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Summary An increased risk of frost is expected during the
growing season, as climate warming increases spring tempera-
tures in the Arctic. Because deciduous species have a growth
season limited in length and also have generally larger conduit
volumes, they are more likely than evergreens to be injured by
freeze—thaw-induced cavitation during the growing season. To
test whether growth at elevated temperature increases suscepti-
bility to freeze-thaw damage, we grew a deciduous arctic
shrub species (Salix pulchra Cham.) in simulated Alaskan
summer temperatures and at 5 °C above the ambient simulation
(+5 °C plants) in controlled environments. Stem specific hy-
draulic conductivity (k) and leaf stomatal conductance (g;)
were measured in plants grown at both temperatures before and
after a freeze treatment simulating a mid-season frost. Before
the freeze treatment, specific xylem conductivity was 2.5 times
higher and stomatal conductances were 1.3 times higher in
+5 °C plants than in ambient-grown plants. Reductions in hy-
draulic conductivity and stomatal conductance as aresult of the
freeze were 3.5 and 1.8 times greater respectively in +5 °C
plants than in ambient- grown plants. Many of the +5 °C plants
showed extensive leaf damage. Plants grown in the two treat-
ments also differed in comparative xylem anatomy; +5 °C
plants had larger vessel diameters (25.4 versus 22.6 um) and
higher vessel densities (71 versus 67.4 vessels mm %) than am-
bient-grown plants. Our results suggest that higher growing
season temperatures will increase the susceptibility of arctic
deciduous shrubs to frost damage, which may offset their com-
petitive growth advantage.

Keywords: cavitation, climate warming, deciduous shrubs,
freeze—thaw, tundra, tyloses, xylem embolism.

Introduction

Within the next 50 years, increases of 6 to 15 °C are predicted
for mean spring surface air temperatures in the Arctic (Gates et
al. 1992, Maxwell 1992, Manabe and Stouffer 1993) with in-
creases already reported (Mitchell et al. 1990, Maxwell 1997,
Vinnikov et al. 1999). Greater temperature amplitudes, includ-

ing frosts and warm periods, are predicted to occur with in-
creased mean temperatures (Cannell and Smith 1986, Max-
well 1997). These climate changes will directly affect the
physiology of arctic plants (Shaver and Kummerow 1992,
Starr et al. 2000).

Among the greatest physiological effects may be those re-
sulting from freeze—thaw events that can injure plants both
through freeze damage to cells (Sakai and Larcher 1987,
Krause et al. 1988, Pearce 2001) and through cavitation-in-
duced interruption of the xylem stream with subsequent dehy-
dration (Cochard and Tyree 1990, Hacke and Sauter 1996). In
this process, dissolved gases in the xylem sap are forced out of
solution to form bubbles in the ice. On thawing, these bubbles
can either dissolve into the sap or expand to obstruct the entire
conduit. Embolism follows when the vapor-filled conduit con-
tinues to fill with gases from the surrounding tissue (Davis et
al. 1999). Formation of embolisms during freeze—thaw events
depends on two factors, the xylem pressure and conduit diam-
eter; embolisms are favored by low xylem pressures and large
conduit diameters. Cavitation occurs in many deciduous spe-
cies during the dormant winter state, but may be overcome by
the production of new conduits or by root pressure in the
spring (Cochard and Tyree 1990, Hacke and Sauter 1996,
Cochard et al. 2001). However, winter thaw followed by
refreezing can damage roots and reduce the capacity for xylem
refilling (Zhu et al. 2000). Freeze-induced cavitation can also
occur during the growing season (Davis et al. 1999) when the
resulting loss of hydraulic conductivity will probably be great-
est, because xylem pressure is likely to be lower.

The degree to which arctic plants can tolerate or take advan-
tage of changing climate conditions depends on their growth
strategy (Sgrenson 1941, Shaver and Kummerow 1992). In
simulated climate warming experiments, deciduous species in
the Alaskan Arctic have been shown to respond to elevated
temperatures more successfully than other growth forms
(Chapin et al. 1995, Chapin and Shaver 1996). One possible
explanation involves the characteristics of the hydraulic archi-
tecture of these plants (Tyree and Ewers 1991). The xylem of
deciduous species is dominated by large vessels that allow for
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rapid and efficient uptake of water and nutrients and high rates
of photosynthesis and growth (Oberbauer and Oechel 1989,
Semikhatova et al. 1992).

