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ABSTRACT

Two of the mechanisms that have been proposed to explain embolism
in plants under water stress are shown to cause emboli in dead plant
cells. The first is "air-seeding” (i.e.. the nucleation of a gas
embolus by the entry of an external air bubble through a hole in the
cell wall), and the second is nucleation by a bubble trapped in the

cell lumen. Both in Sphagnum hyalocysts and in Thuja eccidentalis L.

tracheids, emboli develop by air-seeding when no bubbles are entrapped

at the onset of dehydration. Cells which contain bubbles develop
emboli by expansion of the trapped bubbles. Furthermore, experiments
show that the pressure differential at which a cell air-seeds is
predicted by the capillary equation and is dependent upon the diameter
of the hyaline pores in Sphagnum and on the diameter of the pores in
the pit membranes of T. occidentalis. Direct proof that ultrasonic
acoustic emissions and emboli occur simultaneously in dehydrating
tissue gives further evidence that the production of ultrasonic
f ¢mi$sions is a good indicator of cavitations, Cavitations can be
‘caused by air-seeding and can lead to the development of emboli. The
;fgsearch uses anatomical techniques, traditional and modified
-ﬁhysiological methods, and advanced pressure probe and ultrasonic

échnology. This combination is used for the first time to give direct

evidence for some previously elusive answers to guestions in water

‘transport and storage in plants.
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CHAPTER 1

Introduction: &£mbolism Processes in Plant Cells

In every vascular plant examined in recent studies, dead xylem

elements develop gas bubbles when the plant is exposed to severe enough

water stress (for examples, see Bailey, 1916; Crombie et al., 1985b;

1986:; Zimmermann, 1983, and literature

Sperry, 1985; Tyree and Dixon,

The generally accepted

cited therein; cf., Dixon, 1924, pp. 11 to 13).

sequence of events which leads to bubble development is as follows: 1)

Water stress develops by evaporation of water from the plant body more

‘quickly than water can be absorbed; plant water potential (¥ [psi])

“decreases. 2) As ¥ decreases, the lumen water potential of xylem sap-

‘filled tracheary elements decreases, due almost entirely to lowering of
“the pressure potential (wp). 3) Gas bubbles form in the lumens.
Generally, the gas formation is considered to be a sudden and energetic

int, and the term "cavitation" is used to describe the phenomenon

rtli, 1871i; Pickard, 1981; Tyree and Dixon, 1883). Only one

cavitation is reguired to disrupt the integrity of the sap in a conduit

- tracheid, fiber, or vessel). 4) Negative Wp causes a basic

Sﬁability which forces the bubble to expand, fill the conduit, and

ck water transport. 5) The original gas bubble, thought to be
marily water vapor, becomes infiltrated with air by diffusion from
??Qellular spaces and from the exterior. The air bubble effectively

VEﬁFS the conduit from transporting xylem sap even at a slightly
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higher ¥. The air blockage is known as an air embolism. Until

recently, little was known of the events which occur at the cellular
level to initiate the collapse of a water column in a conduit.

Much of the terminology of xylem transport is borrowed from the
fields of medicine and physics where the systems studied function at

pressures above vacuum. Xylem transport freguently occurs under

conditions of extreme (high) tension, i.e., negative pressure

(¥, < -0.1 MPa [megapascals] or pressures below 0 MPa absolute).

Researchers in plant water transport are currently defining and

refining terminology as understanding of the processes improves. In

this text these terms will be used as follows:

Cavitation--the sudden and energetic breakage of a water column in

an enclosed space, such as a tracheid lumen. The breakage

may be caused by the spontaneous failure of intermolecular
bonds within the water itself or by the introduction of a
gas, liquid, or solid discontinuity (i.e., nucleus) which

gsaeds the breakdown of intermolecular water bonds. This

definition differs from that presented by Apfel (1972} who

limits cavitation to events that occur in the absence of an

interface.

Embolus--any gas bubble within the lumen of a tracheary element

that significantly lowers the conduction of xylem sap through

An air

that element at the applied Tp, or pressure gradient.

emboius is a bubble composed of a gaseous mixture containing

nitrogen, oxygen, and carbon dioxide in close to the same

proportions that they are found in air. Even at pressures
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above 0.1 MPa, an air bubble may continue to exist and

effectively block transport through a conduit. At a given

temperature and pressure, an air bubble may either remain

stable, dissolve, or expand depending on its radius (see

Ewers, 1985; Sperry, 1986, Ward et al., 1982); thus an air

bubble may be an embolus at one pressure and not at another.
It is important to note:that water vapor may form cavities

large enough to significantly decrease the conductance of a

conduit when Tp £ 0 MPa. Bubbles composed exclusively of

water vapor collapse instantly at pressures above 0.0023 MPa
{(the vapor pressure of water at 20°C); thus, vapor blocks at
pressures below vacuum are not blocks at pressures much above

vacuwn. In the past, water vapor bubbles were not usually

referred to as emboli, but it is convenient to have an all

inclusive term pertaining to any bubble which disrupts sap

flow. When it is important to distinguish between types,

they may be referred to as air emboli or (water) vapor
emboli. In general, an air bubble is an effective embolus

over a wider range of wp than a vapor bubble.

Embolism——the blockage of significant xylem sap transport through
a tracheary element effected by an embolus. Blocks caused by

air emboli and by vapor emboli may be referred to as air

embolism and vapor embolism, respectively.

Gﬁhéral acceptance of these, or similar, definitions in plant water
ations would help to simplify descriptions of xylem proc¢esses and

??n-the confusion resulting from terms that are not clearly defined
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with respect ito plants.

How does the initial air or water wvapor cavity form? Several
hypotheses have been discussed in the literéture. Qertli (1971) and
Pickard (1981) have presented overviews; Pickard's is the more

comprehensive. As discussed by these two authors, several processes

have threshold pressures that, in theory, are far below any pressures

measured in plants. Two such processes, 1.e., the formation of a gas
filled cavity by random dissolved gas molecules being released from
solution to create a bubble, and the spontaneous rarification of water
molecules to form a water vapor cavity in place of liquid water,
theoretically require xylem pressure potentials on the order of -100 to
| ~1000 MPa before such events are likely to eifect the sysiem
‘detectably. On the other hand, the lowest pressures measured in plants

are in the range of -30 to -40 MPa in the annulus cells of fern

sporangia at sporangial dehiscence (Renner, 1915). More commonly, ¥,

p’ ranges from 0 to -8 MPa in vascular plants

cholander et al., 1965). Attempts have been made to determine the

and thus xylem %

v 1idity of the theoretical values for cavitation by the spontaneous
.réékdown of intermolecular bonds in water and by dissolved gases

ming out of solution. It has not been possible to cause cavitation
:ﬁhe of these means at ambient temperature because the tension

red is unattainable. Some estimates are extrapolated from related
Péfiments at high temperature and atmospheric pressure {cf. Apfel,
The estimates agree well with theoretical values. It is very
ik }y that cavitation in plants occurs by one of these mechanisms.
ﬁgre are three processes which may function within the pressure

wthat has been measured in plants (Fig. 1.1). They are
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1) "air-seeding,"” 2) nucleation at an entrapped bubble, and

3) nucleation at a hydrophobic surface. In air-seeding, the pressure

differential across an air-water meniscus in a pore or crack in a cell
wall forces the meniscus through the pore into the cell lumen. This

process creates a bubble in the lumen of the cell which then expands to

create an embolus. The behavior of the meniscus in the pore should be

described by the capillary equation, since the pore can be thought of

as a very short capillary tube. When a pre-existing bubble expands to

become the embolus in a cell, the original entrapped bubble can either
be free-floating in the cell sap or caught in a crack in the cell wall.
Unless otherwise specified, the term "entrapped bubble" in the context
of this thesis refers to a bubble contained in a cell lumen at the
‘pnset of dehydration which is free-fleating (not attached to a wall or
}confined to a crack or other small depression in the cell wall).
:.ucleation at a hydrophobic surface does not reguire that a gas be
}esent at the interface of a hydrophobic {wall) surface and water
fﬁ?fore tension buiids. When the lumen pressure decreases, the
Epelling forces between the wall and the water force separation of the
_Wd at the site and water spontancously evaporates into the developing
:d. The air-seeding and the entrapped bubble hypotheses are

Vgstigated in this thesis; the third hypothesis is not addressed in

his research.

. The three processes are not necegsarily distinct. The point at
hich;a free floating bubble becomes a bubble trapped in a wall crack,
-tﬁe point at which a meniscus entering through a pore is

Nguishable from a meniscus expanding from a crack is not clear

Similariy, the distinction between a small air bubble
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trapped in a crack and a few molecules of air trapped between water and
a hydrophobic wall surface is subtle.
The research presented here tests for the occurrence of air-

seeding and nucleation by an entrapped bubble in Sphagrum hyalocystis

Traditional anatomical and

and in Thuja occidentalis tracheids.

physiological methods (e.g., histological staining and use of the
pressure bomb) are modified and combined with more modern methods
{(e.g., ultrasonic detection as an indicator of cavitation and use of
the pressure microprobe) in order to directly or more directly test

hypotheses that the use of strictly conventional botanical techniques

could not test.

The following chapters present the research and results in

“encapsulated units:

Chapter 2 proves the validity of using the capillary equation to
describe the behavior of air-water menisci in plant cell

pores by correlating lumen water potentials at bubble entry

and pore diameters in Sphagnum hyalocysts. The behavior of

bubbles which are trapped in the hvalocyst lumens at the

onset of dehydration is reported. The possibility of using

the hyvalocyst as a model for tracheids and vessels during

dehydration is presented.

hapter 3 presents evidence that ultrasonic acoustic emissions are

good indicators of cavitation in Thuja occidentalis

tracheids.

:ﬁapter 4 shows that air-seeding is a likely explanation for

cavitation in Thuja occidentalis because the lumen water
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potentials during air-seeding are predicted by the capillary
equation given the pore diameters in the tracheid-to-tracheid
pit membranes. The behavior of entrapped bubbles is
described. The pattern of embolism within the xylem is
related to our concept of embolism induced by water stress.
Chapter 5 discusses the overall significance of the results from
the previocus three chapters. Iin essence, both air-seeding
and entrapped bubbles nucleate embolism in plants under water

stress.
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Fig. 1.1. Three mechanisms for the initiation of embolism. A, In
air-seeding an air bubble pulls through a pore or crack in the cell

wall when the lumen pressure is sufficiently below the external

pressure, B, A bubble trapped in the cell lumen expands as the lumen

pressure decreases. C, As the lumen pressure decreases, the repelling

forces between water and a hydrophobic surface cause separation, and

water evaporatés into the wvoid.
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Fig. 1.2. Continuity among processes that initiate embolism. It
may be difficult to distinguish between a free-floating bubble and a
bubble that is trapped in a crack in the cell wall, as in A; between a
bubble in contact with external air via a crack in the cell wall and an
entrapped bubble which has no contact with external air, as in B; and

between separation at a hydrophobic surface and expansion of a bubble

trapped at a hydrophobic surface, as in C.
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CHAPTER 2

A Test of the Air-seeding Hypothesis Using Sphagnum Hyalocysts1

INTRODUCTION

in 1983, Zimmermann (1983) coined the term "air-seeding” to
describe the hypothetical process in which an air bubble is pulied,
under tension, into a lumen through a hole in the cell wall. At least
_since the early 1900's, botanists have discussed the possibility of
icells embolizing by this method (Bailey, 1916:; Clymoc and Hayward, 1982;
“Crombie et al., 1985a; Huber,1956; Oertli, 1971; Pickard, 1981; Renner,

-:1925; Tyree and Dixon, 1986). Verification of air-seeding in cells has

“proved difficult because of the difficulty of confirming the initiation
" a small bubble (frequently less than 1 mm) in a relatively large

_11 {usually more than I mm in length), while eliminating the
f ssibi1ity of embolism from other sources. Renner (1925) did conclude
tﬁat pores in the outer wall of annulus cells on fern leptosporangia
approximately the right diameter (10 nm} to account for bubble

itry. through the walls at -30 MPa water potential as predicted by the
b ;lary equation (Equation 1). By indirect methods, he measured cell
?f;potentials in this range at spore discharge which is caused by

dden embolism of the annulus cells. Evidence of air-seeding in
Cﬁeary elements is presented by Sperry et al. (1987} who

Qnsﬁrated that the pressure required to bilow air through Vitis stems

_Chapter has been submitted Plant Physiology for publication.
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agrees with that predicted by the capillary equation for pore diameters

previously measured in temperate hardwood species. They alsc found

that very low pressure air could not be blown through Vitis stems until

the stems were dehydrated on the countertop to water potentials that

corresponded to the applied pressure differentials at which higher

pressure air could be blown through the stems. They did not correlate

their results with water potentials at which cavitation could be

detected by other means. Crombie et al. {1985a) demonstrated that the

pressure required to blow air through hydrated Rhododendron stems is
approximately that at which cavitation occurs in its leaves and shoots.

