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Abstract

Gas-filling of conduits decreases hydraulic conductance of the xylem vessels. fighenefoolism
formation and reversal is one of the crucial topics in plant water transpornefaive pressure
(=tension) in xylem water during plant transpiration may cause embolism onways: (i)
Homogeneous nucleation, the spontaneous formation of a water vapour bubble within the water
column due to statistical fluctuations. (ii) Heterogeneous nucleation, the developnherubtds by
air seeding, the drawing of gas present in already embolized conduits through piamepires into
functioning conduits. This contribution deals with the behaviour of gas bubbles caused by
heterogeneous nucleation. These bubbles usually contain both water vapour and air arttiditoat ei
freely in the xylem water (which is under tension) or attach themselvée teessel wall (which is
characterised by its shape and contact angle). Based on the reversible free energy stéhjsasy
derive conditions for two kinds of equilibria: (a) Mechanical equilibrium (&sdstability or
instability) between the forces which try to contract and expand bubblegirgngtair and water-
vapour. (b) Equilibrium with respect to the exchange of air particles between the larublthe
surrounding xylem water by dissolution mechanisms.

The results— given as relations between xylem water pressure, bubble radius, bubble particle
content and xylem wall morphology and contact anglallow to predict whether appearing bidsb
lead to embolism or not.

I ntroduction

Based on arguments from statistical physics and thermodynamics it has obeen([gh, [5]) that
for the negative pressures to be expected in plant conduits spontaneous cavitationogenkoms
nucleation) plays only a minor role in causing embolism because the tensiono@ugafg in the
xylem are not high enough to permit a significant formation rate of expanding bubbles.

Embolism is usually caused by air seeding (= heterogeneous nucleation)giogp af “air”
molecules finds its way into a tree water conduit through cracks and openihgswodd. If such a
passage remains open, at least one segment of the embolised conduit is permanémtlyvidst
transport. If it closes, however, aftelimited number of “air molecules” has entered the conduit these
form one or several embryonic air bubbles which maput need not necessarily cause the rupture
of the water column (see Fig. 1).

As will be shown below, embryonic bubbles which do no harm as long as they are completely
immersed into the xylem fluid may, however, cause embolism if they come into tcaiadhe
vessel wall.

The hazardousness of a given bubble is related to its ability to comply witholtbeirig
equilibrium conditions:
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)] Mechanical equilibrium: (a) the randomly moving gas particles in the bubblasaein
outward directed force which tries to expand the bubble; (b) the surface tendiom of
gas/liquid interface tries to contract the bubble; (c) the pressudd the xylem water
contributes for p< 0 to the expanding force, fot p O to the contracting force. Equilibrium
exists if these forces sum up to zero ([6], [7]).

(i) Diffusional equilibrium: the number of air molecules remains constantibalyalance with
respect to the exchange of air molecules with the bubble’s surroundings prevails between the
air partial pressure within the bubble and the concentration of air molecsedvdd in the
xylem water. Otherwise, air molecules from within the Releliher dissolve at the bubble’s
gas/liquid interface in the xylem water and diffuse towards regions of lowanaéecule
concentration, or else a diffusional current through the xylem water deliver®laicules to
the bubble.

The exchange process between water vapour and water is faster than the exchabgeadhator of

about 16. Hence, mechanical equilibrium is a necessary prerequisite for diffusional equilibrium.

The development of a bubble is essentially controlled by the mechanical Mfeezssess them

(and the equilibria they possibly adopt) by analysing the reversible free energiatasisudth the
formation of an embryonic bubble of radius R (see [1], [4], [5] , [6], [7]dding sowe assume (i)
Pw= Psat (Psat Saturation pressure of water vapour): Because the exchange of water molegides bet
bubble and surrounding liquid is a very intensive one, the water vapour paetisiif in the bubble
readjusts to the water vapour saturation pressure almost immediately=(@pnst.: This simplifying
assumption is only valid on the very short time scale of bubble formation consideeadTher
assumption is based on the low solubility of air in water, implying that ositlgadl fraction of the air
molecules in the bubble’s interior are lost to the surrounding liquid within the considered time scale.

