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AN ANNUAL PATTERN OF NATIVE EMBOLISM IN UPPER BRANCHES
OF FOUR TALL CONIFER SPECIES!
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Premise of the study: The Pacific Northwest of North America experiences relatively mild winters and dry summers. For the
tall coniferous trees that grow in this region, we predicted that loss in the hydraulic conductivity of uppermost branches would
be avoided because of difficulty reversing accumulated emboli in xylem that is always under negative pressure.

Methods: To test this hypothesis, we measured native percent loss in hydraulic conductivity (PLC; the decrease of in situ hy-
draulic conductivity relative to the maximum) monthly throughout 2009 in branches at the tops (~50 m) of four species in an
old growth forest in southern Washington.

Key results: Contrary to our prediction, freeze—thaw cycles resulted in considerable native PLC. Branches showed hydraulic
recovery in the spring and after a moderate increase in native embolism that was observed after an unusually hot period in
August. The September recovery occurred despite decreases in the leaf and stem water potentials compared to August values.
Conclusions: Recoveries in branches of these trees could not have occurred by raising the water potential enough to dissolve
bubbles simply by transporting water from roots and must have occurred either through water absorption through needles and/
or refilling under negative pressure. Excluding the August value, native embolism values correlated strongly with air tempera-
ture of the preceding 10 d. For three species, we found that branches with lower wood density had higher specific conductivity,
but not greater native PLC than branches with higher wood density, which calls into question whether there is any hydraulic
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benefit to higher wood density in small branches in those species.

Key words:

The dominant conifers of the Pacific Northwest of North
America are some of the tallest trees in the world. Ranging from
northern California to southeastern Alaska, some individuals of
these trees routinely achieve 50+ m in height. From a water
transport perspective, these heights present a stressful condi-
tion, assuming that the water being supplied to the foliage is
transported through the plant. The pressure in the xylem water
at the top of the tree will be lower than that at the bottom of the
tree both due to the force of gravity on the water column (caus-
ing a decline of 0.01 MPa-m~") and due to the friction of pulling
water through the microscopic xylem conduits (also measured
in MPa-m™"). Thus, all else being equal, the uppermost branches
of a taller tree must have a lower xylem pressure to draw water
from the soil than those of a shorter tree.

The climate of this region is also stressful to plants. The sum-
mers are generally hot and dry with little rainfall. Although the
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severity of the summer dry season varies across the region, our
study site, the Wind River Canopy Crane Research Facility
(WRCCRF), often receives little rain from May to September
(20-yr mean < 50 mm of rain per month) with mean July maxi-
mum air temperatures of 26.1°C (30-yr means from 1978 to 2008
at the Carson Fish Hatchery ~5 km north of the crane site; http://
cdo.ncde.noaa.gov/dly/DLY). During these hot, dry months, the
50-60-m-tall trees at the WRCCREF deplete the soil surrounding
their roots of water (Meinzer et al., 2007), and tree growth is lim-
ited (Franklin and Waring, 1980). Presumably, this seasonal dry
period could cause reduced xylem hydraulic conductivity (vol-
ume flow rate per pressure gradient) unless stomatal control of
transpiration prevented xylem pressure from falling below thresh-
olds associated with introduction of water-stress-induced emboli
to the xylem. The vast majority of the 2223 mm of mean annual
precipitation at WRCCREF falls during the winter months as rain,
snow or sleet with maximum temperatures in January averaging
3.4°C and minimum temperatures averaging —2.7°C (http://cdo.
ncdc.noaa.gov/dly/DLY), resulting in many freeze—thaw cycles.
Freeze—thaw cycles are important hydraulically because they
can result in embolism formation (Sucoff, 1969; Robson et al.,
1988). According to the “thaw—expansion hypothesis”, this pro-
cess occurs when water in xylem conduits freezes and the air
that had been dissolved comes out of solution and forms bub-
bles. When the water subsequently thaws, the bubbles can
either dissolve back into solution, or if there is tension in the
water column during the thaw, expand and fill the conduit with
air, thereby embolizing the conduit. When a freeze—thaw cycle
plus tension creates enough embolisms within a stem, the hydrau-
lic conductivity decreases. Work in both conifers (Sperry and
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Morphological and anatomical characteristics (mean + SD) of four tall conifer species. Stem diameters were measured after bark was removed.

