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Abstract

Introduction

Studies of the hydraulic properties of xylem vessels
have been limited to measurements of whole plant
or whole stem segments. This approach allows the
longitudinal transport properties of the ensemble of
vessels within a stem to be determined, but provides
little information on radial transport. Here the xylem
of Fraxinus americana L. has been examined using
a new method that allows the transport properties of
individual vessels to be examined. One goal of this
study was to quantify transport parameters relevant
to embolism repair. The longitudinal conductivity of
vessel segments open at both ends (i.e. no end walls)
agreed with values predicted by the Poiseuille
equation. Radial specific conductance (conductance
per unit area) was approximately six orders of
magnitude lower than the longitudinal conductance
of the vessel segment normalized by the crosssectional area of the vessel lumen. There was a step
increase in the radial specific conductance of previously gas-filled vessels when the delivery pressure
exceeded 0.4 MPa. This is consistent with the idea
that positive pressure, required for embolism repair,
can be compartmentalized within a vessel if the
bordered pit chambers are gas-filled. The diffusion
coefficient for the movement of gas from a pressurized air-filled vessel was of the same order of
magnitude as that for air diffusing through water
(1.95 e 9 m2 s 1). Estimates of the time needed to
displace all of the gas from an air-filled vessel were
in the order of 20 min, suggesting that gas removal
may not be a major limitation in embolism repair.

Current understanding of the hydraulic properties of vascular plants is based primarily on measurements of water
¯ow through excised stem, root and branch segments
(Zimmermann, 1983; Tyree and Ewers, 1991; Sperry et al.,
1993; Jarbeau et al., 1995; Alder et al., 1996; Sperry and
Ikeda, 1997; but see Giordano et al., 1978). The standard
approach is to determine the conducting capacity of
the ensemble of vascular conduits within the measured
segment and thus the ability of the measured segment to
supply downstream regions of the plant with water
(Sperry et al., 1988a). The hydraulic conductivity of an
individual segment may change with time due to the
cavitation of xylem conduits and any subsequent re®lling
(Waring and Running, 1978; Milburn, 1979; Sperry, 1986;
Sperry et al., 1988b; Pickard, 1989; Tyree and Yang, 1992;
Edwards et al., 1994; Cochard et al., 1994; Magnani
and Borghetti, 1995; Zwieniecki and Holbrook, 1998).
Because cavitation and embolism repair take place at
the level of individual vessels, understanding dynamic
changes in conductivity requires methods that address
the hydraulic properties of individual conduits. Over the
past years, a number of techniques (e.g. double staining,
cryo-scanning electron microscopy, magnetic resonance
imaging) have been introduced to examine the functional state of individual xylem vessels (Canny, 1997;
Kockenberger et al., 1997; Zwieniecki and Holbrook,
1998; Tyree et al., 1999). In this paper, the longitudinal conductivity and radial speci®c conductance of early-wood
vessels of Fraxinus americana L. (white ash) are examined
using a new approach that allows the examination of
the hydraulic properties of single vessels. This work is
motivated, in part, by observations of short-term (diurnal)
¯uctuations in hydraulic conductivity of F. americana
branches (Zwieniecki and Holbrook, 1998). Because the
mechanism allowing increases in conductivity is not well
understood, the ability of conduits to contain positive
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pressures was examined and the factors limiting rates of
gas removal from embolized vessels were quanti®ed.
The ability to re®ll embolized vessels has long been
recognized in plants that exhibit root pressure (O'Leary,
1965; Zimmermann and Brown, 1971; Milburn and
McLaughlin, 1974; Milburn, 1979; Putz, 1983; Sperry
et al., 1988a, b; Pickard, 1989; Cochard et al., 1994;
Sperry and Ikeda, 1997). Recent studies, however, have
demonstrated diurnal changes in stem hydraulic conductance without the pressurization of the entire xylem
(Salleo et al., 1996; Zwieniecki and Holbrook, 1998;
Tyree et al., 1999; Zwieniecki et al., 2000), suggesting that
re®lling may also occur by a more localized mechanism
(Holbrook and Zwieniecki, 1999). In either case, positive
pressures are needed to force the gas into solution,
whereas gas removal depends on factors limiting transport through surrounding tissues. Quantifying the ease
with which both water and air can exit radially from an
individual vessel will thus contribute to an understanding
of embolism repair. Knowing the radial permeability
to water will help in understanding the degree to which
individual vessels can contain positive pressures, while
measurements of the lateral gas permeability through the
stem can be used in determining factors limiting rates of
gas removal. A theoretical model of embolism reversal
(Yang and Tyree, 1992) indicated that from 2±200 h
might be needed to re®ll a completely air-®lled vessel,
where the estimated time is a function of vessel diameter,
distance to edge of stem, and pressure within the re®lling
vessel. The longest of these estimates is clearly at variance
with the suggestion that embolisms may be repaired
over a period of several hours, underscoring the need to
characterize the movement of gas from individual vessels
empirically.
The ability to repair embolisms while much of the
xylem is under tension requires a mechanism for compartmentalizing positive pressures within a single vessel
(Holbrook and Zwieniecki, 1999). These authors also
suggest that a sealing mechanism could result from the
formation of a convex gas:water interface within intervessel pits (Zwieniecki and Holbrook, 2000). Because the
force arising from surface tension due to the curvature of
this meniscus opposes any positive pressures developed
within the re®lling vessel, it could sustain the pressure
difference between the re®lling vessel (positive pressure)
and adjacent conduits (negative pressure). The ability to
examine the hydraulic behaviour of single vessels allows
this proposed sealing mechanism to be tested. Speci®cally,
by measuring the steady-state rate at which water is pushed
into a gas-®lled vessel as a function of applied pressure,
it can be determined if there is a minimum `threshold' pressure needed to force water across the perimeter of the vessel
and also whether this pressure is consistent with values
calculated from the predicted curvature of the gas : water
interface (Zwieniecki and Holbrook, 2000).