Results and discussion
Floating bubble

The formation energy of a bubble filled with water vapour apdinmolecules reads (see [1],)7]
4 R.’J.H i
W=4JT7R2—?H (D, — ps) R +3RT n, bg(f) (1)

where Rax:= -27/ps, R is the gas constant and T the temperature. The bubble radii where equilibrium
of forces prevails are found from the zeros of

aw » 3RTn
R [87yR] - {47? (py — Ps)R” + Ta} (2)

and their stability is assessed by evaluafiiMyoR? at the equilibrium point(s). Notice that the term in
brackets on the right hand side of equation (2) represents the surface tension andctimitsattteng
force acting on the bubble while the terms in braces represents expandinglf@desgas pressure
and negative xylem water pressure. Bubble equilibrium radii (i.e. the solaia\&/oR = 0) are
located at

R, 1 2n Pl
R = 135;,; (1 —2 cos h arccos(l - ncr:!) + 5])

R, | 2
Ring = 13ap (1 +2 coslg arccos(l - HH)D (3)

Rerit

where Ry := 1287y°/[81RT (py— ps) °] and Rap = 2//(pw— ps). For a pure water vapour bubble &0)

the equilibrium radii simplify to Ri,= 0 and Ry = R, Evaluating?®W/oR?, we find that a bubble at

radius Rapis in stable, at radius; g however, in unstable equilibrium. Fof » n,;; both Rpand

Rinst become undefined, meaning that the bubble expands without limits (see Figures 2(b) and 3).
The bubble behaviour is illustrated by Figure 2(b). A bubble which contains n n,; air

molecules fulfills for all R > 0 the conditiaiW/oR < 0. Equation (2) implies then that the bubble can
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Fig. 1 Left/centre left: Conduit elements connected by torus-margopisaffeftmembrane pits (centre left). In
each case one embolised element has been hydraulically isolated andeth@owaid rediredted through its
neighbours (Drawing taken from [8]). Centre right: Conduit wit@ible gas bubbles. Two of them are attached
to the conduit walls forming the contact angtesnd ;. Right: Cross section through the xylem of Aristolochia
macrophylla showing an assemblage of conduits (upper righttlendrnamented inner wall of one conduit
(lower right)(Photos: Tatiana Miranda , Institute for Geosciences, Uitiyerf Tubingen).

only expand. If the bubble containg;r< n. air molecules its future depends also on its initial

radius R: in the case R >.Rit expands, in the case 0 < R <,sRhe bubble expands or contracts

towards Rap
Figure 3 illustrates the interdependance of initial radius and air cantardtability diagram in the

(na,R)-plane:

0] The ability of an air-water vapour bubble to seed embolism increases with its air ¢aittent
the water pressure peing constant): A bubble of initial radiug €ntaining n air molecules
contracts towards the stable radiugRa bubble of the same initial radius containincain
molecules (with p> ny), however, bursts.

(i) If ps decreases (i.e. becomes more negative) the stability region whickerggrall bubbles
(of radius R and containing, mir molecules) drifting to stable equilibrium shrinks. Hence,
bubbles which were within the stability region at a given water pressure may becoaldeunst
because the borderline between stability and instability has wandered acrog$ixir
location in the (aR)-plane, due to the drop iR p

(iii) Immediate collapse of an air-water vapour bubble is impossible. This is becad#éerent
to the water vapour molecules in the bubblethe air molecules cannot condensate to the
liquid state (at least not under temperatures and pressures compatibleviwghplants).
Hence, a stable air-water vapour bubble can only disappear by dissolution viawlifffigie
air content into the surrounding water. Whether or not this will happen depend® on th
concentration & of air molecules already dissolved in the surrounding water.

Bubble attached to a flat portion of the vessel wall

In order to describe an air/water vapour bubble attached to the vessel whlvereto extend
expression (1) to

4)

4 Ry
W= |4ny R = (p, - p)) B[ €0) + 3R T ng log( g )

R

wheref denotes the contact angle at the line where solid, liquid and gaseous phase niédt=a(ii
+ 3 cosf - cosh) /4. Due taZ (0) = 1, expression (4) reduces in the lighit O to expression (1).
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Fig. 2 Energy of bubble formatidV plotted against bubble radius R. Water pressure in the conduit anbounts
ps=—I1MPa. Equilibrium between expanding and contracting forces is realised only at bubbdie R
representing extrema of W(R). Maxima indicate unstable, minima stable eguilitfa) Bubbleflled only with
water vapour. (b) Bubblglled with water vapour and air. Curves are plotted for the followingbers of air
molecules: g, = 7.5 x10%° mol, n,;; = 7.5 x10"*mol and p3 = 9 x 10 mol.

Thus, in the case of complete wettability a freely floating bubbleoardattached to the vessel wall
behave in the same way.

