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Summary 
The seasonal progression of xylem dysfunction from tyloses and embolism induced both by cavitation 
and frost was studied in Quercus rubra L. and Quercus alba L. branches. Vessel lengths and diameters 
were measured in current-year rings of branches of various ages. Vessels in current-year shoots are about 
the same size as those in many diffuse porous trees, but vessels in older branches are two to six times 
larger in diameter and typically more than 10 times longer. Large Quercus vessels were more vulnerable 
to cavitation than small vessels. The small vessels in current-year shoots were more vulnerable to 
cavitation than vessels of comparable size in diffuse porous species. Earlywood vessels are completely 
blocked by tyloses within a year of their formation. Tylose growth starts in winter, but the vessels are not 
fully blocked until the next summer. Many latewood vessels, by contrast, remain free of complete 
blockage for several years. In Q. rubra, loss of hydraulic conductivity in current-year shoots due to 
cavitation reaches 20% by August and > 90% after the first hard frost. Both laboratory and field 
observations confirm that the role of frost in causing loss of hydraulic conduction by embolism is much 
more dramatic in Quercus than in conifers and diffuse porous hardwoods. 

Introduction 

Interest has been renewed in the vulnerability of xylem to stress-induced dysfunction 
(Tyree and Sperry 1989). The most common kind of xylem dysfunction is an air 
embolism that interrupts water transport in xylem conduits (i.e., vessels or tracheids). 
Embolism can be induced by winter desiccation (Sperry et al. 19886) or cavitation 
events. Cavitations have been a recognized cause of xylem dysfunction ever since 
the introduction of the cohesion theory of sap ascent ascribed to H.H. Dixon (1914). 
According to the cohesion theory, water is conducted in xylem in a metastable state, 
because water pressure is subatmospheric. Cavitations are now thought to occur by 
an air-seeding mechanism; whenever the xylem pressure potential, ‘I”,, becomes too 
low, an air bubble is sucked into the xylem conduit through a pore in the conduit wall 
or through a pit membrane adjacent to an already embolized conduit (Crombie et al. 
198.5, Sperry et al. 1987b, Sperry and Tyree 1988). 

Before methods were developed to measure the vulnerability of xylem conduits to 
cavitation, it was suggested frequently that there must be a trade-off between 
efficiency and vulnerability based on conduit size. Big conduits (large diameter and 
long) were viewed as being efficient for hydraulic conduction but highly vulnerable 
to cavitation compared to small conduits (e.g., Carlquist 1977, Baas 1982 and 
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Zimmermann 1983). There is evidence that these concepts apply when comparing 
large to small conduits in a stem (Tyree and Sperry 1989). Unfortunately, these ideas 
have no support in fact when making interspecific comparisons. Vulnerability curves 
have been measured in four conifers and three dicotyledonous species to date. Three 
of the conifers that have conduits (tracheids) much smaller than the dicotyledonous 
conduits (vessels) are more vulnerable to cavitation events than the conduits of 
dicotyledonous species (Tyree and Sperry 1989). The vessel-bearing species ob- 
served so far have been diffuse porous species that are known to have smaller vessels 
than many species. Ring porous species are known to have the largest and most 
hydraulically efficient vessels in woody species. The possibility still remains that 
these very large vessels could be more vulnerable to cavitation events than all other 
conduits. 

The purpose of this study was to correlate vessel size with vulnerability in 
Quercus, one of the most common ring porous genera. Because xylem dysfunction 
in ring porous trees can be caused by tylose formation as well as by embolism, we 
have developed techniques to address both mechanisms. Ellmore and Ewers (1986) 
report that long vessels of ring porous trees become nonconductive after the first 
growing season; and the role of frost in causing this dysfunction has been suggested 
(Zimmermann 1983, Ellmore and Ewers 1986). In this study we examined the role 
of freezing on embolism formation and on the contribution of large earlywood 
vessels to hydraulic conduction. 

Materials and methods 

Most observations were conducted on Quercus rubru L. and some were repeated on 
Q. alba L. Samples were collected from University of Vermont land, Burlington, or 
from Camp Johnson, Winooski, Vermont. 

Vessel lengths were measured by Zimmermann’s method (Zimmermann and Jeje 
1981). A solution of blue pigment (a suspension of mineral crystals used to color 
Benjamin Moore3 latex paint) was diluted 100: 1 in water and passed through a 5-pm 
filter. The solution was perfused through stem segments from the apical end at a 
pressure of 2 to 2.5 MPa for 0.5 h (occasionally at 0.2 MPa for 2 h). The branches 
were dried overnight and then sectioned into segments of equal length (4 to 40 cm 
long depending on the experiment). The number of vessels filled with pigment was 
counted under a dissecting microscope for each ring in vessels > 20 pm diameter. 

Tylose blockage was measured in samples collected at weekly intervals from 
mid-March to late May 1989. Branches, 4 or more years old, were cut with pole 
pruners from Q. rubru and Q. ulbu trees and transported immediately to the labora- 
tory where they were immersed in water. Internodal segments, each 22 cm in length, 

3 The use of trade,firm, or corporation names in this publication isfor the information and convenience 
of the reader. Such use does not constitute an official endorsement or approval by the US Department 
of Agriculture or the Forest Service of any product or service to the exclusion of others that may be 
suitable. 
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were cut from internodes ranging in age from 1 to 6 years. To determine if vessels 
were embolized, the segments were perfused from the base with Congo red (1 kg 
rnm3) at a pressure of 2 kPa (20 cm water head). Previous experiments demonstrated 
that this pressure was not enough to blow air bubbles out of “open” vessels, i.e., 
vessels free of vessel ends and tyloses, so only water-filled vessels should stain with 
dye. Congo red was chosen because preliminary experiments indicated that it stained 
only pit fields of vessels, leaving most of the wood fibers and tracheids unstained, 
thereby making the counting of stained vessels easier. 

A perfusion time of 1 h should have been adequate for Congo red to travel more 
than 1 m in vessels > 20 pm diameter (Zimmermann 1983 p. 63) at the applied 
pressure gradient. After staining, the last 2 cm of segment farthest from the site of 
dye application was excised and the presence of dye was checked under a dissecting 
microscope at 50 x magnification. The remaining 20-cm-long segment was then 
perfused with water at 0.1 MPa for 0.5 h; this is enough pressure to blow air bubbles 
out of open vessels and to dissolve air bubbles in most closed vessels. The segments 
were then perfused with Congo red for 1 h at 2 kPa to stain vessels without tylose 
blockage. The stained segments were dried overnight and sectioned in the middle 
(10 cm from the site of dye application), and the number of stained vessels was 
counted in each ring under a dissecting microscope. Counts were made of earlywood 
vessels (mostly >60 pm diameter) and latewood vessels (mostly ~30 pm diameter). 

Dye uptake by the transpiration stream was measured using Congo red and 
safranin (both at 1 kg mm3) in leaf-bearing stems during the day. Stems were cut in 
one of three separate ways: (1) stems cut while immersed in dye; (2) stems cut in air 
and allowed to transpire for 5 to 10 minutes and then the basal end recut under dye 
about l-2 cm from the end; and (3) stems cut in air and allowed to transpire in air 
and then placed in dye solution without recutting. The movement of dye in the stems 
was observed by sectioning stems at appropriate locations. 

Seasonal changes in embolism were measured on stems collected at approximately 
weekly intervals from early August until mid-November 1989. Tylose studies in 
early 1989 indicated that vessels formed and functional in 1988 were embolized by 
March 1989; so, these measurements were undertaken to determine when current- 
year vessels embolize. 

Branches 3 to 5 years old (at the base) were cut with pole pruners from the crown 
of dominant Q. alba and Q. rubra trees growing at Camp Johnson. The branches 
were immediately recut under water and after a few minutes all the current-year 
shoots were recut under water. The current-year shoots were immersed in water and 
transported to the laboratory. While immersed in water, short pieces of the shoot 
(usually 4 to 6 cm long) were taken from the upper l/2 or l/3 of the shoot. The cut 
surfaces of the segments were shaved with a new razor blade, and leaf blades were 
excised leaving the petiole and half of the midrib vein attached. This both reduced 
transpiration and reduced leaks in subsequent steps. 

The level of embolism was measured by its effect on the percentage loss of 
hydraulic conductivity using a Sperry conductivity system (Sperry et al. 1987a). 
Conductivities were measured using 0.9 kg mm3 oxalic acid solution degassed under 
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vacuum for 45-60 min and filtered through a 0.22 p.m inline filter. Resaturation of 
the solution with air was reduced by storing it in a commercial “captive air” tank. 
The tank holds water in a plastic bag, which can be filled without air bubbles through 
a connecting pipe, and the bag is inside a metal pressure vessel that can be pressur- 
ized to about 0.4 MPa. The solution can be delivered under constant pressure by use 
of a compressed air tank and a pressure regulator. The source reservoir in the Sperry 
apparatus was changed to a beach ball filled with a solution free of air bubbles. The 
initial conductivity, ki, of the stem segments was measured at a pressure difference 
of about 6 kPa (not enough to blow air bubbles out of open vessels in current-year 
shoots, although enough to blow bubbles out of older shoots). The maximum 
conductivity, k,, was measured by flushing the segments for 20 to 30 min at a 
pressure of 170 kPa. Maximum conductivity was usually achieved with one flush 
and was confirmed by repeated flushes until the maximum had been reached. 
Percentage loss of hydraulic conductivity, which is a measure of the embolism level, 
was calculated from 100 (k, - ki)/&. See Sperry et al. (1987~) for other details. 