For variables that showed differences between the species, different letters indicate values that differed in post hoc LSD tests in 1-way ANOVAs

(P < 0.05). d = diameter.

Species Height (m) Stem diameter (mm) Conduit d (um) Hydraulic d (um) Conduit frequency (mm~2)
Abies grandis (grand fir) 498+33a 3411 9.5%0.7a 127+£0.8 a 5191+136a
Pseudotsuga menziesii (Douglas-fir) 60.1+£3.2b 3.6+0.8 11.3+£03b 13.4+0.5ab 4214+ 138 ab
Thuja plicata (western redcedar) 50£39a 3.8+1.0 10.1 £0.6 ab 13.1t14a 4435 + 688 ab
Tsuga heterophylla (western hemlock) 543+1.0a 3.6+0.8 114+05b 158+09b 4044 £52b

Robson, 2001; Pittermann and Sperry, 2003) and angiosperms
(Davis et al., 1999) has shown that the likelihood of a single
freeze—thaw cycle at a given, relatively mild tension causing a
decline in hydraulic conductivity significantly increases when
the mean tracheid or vessel diameter is greater than 44 pm.
However, plant organs with narrower average conduit diameters
are not always safe from the damaging effects of freeze—thaw
cycles. A number of studies have observed loss of hydraulic
conductivity in species with narrow conduits (<44 pm) exposed
to repeated freeze—thaw cycles (Sperry and Sullivan, 1992;
Sperry et al., 1994; Mayr et al., 2003a, b, 2006) or when the
thaw was accompanied by severe water stress (Langan et al.,
1997; Pittermann and Sperry, 2006).

Regardless of whether embolism is drought-induced or formed
because of a freeze—thaw cycle, it is well established that plants
can refill these nonfunctional conduits when the xylem pressure is
negative but close to 0 MPa (e.g., Sobrado et al., 1992; Edwards
etal., 1994). To shrink a bubble and refill a conduit, the pressure in
the xylem (P,) surrounding the bubble must be > —277r, as defined
by La Place’s law (Yang and Tyree, 1992), where T is the surface
tension of water (0.0728 Pa m) and r; is the radius of the air bub-
ble, which in an embolized tracheid is approximately the radius of
the tracheid (Tyree and Zimmermann, 2002). Thus, to refill embo-
lisms at the tops of tall trees, at least one of three conditions must
be met. First, the conduit diameter must be narrow enough to meet
the requirements of La Place’s law. For example, at the top of a
50 m tree, the least negative water potential possible should be
—0.5 MPa due to the gravitational gradient. The bubble diameter,
and therefore conduit diameter, that could be refilled at this pres-
sure is less than 1 um if the bubble is composed of air (less pressure
is needed to refill bubbles composed of water vapor, so slightly
wider conduits could be refilled at this pressure). Second, the water
potential gradient must be decoupled from the gravitational gradi-
ent. For example, if water from dew or fog could be absorbed by the
leaves (Burgess and Dawson, 2004; Limm et al., 2009; Simonin
et al., 2009), the xylem pressure could rise above the pressure pre-
dicted based on the height of the tree. This scenario would allow
xylem pressures that could refill wider conduits. Third, the embo-
lized conduits must somehow be isolated from the surrounding
xylem so the pressure can be raised and the conduit refilled via
“novel” refilling (Salleo et al., 1996; Bucci et al., 2003; Hacke
and Sperry, 2003; Clearwater and Goldstein, 2005; Zwieniecki
and Holbrook, 2009; Secchi and Zwieniecki, 2010). Novel refill-
ing is not well understood (Zwieniecki and Holbrook, 2009;
Secchi and Zwieniecki 2010), but has been shown to allow em-
bolism refilling at average xylem pressures more negative than
predicted possible by La Place’s law.

