
Water availability plays an important role in
the physiology of virtually all plant species.
Low water availability is known to influence
patterns of physiological activity, distribution
of species, and competitive interactions.
Recently, the importance of xylem cavitation,
the loss of water transport capability in a
plant, has received increasing attention as an
important consequence of drought.

Xylem cavitation is a process by which
xylem elements become blocked by air, typi-
cally under conditions of low water availabil-
ity. Negative xylem pressure (Ψpx) causes the
upward movement of water from soil into the
vascular tissue of plants (Nobel 1983, Tyree
and Sperry 1988, Pockman et al. 1995). How-
ever, if Ψpx becomes very negative, as when
water availability is low, catastrophic loss of
hydraulic conductance (flow of water through
the xylem) may occur through the process of
cavitation. If the critical xylem pressure (Ψcav,
the Ψpx that can be maintained without caus-
ing catastrophic cavitation [Tyree and Sperry
1988]) is reached, an explosive phase change
(liquid water to water vapor), or cavitation,
occurs (Tyree and Dixon 1986). Embolism en-
sues as dissolved gases from surrounding tis-
sue come out of solution, filling the cavitated

vessels and blocking water flow (Tyree and
Sperry 1988). Embolized vessels cannot nec-
essarily be refilled and cause a reduction in
the capacity to conduct water. Vulnerability
curves can be constructed to describe the loss
of hydraulic conductance as a function of Ψpx.

Although cavitation is an important conse-
quence of drought in all plants, riparian plants
are thought to be less frequently harmed by
cavitation because they have access to a stable
water supply. Plants typically operate at Ψpx
near Ψcav (Tyree and Sperry 1988), but given a
stable water supply, cavitation should be infre-
quent. Riparian plants are known to have small
safety margins, the difference between Ψcav
and Ψpx, because of their presumed stable
water supply (Blake et al. 1996). However,
Populus spp., important riparian trees in the
southwestern U.S., have suffered significant
declines in the past century, and it is widely
thought that drought stress caused by anthro-
pogenic alteration of stream flow regimes has
been the primary cause of this decline (Rood
and Mahoney 1990, Howe and Knopf 1991,
Tyree et al. 1994, Busch and Smith 1995).
Increased frequency of cavitation as a result of
reduced water availability may be an impor-
tant factor limiting the establishment, growth,
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and reproduction of Populus spp. Studies
examining poplar vulnerability to cavitation
are important for understanding water rela-
tions of the species and for management of
riparian systems.

Previous studies have shown that Populus
species are extremely vulnerable to drought-
induced cavitation compared to other non-
riparian, woody species (Tyree and Ewers 1991,
Tyree et al. 1994, Pockman et al. 1995). In this
study we investigated vulnerability to cavita-
tion in Populus fremontii Wats. (Fremont cot-
tonwood), the dominant native canopy tree in
lowland southwestern riparian ecosystems. The
1st goal of this study was to construct a vul-
nerability curve for P. fremontii from a central
New Mexico population and determine if our
curve was similar to the Pockman et al. (1995)
study, the only previous study on cavitation in
P. fremontii, and to other Populus studies.
Although comparisons between studies on the
same species of Populus have been made pre-
viously (Blake et al. 1996), there are no pub-
lished comparisons of P. fremontii among pop-
ulations. The 2nd goal of this study was to cal-
culate native embolism, the percent loss of
hydraulic conductance, that has occurred in
our study population under natural conditions.
Native embolism has not been reported for P.
fremontii and may provide clues to the actual
impact of cavitation on water relations in situ;
a vulnerability curve describes only potential
consequences. Additionally, we wished to make
repeated measurements of native embolism to
determine if it increases during the growing
season. Our final goal was to calculate and
report Ψcav and the safety margin, values which
further clarify the vulnerability of this species.