The same xylem characteristics that make deciduous spe-
cies more efficient in water transport during favorable growing
conditions, put them at a disadvantage during freeze—thaw
events, particularly after the initiation of new vessel develop-
ment. Larger vessels contain larger bubbles than narrow con-
duits, increasing susceptibility to freeze—thaw-induced cavita-
tion (Tyree and Ewers 1991, Davis et al. 1999, Feild and
Brodribb 2001). Blockage caused by embolism formation can
severely reduce hydraulic conductivity (Sperry 1986, Sperry
and Pockman 1993). According to the Hagen-Poiseuille law,
the flow rate of water is proportional to vessel diameter raised
to the fourth power. The reduction in hydraulic conductivity
depends on the number of embolized vessels and their contri-
bution to the overall flow in the xylem. Plants with a high pro-
portion of large-diameter vessels are more likely to be affected
by freeze—thaw-induced cavitation than plants with small di-
ameter vessels (Ewers 1985, Sperry and Sullivan 1992, Sperry
et al. 1994, Langan et al. 1997, Davis et al. 1999). Although
several studies of cavitation in temperate and boreal species
support this concept, there are no data linking susceptibility to
cavitation with climate change for arctic tundra plants.

Because tundra plants grown at elevated temperatures have
higher maximum photosynthetic rates than plants grown at
ambient temperatures (Chapin and Shaver 1996), we predicted
that they would also have higher stomatal conductances and
specific hydraulic conductivities, as found for other species
grown at elevated temperatures (Comstock 2000, Maherali
and DeLucia 2000). Plants grown at elevated temperatures
should be more susceptible to freeze—thaw-induced cavitation
than plants grown at ambient temperatures, as a result of
changes in xylem anatomy coinciding with higher conductiv-
ity. In this paper, we report the effects of elevated growing sea-
son temperatures on the sensitivity of the deciduous arctic
shrub species, Salix pulchra Cham., to mid-season frost. The
objective of the study was to test two hypotheses: (1) Salix
plants grown at elevated temperatures have larger vessel diam-
eters, longer vessels and a higher proportion of larger-diame-
ter vessels contributing to overall flow than plants grown at
ambient temperatures; and (2) Salix plants grown at elevated
temperatures are more susceptible to a freeze—thaw than plants
grown at current ambient growing season temperatures.

Materials and methods

Plant material

Salix pulchra is a common shrub in tussock and shrub tundra
throughout the circumpolar Arctic. In Alaska it can form ex-
tensive thickets above timberline up to 1750 m. Robust indi-
viduals can attain small tree size (3 m). Samples for this study
were taken from wet tussock tundra in the northern foothills of
the Brooks Range, near Toolik Lake, Alaska (68°38" N,
149°34” 'W, 760 m a.s.l.). Vegetation communities near the
site have been described in detail by Walker et al. (1994). In

May 1999, 30 dormant 1-2-year-old twigs were clipped from
each of five individuals of S. pulchra (separated by hundreds
of meters and assumed to be genetically distinct), hereafter re-
ferred to as genets (genetically distinct individuals of the same
species). Twigs, which varied from 80 to 120 mm in length,
were stored in airtight plastic bags containing Sphagnum moss
to maintain moisture. Samples were transported to the labora-
tory in Miami in a cooler and immediately planted in pots
(80 mm diameter x 100 mm depth) containing a 1:1:1 (v/v)
mix of Turface:perlite:vermiculite. Branches broke bud
quickly and formed extensive adventitious roots. A second set
of dormant clippings was collected in early September 1999
from the same individuals. Before planting as above, these
clippings were maintained at—5 °C for 6 weeks to provide suf-
ficient chilling to break dormancy (Pop et al. 2000).

Growth and freezing treatments

Two pairs of controlled-environment chambers (Environmen-
tal Growth Chambers, Chagrin Falls, OH) were used to simu-
late ambient and elevated temperature treatments. Day length
and temperature were programmed in the first pair of growth
chambers based on weather data from the Toolik Long Term
Ecological Research (LTER) site for the 1996 growing season.
Day length was set at 24 h and photon flux density was main-
tained at about 300 umol m~> s~' throughout the experiment
(26 mol m~2 day~"). The seasonal temperature simulation used
a step increase in chamber temperatures to mimic the seasonal
progression of temperature. For the first 15 days, temperatures
cycled diurnally between 8 and 13 °C, and for the following
35 days temperatures cycled between 11 and 18 °C. Data from
1996 were used because a mid-season frost occurred during
the growing season. The second pair of chambers was pro-
grammed 5 °C above the ambient simulation. Seven plants of
each genet were planted in each chamber for a total of
35 plants per chamber and 70 plants per treatment.