Given that increased tree height simulates an aridity gradient
and that the climatic conditions of the Pacific Northwest can be
hydraulically stressful in both summer and winter, we asked
whether the small diameter branches at the tops of tall conifers
experience seasonal changes in native embolism, which is a

measure of the in situ hydraulic conductivity relative to the po-
tential maximum conductivity. Because of our assumption that
it would be very difficult for embolized conduits high in trees to
refill, we hypothesized that healthy upper branches would not
develop high levels of native embolism throughout the summer
or winter.

MATERIALS AND METHODS

Site and species—Branches from four species of conifer were examined
throughout 2009: grand fir [Abies grandis (Dougl.) Forbes], Douglas-fir
[Pseudotsuga menziesii (Mirbel) Franco.], western redcedar (Thuja plicata
Donn.), and western hemlock [T'suga heterophylla (Raf.) Sarg.]. These species
are the four main overstory conifers growing in an old growth Douglas fir—
western hemlock forest in southern Washington at the Wind River Canopy
Crane Research Facility (45°49'13.76"N, 121°57'06.88"W). This facility has a
75-m-tall canopy crane with an 85-m-long jib to which a gondola is attached to
provide access to the crowns of the trees. Four (for grand fir) to seven represen-
tatives from each species were selected based on height, availability, and a
healthy appearance.

Material collection—Beginning in January 2009, two replicate branches
were collected each month (except February) from within 2-3 m of the tops of
each of three individuals from each species before or near dawn. Thus, the
mean measurement heights ranged from ~47 m in grand fir to ~58 m in Doug-
las-fir (Table 1). A severe snowstorm in late February prevented us from using
the crane on our scheduled date, so two collections were made on 3 and 26
March. Where possible, the same individuals were not sampled during succes-
sive months to avoid overharvesting distal branches on these slowly growing
trees. During the rainy winter months, excess water or snow was shaken from
the branches before bagging the samples in sealable plastic bags. Despite our
efforts to eliminate excess water, the samples remained wet during the transport
to the laboratory. In the summer, a wetted paper towel was added to the bags
containing the samples to prevent further drying. All samples were stored in a
cooler to minimize temperature changes during the several-hour transport to the
laboratory at Oregon State University for analysis. Keeping the samples cool
and away from light also delayed potential embolism refilling during transport
to the laboratory.

Water potential measurements—We measured predawn and midday water
potentials on sampling dates when there was no precipitation and temperature
was above 0°C. Water potential was not measured during sub-0°C days because
of the difficulty interpreting values from frozen or partially frozen samples. The
water potential of ice is much lower than the water potential of liquid water
(Pearce, 2001). The weather permitted us to measure water potentials from
20 May 2009 to 22 September 2009. On each of these dates, the water potential
was measured on small shoots (diameter ~2—3 mm including bark) from each
individual from which branches were taken (three individuals per month from
each species) using a pressure chamber (PMS Instrument Co., Corvallis, Oregon,
USA). During the predawn visit, one branch on each tree was bagged with a
sealable plastic bag that had been covered with aluminum foil. This bag allowed
the water potential of the enclosed part of the branch to equilibrate and permitted
the branch water potential to be estimated from easily measureable shoots.
Measurements were made on unbagged samples before dawn and on bagged
and unbagged branches at midday (1100-1300 hours PDT). Samples were
taken from the same branches as those from which the hydraulic samples were
taken.
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Fig. 1.

(A) Native percent loss in hydraulic conductivity (PLC) vs. sampling date of 2009 for small-diameter branches from four conifer species.

Symbols show means of six samples per species and error bars are one standard deviation. Days shown on the x-axis are the actual day samples were taken.
(B) Meteorological data for 2009 for the Wind River Canopy Crane Research Facility. Daily maximum and minimum temperatures (black lines, left axis)
are from a weather station just above the canopy (70 m height). Precipitation data (gray lines, right axis) are from an open field station 0.8 km from the
crane. The gray dots between days 200 and 300 indicate a short period during which the precipitation station was not functioning.