Materials and methods
Hydraulic conductivity of single vessels

Branches (c. 1.0 m in length) from a single 10 m tall white ash
tree (Fraxinus americana L. Oleaceae) were collected in the
morning during winter months (December to January). The
hydraulic conductivity of individual xylem vessels was determined on 3±6 cm long branch segments by delivering pressurized water through a microcapillary of known resistance
and measuring the mass ¯ux at the downstream end of the
branch segment. In summary, the procedure followed was
(1) measure microcapillary resistance; (2) attach microcapillary
to an individual vessel; (3) determine ¯ow of ¯uid through the
microcapillary±vessel system under a known pressure gradient;
and 4) measure vessel dimensions (length and diameter).
Microcapillary tubes were pulled on a horizontal pipette puller
(FlaminguBrown P-87, Sutter Instrument Company, Novato,
CA) and the glass tips subsequently broken such that the
opening ranged from 60±120 mm in diameter (the approximate
size of early-wood xylem vessels in 1-year-old ash branches).
The hydraulic resistance of each microcapillary was determined
by measuring the water ¯ux through the microcapillary at
a known pressure gradient. The tip was then inserted into the
open lumen of an individual vessel using a 50 3 stereo microscope and a micromanipulator (Fig. 1A) and ®xed in place using
a low-viscosity, fast-setting acrylic glue (Loctite2 superbond
407; Fig. 1B). The microcapillary was mechanically stabilized
with additional glue (which tended to block the openings of
neighbouring vessels; Fig. 1C) or with a glass rod secured to the
side of the stem segment (Fig. 1D). Safranin dye was pushed
through the microcapillary-vessel system at low pressure
(-0.01 MPa) to stain the vessel walls so that the vessel at the
opposite end of the stem segment could be located (Figs 1E, 2A).
The ability to push water through the vessel at such a low
pressure indicated that the vessel was continuous (i.e. no endwalls) within the branch segment. Longitudinal hydraulic conductivity of the microcapillary-vessel system was determined by
measuring the ¯ow rate of water at a known pressure gradient.
Pressurized water was supplied using a captive air-tank connected with a pressure gauge ("0.15 kP). All measurements
were performed using deionized, ®ltered (0.2 mm) water. Flow
rates were determined using an analytic balance (Sartorious
"0.01 mg) interfaced to a computer. After completing the
hydraulic measurements, the length of the branch segment
(considered to be equal to the length of the vessel under study,
lv) was measured and the major and minor radii of the stained
vessel cross-section were measured at three locations along the
stem segment. Vessel radius (r) was calculated as the average of
these six measurements.
Longitudinal hydraulic conductivity
Vessel longitudinal conductivity (Lv; m4 s 1 MPa 1; Fig. 2B)
was determined from measurements of the volumetric ¯ow rate
(J; m3 s 1) divided by the pressure gradient along the vessel
(DPvulv; MPa m 1):

