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a b s t r a c t

We investigated the role of hydraulic conductivity, wood density, and xylem cavitation in the response
of baldcypress (Taxodium distichum) seedlings to increased soil salinity and drought. One-year-old,
greenhouse-grown seedlings were irrigated daily with a 100 mM (≈6‰) salt solution or once per week
with fresh water (drought). Controls were irrigated daily with fresh water. Gas exchange rates of stressed
plants were reduced by approximately 50% (salt) and 70% (drought), resulting in a 50–60% reduction in
diameter growth for both treatments. Stem-specific hydraulic conductivity (KS native) of stressed plants was
33% (salt) and 66% (drought) lower than controls and we observed a strong positive correlation between
KS native and gas exchange. In addition, we found a strong relationship between CO2 assimilation rate (A) and
the soil-to-leaf hydraulic conductance (kL). The relationship was identical for all treatments, suggesting
that our moderate salt stress (as well as drought) did not affect the photosynthetic biochemistry of leaves,
but rather reduced A via stomatal closure. Lower KS native of stressed plants was associated with increased
wood density and greater resistance to xylem cavitation. Xylem pressures causing 50% loss of hydraulic
conductivity (P50) were −2.88 ± 0.07 MPa (drought), −2.50 ± 0.08 MPa (salt) and −2.01 ± 0.04 MPa (con-
trols). P50s were strongly correlated with wood density (r = −0.71, P < 0.01) and KS native (r = 0.74, P < 0.01).
These findings support the hypothesis that there is a significant trade-off between a plant’s cavitation
resistance and its hydraulic efficiency. The results of the present study indicate that stressed plants parti-
tioned their biomass in a way that strengthened their xylem and reduced vulnerability to xylem cavitation.
Hence, these seedlings could be better suited to be planted in environments with elevated soil salinity. For
most parameters (especially P50), drought had an even more pronounced effect than salinity. This is impor-
tant as nurseries could produce “stress-acclimated” seedlings simply by reducing irrigation amounts and
would not have to contaminate the soils in their nursery beds with salt applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It is a well-established fact that plant survival and growth is
highly dependent on water availability and unimpeded water trans-
port (i.e. water availability to the leaves) in order to maintain
photosynthesis and growth. According to the cohesion–tension
theory (Dixon, 1914; Tyree, 1997; Steudle, 2001), plants transport
water under negative pressure, which makes this mechanism inher-
ently susceptible to cavitation and xylem dysfunction (Tyree and
Sperry, 1989; Sperry et al., 1993). Numerous studies have shown
cavitation to occur in roots (Alder et al., 1996; Linton and Nobel,
1999; Sperry and Hacke, 2002; Sperry et al., 2002; Domec et al.,
2006), stems (Sperry and Tyree, 1988; Cochard, 1992; Hargrave et
al., 1994; Hacke and Sauter, 1995; Jarbeau et al., 1995), and leaves
(Salleo et al., 2001; Stiller et al., 2003; Nardini et al., 2003). While,
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comparative studies show that, within species and/or individual
plants, roots are generally more vulnerable to water stress induced
cavitation than stems (Sperry and Saliendra, 1994; Jackson et al.,
2000; Matzner et al., 2001), the overall degree of cavitation resis-
tance is generally correlated with the species’ habitat (Davis et
al., 1998, 1999; Hacke et al., 2000; Pockman and Sperry, 2000;
Jacobsen et al., 2007a,b). However, large differences in cavitation
resistance in co-occurring species have been reported (Kolb and
Davis, 1994).

Recently, studies have suggested that cavitation resistance is
determined by wood anatomical and biomechanical parameters,
such as wood density, modulus of rupture, and the resistance to
conduit implosion (t/b)h

2 (Hacke et al., 2001a; Jacobsen et al.,
2007b,c; Pratt et al., 2007). While the evolutionary and functional
links between xylem properties, cavitation resistance, water use,
and plant distribution are currently debated (Maherali et al., 2004,
2006; Jacobsen et al., 2007a), it is generally accepted that plants
from xeric habitats have denser wood and are less vulnerable to
xylem cavitation than plants from mesic habitats (Tyree et al., 1991;

0098-8472/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.envexpbot.2009.03.012



Author's personal copy

V. Stiller / Environmental and Experimental Botany 67 (2009) 164–171 165

Kolb and Davis, 1994; Sperry, 1995; Pockman and Sperry, 2000;
Hacke et al., 2001a; Maherali et al., 2004).

Large baldcypress tupelo swamps characterize the natural
coastal wetlands of the southeastern United States, many of which
are threatened by increases in flooding and salinity as a result
of both natural processes and man-induced hydrologic alterations
(Penland and Ramsey, 1990; Day et al., 2000; Morton et al., 2003).
In addition, large areas have been clear-cut in the early 20th cen-
tury (Mancil, 1980; Keddy et al., 2007). In the past, great efforts
have been undertaken to restore these degraded areas. In the
wetlands near Pass Manchac in southeastern Louisiana (30◦17′N,
90◦21W) alone, almost 100,000 baldcypress seedlings have been
planted during the past 10 years by various conservation groups
(Michael Green, Southeastern Louisiana University, personal com-
munication), however restoration success was very limited. One
often-cited reason for this limited success is increased soil salin-
ity due to salt-water intrusion from the Golf of Mexico via Lakes
Borgne and Pontchartrain (DeLaune et al., 1987; Gornitz et al., 1982;
Turner, 1991, 1997). Although considerable intraspecific variation
exists, baldcypress is known to be sensitive to relatively low lev-
els of salinity (Allen et al., 1994, 1997; Krauss et al., 2000). Studies
found reduced germination rates (Krauss et al., 1998), gas exchange
(Pezeshki, 1990; Pezeshki et al., 1995; McLeod et al., 1996), root
and shoot biomass production (Allen et al., 1997; Krauss et al.,
1999), height growth (Conner et al., 1997; Krauss et al., 2000) and
increased tree mortality (Krauss et al., 2000). Salinity effects are
generally exacerbated by flooding (McLeod et al., 1996; Conner and
Inabinette, 2003), drought (Elcan and Pezeshki, 2002; Wang and
Cao, 2004), anaerobic soil conditions (Pezeshki, 1990), and insect
attack (Effler and Goyer, 2006). However, it is not fully understood
whether this salt sensitivity is due to (long-term) toxicity of salt
ions (sodicity) or due to the effects of reduced soil water potential
on plant water status. Munns (2002) reports that the short-term
effects (minutes to days) of increased soil salinity are identical to
those of drought. The author continues to argue that this indicates
that short-term salinity effects are probably due to factors associ-
ated with water stress rather than a salt-specific effect and that
the observed growth reduction is presumably regulated by hor-
monal signals coming from the roots (Munns, 2002, and references
therein).