As part of a project to test more thoroughly the air-seeding

hypothesis, an investigation inte the mechanisms of embolism in

phagnum was undertaken. Sphagnum, commonly known as peat moss, is a

‘non-vascular plant of wet places. It is especially appropriate for

'studies on embolism because it has a network of dead water storage

"b 1ls in its leaves. The leaves are one cell thick, and events during

ehydration and rehydration can easily be seen in the water storage
ells, the hyalocysts, under a light microscope. Generally, each
Valocyst has an empty lumen, spiral thickenings on the inner wall

rface, and one or more pores aligned along the margins of the abaxial

lilsurface and occasionally along the margins of the adaxial cell

ce (Fig. 2.1). The pores are perforations in the cell wall

mmunicating between the external air and the empty lumen (Fig. 2.2)}.
€se pores probably contribute to the ability of Sphagpum to recover

rapidly restore photosynthetic processes after having been

rated to brittleness. As a hyalocyst dehydrates, a bubble pulls

gh a pore, filling the lumen with air; water is released and flows
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to the surrounding tissue. This paper presents the first direct

measurements of lumen pressure at embolism, and by comparing the lumen

pressures with pore diameters measured directly from the embolized

cells, provides evidence that the lumen pressure measured when a bubble
enters a hyalocyst agrees with that predicted by the capillary
equation. Because the air-seeding hypothesis is based on the capillary

equation, these experiments are the first direct test of the air-

seeding hypothesis.

MATERIALS AND METHODS

The Capillary Equatiom and the Air-seeding Hypothesis. According
to theory, when the meniscus first develops in a pore during air-
eding, the meniscus radius is very large, much larger than the radius
of the pore. As the tension in the lumen increases during dehydration,
,ﬁe pressure difference across the meniscus increases, thus decreasing
v meniscus radius to approach the pore radius. When the pressure
fferential reaches a critical value, the meniscus radius equals the
éfé radius, and the resultant bubble penetrates the pore and expands
”de?-tension to embolize the cell.

The pressure exerted by a column of water in a capillary tube is
cribed by

P = 2T cos® Equation 1

r

P‘T”is the surface tension at the meniscus, € is the contact angle
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between the water and the tube, and r is the internal radius of the

tube. The equation can be thought of as describing the behavior of a

meniscus in an elongated pore as a function of the pressures involved.

Egquation 1 is numerically

H

Equation 2

AP 0.3/D

il

where AP is the pressure difference (MPa) across the meniscus, and D is
the pore diameter (um) (see the chapter's Appendix for a more complete

discussion). A hyalocyst should embolize when the difference between

ambient and lumen pressure is equal to that described by Eguation 2 for

the largest diameter pore in the cell.

Plant Material. Since the diameters of hyaline pores vary with

pecies, several species of Sphagnum were collected at the Harvard

Forest, Petersham MA. The reported measurements are for

compactum DC., 8. girgensohnii Russow, and $. Iindbergii Lindb.

éaves were taken from branches in the apical tuft. The largest pore

“ﬂiameter in typical hvalocysts of tuft branch leaves ranged from

0725 um.

-Observation of Embolism. Observation of embolism was facilitated

ecording the dehydration and rehydration of hyalocysts on movie
at.various speeds between 18 and 64 frames per second and on

ﬁfépe at normal speed to allow repeated viewing of a particular

ence both at normal speed and in slow motion.

Lumen Pressure Measurements. Individual hyaline lumen tensions

Measured using a pressure microprobe. The microprobe was

'uoriginally to measure positive pressures in growing cells
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{Husken et al., 1978). It was modified by Cosgrove (1985), who kindly

assisted with further hardware and methodology alterations to permit

measurements below atmospheric pressure. Nonami et al. {1987) give an

interesting account of the positive pressure microprobe method. The

probe is essentially an oil-filled glass capillary with one end in

contact with a pressure transducer and mounted on a micromanipulator

(Fig. 2.3). The other end is inserted into a hyalocyst through a pore.

: The probed, hydrated leaf is held securely on a glass slide, and viewed
. with a 50X long working-distance objective {working distance = 6 mm) on
a compound microscope with a stationary stage (Bausch and Lomb

In order to

MicroZoom Microscope). Total magnification was 750X,

permit dehydration by evaporation, the sample was not enclosed in a
_hﬁmidity chamber, as is usual for positive pressure measurements. A
Leitz micromanipulator improved the maneuverability of the probe. The
imum angle of inclination below horizontal {(15°) of this manipulator
just sufficient to allow insertion of the probe through a hyaline

ore:of some hyalocysts without interference from the convex wall of an

‘acent hyalocyst. The pressure transdiucer was calibrated at

27-mvV/MPa.
The diameter of the capillary opening is critical. Small diameter

e tips clog with debris, or the oil-water meniscus fails to move

¥ lhen the interior wall of the tip is coated with debris from the
A large probe opening results in difficulty controlling the

'r meniscus because the resistance due to friction is too small

N leads to flooding of the sample with oil from the probe.

dl tip diameters of 2 to 3 um were a good compromise for this

:Uips were replaced after every one or two probe attempts.
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Frequent replacement of the capillary tips alsc lessened the incidence

Breaks in the integrity of the

of bubbles developing within the oil.

0il were only seen after debris had collected on the capillary wall or

after a bubble was inadvertently allowed into the o0il column. The

breaking point of o0il in a clean probe tip is not known, but must occur
at lower pressures than were achieved in the probed hyalocysts.
To ready the capillary tip for a probe, a small amount of lumen

water is withdrawn into the the capillary by suction created by backing

For lumen pressure measurements, the

of f the thumbscrew control.

visible oil-water meniscus must be held stationary during dehydration

by manually manipulating the thumbscrew. The accuracy of a lumen

pressure measurement depends in part on the experimenter's ability to
‘maintain the position of the meniscus. Several factors cooperate to
make that task difficult. The meniscus moves towards the probe tip as

umen pressure decreases, and vibration and minor fluctuations in

mbient temperature cause the meniscus to vacillate. The difference

ween the pressure at full hydration and the pressure at bubble entry

'A.variety of other technical problems can cccur during a probe

Nonami et al., 1987). The difficulties of manipulating the o0il-

er meniscus and accidental flooding of the sample with probe oil

@&lready been mentioned. Because of tissue movement during

Vdration or because of vibration, the capillary tip can pull out of

Pe, or abut or push through the opposite hyaline wall. Any of

cdn.occur at any time in the course of a probe and will adversely

esults. At least one of them usually did occur, so that the

r meniscus, the tip of the probe, and the air-water meniscus
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all had to be carefully monitored during a probe. Only those probes
with no known complications were used in the analysis. This yielded 8
data points from about 30 measurements and as many aborted attempts.

An additional 4 measurements were taken from leaves that were
wetted with a 0.1% (v/v) solution of the detergent TWEEN-80 in
distilled water. The detergent should reduce the pressure differential
required to pull a mensicus through a pore by lowering the surface
tension at the air-water interface. When wetting a leaf with this
solution, enough of the solution was applied to approximately double
the volume of water already present in and on the leaf. Although the

concentration of TWEEN-80 at bubble entry is not known, it should he
close to or slightly below that of the applied solution when enough
water evaporates for menisci to develop in the pores of the hyalocysts.
The surface tension {T = F/1, where F is the force on a wire of
length 1) of the 0.1% solution of TWEEN-80 was estimated by measuring
the force reguired to pull a 1 cm long straight wire, which was
?iented parallel tc the surface of a poocl of solution, free from the
Iiguid. The surface tension of distilled deionized water was also
sured using the same technigue. The experimental value for
iilled deionized water was 11% lower than the accepted value for the
urface tension of water at the same temperature {(Weast, 1968). To
Orrect for the error in our technigue, the difference between the
erimental and the established value for the surface tension of water
as ﬁsed to correct the experimental value for the surface tension of
. TWEEN-80.

Pore Diameter Heasurements. Following a lumen pressure

rément, the diameter of the pore through which the bubble entered
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was measured with an ocular micrometer. The few elliptical pores were
only slightly eccentric, thus were taken to be circular. For use in
Egquation 2, a better approximation for the pore diameter of more

elliptical pores may be given by the hydraulic diameter (Appendix).

RESULTS AND DISCUSSION

Excised leaves exposed to air dehydrate within a few minutes.
. Leaves which are rehydrated by the addition of water from & pipet or
syringe return to almost complete hydration in seconds. All fully
.hydrated hyalocysts {i.e., those with no air bubbles visible in their
‘Jumens} embolized by air-seeding. The meniscus entered each lumen
~through the pore with the largest diameter unless that pore was
-oﬁstructed. Figure 2.4 depicts an air-seeding sequence. The air-water
éniscus in the pore at the arrow is just developing in Figure 2.4A as
hé leaf surface water dissipates. The meniscus is visible in the
p; n in Figure 2.4B. Its diameter approximates that of the pore. 1In
IUre 2.4C., the meniscus pulls into the hvalocyst and looks bubble-
REEwithin the lumen. In Figure 2.4D, the bubble expands to embolize
e¢ll. When a meniscus pulled through a hyaline pore, bubbles in
:by'cells contracted slightly, then continued to expand as
aﬂ?fation proceeded. This localized relief of tension was common,
hOrt—lived.

The only hvalocysts which did not air-seed had entrapped bubbles
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at the onset of dehvdration. Figure 2.5, lower arrow, shows a bubble

which begins to collapse when the leaf is wetted, but as dehydration

begins before the bubble completely collapses, it expands, eventually

This cell embolizes without air-seeding. On

filling the hyalocyst.

one occasion, a hyalocyst with an entrapped bubble air-seeded. In this

case, the entrapped bubble was separated from the rest of the cell by a
spiral thickening which closed the connecting passage to a diameter
jess than that of the pore through which the air-seed entered.
Measurement of lumen pressures in hyalocysts with entrapped bubbles is
not feasible with present techniques.

In Figure 2.8, lumen pressure measurements of air-seeded cells wet

with tap water (solid dots) correspond well with the predicted curve
(solid line). Those wet with tap water and TWEEN-80 (open circles)

‘Aair-seed at tensions lower than predicted by Equation 2 because the
detergent lowers the surface tension of the meniscus from

.2 x 1072 N/m (water at 20°C) to about 4.3 x 10”% N/m at bubble entry,

nd thus lowers the pressure differential (dotted line) required to

‘déform the meniscus enough to fit through the pore. The TWEEN-80 curve

| ntended to demonstrate the lowering of the surface tension, not to
eﬁfasent a curve that should fit the experimental data.

.As Huber (1956) suggested, Sphagnum hyaline cells may be a good
déi for the air-seeding of fern annuli. They may also be a good
éﬁiifor the air-seeding of tracheary elements, as Zimmermann (1983)
Tg.sted. Perhaps the model is even more appropriate in the case of
h?ary elements because both they and Sphagnum hyalocysts are no

er living and when hydrated contain water almost exclusively. The

:n the pit membranes of tracheary elements may be comparable to
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hyaline pores in that they prevent air from entering the lumen until a

critical pressure differential across the pore is reached. There is

evidence that Sphagnum hyalocysts are an appropriate model for xylem

glements in other respects. In both hyalocysts and xylem elements,

released water increases the hydration of adjacent cells (Dixon, et al.
1984). There is also mounting evidence that tracheary elements will
air-seed more than once if completely rehydrated after drying, but that

those elements with entrapped bubbles do not air-seed (Lewis and Tyree,

unpublished data)}. Bul whatever the outcome of the xylem

" jnvestigations, we now have confident measurements to indicate that the

‘capillary equation does describe the behavior of air-seeding in plants,

particularly in Sphagnum.