Lv 

J

D Pv ulv

(1)

The pressure drop along the vessel (DPv; MPa) was calculated
as the product of the volumetric ¯ow rate across the
microcapillary-vessel system and vessel resistance Rv, where
Rv is the difference between the total resistance of the
microcapillary-vessel system (Rmv) and the previously determined resistance of the microcapillary (Rm; all resistances in
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Fig. 1. Illustration of steps involved in measuring the hydraulic properties of individual xylem vessels; (A) view of a microcapillary inserted into
a vessel; (B) microcapillary sealed into the vessel with acrylic glue; (C) entire end of the stem is covered with glue to provide support for the
microcapillary and to block any longitudinal ¯ow (used in longitudinal and radial vessel hydraulic properties determination); (D) supporting structure used to support microcapillary while neighbouring vessels were open for ¯ow (used in the air movement experiments); (E) single vessel stained at
the distal end of the stem; (F) droplet of glue used to seal the distal end of a single vessel without blocking the ends of neighbouring vessels.

units of MPa s m 3):

DPv  J(Rmv


Rm ) J

D Pmv
J


Rm

(2)

Rmv was calculated from the measured pressure drop across
the microcapillary±vessel system (DPmv) divided by the ¯ow
rate (J ). The theoretical conductivity of the vessel (Lth) was
calculated according to the Poiseuille equation:
Lth 

p r4
8h

where h is the viscosity of water (1.002 e

(3)
9

MPa s) at 20 8C.

Radial specific conductance

Following measurements of longitudinal hydraulic conductivity,
the distal end of the stained vessel was carefully sealed with glue
such that adjacent vessel openings remained unblocked (Figs 1F,
2C). The microcapillary-vessel system was ®lled with water and
attached to a high-pressure N2 tank. The water in the microcapillary-vessel system was then pressurized to 2.5 MPa and the
volume ¯ow rate into the vessel was determined by measuring

the time required for the meniscus to move a speci®ed distance
along the microcapillary tube. A digital camera was used to
record the movement of the meniscus within the microcapillary.
The steady-state rate of water movement into the vessel was
assumed to equal the ¯ow rate out of the vessel. Following this
measurement, the entire distal end of the branch segment was
covered with acrylic glue, such that all of the neighbouring
vessels were sealed (Fig. 2D). The vessel was then repressurized
to 2.5 MPa and the ¯ow measurement repeated.
Because it was not possible to determine the path-length
over which radial ¯ow occurred during these measurements,
a radial speci®c conductance was calculated as the rate at which
water exits the vessel normalized by area and the applied
pressure (m3 m 2 s 1 MPa 1):
Lr 