We conducted a preliminary greenhouse study and found 8-
week-old apical shoots of baldcypress seedlings highly vulnerable
to xylem cavitation (P50 = −1.23 MPa, see Section 2 for details on
P50). Hence, if the soil water potential is lowered sufficiently by salt
water, young shoots of seedlings planted in saline environments
would suffer greatly from xylem cavitation and seedlings could die
back. The objective of the present study was to evaluate vulner-
ability to xylem cavitation of baldcypress seedlings grown under
elevated soil salinity and under drought conditions. In particular,
we wanted to answer the questions whether (a) our treatments
would increase the plants’ wood density, which could be associ-
ated with more cavitation resistant plants and (b) whether drought
and salinity trigger a comparable response. The results of this study
could aid efforts to produce more cavitation resistant baldcypress
seedlings that are better suited to be planted in environments with
elevated soil salinity.

2. Materials and methods

2.1. Plant material and growth conditions

One-year-old, bare-rooted baldcypress seedlings were obtained
from the Louisiana Department of Agriculture & Forestry (Baton
Rouge, LA, USA) and grown in 15-L pots under ambient condi-
tions (approximately 34/24 ◦C, 50/80% relative humidity, day/night)

in a greenhouse at Southeastern Louisiana University. Soil was
fritted clay (Balcones Mineral Corporation, Flatonia, TX, USA) sup-
plemented with Osmocote 13-13-13 slow release fertilizer (The
Scotts Company LLC, Marysville, OH, USA).

During the first 8 weeks of seedling establishment, all plants
were irrigated frequently to avoid drought stress. After plants were
established they were divided into 3 groups. Control plants were
watered twice daily, drought plants were watered once per week,
and plants subjected to a salinity treatment were irrigated twice
daily with salt solution. The concentration of the salt solution was
gradually raised over a 4-week period from 35 to 100 mM (≈2–6‰,
measured with YSI 30/10FT; YSI Incorporated, Yellow Springs, OH,
USA) and was then kept constant at approximately 100 mM for the
remainder of the experiment. To avoid salt build-up in the soil,
plants of the salinity treatment were heavily watered with fresh
water once per week.

Basal stem diameters were measured at the beginning of the
treatments (May), in the middle of the growing season (August),
and at the end of the growing season when plants were harvested
for hydraulic measurements (November). Relative diameter growth
rates were calculated for the first and second half of the growing
season (RGRMay–August and RGRAugust–November, respectively), as well
as for the entire season (RGRMay–November).

2.2. Soil-to-leaf hydraulic conductance (kL)

In the middle of the growing season and at the height of the
weekly drought stress, CO2 assimilation rate (A), transpiration rate
(E), and stomatal conductance (gS) of young, fully expanded leaves
of 11 representative plants from each treatment was measured
using a LI-6400 photosynthesis system (LI-COR Inc., Lincoln, NE,
USA). Afterwards, the leaf area inside the cuvette was measured
with a LI-3100 Area Meter in order to correct the gas exchange
data for leaf area. Midday leaf water potential was measured with
a Scholander type pressure chamber (PMS Instrument Company,
Albany, OR, USA) on comparable leaves of the same plants. Soil
was sampled directly from the root zones through vertical slits in
3 representative pots for each treatment. Soil samples were pooled
and soil water potentials were measured after a 15 min tempera-
ture equilibration period using a WP4-T Dewpoint PotentiaMeter
(Decagon Devices, Pullman, WA, USA). Soil-to-leaf hydraulic con-
ductance of the plants (kL) was calculated as

kL = E

 soil − leaf

where E is the transpiration rate of the plants and  is the water
potential of the soil or the leaves.

2.3. Xylem cavitation vulnerability curves

At the end of the growing season, all treatments were irrigated
with fresh water twice daily for one week to allow stressed plants
to recover and to minimize native embolism. Ten representative
plants from each treatment were harvested and their vulnerabil-
ity to xylem cavitation was measured. Vulnerability curves show
the relationship between xylem pressure and the percentage loss of
hydraulic conductivity (PLC) associated with this pressure. The vul-
nerability curves were measured using the centrifugal force method
(Alder et al., 1997) on 0.14 m stem segments cut under water from
current-year growth. Before stems were flushed at 70 kPa for 30 min
with deionized and filtered (0.2 �m) water to remove any native
embolism, native hydraulic conductivity (Knative) was measured and
stem-specific native conductivity (KS native) was calculated based
on the segments cross-section area. After flushing the maximum
hydraulic conductivity (Kmax) was measured. The percentage that
Knative was below Kmax gave the segment’s native PLC (=native
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embolism). Kmax values of several stems were between 1% and
3% below Knative, indicating not only a lack of native embolism,
but also that flushing caused minor torus aspiration. We, there-
fore, used the unadulterated KS native in Figs. 2 and 4, as it reflects
the true hydraulic conductivity better than Kmax. The flushed stem
segments were exposed to progressively more negative pressures
by spinning them in a custom-built centrifuge rotor in a Sorval
RC5B centrifuge. Segments were spun for 4 min at each pressure to
saturate the embolism response. The K was remeasured between
each pressure and the PLC (relative to Kmax) associated with each
pressure was recorded in a vulnerability curve. Generally, 6–7 K
values were measured per stem. To estimate the pressure caus-
ing 50 PLC (P50), a Weibull function (Neufeld et al., 1992) was
fitted to each segment’s vulnerability curve and solved for P50.
After hydraulic measurements were complete, stem segments were
stored in a freezer until wood density measurements could be
made.

2.4. Wood density and specific leaf area

Stems used for hydraulic measurements were thawed and 2 cm
segments were cut from the basal end. The bark of these short seg-
ments was removed and the segments were hydrated over night
in deionized water. The next day, the fresh volume (VF) of the seg-
ments was measured by carefully submerging them in a beaker of
water (placed on an electronic balance, Sartorius LE225D, Sartorius
AG, Göttingen, Germany) and noting the weight of the displaced
water. This procedure was repeated 3 times and the volume was
calculated from the mean of the 3 measurements. Segments were
oven-dried at 85 ◦C for 48 h and dry mass (mD) was measured. To
ensure weight consistency, segments were dried for an additional
24 h and the mass remeasured. Wood density (�w) of the segments
was calculated as

�w = mD

VF

Multiple leaves were sampled from 13 salt and 21 drought and
control plants prior to harvesting stems for hydraulic measure-
ments. Leaf area (AL) was measured with a LI-3100 Area Meter
(LI-COR Inc., Lincoln, NE, USA) and leaves were oven-dried as
described above for stem segments. Mass of the dried leaves (mL)
was measured and specific leaf area (SLA) was calculated as

SLA = AL

mL

2.5. Statistics

Data were analyzed with the SPSS 8.0 statistics package (SPSS
Inc., Chicago, IL, USA) using the 0.05 and 0.01 significance levels.
Comparisons were made with a one-way ANOVA and Tukey’s HSD
test for a posteriori comparisons between means of all treatments.
Significance of relationships between means that were measured

on different plants and at different times (Fig. 2) were tested via
contrast analysis following a one-way ANOVA.