APPENDIX

in general, the capillary eguation says that the upward component

force which raises the water in a capillary tube is equal to the

i ht of the water supported at equilibrium. The force acts on the

r: through the surface tension of the air-water meniscus as the

¢r adheres to the tube wall. Thus, in the case of a circular tube

niternal diameter a, (ma)(T cos®) = (ua2/4)(h)(sg), where wna is the

rimeter of the tube, T cos® is the upward component of the force

ted by the surface tension T through the contact angle € between

water and the tube, and the weight of the supported water is given

cross—-sectional area of the tube na2/4 multiplied by the height

wWater column h, the density of water s, and the acceleration due
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to gravity g. Rearranging gives hsg = (47 cos@)/a. Since T and cos®

are constants and hsg is the negative of the pressure drop across the

meniscus, the pressure differential AP in the case of a cell

dehydrating, AP = 0.29/a where AP is in MPa and a is in um.

For a tube with rectangular cross-section,

2(a+b) (T coss) = (ab)(h)(sg) where a and b are the width and length of

the rectangle. Rearrvanging gives hsg = (4T cos8)/(2ab/(a+b)).

Substituting the constants and correcting for units gives

AP = 0.20/(2ab/(a+b}). If a = b, then AP = 0.29/(2a2/2a) = 0.29/a.

The pressure reguired to pull the meniscus through a square tube of

:width a is the same as for a circular tube of diameter a. If a << b,

‘then AP = 0.20/(2ab/b) = 0.29/2a = 0.15/a (Pickard's [1981] equation

~for parallel plates). For wide parallel plates separated by distance
é, the pressure required to pull the meniscus through the plates is

e—-half the pressure reguired to pull the meniscus through a circular

pbe of diameter a (Fig. 2.7).
The perimeter of an ellipse is approximated by n((a2+b2)/2)1/2,

and the area is given by =zab/4 (Eves, 1974), thus

(a2+b2)/2)1/2)(T cosd) = (zab/4)(h){sg), where a and b are the axes

of the ellipse. Rearranging, vields

(4T cosB)/(Zazbz/(a2+b2))1/2; substituting for constants and
icting for units gives AP = 0.29/(2a2b2/(a2+b2))1/2. If a = b,
noAp = 0.29/(232a2/(232))1/2 = §.29/a, the pressure required to pull
e#iscus through a circular tube of diameter a. When a << b,

0.29/(2a%b2/6%)1/2 2 g.21/a. In a tube with an elongated
‘tical cross-section and minor axis of length a, the pressure

'réntial required to pull the meniscus through the tube is about
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7/10ths the pressure required to pull the meniscus through a circular
tube of diameter a (Fig. 2.7).

Note that for a rectangular tube and for an elliptical tube, the
terms 2ab/(a+b) and (2a2b2/(a2+b2))1/2, respectively, are the hydraulic
diameters. The hvdraulic diameter of a regularly shaped conduit is the
diameter of the circular conduit that has the same rate of flow at the
same pressure gradient (i.e., it is the geometric diameter of the
hydraulically equivalent circular conduit) (Li and Lam, 1984).
Hydraulic diameter is calculated by d = 4A/p, where A and p are the

area and the perimeter of the conduit.
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Fig. 2.1. Photomicrograph of abaxial surface of Sphagnum leaf
showing chlorophyllous cells (a), and a complete hyalocyst {b) with
hyaline pores (c) and spiral thickenings (d) on the interior of the

hvaline wall. Scale = 50 um,
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Fig. 2.2. Scanning EM of pores in Sphagnum hyvalocyst. The pores

are perforations in the cell wall which connect the cell's exterior to

the lumen of the cell. A mature hyalocyst is dead; the lumen contains

no protoplasm. Scale = 50 um.
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Fig. 2.3. Pressure microprobe set-up. A, Microprobe apparatus.

B, Microprobe inserted into hvalocyst.
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Fig. 2.4. Air-seeding hvalocyst. The photomicrographs are
accompanied by line drawings of the hyalocyst for clarity. A, The pore
through which the air-seed enters. B, The meniscus is visible in the
cell lumen. The meniscus diameter has diminished until it approximates
the diameter of the pore. C, The meniscus has pulled through the pore
and begins expansion. After the diameter of the meniscus has decreased
to that of the pore, allowing bubble entry, the meniscus increases jits
diameter. This expansion takes place within the hyalocyst lumen. The

hvalocyst has air-seeded. Note that other hyalocysts are in

different phases of air-seeding. D, The bubble expands to fill the

cell. The cell is embolized.
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Fig. 2.5. Ewmbolism by expansion of an entrapped bubble. In this
seqguence photographed from a video screen, the leaf has been rewetted
after dehydration. A, Many hyalocysts contain entrapped bubbles formed
during rewetting. B, The bubble in the cell indicated by the upper
arrow has collapsed. The bubble in the cell indicated by the lower
arrow shrinks, but does not completely dissolve before dehydration
begins again. C, The bubble in the lower cell expands leading to

embolism. D, The upper hyalocyst air-seeds.
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Fig. 2.6. Lumen pressures at air-seeding. Hyalocyst lumen
pressures were measured at the instant of air-seeding with the pressure
microprobe. Tension is pressure below ambient (0.1 MPa) and is plotted
against the pore diameter, which, in the case of elliptical pores, is
corrected to the hydraulically equivalent circular pore diameter (see
text). In most pressure measurements leaves were wet with tap
water(®). Leaves wet with 0.1% (v/v) TWEEN-80 in tap water (o) air-
seeded at smaller pressure differentials. The solid line is the
predicted curve for leaves wet with water at 20°C. The dotted line is

the predicted curve for leaves wet with TWEEN-80 at the same

temperature,
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Fig. 2.7. Pressure differential (AP} in elliptical and
rectangular conduits for a range of major axis lengths when the minor
axis has a length of 1 um. For both elliptical and rectangular
conduits, when the major and minor axes are of equal length, AP is the
game as that for a circular conduit, 0.29 MPa. As the difference
between the major axis and minor axis lengths increases, AP decreases.
The decrease reaches a limif{ at approximately 0.21 MPa for an

elliptical conduit and 0.15 MPa for a rectangular conduit.
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CHAPTER 3

Acoustic Emissions are Good Indicators of Cavitation
in Thuja occidentalis

Tracheids Under Water Stress1

INTRODUCTION

in order to understand the details of embolism in the xylem, it is
necessary to have a means of measuring the formation of emboli by a
non-intrusive method. Assuming that cavitations lead to embolism,
Milburn and Johnson (1986) and Crombie et al. (1985) used "clicks”
produced by dehydrating plants as indicators of cavitation in tracheary
elements in studies of the water relations of Ricinus, Plantage, and
other genera. They measured sounds emitted in the audible fregquencies
(0.2 to 1.0 kHz [kilohertz] [as cited in Milburn, 1973]), a procedurse
. which requires a soundproof specimen holder or sampling room and
;estricts manipuelation of the plant material and surrounding apparatus.
Tyree has since developed the technigue of measuring emissions in the
ltrasonic fregquencies, 100 kHz to 2 MHz (megahertz) {Tyree and Dixom,
23983). The use of ultrasonic emissions has the advantages of

éliminating most background noise and allowing for limited manipulation

This chapter is intended for submission to an as yet unspecified
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of the sample even while acoustic emissions (AEs} are monitored.

The use of AEs top indicate the occurrence of xylem cavitations as
precursors of embolism is justified because AEs coincide with water
loss in tissue dehydrating under temsion (Milburn, 1973; Dixon et al.,
1984) and with the loss of xylem conductance (Sperry, 1986).
Furthermore, there is approximately a one—-to-one correspondence between
the number of tracheids in a sample of Thuja cccideptalis wood and the
number of AEs that are counted during dehydration of the initially
fully hydrated sample (Tyvree et al., 1984bh).

Even though AEs have been used for several vears in botanical
research, there remain major unanswered questions about the emissions
and their generation. Some answers are suggested by previous research,
but too often reliable results are lacking. In this chapter, these
gquestlons are addressed for tracheids in Thuja occidepntalis wood: Are
AEs and the formation of emboli simultaneous? Are AEs produced when
tracheids are embolized by forcing air into them under positive
bressure? Does a tracheid produce an AE if it has a visible entrapped
bubble at the onset of dehydration? Answers to these guestions can
help determine whether AEs can be used to indicate the formation of

emboli in vascular elements of fully hydrated tissue. This research

ses modified techniques which allow events during dehydration to be
'followed in smaller tissue samples than have been used previously.
‘These methods more closely approximate the ideal: monitoring events on
:tracheid by tracheid basis. The data confirm that ultrasonic AEs are

od indicators for the occurrence of cavitation in T. occidentalis

Pacheids.
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MATERIALS AND METHODS

Plant Material. Greenhouse-grown Thuja occidentalis L. plants
were cut above the root cellar, the cut surfaces were trimmed with a
razor blade under tap water, and the shoots were rehydrated in 5 mM KC1
in distilled deionized water. Both the tap water and the KC! solution
were filtered to 0.7 um and degassed to approximately -0.1 MPa under
vacuwn. All subsequent cuts, including those made during sectioning,
were executed in a puddle or in a bath of untreeated tap water. During
rehydration, the plants were enclosed in a plastic bag and kept in the
dark for at least 8 to 10 hours. Wood was considered "fully hydrated”
when removed from shoois that were rehvdrated in this manner. All stem
sections used in experiments had 9 or fewer growth rings; most were 5
vears old or less. Longitudinal sections were made with a sliding
microtome, and the samples were trimmed to size with a razor blade
under a dissecting microscope in order to make each longitudinal cut
~ parallel to the tracheids. The dimensions of the plant material used
in each set of experiments are described below,
T. occidentalis was selected for this study for several reasons.
It 1s uwnder investigation by other researchers in water relations. It
has pit membranes with limited torus development. (It is thought that
_it membrapnes in conifers with fully developed tori prevent air from
Déssing from tracheid to tracheid by aspiration of the membranes: a
Nonporous torus seals against the pit aperture and blocks alr passage.
I aspirated pit membrane with a thickened torus complicates the

@lermination of limiting pore diameter because the passage of air from
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tracheid to tracheid may be limited by the space between the aspirated
membrane and the pit wall rather than by perforations in the membrane.)
The xvlem of Thuja occidentaiis wood lacks resin ducts, which makes
manipulation simpler because resin does not clog cut tracheids; and
fresh material was readily available.

Detection of Acoustic Emissions. AEs were detected with a 300 kHz
transducer, 250 to 500 kHz filter, and an acoustic emission counter
model 204B produced by Acoustic Emission Technology Corporation,
Sacramento CA. In most experiments, the transducer was mounted in a
holder made of plexiglas with a glass microscope slide base. The
sample was covered with one of two plexigias slips, and two spring
steel clamps held the whole in place {Fig. 3.1}. A conical hole was
drilled through the plexiglas holder adjacent to the transducer to
reduce interference with transmitted light. The narrow part of the
hole had a diameter of 1 mm and was oriented toward the specimen. A
corresponding l-mm-diameter hole drilled in one cover slip provided an
unopstructed view of part of the specimen and increased air
circulation, thus decreasing dehydration times. When this cover slip
was used, the hole in the cover slip overlapped the light transmission
port. The other cover slip had an opening large enough to extend
ﬁeyond the edges of both the basal hole and the transducer. This port
was covered with fiberglass window screen in order to hold the sample
?irmly against the transducer, and to minimize gross movement during
ﬁﬁhydration while allowing evaporation from the entire upper surface of
plant section.

In order to detect AEs produced by dehydration with positive

ssure, the transducer was mounted on the stem segment inside of a
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pressure bomb using a spring loaded clamp. The top of the bomb was
modified to permit the transducer wire to exit through a separate
opening. In all experiments, the cumulative count signal from the
counter was recorded on a paper chart recorder equipped with an event
marker.

Observation of Embelism. Radial and tangential sections, 30 to
90 wpm thick, were observed under a compound microscope equipped with a
32X long-working-distance objective (working distance = 6.6 mm). Total
magnification was 320X. Care was taken to select sections for study
that were as parallel to the tracheids as possible. In a given
segment, the long dimension refers to the segment length in the axial
direction. For simple observation, a section measuring approximately
1.0 cm by 0.5 cm by 45 or 60 um was held securely on a microscope slide
under a cover slip or mounted in the transducer holder. When a cover
slip with a viewing port was employed, an unobstructed view through a
hole in the screen or through the 1-mm port was possible once most of
the free water evaporated. Recordings on video tape for play-back at
slow speeds were made through the microscope phototube using the same
- arrangements.
In order to compare the timing of emboli formation with the
production of AEs, a 30 or 80 um thick longitudinal section was mounted
m§n the transducer in its holder using the cover slip with the screen
insert. Most of the 1.5 cm length rested on the transducer; the
remainder overlapped the port by at least 1.5 mm, so that the view did
Not include tracheids that were cut transversly at the end of the
Section. Section widths ranged from 2 to 8 mm. After focusing the 32X

Jective through the screen, the occurrence of events observed through
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the microscope during dehvdration of the sample was superimposed on the
chart recorder tally of cumulative AEs with an event marker.