Vulnerability to cavitation is represented by a graph of percentage loss of hydraulic 
conductivity versus xylem water potential. Vulnerability was determined on current- 
year shoots and on leaf petioles of Q. rubru. Shoots 3 to 5 years old were cut from 
large trees with pole pruners and then immediately recut under water to remove the 
lower 10 to 20 cm of stem. Shoots were immediately transported to the laboratory 
and allowed to rehydrate. Usually 1 h was sufficient to raise xylem pressure potential, 
Y,, to > -0.1 MPa. The shoot was then removed from the water and allowed to 
dehydrate. Shoot xylem pressure potential was estimated by the pressure bomb 
technique on randomly chosen leaves. In most experiments, ultrasonic acoustic 
emissions (AEs) were also monitored as an indication of cavitation events using a 
model 4615 drought stress monitor (Physical Acoustics Corp., Lawrenceville, NJ). 
The ultrasonic transducer was attached to the stem (bark removed) with a spring- 
loaded clamp with a force of 30 Newtons applied to 1151 transducer (PAC, Lawrence- 
ville, NJ). Different branches were dehydrated to YX, values ranging from -1.5 to 
-4.5 MPa; once the desired ‘I’,, had been achieved, the shoot was wrapped in a black 
plastic bag to reduce transpiration and hold Y’,, at a fixed value for at least 12 h, to 
allow air to diffuse into recently cavitated vessels. At the end of the holding period, 
YXp was remeasured. Current-year shoots were cut at the base under water and left 
to rehydrate for about 0.5 h. A short segment (4 to 6 cm long) was excised from the 
upper l/2 or l/3 of the shoot, and the cut surface recut with a new razor blade. In 
other instances, entire petioles, which are 2 to 2.5 cm long in Q. rubru, were excised 
with a fresh razor blade. Percentage loss of conductivity was then measured on shoot 
segments and petioles as described above. 

Freezing-induced embolism was measured after it had been observed that frost 
seemed to induce a large increase in embolism in vessels under field conditions. 
Quercus ruhru shoots were collected and rehydrated as above. Shoot segments about 
60 cm long, including the current-year shoots, were excised under water. The shoots 
were placed in an insulated, refrigerated box so that the apical 5 cm and the basal 30 
cm of each shoot remained outside the box and approximately 25 cm of the 
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current-year shoot remained in the box. The apical and basal ends were fitted with 
water-filled tubing and source and sink reservoirs used for continuous perfusion of 
water. The temperature of the box was controlled by circulating cold ethanol through 
a heat exchanger inside the box. The temperature of the ethanol and thus of the box 
were set by a model RTE-110 bath circulator (Neslab, Newington, NH). Water 
flowed continuously through the branch under a slight tension achieved by placing 
the sink reservoir about 0.7 m below the source. The temperature in the box was 
measured by an LM335 temperature sensor attached to the stem surface and inter- 
faced to a computer that also measured the water flow rate through the stem and stem 
hydraulic conductivity as described by Sperry et al. (1987a). The shoot sections 
inside the box were taken through freezing and thawing cycles while continuously 
measuring flow rate and conductivity. 

Results 

Vessel lengths and diameters 

Vessels measured in current-year shoots were much shorter than in other parts of 
Q. rubra and Q. alba trees. When current-year shoots were cut less than a third of 
the way back from the apex and perfused with pigment, over 70% of the vessels were 
less than 4 cm long. Generally less than 10% of the vessels were more than 20 cm 
long. If more than half of the current-year shoot was excised before perfusion, then 
some vessels that extend for more than 50 cm were cut open. Representative data for 
Q. rubra are shown in Figure 1; length distributions for Q. alba were comparable and 

VESSEL LENGTH, cm 

Figure 1. Vessel length distribution in current-year shoots (leaf-bearing shoots grown in 1989). The 
y-axis for vertical bars is percent of vessels in a size class (multiples of 4 cm) given on the x-axis. The 
z-axis is used to separate different shoots on the basis of the fraction of the current-year growth excised 
prior to pigment infusion from the apex. 
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are, therefore, not shown. When 2-year-old shoots were perfused with pigment, some 
vessels extended for more than 1 m in the 1989 ring. Vessels in the 1988 ring were 
plugged with tyloses so pigment penetrated less than 5 cm in over 75% of the vessels 
(Figure 2). In larger stems, some vessels were often several meters long (data not 
shown, cf. Zimmermann and Brown 197 1). Latewood vessels, which were included 
in Figures 1 and 2, made up the majority of the vessels less than 4 cm long. Mean 
vessel diameters are shown in Table 1. In current-year shoots, there was no clear 
difference between earlywood and latewood vessels. The first-formed vessels near- 
est the pith were as small as the latewood vessels; vessels near the middle of the wood 
ring were largest. In all other rings, earlywood and latewood vessels were clearly 
distinguishable. Vessels in current-year shoots of Q. alba and Q. rubra were about 
the same, or up to 30% larger in diameter than vessels found in the third to fifth 
annual rings of Acer saccharum, Rhizophora mangle and Cassipourea elliptica 
(Sperry et al. 1988a, 1988b, Sperry and Tyree 1988, and unpublished results). But 
vessels in second-year rings of Q. alba and Q. rubra were two to three times larger 
in diameter. 

RUBRA 3 
\LBA 2 

VESSEL LENGTH, cm 

Figure 2. Similar to Figure 1 except pigment perfusions were done on 2-year-old shoots. Rubra 1 and 2 
are vessel-length distributions for two Q. rubru shoots measured in 1989 rings. Alba 1 and 2 are 
vessel-length distributions for two Q. a&u shoots measured in 1989 rings. Rubra 3 is representative data 
measured in the 1988 ring on 3-year-old shoots. These vessels are blocked with tyloses. 

Table 1. Vessel diameter (pm) in young stems of Quercus ulbu and Q. rubru. Values are means f standard 
deviation with number of measurements given in brackets. First rings refer to vessels measured in 
current-year shoots and second rings refer to vessels measured in the outermost ring of 2-year-old shoots. 

Species First rings Second rings 

Earlywood + Latewood Earlywood Latewood 

Quercus ulbu 35.8 f 10.6 (100) 79.9 xi 15.4 (50) 22.0 f 4.7 (50) 
Quercus rubru 29.1 f 6.8 (100) 79.7 k 21.5 (50) 29.1 * 6.8 (50) 
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Tylose formation 
We found no evidence of progressive tylose formation in our weekly sample collec- 
tions from mid-March to mid-May. Although intensive sampling was not continued 
into the 1989 growth season, it was clear that 1988 earlywood vessels formed tyloses 
in the 1989 growth season. During the weekly collections, virtually all 1988 early- 
wood vessels were found to be embolized (based on the first low pressure dye 
perfusion results). Subsequent high pressure perfusions demonstrated that few 1988 
vessels were blocked by tyloses, whereas most vessels more than 1 year old were 
closed by tyloses. In Figure 3, we plot the percentage of dyed earlywood vessels 
(vessels free of tyloses) on the y-axis. The years of growth of the rings are indicated 
by different symbols and the age of the internodes (i.e., number of rings) are plotted 
on the x-axis. Lines connect rings of the same age between internodes of different 
ages. With the exception of vessels in l-year-old internodes (i.e., shoots grown in 
1988), few of the vessels formed in 1988 were blocked with tyloses. But > 85% of 
the earlywood vessels in the 1987 rings were blocked by tyloses. The vessels in 
current-year shoots may have been blocked by emboli rather than tylose; the emboli 
may have been trapped in vessels that are typically less than 4 cm long in current-year 
shoots. The stems were perfused with water at 0.1 MPa for 0.5 h, which should have 
eliminated emboli. To confirm this we perfused current-year (1989) shoots at 0.1 
MPa for 0.5 h while measuring the gradual increase in hydraulic conductivity and 
confirmed that our treatment did eliminate emboli in December. So we concluded 
that tylose blockage is completed in current-year shoots by mid-winter. Tyloses were 
frequently visible under the microscope in nonstained vessels, but as tyloses gener- 
ally do not fill the entire length of the vessel, microscopic observations proved less 
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Figure 3. Percentage of earlywood vessels free of tyloses in 20 cm segment lengths (y-axis) versus 
segment age (x-axis). Lines connect rings formed in the same growth season. Rubra (open symbols) and 
alba (closed symbols) refer to Q. ruhru and Q. alha, respectively. 
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reliable than staining methods. The pattern of tylose formation in latewood vessels 
is different (Figure 4). More than 50% of the 1988 latewood vessels were plugged 
by May 1989, but tylose plugging increased slowly in older rings. Some conduction 
was still evident even in 6-year-old rings. 

Seasonal changes in embolism formation 
Seasonal changes in embolism formation were followed in the 1989 growth season 
to determine when embolisms occur. The percentage loss of hydraulic conductance 
was stable around 20% during August and September 1989 (Figure 5), but a 
significant increase to 60 or 70% occurred after the first hard frost, and a subsequent 
increase to > 95% loss of conductance occurred after the second hard frost. Dates of 
subzero temperatures at the Burlington International Airport (about 1 km from the 
collection site) are indicated on Figure 5 by arrows together with the minimum 
temperatures reached. During these frost events, leaves were still on the trees so the 
xylem pressure may have been subatmospheric. It is well known that air bubbles 
come out of solution during freezing of xylem water (Ewers 1985); so, if the water 
was under tension, a large drop in conductance might have occurred. 

Freezing-induced embolism was confirmed under laboratory conditions in a few 
experiments. The results of one representative experiment are shown in Figure 6. At 
time zero, the bath circulator was set at -30 “C and the temperature measured on the 
surface of the stem began to fall. At the point marked “E,” the brief temperature 
increase marks the onset of the freezing exotherm and the stem conductivity fell to 
nearly zero. Because the xylem pressure potential was controlled in the unfrozen 
stem apex and base at approximately - 10 to - 17 kPa during the entire experiment, 
the air bubbles formed on freezing expanded when the box was again warmed. The 
start of the warming phase is marked “W” in Figure 6. The stem never returned to 
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Figure 4. Similar to Figure 3 but for latewood vessels. 
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Figure 5. Seasonal change in percentage loss of hydraulic conductance due to embolism in Q. rubra (open 
symbols) and Q. alha (closed symbols). Numbers on x-axis refer to Julian day of year. Arrows indicate 
the approximate date of subzero minimum temperatures and the numbers next to the arrows indicate 
temperature. 
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Figure 6. Change of hydraulic conductivity of stems (Q. rubru) verms time during a freeze-thaw cycle. 
“IV indicates the conductivity (left y-axis) and “T” indicates the stem temperature (right y-axis). On the 
temperature plot, “E” marks the freezing exotherm and “w” the beginning of the rewarming. “FLUSH” 
indicates the 0.5-h period when air bubbles were dissolved by flushing the stem with degassed water at 
170 kF’a pressure head. 
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the original conductivity until after a positive pressure flush. 