Native embolism measurements—Each month, the native hydraulic con-
ductivity relative to the maximum value was measured for six branches from
each species (see Material collection section for details on sampling). Sun-
exposed branches were selected near the tops (within 1.5 m) of healthy, tall
trees and were clipped in air from the tree approximately 3 cm basally from
the segment that would be used for hydraulic measurements. This distance
should be long enough to avoid introducing embolisms to the segment on
which we would measure hydraulic conductivity. In the laboratory, stem seg-
ments 5-8 cm long and ~3 mm in diameter (Table 1) were cut under water to
avoid tracheids that may have embolized during collection, and the edges
were trimmed (under water) using a fresh razor blade. The stems were then
fitted to solution-filled tubing attached on the upstream end to a solution res-
ervoir approximately 90-100 cm above the sample and on the downstream end
to tubing attached to a graduated pipette. The perfusion solution was filtered and
deionized water acidified to pH 2 with HCI. The native specific hydraulic con-
ductivity (K,,,) was then measured by dividing the volume flow rate of water

through the pipette by the pressure gradient driving flow (derived from the
height of the reservoir relative to the sample and sample length), and dividing
by xylem cross-sectional area. After K, had been measured, all samples were
submerged in perfusion solution under a partial vacuum for ~20 h to refill any
embolized tracheids. The next morning, the samples were inspected for bub-
bles on the cut ends (none were ever seen), and the specific hydraulic conduc-
tivity was remeasured and termed the maximum hydraulic conductivity (Ki,,,)-
The native percent loss in conductivity, or native embolism value, was calcu-
lated as [(Kux — Kna)/Kinax] % 100.

Wood density and anatomical measurements—Wood density was deter-
mined for each branch used for hydraulic measurements and a subset of
branches was sampled for anatomical measurements. Wood density (g-cm™)
was calculated from the fresh volume of the sample, determined using Archimedes’
principle (Smith, 1955), divided by the dry mass, which was measured after
drying samples in an oven at 70°C for 2 d.



1010 AMERICAN JOURNAL OF BOTANY [Vol. 98

>
o
o

1.0 b

12| — @—— Grandfir ]
........ AVARRRRRS Douglas-fir

1.3} | ——#—— Western redcedar i
—=<>—-  Western hemlock <

Predawn water potential (MPa)

-1.4 t t f t 1

1.2 F

1.4+

Midday stem water potential (MPa)

(@]
N
®

1.2

1.4t

-16

Midday leaf water potential (MPa)

28 1 1 1 1 1
140 167 202 230 265

Day of year 2009
Fig. 2. Monthly (A) predawn, (B) midday stem, and (C) midday leaf water potentials for four conifer species during summer 2009. Symbols indicate

means of three measurements per species, and error bars show standard deviations. Asterisks specify months that Douglas-fir water potentials were signifi-
cantly lower than the other species (P < 0.05).
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For each species, two of the hydraulics samples were used for anatomical
measurements. From each of these samples, cross sections were made using a
sliding microtome and mounted in glycerin. Images of the cross sections were
taken using a digital camera mounted on a Nikon Eclipse E400 compound light
microscope. The image-analysis program ImageJ (National Institutes of Health,
USA; http://rsb.info.nih.gov/ij/) was used to measure the lumen area of all tra-
cheids in three to four lines running radially from the bark for the youngest four
years. At least 300 tracheids were measured from each branch. Lumen cross-
sectional area was converted to diameter (d) by assuming the tracheids were
square using d = /> where A is the cross-sectional lumen area. The total area of
the lines of tracheids (measured by tracing approximately through the middle of
the tangential walls of neighboring tracheids) was determined to calculate the
number of tracheids per area (conduit frequency). The mean tracheid hydraulic
diameter, which is the diameter of a tracheid with the average Hagen—Poiseuille
lumen conductivity, was estimated as (Xd*/n)"*, where n is the number of con-
duits measured in the sample.

