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Summary

e The formation of emboli in xylem conduits can dramatically reduce hydraulic capacity and
represents one of the principal mechanisms of drought-induced mortality in woody plants.
However, our understanding of embolism formation and repair is constrained by a lack of
tools to directly and nondestructively measure these processes at high spatial resolution.

e Using synchrotron-based microcomputed tomography (microCT), we examined embolism
in the xylem of coast redwood (Sequoia sempervirens) saplings that were subjected to cycles
of drought and rewatering.

e Embolism formation was observed occurring by three different mechanisms: as tracheids
embolizing in wide tangential bands; as isolated tracheids in seemingly random events; and as
functional groups connected to photosynthetic organs. Upon rewatering, stem water
potential recovered to predrought stress levels within 24 h; however, no evidence of embolism
repair was observed even after a further 2 wk under well-watered conditions.

e The results indicate that intertracheid air seeding is the primary mechanism by which embo-
lism spreads in the xylem of S. sempervirens, but also show that a small number of tracheids
initially become gas-filled via another mechanism. The inability of S. sempervirens saplings to
reverse drought-induced embolism is likely to have important ecological impacts on this

species.

Introduction

In order to extract water from the soil and transport it to the can-
opy, plants utilize a unique transport mechanism in which liquid
water is held under tension (Dixon & Joly, 1895; Tyree &
Zimmermann, 2002). In this state, water is considered to be
under negative pressure and therefore metastable. Although there
was initial scepticism over the existence of ‘stretched water’, there
is now overwhelming evidence that under suitable conditions,
water can remain in the liquid phase at many MPa below abso-
lute zero pressure (Briggs, 1950; Oertli, 1971; Zheng et al., 1991;
Debenedetti, 2013). The existence of liquid water under tension
has also been confirmed in plants by pressure probe measure-
ments made directly on xylem vessels of transpiring plants (Mel-
cher eral, 1998; Wei eral, 1999). More recently, water
transport under tension was simulated in a ‘synthetic tree’ con-
structed of polymer microchannel networks (Wheeler & Stroock,
2008).

One consequence of water being held in a metastable state is
the risk of the xylem sap rapidly changing from the liquid phase
to the vapour phase. This process, known as cavitation, produces
an audible ‘click’ as energy is released from the hydrogen bonds
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holding the water together as a liquid (Milburn, 1973). The
resulting gas embolism becomes trapped in the xylem conduit,
thereby blocking water transport and reducing the total hydraulic
capacity of the plant. This is particularly problematic during
droughts because lower water potential in the soil and high evap-
orative demand at the leaf-air interface cause tension in the
xylem sap to increase, thus increasing the probability of cavita-
tion. In order to maintain xylem water potentials above the cru-
cial pressures that cause significant cavitation in the stem, plants
must close their stomata, leading to rapid declines in photosyn-
thesis (Martorell ezal., 2014). In severe droughts, xylem embo-
lism may result in the death of whole plants (Brodribb &
Cochard, 2009; Choat, 2013; Urli ezal, 2013), and drought-
induced embolism is now recognized as one of the key traits con-
trolling drought-induced mortality in woody plants (Choat ez al.,
2012).

Drought-induced cavitation is thought to occur via air seeding,
the movement of gas through pit membranes between adjacent
xylem conduits (Zimmermann & Brown, 1971; Tyree & Sperry,
1989). As the pressure difference between gas-filled and water-
filled conduits increases, the probability of gas being pulled
through the pit membranes increases (Choat eral, 2008;
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Pittermann et al, 2010). This mechanism of cavitation is far
more likely than homogeneous nucleation in the bulk phase,
based on both theoretical grounds and indirect experimental evi-
dence (Pickard, 1981; Pockman eral, 1995). Air seeding
between xylem vessels has also recently been visualized directly in
an angiosperm species by synchrotron-based microcomputed
tomography (microCT) (Brodersen eral, 2013a). However,
angiosperm and gymnosperm pit membrane structure and func-
tion differ considerably (Pittermann e /., 2005; Choat & Pitter-
mann, 2009). In angiosperms, nanoscale pores in the pit
membranes prevent air seeding until a critical pressure difference
is reached, allowing air to be aspirated from a vapour-filled
conduit to a water-filled conduit across the shared wall and pit
membrane (Sperry & Tyree, 1988; Choat eral., 2004). In the
majority of gymnosperms, a thickened torus in the centre of
the pit membrane serves to plug the pit aperture and prevent the
spread of cavitation to adjacent tracheids (Bailey, 1913). At some
critical pressure, air seeding occurs via pores in the torus or
because the torus slips from the pit aperture (Sperry & Tyree,
1990; Hacke etal, 2004; Domec etal, 2006; Delzon etal,
2010; Pittermann ez al., 2010; Jansen et al., 2012). However, the
dynamics of embolism spread in species with tracheid-based
xylem has not been documented in detail.