Vulnerability to cavitation 
Vulnerability to cavitation of current-year shoots and petioles is shown in Figure 7. 
The minimum percentage loss of conductivity averaged about 20%. Higher losses 
did not occur until ‘I”,, fell below -2 MPa. This is probably because shoot Y’,, 
typically reached minimum values of -2 MPa during the summer. Vulnerability 
curves for petiole and current-year shoots were similar, except for the petioles that 
had been exposed to the first frost on October lo,1989 (solid squares), which all had 
higher embolism values. Vulnerabilities could not be measured in older stems 
because stems had to be cut longer than the longest vessel, and in older stems this 
meant that we would have to dehydrate stems several meters in length. The vulner- 
ability curve shows a 50% loss of hydraulic conductivity at ‘I”, = -2.5 MPa 
indicating that Q. rubra is more vulnerable than Acer saccharum, which does not 
reach 50% loss of conductivity until ‘I”,, = -3.8 MPa. The vulnerability of Q. rubra 
is about the same or less than that of two conifers, Abies balsamea and Tsuga 
canadensis (Tyree and Sperry 1989). 

Loss of hydraulic conductivity and the onset of ultrasonic AEs is not correlated in 
Q. rubra. Figure 8 is representative of many replicate experiments. It was common 
to find many ultrasonic AEs as excised branches 1.5 to 2.5 m long were dehydrated 
from 0 to -2 MPa, but the percentage loss of conductivity stayed at 20% whether the 
shoots were rehydrated overnight to Y’,, = 0 MPa and sampled or dehydrated to 
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Figure 7. Vulnerability of Q. rubra stems and petioles to loss of hydraulic conductivity due to embolism. 
The y-axis is the percentage loss of conductivity IWSUS the water potential (on the x-axis) to which 
excised shoots were dehydrated. Petioles collected after October 10, 1989 (0) had a higher level of 
embolism due to the frost event of the night preceding the collection date compared with petioles 
collected two days earlier before the frost (m). 
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Figure 8. Effect of repeated dehydration on acoustic emissions (AEs). Positive times on the x-axis give 
the time since the beginning of the dehydration period for both dehydration events; negative times 
indicate rehydration after the first dehydration. The rate of AEs (10 min running means) are indicated by 
solid and dashed lines without symbols for the first and second dehydration, respectively. Water 
potentials, ‘I”,,, are indicated by solid lines with open and closed circles for the first and second 
dehydration, respectively. After 2.8 h of the first dehydration, ‘I”,, had reached -3MPa; the shoot was 
covered in a plastic bag to reduce transpiration and the rate of AEs declined. After 20 h, the water 
potential had changed little as indicated by the reading at -1.5 h (closed circle). The negative times 
(closed circle) indicate a 1.5-h period of rehydration after the base of the shoot was placed in water 
(without recutting the stem). At time zero the second dehydration began. Fewer AEs were found on the 
second dehydration but once ‘I”,, had fallen below the previous low (-3 MPa at 3.2 h during the second 
dehydration) more AEs were observed. 

-2 MPa before sampling of current-year shoots. In the first dehydration in Figure 8, 
the shoot was dehydrated to Y,, = -2.8 MPa and then placed in a black plastic bag 
at the time marked “B.” The rate of AEs recorded fell to nearly background levels 
soon after the shoot was placed in the bag and YXr, remained at -2.8 MPa for 20 h. 
The shoot was then recut under water (removing only 2 cm of the base of the stem) 
and the leaf YX, recovered to nearly 0 MPa within 1 h (see closed circles on the 
negative part of the time scale). On the second dehydration there was still significant 
AE activity (but less than before) as YXp fell from 0 to -2 MPa. The rate of AEs fell 
to a low value for YX, between -2 and -2.8 MPa then resumed again at lower water 
potentials. If the AEs between 0 and -2 MPa indicated cavitation, this may have been 
confined to wood fibers or the smallest latewood vessels and wood tracheids. In any 
case, cavitation, if it occurred was evidently insufficient to cause a measurable 
decline in hydraulic conductivity. 

Although individual xylem tracheids do not contribute much to water conduction, 
collectively the vast number of these small tracheids and vessels may have an 
important influence on the water balance of Quercus species. This idea is supported 
by the results of some preliminary experiments which were as follows. Several 2- to 
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5-year-old Q. rubru branches were cut by pole pruner during bright sunny days and 
allowed to dehydrate in the air for 5 to 15 minutes. The lower 1 to 2 cm of wood was 
then recut under water and the branches left to transpire for 2 to 12 h in direct 
sunlight. Branches were placed in either Congo red (which primarily stains early- 
wood vessels) or safranin (a general stain) for most of the transpiration period. In 
some instances, the ultrasonic AE detector was attached during the transpiration 
period. Near the end of the transpiration period, leaf water potentials were measured 
and the stems were cut into sections to determine the movement of dye and some 
were cut under water to check for air bubbles in the larger vessels. Our observations 
were as follows. (1) Large vessels were filled with air and Congo red traveled in 
earlywood vessels only a few cm consistent with capillary rise. (2) Leaf water 
potentials remained between -0.1 and -0.2 MPa. (3) AEs did not exceed background 
rates. (4) Safranin traveled throughout the small vessels and tracheids of the 1989 
ring and through much of the latewood vessels of the 1988 ring. (5) High rates of 
transpiration (1.2 to 2.5 x 10m4 kg s-’ mw2) were measured by rate of water uptake 
and from some occasional measurements made with a Li-Cor steady state porometer. 
Because earlywood vessels were quite long and probably embolized over their entire 
length, and because the leaf water potentials and transpiration were high, this 
indicates that the smallest vessels and tracheids were quite efficient conductors of 
water over distances of 1 m or more. Successive dehydration experiments like those 
of which results are shown in Figure 8 also demonstrated that substantial water 
uptake could occur when stems are returned to water without recutting them under 
water (data similar to those in Figure 8). Although the dehydrations were performed 
under low-light laboratory conditions, water uptake was always sufficient to return 
leaf ‘-PXp to > -0.1 MPa within 1 h. Before rehydration, leaf ‘I”,, was always < -2 
MPa and therefore all cut vessels must have been fully embolized. To account for the 
observed rehydration, we conclude that numerous short tracheids at the cut base of 
the stem must rapidly refill with water and become functional again. Water transport 
in minor vessels and tracheids of Quercus species clearly deserves further study. 

Discussion 

Vessel diameter in l- to 2-year-old stems of Q. rubru and Q. alba was only a half or 
a third the diameter of vessels in main stems, which are typically 200 to 300 pm in 
diameter based on our observations (unpublished) and previous observations (Zim- 
mermann and Brown 1971 p. 195, Akachuku 1987). Fortunately vessel lengths in 
current-year shoots were < 20 cm, allowing us to impose negative xylem YX, by 
dehydrating excised shoots. If vessels had extended from the boles throughout the 
current-year shoots, it would have been necessary to dehydrate whole trees to 
establish vulnerability curves. 

Tyloses begin to form in many trees at the end of the growing season (Zimmer- 
mann 1979) and can begin to form within a day in Q. alba in response to wounding 
(Meyer 1967). Our results show that tylose growth is not enough to block earlywood 
vessels completely in undamaged wood until the next growth season; although others 
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report tylose growth is complete by December (Fujita et al. 1978, Zimmermann 
1983). Our results suggest that the life history of Quercus vessels can be summarized 
by the following sequence: growth in early spring; functional water conduction until 
early fall with a loss of perhaps 20% of water transport capacity by August; irrevers- 
ible embolism of vessel by the first hard frost in fall; and gradual growth of tyloses 
until the vessels are completely blocked by the following summer. The presence of 
air embolism before tylose growth seems to be an absolute requirement (Klein 1923). 

We were surprised to find a 50% loss of hydraulic conductivity in current-year 
shoots at a Y,, of -2.5 MPa. We did not observe such negative values of Y,, under 
field conditions (unpublished), but our measurements were not very extensive. 
Others have reported Y’,, values reaching -3 MPa in Q. alba (Hinckley and 
Bruckerhoff 1975, Hinckley et al. 1979) and predawn values of -2.8 MPa for Q. 
rubra and Q. alba (Parker et al. 1982). This seems to indicate that there is little 
margin of safety against catastrophic loss of hydraulic conductivity in these species. 
Two alternative possibilities must be considered. (1) The Missouri provenances 
studied in the above papers may have been less vulnerable to cavitation than Vermont 
provenances, which are rarely exposed to the drought common in Missouri. (2) Our 
samples may have been made more vulnerable as a result of excision. Normally, in 
intact trees, air emboli would be sucked in through vessels opened in recently 
damaged leaves and twigs, e.g., damaged by insects, wind, hail, etc. If the pit 
membranes at the apical extremities have smaller pores than the pit membranes 
exposed by excising branches, then (according to the air-seeding hypothesis) intact 
trees would be more able to withstand drought-induced embolism than would 
excised branches. These possibilities deserve more study. It should be emphasized, 
however, that the small earlywood vessels in current-year wood of l- to 2-year-old 
twigs of Q. rubra are no more vulnerable to water stress-induced embolism than the 
tracheids of two species of conifers (Tyree and Sperry 1989), so the vulnerability 
cannot be attributed to the diameter of the vessel lumena. 

The role of frost in causing embolism in Quercus is unusually significant. The 
onset of frost does not cause much embolism in Acer saccharum (Sperry et al. 
1988b), or in several other conifers and northeastern hardwoods (Sperry, personal 
communication). Embolism becomes quite extensive during prolonged periods of 
subzero temperatures because of winter desiccation, but this is the first time we have 
seen extensive embolism resulting from a relatively brief frost. This may be due to a 
combination of factors. Some stems undergo pressurization during freeze-thaw 
cycles (Hammel 1967, Sucoff 1969, Tyree 1983, Johnson et al. 1987) and this could 
prevent bubble formation or the growth of bubbles. An alternative explanation is that 
the size of bubbles formed during a freeze depends on the diameter of the conduit 
and that large bubbles take a long time to dissolve and thus are more likely to be 
enlarged by tensions induced by transpiration after the thaw (Ewers 1985). This 
would make many ring-porous trees particularly vulnerable to frost-induced embo- 
lism. 
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Vulnerability to air embolism of three European oak
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Summary &mdash; The vulnerability to water-stress induced cavitation and the petiole leaf specific con-
ductivity (LSC) have been studied on excised branches of Quercus petraea, Q pubescens, Q robur
and Q rubra. Seasonal evolution of xylem embolism in the petioles and twigs of mature Q petraea
has been followed together with increasing soil water deficit. Field experiments showed that Q pe-
traea suffered from embolism damage in both petioles and twigs after heavy drought. Large differ-
ences in terms of vulnerability to cavitation and LSC have been found between species. Q pubes-
cens presented the highest LSC and the lowest vulnerability together with Q petraea. Q robur was
found to be more vulnerable than Q petraea although with comparable LSC. Q rubra was the most
vulnerable species and exhibited the lowest LSC. It was concluded that these species could be clas-
sified according to how their hydraulic mechanism is conceived to resist cavitation events : Q pubes-
cens was the most resistant followed in order by Q petraea, Q robur, and Q rubra. Results are dis-
cussed in terms of plant segmentation and drought resistance.