After 50 days growth in the chambers, those plants not sam-
pled for hydraulic conductivity (see below) were exposed to
freezing temperatures based on data from the mid-season frost
on August 9-10, 1996. For the freezing treatment, plants were
placed in a modified chest freezer with internal lighting that
ramped from 0 to —4 °C and back again over an 18-h period,
providing temperatures similar to the 1996 mid-season frost
(Figure 1). Air temperatures during the simulated frost were
logged and recorded with a Campbell 21X data logger (Camp-
bell Scientific, Logan, UT) and copper-constantan thermocou-
ple. The plants were then returned to their respective chambers
at pre-freeze temperatures.

To minimize the influence of undetected individual cham-
ber effects, the experiment was carried out twice. The first ex-
periment used the plants collected in May and the second
experiment used the plants collected in September.

Stomatal conductance and specific hydraulic conductivity

Stomatal (g,) and stem hydraulic conductances (k) were mea-
sured for plants from each growth temperature 5 days before
the freezing treatment. Stomatal conductance measurements
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Figure 1. Air temperatures (°C ) during a freeze event at Toolik Lake
(August 9-10, 1996) and during the simulated freeze event.

were made with an LI-1600 steady-state porometer (Li-Cor,
Lincoln, NE) at midday on the three youngest mature leaves
on each plant sampled (n = 10 plants per treatment for each ex-
periment). Measurements were made in the growth chambers
under the conditions in which the plants were grown.

To determine the effect of current air temperature during g
measurements, 15 plants in each treatment in the second run of
the experiment were briefly switched to the other treatment
and their g, measured. Plants were allowed to equilibrate to the
changed conditions for approximately 60 min, measured for
g, and then returned to their original location.

Hydraulic conductance (k) is defined as the volume flow
rate divided by the pressure difference across a defined flow
path (Sperry et al. 1993).

F

k= qyrdx

(M

where F is volume flow rate (m® s~") and dy/dx is the pressure
gradient (MPa m™"). For k, measurements, only new growth
produced under the treatment conditions was harvested, recut
at the base while under water to a standard length of 50 mm,
and defoliated. Leaf scars were covered with an epoxy resin
and nail polish to prevent water loss from the stem. Water was
gravity-fed through 6.5-mm inner-diameter Nalgene tubing
with a column height of 2 m, creating a pressure of 20 kPa into
the proximal (influx) end of each stem. The distal (outflux)
end was attached to a 0.2 ml graduated pipette. The distance
traveled by the bubbles through the pipette over a 60 s interval
was then recorded. Specific hydraulic conductivity (ky), a
measure of the porosity of the stem segment, was calculated by
dividing k;, by the xylem transverse area (A; m?) (Tyree and
Ewers 1991). For each run of the experiment, 10—12 plants per
treatment were measured for hydraulic conductivity before the

freeze—thaw. The samples were spread as evenly as possible
among the genets, but equal numbers of each genet could not
be used because not all individuals of some genets grew suffi-
ciently long (50 mm) for conductivity measurements.

Stomatal conductance and specific hydraulic conductivity
measurements were repeated within 24 h after the freeze using
the same procedures described above. For some of the +5 °C
plants, the leaves sampled after freezing already appeared se-
verely damaged, but were included in the g; measurements to
balance sample size (n = 10 plants per treatment for each ex-
periment). Xylem dysfunction resulting from the freeze was
assessed by the reduction in the hydraulic conductivity (n> 12
plant per treatment for each experiment).

Percent functional vessels and vessel density

After completion of hydraulic conductivity measurements of
plants in the second run of the experiment, a subset of branch
segments (n > 10 per treatment) were perfused with 0.01%
safranin dye to identify functional xylem. The dye was then
flushed out of the segments with water. Cross sections were
made at the midpoint of each segment. Stained vessels were
counted as functional, whereas unstained vessels were re-
corded as nonfunctional. Vessel density per mm? of stem cross
section for both control and experimental plants was also mea-
sured (Ewers and Fisher 1989).

Vessel length distribution

The latex paint infusion method (Zimmermann and Jeje 1981)
was used to determine vessel length distribution of S. pulchra
plants grown in the two temperature treatments before the
freezing treatment (n = 7 plants per treatment per experiment).
For all plants, the longest unbranched stem segments from the
most recent growth were selected for study. Based on prelimi-
nary measurements, these segments were known to be longer
than the longest vessels. Stems were defoliated with shears be-
fore they were cut from the plant, and the proximal end was
immediately recut while submerged to avoid introduction of
embolisms into the xylem conduits. A dilute latex paint solu-
tion (100:1 dilution) was then fed into the stem (Zimmermann
and Jeje 1981).

