl.1894.0126

Hacke, U. G., and Sperry, J. S. (2003).
Limits to xylem refilling under neg-
ative pressure in Laurus nobilis and
Acer negundo. Plant Cell Environ.
26, 303–311. doi: 10.1046/j.1365-
3040.2003.00962.x

Holbrook, N. M., Ahrens, E. T., Burns,
M. J., and Zwieniecki, M. A. (2001).
In vivo observation of cavitation and
embolism repair using magnetic res-
onance imaging. Plant Physiol. 126,
27–31. doi: 10.1104/pp.126.1.27

Holbrook, N. M., and Zwieniecki, M.
A. (1999). Embolism repair and
xylem tension: do we need a mir-
acle? Plant Physiol. 120, 7–10. doi:
10.1104/pp.120.1.7

Jarbeau, J. A., Ewers, F. W., and
Davis, S. D. (1995). The mechanism
of water-stress-induced embolism
in 2 species of chaparral shrubs.
Plant Cell Environ. 18, 189–
196. doi: 10.1111/j.1365-3040.1995.
tb00352.x

Johnson, D. M., McCulloh, K. A.,
Woodruff, D. R., and Meinzer, F. C.
(2012). Evidence for xylem embolism
as a primary factor in dehydration-
induced declines in leaf hydraulic

conductance. Plant Cell Environ.
35, 760–769. doi: 10.1111/j.1365-
3040.2011.02449.x

Kaufmann, I., Schulze-Till, T., Schnei-
der, H. U., Zimmermann, U., Jakob,
P., and Wegner, L. H. (2009). Func-
tional repair of embolized vessels in
maize roots after temporal drought
stress, as demonstrated by mag-
netic resonance imaging. New Phytol.
184, 245–256. doi: 10.1111/j.1469-
8137.2009.02919.x

McCully, M. E. (1999). Root xylem
embolism and refilling. Relation to
water potentials of soil, and leaves,
and osmotic potential of root xylem
sap. Plant Physiol. 119, 1001–1008.
doi: 10.1104/pp.119.3.1001

Melcher, P. J., Goldstein, G., Meinzer,
F. C., Yount, D. E., Jones, T. J., Hol-
brook, N. M., et al. (2001). Water
relations of coastal and estuarine
Rhizophora mangle: xylem pressure
potential and dynamics of embolism
formation and repair. Oecologia
126, 182–192. doi: 10.1007/s00442
0000519

Melcher, P. J., Meinzer, F. C., Yount,
D. E., Goldstein, G., and Zim-
mermann, U. (1998). Compara-
tive measurements of xylem pressure
in transpiring and non-transpiring
leaves by means of the pressure cham-
ber and the xylem pressure probe.
J. Exp. Bot. 49, 1757–1760. doi:
10.1093/jxb/49.327.1757

Nardini, A., Lo Gullo, M. A., and Salleo,
S. (2011). Refilling embolized xylem

conduits: is it a matter of phloem
unloading? Plant Sci. 180, 604–611.
doi: 10.1016/j.plantsci.2010.12.011

Pickard, W. F. (1981). The ascent of
sap in plants. Prog. Biophys. Mol.
Biol. 37, 181–229. doi: 10.1016/0079-
6107(82)90023-2

Salleo, S., Logullo, M. A., Depaoli,
D., and Zippo, M. (1996). Xylem
recovery from cavitation-induced
embolism in young plants of Lau-
rus nobilis: a possible mechanism.
New Phytol. 132, 47–56. doi:
10.1111/j.1469-8137.1996.tb04507.x

Scheenen, T. W. J., Vergeldt, F.
J., Heemskerk, A. M., and Van
As, H. (2007). Intact plant mag-
netic resonance imaging to study
dynamics in long-distance sap flow
and flow-conducting surface area.
Plant Physiol. 144, 1157–1165. doi:
10.1104/pp.106.089250

Scholander, P. F., Hammel, H. T., Hem-
mingsen, E. A., and Bradstreet, E.
D. (1964). Hydrostatic pressure and
osmotic potential in leaves of man-
groves and some other plants. Proc.
Natl. Acad. Sci. U.S.A. 52, 119–125.
doi: 10.1073/pnas.52.1.119

Secchi, F., and Zwieniecki, M. A.
(2010). Patterns of PIP gene expres-
sion in Populus trichocarpa during
recovery from xylem embolism sug-
gest a major role for the PIP1 aqua-
porin subfamily as moderators of
refilling process. Plant Cell Environ.
33, 1285–1297. doi: 10.1111/j.1365-
3040.2010.02147.x

www.frontiersin.org September 2013 | Volume 4 | Article 368 | 9

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Biophysics_and_Modeling/archive