Although the effects of embolism can be disastrous for plants,
some species can recover their hydraulic capacity by dissolving
gas emboli and restoring xylem conduits to a functional, liquid-
filled state. When examining mechanisms of embolism repair, it
is necessary to differentiate between seasonal refilling and rapid
refilling that takes place on hourly timescales after water stress-
induced embolism formation. The former is a well-documented
process by which many temperate tree and vine species recover
conductive capacity in the spring after suffering freeze-induced
embolism in winter. This is usually achieved by means of positive
pressure generated in the roots or stems (Sperry eral, 1987;
Ameglio et al., 2001; Cobb et al., 2007). The thermodynamics of
this refilling process are relatively straightforward, because the
bulk xylem water potential is positive, allowing gas to be dis-
solved back into solution or forcing it from the stem.

Observations of rapid refilling of xylem conduits are more puz-
zling. A number of studies indicate that refilling occurs during
daylight hours, with some suggesting that refilling takes place
when xylem is under tension (Salleo ez 4l., 1996; McCully, 1999;
Holbrook & Zwieniecki, 1999; Tyree ezal., 1999; Stiller ezal,
2005; Brodersen et al, 2010; Martorell ez al., 2014). This is an
apparent paradox as positive pressure would be required to drive
gas back into solution or out of the conduit. The results of
Wheeler ezal. (2013) have cast some doubt on the abilicy of
plants to refill embolized conduits while the bulk xylem water
potential remains negative. However, it is clear from direct visu-
alization that refilling occurs in some species over a timescale of
hours (Brodersen ez al., 2010; Zwieniecki ez al., 2013). It is prob-
able that this mechanism is most effective when transpiration is
negligible, and that most refilling occurs at night or during peri-
ods of rain.

Currently, there is only a rudimentary understanding of how
the ability to refill varies across species (Brodersen & McElrone,
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2013). Although embolism repair has received considerable
attention, published studies have focused on only a small number
of species. A number of mechanisms have been proposed to
explain the phenomenon of embolism refilling under tension,
including osmotically driven flow (Hacke & Sperry, 2003),
reverse osmosis from tissue pressure (Canny, 1997), and partial
hydraulic isolation of refilling vessels (Zwieniecki & Holbrook,
2000). Most of the evidence suggests that this type of refilling is
an active process that involves the xylem parenchyma and the
phloem as sources of water and solutes (Zwieniecki & Holbrook,
2009; Nardini eral, 2011). Given that xylem parenchyma
appears to be essential for an active refilling process, it follows
that species with lower parenchyma content in the xylem would
have lower capacity to refill. On this basis it would be expected
that the ability of gymnosperm species to refill would be limited,
as they have very little xylem parenchyma (Johnson ez al., 2012).
In fact, ¢. 95% of conifer xylem is composed of dead tracheids
(Mauseth, 1988).

Evidence regarding the ability of gymnosperm species to refill
is ambiguous. Seasonal patterns of stem hydraulic conductivity
suggest that conifers can refill embolized tracheids after freeze-
induced embolism occurs in the winter (Sperry eral, 1994;
McCulloh ezal, 2011; Mayr etal, 2014). Whether gymno-
sperms can refill embolized tracheids on shorter timescales after
drought is less certain. Some studies suggest that tracheids can be
refilled if the xylem pressure reaches a critical threshold close to
zero as determined by the Young—Laplace equation (Sobrado
etral., 1992). More recent studies indicate that a conifer species
(Callitris vhombodia) could not refill embolized tracheids after
drought, instead relying on regrowth of new xylem (Brodribb
eral., 2010). As a strategy for recovery from drought, regrowth of
xylem has the obvious disadvantage that it occurs on a timescales
of weeks to months, as opposed to refilling, which occurs on a
timescale of hours.

A major limitation on progress in understanding of the pat-
terns of embolism spread and mechanisms of embolism refill-
ing is a lack of techniques that allow for noninvasive
measurements at the appropriate scale. Recently, microCT has
been developed as a method to assess the dynamics of embo-
lism formation and refilling in great detail and in near real-
time using three-dimensional (3D) time-lapse imaging (Broder-
sen, 2013; Brodersen eral, 2010, 2013a; McElrone ezal.,
2012, 2013).