Statistical analyses—Measurements of native PLC were compared through-
out the year with an ANOVA with measurement day as a categorical variable
and the mean native PLC for each tree as the dependent variable. Species was
treated as a random factor. Autocorrelation of repeated measures within indi-
viduals across measurement days was assessed and determined to be marginal
(0.17). A similar ANOVA was used to compare the change in stem, and leaf
midday and predawn water potentials over time. These ANOVAs were per-
formed in SAS version 9.2 (SAS Institute, Cary, North Carolina, USA). For the
comparison of maximum specific conductivity vs. wood density, lines were
fitted and compared with the standard major axis (SMA) approach using
SMATR freeware (Warton et al., 2006; website http://www.bio.mq.edu.au/
ecology/SMATRY/).

RESULTS

All species showed marked seasonal changes in the degree of
native loss of conductivity in their branches, reflecting seasonal
differences in the amount of embolism during 2009 (Fig. 1A).
In spite of the year’s weather (Fig. 1B) being warmer and drier
than average, the native percent loss of conductivity (PLC) was
much higher in the winter months than in the summer months.
This result was supported by type 3 tests of fixed effects of the
ANOVA, which indicated a strong species X day interaction
(Fs3.77=2.77, P=0.0001). Further examination of this interac-
tion showed that for each species the mean native PLC from the
months with freeze—thaw events was significantly higher than
the months without freezes (Table 2). The exception to the low
values during the summer months was August, which showed
significant increases in native PLC relative to July in grand fir
(t=-4.25,df =10, P =0.002) and western redcedar (r = —4.05,
df =10, P =0.003), and a nonsignificant increase in Douglas-fir
(t=-1.5,df =10, P = 0.07). This spike may have been caused
by the extremely high temperatures during the 28 d between the
July and August sampling dates: the mean maximum tempera-
ture was 31°C, and 10 d exceeded 35°C (Fig. 1B). All three
species that showed increases in August had declines in native
PLC values in September, but this recovery of hydraulic func-
tion was only statistically significant in grand fir (r = 4.6, df =
10, P < 0.05,).

The water potentials of these upper branches during the
summer months were very similar in all species except Douglas-
fir, which exhibited lower values and a greater decline over the
summer (Fig. 2). All species showed a decline in all measures of
water potential over the summer, and May values were less
negative than September values (least significant difference
[LSD] P < 0.005, df for each species = 4) for all four species.
While the predawn water potentials did not differ among the
species during any month, in Douglas-fir the values of mid-
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TaBLE 2. Mean (£SD) native percent loss in conductivity (PLC) in small
diameter branches in four tall conifer species for months with and
without freeze—thaw events, and the associated P value and 7 statistics
from ¢ tests. Each species had 77 degrees of freedom.

Native PLC
Freeze—thaw Nonfreeze-thaw

Species mos. mos. P t
Abies grandis (grand fir) 36.5+ 14.3 13.0£15.2 <0.0001 7.27
Pseudotsuga menziesii 42.6 £ 14.5 54+13.1 <0.0001 11.67

(Douglas fir)
Thuja plicata 26.5+9.1 16.0£11.8 0.0008  3.49

(western redcedar)
Tsuga heterophylla 248+ 11.9 13.0+12.7 0.0006  3.58

(western hemlock)

day stem and leaf water potential were significantly more
negative than the other species during most of the summer
months (Fig. 2, asterisks indicate LSD P < 0.05, df for each
species = 4).

For three of the four species, there was a significant decline
in the maximum specific conductivity with increasing wood
density (Fig. 3A). Western hemlock showed no relationship be-
tween these two variables. Western redcedar exhibited the
smallest range of wood densities, had the lowest maximum
wood density, and had the steepest decline in hydraulic conduc-
tivity with density (Table 3). Douglas-fir had the greatest range
and the highest single density. The extremely high wood densi-
ties in grand fir and Douglas-fir were caused by large amounts
of latewood relative to the earlywood (data not shown), and not
by any obvious compression wood.