MATERIALS AND METHODS

Study Site and Plant Material

Populus fremontii, a native riparian tree of
the southwestern U.S., is the predominant tree
of western prairies (Rood and Mahoney 1990).
Distributed from the western Texas/Mexico
border (Vines 1960) to the northernmost popu-
lation at Moffet Creek in northern California
(Griffin and Critchfield 1972), Fremont cot-
tonwood typically thrives in sand-gravel soils
within 4 m of the water table (Tyree et al.
1994). Thus, it is a phreatophytic species, rely-
ing on groundwater as a primary water source
(Rood and Mahoney 1990).

Our study population is located approxi-
mately 4 km east of Bernardo, New Mexico
(34°25′12″N, 106°48′7″W, 1440 m) at the
southern end of a 210-km corridor of riparian
forest along the Rio Grande, an effluent river.
Cottonwoods at our study site were 23–30 yr
of age (27 ± 1.6 yr, mean ± s). At this site P. fre-
montii is the dominant native canopy tree,
while Elaeagnus angustifolia (Russian olive),
Tamarix ramosissima (salt cedar), and Salix
exigua (coyote willow) occur in the subcanopy.

Five trees were randomly chosen and sam-
pled 3 times during June and July 1997. We
began by excising a 1-yr-old branch from the
lower canopy of each tree and transporting it
to the laboratory (<10 min transit time) in a
plastic bag to minimize cavitation in transit. In
the lab branches were soaked in water for a
minimum of 15 min (to reduce the likelihood
of inducing embolism during sample prepara-
tion), and side branches and ends were
trimmed under water to obtain a stem seg-
ment of 30 cm (Sperry et al. 1988). This proce-
dure does not dissolve emboli because the
water is not under pressure; pressurized water
is required to refill xylem. We chose 30-cm
segments because they are longer than the
longest xylem vessel, ensuring that there are
intact, or uncut, vessels present (Tyree and
Dixon 1986, Sperry et al. 1988). Although ves-
sel length was not measured in this study,
other measurements on Populus spp. suggest
that the majority of vessels are generally ≤15
cm, although vessels to 30 cm have been
observed (P. deltoides, Lo Gullo and Salleo
1992; P. balsamifera, Hacke and Sauter 1996).

Measurement of Cavitation

We utilized the air-injection method of
inducing embolism (Sperry and Saliendra
1994) to determine vulnerability to cavitation
of our study trees. The air-injection method
utilizes positive pressure to force air across pit
membranes and yields results similar to the
more traditional dehydration method which
allows air to be pulled across pit membranes
as a stem dries (Sperry and Tyree 1990). These
methods yield similar results because the
pressure required to push and the tension
required to pull air across pit membranes are
similar in magnitude. The air-injection appa-
ratus consists of a double-ended pressure
chamber, which allows induction of emboli
and measurement of conductance in the same
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system (Cochard et al. 1992, Sperry and Sali-
endra 1994), an improvement over the dehy-
dration method that requires 2 different sys-
tems. The chamber had a test gauge port for
measurement of pressure and a port connected
to a regulated compressed nitrogen tank. The
proximal end of the stem inside the chamber
was connected to a source solution used for
measuring hydraulic conductance (see below).
A T-junction and additional tubing allowed air
bubbles to escape from the stem during the
measurement process (see Sperry and Salien-
dra 1994 for a diagram of the apparatus).

Construction of vulnerability curves con-
sisted of 3 stages: (1) refilling of field-cavitated
vessels via perfusion, (2) induction of emboli,
and (3) measurement of hydraulic conductance
(K). Prior to inducing embolism, we determined
maximum hydraulic conductance (Kmax) by
refilling all cavitated vessels. This was accom-
plished by perfusion, the forcing of fluid
through the stem to dissolve emboli (Tyree et
al. 1994). We perfused the stem using a fil-
tered (0.2 µm Whatman) distilled water solu-
tion adjusted to pH 2 with HCl. This solution
prevents microbial growth that could block
water flow in xylem tissue (Sperry et al. 1988).
The fluid was forced through the stem at ≈150
kPa for 20 min by pressurizing the vessel con-
taining the solution. After 20 min K was mea-
sured (K = flow rate through stem/applied
pressure). We repeated perfusions and mea-
surements until flow had stabilized. This flow
rate was taken as Kmax.