Quercus spp = oaks / xylem cavitation / hydraulic architecture / hydraulic conductivity /

drought resistance

Résumé &mdash; Vulnérabilité à l’embolie de trois espèces de chênes européens (Quercus petraea
(Matt) Liebl, Q pubescens Willd, Q robur L). La vulnérabilité à la cavitation induite par stress hy-
drique et la conductivité spécifique foliaire (LSC) ont été étudiées sur des branches excisées de
Q petraea, Q pubescens, Q robur et Q rubra. L’évolution saisonnière de l’embolie xylémienne des
pétioles et des tiges de Q petraea adultes a été suivie au cours de l’établissement d’une sécheresse
édaphique. L’expérimentation en conditions naturelles a montré que l’on pouvait induire de l’embolie
dans les pétioles et les tiges de Q petraea après une sécheresse. De grandes différences en terme
de vulnérabilité à la cavitation et de LSC ont été trouvées entre les espèces. Q pubescens présente
la plus grande LSC et, avec Q petraea, la plus faible vulnérabilité, Q robur est plus vulnérable que
Q petraea bien que sa LSC soit comparable. Q rubra est l’espèce la plus vulnérable et celle qui
montre la plus faible LSC. A la suite de ces résultats nous arrivons à la conclusion que ces espèces
peuvent être classées selon leur résistance à la cavitation : Q pubescens est le plus résistant suivi

* Correspondence and reprints



dans l’ordre par Q petraea, Q robur et Q rubra. Ces résultats sont discutés en termes de segmenta-
tion de l’appareil conducteur et de résistance à la sécheresse.

Quercus spp = chênes / embolie / cavitation / architecture hydraulique / conductivité hydrauli-
que / résistance à la sécheresse

INTRODUCTION

After the exceptional drought that occurred
in France in 1976, significant dieback

symptoms were noticed in mid European
oak trees. Preliminary observations
showed that, in mixed stands, only one
species, Quercus robur, was declining
(Becker and Lévy, 1982) whereas the

closely related species Q petraea was
more drought-resistant. Another related

species, Q pubescens, is mostly found in
Southern Europe where severe drought
develops every summer. The subgenus
Lepidobalanus section robur (Krüssmann,
1978), which includes all the above spe-
cies, thus exhibits very different responses
to water stress. Since 1976, a number of
ecological studies have been undertaken
to determine the mechanisms of this

drought related dieback (eg Guillaumin et
al, 1983; Dreyer et al, 1990; Vivin et al, un-
published data), but no striking differences
have yet been found between Q robur and
Q petraea that could explain their ability to
support or not support water stress.

The vulnerability of the xylem to cavita-
tion and air embolism has been examined
in a number of recent studies (eg Tyree
and Sperry, 1989; Sperry and Tyree,
1991). Large differences in susceptibility to
cavitation and hydraulic architecture have
been found between species. In most of
these species, embolism was likely to de-
velop during severe drought. The main
consequence of embolism formation in the

conducting tissue is an increase of resis-
tance to water flow along the sap pathway.

The water relations of the whole tree might
thus be seriously affected and crown des-
iccation be predictable. The vulnerability of
the European oak species to cavitation is
undocumented and the possible implica-
tion of xylem dysfunctions due to air embo-
lism in oak decline is a feasible hypothesis.

In order to investigate this hypothesis
we compared the susceptibility to drought-
induced air embolism and the hydraulic
properties of Q petraea, Q pubescens and
Q robur. Vulnerability curves (VC), the rela-
tions between water potential and the ex-
tent of embolism in the xylem, were ob-
tained by drying out excised branches

using 2 different techniques. We also com-
pared these laboratory experiments with
the natural development of embolism in
mature Q petraea trees submitted to artifi-
cial water shortage.

MATERIALS AND METHODS

Vulnerability curves

For each species, VCs were obtained from 2-4-
year-old branches excised from mature trees
growing on open areas at the INRA station, near
Nancy, eastern France. Q robur and Q petraea
were 2 native trees, and Q pubescens was a
planted specimen originating from southern
France. Some experiments were also conducted
on a planted Q rubra. Branches were collected
in the morning with pruning on the southern part
of the trees, they were then recut under water
and rehydrated for about 1 hour. Two methods
were used to induce embolism in the xylem:



- for each species, several branches were first
dehydrated using the traditional method by dry-
ing them on a laboratory bench over a variable
period of time. Increasingly stressed branches
were thus obtained, with water potentials rang-
ing from -2 to -5 MPa;
- other branches excised from the same trees
were enclosed in a large pressure chamber,
pressurized to 2-4 MPa until the pressure equi-
libria of the samples were obtained. At this point
the pressure was slowly released down to at-

mospheric pressure. With both techniques the
branches were then kept overnight in a plastic
bag in order to induce pressure equilibrium and
air diffusion into the cavitated vessels. Before

cutting segments for embolism measurement,
samples were soaked undel water for at least
half an hour in order to release xylem tension.

Embolism was estimated via its effect on loss
of hydraulic conductivity (Sperry et al, 1988).
Embolism was evaluated in the terminal part of
the current-year twigs and in the petioles. Embo-
lism of the samples dehydrated in the pressure
chamber was analyzed only in the petioles. On
each branch, usually 15 samples (8 leaves and
7 twigs) 2-3 cm long were cut under water with
a razor blade. When the petioles were less than
2 cm long, the leaf blades was detached, the
samples thus containing part of the mid rib. Hy-
draulic conductivity was measured by perfusing
samples with a 65-cm head of degassed dis-
tilled water containing 0.1% of HCl (pH = 2).
Conductivity was restored by repeated flushes
of perfusion solution pressurized to 0.1 MPa. A
20-min flush was usually sufficient to fully resat-
urate the samples, but a second flush was per-
formed to confirm the previous value and to de-
tect any plugging of the xylem during the flush.
The leaf area was measured for Q petraea and
Q robur, and occasionally for Q pubescens and
Q rubra.

Natural development of embolism

Field experiments have been conducted in a 30-
year old stand of Quercus petraea in the forest
of Champenoux near Nancy, eastern France.

Average height of the stand was 15 m in 1990
and estimated leaf area index 6 (Breda et al,
1992). Two representative plots of 4 trees each
were selected for measurements. One of the

plots was maintained in a well hydrated condi-
tion by successive irrigation throughout the sum-
mer. The second was submitted to a water

shortage by digging a 1.2-m deep ditch around
the plot and covering it with a watertight roof. In
both plots, a 15-m scaffolding enabled direct

sampling from the crown of the trees. Air tem-
perature at the crown level was measured con-
tinuously with a platinum probe. On a weekly ba-
sis, midday leaf water potential of all the trees of
the 2 treatments was measured with a pressure
chamber. All the measurements were performed
on sunny days. From the beginning of June
1990 to late December 1990, 1-3-year-old
branches were periodically cut from the crown of
the same trees with pruning shears. One-year-
old branches were immersed in water before

cutting. Preliminary observations showed that
no significant embolism was induced in the peti-
oles and in the apical parts of the twigs by
cutting the samples in this manner. Samples cut
early in the morning were brought to the labora-
tory in air-tight bags and allowed 0.5 h to rehy-
drate, soaked under water before measure-

ments were taken. On each branch, embolism
was measured in 10 randomly chosen leaves,
and in all the terminal parts of the current year
twigs (1-10 samples; average 5). Embolism was
measured as described for vulnerability curves.
A VC was also established on the petioles of a
control tree by means of the pressure chamber
dehydration technique.

RESULTS

Vulnerability curves

Within-tree (twigs versus petioles) varia-
tions of vulnerability to embolism are

shown in figure 1 for the 3 studied oak spe-
cies. We have also replotted on the same
graph data obtained on Q rubra by Co-
chard and Tyree (1990). Although VCs of
petioles and twigs were similar, at low wa-
ter potentials embolism was significantly
more developed in the petioles than in the
twigs. In figure 2 we plotted, on the same
graph, the VCs of the 4 species for both



petioles and twigs. Significant differences
were found between species. Q rubra was
the most vulnerable species: embolism de-
veloped when water potential was less
than -1.5 MPa and 50% loss of conductivi-

ty was noted for potentials around -2.4
MPa. The 3 European species exhibited a
similar water potential threshold needed to
induce significant loss of hydraulic conduc-
tivity (around -2.5 MPa) but the develop-
ment of embolism was much greater in
Q robur than in the 2 other species. We
noted 50% loss of conductivity at a water
potential around -2.7 MPa for Q robur as
compared to -3.3 MPa for the 2 other spe-
cies. VCs of Q petraea and Q pubescens
were similar.

The comparison of VCs of petioles
showed that the 2 methods used to dehy-
drate samples (air versus pressure cham-
ber) were not significantly different (fig 3).
This also pertained to Q rubra although the



2 curves were respectively obtained on
North American and European grown trees
for air and pressure-chamber dehydrated
branches.

The relationship between the leaf area
and the hydraulic conductivity of the peti-
oles (leaf specific conductivity, LSC) is
shown in figure 4. Quercus rubra exhibited
the lowest LSC and Q pubescens the high-
est. Q robur and Q petraea were similar.
For any given leaf area, the LSC of Q pu-
bescens petioles was approximately 2

times higher than the LSC of Q petraea or
Q robur and 5 times higher than Q rubra.

Natural development of embolism
in Q petraea

Figure 5 shows the seasonal progression
of minimum water potential of Q petraea



for the control and the dry treatments. Min-
imum water potentials of the control trees
did not fall below -2.5 MPa at any time.
Since the onset of the drought period
(when the plot was covered with the roof)
and up till rehydration (23/8/1990) the
minimum water potential of the stressed
trees kept decreasing down to a minimum
of -3.4 MPa. After rehydration following
the dry treatment, water potentials of both
plots no longer differed.