In contrast, when the native PLC during months without
freeze—thaw cycles was compared with wood density, only
grand fir showed a within-species relationship (Fig. 3B). Al-
though branches with high wood density (i.e., >0.8 g-cm™3)
exhibited little or no native PLC for all species, the remaining
samples of Douglas-fir, western redcedar and western hem-
lock spanned the range of native PLC observed. We did not
include the native PLC values from months with freeze—thaw
cycles because the mechanism of embolism formation from
freeze—thaw events should not be affected by wood density (see
introduction).

Douglas-fir individuals were the tallest, on average, of the
four species examined (Table 1). Douglas-fir wood also had
wider tracheids than those of the grand fir, but not western red-
cedar or western hemlock. Western redcedar branches had trac-
heids with the widest mean hydraulic diameter and the fewest
tracheids per square millimeter, suggesting a greater proportion
of the wood was devoted to tracheid lumens than in the other
species, which is consistent with the species’ generally lower
wood density.

DISCUSSION

The tallest trees in the Pacific Northwest undergo cycles of
crown dieback and regrowth in their highest branches, which
may be the result of transport insufficiencies (Rood et al., 2000).
We had hypothesized that because of the difficulty of refilling
embolized tracheids in upper branches of these tall trees, the
healthy branches would show no change in the native percent
loss of conductivity (PLC) throughout the year. Contrary to this
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(A) Maximum specific conductivity (K|,,,) and (B) native percent loss of conductivity (PLC) of small diameter branches vs. their wood density

for four conifer species. The native PLC values are only from months without freeze—thaw events. In (A), significant relationships (SMA P < 0.03) were
found in grand fir (solid line), Douglas-fir (dotted line) and western redcedar (dashed line), but not western hemlock. In (B), a significant relationship (SMA

P =0.016) was found only for grand fir.

hypothesis, a significant increase in native PLC was observed
in all species in winter relative to summer months (Fig. 1A,
Table 2). This result implies that the freeze—thaw cycles during
the cold, wet winter were much more hydraulically stressful
than the dry, hot summer. In fact, the native monthly PLC for
all species pooled (excluding August) was negatively correlated
(Fig. 4) with the mean minimum air temperature during the 10 d
prior to sampling. Mean native PLC changed little with declin-
ing minimum temperature until a threshold of 0 to 2°C, below
which PLC increased sharply as minimum temperature de-
clined. The R? for the relationship between PLC and tempera-
ture did not decline, and the regression parameters were not
significantly different when only the minimum temperatures

from the 5 d prior to measurement were compared (data not
shown). This drop in hydraulic conductivity occurred despite
the tracheid diameters being well below the 44 um diameter
threshold shown to be susceptible to single freeze—thaw events
at a mild tension (Table 1) (Sperry and Robson, 2001; Pittermann
and Sperry, 2003).

It is known from field measurements that even in branches
with small diameter tracheids, multiple freeze—thaw cycles re-
sult in greater losses in the native hydraulic conductivity than
single freeze—thaw cycles (Sperry et al., 1994; Sparks and
Black, 2000; Sparks et al., 2001; Mayr et al., 2003b). In these
previous studies, though, the field locations were cold enough
to have frozen soils, which would have prevented the trees from
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extracting soil water and could have caused severely low water
potentials when sun-exposed branchlets thawed during the day
(Mayr et al., 2003b). Although freezing temperatures below the
soil surface were not a concern at our site (data not shown), soil
temperatures were below the 9°C threshold previously found to
cause an increase in root hydraulic resistance (Goldstein et al.,
1985). It is also possible that larger branches upstream from the
ones on which measurements were made could have frozen and
created a bottleneck to water flow similar to that caused by fro-
zen soil. Although experimental work has shown that repeated
freeze—thaw cycles cause increases in native embolism values
in branches with small-diameter tracheids only after 50-100
cycles for species with small-diameter tracheids (Mayr et al.,
2003a), wider diameter tracheids, similar in size to those mea-
sured here, have been shown to embolize after only one or two
cycles (Mayr and Sperry, 2010). Our site experienced 19 cycles
in which air temperatures went from below to above 0°C during
the 2008-2009 winter and 10 before the final measurement in
December 2009. Thus, it is difficult to determine whether the
loss of function was caused exclusively by freeze—thaw cycles
within the branches of the sizes we measured or whether an
upstream bottleneck caused more negative xylem water poten-
tials that, when combined with freeze—thaw events, resulted in
increases in native PLC (Pittermann and Sperry, 2006).