To construct a vulnerability curve, we in-
duced emboli at air-injection pressures of
0.1–2.5 MPa and measured K, the rate of
water movement through the stem. The 1st air
injection was at 0.1 MPa, the 2nd at 0.25 MPa,
and each subsequent injection was increased
by 0.25 MPa. Air injection was performed for
10 min at each pressure. Between air injections
we measured K. We connected the proximal
end of the branch to the solution described
above and induced flow by raising and main-
taining the solution source approximately 50
cm above the stem (inducing a pressure of ≈5
kPa). Flow was allowed to equilibrate for 3
min, and then K was measured by collecting
effluent from the stem in test tubes containing
cotton. Effluent was collected for 1 min at 2-
min intervals and was then weighed. During
the measurement of K, we maintained a pres-
sure of ≈0.1 MPa in the chamber to prevent

dissolution of induced emboli. Alternations of
air injection at increasing pressure and mea-
surements of K were conducted until K = 0. 

Vulnerability curves were constructed for
each stem by plotting injection pressure
against percent loss of conductance (PLC):

PLC = 100*(Kmax – K)/(Kmax) (Eq. 1)

where K is the hydraulic conductance at a
given injection pressure and Kmax is the maxi-
mum hydraulic conductance from the perfu-
sion step (Tyree and Dixon 1986, Sperry et al.
1994).

Native Embolism 
and Water Status

Native embolism is the blockage of the
xylem present in situ. We measured native
embolism for each branch prior to induction
of cavitation. After branches were soaked and
trimmed, we connected them to the solution
source and measured K. After allowing the
flow to equilibrate for 3 min, we measured the
flow as previously described. Native embolism
was calculated as a PLC by comparison with
the perfusion flow rate (Kmax).

We measured the water status of 5 study
trees throughout June and July to determine if
P. fremontii individuals experience Ψpx that
can cause significant cavitation. Using a
Scholander pressure chamber (Scholander et
al. 1965), we measured predawn and midday
water potentials of 3 lower canopy terminal
branch segments per tree on each of 7 d.
Since pressure chamber measurements deter-
mine leaf water potential (ΨL), an adjustment
was made to calculate Ψpx. Ψpx was quantified
by calculating the mean between predawn and
midday ΨL (Alder et al. 1996). This calculation
of Ψpx is appropriate because predawn Ψpx is
≈ predawn ΨL and midday Ψpx must be above
midday ΨL but below predawn Ψpx because
the plant is transpiring at midday.

Calculation of Ψcav
and Safety Margin

The lowest water potential that does not
cause catastrophic cavitation (Ψcav) was calcu-
lated using the iterative procedure described
in Alder et al. (1996). Briefly, a computer pro-
gram was written to calculate Ψpx from tran-
spiration (E), soil water potential (Ψs), and the
vulnerability curve function (K(Ψpx)):
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E = (Ψs – Ψpx)K(Ψpx) (Eq. 2).

The program then computed the decline in K
caused by Ψpx (from a function fit to the vul-
nerability curve) and continued this loop until
a stable Ψpx was found. This program was run
at increasing values of transpiration until sta-
ble Ψpx could no longer be achieved (after
1000 iterations). The last stable Ψpx at the high-
est transpiration rate was assumed to be Ψcav.
For this analysis, Ψs was assumed to be equal
to predawn ΨL, and arbitrary values of K and
transpiration were used. These arbitrary val-
ues have no impact on final Ψcav (Alder et al.
1996). Our vulnerability curve was fit with a
3rd-order polynomial which had a coefficient
of determination = 0.98.

The safety margin, which is a measure of
proximity to water potentials that could cause
catastrophic cavitation, was calculated as the
difference between Ψpx and Ψcav (Alder et al.
1996). 