3. Results

After the initial seedling establishment phase, basal diameters
of the plants were similar (Table 1). During the first 3 months of
growth, relative growth rates of control plants were approximately
twice the rates of salt and drought treatments, resulting in signifi-
cantly larger controls. During the second half of the growing season,
growth rates of plants irrigated with salt solution were greatly
reduced. Growth rates of controls were only slightly lower com-
pared to the first half and drought plants did not alter their growth
rates significantly. The pronounced growth reduction of salt plants
was reflected in an early onset of senescence in mid-October, while
drought and control plants did not senesce. (Surplus control and
drought plants did not enter dormancy during the winter in the
greenhouse.) Plant growth during the first half of the growing sea-
son was significantly correlated with the plants’ CO2 assimilation
rate (A, Table 2). However, as the timing of the gas-exchange mea-
surements was designed to maximize the effects of drought (2 h
after salt and control plants were irrigated and 1 h before the weekly
irrigation of drought plants), the correlation of the two parameters
was relatively weak (r = 0.36, P < 0.05, data not shown).

Gas-exchange of salt and drought plants was significantly
reduced when compared to controls (Table 2). While this reduc-
tion seemed most pronounced in drought plants, drought and salt
treatments were not different at the P = 0.05 level. However, A
was different at the P = 0.06 level (indicated by italicized letters
in Table 2). Midday leaf water potentials ( leaf) of all three treat-
ments were significantly different, with drought plants having the
most negative and controls having the least negative  leaf. Soil
water potential ( soil) of salt and control plants were −0.93 and
−0.34 MPa, respectively. The osmotic potential of the salt solution
used for irrigation was approximately 0.5 MPa. Interestingly, after
7 days without irrigation,  soil of drought plants was less negative
than expected (−0.64 MPa). Still, this water potential was suffi-
ciently low to result in an almost 5-fold reduction of soil-to-leaf
hydraulic conductance (kL) for drought plants compared to con-
trols and salt plants. As native embolism was not measured at the
time of gas-exchange measurements, we were unable to estab-
lish xylem cavitation as the cause for the kL reduction in drought
plants. However, there was no native embolism in any treatment
at the end of the growing season when hydraulic measurements
were made. Stomatal conductance (gS) as well as transpiration
rate (E) and kL are auto-correlated. Therefore, only the relationship
between A and kL, which were measured independently is shown
in Fig. 1. Absolute values of A and kL were closely related in all
treatments (r2 = 0.79, r2 = 0.76, and r2 = 0.73, P < 0.01, for drought,
salt, and control plants, respectively; Fig. 1 solid lines). When the
pooled data of all three treatments was examined, the relation-
ship between A and kL seemed to follow a saturation curve, with a
linearly increasing lower region (mainly drought plants) followed

Table 1
Basal stem diameters of one-year-old baldcypress seedlings at the beginning of treatments (DMay), in the middle of the growing season (DAugust) and at harvest time (DNovember).
Relative daily diameter growth rates were calculated for the first and second half of the growing season (RGRMay–August and RGRAugust–November, respectively), as well as for the
entire season (RGRMay–November). All diameter means and all growth rates were compared with each other. Different letters indicate homogeneous sets of means determined
with a Tukey’s HSD test after a one-way ANOVA tested significant at the 0.05 level. Sample sizes were n = 19 for salt treatment and n = 25 for drought and control plants.

Salt Drought Control

Stem diameter May (DMay), mm 12.0 ± 0.45a b 11.5 ± 0.29a 11.2 ± 0.38a
Stem diameter August (DAugust), mm 15.5 ± 0.47c d 14.1 ± 0.39b c 17.3 ± 0.58d
Stem diameter November (DNovember), mm 16.3 ± 0.55c d 17.2 ± 0.48d 25.6 ± 0.72e
Relative diameter growth rate (RGRMay–August), mm mm−1 d−1 (3.5 ± 0.3) × 10−3a (2.6 ± 0.3) × 10−3a b (6.6 ± 0.5) × 10−3c
Relative diameter growth rate (RGRAugust–November), mm mm−1 d−1 (0.6 ± 0.1) × 10−3e (2.3 ± 0.1) × 10−3a b (5.1 ± 0.2) × 10−3d
Relative diameter growth rate (RGRMay–November), mm mm−1 d−1 (2.0 ± 0.1) × 10−3b (2.8 ± 0.2) × 10−3a b (7.3 ± 0.4) × 10−3c
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Table 2
Gas exchange parameter (A, E, gS), water potential ( leaf,  soil), soil-to-leaf hydraulic conductance (kL), and average and specific leaf area (AL, SLA) of bald cypress seedlings.
Stem-specific hydraulic conductivity (KS native), wood density (�w), and P50 of present-year stem segments used in hydraulic measurements. The timing of the gas-exchange
measurements was designed to maximize the effects of drought on kL. Values are mean ± SE. Sample sizes for A, E, gS, leaf and kL were n = 11 for all three treatments. Sample
sizes for �w, DS, KS native, and P50 were n = 10 for salt and drought treatments and n = 9 for control plants. AL and SLA sample sizes were n = 13, 21 and 21 for salt, drought and
control plants, respectively. As soil was measured on pooled soil samples, no statistics are given for this parameter. Different letters (in a row) indicate means are significantly
different at the 0.05 level, Tukey’s HSD following one-way ANOVA. Italics indicate significant differences at the 0.06 level.

Salt Drought Control

CO2 assimilation rate (A), �mol s−1 m−2 4.6 ± 0.76 a 2.5 ± 0.52 a 9.2 ± 0.46 b
Transpiration rate (E), mmol s−1 m−2 3.9 ± 0.42 a 2.5 ± 0.23 a 8.7 ± 0.73 b
Stomatal conductance (gS), mmol s−1 m−2 84 ± 9.4 a 54 ± 5.2 a 191 ± 22.9 b
Midday leaf water potential ( leaf), MPa −1.8 ± 0.05 a −2.0 ± 0.05 b −1.3 ± 0.03 c
Soil water potential, pooled ( soil), MPa −0.93 −0.64 −0.34
Soil-to-leaf hydraulic conductance (kL), mmol s−1 m−2 MPa−1 4.9 ± 0.69 a 1.9 ± 0.20 b 8.8 ± 0.84 c
Average leaf area per leaf (AL), cm2 12.0 ± 1.6 a 6.4 ± 0.5 b 14.7 ± 0.9 a
Specific leaf area (SLA), m2 kg−1 13.3 ± 0.4 a 11.3 ± 0.3 b 14.0 ± 0.3 a
Stem-specific hydraulic conductivity (KS native), kg m−1 s−1 MPa−1 1.01 ± 0.10 a 0.49 ± 0.06 b 1.51 ± 0.08 c
Wood density (�w), g cm−3 0.31 ± 0.01 a 0.34 ± 0.003 b 0.27 ± 0.01 c
P50, MPa −2.50 ± 0.08 a −2.88 ± 0.07 b −2.01 ± 0.04 c

by a less steep, plateau-like region (mainly controls). We fitted an
exponential rise to a maximum function (Fig. 1 dashed line) to the
pooled data of all treatments [y = −0.82 + 16.46*(1 − exp(−0.103x),
r2 = 0.87]. Forcing the curve through the origin did not change
the goodness of fit, however, fitting a function solely to the
pooled data of drought and control plants improved the r2 to 0.96
(curve not shown).