J
D PAv

(4)

where DP (MPa) is the difference between the pressure applied
to the vessel and the outside ambient pressure, Av (m2) is the
interior surface area of the vessel, and J (m3 s 1) is the volume
¯ow rate. Water may exit the vessel through either pit pores
or the wall itself, although the latter pathway is likely to have
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Fig. 2. Diagram outlining experimental methods used in this study:
(A) staining of vessel walls; (B) determination of longitudinal conductivityÐvessel end open; (C) determination of radial speci®c conductanceÐ
vessel end sealed, neighbouring vessels open; (D) determination of radial
speci®c conductanceÐends of all vessels sealed; (E) determination of
bordered pit threshold pressuresÐvessel end sealed; water delivered
with increasing pressure; (F) determination of gas diffusion from pressurized vesselÐvessel end sealed, water ¯ow present in neighbouring
vessels; (G) determination of gas diffusion from pressurized vesselÐends
of all vessels sealed, no water ¯ow through neighbouring vessels.

a very low conductance. Thus, Lr describes the combined
properties of this heterogeneous pathway.
Estimation of bordered pit pressure threshold

The degree to which air-®lled bordered pits can contain positive
pressures within individual conduits was assessed by determining the pressure dependence of radial water ¯ow through
previously air-®lled vessels. A microcapillary was attached to
a single vessel as described above (Fig. 1A, B, C), after which
dry nitrogen gas was blown through the vessel at a pressure of
0.15 MPa for 10 min in an attempt to simulate conditions
within an embolized vessel. The time of exposure to N2 gas was
limited because of concerns of desiccating the surrounding
tissues. The vessel was then re®lled with water through the microcapillary at the same time as the open (distal) end of the vessel
was observed using a stereo microscope. When water started to
¯ow out of the vessel, the vessel end was immediately dried and
sealed using acrylic glue. Positive pressures on the order of
;0.3 MPa are needed to push water into gas-®lled bordered pits
of F. americana (Zwieniecki and Holbrook, 2000). Thus, it was
expected that some of the bordered pits remained air-®lled. The
microcapillary was then connected to the pressure manifold and
the ¯ow rate into the stem was determined by monitoring the
movement of the meniscus within the microcapillary (Fig. 2E).
The applied pressure was increased in steps, starting at 0.1 MPa
and increasing to 2.0 MPa. At each pressure step, three consecutive ¯ow measurements were made to determine if a steadystate ¯ow rate had been reached. Radial speci®c conductance
was calculated for each delivery pressure as described above.
Gas movement from pressurized vessels
Gas diffusion through the tissue surrounding an individual
xylem vessel was determined on stem segments that had been

vacuum in®ltrated with de-ionized ®ltered water for 30 min to
hydrate the stems. Microcapillary tubes were attached to an
individual vessel as described above except that the microcapillary was sealed in such a way that no glue came into contact
with any of the neighbouring vessels (Figs 1D, 2F). After the
glue hardened (;1 min), safranin dye was pushed through the
vessel, followed by dry N2 gas at a pressure of 0.4 MPa for
5 min to dry the interior of the vessel. The vessel lumen was then
®lled with air using a syringe and the open (distal) end of the
vessel was sealed. A small droplet of water was inserted into the
end of the microcapillary to provide an interface whose movement could be used to determine the ¯ow rate of gas into the
vessel. This water droplet also served to separate the air within
the vessel from the N2 gas used to pressurize the microcapillaryvessel system. The microcapillary-vessel system was pressurized
to 0.2 MPa and the movement of gas from the vessel determined by observing the movement of the meniscus in the
microcapillary tube.
The rate at which gas was forced from a vessel was determined
both when the water in adjacent vessels was stationary (all
vessels sealed at either end; Fig. 2G) and when it was ¯owing
(Fig. 2E). The latter allowed the importance of convection in the
radial exchange of gases in woody stems to be estimated. Water
movement through adjacent vessels was induced by attaching
the branch segment to a hydraulic head (c. 2.5 kPa), resulting
in a ¯ow rate of approximately 2 mg s 1.
It was assumed that gas exits the vessel by being forced into
solution and then diffuses through the surrounding tissues to the
outside air. An apparent diffusion coef®cient (D; m2 s 1) was
calculated for the movement of gas across the stem based on
a cylindrical geometry (Cussler, 1997):
D

jgas ro ln(ro urv )
D cgas

(5)