Seasonal progression of embolism in

the petioles and the twigs for both treat-
ments is shown in figure 6. From the be-
ginning of June to late October, we found
no significant increase in the percent loss
of hydraulic conductivity in the control
trees (stable value around 10%). Embo-
lism in the dry treatment developed signifi-
cantly at the end of July and reached a
maximum just before rehydration. There
was a large variability in terms of percent
loss of conductivity within the trees of the
dry plot. One tree seemed more affected
by the water shortage than the others. The

loss of conductivity was around 50% for
this tree as compared to 15-30% for the 3
others. After rehydration, embolism re-

mained constant for all stressed trees.
Loss of hydraulic conductivity for the same
tree was usually slightly lower in twigs than
in the petioles but followed the same trend
throughout the seasons. Embolism in all

trees, and in all parts of these trees, in-
creased drastically at the beginning of No-
vember following the first frost (-2.6 °C) re-
corded in the stand. This frost-induced
embolism in Q petraea is comparable to
what has been observed by Cochard and
Tyree (1990) in north-eastern America in
Q rubra and Q alba.



The VC of one of these trees is shown
in figure 3a (open circle). No differences
were found between this forest-stand-

grown tree and the open-area-grown tree.

DISCUSSION

Vulnerability curves obtained with oak
branches dehydrated in a pressure cham-
ber were very similar to those acquired
with twigs dehydrated on a laboratory
bench. The same agreement was found in
walnut petioles (Juglans regia) (Cochard et
al, unpublished data), on 2-4 year-old con-
ifer branches (Abies alba) (Cochard,
1992), and in the current year twigs of 2
diffuse-porous species (Salix alba and

Populus deltoides; Cochard et al, 1992).
Two hypotheses might be considered re-

garding the mechanisms of embolism for-
mation in pressure-chamber dehydrated
branches. Air might be sucked inside a
vessel during the decompression phase
while tension develops in the xylem, or air
might be pushed inside the vessels while
the pneumatic pressure rises. The relative
pressures that develop at the water-air
meniscus are in both cases of the same or-
der of magnitude and would have the
same consequences on embolism induc-
tion.

Zimmermann (1983) introduced the

principle of plant segmentation stating that
embolism should develop first in the termi-
nal part of the trees (ie, leaves and small
branches), thus preserving the bole and
the main branches from embolism dam-

age. This segmentation is determined by
the hydraulic architecture of the tree, ie by
the leaf specific conductivity of xylem,
which determines the water potential drop
along the sap pathway, and also by the
vulnerability of the different organs (Tyree
and Ewers, 1991). Petioles of Quercus pe-
traea are slighly more vulnerable than its

twigs and are submitted to lower water po-
tential so we might expect the petioles to
cavitate first. An experimental confirmation
of this segmentation can only be obtained
on intact drying trees, because the water
potential drop along the conducting tissue
will not be modified. Results from the field
experiment have confirmed that embolism
is more developed in petioles than in twigs,
but we must conclude that the segmenta-
tion of Q petraea was not sufficient to pre-
serve the twigs from any embolism dam-
age.

Although the vulnerability of species to
air embolism is only starting to be docu-
mented, oak species might be qualified as
rather "resistant" species as compared to
some pioneer trees like Salix alba (Co-
chard et al, unpublished data), Populus
tremuloides (Tyree et al, 1992), or Schef-
flera morototoni (Tyree et al, 1991) whose
vessels cavitate between -1 and -2 MPa.
VCs are usually obtained from one single
tree so we might question their representa-
tiveness. In this study we found that 2 Q
petraea trees, one growing in a forest

stand, the other in an open area, exhibited
very comparable VCs. Furthermore, the
VCs of 2 Q rubra trees from 2 different
continents were also similar. In the light of
these results, it seems that trees growing
in climatically comparable areas exhibit

only little variation in VCs. But it is conceiv-
able that species with large amplitude of
ecological habitats (mesic to xeric) also
manifest intraspecific differences in their
VCs. The relations between the hydraulic
architecture of a species and its growing
conditions deserve further study.

It has recently been proposed that the
risk of xylem dysfunction due to cavitation
events may determine the stomatal behav-
ior of a plant and its ability to resist drought
(Jones and Sutherland, 1991; Tyree and
Ewers, 1991). The limitation of xylem em-
bolism in a plant can both be physiological



(low transpiration rate due to stomatal clo-
sure or leaf fall) or hydraulic (low vulnera-
bility, high LSC) or more likely a combina-
tion of these features. Our results on oak

species have shown significant variations
of vulnerability to cavitation and LSC be-
tween species. The LSC was measured in
this study only in the petioles, so only pro-
visional conclusions can be advanced. But
it has been proved (Tyree, 1988; Tyree et
al, 1991) that in woody plants the highest
drop in water potential was found in the
terminal part of the vascular system (ie,
small branches and petioles). Consequent-
ly the hydraulic design of the petioles
might be a decisive feature in characteriz-
ing the hydraulic architecture of a broad-
leaved tree. Because of its high LSC and
its low vulnerability Q pubescens minimiz-
es the risk of cavitation events in its peti-
oles. Conversely, Q rubra is the species
that is the most likely to develop embolism
in its xylem. Cochard and Tyree (1990)
found that the native level of embolism
was around 25% in the twigs of this spe-
cies even in the absence of drought. Q ro-
bur and Q petraea have the same LSC but
Q robur is more vulnerable; this species
might thus be more subject to cavitation
events.

Our results have shown that the Euro-

pean species known for being "drought-
resistant" are also those whose hydraulic
architecture seems to minimize the risk of
cavitation events in the vessels. But we
still do not have experimental confirmation
under field conditions that drought-
resistant species are cavitation-resistant.
We also do not know how embolism af-
fects the physiology of the tree and if can
be directly responsible for mortality. This is
a relevant problem for oak and other ring-
porous species whose vessels naturally
become embolised during the winter. Fur-
thermore, our results have shown that

among the species, studied, Q rubra pos-

sessed less advantageous architecture in
terms of cavitation-avoidance, although
this species was rather drought-resistant
(Vivin et al, 1992, unpublished data). We
conclude that cavitation resistance is only
part of the strategy developed by this spe-
cies to survive periods of drought. In the

light of these preliminay results, it is con-
sidered that the hydraulic architecture and
the vulnerability to cavitation of trees, and
oak particularly, deserve further study and
might have important implications in their

ability to withstand drought.
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Summary 
Hydraulic properties of xylem in seven species of conifer were studied during late winter and early spring 
1991. Vulnerability to cavitation and air embolism was investigated using hydraulic conductivity and 
acoustic techniques. Embolisms were induced in branches excised from mature trees by air-drying them 
in the laboratory. Both techniques gave comparable results indicating that they both assess the same 
phenomenon. Within a tree, vulnerability was related to the permeability of the xylem, the largest stems 
tended to cavitate before the smallest ones when water deficits developed in a branch. Interspecific 
comparisons showed large differences in the xylem water potential needed to induce significant em- 
bolism, values ranged from -2.5 MPa in Pinus sylvestris to -4 MPa in Cedrus atlantica, but these 
differences did not correlate with differences in the xylem permeability of the species. The vulnerability 
of a species to air embolism was found to be consistent with its ecophysiological behavior in the presence 
of water stress, drought-tolerant species being less vulnerable than drought-avoiding species. 

Introduction 

Conifers have successfully colonized a variety of environments ranging from hot and 
dry to cold and wet. Nevertheless, the water-conducting conduits, the tracheids, vary 
little in dimension among conifer species. Since the work of Dixon (1914) on the 
ascent of sap, it has been known that the sap is transported under tension in the 
tracheids, i.e., in a physically metastable state. The xylem water potential of conifers 
in the field varies greatly according to environmental conditions and the species. 
Aussenac and Valette (1982) reported a minimum xylem potential of -4 MPa for 
Cedrus atlantica but only -2.2 MPa for Pinus sylvestris growing in a mixed stand. 
Evidence has accumulated in the past few years that tracheids and vessels may be 
subject to xylem dysfunction, caused by embolism following cavitation induced by 
water stress (see review by Tyree and Sperry 1989). The vulnerability of woody 
plants to cavitation is poorly documented. Sperry and Tyree (1990) found large 
differences in vulnerability in a comparative study of three conifers, with the most 
drought-adapted species (Juniperus virginiana) being the least vulnerable. Vul- 
nerability profiles can be used to estimate the theoretical limits of water transport in 
the xylem (Tyree and Sperry 1989) and may provide information about the 
ecophysiological behavior of the plant. 

In this study, I investigated the vulnerability of xylem to cavitation in several 
species of conifers planted in regions of France where water stress commonly 
develops during the summer. I tested the hypothesis that species manifesting dif- 
ferent ecophysiological responses when subjected to water stress also differ in the 
vulnerability of their xylem to embolism. Embolism in trees was tested by mean of 
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two techniques, one based on acoustic detection and the other on hydraulic conduc- 
tivity measurements. Systematic comparison of these methods on the same materials 
have seldom been done and their comparability has not been demonstrated. 

Materials and methods 

Plant material 
Experiments were conducted on 5-lo-year-old branches excised from mature trees 
growing in the Arboretum of Amance, near Nancy, France (48”44’ N, 6”14’ E, 
elevation 250 m). Species were: Cedrus atlantica (Endl.) Can-., Cedrus deodara 
(Roxb.) G. Don ex Loud., Pinus sylvestris L., Picea abies (L.) Karst., Pseudotsuga 
menziesii (Mirb.) France, Abies bornmulleriana Mattf., Abies alba Mill. Specific 
experiments were performed on Picea abies var. virgata. Branches were collected 
from the crown of each tree with a telescopic pruning pole during late winter and 
spring 1991 after a moderately cold winter (minimum temperature was -8 “C). 
Preliminary results have shown that natural embolism in these trees was always very 
low during this period. 

Induction of embolisms 
Vulnerability profiles, which are represented by plots of embolism versus leaf water 
potential, were constructed by drying branches to various water potentials to induce 
embolisms ranging from 0 to 100 percent. Two techniques were used to induce air 
embolisms in the xylem. 