The low kL of drought plants was reflected in the lower
stem-specific native hydraulic conductivity (KS native) of the stem
segments used for the hydraulic measurements (Table 2). Although
diameters of drought and control segments were almost identical,
KS native of drought plants was only one third of the controls’ KS native.
The relationships between KS native and gas-exchange parameters
(A, gS, E, mean values from Table 2) are shown in Fig. 2. Gas-
exchange and KS native were measured independently on different
plants and at different times during the study, yet contrast analysis
confirmed a highly significant relationship between the parameters
(P < 0.001).

Leaf size of drought plants was significantly reduced (Table 2).
Average leaf area per leaf (AL) of drought plants was approxi-
mately half of that of salt or control plants. In addition, specific
leaf area (SLA) of drought plants was significantly lower com-
pared to salt and control plants. The tendency in drought plants to

Fig. 1. The relationship between soil-to-leaf hydraulic conductance (kL) and
CO2 assimilation rate (A) in Taxodium distichum. Correlations for all treatments
were highly significant (P < 0.01). The r2 values within the figure are for lin-
ear regressions (solid lines). In addition to the regression analysis, we fitted
an exponential rise to a maximum function (dashed line) to the pooled data
[y = −0.82 + 16.46*(1 − exp(−0.103x), r2 = 0.87].

grow smaller, denser leaves was consistent with the plants’ wood
properties (Table 2). Wood density (�w) of slow growing drought
plants was highest, �w of controls was lowest and salt plants
had intermediate �w. These trends in �w matched the significant
differences in vulnerability to xylem cavitation. Fig. 3 shows vulner-
ability curves for current-year stem segments. Curves for all three
treatments were significantly different from each other. Stressed
plants were less vulnerable to cavitation (P50 = −2.88 ± 0.07 and
−2.50 ± 0.08 MPa for drought and salt plants, respectively) than
control plants (P50 = −2.01 ± 0.04 MPa).

Differences in cavitation vulnerability and in wood density
could be a result of the plants’ growth rates. Correlation analysis

Fig. 2. The relationship between (a) CO2 assimilation rate (A), (b) stomatal conduc-
tance (gS) and (c) transpiration rate (E) and native hydraulic conductivity (KS native).
Mean values from Table 1. Error bars show the upper and lower boundaries of the
95% confidence intervals. Sample sizes for A, gS and E were n = 11 for all treatments.
Sample sizes for Knative were n = 10 for salt and drought treatments and n = 9 for
control plants.
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Fig. 3. Vulnerability curves of current-year stems in Taxodium distichum. Curves
show percentage loss of hydraulic conductivity (PLC) with decreasing xylem pres-
sure for drought (circles, n = 10), salt (triangles, n = 10) and control plants (squares,
n = 9). Means and SE (error bars are partly covered by symbols) are shown for greater
clarity; however, Weibull functions were fitted to the raw data of each treatment
(solid line = control, dotted line = salt, and dashed line = drought).

revealed significant (P < 0.01) correlations between P50, �w and the
plants’ RGRs. While correlations were similar for all 3 RGRs pre-
sented in Table 1, the correlations with RGRMay–August was strongest.
Increased RGR resulted in more vulnerable plants (r = 0.61, P < 0.01)
and in less dense wood (r = –0.63, P < 0.01). Wood density has
recently been linked to cavitation vulnerability (Hacke et al., 2001a).
In general, denser wood seems to be more cavitation resistant than
less dense wood. For baldcypress, this relationship between�w and
P50 is shown in Fig. 4 (r = −0.71, P < 0.01). In conifers, denser wood
can be caused by thicker tracheid walls and/or reduced tracheid
lumen per given cross-section area (Pittermann et al., 2006). Either
would cause a reduction in hydraulic conductivity when compared
to plants with less dense wood. In the present study, KS native and
wood density of baldcypress were negatively correlated (r = −0.72,
P < 0.01, data not shown as the figure is almost identical to Fig. 4)
and the relationship between KS native and P50 is shown as an insert
in Fig. 4 (r = 0.74, P < 0.01).

Fig. 4. The relationship between P50 and wood density (�w) of current-year stem
xylem in Taxodium distichum (r2 = 0.50) and between P50 and stem-specific native
hydraulic conductivity (KS native, insert). Error bars indicate 1SE and are partly covered
by symbols (n = 10 for salt and drought treatments and n = 9 for control plants, r = 0.74,
P < 0.01).

4. Discussion

The objective of the present study was to evaluate growth,
wood density, and vulnerability to xylem cavitation of baldcypress
seedlings grown under elevated soil salinity and under drought
conditions. During plant growth, care was taken to impose max-
imum stress on the plants without causing visible and permanent
injury to the plants. In a preliminary experiment, we found that pro-
longed exposure to soil salinity between 135 and 170 mM (8–10‰)
caused high rates of mortality, especially when the soil was not
flushed with fresh water to remove excess salt. To avoid tree mor-
tality, we kept our salt treatments at about 100 mM (6‰), which is
approximately double the long-term salinity average but compara-
ble to recent, drought-induced peak salinities near Pass Manchac
(Thomson et al., 2002), an area in southeastern Louisiana where
cypress restoration is of especial interest.

Soil salinity and drought had the same effect on a number
of parameters. Both treatments resulted in significantly reduced
diameter growth rates (RGR), gas exchange rates (A, E, gS), stem-
specific native hydraulic conductivity (KS native) and vulnerability to
xylem cavitation (P50). Both treatments increased the plants’ wood
density (�w). With the exception of second-half and entire-season
diameter growth rates (RGRAugust–November and RGRMay–November,
respectively), drought had an even more pronounced effect than
salinity on all parameters. RGR of drought plants was reduced but
constant throughout the entire growing season (Table 1). RGR of
salt plants was dramatically reduced during the second half of the
growing season. This led to a low RGR for the entire season in this
treatment. This, and the early onset of senescence suggest that there
might have been additional long-term salinity effects (Tattini et
al., 2002), which could lead to a reduction of photosynthesis and
growth (Munns, 2002, and references therein), but that were not
investigated in this study.

While we did not measure leaf turnover, it was apparent dur-
ing the second half of the growing season that older leaves began
to die back. The total leaf area of salt plants was reduced com-
pared to drought plants, and even more so compared to controls.
Similar reductions in total leaf biomass as a result of exposure
to salinity have been previously reported for baldcypress (Allen
et al., 1997), olive (Bongi and Loreto, 1989), wheat (Munns et al.,
1995), and maize (Fortmeier and Schubert, 1995). However, this
salt-induced senescence was not reflected in our average leaf area
per leaf (AL) and specific leaf area (SLA) data, as we only used fully
grown, healthy looking leaves for these measurements. AL and SLA
were only reduced in drought plants, while salt and control plants
did not differ. Thus, the seedlings in our study responded to their
respective stress in two different ways. Drought stress resulted in
smaller and denser leaves as previously reported for a variety of tree
species (Abrams, 1994) and in reduced gas exchange rates. Leaves
from salt treated plants remained “control like” with respect to AL
and SLA, but reduced total leaf biomass and reduced gas exchange
moderately.