The latex paint solution was filtered through Whatman No.1
filter paper to prevent particles with a diameter greater than
5 um from obstructing vessels, but allowed particles with di-
ameters too large to pass through pit membranes (0.2 um) to
enter the stems. The latex emulsion was gravity-fed into the
proximal end of the stem segment from a 2-m column with a
pressure of 20 kPa. The solution was allowed to pass through
the stem until flow completely stopped, as indicated by the po-
sition of the meniscus at the top of the column. The stem seg-
ments were cut into five uniform lengths of 5 mm, giving a
total of five length classes. The proximal end of each stem sur-
face was then shaved smooth with a razor blade to remove sur-
face paint and to improve viewing of vessels, and the number
of paint-containing vessels was counted (Zimmermann and
Jeje 1981). This gave the raw vessel count in each of the five
length classes. Vessels were counted as paint-filled even if
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only partially filled with latex paint. Vessel length distribution
was calculated following Zimmermann and Jeje (1981).

Vessel diameter and flow rate

Vessel diameters were measured in thin cross sections (10—
50 pm) cut from the proximal stem surface at a standard dis-
tance of 50 mm from the terminal bud of each stem. An image
analysis system (Agvision, Decagon Devices, Pullman, WA)
attached to a compound microscope was used to measure ves-
sel diameters at 100x magnification. At six equally spaced in-
tervals (60°), all vessels within a pair of rays were measured
for diameter by tracing the maximum and minimum distances
across vessel lumens and taking the mean of these two values.
Means were calculated for each cross section (n > 20 vessels
per cross section) and a grand mean was determined for plants
grown in each temperature treatment (n = 12 cross sections per
treatment).

The contribution of each conduit to hydraulic conductivity
was calculated from mean vessel diameter in accordance with
the Hagen-Poiseuille law by dividing the diameter of each ves-
sel raised to the fourth power by the sum of all vessels raised to
the fourth power. Vessels diameters were categorized as small
(<20 um), medium (20—30 pm) and large (> 30 um) based on
their percentage contribution to total flow. These data were
used to determine the relative susceptibility of plants from
each treatment to embolism caused by freeze—thaw events.

Statistical analysis

Data sets were tested for normality using the Shapiro-Wilk
test. Homogeneity of variances was determined by Levene’s
test statistic. For all conductivity and percent functional ves-
sels measurements, statistical comparisons between treat-
ments were performed using a one-way ANOVA for an
unbalanced design (P < 0.05). Independent samples Student’s
t-tests were used to compare anatomical characteristics be-
tween groups. Normality tests and statistical comparisons
were conducted using SPSS Version 8.0 software (SPSS, Chi-
cago, IL).

Results

Comparisons of k; and g, of plants within each temperature
treatment showed no significant differences between cham-
bers, between the two trials, or among the five genets. There-
fore, significant differences in conductivity or conductance
were attributed to the treatment.

Specific hydraulic conductivity

Before the freeze, k; was 2.5 times higher in +5 °C plants than
in ambient-grown plants (Figure 2, P < 0.001). Post-freeze
conductivity values were not significantly different between
treatments (Figure 2). The difference in k; pre- and post-freeze
was 3.5 times greater in plants in the elevated temperature
treatment than in the ambient treatment (Figure 2, P < 0.001).

Stomatal conductance

Before the freeze, g, was 1.3 times higher in +5 °C plants than
in ambient-grown plants (Figure 2, P < 0.001). Plants
switched between chambers retained this difference in g, indi-
cating that the values were not simply a reflection of the tem-
perature at the time of measurement (+5 °C = 318.3 mmol m >
s™'; ambient = 231.1 mmol m™s™', P < 0.001). After the
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Figure 2. Effects of elevated temperature on mean (+ SE) specific hy-
draulic conductivity (ks, hydraulic conductivity per xylem area) in
107> m?> MPa~! s™! (n = 20), stomatal conductance (gs) in mmol m~>
s™! (n = 20 pre-freeze, n = 10 post-freeze), and percentage functional
vessels (n > 10) in S. pulchra before and after a simulated freeze. An
asterisk (*) above a pair of bars indicates a significant difference be-
tween plants grown in elevated (+5 °C) and ambient temperatures at
P <0.05.
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freeze, g, was 34% lower in +5 °C plants than in ambient-
grown plants (P < 0.001). The difference in g, pre- and post-
freeze was 1.8 times greater in plants in the elevated tempera-
ture treatment than in the ambient temperature treatment (Fig-
ure 2, P <0.001).

Percent functional vessels

The percent of functional vessels was 1.5 times greater in
+5 °C plants than in ambient-grown plants before the freeze,
and 1.3 times greater after the freeze (Figure 2, P < 0.001 for
both). The effect of the freezing treatment on percent func-
tional vessels was not significant, and percent functional ves-
sels were low both pre- and post-treatment.