For all the species, air embolisms were induced by allowing the branches to 
desiccate on a laboratory bench or in a phytotron. To facilitate drying, the bark was 
occasionally removed from the proximal part of the stems, always leaving the 
segment destined for an embolism measurement intact. Leaf water potential was 
monitored at regular intervals on excised shoots with a Scholander pressure chamber. 
When a suitable xylem pressure was reached, the branches were wrapped in a black 
plastic bag overnight to stop the drying and to allow air to diffuse in the newly 
cavitated tracheids. Immediately after the cavitation events the lumen of the tracheid 
was filled with a near-vacuum gas phase that progressively equilibrated with the 
atmospheric pressure. When the branches were large enough to provide sufficient 
material, sub-branches were excised from the main branch and treated as above. 

For one species (Abies alba), a second method was used to induce air embolisms. 
Seven fully hydrated branches, about 30-40 cm long and 3-4-year-old, were each 
wrapped in a plastic bag and enclosed in a large Scholander pressure chamber. The 
pressure was increased to a specific value (between 1 MPa and 4 MPa), and 
maintained constant (within 1% of pressure probe accuracy) with an automatic 
regulator. When the equilibrium pressure was reached (after 1 to 4 hours, depending 
on the applied pressure), air pressure was released within a few minutes. As before, 
branches were left overnight wrapped in an airtight plastic bag before conductivity 
was measured. The vulnerability curves constructed from measurements obtained 
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with this method were compared to the vulnerability curves derived from measure- 
ments obtained from the routine air-dehydration method. 

Measurement of the extent of embolisms 
Two techniques were used to assess the extent of embolisms in the xylem. Air 
embolisms were first estimated by their effect on loss of hydraulic conductivity in 
the xylem (Sperry 1985, Sperry et al. 1988a). The technique is based on the 
measurement of hydraulic conductivity of samples (kg s-l m-’ MPa-‘) before and 
after repeated perfusions of 0.1 MPa pressurized solution that progressively dissolve 
the embolisms in the tracheids. Hydraulic conductivity was calculated by measuring 
the water mass flow passing through samples connected to a constant pressure 
reservoir (6 kPa). Water mass flow was measured with an analytical balance inter- 
faced with a computer, The pressurized solution was de-gassed distilled water, 
acidified with HCl (pH 2) to limit bacterial and fungal growth. The solution was kept 
in an air-free beach ball enclosed in a 0.1 MPa pressure water tank and connected to 
two 45 mm diameter, 0.2 pm in-line filters. Before measurement, the water-stressed 
branches were soaked in water for about 1 hour to relax the xylem tension. From each 
branch, 10 segments free of side-branches, 1.8-2.5 cm long and 0.05-0.5 cm in 
diameter (without bark) were excised from shoots 2 to 4(5) years old (age was not 
checked on the two Cedrus species). Samples were cut under water with a new razor 
blade, the bark was removed and the samples were fitted into 3 mm internal diameter 
Exacanal tubing connected to miniature 3-way stopcocks. Teflon tape was wrapped 
around the samples to prevent leaks. The apparatus held 30 samples at a time. After 
measurements, sample length and mean diameter were measured to calculate the 
permeability (conductivity per cross sectional area) of each sample. 

Vulnerability to cavitation was also investigated using a model 4615 drought stress 
monitor (Physical Acoustic Corp., Lawrenceville, NJ) that detects ultrasonic acoustic 
emissions (AEs). One or two 5-7-year-old branches, 1 m long, were cut from the 
same trees used for the conductivity measurements, recut under water and allowed 
to rehydrate for about 1 hour. Branches were then placed in a phytotron (25 ‘C, 40% 
relative humidity, and with the light off to limit transpiration), with the base of the 
branch still in water. An 1511 transducer (PAC, Lawrenceville, NJ) was clamped on 
a 3-year-old segment (3 to 7 mm diameter) with a constant force of 30 Newtons. For 
best contact between the transducer and the xylem, the bark was removed and the 
wood covered with vacuum grease, which also prevented superficial drying around 
the transducer. The “Acoustic Emission Amplification Gain” (dB) of the drought 
stress monitor was adjusted so that a nonsignificant number of AEs was recorded on 
a well-hydrated branch (76 dB in this study). This gain was maintained for all of the 
experiments. Other setup parameters were the default ones for the instrument. After 
a delay of about 30 min, the phytotron light was switched on (260 pmol m-2 s-l), 
and the branch was removed from the water and allowed to dehydrate until AE 
production was less than 10 AEs per minute. Bark at the base of the branches was 
occasionally removed to accelerate dehydration. The xylem water potential was 
measured with a pressure bomb on excised shoots or needles. A representative 
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Figure 1. Changes in leaf water potential and acoustic emissions during air dehydration of an excised 
Ahies &a branch that was initially waterlogged. Upper: leaf water potential (MPa); lower left: 
cumulative AE count (curve C); lower right: AE count rate in counts per minute (curve R). 

experiment is shown in Figure 1 where the time course of xylem water potential, the 
cumulative AEs and the AE rate are plotted. 

To determine the maximum distance at which cavitation events can be detected by 
the I5 11 acoustic transducer, Picea abies var. virgatu samples 1 to 10 cm long and 3 
mm in diameter, were excised from annual growth segments, debarked, centered on 
the transducer, clamped with a constant 30 Newton force and left to dehydrate until 
the AEs ceased. 

Results 

Conductivity of conifer wood 
For each species, the relationship between saturated conductivity (after refilling) and 
sample diameter, after log conversion, was linear (Figure 2) fitting the equation: 

Conductivity = lObDu, (1) 

where a and b are coefficients and D is diameter. 
The samples subjected to severe dehydration (Figure 2, open circles) had sig- 

nificantly different relationships from the less stressed samples. I was unable to 
restore initial conductivity fully in the highly stressed samples. Sperry and Tyree 
(1990) encountered the same problems in coniferous species and suspected irre- 
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Figure 2. Saturated hydraulic conductivity versus sample diameter (without bark) of seven species of 
conifers. The saturated hydraulic conductivity is the conductivity after repeated perfusions of de-gassed 
water to refill the xylem of dehydrated samples. Each point represents one sample. Scales are logarithmic 
(base 10) to account for the wide range of conductivity values. Values in the graphs indicate the threshold 
water potential below which the samples are “highly stressed” (open circles). Lines are linear regres- 
sions. 

versible pit aspiration after extreme dehydration. 
The regression curves shown in Figure 3 gave values of coefficient a of > 2 

(Equation l), showing that permeability (conductivity per cross-sectional area) 
increased with increasing cross-sectional area. Figure 3 also shows that permeability 
differed significantly among species, Cedrus species exhibited the highest per- 
meability and Pinus sylvestris and Picea abies the lowest. 

Techniques for assessing embolism in conifers 
Vulnerability to air embolisms for all species is shown in Figures 4a-g where the 
percent loss of hydraulic conductivity and the percent of total AEs are plotted against 
xylem water potential. For all species, there was a threshold water potential above 
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Figure 3. Linear regressions of data from Figure 4. Scales are linear. Equations of the curves are given 
for each species (HC = Hydraulic conductivity (kg mm1 s-’ MPa-‘), D = Diameter(m)). 

which no significant loss of conductivity could be detected or only a low percent of 
AEs was produced. Among species, there were large variations in the threshold 
potential needed to induce significant embolism in the xylem: Pinus sylvestris was 
the most vulnerable with a threshold potential around -2.5 MPa, whereas Cedrus 
atlantica was most resistant to cavitation with a threshold potential around -4 MPa, 
the other trees exhibiting similar vulnerability with threshold potentials of about 
-3 MPa. 

Within a tree, the smallest and usually youngest branches tended to be less 
vulnerable than the largest branches (cf. closed and open symbols in Figures 4a-g). 
This was particularly evident for Cedrus atlantica and Pseudotsuga menziesii. 

The vulnerability curve for Abies alba obtained with the pressure chamber techni- 
que is shown in Figure 4h. This method gave similar results for both small and large 
branches unlike the routine air-dehydration procedure, which showed increasing 
vulnerability with increasing branch size. 

When compared with the vulnerability curves obtained by the hydraulic method, 
the acoustic detection of cavitation gave similarly shaped curves but with a shift 
toward the right (i.e., toward increased vulnerability) (Figure 4, circles versus 
triangles). The threshold water potentials were similar for all species except Cedrus 
deodura, where AE production started at a water potential around -3 MPa, whereas 
loss of conductivity was only noticeable below -4 MPa. 

The effect of sample length on total AEs is shown on Figure 5. To account for size 
variations within a branch, I measured the weight/length ratio for each specimen and 
then computed the total events for a mean weight/length ratio. The x axis represents 
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Figure 4. a-g: Vulnerability profiles of several conifers expressed as percent loss of conductivity (circles) 
or percent total AEs (triangles) versus xylem water potential. Acoustic profiles were obtained on one or 
two excised branches per species. Each point represents one water potential measurement. Values next 
to the triangles in the legend are stem diameters (without bark) at the acoustic transducer location. 
Conductivity profiles were obtained by dehydrating 5-8 branches per species to a water potential ranging 
from -2 to -6 MPa. On each branch, the loss of conductivity was estimated on 10 samples excised from 
internodes. For each species, data were divided in two classes according to their diameters: above the 
median diameter value (open circles) or below (closed circles). Median diameters are indicated on the 
graphs. Lines are polynomial fits through the means, bars are 95% confidence intervals. h: vulnerability 
profiles expressed as percent loss of conductivity of Abies alba shoots dehydrated in a pressure bomb 
(pb, diamonds and dotted lines) versus routine air dehydration (air, circles and solid lines). 
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Figure 5. Recording distance of the I5 11 acoustic transducer. This distance was determined on ca. 3-mm 
diameter segments of Picea abies var.virgara of various length, debarked and allowed to dehydrate while 
clamped by their middle on the transducer. The distance on the x axis is ((sample length - transducer 
diameter (20 mm)) - mean tracheid length (1 mm))/2, negative values correspond to samples smaller 
than the transducer. They axis is the total acoustic events produced during drying. The recording distance 
is the point where the total AEs level off. Different symbols represent different branches. Lines are 
polynomial fits of the data. 

the “distance” between sample and transducer (i.e., (sample length - transducer 
diameter (20 mm)) - mean tracheid length (1 mm))/2) and so negative values 
correspond to samples smaller than the transducer. The maximum distance from the 
tracheids at which AEs could be recorded by the transducer was 2-3 cm (Figure 5). 