Drought reduced the soil-to-leaf hydraulic conductance (kL) by
almost 5-fold compared to controls, while kL of salt plants was
reduced by less than half (Table 2). Due to the destructive nature
of hydraulic measurements, we did not measure native embolism
in stems at the same time as the conductance measurements. We,
therefore, are unable to conclusively exclude xylem embolism as the
cause for the reduced kL. However, we found no native embolism
at the end of the experiment when hydraulic measurements were
made. Because all plants were irrigated twice daily with fresh water
and allowed to recover for one week prior to hydraulic measure-
ments, there is a possibility that any embolized conduits, which
might have been present at the height of the drought, were refilled
via bubble dissolution (Tyree and Yang, 1992) during the recovery
phase. Yet, it seems unlikely that stem embolisms were responsible
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for the large kL reduction in drought plants. We used vulnerability
curves (Fig. 3) to estimate embolism in stems. Midday leaf water
potentials of all 3 treatments were in a range that would have caused
less than 20 PLC in stems. It is, therefore, more likely that the kL
reduction was caused by stomatal closure in combination with sig-
nificant reductions in KS native and possibly by embolisms in roots
or leaves.

Gas-exchange rates were influenced by the plants’ water trans-
port capacity. Absolute values of A and kL were closely related for
drought and control plants (Fig. 1). When pooled, the relationship
between A and kL followed a saturation curve, similar to those
observed in several previous studies (Meinzer and Grantz, 1990;
Sperry et al., 1993; Meinzer et al., 1995; Saliendra et al., 1995;
Hubbard et al., 2001; Stiller et al., 2003). Reduced kL limits A by
triggering stomatal closure in order to prevent an excessive drop in
 leaf (Fuchs and Livingston, 1996; Sperry, 2000) and avoid catas-
trophic runaway cavitation (Tyree and Sperry, 1988). We do not
show the relationship between kL and gS (or E) due to autocorrela-
tion. However, we observed a strong relationship between A and gS
similar to those reported by Farquhar and Sharkey (1982) and Wong
et al. (1985). Data points for all 3 treatments fell on the same satura-
tion curve [y = 15.96 (1 − exp(−0.0044x)), r2 = 0.86], indicating that
the reduction of A was due to stomatal closure rather than toxic
effects of salt ions (Munns et al., 1983; Munns and Passioura, 1984;
Munns, 1988; Flowers and Yeo, 1986) or a direct effect of low  leaf
on photosynthetic biochemistry (Kaiser, 1987; Epron and Dreyer,
1990). These conclusions are corroborated by the close relation-
ships between gas-exchange parameters and KS native (Fig. 2), which
were measured independently on different plants and at different
times during the study. The main objective during plant growth
was to impose ample stress, but to avoid excessive stress levels. As
a result, plants showed “classic” water stress symptoms like stom-
atal closure, reduced photosynthesis and low RGR (Turner et al.,
1985; Schulze, 1986; Nobel and Valenzuela, 1987; Passioura, 1996).

Reduced growth rates had a significant effect on wood densities
(�w) and the associated vulnerability to xylem cavitation. Drought
(P50 = −2.88 ± 0.07) and salt plants (P50 = −2.50 ± 0.08 MPa)
were less vulnerable to cavitation than control plants
(P50 = −2.01 ± 0.04 MPa). The difference between P50s of salt
plants and controls matched the osmotic potential of our irrigation
solution (0.5 MPa). To our knowledge, this is the first time that
such a close (1:1) relationship between the magnitude of applied
stress and the resulting shift in cavitation resistance was observed.
At this time, our limited data set does not allow us to conclude
whether this 1:1 relationship is merely coincidental or whether it
truly reflects an intrinsic plant response.

Our results show that baldcypress has the ability to acclimate
to its growing conditions and respond to stress with a reduc-
tion in cavitation vulnerability (Fig. 3). Cavitation vulnerability
can vary greatly across species (Maherali et al., 2004) and P50s
of co-occurring species can be significantly different (Kolb and
Davis, 1994). Additionally, substantial intraspecific variation has
been observed (Matzner et al., 2001) and, within their physi-
ological range, plants do acclimate to their respective growth
conditions. This can either mean a long-term response – plants
acclimating to the conditions of the growing season – such as bald-
cypress in the present study or as previously reported for sunflower
(Stiller and Sperry, 2002). Or the acclimation to stress can occur
rather rapidly. In our sunflower study, we observed a short-term
response to drought stress. After a 14-day drought/irrigation cycle,
sunflower stems were significantly less vulnerable to cavitation
than before. The mechanisms for long- and short-term acclima-
tion are presumably different. Long-term acclimation seems to be
a consequence of altered wood properties (Hacke et al., 2001a;
Jacobsen et al., 2007b,c; Pratt et al., 2007). In contrast, the observed
short-term response was associated with the reversal of cavita-

tion fatigue (Hacke et al., 2001b, 2003; Stiller and Sperry, 2002),
the mechanism of which is not fully understood at this time. Nev-
ertheless, in order to reduce cavitation vulnerability, plants must
reduce air seeding—i.e. the leakiness of the inter-conduit pits to
air (Zimmermann, 1983; Sperry and Tyree, 1988; Tyree and Sperry,
1989; Jarbeau et al., 1995).

The anatomies of angiosperm and conifer pits are different.
Increased cavitation resistance in angiosperms is associated with
reduced porosity of the inter-conduit pit-membranes, which, in
turn, can lower the hydraulic conductivity of the pits (Sperry, 2003;
Sperry and Hacke, 2004). In comparison, conifers possess bordered
pit membranes (Bauch et al., 1972), which have a relatively high
hydraulic conductivity (due to their torus-margo configuration) and
prevent air seeding through torus-aspiration (Sperry, 2003; Hacke
et al., 2004). Thus, air seeding in conifers depends on the mechan-
ical properties of the bordered pits and the surrounding tracheid
walls (Sperry and Tyree, 1990). In order to increase cavitation resis-
tance, conifers have to strengthen or thicken their conduit walls,
which can result in increased wood density and reduced hydraulic
conductivity (Hacke et al., 2001a, 2004).

It has, therefore, long been suggested that increased cavitation
resistance should be associated with reduced hydraulic conductiv-
ity (KS) (Zimmermann, 1983; Tyree and Sperry, 1989). However, the
relationship between KS and P50 across different species is weak at
best (Tyree et al., 1994; Maherali et al., 2004). The few significant
correlations between the two parameters that have been observed
in past studies mainly arise from the comparison of roots and stems
within the same species or even within individual plants (Sperry
and Saliendra, 1994; Matzner et al., 2001). In contrast, our results
show a strong relationship between KS and the P50 of Taxodium
stems (Fig. 4, insert)—supporting the hypothesis of a trade-off
between a plant’s cavitation resistance and its hydraulic efficiency.