In this study, the spatial patterns of xylem embolism were
examined in saplings of a conifer species, Sequoia sempervirens,
during cycles of drought and rewatering. This species is of great
ecological and cultural significance in its native range, which
consists of a narrow distribution along the coast of California.
Recent studies indicate that fog has declined along the northern
Californian coast, leaving fog-dependent vegetation such as
coast redwoods at greater risk of mortality as climate change
progresses (Limm ez al., 2009; Simonin ez al., 2009; Johnstone
& Dawson, 2010). Given the vulnerability of vegetation to
hydraulic failure during drought, a detailed understanding of
processes governing embolism formation and repair in keystone
species is essential (Choat eral, 2012). Whether or not this

© 2014 The Authors
New Phytologist © 2014 New Phytologist Trust



New
Phytologist

species is able to rapidly refill embolized conduits during recov-
ery from drought stress may be an important component of its
survival in a rapidly changing climate. To address the gap in
our understanding of embolism spread and repair in gymno-
sperms we utilized microCT to examine the spread of embolism
between tracheids in S. sempervirens saplings, and to test the
hypothesis that this species is not capable of refilling embolism
after drought stress.

Materials and Methods

MicroCT

Synchrotron-based microCT was utilized to visualize embolized
and water-filled tracheids in the main stem axes of Sequoia
sempervirens (Lamb. ex D. Don) Endl. saplings. Three-year-old
saplings of S. sempervirens were purchased from Welker’s Grove
Nursery (California, USA) in September of 2010. Saplings were
30—40 cm in height growing in container pots of 0.51 soil vol-
ume. Saplings were moved to a glasshouse at the UC Berkeley
campus and maintained in a well-watered state for 2 wk before
experiments. All saplings were transported to the Advanced Light
Source (ALS), microtomography beamline 8.3.2, at the Lawrence
Berkeley National Laboratories for 3 d in which the initial experi-
ments were conducted.

The measurement protocol used to scan living plants is
described in McElrone eral. (2013). In these experiments,
water was withheld from 10 saplings for a period of 3d
before scanning. Stem water potential was estimated by cover-
ing leafy twigs in plastic wrap and aluminium foil for at least
30 min. Measurements were made just before scans using a
Scholander Pressure Chamber (Plant Moisture Stress Model
600, Albany, OR, USA). MicroCT measurements were made
in two periods during October 2010. In total, eight plants
were scanned at the ALS beamline. Five plants were scanned
to observe the spread of embolism within the xylem during
dehydration. A further three plants were scanned during a
cycle of drought and rehydration to determine if embolism
repair occurs in this species.

Redwood saplings were placed in a custom-built aluminium
holder and mounted on an air-bearing stage. The leaves and stem
were covered by a 10-cm diameter Plexiglass cylinder to reduce
vibrations by preventing foliage from contacting equipment dur-
ing rotation of the stage. Saplings were scanned at 15 keV in the
synchrotron X-ray beam while being rotated through 0-180° in
increments of 0.25°. After each incremental rotation, the X-ray
projection image was magnified through a series of lenses and
relayed onto a 4 megapixel charge coupled device camera (#PCO
4000, Cooke Corp., Romulus, MI, USA). This yielded 720,
two-dimensional (2D) projections per sample. Raw 2D tomo-
graphic projections were reconstructed into ¢. 500 sample TIF
image slices using Octopus 8.3 software (Institute for Nuclear
Sciences, University of Ghent, Belgium). The resulting images
utilizing the X2 lens yielded images with a 4.5 pm voxel resolu-
tion. These images were analysed in Avizo 8.1.1 software (VSG,
Inc., Burlington, MA, USA) to determine the location of
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embolized tracheids and the cross-sectional area of embolized
tracheids within each sample.

For each sapling, a 5 mm section of the main stem axis ¢. 3 cm
above the soil surface was scanned before and after watering treat-
ments. Droughted saplings were scanned after water potential
measurements were made. Seedlings were then allowed to dry for
a further 24 h while being scanned every 4—6 h. After this point,
saplings were rewatered and allowed to recover from drought
stress in a covered and humidified plastic container. Seedlings
were scanned every 2—6 h during recovery from water stress. Cov-
ered leaf water potential was measured before each scan. Seed-
lings were then returned to the UC Berkeley glasshouse for a
2 wk period and maintained in well-watered conditions until the
second set of experiments was performed on 21st October 2010.
In the second scan session, saplings were scanned once to assess if
tracheids had been refilled.