Discussion 

Methods for assessing embolization in wood 
The hydraulic and acoustic techniques of estimating embolisms in wood only 
provide comparable results if (1) most of the AEs recorded are produced by cells 
having conductive function (i.e., vessels and tracheids, not fibers or living cells) and 
(2) all of the conducting cells individually contribute the same amount to the total 
conductivity of the tissue. It is thus not surprising that the hydraulic and acoustic 
techniques gave similar results in coniferous species (Tyree and Dixon 1986) but not 
in hardwood species (Sperry et al. 19886, Cochard a.ndTyree 1990). Our results show 
a tendency for profiles obtained by the ultrasonic detection of cavitation to indicate 
greater vulnerability than those obtained by the hydraulic method (Figure 4). This 
difference probably reflects a sampling problem: the acoustic transducer was 
clamped on stems that were larger than the ones used to establish hydraulic profiles 
and, as the transducer recorded AEs a few millimeters around it (Ritman and Milburn 
1991), the acoustic profile only describes vulnerability to cavitation at this particular 
location. The results substantiate the validity of the ultrasonic method for use with 
conifers. The data also demonstrate that ultrasonic events are closely correlated with 
cavitation events in tracheids. 
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The good agreement between the pressure chamber and the air-drying procedures 
observed in Abies alba is also found in several other woody species, including 
ring-porous (Quercus spp.) and diffuse-porous species (Salk, Popzdus) (Cochard et 
al. unpublished observations). According to the “air-seeding” hypothesis (Zimmer- 
mann 1983), the mechanism of embolism formation is due to the breakdown of 
air-water menisci at the pit membrane when the pressure difference between both 
faces of the menisci exceeds a threshold value determined by the diameters of the 
pores of the membrane. In the pressure chamber experiment, embolisms might thus 
be induced either when tensions developed in the xylem while pressure was released 
inside the pressure chamber, or during the compression phase. Sperry and Tyree 
(1988, 1990) have shown that, in sugar maple and conifer species, embolism could 
be induced in xylem by injecting segments with pressurized air. In the present study, 
embolisms occurred as a result of air entry from tracheid to tracheid through the pit 
membrane when pressure was increased. The pressure chamber method of dehydrat- 
ing small branches is of practical interest because it is quicker than the air-drying 
procedure. This may be particularly convenient when dealing with species that lose 
their needles as soon as water stress develops. 

Variations of xylem hydraulic properties in conifers 
The xylem of conifers may be characterized by its permeability (conductivity per 
cross-sectional area) and by its vulnerability to cavitation. 

Within an annual ring, earlywood tracheids cavitate before latewood tracheids 
(Tyree et al. 1984, Dixon et al. 1984, Sperry and Tyree 1990). This phenomenon has 
also been demonstrated in wood technology studies, which have shown that the 
latewood remains permeable to fluid for longer during dehydration than the ear- 
lywood (Bramhall and Wilson 1971, Siau 1984). 

Within a tree, vulnerability of xylem also varies with stem diameter and branch 
diameter. The larger the stem or branch the higher the vulnerability. Variations in 
hydraulic properties within a tree are also correlated with variations in tracheid 
characteristics: earlywood tracheids are larger than latewood tracheids, and tracheid 
sizes increase with age and growth rate (Edwards and Jarvis 1982, Tyree 1988, Tyree 
et al. 1991). The relationship between the vulnerability of a tracheid or a branch and 
its permeability exemplifies the “efficiency versus safety” dilemma described by 
Zimmerman (1983). The most efficient conductive conduits are also the most 
vulnerable. 

Vulnerability to cavitation and xylem permeability vary among conifer species. 
Although there appears to be a trade-off between efficiency and safety when com- 
paring tracheids within a single stem or tree, this is not evident when comparisons 
are made among species. Sperry and Tyree (1990) compared Abies balsamea, Picea 
rubens and Juniperus virginiana and found that species with the lowest specific 
conductivity were also the most resistant to air embolism, whereas I found that 
although the xylem of Cedrus atlantica had a high permeability, it was the most 
resistant to cavitation of the species examined (Figure 4). 

The relationship between tracheid size and vulnerability may be related to the 



82 COCHARD 

mechanism of embolism formation. Sperry and Tyree (1988) suggested that the 
cavitation threshold in conifers is a function of pit membrane flexibility and depends 
on the anatomy of the margo’s strands. Within a tree, the flexibility of these strands 
may vary with the differentiation rate of the tracheids. Slow differentiation may 
permit more cell expansion and larger tracheids (Roberts et al. 1988) than rapid 
differentiation, thereby increasing the flexibility of the pit membrane. Among 
species, tracheids of similar size may have very different pit membrane flexibility. 

Ecophysiological importance of xylem embolism 
The water relations of some of the conifers used in this study are well documented. 
Cedrus atlantica, which has been classified as “drought tolerant,” gradually closes 
its stomata when water stress develops and so is able to maintain photosynthetic 
activity and transpiration at very low water potential (Grieu et al. 1988, Guehl et al. 
1991). “Drought-avoiding” species such as Pinus sylvestris or Abies bornmulleriana, 
close their stomata very rapidly in response to water stress, and so photosynthesis is 
reduced during the early stage of drought (Granier and Colin 1990, Guehl et al. 
1991). 

The xylem of Cedrus atlantica is able to tolerate very low water potential without 
any embolism induction, this species can thus afford to regulate its water losses 
moderately. More vulnerable species have to limit transpiration rapidly when 
drought develops (by means of stomata1 closure or even leaf fall) to maintain their 
xylem potential above the point of dysfunction. Vulnerability curves may thus 
provide information about the range of xylem tensions a species will be confined in 
and about its ecophysiological behavior when exposed to drought. 
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ABSTRACT

Loss of hydraulic conductivity occurs in stems when the water in
xylem conduits is subjected to sufficiently negative pressure. Ac-
cording to the air-seeding hypothesis, this loss of conductivity
occurs when air bubbles are sucked into water-filled conduits
through micropores adjacent to air spaces in the stem. Results in
this study showed that loss of hydraulic conductivity occurred in
stem segments pressurized in a pressure chamber while the xylem
water was under positive pressure. Vulnerability curves can be
defined as a plot of percentage loss of hydraulic conductivity versus
the pressure difference between xylem water and the outside air
inducing the loss of conductivity. Vulnerability curves were similar
whether loss of conductivity was induced by lowering the xylem
water pressure or by raising the external air pressure. These results
are consistent with the air-seeding hypothesis of how embolisms
are nucleated, but not with the nucleation of embolisms at hydro-
phobic cracks because the latter requires negative xylem water
pressure. The results also call into question some basic underlying
assumptions used in the determination of components of tissue
water potential using "pressure-volume" analysis.

Long distance transport of water from the soil through the
plant occurs via xylem conduits (vessels or tracheids). Since
the introduction of the cohesion theory of ascent of sap in
plants (6) it has been recognized that water in conduits is
under tension (negative or subatmospheric pressures, typi-
cally of-1 to -3 MPa). This means that water must remain
liquid at pressure well below its vapor pressure. In this
metastable state, vaporization or cavitation can occur in
plants subjected to even moderately low negative pressure
associated with mild water stress (21). Immediately after
cavitation, the xylem conduit begins to embolize, i.e. fill with
atmospheric gases, which diffuse from the surrounding tissue
and come out of solution from the xylem sap into the water
vapor void. The main consequence of embolism is the reduc-
tion of the hydraulic conductivity of the xylem conduits.
Methods now exist to quantify the effect of embolism on

1 Financial support was provided by Institut National de la Re-
cherche Agronomique.

hydraulic conductivity (10, 11, 13, 16). In essence, these
methods consist of measuring, under steady-state conditions,
the flux of water perfused under moderate pressure differ-
ences (2-6 kPa) across an isolated stem segment that has
been subjected to a given degree of water stress. This con-
ductivity is then expressed as a percentage of the maximum
conductivity obtained after removal of emboli by 'flushing'
water at high-pressure difference (100-150 kPa) through the
same sample. By repeating this procedure with different
samples at different I2, a 'vulnerability curve' (VC) can be
established. A VC expresses the percentage of loss of hy-
draulic conductivity versus the minimum NY experienced by
the stems.
So far, these VCs have been obtained either from excised

branches dehydrated on the laboratory bench (12, 14, 16) or
from whole tree seedlings grown and dehydrated in pots
(15). Theoretically, a pressure chamber can be used to induce
embolism without xylem tension if, as many studies have
shown (5, 12-14), the 'air seeding' hypothesis is correct.
According to the hypothesis, the "positive pressure needed
to blow air through the largest water-filled pores should be
the same in magnitude but opposite in sign to that needed to
cause embolism [during drought stress]' (21). However, the
question arises as to whether cavitation is induced only
during the release of pressure when xylem tension arises or
also during the compression phase when there is no xylem
tension.

This paper has a double purpose: (a) to test the possibility
of measuring VCs from samples dehydrated to a given '
within a pressure chamber, and (b) to test the requirement of
tension for observing decreased hydraulic conductivity by
embolisms.

MATERIALS AND METHODS

Current-year branches of willow (Salix alba L.) and eastern
cottonwood (Populus deltoides Bartr. ex Marsch.) <6 mm

2 Abbreviations: I, water potential; F, water flux (kg s-'); K,
hydraulic conductivity (kg m s-' MPa-'); PLC, percentage loss of
hydraulic conductivity; PV, pressure-volume; VC, vulnerability
curve; AP, applied pressure difference across a stem segment (MPa).
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diameter were excised from field-grown trees in September
and recut under water and allowed to rehydrate for >1 h.
Enough stem was cut from the base of the branches to ensure
that the study samples included no air bubbles sucked into
the stems after the initial cut. VCs were established by three
different methods:

(I) The traditional method in which excised branches are
dehydrated on a laboratory bench.

(II) A method in which the pressure chamber is used to
dehydrate branches to desired 's. Branches were enclosed
in a pressure chamber with the cut end protruding outside
the chamber. The pressure was increased at a rate of <5 kPa
s- until reaching a pressure ranging from 0.75 to 2.75 MPa
and maintained at the desired constant pressure until sap no
longer came out (which means the branch had reached a
balance pressure). Pressure was then released at <2 kPa s-1
to atmospheric pressure. Dehydrated branches were kept
overnight in an air-tight bag (to prevent further dehydration)
and embolism measured via its effect on loss of hydraulic
conductivity on 2 to 3 cm stem segments excised from the
main axis under water.