Exploiting oW/6R = 0, we find that the (mechanical) equilibrium radii of an attached bublte h
exactly the same form as those (see (3)) of its freely floating equamt, provided we include into the
critical (maximum) number 4 the factor&@) (i.e. nyi — ngie &(6)). The other features of the
equilibrium radii (stability, the limits for i~ 0 and n, — n.; and the behaviour for,» n.;;) are as
for a freely floating bubble.

Figure 3(c) illustrates that because of 8(¢) < 1 an attached bubble can not accomodate as many
particles as a freely floating bubble (apart from the éasé° when = 1). This feature turns out to
be potentially hazardous: Mechanically stable floating bubbles may realisg dittachment that the
number of air particles they house and the vessel wall’s contact angle are incompatible. Thus, they can
not settle to a new stable mechanical equilibrium and burst. The upper bubble on the curvilated
= 0° in part (c) of Figure 3 will suffer this fate if it tries toaath to a wall with contact angte= 90°.

The lower bubble on the same curve is more lucky: it houses less particleg,itttan 80°) allows
and finds a new stable mechanical equilibrium. From the family of curves depictediia B(g) it is
obvious that the radius of the attached bubble segment is always greater than shef rédiureely
floating bubble, i.e. Rdn., ) > R, 0) ford > 0. (Recall that we assume that the floating bubble
attaches to an at least approximately flat vessel wall. Hence, attached baeblekaped like
segments of a sphere with radius R.)

Conditions for spontaneous attachment

In order to explore whether (and if so, under which conditions) a mechanically fidabileg bubble
attaches spontaneously to an (approximately flat) vessel wall we have to eothpaenergies
associated with the formation of a floating and of an attached bubble. letherergy of the final
state is smaller than the free energy of the initial state, the prpoesseds spontaneously. The
energies related to the two bubble states have already been calculated in (1) and (4).
Since the formation energy of a floating and of an attached bubble coincide in tifec@sge may
first calculate what happens taM{0) if ¢ is infinitesimally increased and integrate afterwards up to
d W.\'mb aWsmb dR 0 W.\'mb df
a0 T or do o do|“ &
the desired value df. Because we compare mechanically stable bubbles (w#imndp fixed) the
rules of partial differentiation yield

AdWap =

35



6" Plant Biomechanics Conferene€ayenne, November 1621, 2009

Na

N4 o-—-=-==- » O
Pt g s e

ny o < - fi— -0

’,"'R stab

nz o -yi ————— O

Ml A0 s -s--

R [um]

(a) (b) (©)
Fig. 3 Regions of stability and instability of bubbles of radiyglied with water vapour and,rair molecules.
(a): Stability diagram for a given water pressuge (b): Stability diagram for a water pressurg with ps, <
ps1 (i.e. p2 is more negative than ). Only bubbles lyingon the curves Ra, (broken line) and R (solid line)
are in stable resp. unstable equilibrium. Bubbles represented by othB)-{alues either contract or expand
(indicated by broken arrows). Bubbles belonging to the hatched régibrand below the solid curve;,R
contract or expand towards the stable radiyg, Ring on the dotted curve. Bubbles characterised hyR)3
values outside the stability region expand.slfipcreases, the region of stability shrinks. Hence, bubbles which
are in equlibrium under water pressute flike those inhabited bysrair molecules in part (a) of thigure) fall
outside of the equilibrium region i glrops to p, < ps1 (see part (b) of thggure). (c): Bubbles attached to a
flat vessel wall with contact anglés= 0°, 60°, 90°, 100°. R,of a completely wetting vessel wal € 0°) is
identical to Rp0f affoating bubble.

The first two terms of the right hand side of this expression vanish becadepents not explicitly
ond (hencepW/od = 0), and mechanical equilibrium requi@s/éR = 0. Thus,
OWgap d 4r 3.

a‘g d—g] do = [4 myR% () - < (P - py) Rﬁmb(e)] (_Z sin’ 9) do <0 (6)
Manipulations based on the Young-Laplace-Equation imply that the expression in brapkettvie
and sifld is positive within the interval 0 & < 180°. Therefore, an increasetoby the amount @>
0, is related to a decrease of the formation energy®/by dW,.{8) < 0. Thus, the formation energy
of a floating bubble (characterised By 0) which attaches to a vessel wall (characterised b))
changes by the necessarily negative amount

d Witap =

AWy = f: AWoa < 0 )
The last relation allows the following conclusions:
® The attachment process of a floating bubble proceeds spontaneously and without energy input

(i) Detachment needs energy input, spontaneous bubble detachment is therefore improbable.

(i)  The conclusiomMAWg{6) < 0 applies for ang > 0.