Samples of dried xylem tissue were also scanned at higher reso-
lution in order to conduct more detailed analysis of connectivity
between cell types. Stem tissue from one sapling was also dried in
an oven at 40°C for 48 h to dehydrate the tissue for scanning at
high magnification. This sample was mounted on the microCT
sample stage and scanned using the 20x lens, yielding images
with a voxel size of 0.325 pm. These images were then used to
determine the number of tracheids within a subsample of wood
tissue with direct connections to the ray cells using the 3D visual-
ization software. In a wood sample with dimensions
175 x 175 x 500 pm (1.53 x 107 pm?), 260 tracheids were eval-
uated for ray cell connectivity. This was verified by identifying
tracheids with visible pit connections to ray cells.

Light microscopy

Saplings were harvested after microCT observations were com-
pleted and stem segments in the region of the scan were preserved
in 70% ethanol for microscopy. Sections were made on a Leica
SM2010 sliding microtome (Leica Microsystems, Wetzlar,
Germany). Sections were stained using toluidine blue (0.5% v/v)
for 10's before washing them with water and placing them on
microscope slide. Light microscope images were acquired with an
Olympus BX60 (Olympus America, Center Valley, PA, USA) at
x40, x100 and x200 magnification and imaged using a Pro-
gRes C14 digital camera (Jenoptic, Jena, Germany). The total
xylem area and tracheid dimensions were measured for each repli-
cate plant using image] software (US National Institutes of
Health, Bethesda, MD, USA).

Patterns of embolism spread with dehydration in redwood
saplings were also assessed using dye uptake experiments.
Saplings were purchased from Welker’s Grove Nursery in
August 2012 and moved to a glasshouse facility at UC Davis.
All saplings were maintained in well-watered conditions for
2 wk. Before the beginning of experiments, saplings were
divided into two groups for control (well watered) and drought
treatment. Plants were brought to the laboratory and stems were
excised underwater at the base of the stem and then recut
underwater at 2 cm above the inital cut. Samples were then
trimmed with a razor blade at the cut surface and allowed to
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transpire for 30 min under ambient conditions in a solution of
0.5% Safranin O. Control plants were harvested after the initial
2wk period. Drought plants were allowed to dry for 2—4d
while the covered leaf water potential was measured every day
to track plant water status. Initial experiments indicated that
significant cavitation occurred in these saplings at —1.8 MPa.
After saplings attained this target water potential they were har-
vested for analysis of dye uptake. Samples were cut 5 cm above
the initial cut point. The cut surfaces were cleaned with a razor
blade and imaged at x2.5 magnification using a dissecting
microscope and a Nikon D40 digital SLR camera (Nikon Inc.,
Melville, NY, USA). Digital images were analysed using image]
software to determine the proportion of stained and unstained
xylem tissue in cross-section. Unstained tissue was assumed to
be embolized and nonconductive. The percentage of embolized
xylem relative to the whole cross-section was plotted onto the
vulnerability curve generated from microCT scans.

Vulnerability to embolism analyses

A vulnerability to embolism curve was created by plotting the
area of embolized conduits as a percentage of the total xylem area
against stem water potential measured after the scan. Points from
each of the eight samples were combined into one plot. Scans
made after rewatering were excluded from the plot. A curve was
fitted to the data using the methods of Pammenter & Vander
Willigen (1998).

Results

Spread of embolism during dehydration

X-ray microCT allowed for excellent contrast between gas-filled
and water-filled tracheids, providing a clear indication of where
cavitation had occurred (Fig. 1). Ray parenchyma and paren-
chyma cells within the pith were also discernible in images
(Fig. 1). Light microscopy revealed two complete growth rings
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Fig. 1 Visualization of Sequoia sempervirens
stem tissue from microcomputed
tomography (microCT) scans. (a) Volume
rendering with inner xylem tissue shown by
cutaway. (b) Radial longitudinal slice from
microCT scan. Embolized tracheids appear
dark and water-filled tracheids appear grey.
Rays (white arrows) can be seen passing in
front of a file of embolized tracheids (c)
Transverse slice from microCT of similar
xylem section with gas-filled and water-filled
tracheids. Rays (white arrows) can be seen
interrupting a ring of embolized tracheids
close to the pith. Bars, 100 um. The stem
water potential of this sample was —1.8 MPa
at the time of scanning.

defined by narrow bands of latewood tracheids (Fig. 2). MicroCT
observations indicated that some embolism was invariably pres-
ent in primary xylem conduits located directly adjacent to the
pith (Fig. 3, Supporting Information, Fig. S1). Patches of embol-
ized tracheids or individual embolized tracheids were also
observed in the secondary xylem of some samples in initial scans
(Fig. 4).