where jgas is the ¯ow rate of gas across the perimeter of the
vessel (mol m 2 s 1; calculated as the ¯ow rate (mol s 1) into
the sealed vessel divided by the interior surface area of the
pressurized vessel (m2)), rv is the vessel radius (m), ro is
the radius of the outer boundary of the cylinder (m) which was
assumed to be equal to the distance from the pressurized vessel
to the nearest edge of the stem segment (;1.0 mm), and Dcgas is
the difference in concentration of dissolved gases in the water at
the surface of the vessel and at the edge of the stem (mol m 3).
Using Henry's Law, Dcgas was calculated to determine the
concentration of dissolved gases in equilibrium with the gas
pressures existing in the pressurized vessel and at the edge of the
stem. It was assumed that the volume fraction of nitrogen and
oxygen in the gas phase was 0.8 and 0.2, respectively. The resulting Henry's Law constant was equal to 7.75 e 6 mol m 3 Pa 1.
Leak tests
A critical aspect of this technique is the ability to make leakproof seals both where the microcapillary is inserted into the
vessel and at the distal end of the vessel. To test this, the
microcapillary±vessel system was ®lled with either safranin dye
or air and pressurized to 6 MPa. Stems in which the pressurized
vessel was ®lled with air were submerged in water and a stereomicroscope was used to look for bubbles. Stems with vessels
®lled with safranin dye were pressurized for 1 h and then both
ends of the stem were examined under the microscope for dye
leakage at the point where the microcapillary was inserted into
the vessel or at the wooduglue interface. Leak tests performed
on 10 stems during protocol development demonstrated that it
was possible to seal the microcapillary-vessel system completely.
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During these experimental measurements, each stem was
repeatedly checked for leaks. In the few cases (3 out of ;100)
when a leak was observed, the sample was discarded.

Results
Vessel hydraulic properties

The measured longitudinal conductivity of single ash
vessels followed the relationship predicted from the
Poiseuille equation (Fig. 3). This was not surprising
because ash has simple perforation plates and the vessel
was continuous within the measured branch segment.
Small deviations from the Poiseuille relation are likely to
be the result of errors associated with determining vessel
radii, longitudinal variation in vessel aperture, and the fact
that vessels are never completely circular in cross-section.
The radial speci®c conductance measured with neighbouring vessels open at the distal end of the stem segment
was 2.26 e 7 m MPa 1 s 1 (n  9, SD  1.4 e 7). When
the neighbouring vessels were sealed at the distal end of
the stem segment, the radial speci®c conductance was
1.62 e 7 m MPa 1 s 1 (n  12; SD  1.1 e 7). There was
no signi®cant difference between the two measures of
radial ¯ow (df  9, t  0.64 (dependent samples),
P  0.53). For these short segments, the radial speci®c
conductance was approximately six orders of magnitude
lower than the longitudinal conductance normalized by
the cross-sectional area of the vessel lumen.
Border pit pressure threshold

Radial speci®c conductance of vessels that had been
¯ushed with dry nitrogen gas increased abruptly when
the applied pressure exceeded ;0.4 MPa (Fig. 4). Speci®c
conductance increased signi®cantly from an average initial
value of 3.2 e 7 m MPa 1 s 1 to 4.1 e 7 m MPa 1 s 1
(df  4; t  3.14 (dependent samples), P  0.034). The

Fig. 3. Longitudinal conductivity of individual xylem vessels versus
average vessel radius. Curve represents the conductivity calculated from
the Poiseuille equation for ¯ow in a circular conduit.

magnitude of the observed increase varied among
the measured vessels. Prior to and after the threshold
pressure was reached, speci®c conductance remained
constant (Fig. 4). In one case, the pressure was increased
and subsequently decreased in steps. In contrast to the
observed step increase in radial speci®c conductance as
the pressure was increased, radial speci®c conductance
remained constant when the pressure was decreased
(Fig. 4).
Gas diffusion