(iv) If the contact angl® varies across the vessel wall, the bubble will show a tendency to move
(and enlarge) its contact circle towards regions of highdgiThe contact circle is the line
where the air/water-interface touches the flat, solid vessel wall.)

Diffusional equilibrium and dissolution of bubbles

The following reasoning applies both to freely floating bubbles and to lmublblieh are attached to
the conduit wall.The “long term” behaviour of an mechanically equilibrated bubble rests upon two
physical effects ([2])
0] At the bubble’s air/water-interface, air particles dissolve into or escape from the water Thus,
the (partial) pressure, pf the air inside the bubble and the concentratigiGhe dissolved
air particles in the liquid in the near vicinity of the bubble are proportional to
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cach other as stated by Henry’s Law Cr = ky p, where the constant,kdepends on the gas and
liquid species involved.

(i) If the concentration gof dissolved gas particles close to the bubble deviates from the value
Cair farther away in the liquid, diffusional currents, directed from aredsgbker to areas of
lower concentration arise

Pa

pair,1

pair,2

Req‘2

R

eq,1

R

Fig. 4 Diagram explaining the behaviour of gas bubbles which areuvitibeiym with respect to mechanical
forces but not with respect to exchange of air particles between bubbséeirmodnding water (for explanation
see text).

As the combined result of both processes we expect that air particles are teahsjtber out of and
away from the gas bubble or into the opposite direction until an diffusional eiuiitzituation
between the concentrationg @nd G; is attained. To facilitate further notation we define in analogy
to Henry’s Law a (fictitious) pressure par := Cai/ky which allows to state diffusional equilibrium as
Pair = p.. The Young-Laplace-Equation

2y
p=ps+ S 8)
connects the gas pressure p within an mechanically(!) equilibrated bubtblievigurface tensionat
the liquid/gas-interface, the bubble radius R and the pressofehe liquid surrounding the bubble.
Splitting the gas pressure into the partial pressures of water vapour anwbadiracto p= p, + p. we
find from (8) for bubbles in mechanical equilibrium® p - gy = ps- pwt2 /R. Observing that this
relation establishes a ote@-one correspondence betwegrapd R we usep = p, to define an
equilibrium radius

2y
Rz ——————
“ Pair T Pw — Ps ®
Notice, that &, defines an equilibrium with respect to the exchange of air particles between the bubbl
and the surrounding water whereas the radii, Rnd R (which were defined in (3)) represent
equilibria with respect to the mechanical forces which try to expand or contract the bubble.
We can now understand the behaviour of gas bubbles which are in equilibrium wittt tespe

mechanical forces but not with respect to exchange of air particles betweea adndldurrounding
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water (consult Figure 4): Exchange equilibrium exists,iEppy is realised. (In the lower part of

Figure 4, this case is indicated by the intersections between the broken, hblizesitand the fgR)-

curve at (Ry1 Pair1) and (Rqz Pair2).) Depending on whether.Ries in the interval 0 < 8, < Rt Of

Rerit < Rinst < Rap the bubble goes through qualitatively different developments:

® The bubble starts at positiénor B, close to (B,1, pair,1) in the interval 0 < Bp< Ryit:

a) At positionA the inequality p> p,;; is valid, causing air particles to leave the bubble. This
loss entails a contraction of the bubble, as can be seen from()ediagram in the upper

part of the figure. This contraction raises the bubble’s partial air pressure p, which accelerates

the particle loss and so on, until the bubble has dissolved.

b) At positionB we have p< py. Now air particles from the surrounding water enter the
bubble which reacts by an expansion, according to f#i®-diagram. The bubble’s partial air
pressure pdecreases whereupon still more air particles enter the bubble and so on. This
process continues either untj exceeds &, or until all air particles within the xylem water
have assembled in the bubble.

(i) The bubble starts at positiofs or D, close to (B2, Pair,2) in the interval Bi < Rinst < Riap
Applying the same reasoning as in case (i), the bubble is found to move towards the
equilibrium position (B2, Pair,2)-

Obviously, equilibria with respect to the exchange of air particles relatetiubbde radius R lying

within the interval 0 < R < R are unstable, similar equilibria within,R< Req < R.ap are, however,

stable.

Hence, stable mechanical and exchange equilibria preclude each other: For<QR;Rhe
mechanical equilibrium is stable and the exchange equilibrium is unstablg;ferRR< Ry, it is the
other way round. The different time scales on which the processes connectdtewitlo equilibria
operate impose a clear hierarchy on their relevance: Since the exchange dictespara very slow
process, compared to the action of the expanding and contracting forces, a mechamitabie
bubble with Rs(n,) has negligible chances to settle down to a stable exchange equilibrisimuith
more probable that it either bursts or shrinks to the corresponding staiole Rag{n,) where an
unstable exchange equilibrium awaits it. Depending on the relation betweed p;; this state will
finally develop into a bubble burst due to congestion (i.e.m;;)) or to complete bubble dissolution.