5. Conclusions

The results of this study show that baldcypress seedlings react
to moderate soil salinity and drought stress similarly. Both treat-
ments reduced the plants’ gas exchange, diameter growth rates
and hydraulic conductivity, and increased wood density. This indi-
cates that stressed plants partitioned their biomass in a way that
strengthened their xylem and reduced vulnerability to xylem cavi-
tation. Hence, these seedlings could be better suited to be planted in
environments with elevated soil salinity. Drought had an even more
pronounced effect on cavitation vulnerability than salinity. This is
important as nurseries could produce “stress-acclimated” seedlings
simply by reducing irrigation amounts and would not have to con-
taminate the soils in their nursery beds with salt applications.
Whether stress-acclimated seedlings truly have lower mortality
rates in saline environments is currently under investigation.

Acknowledgements

We like to thank anonymous reviewers, whose thoughtful com-
ments helped to improve this manuscript. Financial support for this
study was provided by the EPA-funded Lake Pontchartrain Basin
Research Program (PBRP).

References

Abrams, M., 1994. Genotypic and phenotypic variation as stress adaptations in tem-
perate tree species—a review of several case. Studies Tree Physiol. 14, 833–842.

Alder, N.N., Sperry, J.S., Pockman, W.T., 1996. Root and stem xylem embolism, stom-
atal conductance, and leaf turgor in Acer grandidentatum populations along a soil
moisture gradient. Oecologia 105, 293–301.

Alder, N.N., Pockman, W.T., Sperry, J.S., Nuismer, S., 1997. Use of centrifugal force in
the study of xylem cavitation. J. Exp. Bot. 48, 665–674.

Allen, J.A., Chambers, J.L., McKinney, D., 1994. Intraspecific variation in the response
of Taxodium distichum seedlings to salinity. Forest Ecol. Manage. 70, 203–214.



Author's personal copy

170 V. Stiller / Environmental and Experimental Botany 67 (2009) 164–171

Allen, J.A., Chambers, J.L., Pezeshki, S.R., 1997. Effects of salinity on baldcypress
seedlings: physiological responses and their relation to salinity tolerance. Wet-
lands 17, 310–320.

Bauch, J.W., Liese, W., Schultze, R., 1972. The morphological variability of the bor-
dered pit membranes in gymnosperms. Wood Sci. Technol. 6, 165–184.

Bongi, F., Loreto, F., 1989. Gas-exchange properties of salt-stressed olive (Olea
europaea L.) leaves. Plant Physiol. 90, 1408–1416.

Cochard, H., 1992. Vulnerability of several conifers to air embolism. Tree Physiol. 11,
73–83.

Conner, W.H., Inabinette, L.W., 2003. Tree growth in three South Carolina (USA)
swamps after Hurricane Hugo: 1991–2001. Forest Ecol. Manage. 182, 371–380.

Conner, W.H., McLeod, K.W., McCarron, J.K., 1997. Flooding and salinity effects on
growth and survival of four common forested wetland species. Wetlands Ecol.
Manage. 5, 99–109.

Davis, S.D., Kolb, K.J., Barton, K.P., 1998. Ecophysiological processes and demographic
patterns in the structuring of California chaparral. In: Rundel, P.W., Montenegro,
G., Jaksic, F. (Eds.), Landscape Disturbance and Biodiversity in Mediterranean-
type Ecosystems. Springer–Verlag, Berlin, pp. 297–310.

Davis, S.D., Ewers, F.W., Wood, J., Reeves, J.J., Kolb, K.J., 1999. Differential susceptibility
to xylem cavitation among three pairs of Ceanothus species in the transverse
mountain ranges of Southern California. Ecoscience 6, 180–186.

Day Jr., J.W., Shaffer, G.P., Britsch, L.D., Reed, D.J., Hawes, S.R., Cahoon, D.R., 2000.
Pattern and process of land loss in the Mississippi Delta: a spatial and temporal
analysis of wetland habitat change. Estuaries 23, 425–438.

DeLaune, R.D., Pezeshki, S.R., Patrick Jr., W.H., 1987. Response of coastal plants to
increase in submergence and salinity. J. Coast. Res. 3, 535–546.

Dixon, H.H., 1914. Transpiration and the Ascent of Sap. Macmillan, London.
Domec, J.-C., Scholz, F.G., Bucci, S.J., Meinzer, F.C., Goldstein, G., Villalobos-Vega, R.,

2006. Diurnal and seasonal variation in root xylem embolism in neotropical
savanna woody species: impact on stomatal control of plant water status. Plant
Cell Environ. 29, 26–35.

Effler, R.S., Goyer, R.A., 2006. Baldcypress and water tupelo sapling response to mul-
tiple stress agents and reforestation implications for Louisiana swamps. Forest
Ecol. Manage. 226, 330–340.

Elcan, J.M., Pezeshki, S.R., 2002. Effects of flooding on susceptibility of Taxodium
distichum L. seedlings to drought. Photosynthetica 40, 177–182.

Epron, D., Dreyer, E., 1990. Stomatal and nonstomatal limitation of photosynthesis
by leaf water deficits in three oak species: a comparison of gas exchange and
chlorophyll a fluorescence data. Ann. Sci. Forest. 47, 435–450.

Farquhar, G.D., Sharkey, T.D., 1982. Stomatal conductances and photosynthesis. Ann.
Rev. Plant Physiol. 33, 317–345.

Flowers, T.J., Yeo, A.R., 1986. Ion relations of plants under drought and salinity. Aus.
J. Plant Physiol. 13, 75–91.

Fortmeier, R., Schubert, S., 1995. Salt tolerance of maize (Zea maize L.): the role of
sodium exclusion. Plant Cell Environ. 18, 1041–1047.

Fuchs, E.E., Livingston, N.J., 1996. Hydraulic control of stomatal conductance in
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and alder (Alnus rubra Bong)
seedlings. Plant Cell Environ. 19, 1091–1098.

Gornitz, V., Lebedeff, S., Hansen, J., 1982. Global sea level trend in the past century.
Science 215, 1611–1614.

Hacke, U., Sauter, J.J., 1995. Vulnerability of xylem to embolism in relation to leaf
water potential and stomatal conductance in Fagus sylvatica f. purpurea and
Populus balsamifera. J. Exp. Bot. 46, 1177–1183.

Hacke, U.G., Sperry, J.S., Pittermann, J., 2000. Drought experience and cavitation
resistance in six desert shrubs of the Great Basin. Utah. Basic Appl. Ecol. 1, 31–41.

Hacke, U.G., Stiller, V., Sperry, J.S., 2003. Cavitation fatigue the weakening of cavita-
tion resistance of xylem and its responsibility. In: Advances in Plant Physiology.
Scientific Publishers, Jodhpur, India, pp. 225–234.

Hacke, U.G., Sperry, J.S., Pittermann, J., 2004. Analysis of circular bordered pit func-
tion II. Gymnosperms trachieds with torus-margo pit membranes. Am. J. Bot. 91,
386–400.

Hacke, U.G., Sperry, J.S., Pockman, W.P., Davis, S.D., McCulloh, K.A., 2001a. Trends
in wood density and structure are linked to prevention of xylem implosion by
negative pressure. Oecologia 126, 457–461.