As the plants continued to dehydrate, further cavitation was
observed in the outer sapwood of the stem. Cavitation events
appeared to move in waves covering large proportions of the
sapwood rather than as individual tracheids. These waves
affected patches of connected tracheids and often occurred over
the majority of a growth ring (Fig. 5a—c). Dye uptake experi-
ments on droughted saplings revealed similar patterns of
embolism spread to those observed with microCT (Fig. 5d—f).
The vulnerability curve generated using data derived from mi-
croCT indicated that 50% of xylem area became embolized at a
stem water potential of —1.81 MPa (Fig. 6). Embolism esti-
mated from dye staining experiments was in close agreement
with microCT observations.

In transverse 2D microCT slices of the xylem there appeared
to be no direct connections between inner and outer rings con-
taining embolized tracheids, thus initially suggesting that gas had
jumped’ between these rings. However, further analysis of the
stem volume revealed that embolized tracheids in branch traces
acted as connections between these rings (Fig. 7, Movie S1). It
was also apparent that primary xylem conduits were directly con-
nected to air-filled spaces within the pith, perhaps serving as
reservoirs of air in these cases.

Recovery of samples after watering

Droughted  plants  reached a  water potential  of
—1.41 +£0.21 MPa (mean =+ SE) before rewatering. After sam-
ples were rewatered, the stem water potential recovered to the
well-watered status (—0.45 = 0.06 MPa) within 8 h. However,
scans showed no evidence of refilling at 24 h after rewatering
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Fig.2 Transverse sections from light microscopy show the xylem anatomy
of Sequoia sempervirens. (a) Micrograph collected at x40 magnification
shows growth rings with the occurrence of a narrow band of latewood
(arrows) at the end of each year. (b) Micrograph at x200 magnification
shows greater detail of tracheid structure, with narrow latewood tracheids
(arrows) at the edge of the first year growth ring. Bars: (a) 250 pm;

(b) 50 pm.

(Fig. 8b). After 2wk under well-watered conditions, there was
also no evidence of refilling, although stem water potential had
recovered to —0.22 #= 0.03 MPa in all samples (Fig. 8¢).

Although refilling was not observed, connections between trac-
heids and ray parenchyma cells were abundant. Every tracheid
visualized at 325 nm image resolution showed evidence of a
direct connection to ray cells (i.e. pitting in the tracheid walls
connecting them to the ray cells). The rays were distributed
within the xylem such that all tracheids observed were in contact
with at least one band of ray tissue, and many tracheids had
contact with two or more rays (Fig. 9).

Discussion

This study provides the first noninvasive visualization of
embolism formation and spread in the xylem of conifers.
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Fig. 3 Visualization of Sequoia sempervirens stem tissue from
microcomputed tomography scans. (a) Volume rendering showing whole
stem with cutaway exposing transverse and longitudinal planes within the
xylem tissue. Air-filled primary xylem conduits (black) can be observed
close to the pith. (b) Detail of (a) showing primary xylem conduits in
transverse and longitudinal section (white arrows). Water-filled tracheids
can be seen as a light grey colour directly adjacent to embolized tracheids.
A large air space is visible within the pith (asterisk). White lines delineate
the transverse and longitudinal planes. The stem water potential of this
sample was —1.1 MPa at the time of scanning.

These observations suggest that air seeding between bordered
pits is the primary mechanism of embolism spread in this spe-
cies. However, the occurrence of isolated embolized tracheids
suggests that other mechanisms of nucleation operate in the
xylem of this species. MicroCT observations revealed no evi-
dence of refilling in S. sempervirens during a cycle of drought
and recovery, suggesting that this species does not possess a
mechanism that allows for rapid refilling of tracheids after

drought.
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Fig. 4 Isolated embolized tracheids in the stem xylem of Sequoia
sempervirens. (a) Transverse slice shows an embolized tracheid (white
arrows) surrounded by water-filled tracheids. (b) Detail of isolated
embolized tracheid in transverse section. (c) A tangential longitudinal slice
confirming that the embolized tracheid is isolated from other gas-filled
cells. Ray cells directly adjacent to the tracheid (black arrows) appear as
protrusions in the tracheid walls. Bars, 100 um.
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Spread of embolism in the xylem with increasing water
stress

The majority of samples initially contained some embolized trac-
heids in close proximity to the pith. These appeared to be
primary xylem conduits that were formed during the initial
extension growth of the stem. It is assumed that these conduits
become embolized during or after extension growth as they are
stretched and ruptured (Tyree & Sperry, 1989). A similar pattern
was observed in a vessel-bearing species, Vitis vinifera, using both
magnetic resonance imaging and microCT (Choat eral., 2010;
Brodersen ez al., 2013a). In grapevine, embolism spread outwards
from the pith towards the cambium via direct connections and
xylem vessel relays between vessels (Brodersen ez al., 2013a,b). In
S. sempervirens, embolism did not propagate along radial sectors
as observed in grapevine. Instead, embolism spread roughly
within growth rings of the stem in the tangential direction, with
ray parenchyma providing no barrier to air seeding. This was
explained by observations on dried samples of S. sempervirens,
which clearly showed that many of the tracheids wrap around the
rays, with connections to other tracheids both above and below
ray cells (Fig. 9).