Detection of Cavitation During Dehydration Under Positive
Pressure. A fully hvdrated stem segment measuring 10 cm in length was
debarked and inserted into a pressure bomb leaving the apical 1 cm of
length exposed on the outside of the bomb. The AE iransducer was
attached to the portion of the stem inside of the bomb. Bomb pressure
was raised gradually over several wminutes to 5.4 MPé. The experiment

was repeated, raising the pressure more guickly to the maximum.

RESULTS

No bubbles were visible within the tissue when longitudinal
sections from fully hydrated Thuja occidentalis stems were examined
under a light microscaope at 320¥. In tissue that was dehyvdrated from

full hydration, a seguence of events was noted:

1} Menisci could be seen forming at the cut surfaces of
tracheids in the outer parts of the section and retreating

along each cut tracheid as drying proceeded (Fig. 3.24).

2} Menisci moved more quickly through tracheids in deeper layers
of the section. Because cuts could not be made perfectly
parallel to all tracheids during sectioning, it is assumed
that tracheids with more slowly moving menisci extended to

the surface of the section and were cut or cracked during
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3)

sample preparation. A meniscus should enter & tracheid
through a small puncture, after dehydration has progressed
enough to develop a greater tension in the lumen than would
buiid in a tracheid with a larger cut. Presumably, the
higher tension creates more instability in the water colunmn,
resulting in more rapid embolus development when the water

column finally breaks.

Menisci moved through deep tissue layers at much greater
speeds than in the previous steps (Fig. 3.2B). Through time,
the average rate at which the menisci moved through the
section increased to such an extent that an individual
meniscus could not be followed by eve, but the direction of
its movement usually could be discerned. Sometimes these
rapid movements were discernible only as rapid transparency
changes within the tracheids. Analysis at lower
magnifications (80 to 100X) and in slow motion on video tape
shows that a meniscus 1s present. Occasionally, a much more
slowly moving meniscus ig visible during this stage; slow
moving menisci become more common toward the end of this
phase. Rarely, a short {ime exists when only a few slowly
moving menisci are visible. The very fast meniscus movements
occur when a tracheid cavitates. Rapid expansion of the air
bubble that pulls through a pore proceeds as the air bhehaves
as an ideal gas to increase its volume in proportion to the
pressure difference between the surrounding air and the

tracheid lumen (Boyle's Law).

Simultanecously lumen water
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evaporates into the bubble. With the rapid rise in lumen
pressure at bubble entry, some of the lumen water is released
to neighboring cells, as demonstrated by vacillations of
visible menisci in nearby lumens. The slower moving menisci
seen in tracheids at this time are the boundaries of bubbles
that a few instants earlier would have been seen in other
parts of the same tracheids as quickly moving menisci. Once
the initial rapid pressure eguilibration is complete, the
retreat of free water in a cavitated lumen proceeds more

slowly.

4) No more menisci are seen. Tracheid walls become more and
more opague, and the section has a greater tendency to move.
When the menisci are gone, all tracheids are embolized, but
translucence in the walls indicates that the walls are still

hydrated. Opague walls signal fully dehydrated tissue.

33} All movement stops.

:he time required for completion of this series of events depends on
.5E.presence of a cover slip, the ambient relative humidity, the
emperature of the microscope lamp, and the presence of drafts. In the
5§ence of a cover slip, the complete sequence occurred in less than

fq 10 min.

?-Tissue that was dehydrated just until no free water was visible

hin the tissue at 320X, then rehydrated by placing the section in a

PUddle of water for a few minutes, had bubbles visible within some
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tracheids (Fig. 3.3). Most of these bubbles slowly collapsed in the
next 15 to 30 min. In sections that were dehydrated for an hour or
more, the tracheid walls were dry. Even when these fully dehydrated
sections were rebhydrated overnight, they had more embolized tracheids
than did partially dehyvdrated tissue that was rehydrated for one-half
hour. Following dehydrations in which the tracheid walls do not dry,
bubbies that form upon rewetting contain low concentrations of air.
These bubbles collapse guickly when sufficient water is available.
Bubbles that form upon rewetting of tracheids with dry walls contain
little water vapor and are air primarily. Collapse of these bubbles
reguires long periods of rehvdration.

An embolus forms in a tracheid in which a bubble is visible after
rehydration by gradual expansion of that bubble. Fewer AEs are
detected during dehydration of a section which is only partially
rehydrated than are detected during the dehydraticn of the same section
from full hydration {(Fig. 3.4}). Overnight rehvdration of that sanme
section returns the cumulative count of AEs to near that of the
criginal, as long as dehydration has not proceeded long enough for the
:tracheid walls to dry. Cumulative AE counts after very long
Edehydrations do not return to original levels even with long
”éhydrations. Structural damage probably occurs to either the pit
:mbranes, which are relatively flimsy structures, or to the cell walls
f;the tracheids. The damage could be tears caused by the tissue
hrinkage that occurs at the end of long dehydrations due to the
ﬁoval of water molecules from the cellulose microfibril network, or
‘ould be other irreversible structural changes to the network, such

ibrillar realignments, caused by the removal of water. In these
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instances, AEs may not occur during the course of the second
dehydration even if the lumens completely refilled.

Figure 3.5 shows that no ultrasonic AEs register when menisci are
seen to enter cut tracheids. The greatest rate of AE production occurs
during the third stage of dehydration, when the menisci are moving most
rapidly. AEs stop accumulating when the rapid meniscal movement stops.
It is important to note that AEs are not generated by gross tissue
movement; the rate of AEs drops to zero before the most noticeable
tissue movement begins. Ultrasonic AEs are not generated by the

expansion of free-floating entrapped bubbles in tracheids.

DISCUSSION

Embolus formation in superficial tracheids of T. occidentalis
_1ongitudinal sections and in Sphagnum hyalocysts is less energetlic
:(visibiy less abrupt) than that in deeply embedded tracheids. Sphagnum
‘hyalocysts have pores in the cell wall with diameters of the same order
of magnitude as the cut openings in the T. occidentalis tracheids.
-Tﬁltrasonic AEs definitely attributable to embolism were not detected
during the dehydration of hyalocysts, although a few emissicns in the
audible range with amplitudes just above that of the background noise
Were detected {Lewis and Tyree, unpublished data). Apparently,
Hitrasonic AEs are created by evenis that lead to rapid movements of
enisci in tracheids. These energetic events are defined as

tations (Chap. 1).

:No ultrasonic AEs above the background count were detected during
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pressurization of stem segmenis to over 5.0 MPa whether the pressure
was raised slowly or guickly. AEs accumulated whenever the bomb
pressure was released to approximately 1 MPa lower than the maximum
pressure to which the sample was exposed. The interpretation of this
is as follows: Dehydration by positive pressure does not causs
energetic bubble formation in tracheids. Perhaps, during pressure bomb
dehydration, an embolus forms by the entry of one or more small
bubbles, each of which expands under the influence of Bovle's Law
(ideal gas expansion: gas volume is inversely proportional to absolute
pressure}, until all lumen water is pushed out of the cell (the air-
seeding hypothesis, using a broad interpretation). The final volume of
the emboius should be proportional to the pressure differential across
the meniscus at bubble entry unless the lumen volume is smallier.
Lowering the bomb pressure from its maximum vaiue creates a pressure
differential across the menisci in the pores of tracheids into which
bubblies have not previously entersd, and causes water in these
tracheids to cavitate by one of the mechanisms discussed. When tissue
air dehydrates on the countertop, a single external air bubble enters
the Ilumen and expands rapidly (a strict interpretation of the air-
éeeding hypothesis). The rate of bubble expansion determines whether
ABs are produced. Rapid expansion produces detectable ultrasonic AEs;
slow expansion does not produce detectable ultrasonic AEs.

Tyree {personal communication) proposes that the rapidity of
EXpansion is limited in pressure bomb dehydration because most of the
t?m segment is snclosed in the bomb and is under pressure. The
ternal force on a tracheid's walls pushes them towards the center of

e*?racheid. Bubble entry does not release this pressure, and the
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pressure prevents the walls from rebounding when a bubble enters the
lumen. 1In order for the bubble to expand, water must exit the lumen.
The only space into which large amounts of released water can exit is
in the portion of the stem segment exposed outside of the pressurs bomb
or into the alr external to the bomb, so0 that the water released by
bubble entry must travel or push other water over great distances %o
evacuate the volume that the bubble is to occupy. Tyree suggests that
the resistance to water movement through this pathwav is enough to
prevent vibrations in the walls or the water in excess of 100 kHz. In
order to produce an ultrasonic signal, the walls or the meniscus must
experience maximum displacement in one-half of the time required to
produce a full ultrasonic cycle, § wusec. In countertop dehydrations,
there is no such external force on the tracheid walls. When a bubble
enters a tracheid lumen, the tension is released, and, since there is
no external compressing force, the walls return to the no tension
condition, after bouncing in and out several times. Tyree believes
that the initial wall displacement during rebound can occur in less
“than 5 usec. This immediately frees part of the volume that the bubble
“will occupy, and water molecules travel only short distances with
,little resistance to Iimmediately vacate the space for the bubble. He
ﬁroposes that the vibration of the cell wall produces an AE.

A clearer picture of the mechanics of dehydration in wood is not
“.t available by the analysis of AEs because it is not yet clear how
the interactions of pressure differentials and tissue anatomy and
U¥trastructure affect the characteristics {(i.e., frequency, amplitude,
and attenuation} of AEs. 1In fact, preliminary research by Tyree

€rsonal communication) indicates that differences in the freguency
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distribution of AEs hetween species are detectable but that the
resonating characteristics of different AR transducers produce even
greater variation. Knowledge of dehydration mechanics will be severely
limited until more is known about AE production in dehydrating wood.

In summary, AEs are produced at the same time that embolus
formation occurs in uncut tracheids of Thuja occidentalis wood. Fewer
AEs are produced in wood that dehydrates with entrapped bubbles than in
wood that dehydrates from full hydration. The number of AEs produced
during dehydration can be restored to near maximum in the former case
if the tissue is returned to full hydration, thus collapsing the
entrapped bubbles, before the second drying commences. If dehydration
proceeds to the point that the tracheid walls begin to dry, maximum AE
counts cannot be restored or reguire much longer periods of rehydration

than wood in which the walls retain their water.
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Fig. 3.1. Exploded diagram of the transducer holder for detecting
ultrasonic emissions while viewing tracheids during dehydration. A
longitudinal wood section contacts the transducer and covers the light
transmission port when in place. The entire holder rests on the stage
of a compound microscope, and the microscope objective can be focused
through a hole in the screening of the cover shown. Alternatively, the
ojective can be focused through a smalil hole {diameter = 1 mm) in
another coverslip (not shown) which overlaps the light transmission

port.
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Fig. 8.2. Bubbles expanding in tracheids during dehydration. A,
A bubble expands in a tracheid which was cut during sectioning. The
cut is visible at the arrow in these photomicrographs. In the first
frame the meniscus of the bubble is visible just above the cut tracheld
wall. Frame 2, the meniscus moves through the tracheid. In Frame 3,
the bubble has expanded and fiiled the lumen with air. In all three
frames, menisci form at other holes in tracheid walls (especially at
the far right of each frame). B, As in these diagrams, the walls of
tracheids deeper in the tissue are not breached during sectioning and
menisci expand rapidly to fill the lumens. The entire seguence shown
from initiation to embolism, happens in less time than the sequence in
A proceeds from the first to the second frame. At low magnifications,