“fpls-04-00368” — 2013/9/21 — 12:49 — page 10 — #10

Melcher and Zwieniecki Embolism refilling in plants

Sperry, J. S., Donnelly, J. R., and Tyree,
M. T. (1988a). A method for mea-
suring hydraulic conductivity and
embolism in xylem. Plant Cell Env-
iron. 11, 35–40. doi: 10.1111/j.1365-
3040.1988.tb01774.x

Sperry, J. S., Tyree, M. T., and
Donnelly, J. R. (1988b). Vulnera-
bility of xylem to embolism in a
mangrove vs an inland species of Rhi-
zophoraceae. Physiol. Plant. 74, 276–
283. doi: 10.1111/j.1399-3054.1988.
tb00632.x

Sperry, J. S., Saliendra, N. Z., Pockman,
W. T., Cochard, H., Cruiziat, P., Davis,
S. D., et al. (1996). New evidence for
large negative xylem pressures and
their measurement by the pressure
chamber method. Plant Cell Environ.
19, 427–436. doi: 10.1111/j.1365-
3040.1996.tb00334.x

Sperry, J. S., and Tyree, M. T. (1988).
Mechanism of water stress-induced
xylem embolism. Plant Physiol. 88,
581–587. doi: 10.1104/pp.88.3.581

Turner, N., and Long, M. (1980). Errors
arising from rapid water loss in the

measurement of leaf water potential
by the pressure chamber technique.
Funct. Plant Biol. 7, 527–537.

Tyree, M. T., Salleo, S., Nardini, A.,
Assunta Lo Gullo, M., and Mosca,
R. (1999). Refilling of embolized ves-
sels in young stems of laurel. Do we
need a new paradigm? Plant Phys-
iol. 120, 11–22. doi: 10.1104/pp.
120.1.11

Tyree, M. T., and Sperry, J. S. (1988).
Do woody plants operate near the
point of catastrophic xylem dys-
function caused by dynamic water
stress?: answers from a model.
Plant Physiol. 88, 574–580. doi:
10.1104/pp.88.3.574

Tyree, M. T., and Sperry, J. S.
(1989). Vulnerability of xylem to
cavitation and embolism. Annu.
Rev. Plant Physiol. Plant Mol. Biol.
40, 19–38. doi: 10.1146/annurev.
pp.40.060189.000315

Wheeler, J. K., Huggett, B. A., Tofte, A.
N., Rockwell, F. E., and Holbrook, N.
M. (2013). Cutting xylem under ten-
sion or supersaturated with gas can

generate PLC and the appearance of
rapid recovery from embolism. Plant
Cell Environ. doi: 10.1111/pce.12139
[Epub ahead of print].

Zwieniecki, M. A., and Holbrook,
N. M. (2009). Confronting
Maxwell’s demon: biophysics of
xylem embolism repair. Trends
Plant Sci. 14, 530–534. doi:
10.1016/j.tplants.2009.07.002

Zwieniecki, M. A., Melcher, P. J.,
and Ahrens, E. (2013). Analysis
of spatial and temporal dynamics
of xylem refilling in Acer rubrum
L. using magnetic resonance imag-
ing. Front. Plant Sci. 4:265. doi:
10.3389/fpls.2013.00265

Zwieniecki, M. A., Melcher, P. J., and
Holbrook, N. M. (2001). Hydrogel
control of xylem hydraulic resistance
in plants. Science 291, 1059–1062.
doi: 10.1126/science.1057175

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that

could be construed as a potential con-
flict of interest.

Received: 21 June 2013; paper pend-
ing published: 24 July 2013; accepted:
29 August 2013; published online: 24
September 2013.
Citation: Melcher PJ and Zwieniecki MA
(2013) Functional analysis of embolism
induced by air injection in Acer rubrum
and Salix nigra. Front. Plant Sci. 4:368.
doi: 10.3389/fpls.2013.00368
This article was submitted to Plant Bio-
physics and Modeling, a section of the
journal Frontiers in Plant Science.
Copyright © 2013 Melcher and Zwie-
niecki. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use, dis-
tribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | Plant Biophysics and Modeling September 2013 | Volume 4 | Article 368 | 10

http://dx.doi.org/10.3389/fpls.2013.00368
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Plant_Biophysics_and_Modeling/
http://www.frontiersin.org/Plant_Biophysics_and_Modeling/archive

	Functional analysis of embolism induced by air injection in acer rubrum and salix nigra
	Introduction
	Materials and methods
	Plant material
	Diurnal gs, e, Ψp and plc
	Air-pressurization – stem plc
	Air-pressurization – effect on sap flow using granier style probes
	Air-pressurization – effect on gs and bold0mu mumu Rectl
	Air-pressurization – effect on whole plant transpiration
	Air-pressurization – petiole recovery
	Air-pressurization – plant species survey

	Results
	Discussion
	Acknowledgments
	References