Although 3-6 h elapsed between scans, it appeared that cavita-
tion spread very rapidly through a growth ring of the xylem once
nucleated. Serendipitously, one of the scans was made during the
time that cavitation was occurring in the xylem (Fig. S2). Given
that the scans during this experiment were 12 min in duration, it
was apparent that embolism spread rapidly around the outer
growth ring once critical xylem water potentials were reached.
Thus, embolism in a highly connected tracheid-based xylem
seems to operate on an ‘all or nothing’ principle, where up to
40% of conductive tracheids are lost in a single cavitation event.
As expected from these observations, saplings had steep vulnera-
bility curves, with loss of conductance occurring rapidly once the
inflection point of the sigmoidal curve was reached (Fig. 6).

The difference in directionality of embolism spread may be
derived from the orientation of bordered pit connections

Fig.5 Transverse slices from microcomputed
tomography (microCT) and dye staining
show the spatial and temporal patterns of
embolism formation in the stem xylem of
Sequoia sempervirens saplings during natural
dehydration. (a—c) The progression of
embolism formation observed with microCT
is shown in three replicate plants with colours
indicating the occurrence of embolism in the
xylem and the time point of scanning (in h).
Each replicate plant was scanned three times
in succession (d—f) Patterns of embolism in
three replicate stems shown by dye staining
with safranin O. Xylem area not stained was
embolized. Bars, 500 pm.
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Fig. 6 Vulnerability to embolism curve for stem xylem of Sequoia
sempervirens saplings. The relationship between percentage area of
embolized xylem and stem water potential was obtained from
microcomputed tomography (microCT; closed symbols) and dye staining
(open symbols) observations. MicroCT data were fitted with an
exponential sigmoidal equation Percent embolism =

100/(1 + exp(a(¥ — b))).

between conduits in V. vinifera and S. sempervirens. In conifers,
most of the bordered pit connections occur on the radial walls
of the tracheids (Mauseth, 1988). Observations of dried sam-
ples at high resolution indicated that 96% of pits were
observed on the radial tracheid walls of S. sempervirens saplings
(Fig. 9). Therefore, it is far more likely for air seeding to pro-
ceed in the tangential direction, that is, around the growth
ring. In grapevine, the majority of intervessel connections are
oriented in the radial direction, allowing air seeding to occur
preferentially along sectors from pith to cambium (Brodersen
etal., 2013a,b).

From observations of single transverse slices of sapwood, it
appeared that embolism ‘jumped’ between growth rings of
S. sempervirens, implying that cavitation was not nucleated by air
seeding (Fig. 5a). However, three-dimensional analyses of scan
volumes revealed that apparently isolated patches of embolized
tracheids were connected by branch traces in which many of con-
duits were embolized (Fig. 7, Movie S1). It appears that these
branch traces form a weak point that allows gas to spread more
widely in the network of tracheids, although the mechanism by
which the conduits in these branch traces initially became air-filled
remains uncertain. One possibility is that gas leaked from air-filled
spaces in the pith into ruptured protoxylem conduits and then
into the primary xylem connected to branch traces. This is sup-
ported by connections observed between air spaces in the pith and
primary xylem conduits (Fig. 7). A second possibility is that air
moved into branch trace xylem from the outside when branches
were damaged. Some minor branches were removed from the
stems before experiments to provide a more regular surface for
scanning and this may have provided an air entry point. Although
in this case branches were removed as part of experimental proto-
col, damage to leaves and branches would be common under natu-
ral conditions as a result of herbivory or mechanical damage. In
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Fig. 7 Volume renderings from microcomputed tomography (microCT)
scan showing details of branch traces in the stem xylem of Sequoia
sempervirens. (a) Longitudinal face showing a series of connected
embolized conduits in a branch trace running from the pith to the outside
of the stem. Direct connections between embolized conduits in the branch
trace and tracheids in the outer growth rings can be seen in this plane
(white arrow). Connections between primary xylem conduits leading to
the branch trace and air-filled spaces in the pith are also apparent (black
arrow). (b) Embolized tracheids in the branch trace are identified in red,
showing connections between xylem conduits. Embolized conduits from
the inner ring of secondary xylem are shown in blue.

fact, this was hypothesized to be a potential source of air in the
original statement of the air seeding hypothesis (Zimmermann,
1983; Tyree & Sperry, 1989). Further experimentation is required
to elucidate the role of air spaces in the pith, which are commonly
observed in samples using microCT.