60 to 100X, the bubbles are occasionally seen initiating at the walls.
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Fig. 3.3. Photomicrograph of entrapped bubbles in a longitudinal
section of rehydrating {issue. This section was dehydrated until the
tracheid walls were partially dry, then it was rewet with a few drops
of water. After 5 min, some bubbles remain in the tracheids (a).
Bubbles that were initially trapped have collapsed in some tracheids.
Tracheids with no entrapped bubbles are fully rehydrated (b). The
focus is set within the deeper tissue, so that the bubbles seen are

trapped entirely within tracheid lumens. Scale = 100 um.
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Fig. 3.4. Number of AEs detectied during the second dehydration

expressed as a percentage of the number of AEs produced during the
first dehvdration shown as z function of the rehydration time. These
preliminary results were obtained by comparing the number of AEs
produced during two dehydrations of the same tissue. Initially, fully
hydrated longitudinal sections were dried for about 30 min (ist
dehvdration}. They were rewet for about 3 min or 16 to 17 hours and
dehydrated again {2nd dehydration). The number of AEs detected during
the second dehydration as a percentage of the number of AEs detected

during the initial dehydration is plotted against the rehydration time.
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Fig. 3.5. AEs detected during dehydration of a longitudinal
section. Occurrence of events detected visually during dehydration arve
superimposed with an event marker on a chart recorder. 1) Menisci form
at cuts in tracheids at the section's surface and begin to move through
these cut tracheids. 2) Menisci move slowly through tracheids on the
surface, and more rapidly through somewhat more deeply embedded
tracheids. 3) Menisci move even more rapily through more deeply
embedded tracheids. A few deep tracheids rapidly change from
translucent to opague. 4} Rapid transparency changes increase in
frequency. Very few slow movements of menisci visible; most of these
are in deep lavers. §) Dramatic increase in number of rapid
transparency changes in deep tissue lavers. A few slow movements of
menisci in deep tissue lavers. Some gross tissue movement occurs
towards the end of this time period. 6) End of 2ll visible activity.
Figure events 4 and 5 occur within the third stage of dehydration as
described in the text. Gross tissue movement is the text's Stage 4,

and Stage 5 corresponds to Event 6 in this figure.
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CHAPTER 4

Embolism in Fully Hydrated Thuja vccidentalis Tracheids Under

Water Stress is Caused by Airuseedingl

INTRGDUCTION

As outlined by Zimmermann (1983), air-seeding in a xylem sap-
filled fiber, tracheid, or vessel should occur when the lumen pressure
potential (wp) falls below a threshold described by the capillary
equation (Chap. 2). When Tp reaches this threshold, external air
enters the lumen through the largest pore or crack in the cell wall
which is in contact with the air (Fig. 4.1). One could easily imagine
this process occurring in gymnosperms which have pores in the pit
membranes. The membrane structure was described as early as 1916 by

Bailey who suggested that the valve-like action of the membranes

prevented air from moving from tracheid to tracheid through the pores.

He measured pore diameters by particle infiltration, and found that the
bores were large enough fo admit air at the tensions predicted by the
tension hypothesis for the ascent of sap. Eicke (1958) described the
bit membrane peres in several gymnosperm families using light

@icroscopy. The idea of embolus formation by air-seeding did not gain

This chapter will be submitted in modified form to the International
8sociation of Wood Anatomists Bulletin for publication.
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wide acceptance in part because perforated pit membranes could not be

found in angiosperms even when EM technigues were used. Bonner and

Thomas (1972} and Meylan and Butterfield (1982) were among the first to

prepare angiosperm samples which had visible pit membrane pores. It

seems that samplie preparation methods allowed coating of the

microfibrils by plant wound substances which prevented previous imaging

of the perforations. Now that structure is known te be consistent with

theory, and now that cavitation can be detected and plant water
potential can be measured, we can confirm the air-seeding hvpothesis.

In an undamaged Thuja cccidentalis tracheid, the largest hole in

the cell wall is a pore in one of the pit membranes. If an adjoining

tracheid contains air at a sufficiently higher pressure than the sap-

filled tracheid, air will be forced into the sap-filled tracheid lumen

through a connecting pore, in the form of a bubble. As guickly as the

lumen tension is relieved by bubble entry, some of the lumen sap

evaporates into the bubble, and some is released to surrocunding tissue

{Chap. 3). The bubble expands to fill the lumen. The exact dynamics

of the bubble are not known. It is not cliear that the bubble actualily

-ipulls free from the pore immediately as shown in Figure 1.1 of this

ithesis and in Figure 3.6 of Zimmermann (1983); the bubble does not pull

free from the pore in Sphagnum hyalocysts (Chap. 2).
The data presented here were obtained primarily from pressure bomb

and countertop dehydrations. The data show that fully hydrated Thuja

occidentalis tracheids embolize by air-seeding when exposed to water

tress. Differences in dehydration by water stress and by positive

Ssure in a pressure bomb are discussed with respect to cavitation

-air-seeding. Additionally, the significance of the pattern of



A M. Lewis Ch 4: Embolism and Air-seeding in Thuja 69

embolized tracheids in the xylem will be related to our understanding

of embolism.

MATERIALS AND METHODS

Plant Material. All experiments were conducted using stem wood
from Thuja occidentalis L. orthotropic shoots. The excised shoots were
rehydrated for a minimum of 8 to 10 hours using the method described in
Chapter 3. Hydrated stems were cut into segments 10 cm in length under
tap water filtered to 0.7 um and degassed to approximately -0.1 MPa.

Shoots for the "simulated air-seeding" experiments were collected from

an overgrown plantation at the Harvard Forest, Petersham MA. The
shoots resulted from ground layering of fallen trees. Saplings for
other experiments were greenhouse grown. Samples for experiments were
taken from wood that was 9 or fewer years old.

Simulated Air-seeding. Stem segments were dehydrated by pogsitive
pressure in a pressure bomb in order to simulate the pressure
differential across cell walls to which tracheids are exposed under
water stress. Two types of experiments were conducted under these
Conditions. In each, the hydrated segment was debarked, patted dry
with towelling, weighed, and inserted in the pressure bomb with
approximately 1 cm of the apical portion exposed on the exterior of the

bbmb, A very wet sponge was placed in the bomb to maximize the

lative humidity of the gas which was forced through the segments, in

Order to minimize evaporative drying of the tlssue. A glass vial,

e-F.’.ll':_taining a tight roll of filter paper, was placed upside down on the
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exposed stem so that the top of the stem touched the paper (Fig. 4.2).
The vial was capped and weighed at intervals during each step of the
dehydration. Bomb pressure was raised in a series of steps. At each
step, the pressure was held constant until all visible water stopped

exuding from the exposed stem surface and the weight of the wvial

stopped increasing (usually 5 to 10 min). Maximum vial weight was

recorded for each bomb pressure increment.
In one set of experiments, for each of several segments, the
pressure was raised in 0.2 MPa increments until it reached at least

4.0 MPa above ambient pressure. The segment was removed from the

pressure bomb after releasing the pressure, weighed, oven dried at 70°C
overnight, and reweighed. Weight of expressed water was plotted
against bomb pressure as a means of describing the amount of water lost
compared to the applied pressure.

In the other set of pressure bomb experiments, each segment was
raised to a predetermined pressure by 0.2 MPa increments as described
above. When water exudation at that pressure stopped, the bomb
pressure was released and the segment was removed from the bomb,
weighed, wrapped in plastic wrap, and placed in the dark. Following a
‘one-half hour equilibration, dyve was pulled through the segment, as
escribed below, to mark conducting (non-embolized) tracheids.
Conntertop Debydrations. Ideally, the above experiments would
gﬁaVe been performed by dehydrating the segments by evaporation on the

untertop at ambient pressure. ¥y would then have been determined by

taining a balance pressure in the pressure bomb

balance pressure = ¥ = Wp, where ¥ is plant water potential}.

Hfortunately, it was not possible to obtain balance pressures on
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T. occidentalis stem segments, presumably because there is too little

parenchymatous tissue to act as a water reservoir. The pressure bomb

dehydrations were selected as an efficient alternative.
Pressure bomb dehydrations may differ from dehydrations which

proceed under tension in two ways. The first difference is addressed

in Chapter 3: ultrasonic acoustic emissions are not produced, so that

the process of bubble entry may not be as energetic when driven by the

application of positive pressure. However, the pressure differential

is the same, and, assuming that emboli are formed in both cases by
bubbles pulling through the same pores, similar results should be
obtained if bomb dehydrations are conducted to the point of "stability"
at the final pressure as described. Differences may result also if the
applied pressure causes gas to dissolve in the lumen sap which then
comes out of solution during or after the release of bomb pressure.

The process may be similar to that of nitrogen evolving from the blood

of human divers who stay submerged for long periods without
decompression upon ascent. The pattern of distribution of tracheids
with emboli formed by "the bends" could be very different from the

: pattern created by air-seeding. Countertop dehydrations of stem
segments were conducted to control for this possibility.

Ten-cm-long hydrated segments were countertop dried to
predetermined fractions of their wet weight. These fractions were
chosen to be within the same range as those from the pressure bomb
ﬂehydrations. The dehydrated samples were wrapped in plastic wrap and
 laced in the dark for one-half hour. After the equilibration time,

Ve ascents were conducted in the same manner as in the pressure bomb

dehydrated segments.
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Dye Ascents. FEach 10-cm-long segment was reweighed after the

equilibration time elapsed. Weights decreased little (less than 0.5%),

if at all, during this time. Both ends were trimmed under 5 mM KCl

which was filtered to 0.45 um and degassed under vacuum to

approximately -0.100 MPa. Final cuts were made with a sharp razor

blade. Basic fuchsin (0.2% w/v) in 5 mM KC1 (filtered to 0.45 um and

degassed under vacuum to approximately -0.100 MPa)} was pulled through
the segment by placing the basal end of the 5-cm segment in a i-cm-deep
dye bath and applying ~0.084 vacuum to the apical end for 4 min

(Fig. 4.3). By closing the stopcock, the vacuum could be reduced
without completely releasing it. The basal end of the segment was
transferred quickly to a 2-cm~deep bath of 5 mM KC1. The KC1 was

pulled through the segment for an additional 8 min by reopening the

stopcock. This transfer method prevents air emboli from entering the

basal cut tracheids, yet restricts dye movement into partially

embolized tracheids. After removing the KC1 bath, the vacuunm

application at the apical end continued for another 3 min to draw out
excess water. The segments were left on the countertop to dry for
: 0.5 to 1.5 hours before sectioning. Several trials proved that this

protocol infused satisfactory guantities of dve even in some of the

.driest segments without leaving enough excess to create smearing

_Problems during sectioning.
Sections, 45 um thick, were taken from the apical end of the
segment after removing enpugh material to get a full transverse section
d from the base after removing just over 1 mm of the base to remove
the tracheids which had been cut and exposed to the dye bath. An

iditional section was taken from the center of the segment.
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Microscopic observation of test material indicated that the most
consistent dye patterns were obtained in the apical section.

in order to obtain quantitative data, two radial rows of tracheids
were selected from the apical section of each sample. These rows
approximately opposed each other across the pith. Each tracheid from
the selected rows was scored for dye content in the ceil wall and lumen
diameter along the segment's radius was measured. Tracheids with dye
stained walls were interpreted as conducting and having no emboli.
Diameter was recorded in 2 um diameter classes; the tally was kept by
growth ring. All growth rings except the most recent were counted.
Counts in the outermost ring would have been skewed by damage in that
ring from debarking and by immature tracheids near the cambium.

Pit Membrane Pore Diameter. Estimates of the largest pore
diameters in tracheid-to-tracheid pit membranes were made by passing
india ink and paint pigments through 3-mm-long, fully hydrated stem
segments. Higging Waterproof India Ink and brown iron oxide Universal
paint pigment (diluted approximately 1:10, v/v, with distilled

deionized water) were filtered with Millipore 5.0 um SM, 0.45 um HA,

and 0.22 um GS filters in stages. Each of the suspensions that passed
through the 0.22 and 0.45 um filters were dripped through stem segments
;by gravity feed, with a hydrostatic pressure head of about 1.5 cm. The
~filtrate was collected on chromatography paper. Chromatography paper
was colored by the filtrate if the particles could pass through the
segment. Diameters of the passed particles were checked with SEM.
Direct measurement of large pore diameters was attempted using
$EM. Material was fixed in glutaraldehyde, rinsed in several changes

t*f:fpl'losphate buffer, and dehydrated in alcohol series, before critical
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point drying, cutting with a new razor blade, and sputter-coating with

Au-Pd {a process similar to that of Meylan and Butterfield, 1982). The

samples were examined by SEM at 68,000%,

RESULTS

Susceptibility to Embolism of Larger versus Smaller Tracheids. As

a general rule, the largest diameter xylem conduits are also the

longest conduits (i.e., vessels are both longer and wider than

tracheids and wide vessels are usually longer than narrow vessels). 1In

the past, the largest xzyiem conduits, those with the greatest volume,

were thought to be more prone to developing emboli than the smallest

conduits (e.g., Ewers, 1985; Tyree et al., 1984b; Tyree and Dixon,

1986, and literature cited therein), because the largest cells have the

. greatest sap volume and the greatest wall area. Random events which

itress in T, occidentalis, Tsuga canadensis, and Acer saccharum, Tyree

ﬁd Dixon (1986) gathered data that indicated that Acer vessels
M§Glized at lower water potentials than did either Thuja or Tsuga
?acheids. Since Acer vessels are larger (longer and wider) than Thuja

Suga tracheids, the generalization does not necessarily hold

Ween species. Within each species, the percentage of water lost per




A.M. Lewis Ch 4: Embolism and Air-seeding in Thuja

acoustic emission (AE) decreased as dehydration progressed, indicating
that the larger conduits within a species do develop emboli before the
smaller ones.