Statistical Analysis

We wished to determine if the 5 trees we
measured differed in their vulnerability to cav-
itation and native embolism, and if vulnerabil-
ity curves and native embolism changed over
time. To do so we utilized a 2-way ANCOVA
(SAS 1990). In this analysis individual was the
main effect used to test for differences among
individuals, repetition was the main effect test-
ing for differences through time, and injection
pressure was the covariate. We also tested for
differently shaped vulnerability curves among
individuals by testing for a PLC*pressure
interaction effect. Prior to this analysis, PLC
was log-transformed because of the exponen-
tial relationship between PLC and injection
pressure. We used a 2-way ANOVA to test for
differences among individuals and through time
for native embolism using the main effects
above. For each analysis type III sums-of-
squares were used in all calculations.

RESULTS AND DISCUSSION

All individuals measured in our population
had statistically identical vulnerability curves;
the individual effect in our ANCOVA model
was not significant (Table 1). Furthermore, val-
ues did not vary over time (among repeti-
tions), and individuals had the same slopes
and intercepts for their vulnerability curve

(individual*injection pressure was not signifi-
cant; Table 1). Therefore, we describe the vul-
nerability of this population with 1 composite
vulnerability curve (Fig. 1). Here, we discuss
vulnerability curves using pressure values >0
because we constructed our curves using the
air-injection technique (positive pressure).
Other studies are also discussed in this man-
ner for consistency of presentation. Cavitation
generally remained below 10% at injection
pressures up to 1.0 MPa. Between 1.0 and 1.75
MPa, the catastrophic nature of this process
became evident as cavitation increased from
10% to 75%. Complete loss of hydraulic con-
ductance occurred by 2.25 MPa. At 1.5 MPa,
50% loss of conductance occurred.

Our vulnerability curve is nearly identical
to the only other published study on cavitation
in P. fremontii (see Pockman et al. 1995). Using
a variety of methods to induce cavitation,
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TABLE 1. ANCOVA testing for differences among indi-
viduals and repetitions in vulnerability curves.

Source df F P

Individual 4 2.16 0.080
Repetition 2 2.08 0.130
Injection pressure 1 381.10 0.001

Fig. 1. Composite vulnerability curve using 3 measure-
ments on each of 5 individuals constructed from percent
loss of hydraulic conductance (PLC) as a function of injec-
tion pressure. Each datum is the mean ± s among individ-
uals. All values are positive because the air-injection tech-
nique, which used positive pressure, was utilized in vul-
nerability curve construction.



Pockman et al. (1995) constructed a curve that
showed 10–20% loss of hydraulic conductance
below 1.0 MPa, followed by a steep decline in
conductance between 1.25 and 1.75 MPa. Fifty
percent loss of conductance occurred at ≈1.5
MPa, and complete blockage was achieved by
2.0 MPa. Together, these 2 studies suggest that
little variability in vulnerability exists among
populations of this species, a result found for
other Populus spp. (Blake et al. 1996). Variation
in vulnerability among populations of Quercus
rubra has, however, been observed (Tyree et
al. 1992).

Other cavitation studies on the genus Popu-
lus have found similar vulnerability curves.
Tyree et al. (1994) constructed vulnerability
curves on Populus spp. from southern Alberta,
Canada. Vulnerability curves of P. balsamifera
and P. angustifolia were most similar to our
samples, with little embolism below 1.0 MPa,
followed by a rapid decline in hydraulic con-
ductance and complete blockage by air above
2.25 MPa. Fifty percent loss of conductance
was achieved at 1.7 MPa. However, P. deltoides
was significantly more vulnerable, with 50%
loss of hydraulic conductance occurring at 0.7
MPa.

Other Populus spp. have more resistant
xylem. Sperry et al. (1994) constructed vulner-
ability curves for P. tremuloides, showing 50%
loss of conductance from 1.5 to 3.5 MPa. Popu-
lus tremuloides occurs at higher elevations
than P. fremontii (Elmore and Janish 1976). Its
greater resistance to cavitation compared to
our individuals likely reflects its exposure to
freezing winter conditions. These results sug-
gest that there can be variation in vulnerabil-
ity to cavitation among species within a genus.
This variation is likely related to environmental
conditions experienced by individual species.