As in the current study, previous field measurements on an-
nual cycles of native PLC in conifer branches also observed a
spring increase in specific hydraulic conductivity, interpreted as
a refilling of conduits (Sperry et al., 1994; Sparks and Black,
2000; Sparks et al., 2001; Mayr et al., 2003b). In the previous
work and here, the decrease in native PLC values was too great
to be explained solely by growth of new tracheids in the spring.
Furthermore, the spring decrease in native PLC we observed
occurred too early in the spring to be explained by cambial
growth, which usually begins in May in the study region This
temporal disconnect was reconfirmed by calculating the aver-
age proportion of the branch radius made up by the most recent
year’s growth. For all species, this proportion was ~5%, which
is insufficient area of xylem to have recovered ~60% of the hy-
draulic function. In our study, the diameter of the tracheids
(Table 1), combined with the extreme heights of the trees, also
rules out the possibility that refilling could have occurred
through the method of bubble dissolution explained by La
Place’s law if the sole source of water was from the roots. Thus,
the two remaining methods for refilling are water absorption
through the needles, which could allow water potentials to reach
values required by La Place’s law to refill tracheids, and “novel”
refilling. At this point, it is unclear which of these two processes
occurred or in what way they combined to refill embolized tra-
cheids in the spring. However, it is known that Douglas-fir can
absorb water through its needles (Limm et al., 2009).

The functional significance, if any, of this winter-time loss of
hydraulic conductivity is also unclear. During these months,
generally the leaves are damp, and the humidity is very high,
suggesting that a reduced hydraulic conductivity may still be
sufficient to replace any water lost from the leaves. This sce-
nario would certainly not pertain to the summer months, when
the xylem would need to function at or near the level at which
it had been constructed to perform.

The only summer month during which any species showed
greater than 20% native PLC was August (Fig. 1A). These high
summertime native PLC values were observed in grand fir,
Douglas-fir, and western redcedar and declined again in Sep-
tember. This recovery occurred despite further drops in predawn
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TaBLE 3. Average, maximum, and minimum wood density (WD),
maximum and minimum values of the maximum specific hydraulic
conductivity (K,,,), and maximum and minimum values of the native
percent loss in conductivity (PLC) for four tall conifer species. The
standard deviation of wood density is shown in parentheses.

Max WD
WD Min WD

Max K,

max

Min K., Max PLC

Species (grem™)  (grem™) (kg-MPa~'-m~'-s7!) Min PLC
Abies grandis 0.68 (0.08)  0.93 0.44 71.9
(grand fir) 0.54 0.10 -8.4
Pseudotsuga menziesii  0.64 (0.06)  0.89 0.40 65.8
(Douglas fir) 0.53 0.06 -14.6
Thuja plicata 0.58 (0.04)  0.67 0.68 41.6
(western redcedar) 0.49 0.19 -15.5
Tsuga heterophylla 0.62 (0.05) 0.76 0.50 433
(western hemlock) 0.53 0.15 -4.8