Careful examination of the dve ascent data from the experiments
reported herein shows that within a stem segment, tracheid location
rather than tracheid size determines when a tracheid embolizes. In the
pressure bomb dehydrations {countertop dehydration results are
similar), large diameter tracheids usually develop emboli at lower bomb
pressure, or higher Wp, than smaller diameter tracheids. But it is
clear that some large diameter tracheids embolize after some small
diameter tracheids (Figs. 4.4 and 4.5). Imn this histogram and those
following, the open bars indicate conducting or stained tracheids; the
closed bars indicate non-conducting or unstained tracheids. In these
experiments, earlywood tracheids developed emboli before (at lower bomb
pressure or higher ?D) latewood tracheids regardless of diameter. The
first few layers of earlywood tracheids frequently had smaller radial
. diameters than tracheids which developed later in the growing season,
ifeven though the largest diameter tracheids were usually in earlywood.
The data from growth ring 2 of four specimens subjected to
different bomb pressures show the tendency for larger tracheids to
émbolize first (at lower bomb pressure or higher ?D) (Fig. 4.8). Rings
e numbered from the inside ocutwards, so that the first year's growth
@f 2 shoot is ring 1. At a bomb pressure of 0 MPa, all tracheids
conduct. At 1.2 MPa many of the larger tracheids are embolized. With
icreasing bomb pressure, smaller and smaller tracheids embolize and

8w large tracheids continue conducting. At high bomb pressure, or low

;small tracheids are the major conductors.
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It is evident that this is not a strict rule. We have recorded
instances in which the largest tracheids continued to conduct while the
smallest embolized. 1In these cases, bomb pressures of 3.0 and 4.0 MPa,
some of the smallest tracheids developed emboli while much larger ones
conducted dye. The eguivalent wps (-3.0 and -4.0 MPa) are lower than
have been recorded in the field for this species. Usually, when the
smallest tracheids are non-conducting while earlierwood tracheids in
the same ring conduct, the small tracheids abut non-conducting ones in
the earlywood of the next growth ring. This supports the idea that
embolism is passed from conduit to conduit. Isolated non-conducting
tracheids are rarely found. The picture is also complicated by the
tendency for the inner growth rings to embolize at lower bomb

pressures, higher ¥ s, than the outer rings {(Fig. 4.6). In this

p
segment, which was pressurized to 1.2 MPa, ring 1 is almost entirely
embolized, while ring 2 has only a few tracheids containing emboli, and
all tracheids in rings 3 and 4 are transporting. The trend toward the
production of larger tracheids in the outer rings is also apparent
here, where the average tracheid diameter increases from ring 1 to
ring 4.

At high bomb pressure (e.g., 4.0 MPa), or low ¥p, the majority of

tracheids, especially the larger ones, are embolized, so that the ratio

of the average diameter of conducting tracheids to the average diameter
of all tracheids in a sample is relatively small (Fig. 4.7). At low

bomb pressure (e.g., 1.0 MPa), or high ¥ _, the tendency for earlywood

p!
tracheids (i.e., generally, the larger tracheids) to embolize first is
.alanced by the tendency for inner rings (i.e., rings with smaller

average tracheid diameters) to embolize first, so that the ratio is
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close to one.

Pore Diameters, SEMicrographs show pores in a pit membrane that
are very elongate, with the largest effective pore diameter {the short
dimension) of just over 0.1 um {Fig. 4.8). The membrane in the figure
may be aspirated. The pit is encrusted and may be coated with
something other than Au-Pd. The sample preparation was poor, and very
few intact, uncoated membranes could be found. Other pit membranes
appear to be smoothly coated with what may be wound reaction
substances. Some samples had pit membranes that were filamentous, as
expected, but none were intact. If the pictured membrane is indeed
encrusted, the coating could have decreased the pore diameters to less
than one-half of their original values. In their SEM investigations of
pit membranes Bauch et al. (1972} provided photographs of
T. occidentalis. The largest pits have long axes on the order of
0.3 um, assuming that the pores are measured in a manner consistent
with the discussion on pore diameter in Chapter 2 (i.e., the pores are
assumed to be circular, elliptical, or retangular). The pores in their
pictured membrane are roughly circular or elliptical.

Brown iron oxide filtrate with the largest particle diameters
:measuring 0.45 pm did not pass through stem segments. Brown iron oxide
 fi1tered to remove particles greater than 0.22 um passed easily through
{é.segment and stained the chromatography paper. SEM photographs of the
unfiltered pigment show that the smallest pigment particles have
ilameters of approximately 0.10 um and the largest have diameters of
;30 um. The 0.45 wm filter probably passed some clumped particles of
Which the unfiltered pigment was primarily composed. These are likely

block the pit membrane pores, effectively preventing the passage of
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smaller particles. SEM examination showed that particles as large as
0.22 pm passed through a stem segment and deposited on the
chromatography paper (Fig. 4.9A). These particles were from the

0.22 um filtrate and were spherical.

India ink particles have a much broader diameter distribution than
do the particles of brown iron oxide. The filtrate from the 0.22 um
filter passed easily through a stem segment, leaving the paper darkly
colored. TFiltrate from the 0.45 um filter did not initially color the
chromatography paper, and the liquid from the suspension took
significantly longer to drain from the reservoir. After this liquid
had completely drained, a small spot of color was found on the paper.
We assume that some of the smallest diameter particles were able to
bypass blocks caused by larger particles. SEM examination showed that
particles as large as 0.21 pm from the 0.22 um filtrate deposited on
the chromatography paper after passing through a stem segment
(Fig. 4.9B). The smallest particles detectable against the background
of the chromatography paper were on the order of 0.04 um in diameter.
India ink particles are only roughly spherical in shape.

An attempt to pass 0.08 um monodispersed polystyrene beads
{Polysciences, Inc., Warrington PA) through stem segments was
remarkably unsuccessful. SEM examination showed that a few beads did
pass through the membranes, but most of the beads were clumped in the
pits near the end to which they were applied. Surface charges on the
beads probably interact with the pit membrane and prevent passage of
the beads (Fig. 4.10).

Air-seeding. Figure 4.11 presents typical curves representing the

Weight of water expressed from stem segments at various bomb pressures
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for the pressure bomb dehydrations. The threshold pressure at which

the slope changes rapidly (indicating rapid water loss) varies with
each sample, but falls between 0.8 and 1.8 MPa in all samples, and most

commonly is between 0.9 and 1.1 MPa. Bubbling from the tracheids is

first detectable in the vicinity of the threshold pressure for a given

sample. The first non-conducting tracheids appear in dye ascents made

after pressurization of a segment to the threshold pressure for that

particular sample. The threshold pressure varies from sample to sample

but its range is restricted. When several curves are combined to

average them, as in Tyree and Dixon (1986}, the abruptness of the

change in slope for a particular specimen is obscured. Analysis of dye

ascent data from several samples indicates that the percentage of

stained tracheids decreases sharply in the same pressure range, as does

the calculated hydraulic conductivity (Fig. 4.12). Tyree (personal

communication) monitored wp for T. occidentalis in the field during a

dry summer north of Toronto, Ontario. The lowest Wp that he measured

wés approximately ~-1.5 to -1.8 MPa.

Countertop dehydrations are used to control for the possibility of
skewed results from the evolution of dissolved gases after pressure
release in pressure bomb dehvdrations. The final weight after
dehydration as a percentage of the fully hydrated (wet) weight is used
as a parameter to relate pressure bomb and countertop dehydrations to
each other. In Figure 4.13A, the greatest decrease in the percentage

of stained tracheids occurs at 80 to 90% of wet weight for pressure

bomb dehydrations. For countertop dehydrations, that decrease occurs

between 75 and 80% (Fig. 4.13B). 80% of wet weight is the eguivalent

of a bomb pressure approximately equal to 2.0 MPa (Fig. 4.14). If the
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discrepancy 1is the result of the bends, the water forced out by the
release of gases from solution at the onset of embolism accounts for
just over 5% of the wet weight. The difference is probably within the
limits of individual variation. The countertop dehydrations show that
any gases which may come out of solution upon depressurization of
pressure bomb dehydrations do not dramatically affect the number of
stained tracheids. It is interesting to note that Tyree and Dixon
(1983) detected the beginning of embolism during both air (countertop)
and pressure bomb dehvdration of T. occidentalis at a pressure
differential of approximately ~1.0 MPa using ultrasonic acoustic
emissions as an indicator. ?p was estimated for the countertop
dehydrated shoots by the determination of balance pressure for excised
subsamples. The specimens themselves were not subjected to elevated
pressures. Under these conditions, their results show no evidence for
the bends. For the experiments reported in this thesis, the bends

should not create large discrepancies within the pressure ranges of

concern, i.e., bomb pressures of 1.0 to 2.0 MPa.

DISCUSSION

Susceptibility to Embolism of Larger versus Smaller Tracheids.

The data reported for stem segments may differ from that which would be
obtained from whole shoots. In stem segments, the pith is exposed at
both ends and provides a low resistance pathway for water and air
movement. Air usually penetrated the pith at approximately 1.0 MPa

bomb pressure, as evidenced by bubbling from the pith. It is not known
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whether the pith empties of water at wp = -1.0 MPa in the intact plant.
Sperry, Donnelly, and Tyvree (personal communication) found that shoots
of Acer saccharum dehydrate with a different pattern of embolism than
do stem segments. They attribute the differences to the continuity of
exposed pith in the stem segments.

Several other errors may influence the results that are reported
here. The negative of the bomb pressure at which the segments were
dehydrated is taken as the water potential of the segment after
dehydration. If the osmotic potential of lumen water is close to zero,
then ¥ = ¥p. Using -bomb pressure = ¥ may not be accurate because the
water loss through evaporation into the perfusing gas in pressure bomb
dehydrations is difficult to quantify (i.e., the bomb pressure at the
end of the dehydration may not be a true balance pressure).

Evaporation of water from the filter paper during pressure bomb
dehydrations can create errors by reducing the amount of expressed
water weighed (see Fig. 4.2). Fortunately, errors resulting from
either the exposed pith or airways through the tracheids should be
significant only once large volumes of gas escape through the tissue.
Water vapor cannot escape in guantity with the perfused gas until the

passages are empty of water, that is, at high bomb pressures. The

pressures of most importance in this work are those in the lower

ranges, those at which both the tracheids and the pith are just
begining to open to gas flow.

Since both the water potential at which embolism occurs and rate
of refilling are components of a tracheid's susceptibility to embolism,
the possibility of refilled tracheids further complicates the

interpretation of our results. Embolized conduits can refill when
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dehydrated under tension (Chap. 3). Conduits that contain water vapor
refill as soon as the pressure js increased. Small air-filled conduits
may refill with water guickly after the tension is released and
replenishment water is available. Larger conduits may not be able to
refill when they contain air, or they may take more time and/or may
require high Tps to refill. On the other hand, it is unlikely that
tracheids which embolize at high pressure, as in the pressure bomb
dehydrations, will refill when the pressure is reduced. It is much
more likely that any bubbles introduced into tracheid lumens at high
pressure will continue to expand if the pressure is reduced. None-the-
less, it is important not to consider our results as descriptive of
plants in their habitats, or even of intact plants. The dye ascent
data are primarily intended to be interpreted gualitatively and as
indicators for directions in which further investigations should
proceed. The extension of quantitative conclusions to intact plants
and to plants in the field must be delayed until further correlation
between excised laboratory material and whole plants is obtained.