The rate at which gas could be forced out through the
sides of a pressurized vessel remained constant over a
period of several hours (Fig. 5). When water was perfused
through the neighbouring vessels, the calculated diffusion
coef®cient was 4.18 e 9 m2 s 1 (n  3, SD  1.28 e 9).
When there was no ¯ow in the adjacent vessels, the
calculated diffusion coef®cient was 2.95 e 9 m2 s 1 (n  7,
SD  5.28 e 10). There was a signi®cant difference
between the two treatments (df  8, t  2.35, P  0.046).
The calculated diffusion coef®cient was found to be of
the same order of magnitude as the diffusion coef®cient of
air in water (1.95 e 9 m2 s 1; Yang and Tyree, 1992).
Lack of complete agreement might result from the fact
that cylindrical geometry assumed in these calculations
oversimpli®es the actual pathways by which gas exits the
pressurized vessel.
The time necessary to displace the entire volume of
the vessel was, on average, 1399 s when the water in adjacent vessels was static and 1026 s when water in adjacent
vessels was ¯owing.

Fig. 4. Relative change in radial conductivity of individual vessels
expressed as a fraction of maximum conductance as a function of
increasing applied pressure (MPa). Each curve represents a different
stem sample.
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Fig. 5. Cumulative ef¯ux of gas from a pressurized vessel (distal end
blocked) versus time. Open symbols represents the situation when ¯ow
of water was present in surrounding vessels, closed symbols represent
situation when there was no ¯ow through the neighbouring vessels.

Discussion
Previous attempts to compare measured hydraulic
conductivity with values predicted from the Poiseuille
equation (MuÈnch, 1943; Tyree and Zimmermann, 1971;
Giordano et al., 1978; Woodhouse and Nobel, 1982;
Calkin et al., 1984) indicate that that the Poiseuille
equation signi®cantly overestimates the hydraulic conductivity of xylem vessels. In contrast, good agreement
was found between theoretical calculations of hydraulic
conductivity and measurements of individual vessels in
ash stems. Because ash has simple perforation plates, it
would be expected to behave like an ideal pipe. In addition, short stem segments were used to remove any effect
of water ¯ow through inter-vessel pits. This agreement was
interpreted as evidence that the single vessel technique is
capable of accurately measuring the longitudinal conductivity of individual vessels. This suggests that further
measurements using this technique will be useful in determining the additional resistance imposed by vessel endings (i.e. where water is forced to ¯ow through bordered
pits), as well as to compare the effects of different perforation plate structures, warty layers, or pit geometry
(size, ornamentation). As far as the authors are aware,
there is only one other study in which the hydraulic
properties of individual vessels were measured (Giordano
et al., 1978). They report a signi®cant discrepancy
between measurements of the longitudinal conductivity
of cucumber vessels with values predicted from the
Poiseuille equation. Although Cucurbitaceae are known
for having long vessels, the authors did not con®rm that
they were in an open vessel and thus the discrepancy
could be due to the presence of vessel end walls. It was