A condition which guarantees that dissolution occurs can be read off Figure 4: If the
inequality Ry> Ryt holds all bubbles in stable mechanical equilibrium dissolve. This condition can be
reformulated as a relation between the concentratiprofCyas particles dissolved in the surrounding
liquid, the (negative) pressurg @ this liquid, and the water vapour saturation pressyr&amely
Cair = Ky Pair < ky (Pw - ps)/2. Solving this relation forgwe find p < -2 puir + pu. Since groundwater in
the soil is in contact with air of atmospheric pressure it is reasormabEstime £ ~ Paimosphere™ 10°
Pa. Neglecting the term,mn the right hand side (at 25 °C we fingp3167 Pa<< 100 000 Pa pa)
this equation reduces to
ps £ -2%10° Pa (10)

Hence, if condition (10) is fulfilled embryonic bubbles appearing in thelityatggions depicted in

Figure 3 dissolve after a while in the surrounding water.

As stated above, the results related to bubble dissolution apply to floating attathed bubbles.

Fig. 3 shows that the bubble radius R increases if attachment occurs and results in mechanical stabilit

This increase in bubble radius entails a second potential hazard (cf. Figurdl@gtiig bubble in

situationA (with py; = Pair,1) IS 0N the route to dissolution because its radius is slightly smaller than the

equilibrium radius R, If its particle content and the wall’s contact angle allow a new stable
mechanical equilibrium after attachment it may well happen, that the bubbkeifself, due to the
inevitable radius increase, after attachment at posiidrom where its radius and particle content
increases until it bursts.

Conclusion

Spontaneous cavitation (“homogenous nucleation”): The spontaneous emergence of a water vapour
filled bubble is extremely unlikely for the water tensions found in plafitp > -1 MPa. Should
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homogenous nucleation occur nonetheless, the fate of the emerging bubble depends on its initial radius

R: For R< Ra=2)/(pw - p) the bubble disappears immediately, for R 3, R bursts, causing

cavitation of the befallen vessel segment.

Air seeding (“heterogenous nucleation”): Decisive for the fate of a bubble containing air and water

vapour are two different processes each of which may or may not lead to an equilifvaynoccur

on different time scales:

(1) Mechanical stability/instability (quick adjustment): If initial bubble radius R and initial
number of air particlesyrsatisfy the inequalities,& iy and R < Rg(n,) simultaneously the
bubble approaches mechanical stability at the radius R gnB. Otherwise, the bubble
bursts.

(i) Diffusional stability/instability (dow adjustment): A bubble which has established
mechanical stability (i.e. R =s&{n,)) either loses air molecules to the surrounding xylem
water (and dissolves eventually completely) or it accumulates air from ligra xyater. This
accumulation lasts until the bubble bursts (whgr g is achieved) or until no more air
molecules are available in the xylem water. If the xylem water is in contacttiéth
atmosphere, mechanically stable bubbles dissolve completely, provided the xylem water
pressure psatisfies p< -2 x 10 Pa.

Bubble attachment to vessel wall: Basically, an attached bubble behaves like a freely floating

bubble. The major difference is that its maximum particle capacity may fallafhmrexceed g4 of a

freely floating bubble. Whether this happens or not depends on the contactiashglae (or more

parameters) describing the vessel wall morphology.
This gives rise to two effects which make themselves felt when a fldmtbiile attaches to a flat
wall with contact anglé:

0] A bubble that is mechanically stable while it is floating, bursts durialy attachment if p>
ncrit(g)'

(i) Depending on the value of the diffusional equilibrium bubble radiys &Rfloating bubble
which is mechanically stable, loses particles, and fulfills point (i), reayain stable upon
attachment but will start to accumulate particles (instead of losing).tfdmns accumulation
lasts until the bubble bursts (Whepnn,(6) is achieved) or until no more air molecules are
available in the xylem water.

Comparison of the reversible free energies associated with the formation cattiagfland an
attached bubble reveals:

0] Bubble attachment to a flat vessel wall happens spontaneously and without enerdgrinput
anyg > 0.
(i) If the contact angl® varies across a flat vessel wall, the bubble will show a tendency to move

(and enlarge) its contact circle towards regions of higher
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