Pore Diameters. Although the particle perfusions are consistent
with each other, obtaining direct evidence of the pit membrane pore
diameters and of membrane condition during embolus production is a top
priority for continuing work. The pores are too small to be clearly
distinguished under a light microscope with green or blue light,
therefore they must be on the order of, or less than, 0.25 to 0.30 um
in diameter. Evidence of the thickened torus is visible under the
light microscope. If T. occidentalis pore diameters prove too elusive,
T. plicata may be better suited to the study. No evidence of a

thickened central area on the pit membrane is evident under the
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microscope, and its larger pores may be more easily documented. Liese
and Bauch (1964) measured pore diameters by Ti0, infusion of 0.125 to
0.182 um for T. plicata and 0.110 to 0.165 um for T. occidentalis. We
still have no good evidence to indicate how drying and fixation methods
for EM affect the measured pore dimeters. Most of the more recent pore
diameter measurements come from the wood technology literature where
the primary concern is the passage of preservatives into the wood
(8iau, 1984, and literature cited therein). The wood technologists are
primarily concerned with the diameters of those pores which pass the
majority of fluid and not necessarily the maximum pore diameters.
Other authors (Carpita, 1982; Van Alfen et al., 1983) report plant cell
wall pore diameter measurements, but none that are of use here.

The pressure differential (MPa) required to pull an air-water
interface through a pore of diameter D {(um) to air-seed the cell is
given by AP = 0.3/D (Chap. 2). 1If the largest pore diameter is 0.1 m,

then AP = 3.0 MPa (i.e., ?p = —-3.0 MPa; and for pressure bomb

~

AP = —wp = 3.0 MPa), a value more extreme

than that recorded in T. occidentalis. On the other hand, if

dehydrations, bomb pressure

D = 0.2 um, from the particle infusion measurements in our lab,

AP = 1.5 MPa. Using the pore diameter measurement from the photograph
of Bauch et al. (1972), D = 0.3 um gives a value for AP of 1.0 MPa.
Both of these values are consistent with data gathered in this study in
Support of the air-seading hypothesis. Bauch et al. also show a
atewood pit membrane with typically smaller perforations. The largest
£ these are on the order of 0.1 um, which would indicate that the
atewood should embolize at a ¥, = -3.0 MPa. The results of this study

b

Te consistent with the reported pore diameter for latewood.
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Figure 4.12A shows that about 20% of the tracheids in a sample are
functional at wp = -3.0 MPa (3.0 MPa bomb pressure), the number of

conducting tracheids falls te less than 10% at ¥p = -4.0 MPa (4.0 MPa
bomb pressure).

Ideally, lumen pressure measurements should be correlated with
maximum pore diameters for individual tracheids. Lacking the ability
to work with individual tracheids, we should be able to statistically
correlate pore diameters with Tp at embolism in latewood and earlywood.
With careful preparation methods, pore diameter measurements from
specific areas of tissue should be obtainable. The technology now
exists to measure ?p at embolism with stem psychrometers and to
determine the embolized tissue with dye ascents.

Alr-seeding. Our understanding of the evolution of dissolved
gases after a release of pressure is incomplete. As confirmed by
divers who suffer from the bends, the theory of bubble generation from
gases dissolved at elevated pressure predicts a much higher threshold
pressure for the evolution of nitrogen than is the reality (Pickard,
1981). Experimentally, Tvree et al. (1984a)} found discrepancies in wp

at the start of acoustic emission accumulation between pressure bomb

dehydrations and air dehydrations. They attribute this to the bends.
Their bomb dehydrated samples were raised to a high pressure (2.0 to
2.5 MPa) and left for several hours at that pressure. In their air
dehydrations, balance pressures were taken on the samples. Since the
the samples were pressurized only long enough to obtain a balance
pressure at each measurement, the air dehydrations are less likely to
be affected by gases dissclved at high pressures. Exposing xylem water

o high pressures for extended periods is much more likely to dissolve
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gases than the method which we employed. Sperry (personal
communication) observed bubbles emanating from the cut surfaces of
Rhapis stem and petiole segments. The segments had been pressured in a
bomb, then submerged in water for rehydration. He suggests that bubble
production under these circumstances indicates that the bends occurs in
pressure bomb dehydrations of stems. We noticed the evolution of
bubbles in Thuja stem segments that were partially dehydrated under
pressure and put in water. These bubbles may be gas that is released
from solution. Alternatively, they may be gas that was forced into
tracheid lumens under pressure which expands after the pressure is
released and gradually makes its way towards the cut surfaces through
the network of air-filled tracheids. It is reasonable to expect gas
release due to this expansion for a short time after depressurization,
so that Sperry's bubbles may not be evidence of the bends . ?

Both countertop and pressure bomb dehydrations produce
non-conducting tracheids. Both do so by the production of embeoli, gas
bubbles that are large enough to block the flow of sap through
conduits. In both types of dehydration, a gas bubble can be initiated
in a tracheid by air entering the lumen through a pore in the pit
membrane. The formation of this type of embelus is driven by the

pressure differential (AP) between the tracheid lumen and the exterior.

The pressure differential creates a pressure drop across the alr-water
interface near the cell wall and pushes the meniscus through the pore

in the form of a bubble. In countertop dehydrations {drying by

Current plans are to repeat both countertop and pressure bomb
dehydrations on uniform specimens, and fo use a stem psychrometer to
directly measure ¥_.This comparison should give additional insight
into the the enigma of the bends. The stem psychrometer was not
available for the current study.
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evaporation which creates tension, in this case wp % -0.8 MPa), an
ultrasonic AE is produced for each embolus which develops in this way.
Production of an ultrasonic AE indicates an energetic event, which is a
cavitation (Chap. 3). Since no ultrasonic AEs are detected when T.
occidentalis tracheids develop emboli by dehydration under positive
pfessure in a pressure bomb, we conclude that cavitations are not
produced under these circumstances. Even though the process is not
energetic, and cavitations are not produced, the capillary equation
does describe the behavior of the meniscus., We may call this air-
seeding, although not quite in the same sense that Zimmermann (1983)
conceived of air-seeding.

In summary, an embolus formed by air—seeding under tension may
initially be composed primarily of water vapor., Tyree and Dixon (1986)
suggest that it may take hours for enough air to diffuse through to the
interior of water stressed tissue to significantly alter the
composition of bubbles in the innermost growth rings. If tissue
containing water-vapor emboli is rehydrated, these emboli will collapse
immediately, leaving the tissue unblocked by bubbles. On the other
hand, emboli containing high fractions of air may shrink but continue
to occupy enough lumen volume to effectively slow op gtop transport.

An embolus formed by air-seeding under positive pressure in a pressure
bomb is likely to be composed mostly of air. Application of positive
pressure during pressure bomb dehydration may dissolve gases which come

out of solution when the tissue is returned to atmospheric pressure.

Pressure bomb dehydrations should not give rise to emboli formed by

eXpansion of entrapped bubbles, as countertop dehydrations do. in

fﬁCt. bubbles entrapped at atmospheric pressure or below may collapse
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when exposed to the pressure increase inherent in bomb dehydrations.
Clearly, we must be cautious when using pressure bomb dehydrations to
reach conclusions about the effects of air dehydration; the two

processes are not the same and do not necessarily yield the same

results.
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Fig. 4.1. During air-seeding, a meniscus should enter a tracheid
lumen through the largest hole in the tracheid wall which is in contact
with external air. A, Diagram showing a typical conifer bordered pit
membrane with the torus, a thickened area of the membrane, and the
margoe which is perforated. The arrow indicates the largest pore in the
margo. In undamaged tracheids, a pore in the pit membrane should be
the largest diameter opening in the cell wall. B, Diagram depicting an
air-seed entering a tracheid lumen at a bordered pit which is in

contact with an embolized tracheid.
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Fig. 4.2. Diagram of a stem segment in a pressure bomb. The vial
containing filter paper is inverted over the stem segment to collect
expressed water when the bomb is pressurized. The vial is capped and
weighed at intervals to determine the amount of water released at

various bomb pressures.
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Fig. 4.3. Dye ascent apparatus, Dye is drawn through the stem
segment by vacuum. Closing the stopcock allows a water bath to be
substituted for the dye bath without completely releasing the vacuum

and without maintaining a full vacuum.

94
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Fig. 4.4. Diameter classes of conducting and non-conducting
tracheids of a stem segment dehydrated to 4.0 MPa bomb pressure. Only

small diameter tracheids conduct at this bomb pressure.
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Fig. 4.8. Diameter classes of conducting and non-conducting
tracheids in growth rings 1 to 4 at a bomb pressure of 1.2 MPa.
Tracheids in the inner growth rings begin to embolize before {at lower

bomb pressures) the tracheids in the outer growth rings.
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Fig. 4.7. Relationship between the averapge diameter of stained
{conducting) tracheids and the bomb pressures to which the segments
were dehydrated. The average tracheid diameter is expressed as a
fraction of the average diameter of all tracheids in the segment. To
eagse the comparison of graphs produced for pressure bomb dehydrations
and for countertop dehydrations (where percent weights are on the
abscissa), and to ease the comparison of this data and data reported by
other authors using water potential rather than bomb pressure, negative
bomb pressure is reported for the X-coordinate in the scatter plots
generated from pressure bomb dehydrations. The negative bomb pressure
is taken to be the water potential to which each segment was

dehyvdrated.
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Fig. 4.8. Scanning EM of a portion of a 7. occidentalis pit

membrane. Arrows indicate pores in the margo. Scale = 1 um.







A.M. Lewis Ch 4: Embolism and Air-seeding in Thuja 106

Fig. 4.9. Scanning EMs of particles (arrows) which passed through
stem segments of T. occidentalis and were collected on chromatography
paper. A, Brown iron oxide particles. Scale = 1 um. B, India ink

particles. Scale = 1 um.
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Fig. 4.10. Scanning EM of monodispersed polystyrene beads which
did not pass through the pores of T. occidentalis pit membranes. The
beads are shown here to have collected in the pit chamber of the
tracheid below the plane of the photograph. The view is from the
tracheid above the picture plane into the chamber of the adjacent pit.
Both the wall of the near tracheid and the pit membrane were removed
during sectioning. Very few beads were found in tracheids downstream

from the tracheids cut at the surface of application. Scale = 1 wam .
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Fig. 4.11. Two curves typical of those used to compare the
cumuiative weight of water expressed from stem segments in pressure
bomb dehydrations with the bomb pressure at which the water was
collected. A rapid increase in the weight of expressed water occurs at
-1.0 MPa in A and at -1.2 MPa in B. The axes are not at the same scale
in A and B, N.B., In this graph and some of the following graphs,

negative bomb pressure is used to approximate wp for each segment at

the bumb pressure to which it was dehydrated.
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Fig. 4.12. A, Percentage of tracheids that were stained
(conducting) in stem segments which were dehydrated to various bomb
pressures. B, Calculated percentage of maximum conductivity in stained
{conducting) tracheids of stem segments which were dehydrated to

various bomb pressures. Percentage of maximum conductivity was

calculated using the eguation,

i 4 4
% conductivity = 100 X(rgeained tracheids’/*(Ttotal’
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Fig. 4.13. Percentage of tracheids that stained (conducted dye)
after stem segments were dehydrated to various final weights. Final
weight is expressed as a percentage of wet (initial) weight. A,
Pressure bomb dehvdrations. A data point is missing. Estimates
indicate that it falls within the encircled area. B, Countertop

dehydrations.
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Fig. 4.14. Final weight expressed as a percentage of wet

{initial) weight of stem segments dehydrated to various bomb pressures.
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CHAPTER 5

Conclusions

When a sap-filled vessel, tracheid, or fiber in the xvlem is
tsubjected to water streés, tension builds in the conduit Iumen. The
ultrastructure of the cell wall determines the lowest pressure that the
lumen can withstand before the integrity of the water column breaks.
The 1imit of tension in undamaged conduits is determined by the
J@iameter of the largest pit membrane pore that is in contact with air
in an adjacent lumen. The capillary equation describes the
kelationship between the pore diameter and the lowest pressure that can
ﬁe attained in the lumen before the water column breaks. This
?elationship can be simplified to AP = 0.3/D, where AP is the pressure
Qifference (MPa} between the conduit lumen and the exterior, or the

pressure differential across the meniscus, and D is the diameter (um)

of- the largest pore in contact with external air. When the lumen
bressure reaches this threshold, external air is pulled into the lumen
in:the form of a bubble. Some of the lumen water evaporates into the

bubble, and some of the water flows to surrounding tissue as the

Dressure is released. The bubble expands, creating an embolus and
ICking the flow of xylem sap through the lumen. Initiation of an

bolus by the entry of external air into a cell lumen is known as

ir~seeding." If a bubblie is trapped in the lumen at the onset of
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dehydration, it expands to form an embolus. The debate concerning the
variability of the tensile strength of water can now end. The
structure of the container and the presence of nucleation sites (e.g.,
entrapped bubbles) sets the limit on the tension that water in a
conduit can withstand before the water column breaks. The physical
properties of water itself do not limit lumen tensions.