(III) The last method, which utilized the pressure chamber
in a different way. The aim here was to progressively com-
press a branch, as in the previous method, but without
producing tension in the xylem conduits while releasing the
pressure. One-year-old branches, about 80 cm long, were
excised under water, bent, and enclosed in a 20-cm diameter
pressure chamber with both ends protruding out of the
chamber (Fig. 1). Willow and eastern cottonwood branches
were flexible enough to be bent as in Figure 1 without
breaking. One cut end was connected to a 1.65-m water-
filled glass tube large enough in diameter to allow the free
escape of the air bubbles coming out of the cut end. This
system enabled the continuous measurement of water flux

165 cm
Water column

Cotton collector >

Pressure Chamber

Gas in/outlet

Figure 1. Diagram of equipment used to induce xylem embolism
without developing xylem tension. See text for details.

through the branch segment while the air pressure inside the
chamber was gradually increased. The water flux was meas-
ured gravimetrically by collecting, over a period of 3 to 5
min, the water coming out of the free end onto a dry,
preweighed, cotton collector enclosed in a plastic tube. The
initial flux was measured at atmospheric pressure, and then
the pressure was increased step-wise by increments up to a
maximum pressure of 2 MPa. At each pressure, the flux was
monitored until a constant flux was attained (usually after 1-
3 h). After this compression phase, the free end of the branch
was connected to a 5-cm long water-filled tube and the
pressure was released slowly (<2 kPa s-') in a step-wise
fashion in steps of 0.3 to 0.8 MPa. The 5-cm water-filled
tube permitted the rehydration of the branch from both sides
while minimizing the development of xylem tension during
the decompression. At the end of each step-wise decrease,
the water flux was again measured through the branch
segment. By repeating this procedure, the pressure within the
chamber could be reduced to atmospheric pressure without
developing tensions in the branch. Hydraulic conductivity,
K, was calculated from flux, F, and pressure drop, AlP, from
K = F/AP. The extent of embolism in the xylem was calculated
using the maximum K, Kmax, which usually occurred when
the branch was initially placed in the pressure chamber or
after the first pressure increase in the chamber. At progres-
sively higher pressures, K decreased. The percentage loss of
hydraulic conductivity, PLC, was calculated from

PLC = 100(Kmax - K)/Kmax.
At the end of each pressure-chamber experiment, the ex-

tent of embolism in the xylem was measured via its effect on
loss of hydraulic conductivity (11) on 2- to 3-cm long samples
excised under water from the main axis cut at least 15 cm
from each end.

RESULTS
In Figure 2 we show the VCs obtained by all three methods

on eastern cottonwood. The open circles are the vulnerability
data obtained by air dehydration on excised branches
(method I, reproduced from ref. 15). The open squares were
obtained by air dehydration of rooted cuttings in pots (repro-
duced from ref. 15). Open inverted triangles were obtained
by pressure-chamber dehydration in this study by method II
(pressure-chamber dehydration with xylem tension following
pressure release); error bars are SDS of means of five to six
samples. The solid circles connected by straight lines were
obtained on one branch by method III (pressure-chamber
dehydration without xylem tension following pressure re-
lease); the direction of the arrows indicate the progression of
pressure increase and decrease.

In Figure 3 we show the VCs obtained by all three methods
on willow. Data are presented as means and SD of 5 to 10
samples. Open circles were obtained by method I. Open
triangles were obtained by method II. Closed symbols con-
nected by straight lines were obtained by method III on three
excised branches.

In all experiments by method III, air continuously flowed
from both ends of the stem segments whenever the bomb
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Figure 2. Vulnerability curves of cottonwood obtained by thr
different methods. The open circles are the vulnerability dz
obtained by air dehydration on excised branches (method I; r
13). The open squares were obtained from air dehydration of root
cuttings dehydrated in pots (reproduced from ref. 13). The op
triangles were obtained by pressure-chamber dehydration in tl
study by method 11 (pressure-chamber dehydration with xylI
tension following pressure release). The solid circles connected
straight lines were obtained on one branch by method IlIl (pressul
chamber dehydration without xylem tension following pressu
release); the direction of the arrows indicate the progression
pressure increase and decrease. See text for details on the metho

pressure was above 0.1 MPa, and the rate of air flow i
creased with air pressure in the bomb. This indicated th
there were pathways for air to enter stem tissue. Whenex
air pressure exceeded about 1 MPa, K decreased in the stenr
this shows that air can enter vessels from the bon
while the pressure of the xylem fluid is positive (abo
atmospheric).
These two riparian trees are very vulnerable species. EI

bolism significantly developed when water stress in the xyle
was less than approximately -1 MPa (or when applii
pressure in methods II or III was above 1 MPa), and branch
were fully embolized at T values of -2 MPa. Branches treati
as described for method III always exhibited the same wal
flux pattern. During the compression phase, PLC was neax
constant and near zero until the applied pressure reached
threshold value around 1 MPa. Then any increase of pressu
in the pressure chamber produced significant decrease of
When pressure was released, no further loss of K was o
served. Thus, loss of K was induced only during the comprE
sion phase of the experiment. The embolism extent, measuri
on 2- to 3-cm segments excised from the central part of the
branches, was comparable to the overall loss of conductivi
(data not shown). Consequently, the loss of K was due
dissolvable embolism induced in intact vessels rather than
more permanent blockage. When compared with method
and II, method III produced similar results for both speci4
although cottonwood's VC obtained by method III tended

be shifted left on the graph (i.e. was a less vulnerable
o profile).

DISCUSSION

There are now known to be three species of trees that are
extremely vulnerable to loss of stem conductivity by cavita-
tion events: P. deltoides (this study and ref. 15), S. alba (this
study), and Schefflera morototoni (Aublet) Maguire, Steyer-
mark, Frodin (20). All three species start to cavitate at -1.0
MPa and have lost all conductivity in their stems or petioles
by -2.0 MPa. Because many other species of trees routinely
experience Ts of -1.5 to -4 MPa, this suggests that drought
resistance in the above species may be determined in part by
their vulnerability to cavitation. We would not be surprised
to find many more species as vulnerable as those listed above.

c The role of cavitation in drought resistance and habitat
preference of trees deserves more study.
Comparison between VCs obtained from branches dehy-

ree drated by pressure (method II) or by air (method I) gave
ata similar results. One of us (H.C.) already obtained such VCs
ef. using method II with conifers and both diffuse and ring-
ted porous hardwood species (2, 3) and came to the same conclu-
en sions. Therefore, we think that this method is appropriate to
his establish VCs for a large variety of woody species. This
em method has the advantage over others of being quicker and
by providing the possibility to dehydrate branches accurately to
re- given values regularly spaced over the experimental range of
ire

pressures. One can expect a good agreement between method
ds III and the other two methods only if the native level of

embolism in experimental branches is very low. In other
words, the branch should not have experienced Ts that could
have induced xylem cavitation. If this is the case, the applied

in- pressure in the pressure chamber has to be higher to induce
iat any detectable loss of K. This would lead to an underesti-
rer
ns;
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Figure 3. Same as Figure 2 for willow. Open circles were obtained
by method I; open triangles were obtained by method 11; closed
symbols connected by straight lines were obtained by method IlIl
on three excised branches.
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mation of the vulnerability of the branch. A native embolism
of about 20% is enough to explain the discrepancy between
methods III and I for cottonwood (Fig. 2). With this restriction,
this method has the advantage over the others of enabling
the establishment of an entire VC on a single branch without
the necessity of resaturating the xylem to estimate the extent
of embolism.
Our results have shown that xylem tension is not needed

to induce loss of stem conductivity. In method III, conductiv-
ity is lost while xylem fluid is at or slightly above atmospheric
pressure. Embolism was introduced into the vessels when the
air-water menisci were pushed into the vessels by positive
pressure. In method I (the traditional method), embolism was
induced by xylem tension (negative xylem pressure); in this
case, according to the air-seeding hypothesis (17, 21, 22),
emboli were sucked into the vessels through micropores in
the pit membranes separating embolized from water-filled
vessels. Because the VCs were similar for methods I, II, and
III, we feel that it is unlikely that many emboli were induced
in willow and eastem cottonwood by homogeneous nuclea-
tion or by nucleation at hydrophobic cracks (9, 17). This
follows because homogeneous nucleation and nucleation at
hydrophobic cracks require xylem tension.

This work also has potentially serious implications for the
underlying assumption in PV analysis (18, 19). The pressure
chamber is frequently used to measure the dehydration iso-
therm of leaves and shoots, from which information can be
obtained about the components of tissue I, e.g. turgor po-
tential, solute potential, cell wall elastic modulus, symplasmic
and apoplastic water contents. A necessary underlying as-
sumption is that apoplastic water content is constant during
the dehydration of leaves or shoots. Because water in xylem
conduits contributes to apoplastic water content, and because
hydraulic conductivity can change in our experiments only if
xylem water content is replaced by air, it follows that the
basic assumption that apoplastic water content is constant
during the dehydration of leaves and shoots is false.

Already, several authors (1, 4, 7) using different ap-
proaches came to the conclusion that the apoplastic water
fraction decreases with dehydration during the generation of
PV curves. However, cavitation is not the only factor involved
in that change, and, furthermore, its exact role and impor-
tance is still a matter of discussion (7, 8). The importance of
the error will depend on several factors, among them: the
relative sizes of the apoplastic volume compared with the
symplastic volume, the possibility that nonconducting dead
wood fibers may also embolize during dehydration isotherms
of plant tissue, and, obviously, the VC of the sample. If the
apoplastic volume is large and the xylem very vulnerable,
then pressure-induced embolism could introduce serious de-
viations. This error will be most in PV curves measured on
whole shoots where apoplastic water content is one-third or
more of the total water content.
Embolisms in minor leaf veins could also block water flow

from certain regions of a leaf blade, thus 'removing' (by
hydraulic isolation) progressively more symplastic water vol-
ume from the system in the course of the dehydration of the
leaf. Xylem embolism naturally occurs in air-dried branches,
but we have demonstrated that this was also the case for the
pressure-chamber technique, so only minor differences be-

tween these methods are to be expected. More work needs
to be done to determine how much error is introduced into
the estimation of the other components of tissue given the
ability of the pressure chamber to displace apoplastic water
and to isolate some symplastic volume by embolism of inter-
connecting vessels during the generation of PV curves. A
complete reevaluation of the pressure-chamber technique is
advisable in light of our results.
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