Hacke, U.G., Stiller, V., Sperry, J.S., Pittermann, J., McCulloh, K.A., 2001b. Cavitation
fatigue. Embolism and refilling cycles can weaken the cavitation resistance of
xylem. Plant Physiol. 125, 779–786.

Hargrave, K.R., Kolb, K.J., Ewers, F.W., Davis, S.D., 1994. Conduit diameter and
drought-induced embolism in Salvia mellifera a Greene (Labiatae). New Phytol.
126, 695–705.

Hubbard, R.M., Stiller, V., Ryan, M.G., Sperry, J.S., 2001. Stomatal conductance and
photosynthesis vary linearly with plant hydraulic conductance in ponderosa
pine. Plant Cell Environ. 24, 113–121.

Jackson, R.B., Sperry, J.S., Dawson, T.E., 2000. Root water uptake and transport: using
physiological processes in global predictions. Trends Plant Sci. 5 (11), 482–488.

Jacobsen, A.L., Pratt, R.B., Davis, S.D., Ewers, F.W., 2007a. Cavitation resistance and
seasonal hydraulics differ among three arid Californian plant communities. Plant
Cell Environ. 30, 1599–1609.

Jacobsen, A.L., Pratt, R.B., Ewers, F.W., Davis, S.D., 2007b. Cavitation resistance among
26 chaparral species of southern California. Ecol. Monogr. 77, 99–115.

Jacobsen, A.L., Agenbag, L., Esler, K.J., Pratt, R.B., Ewers, F.W., Davis, S.D., 2007c.
Xylem density, biomechanics and anatomical traits correlate with water stress
in 17 evergreen shrub species of the Mediterranean-type climate region of South
Africa. J. Ecol. 95, 171–183.

Jarbeau, J.A., Ewers, F.W., Davis, S.D., 1995. The mechanism of water-stress-induced
embolism in two species of chaparral shrubs. Plant Cell Environ. 18, 189–196.

Kaiser, W.M., 1987. Effects of water deficit on photosynthetic capacity. Physiol. Plant.
71, 142–149.

Keddy, P.A., Canmpbell, D., McFalls, T., Shaffer, G.P., Moreau, R., Dranguet, C., Heleniak,
R., 2007. The wetlands of lakes Pontchartrain and Maurepas: past, present and
future. Environ. Rev. 15, 43–77.

Kolb, K.J., Davis, S.D., 1994. Drought tolerance and xylem embolism in co-occurring
species of coastal sage and chaparral. Ecology 75, 648–659.

Krauss, K.W., Chambers, J.L., Allen, J.A., 1998. Salinity effects and differential germi-
nation of several half-sib families of baldcypress from different seed sources.
New Forests 15, 53–68.

Krauss, K.W., Chambers, J.L., Allen, J.A., Luse, B.P., DeBosier, A.S., 1999. Root and shoot
responses of Taxodium distichum seedlings subjected to saline flooding. Environ.
Exp. Bot. 41, 15–23.

Krauss, K.W., Chambers, J.L., Allen, J.A., Soileau Jr., D.M., Debosier, A.S., 2000. Growth
and nutrition of baldcypress families planted under varying salinity regimes in
Louisiana, USA. J. Coast. Res. 16, 153–163.

Linton, M.J., Nobel, P.S., 1999. Loss of water transport capacity due to xylem cavitation
in roots of two CAM succulents. Am. J. Bot. 86, 1538.

Maherali, H., Pockman, W.T., Jackson, R.B., 2004. Adaptive variation in the vulnera-
bility of woody plants to xylem cavitation. Ecology, 2184–2199.

Maherali, H., Moura, C.F., Caldeira, M.C., Willson, C.J., Jackson, R.B., 2006. Functional
coordination between leaf gas exchange and vulnerability to xylem cavitation
in temperate forest trees. Plant Cell Environ. 29, 571–583.

Mancil, E., 1980. Pullboat logging. J. Forest History 24, 135–141.
Matzner, S.L., Rice, K.J., Richards, J.H., 2001. Intra-specific variation in xylem cav-

itation in interior live oak (Quercus wislizenii A. DC.). J. Exp. Bot. 52, 783–
789.

McLeod, K.W., McCarron, J.K., Conner, W.H., 1996. Effects of flooding and salinity
on photosynthesis and water relations of four southeastern coastal plain forest
species. Wetlands Ecol. Manage. 4, 31–42.

Meinzer, F.C., Grantz, D.A., 1990. Stomatal and hydraulic conductance in growing
sugarcane: stomatal adjustment to water transport capacity. Plant Cell Environ.
13, 383–388.

Meinzer, F.C., Goldstein, G., Jackson, P., Holbrook, N.M., Gutierrez, M.V., Cavelier, J.,
1995. Environmental and physiological regulation of transpiration in tropical
forest gap species: the influence of boundary layer and hydraulic properties.
Oecologia 101, 514–522.

Morton, R.A., Tilling, G., Ferina, N.F., 2003. Primary causes of wetland loss at Madison
bay, Terrebonne Parish, LA, USGS Fact Sheet 03-60.

Munns, R., 1988. Effect of high external NaCl concentrations on ion transport within
the shoot of Lupinus albus. I. Ions in the xylem sap. Plant Cell Environ. 11, 291–300.

Munns, R., 2002. Comparative physiology of salt and water stress. Plant Cell Environ.
25, 239–250.

Munns, R., Passioura, J.B., 1984. Effect of prolonged exposure to sodium chloride on
the osmotic pressure of leaf xylem sap from intact, transpiring barley plants.
Aus. J. Plant Physiol. 11, 497–508.

Munns, R., Greenway, H., Kirst, G.O., 1983. Halotolerant eukaryotes. In: Lange, O.L.,
Nobel, P.S., Osmond, C.B., Zeigler, H.H. (Eds.), Physiological Plant Ecology. III.
Responses to the Chemical and Biological Environment, Enceclopedia of Plant
Physiology, New Series. Springer–Verlag, Berlin, pp. 59–135.

Munns, R., Schachtman, D.P., Condon, A.G., 1995. The significance of a two-phase
growth response to salinity in wheat and barley. Aus. J. Plant Physiol. 26,
561–569.

Nardini, A., Salleo, S., Raimondo, F., 2003. Changes in leaf hydraulic conductance
correlate with leaf vein embolism in Cercis siliquastrum L. Trees 17, 529–534.

Neufeld, H.S., Grantz, D.A., Meinzer, F.C., Goldstein, G., Crisosto, G.M., Crisosto, C.,
1992. Genotypic variability in vulnerability of leaf xylem to cavitation in water-
stressed and well-irrigated sugarcane. Plant Physiol. 100, 1020–1028.

Nobel, P.S., Valenzuela, A.G., 1987. Environmental responses and productivity of the
CAM plant, Agave tequilana. Ag. For. Met. 39, 319–334.

Passioura, J.B., 1996. Drought and drought tolerance. Plant Growth Regulat. 20,
79–83.

Penland, S., Ramsey, K.E., 1990. Relative sea-level rise in Louisiana and the Gulf of
Mexico: 1908–1988. J. Coast. Res. 6, 323–342.