In both Sphagnum hyalocysts (Chap. 2) and Thuja occidentalis
tracheids (Chap._S), an individual emboius was observed to form by air-
seeding or by expansion of a free-floating entrapped bubble. When a
bubble is trapped in a hyalocyst or in a tracheid lumen at the onset of
dehyvdration, the pre-existing bubble expands gradually during
dehydration, to form the embolus which blocks sap transport through the
lumen. Tt was not possible in these experiments to recognize a
tracheid in which a bubble was present with a diameter smaller than
_that of the largest pit membrane pores. Bubbles of this diameter are
‘smaller than the limit of resolution of the light microscope. But in
thyalocysts, the smaller the bubble diameter, the more rapid is the rate
of collapse (diameter reduction). In hyalocysts that have a large
;reservair of external water, the lifespan of very small free-floating
fbubbles is short, so that bubbles with diameters smaller than the pores
re pnlikely to exist at the onset of dehydration. Air-seeding was not
idetected in hyalocysts containing bubbles, even when the bubble
diameters were much smaller than the smallest diameter hyalocyst pores.
f bubble dynamics in Sphagnum are indicative, the few very small
‘bubbles that happen to be trapped in tracheids at the onset of
hydration should also expand to fill the tracheid lumens, just as the

?rger bubbles trapped in tracheids did.
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No ultrasonic acoustic emission (AE) is produced when a tracheid
with an entrapped bubble dehydrates under tension, but AEs are produced
simultaneously with bubble formation in fully hydrated tracheids
(Chap. 3). AEs can be used to determine the incidence of cavitation,
and thus the incidence of air-seeding which leads to embolism in fully
hydrated 7. occidentalis tracheids. Sphagnum hyalocysts do not produce
AEs at a volume or frequency that can be consistantly detected with
current acoustic equipment (Chap 3)}. Zimmermann (1983} used the term
"air-seeding” to describe the process of water release from Sphagnum
hyalocysts, so air-seeding, as he defined it, can occur without the
production of detectable ultrasonic AEs. 8Since AEs do not accumulate
when a stem segment is dehydrated by the application of positive
pressure (Chap. 3), we must conclude that the dynamics of embolism
under tension and the dynamics of embolism by positive pressure are
different. Because, in general, high energy events produce high
frequency signals, such as ultrasonic AEs, it is reasonable to conclude
that the process of an air bubble entering a cell under positive
pressure is not as energetic an event as entry into a lumen under
tension. Unfortunately, too littie is known about the production of
AEs in xvlem to come to definite conclusions. As discussed in
Chapter 3, it is important to determine how the structure of conduits
and the processes of embolus formation interact to produce the
particular characteristics of AEs,

The possibility of embolus formation by other means, such as
nucleation at a hydrophobic wall surface, has not been excluded by
: these experiments. 1In fact, a gas bubble trapped in a hydrophobic,

conical crack could nucleate cavitation at the same tension as a
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hydrophilic pore with the same radius opening (Pickard. 1981i).
Investigation of that mechanism (and any others which have yet to be
proposed} for the embolism of xylem conduits should be one of the
priorities in water relations research. This research does show that
at least two mechanisms, air-seeding and expansion of an entrapped
bubble, function in the range of plant water potentials that have been
recorded in the field (Chaps. 3 and 4). These water potentials

(¥ = -8.0 to 0.5 MPa) lead to lumen tensions that are far less extreme
than those required to break water columns by the spontaneocus breaking
of the intermolecular bonds in water or the spontaneous resolution of
xylem sap into water and a previocusly dissolved gas.

The process of conduit refilling is important to any plant which
must continue to transpori xylem sap through conduits that have
embolized during the course of a day or a season. It is likely that
many plants, including herbs (Milburn, 1979), corn (Tyree et al.,
1986), grapes (Sperry et al., 1987), and trees (Sperry, 1985;
Zimmermann, 1983) must do this. The dynamics of bubbile collapse during
refilling are critical to the efficiency of xylem transport after
periods of dehydration or winter freezing. Very little is known of the
refilling process (see Ewers, 1985; Sperry, 1986; and Sperry et al.,

. 1987 for the most comprehensive studies in this area), yet it is an
important area for future research.

In addition to the areas mentioned above, there are several
“Qirections in which future embolism research may proceed. A logical
éxtension is to look at the relationship between embolism and the water
Telations of the whole plant. This thesis gives a glimpse into the

Complexities of the relationship between xylem anatomy and water
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transport. As usual in the sciences, the more we know, the more we
realize we don't know. We don't know how xviem ultrastructure varies

between species and within species. We don't know how much control

genetics and habitat have on ultrastructure. We know little of the
relationship between xylem ultrastructure and water relations as it
varies within the plant by organ, height, growth ring, or age of the
conduit. To date only Bailey (1918) reports a systematic study of
waody Xylem ultrastructure as it varies with height. Tyree, Sperry,
and co-workers are well into projects designed to expand the number of
species in which embolism and water relations are studied. Important
research by such authors as Milburn and Zimmermann has contributed and
will continue to contribute to the body of information on plant water
relations. Likewise, the work of Ewers (1985) on winter freezing and
embolism, and the work in progress of Ewers and Fisher on the water
relations of lianas extends the limits of knowledge and makes possible
a more thorough understanding of the interaction of structure and
function. Reports by these workers show that water released by
embolism of xylem conduits acts as a "safety valve" when plants are
under water stress to prevent or delay the dehydration of living tissue
to the point of cell death (in particular, see Dixon et al., 1984).
There may be similar processes working to regulate water relations
in other circumstances. Hydathodes are structures in which water in
tracheids has easy access to the plant exterior through exposed
- tracheid tips or through the surrounding air space in a matrix of
;loosely packed, achlorophylious parenchyma beneath permanently open
Stomata. In young leaves hydathodes exude water droplets: in older

leaves, the hydathodes suberize and cease exudation. The hydathodes
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may function not only to prevent flooding of the leaf mesophyll in

plants while root pressure is in effect, but they may also direct the

sap towards younger, actively growing leaves

nutrient-containing xylem

and root pressure is high (Zimmermann, 1983).

when transpiration is low

Under tension, hydathodes may ensure that more mature,

leaves are the last to develop emboli. The

photosynthetically active

hydathodes of more mature leaves are sealed, so that a pathway for

embolism, beginning at the exposed hydathode tracheids of young leaves,

may exist to ensure that released water is directed to the more axial

or basipetal parts of the plant. Under these circumstances, younger

leaves with hydathodes give up their water to maintain the hydration of

more mature leaves. An interesting example of this may be the

mangrove, Ceriops decandra which has hydathodes on its petals

(Fig. 5.1). This is an unusual feature and may be of real benefit for

a plant that grows under conditions which place its roots at very low ¥

in salt water (Sperry, personal communication). When fixed, excised

petals of C. decandra are dehydrated under the microscope, the emboliil

develop in the hydathodes and progress basipetally.

The extension of xylem structure and function research into the

areas mentioned above is a long-term goal which is being tackled by a

smail collection of people working independently and in groups. My

most immediate plans involve two types of projects. The first group of

projects is designed to detail and to clarify the results reported in

this thesis. Preliminary work has been completed for each of these

projects, and for the most part, only final data collection remains.

As previously mentioned, dye ascent experiments on both countertop and

?ressure bomb dehvdrations of T. occcidentalis will be repeated. A stem
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psychrometer will be used to directly measure water potential to reduce
error and to ease the comparison of the twe dehydration methods. Both
SEMicrography and particle infiltration will be used to determine pore
diameter of pit membranes. A method for the rapid determination of
pore diameter in earlywood and latewood of different growth rings by
particle infiltration is in the final stages of development.

Similarly, partial data have been collected to quantitatively correlate
length of dehydration and length of rehydration with the presence of
entrapped bubbles. A method to compare the number of AEs detected upon
dehydration with the exact number of intact tracheids in a wood sample
is almost complete. The shuttle microscope/movie film method of

Zimmermann and Tomlinson {(1966) should make possible the determination

of the exact number of intact tracheids in a very small wood sampie.
The second group is intended to broaden our understanding of
embolism in other species and, at the same time to increase our
understanding of dehydration dvnamics. Among these projects are
repetitions of the AE/dye ascent/embolus initiation experiments on
Thuja plicata {pit membrane structure differs from that of T.
occidentalis) and Pinus strobus {pit membrane structure differs from
that of Thuja, and AE characteristics and water potential at embolism
are known to differ from from those of T. occidentalis and Acer
saccharum). The results of these experiments, in conjunction with
similar experiments conducted by other workers on angiosperms and with
the work by Tyree on AE characteristics should greatly improve the
understanding of the relationship between xylem anatomy and AE
.Droduction and characteristics.

Concurrently, I plan to work on the dynamics of bubble collapse in

cEoa
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water conduits because the ability to refill is intimately tied to a
tracheary element's susceptibility to embolism and is critical to xylem

function.
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Fig. 5.1. Photomicrograph of the hairs on a petal of the mangrove
Ceriops decandra. Inset, Enlargement of the tip of a hair showing the

hydathodes, swollen tracheids ends exposed to the plant's exterior.
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EPILOGUE

Many of the qguestions in plant bioclogy pertain to
structure/function relationships, at least in part: How do particular
cellular organelles function? How do infections, such as Ceratocystis
wimi (Dutch elm disease)} or Erwinia amylovora (rosaceocus fireblight},
invade and kill or limit the growth of plants? How are certain

plant/microbe or plant/animal symbioses beneficial, and how do they

function? What limits the growth rates and final dimensions of crop
plants and forest trees? To gain a full understanding of the answers
to these questions requires an expertise in areas (e.g., chemistry,
physics, and engineering) that whole plant biologists have not had in
the last half-century. The scientists who work on problems in plants
and who are the most likely to have a detailed understanding of the
requisite fiel&s, the plant physiologists, and cellular and molecular
biologists, rarely relate their work to the biology of the whole plant.
The blame for this unfortunate set of circumstances probably lies only.
in the fact that as understanding grows, more information must be
digested within a single field. It is no longer possible for a single
person to have an indepth knowledge of fields closely related to his
own and to have a solid general background as well. In order to
compete in research today, a scientist must usually focus his efforts
in one area of research. Rarely can one find a plant physiologist,
competent in chemistry, physics, and mathematics, who leads his field

in research and who also has solid exposure to systematics, anatomy and




A M. Lewis Epilogue 130

morphology, and ecology, not to mention being able to apply advances in
medicine, aerospace technology, and other fields to his research.
Unfortunately, as specialization increases, researchers from diverse
fields talk with each other less and less.

To make basic research advances that may have applications which
can guickiy be implemented, requires that pegople working in different
fiélds collaborate closely. The establishment of multi-disciplinary
research groups and centers is being attempted in several areas,
especially in engineering, physics, and medicine, to facilitate the
exchange of information and expertise {cf., Walsh, 1987}). It is time
to develop multi-disciplinary groups in the plant sciences. One
productive theme for such a group is plant biomechanics, a field that
has been neglected for too long and which promises to shed light on
many problems that have puzzled plant scientists for many years., As
exemplified in this thesis research, many structure/function problems
can be answered if attacked from this angle. Discovery of processes
specific to plants may also have applications in fields outside of
botany and biology. PFor example, the design of systems based on Xylem
chemistry and ultrastructure that can withstand pressures at or below
vacuum without failing may have important applications in fiuids
engineering (boat propellers) and in space engineering. A small group
of scientists which includes a physioclogist, an anatomist/morphoiogist,
an ecologist, and a physicist or an engineer promises to make
uhparalleled advances in the plant sciences which could lead to
important crop and/or forestry applications. The prospect of better
information dissemination bodes well for future technological advances.

Yet, it is essential that the use of modern technology in research not




A.M. Lewis Epilogue 131

displace more traditional methods, including pure observation and
description.

It is dismaying to realize that we still struggle with questions
from 70 years ago. With the clever use of simple methods, botanists of
that time reached answers on which we could not elaborate until
recently. When I began this project, there were no laboratories
equipped.to tackle plant embolism research with the necessary
complement of both conventional and modern equipment. We now have the
means to reach definitive answers for some of the esarly botanical
questions. Let us take advantage of the wealth of expertise and
techniques to put to rest older questions and move on to answer the
myriad of others that surface in our pursuit. I hope that this thesis
demonstrates the importance of balance in research techniques; neither
traditional nor technological methods alone can answer challenging
guestions in the plant sciences, nor can traditionally trained
botanists take these questions to task; we need to enlist the help of

people educated as engineers, such as Pickard and Tyree.
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