Xylem vessel anatomy

The elevated temperature treatment had significant effects on
vessel diameter and vessel density (Table 1, Figure 3). Mean
vessel diameters of +5 °C plants and ambient-grown plants
were 25.4 and 22.6 um, respectively. Vessel density in +5 °C
plants was 71 vessels mm~ compared with 67.4 vessels mm >
in ambient-grown plants. A comparison of the contribution of
small, medium, and large vessels to overall flow based on con-
duit diameter showed significant differences in both the large
and small size classes (Figure 4, P < 0.05). Each vessel in the
large size class contributed more than 2% to total flow. Each
vessel in the medium and small size classes contributed be-
tween 0.4 and 2.0% and less than 0.4% to total flow, respec-
tively.

Elevated temperature altered the distribution of vessel
lengths. Ambient-grown plants had a significantly higher pro-
portion of vessels in the smallest length class, whereas +5 °C
plants had a higher proportion of vessels in the three largest
length classes (Figure 5).

Discussion

We found that k, and g, in S. pulchra are closely linked to
growing season temperatures. As hypothesized, plants grown
in the elevated temperature regime had much higher &, and g
than plants grown at ambient temperatures. Plants grown in
the elevated-temperature regime also had greater stem and leaf
biomass, and we speculate that they have higher water and nu-
trient demands associated with higher rates of photosynthesis

Table 1. Mean values (+ SE) for vessel diameter (n = 12 cross sections
measured for 20-21 vessels each) and density in S. pulchra grown at
elevated (+5 °C) and ambient temperatures. The P-values are from a
one-way ANOVA.

Parameter Ambient Elevated n P
Vessel diameter 22.6+04 254+04 12 0.01
(m)

Vessel density 67.4+0.9 71.0+1.2 12 0.05

(vessels mm~2)
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Figure 3. Distribution of vessel diameters in plants grown at elevated
(+5 °C) and ambient temperatures (n = 12 distributions per treatment).

compared with plants grown under ambient conditions. This
suggestion is supported by the increased percentage of func-
tional vessels in 45 °C plants. The increased percentage of
functional vessels in response to the elevated temperature
treatment may be explained by increases in xylem area and the
number of older, more developed vessels compared with
plants grown under ambient conditions.

Although k; immediately after the freeze—thaw event re-
mained higher in stems of +5 °C plants compared with ambi-
ent-grown plants, the reductions in &, and g in response to the
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Figure 4. Vessel contribution to flow based on diameter size in plants
grown at elevated (+5 °C) and ambient temperatures (n = 12).
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Figure 5. Distribution of vessel lengths in S. pulchra plants grown at
elevated (+5 °C) and ambient temperatures (n = 14 stems per treat-
ment). Error bars are one standard error of the mean. An asterisk (*)
above a pair of bars indicates significant difference of arcsin trans-
formed values at P < 0.05, ** indicates P < 0.01.

freeze event were significantly greater in the +5 °C plants.
More than 50% of leaves grown in the elevated temperature re-
gime showed visible evidence of freezing injury, compared
with less than 25% of ambient-grown leaves. Freeze-damaged
leaves showed signs of shriveling and browning and had low
stomatal conductances. Because g, of freeze-damaged leaves
were included in the calculation of treatment means, loss of
leaf tissue was partially responsible for the greater reduction in
stomatal conductance in +5 °C plants compared with ambient-
grown plants in response to the freeze event.

Xylem conduit anatomy is often used to explain differences
in conductivity and cavitation vulnerability (Ewers 1985,
Sperry and Sullivan 1992, Langan et al. 1997). Vessels with
larger diameters and greater lengths conduct more water and
nutrients than smaller vessels. Davis et al. (1999) estimated an
empirical threshold of conduit diameter (30 um) above which
plants are extremely sensitive to cavitation by freezing. The
mean vessel diameters of the +5 °C plants and ambient-grown
plants differed significantly, 25.4 and 22.6 pum respectively,
with the +5 °C plants having a greater proportion of vessels
above the 30 um threshold value.

This study shows that S. pulchra is plastic in response to ele-
vated temperatures. The plants in growth chambers grew faster
and larger than field-grown plants (D.M. Gorsuch, unpub-
lished observation). Consequently, the susceptibility of cham-
ber-grown plants to freezing may not be representative of that
of plants growing in the tundra. Although many ambient con-
ditions (e.g. temperature, photoperiod) can be simulated in
growth chambers, soil temperature and nutrient availability
are difficult to simulate. The mean vessel diameter of S. pul-
chra plants grown in tussock tundra was 12.5 um (Gorsuch et
al. 2001), whereas plants grown under simulated ambient con-
ditions in the chambers had a mean vessel diameter of 22.6 um
and greater vessel lengths. These anatomical differences sug-

gest that field-grown plants may be less susceptible to frost
damage than chamber-grown plants.