and midday leaf and stem water potential for all species (Fig. 2).
In contrast, western hemlock showed no change in native PLC
in August. The stems of western hemlock did not tend to be
more resistant to drought-induced embolism than Douglas-fir
(K. A. McCulloh and D. M. Johnson, unpublished data), which
suggests that the stomata of western hemlock are more conser-
vative with respect to water loss and is consistent with the
smaller amount of soil water extracted than Douglas-fir (Meinzer
et al., 2007). Given that these species are able to reverse native
increases in PLC during the hot, dry summer months, why
do they behave so conservatively and maintain most of their
hydraulic function throughout most of the summer? This ques-
tion is particularly relevant for Douglas-fir, which is known to
usually close its stomata at water potentials well above those
that cause embolism formation in its stems (Domec et al.,
2008). If refilling occurs by water absorption through the nee-
dles, perhaps the trees may be conservative during the summer
because the conditions necessary for refilling may not occur ev-
ery night. If refilling occurs by novel refilling, there may be

40

30

T

Mean PLC (%)

0 L L L L L L L 1
-4 -2 0 2 4 6 8 10 12 14

Mean min. T (°C), 10 days prior

Fig. 4. Mean native percent loss in hydraulic conductivity for all four
species vs. mean minimum temperature in the 10 d prior to measurement.
The line shows the three-parameter, nonlinear regression fit to the 11 mea-
surement dates (solid symbols) excluding August (open symbol, see Re-
sults for details). The R? value does not include the August data point.
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costs to the process that outweigh the gains of keeping stomata
open for longer periods during the day.

For grand fir, Douglas-fir, and western redcedar, greater wood
density was associated with lower maximum specific conductiv-
ity (Fig. 3A), but denser wood only provided greater safety from
water-stress-induced native PLC for grand fir (Fig. 3B). Previ-
ous work has found higher density wood to have greater resis-
tance to drought-induced embolism when compared across some
species (Hacke et al., 2001), but not others (Jacobsen et al.,
2008; Fichot et al., 2010). If the lower conductivity of the higher
density branches of Douglas-fir and western redcedar yields a
benefit in terms of another functional trait, it is not clear what
that trait is. What is also unclear from our measurements is
whether this safety from embolism is achieved differently by the
low vs. high density branches. Those with low density may
avoid hydraulic failure by maintaining relatively moderate xy-
lem tensions by relying on stored water (i.e., capacitance) re-
leased throughout the day (Meinzer et al., 2009; Barnard et al.,
2011). Those with high density may rely on structural features
within the wood (Domec et al., 2008; Hacke et al., 2004).

A possible link between native PLC during the winter months
and wood density was considered because higher density wood
should be associated with tracheids with thicker walls and smaller
diameters. However, no relationships were observed between
these variables (data not shown). This discrepancy may arise
from the increases in wood density being largely driven by
increases in latewood proportions, while hydraulic conductivity
changes are more influenced by embolisms in earlywood.

The branches we examined represent only one segment of the
trees’ entire hydraulic pathway. Previous work on annual pat-
terns of the amount of water in the boles of conifers has reported
seasonal shifts in ponderosa pine (Pinus ponderosa; Domec
et al., 2005), Scots pine (Pinus sylvestris; Waring et al., 1979),
lodgepole pine (Pinus contorta; Sparks et al., 2001) and Douglas-
fir (Pseudotsuga menziesii; Waring and Running, 1978; Domec
and Gartner, 2002), but not in eastern hemlock (7'suga canadensis;
Gibbs, 1957). While these studies did not include direct measures
of changes in native PLC of boles, relative water content has
been linked to conductivity (Domec and Gartner, 2001, 2002).
For those species that exhibited an annual pattern, water content
in the trunk declined to a minimum in summer and peaked in
winter or early spring. Thus, if the same seasonal decrease in
hydraulic conductivity occurred in the bole as we observed in the
branches, it was not due to lack of water availability.

The commonly held view is that the summer months of the
Pacific Northwest are extremely stressful to plants. Recent work
has suggested that longer, drier summers could result in species
range shifts in the region (van Mantgem et al., 2009). Yet, our
results indicate that the winter months are more stressful in
terms of hydraulic function and suggest that perhaps an inabil-
ity to recover from the increase in native embolism rates over
the winter may cause greater branch dieback in old growth trees
than shifts in summer climate.
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