In some cases, isolated embolized tracheids were observed in
the xylem, raising the question of how cavitation was nucleated
in these instances (Fig. 4). In the absence of obvious damage to
the xylem in the region of these tracheids, it is possible that air
was drawn into these tracheids from intercellular air spaces. How-
ever, no air spaces could be observed directly adjacent to these
tracheids. Other mechanisms include homogeneous nucleation
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Fig. 8 Transverse slices from microcomputed tomography (microCT) scans
of Sequoia sempervirens stem showing the functional status of tracheids
during a cycle of drought and rewatering. The covered leaf water potential
at each time point is shown at the bottom right of each panel. The slices
show xylem tissue at three different time points: (a) the initial scan after
the plant was subjected to mild drought stress; (b) 24 h after rewatering;
and (c) after 2 wk at favourable water status. Bar, 100 pm (for all images).

New Phytologist (2014)
www.newphytologist.com

New
Phytologist

Fig.9 Microcomputed tomography (microCT) volume renderings and
two-dimensional (2D) image slices show connections between the rays
and tracheids in the xylem tissue of Sequoia sempervirens saplings,
revealing dense pitting between rays (orange) and tracheids (three-
dimensional lumen is rendered blue in b). Many tracheids had connections
with two or more rays and most tracheid-tracheid connections were in the
radial direction. Black arrowheads point to ray—tracheid pitting in (c) and
(d), while white arrows point to tracheid-tracheid pitting. te, tracheid
ending in (d). Bars: (a, b) 150 um; (c, d) 100 um.

or nucleation from hydrophobic cracks (Pickard, 1981;
Zwieniecki & Holbrook, 2009). Homogeneous nucleation
remains extremely unlikely at the pressures present in the xylem
sap of these saplings (Oertli, 1971; Pickard, 1981). It is possible
that defects in the walls of these tracheids may have allowed cavi-
tation at very mild tensions. Regardless of the mechanism, it
appears that these isolated, embolized tracheids are important as
a source of air from which air seeding can occur when the critical
tension necessary to displace the pit membrane tori is reached.
However, it is also clear that this mechanism of nucleation is
restricted to a very few tracheids, because otherwise air seeding
through pit membranes would not be expected to play a major
role in the spread of embolism. This is consistent with the obser-
vations of Ponomarenko eral (2014), who reported both air
seeding and within-tracheid nucleation in a thin section of coni-
fer xylem observed by light microscope during dehydration.

The patterns of embolism spread observed with microCT were
consistent with the results of previous physiological and anatomical
measurements, indicating that latewood tracheids begin to cavitate
before earlywood tracheids as xylem tension increases (Domec &
Gartner, 2002; Domec etal, 2006). MicroCT visualizations of
S. sempervirens revealed that latewood tracheids, generally those clos-
est to the pith, became embolized before earlywood tracheids
(Figs 5, S1). In other conifer species, the lower cavitation resistance
of latewood tracheids has been explained by pit membrane charac-
teristics (Domec e al., 2006); latewood tracheids tend to have larger
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and less flexible margo strands, meaning that the membrane is not
easily displaced, preventing the torus from sealing over the pit aper-
ture (Gregory & Petty, 1973; Domec ez al., 2006). The transition
zone between earlywood and latewood tracheids appeared to act as a
point of resistance for embolism spread, with latewood tracheids
cavitating before earlywood tracheids. Previous anatomical work on
conifers indicates that pits occur on tangential walls of tracheids at
the growth ring boundary between latewood and earlywood trac-
heids (Koran, 1977; Kitin et al, 2009). This allows for radial move-
ment of fluid, but also provides a pathway by which gas can
penetrate between growth rings. The observation that embolism was
contained within growth rings of S. sempervirens suggests that these
tangential wall pits may be more resistant to air seeding, although
this remains to be confirmed by cell ultrastructural studies.

No evidence for refilling after rehydration

Previous studies of refilling support the theory that conifers lack a
mechanism to rapidly refill embolized tracheids after drought
(Brodersen & McElrone, 2013). While a number of studies report
seasonal refilling in conifers (Sperry et al., 1994; McCulloh et al.,
2011; Mayr et al., 2014), direct visualization of xylem using cryo-
scanning electron microscopy did not provide any evidence of
springtime refilling in three conifer species (Utsumi ez a/., 2003).