The role of vessel volume in cavitation sensitivity is uncer-
tain. Studies of conifer tracheids indicate that freezing com-
monly occurs in a centripetal direction from the conduit wall,
causing air to diffuse toward the center of the lumen and freeze
in long and narrow cylinders (Sucoff 1969, Robson and Petty
1987). On thawing, if these bubbles become round, their ra-
dius of curvature could be independent of conduit length (Da-
vis et al. 1999). However, Sperry and coworkers (Sperry and
Sullivan 1992, Sperry et al. 1994) have argued that bubble size
in thawing conduits is determined by conduit volume rather
than diameter, because it is the volume of water that deter-
mines the volume of air frozen out of solution and the ultimate
size of bubbles. Because our data show significant differences
between treatments in the proportions of vessels in four of the
six length classes, volume determination of susceptibility to
cavitation would indicate a greater difference in susceptibility
than predicted by diameter alone. However, we did not mea-
sure vessel diameters of the various vessel length classes so we
have no specific information about the relationship between
vessel length and vessel volume, though in other studies they
are positively correlated (Villar-Salvador et al. 1997).

Prolonged cavitation in vessels of ring-porous trees, me-
chanical injury, or injury caused by pathogens can cause for-
mation of tyloses that permanently block vessels (Zimmer-
mann 1983). It is conceivable, but unlikely, that tyloses may
have formed during the few hours between the freeze—thaw
treatment and the measurement of hydraulic conductivity and
stomatal conductance, and that tylose formation differed be-
tween the two treatments. If tyloses formed, they, rather than
cavitation, could be the basis for the measured loss of hydrau-
lic conductivity. We had not considered the possibility of rapid
formation of tyloses in the young wood used in the study, so
we did not reflush the stems to verify that the loss of conduc-
tivity was reversible, which would have provided conclusive
evidence of cavitation injury. Though we did not specifically
stain for tyloses, they were not apparent during determination
of functional vessels after the freeze. Furthermore, the leaf
shriveling and browning suggest massive permanent damage
in +5 °C plants, a finding more consistent with cavitation in-
jury than with the formation of tyloses. Additional hydraulic
conductivity and stomatal conductance measurements taken
later following the freeze might have shown a difference in the
recovery of plants grown in the two temperature treatments
and elucidated the mechanism of damage. Although we did
not have sufficient plant material to conduct recovery studies
of hydraulic conductivity, we note that nearly all of the plants
survived and eventually recovered. Nevertheless, whatever the
exact mechanism, Salix plants grown at elevated temperature
will be more susceptible to freeze—thaw damage, in part be-
cause of xylem dysfunction.

These results have important implications for plant growth
in the arctic tundra, particularly in the face of climate warm-
ing, because they indicate that plants with larger vessels and
higher specific xylem conductivity are at a competitive advan-
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tage over plants with lower values. This trend supports
long-term arctic field experiments showing a dominance of the
deciduous shrub growth form species, which grow larger and
overtop the other growth form species at elevated temperatures
(Chapin et al. 1995, Chapin and Shaver 1996, Shaver and
Jonasson 1999). This competitive advantage may be lost, how-
ever, if there is an increase in the risk of frosts during the grow-
ing season. We found a significant reduction in specific xylem
conductivity and stomatal conductances of S. pulchra plants
grown at elevated temperatures after a freeze—thaw event. This
short-term loss in conductivity may result in decreased plant
growth and survival over the long term.

Acknowledgments

This study was supported by the National Science Foundation Office
of Polar Programs Grants OPP-9615845 and OPP-9907185 and
Florida International University. We thank Jack B. Fisher and Jennifer
H. Richards for help and advice with anatomical and specific xylem
conductivity measurements. Access to the LTER weather database by
the Ecosystem Center of the Marine Biological Laboratory was
greatly appreciated. Maureen A. Donnelly and Jack B. Fisher made
helpful comments on the manuscript.

References

Cannell, M.G.R. and R.I. Smith. 1986. Climatic warming, spring bud-
burst and frost damage on trees. J. Appl. Ecol. 23:177-191.

Chapin, ES. and G.R. Shaver. 1996. Physiological and growth re-
sponses of arctic plants to a field experiment simulating climatic
change. Ecology 77:822-840.

Chapin, E.S., G.R. Shaver, A.E. Giblin, K.J. Nadelhoffer and J.A.
Laundre. 1995. Responses of arctic tundra to experimental and ob-
served changes in climate. Ecology 76:694-711.

Cochard, H. and M.T. Tyree. 1990. Xylem dysfunction in Quercus:
vessel sizes, tyloses, cavitation and seasonal changes in embolism.
Tree Physiol. 393-407.