also noted that the single vessel technique must be applied
with great care. In particular, it was noted that in many of
these preliminary trials the capillary tips were prone to
blockage if they were not seated properly in the vessel
lumen, resulting in extremely high resistances.
The single vessel technique allows, for the ®rst time, an
investigation of factors in¯uencing radial movement of
gas and water. Water ¯ow through the lateral walls
of xylem vessels may occur through several parallel
pathways, including water movement through the thick
secondary walls and through pits connecting the vessel
with adjacent cells. The measurements made in this study
cannot distinguish between these different pathways.
The overall conductance for radial water movement in
F. americana vessels is small compared to the longitudinal conductance, although it is dif®cult to evaluate the
signi®cance of this value, as no comparable measurements
exist for single vessels in this or other species. However,
bulk values of liquid permeability in the transverse
direction through timber are similar in magnitude to those
measured in this study (Siau, 1984).
Radial speci®c conductance sets the minimum rate
of water in¯ow needed to re®ll an embolized vessel. For
re®lling to occur, water must be pumped into the gas®lled conduit at a rate exceeding leakage through the
vessel perimeter. The rate at which water would leak
through the radial walls of a 100 mm diameter vessel
subject to a pressure difference of 1 MPa between the
re®lling vessel and surrounding tissue is 1.9 e 4 mm3 s 1
per mm of vessel length. This estimate was made using
measurements of radial speci®c conductance of fully
hydrated vessels in which all lateral pathways are able to
conduct water and, thus, may substantially overestimate
water out¯ow during re®lling. Speci®cally, during re®lling, the water ¯ow through bordered pits may be blocked
by the presence of gas trapped in the pit chamber
(Holbrook and Zwieniecki, 1999).
The existence of a non-zero (;508) contact angle of
water on vessel walls and the ¯ared opening into the
bordered pit chamber should result in the formation of
a convex gas:water interface (Zwieniecki and Holbrook,
2000). Because of the high surface tension of water, this
interface will prevent water from ®lling the pit chamber
unless the threshold pressure required to expand this interface is exceeded. At present, there is no method to observe
conditions within the bordered pits of a re®lling vessel
directly. However, measurements of radial speci®c conductance in relation to applied pressure in air-dried
vessels demonstrate a step increase at ;0.4 MPa. This
value is similar to the pressure threshold calculated from
measurements of pit geometry and contact angle for
F. americana (0.3 MPa; Zwieniecki and Holbrook, 2000).
The magnitude of the change was less than had been anticipated. It is possible that the pre-treatment to remove
water from the bordered pits was only partially successful
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and thus that some fraction of the bordered pits remained
hydraulically connected to surrounding tissues.
When a vessel cavitates it is initially ®lled with water
vapour. The rate at which the lumen becomes air-®lled is
set by the rate at which air can diffuse through surrounding tissues. To reverse this process (i.e. for re®lling to
occur), all of this air must be removed from the vessel.
This presumably happens due to the existence of positive
pressures that force the gas into solution, allowing it to
diffuse away towards the edge of the stem or be carried
away with the transpiration stream. Thus, both embolism
formation and re®lling depend upon the rate at which air
can diffuse across surrounding tissues. The diffusion
coef®cient for air through stem tissues estimated in this
study is within the same order of magnitude as the diffusion of air through water (Lide, 1995). These measurements of the rate of air movement from a pressurized
vessel shows that the time needed to replace the total
volume of gas within an ash vessel is approximately
20 min under applied conditions. This measured value is
less than those estimated by the modelling study of Yang
and Tyree (Yang and Tyree, 1992). Their estimate of time
to re®ll a 50 mm diameter air-®lled vessel in a 1 mm
diameter stem (pressure within the vessel equal to 150 kPa)
was approximately 2 h (Yang and Tyree, 1992), exceeding
the time measured in this study even if corrected for the
vessel diameter and applied pressure. This does not mean
that re®lling actually takes place this fast due to limitations on the rate at which water can be pumped into the
vessel. These data, however, indicate that gas diffusion is
not a major factor limiting the rate of re®lling. It was also
found that ¯ow in neighbouring conduits increased the
rate at which gas could be lost from a pressurized vessel.
However, the effect of convection on the time needed for
gas removal was small.
In this paper, as far as is known, the ®rst direct measurements of radial hydraulic properties and gas diffusion
coef®cient estimates across the perimeter of an individual
xylem vessel are presented. This technique shows great
promise for increasing the understanding of structure±
function relations of xylem conduits. In particular, it provides a new tool for exploring the hydraulic implications
of the substantial interspeci®c variation in wood anatomy
among vascular plants (Esau, 1977; Zimmermann, 1983).
In addition, direct measurements of radial transport
properties may help in understanding the mechanism
by which embolized vessels are re®lled. Although the
estimates of radial speci®c conductance for ash suggest
that re®lling of cavitated vessels during periods of transpiration might be dif®cult due to water ef¯ux through
the vessel perimeter, more detailed studies are required to
separate water ¯ow through bordered pits from movement across the wall itself. On the other hand, estimates
of gas diffusion suggest that gas removal is not a
signi®cant constraint on the re®lling process.
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