Evidence for refilling on shorter timescales (h) after drought is
scant. Studies on detached branches of Pinus sylvestris that were
connected to a water source indicated that tracheids were refilled
only at pressures > —0.04 MPa (Sobrado ezal, 1992). In this
case, water may have been drawn into embolized tracheids by sur-
face tension generated at the curved menisci inside tracheids. The
relevance of refilling in detached branches to embolism repair in
intact conifers remains to be seen. More recently, Laur & Hacke
(2014) report refilling on a timescale of hours in Picea glauca sap-
lings exposed to drought and rewatering. This suggests that refill-
ing after drought is possible in some conifer species.

We saw no evidence for embolism refilling in tracheids after
drought on timescales of hours, days and weeks. This is consis-
tent with recent work on Callitris species, which demonstrated
that these species did not refill embolized tracheids after the
imposition of severe drought stress (Brodribb ezal, 2010).
Instead, recovery of leaf gas exchange took place over a period of
months and relied upon growth of new xylem tissue. In the pres-
ent study, stem water potential recovered within 24 h of rewater-
ing, but no change was observed in gas-filled tracheids after 2 wk,
indicating that drought-induced embolism is not reversible in
S. sempervirens saplings.

There are a number of possible explanations as to why refilling
does not occur in S. sempervirens after drought. It is possible that
the tori of bordered pit membranes become permanently sealed
to the outer pit aperture after embolism has occurred (Siau,
1984). However, the results of Mayr etal. (2014) indicate that
aspiration of tori is fully reversible in Picea abies after winter
embolism. It is also true that conifers lack the abundant xylem
parenchyma that is believed to drive refilling in angiosperm spe-
cies (Salleo ez al., 2004; Johnson etal, 2012). In this context, it
should not be surprising that a conifer species lacks an active
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refilling mechanism, as their xylem appears to lack the specializa-
tion in cell function necessary for such a process as observed in an-
giosperms. However, despite the overall low proportion of
parenchyma in the xylem, we observed that every tracheid had at
least one connection with ray parenchyma cell (Fig.9). This is
consistent with observations for three conifer species by Zhang
etal. (2003). It was also clear that the ray parenchyma cells
remained hydrated while surrounding tracheids became embol-
ized (Fig. 4C). It would thus be theoretically possible for tracheids
to be refilled by ray parenchyma cells, although the very small vol-
ume of parenchyma cells relative to tracheids is likely to place sig-
nificant limitations on the extent to which refilling can occur.

Ecological implications for the distribution of
S. sempervirens

The natural distribution of S. sempervirens is limited to a narrow
coastal zone of California and is strongly associated with the occur-
rence of summer marine fogs (Johnstone & Dawson, 2010). In
addition to the effects of fog on soil moisture (i.e. condensation and
drip), field observations and controlled experiments indicate that
fog can be intercepted directly by the canopy of S. sempervirens and
absorbed into the needles (Burgess & Dawson, 2004; Simonin ¢t 4/,
2009). This foliar water uptake can effectively decouple leaf water
potential from soil water status and assist in maintaining higher pho-
tosynthetic rates. Climate analyses indicate a 33% reduction in fog
frequency along the coast of California since the early 20th century
(Johnstone & Dawson, 2010). This reduction in fog frequency is
likely to continue into the future, exposing S. sempervirens forests on
the coast of California to increasing drought stress. This is exacer-
bated by the poor stomatal control exhibited by gymnosperms in
response to increased evaporative demand, which can also result in
significant night-time transpiration (Burgess & Dawson, 2004).
Our results suggest that S. sempervirenswill have difficulty recovering
from increased drought stress because it lacks a mechanism to facili-
tate embolism repair after drought. This may be particularly prob-
lematic during severe heat waves that cause significant xylem
embolism in a short time frame.

Tree saplings are often considered the most vulnerable life his-
tory stage to drought-induced mortality given their low rooting
volume (McDowell etal, 2008). In this context, we note that
branches of mature S. sempervirens trees have significantly higher
resistance to embolism than the saplings used in our experiments
(Burgess eral., 2006; Pittermann eral, 2010) and currently
maintain significant hydraulic safety margins during typical peri-
ods of transpiration. The impact of decreased fog will be dictated
by the magnitudes of declines in stem water potential and how
close this brings the plant to the hydraulic point of no return
(Simonin eral, 2009). The results of the present study have
implications for sapling establishment and therefore future gener-
ations of coast redwood trees.
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version of this article.

Fig. S1 Transverse section from light microscopy shows the anat-
omy of tracheids close to the pith in Sequoia sempervirens.

Fig. S2 Transverse slices from microCT show the formation of
embolism in tracheids of Sequoia sempervirens.

Movie S1 Movie produced from radial serial X-ray microCT sec-
tions showing embolized tracheids of a branch trace in the xylem
of a Sequoia sempervirens sapling.
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