Cochard, H., D. Lemoine, T. Ameglio and A. Granier. 2001. Mecha-
nisms of xylem recovery from winter embolism in Fagus sylvatica.
Tree Physiol. 21:27-33.

Comstock, J.P. 2000. Variation in hydraulic architecture and gas ex-
change in two desert sub-shrubs, Hymenoclea salsola (T. & G.) and
Ambrosia dumosa (Payne). Oecologia 125:1-10.

Davis, D.D., J.S. Sperry and U.G. Hacke. 1999. The relationship be-
tween xylem conduit diameter and cavitation caused by freezing.
Am. J. Bot. 86:1367-1372.

Ewers, EW. 1985. Xylem structure and water conduction in conifer
trees, dicot trees, and lianas. Int. Assoc. Wood Anat. Bull. 6:
309-317.

Ewers, FEW. and J.B. Fisher. 1989. Techniques for measuring vessel
lengths and diameters in stems of woody plants. Am. J. Bot. 76:
645-656.

Feild, T.S. and T. Brodribb. 2001. Stem water transport and freeze—
thaw xylem embolism in conifers and angiosperms in a Tasmanian
treeline heath. Oecologia 127:314-320.

Gates, W.L., J.LE.B. Mitchell, G.J. Boer, U. Cubasch and V.P. Male-
shko. 1992. Climate modeling, climate prediction and model vali-
dation. /n Climate Change 1992: The Supplemental Report to the
IPCC Scientific Assessment. Eds. J.T. Houghton, B.A. Callander
and S.K. Varney. Cambridge University Press, Cambridge,
pp 97-135.

Gorsuch, D.M., S.F. Oberbauer and J.B. Fisher. 2001. Comparative
vessel anatomy of arctic deciduous and evergreen dicots. Am.
J. Bot. 88:1643-1649.

Hacke, U. and J.J. Sauter. 1996. Xylem dysfunction during winter and
recovery of hydraulic conductivity in diffuse-porous and ring-po-
rous trees. Oecologia 105:435-439.

Krause, G., S. Heinrich, S. Graflage, S. Rumach-Bayer and S. Somer-
salo. 1988. Effects of freezing on plant mesophyll cells. /n Plants
and Temperature. Symp. Soc. Exp. Biol. No. 42. Eds. S.P. Long and
FI. Woodward. The Company of Biologists, Cambridge,
pp 311-327.

Langan, S.J., EW. Ewers and S.D. Davis. 1997. Xylem dysfunction
caused by water stress and freezing in two species of co-occurring
chaparral shrubs. Plant Cell Environ. 20:425-437.

Mabherali, H. and E.H. DeLucia. 2000. Interactive effects of elevated
CO, and temperature on water transport in ponderosa pine. Am.
J. Bot. 87:243-249.

Manabe, S. and R.J. Stouffer. 1993. Century-scale effects of increased
atmospheric CO, on the ocean-atmosphere system. Nature 364:
215-218.

Maxwell, B. 1992. Arctic climate: potential for change under global
warming. In Arctic Ecosystems in a Changing Climate: An
Ecophysiological Perspective. Eds. E.S. Chapin, III, R.L. Jefferies,
J.E. Reynolds, G.R. Shaver and J. Svoboda. Academic Press, San
Diego, pp 11-34.

Maxwell, B. 1997. Recent climate patterns in the Arctic. /n Global
Change and Arctic Terrestrial Ecosystems. Eds. W.C. Oechel,
T. Callaghan, T. Gilmanov, J.I. Holten, B. Maxwell, U. Molau and
B. Sveinbjornsson. Springer-Verlag, New York, pp 21-46.

Mitchell, J.EB., S. Manabe, T. Tokioka and V. Meleshoko. 1990. Cli-
mate change, the IPCC scientific assessment. Eds. J.T. Houghton,
G.J. Jenkins, and J.J. Ephraums. Cambridge University Press,
Cambridge, pp 131-172.

Oberbauer, S.F. and W.C. Oechel. 1989. Maximum CO, assimilation
rates of vascular plants on an Alaskan arctic tundra slope. Holarct.
Ecol. 12:312-316.

Pearce, R.S.2001. Plant freezing and damage. Ann. Bot. 87:417-424.

Pop, E.-W., S.F. Oberbauer and G. Starr. 2000. Predicting vegetative
bud break in two arctic deciduous shrub species, Salix pulchra and
Betula nana. Oecologia 124:176—184.

Robson, D.J. and J.A. Petty. 1987. Freezing in conifer xylem. Pres-
sure changes and growth velocity of ice. J. Exp. Bot. 39: 1617—
1621.