Pezeshki, S.R., 1990. A comparative study of the response of Taxodium distichum and
Nyssa aquatica seedlings to soil anaerobiosis and salinity. Forest Ecol. Manage.
33–34, 531–541.

Pezeshki, S.R., DeLaune, R.D., Choi, H.S., 1995. Gas exchange and growth of bald
cypress seedlings from selected US Gulf Coast populations: responses to elevated
salinities. Can. J. Forest Res. 25, 1409–1415.

Pittermann, J., Sperry, J.S., Wheeler, J.K., Hacke, U.G., Sikkema, E.H., 2006. Mechani-
cal reinforcement of tracheids compromises the hydraulic efficiency of conifer
xylem. Plant Cell Environ. 29, 1618–1628.

Pockman, W.T., Sperry, J.S., 2000. Vulnerability to xylem cavitation and the distribu-
tion of Sonoran Desert vegetation. Am. J. Bot. 87, 1287–1299.

Pratt, R.B., Jacobsen, A.L., Ewers, F.W., Davis, S.D., 2007. Relationships among xylem
transport, biomechanics and storage in stems and roots of nine Rhamnaceae
species of the California chaparral. New Phytol. 174, 787–798.

Saliendra, N.Z., Sperry, J.S., Comstock, J.P., 1995. Influence of leaf water status on
stomatal response to humidity, hydraulic conductance, and soil drought in Betula
occidentalis. Planta 196, 357–366.

Salleo, S., LoGullo, M.A., Raimondo, F., Nardini, A., 2001. Vulnerability to cavitation
of leaf minor veins: any impact on leaf gas exchange? Plant Cell Environ. 24,
851–859.

Schulze, E.D., 1986. Carbon dioxide and water vapor exchange in response to drought
in the atmosphere and in the soil. Ann. Rev. Plant Physiol. 37, 247–274.



Author's personal copy

V. Stiller / Environmental and Experimental Botany 67 (2009) 164–171 171

Sperry, J.S., 1995. Limitations on stem water transport and their consequences. In:
Gartner, B.L. (Ed.), Plant Stems: Physiology and Functional Morphology. Aca-
demic Press, San Diego, CA, pp. 105–124.

Sperry, J.S., 2000. Hydraulic constraints on plant gas exchange. Ag. For. Met. 2831,
1–11.

Sperry, J.S., 2003. Evolution of water transport and xylem structure. Int. J. Plant Sci.
164, S115–S127.

Sperry, J.S., Tyree, M.T., 1988. Mechanism of water stress-induced xylem embolism.
Plant Physiol. 88, 581–587.

Sperry, J.S., Tyree, M.T., 1990. Water-stress-induced xylem embolism in three species
of conifers. Plant Cell Environ. 13, 427–436.

Sperry, J.S., Saliendra, N.Z., 1994. Intra- and inter-plant variation in xylem cavitation
in Betula occidentalis. Plant Cell Environ. 17, 1233–1241.

Sperry, J.S., Hacke, U.G., 2002. Desert shrub water relations with respect to soil
characteristics and plant functional type. Func. Ecol. 16, 367–378.

Sperry, J.S., Hacke, U.G., 2004. Analysis of circular bordered pit function. I.
Angiosperm vessels with homogenous pit membranes. Am. J. Bot. 91, 369–
385.

Sperry, J.S., Alder, N.N., Eastlack, S.E., 1993. The effect of reduced hydraulic conduc-
tance on stomatal conductance and xylem cavitation. J. Exp. Bot. 44, 1075–1082.

Sperry, J.S., Stiller, V., Hacke, U.G., 2002. Soil water uptake and water transport
through root systems. In: Waisel, Y., Eshel, A., Kafkafi, U. (Eds.), Plant Roots: The
Hidden Half. Marcel Dekker, New York, pp. 663–681.

Steudle, E., 2001. The cohesion–tension mechanism and the acquisition of water by
plant roots. Ann. Rev. Plant Physiol. Mol. Biol. 52, 847–875.

Stiller, V., Sperry, J.S., 2002. Cavitation fatigue and its reversal in intact sunflower
plants. J. Exp. Bot. 53, 1155–1161.

Stiller, V., Lafitte, H.R., Sperry, J.S., 2003. Hydraulic properties of rice (Oryza sativa L.)
and the response of gas exchange to water stress. Plant Physiol. 132, 1698–1706.

Tattini, M., Montagni, G., Traversi, M.L., 2002. Gas exchange, water relations and
osmotic adjustment in Phyllirea latifolia grown at various salinity concentrations.
Tree Physiol. 22, 403–412.

Thomson, D.M., Shaffer, G.P., McCorquodale, J.A., 2002. A potential interaction
between sea-level rise and global warming: implications for coastal stability
on the Mississippi River Deltaic Plain. Global Planet. Changes 32, 49–59.

Turner, N.C., Schulze, E.D., Gollan, T., 1985. The responses of stomata and leaf gas
exchange to vapor pressure deficits and soil water content. 2. In the mesophytic
herbaceous species Helianthus annuus. Oecologia 65, 348–355.

Turner, R.E., 1991. Tide gauge records, water level rise, and subsidence in the Northern
Gulf of Mexico. Estuaries 14, 139–147.

Turner, R.E., 1997. Wetland loss in the Northern Gulf of Mexico: multiple working
hypotheses. Estuaries 20, 1–13.

Tyree, M., Davis, S., Cochard, H., 1994. Biophysical perspectives of xylem evolution—is
there a tradeoff of hydraulic efficiency for vulnerability to dysfunction? IAWA J.
15, 335–360.

Tyree, M.T., 1997. The cohesion–tension theory of sap ascent: current controversies.
J. Exp. Bot. 48, 1753–1765.

Tyree, M.T., Sperry, J.S., 1988. Do woody plants operate near the point of catastrophic
xylem dysfunction caused by dynamic water stress? Answers from a model. Plant
Physiol. 88, 574–580.

Tyree, M.T., Sperry, J.S., 1989. Vulnerability of xylem to cavitation and embolism.
Ann. Rev. Plant Physiol. Mol. Biol. 40, 19–38.

Tyree, M.T., Yang, S., 1992. Hydraulic conductivity recovery versus water pressure in
xylem of Acer saccharum. Plant Physiol. 100, 669–676.

Tyree, M.T., Snyderman, D.A., Wilmot, T.R., Machado, J.L., 1991. Water relations and
hydraulic architecture of a tropical tree (Schefflera morototoni). Plant Physiol. 96,
1105–1113.

Wang, G., Cao, F., 2004. Effects of soil salt and water contents on growth and biomass
allocation of Taxodium distichum. Chin. J. Appl. Ecol. 15, 2396–2400.

Wong, S.C., Cowan, I.R., Farquhar, G.D., 1985. Leaf conductance in relation to CO2

assimilation. III. Influences of water stress and photoinhibition. Plant Physiol.
78, 830–834.

Zimmermann, M.H., 1983. Xylem Structure and the Ascent of Sap. Springer–Verlag,
Berlin.