Native state embolism was not significantly
different among individuals or repetitions with-
in this population (P = 0.590 and P = 0.780,
respectively). Native state embolism measure-
ments on individuals ranged from 19% to 42%

with a mean of 30%. We did not observe statis-
tically significant changes in native state embo-
lism over the course of this study, although
embolism was highest in early July, the period
with lowest water potential (Table 2). Addition-
ally, our observation that native state embo-
lism decreased in late July from the early July
maximum suggests that limited refilling of
embolized vessels may be possible, a phenom-
enon that has been recently described in sev-
eral species (Canny 1997, McCully et al. 1998).

The native state embolism we report is low
and less variable compared with other studies:
30–90% in P. deltoides, 20–75% in P. balsam-
ifera, 20–50% in P. angustifolia (Tyree et al.
1994) and ≥50% in P. tremuloides and P. bal-
samifera (Sperry et al. 1994). These differ-
ences could arise from the timing of our study
(June through July), conditions during 1997,
or different adaptations to local conditions;
additionally, they may suggest that our site
experiences less water stress than those used
in other studies.

Our leaf water potential (ΨL) measurements
suggested that conditions stressful enough to
result in significant in situ cavitation occurred
on a regular basis. Predawn ΨL was essentially
constant at –0.5 ± 0.02 MPa during the period
of measurement. There was, however, greater
variation in midday ΨL values, ranging from
–1.27 MPa to –2.23 MPa (mean = –1.7 ± 0.06
MPa). Ψpx, as estimated from the average 
of predawn and midday ΨL, was –1.1 MPa.
Similar predawn and midday ΨL values have
been observed in numerous studies on ripar-
ian tree physiology (Pallardy and Kozlowski
1981, Pezeshki and Hinckley 1982, Schulte et
al. 1987, Tyree et al. 1994, Alder et al. 1996). It
is likely that this pattern of plant water status
is a general characteristic of riparian trees and
may be caused by either little physiological
control over water loss or a common midday
ΨL set-point that induces stomatal closure.

Ψcav calculations suggest that there is a
very small margin of safety between Ψpx and
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TABLE 2. Water potential and native embolism data during summer 1997. Values are means of individuals used in this
study with standard error in parentheses.

Predawn ΨL (MPa) Midday ΨL (MPa) Native embolism (%)

Early June –0.46 (0.02) –1.69 (0.05) 27.4 (8.53)
Early July –0.56 (0.06) –2.01 (0.09) 34.8 (4.63)
Late July –0.45 (0.02) –1.61 (0.12) 28.4 (8.58)



Ψcav in this species. Our iterative procedure 
produced a Ψcav of –1.36 MPa. The difference
between Ψpx and Ψcav was only 0.26 MPa,
suggesting that P. fremontii individuals operate
very close to the threshold Ψpx that could
cause catastrophic cavitation. Although on
average, individuals maintain Ψpx above Ψcav,
the range in midday ΨL we observed suggests
that Ψcav is often exceeded, potentially result-
ing in catastrophic cavitation. Leaf xylem is
likely more resistant to cavitation than stem
xylem, since leaves are typically subjected to
lower Ψ values than stems. Ψcav values for
other riparian poplars include –1.05 MPa for P.
deltoides (Tyree et al. 1994) and –1.20 MPa for
P. fremontii (Blake et al. 1996 citing unpub-
lished data from Pockman and Sperry). Blake
et al. (1996) suggested that species which are
highly vulnerable to cavitation maintain small
safety margins. Data from our study are con-
sistent with this finding. Additionally, species
with small safety margins are thought to have
stomata that are highly sensitive to water sta-
tus (Schulte et al. 1987), a result we have also
observed.

Several authors have suggested that various
impacts of water stress are responsible for the
decline of cottonwood populations throughout
western North America (Rood and Mahoney
1990, Howe and Knopf 1991, Busch and Smith
1995). The extreme vulnerability of individu-
als to cavitation and the small safety margins
reported in this and other studies are strong
evidence to support this theory. High vulnera-
bility and small safety margins likely evolved
under conditions of higher water availability,
conditions similar to those in riparian areas
prior to damming and channelization of rivers.
The greater variation in water availability that
these populations now experience may cause
Ψpx to exceed Ψcav on a regular basis, causing
significant damage to trees.
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