Sakai, A. and W. Larcher. 1987. Frost survival in plants. Springer-
Verlag, Berlin, 321 p.

Semikhatova, O.A., T.V. Gerasimenko and T.I. Ivanova. 1992. Photo-
synthesis, respiration, and growth of plants in the Soviet Arctic. In
Arctic Ecosystems in a Changing Climate: An Ecophysiological
Perspective. Eds. F.S. Chapin, III, R.L. Jefferies, J.F. Reynolds,
G.R. Shaver and J. Svoboda. Academic Press, San Diego,
pp 169-192.

Shaver, G.R. and S. Jonasson. 1999. Response of arctic ecosystems to
climate change: results of long-term field experiments in Sweden
and Alaska. Polar Res. 18:245-252.

Shaver, G.R. and J. Kummerow. 1992. Phenology, resource allocation
and growth of arctic vascular plants. /n Arctic Ecosystems in a
Changing Climate: An Ecophysiological Perspective. Eds. ES.
Chapin, III, R.L. Jefferies, J.F. Reynolds, G.R. Shaver and
J. Svoboda. Academic Press, San Diego, pp 193-211.

Sgrenson, T. 1941. Temperature relations and phenology of the north-
east Greenland flowering plants. Medd. om Gronland. 125:1-305.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

¥202 I4dy g2 uo 1senb Aq G996291/.20L/¥L/ZzZ/eme/sAydasiy/woo dno-olwspeoe//:sdpy wolj papeojumoq



1034 GORSUCH AND OBERBAUER

Sperry, J.S. 1986. Relationship of xylem embolism to xylem pressure
potential, stomatal closure, and shoot morphology in the palm
Rhaphis excelsa. Plant Physiol. 80:110-116.

Sperry, J.S. and J.E.M. Sullivan. 1992. Xylem embolism in response
to freeze—thaw cycles and water stress in ring-porous, diffuse-po-
rous, and conifer species. Plant Physiol. 100:605-613.

Sperry, J.S. and W.T. Pockman. 1993. Limitation of transpiration by
hydraulic conductance and xylem cavitation in Betula occidentalis.
Plant Cell Environ. 16:279-287.

Sperry, J.S., N.N. Alder and S.E. Eastlack. 1993. The effect of re-
duced hydraulic conductance on stomatal conductance and xylem
cavitation. J. Exp. Bot. 44:1075-1082.

Sperry, J.S., K.L. Nichols, J.E.M. Sullivan and S.E. Eastlack. 1994.
Xylem embolism in ring-porous, diffuse-porous, and coniferous
trees of northern Utah and Interior Alaska. Ecology 75:1736-1752.

Starr, G., S.F. Oberbauer and E.W. Pop. 2000. Effects of lengthened
growing season and soil warming on the phenology and physiology
of Polygonum bistorta. Global Change Biol. 6:357-369.

Sucoff, E. 1969. Freezing of conifer xylem sap and the cohesion-ten-
sion theory. Physiol. Plant. 22:424-431.

Tyree, M. T. and EW. Ewers. 1991. The hydraulic architecture of trees
and other woody plants. Tansley Review No. 34. New Phytol.
119:345-360.

Walker, M.D., D.A. Walker and N.A. Auerbach. 1994. Plant commu-
nities of a tussock tundra landscape in the Brooks Range Foothills,
Alaska. J. Veg. Sci. 5:843-866.

Villar-Salvador, P., P. Castro-Diaz, C. Perez-Rontome and G. Mont-
serrat-Marti. 1997. Stem xylem features in three Quercus (Faga-
ceae) species along a climatic gradient in NE Spain. Trees
12:90-96.

Vinnikov, K.Y., A. Robock, R.J. Stouffer, J.E. Walsh, C.L. Parkinson,
D.J. Cavalieri, J.F.B. Mitchell, D. Garrett and V.F. Zakharov. 1999.
Global warming and Northern Hemisphere sea ice extent. Science
286:1934-1936.

Zhu, X.B., R.M. Cox and P.A. Arp. 2000. Effects of xylem cavitation
and freezing injury on dieback of yellow birch (Betula
alleghaniensis) in relation to a simulated winter thaw. Tree Physiol.
20:541-547.

Zimmermann, M.H. and A.A. Jeje. 1981. Vessel-length distribution in
some American woody plants. Can. J. Bot. 59:1882-1892.

Zimmermann, M.H. 1983. Xylem structure and the ascent of sap.
Springer-Verlag, Berlin, 143 p.

TREE PHYSIOLOGY VOLUME 22, 2002

¥202 I4dy g2 uo 1senb Aq G996291/.20L/¥L/ZzZ/eme/sAydasiy/woo dno-olwspeoe//:sdpy wolj papeojumoq



