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Bubble formation in the conduits of woody plants sets a challenge for uninterrupted water
transportation from the soil up to the canopy. Freezing and thawing of stems has been
shown to increase the number of air-ﬁlled (embolized) conduits, especially in trees with
large conduit diameters. Despite numerous experimental studies, the mechanisms leading to bubble formation during freezing have not been addressed theoretically. We used
classical nucleation theory and ﬂuid mechanics to show which mechanisms are most likely
to be responsible for bubble formation during freezing and what parameters determine the
likelihood of the process. Our results conﬁrm the common assumption that bubble formation during freezing is most likely due to gas segregation by ice. If xylem conduit walls are
not permeable to the salts expelled by ice during the freezing process, osmotic pressures
high enough for air seeding could be created. The build-up rate of segregated solutes in
front of the ice-water interface depends equally on conduit diameter and freezing velocity. Therefore, bubble formation probability depends on these variables. The dependence
of bubble formation probability on freezing velocity means that the experimental results
obtained for cavitation threshold conduit diameters during freeze/thaw cycles depend on
the experimental setup; namely sample size and cooling rate. The velocity dependence
also suggests that to avoid bubble formation during freezing trees should have narrow
conduits where freezing is likely to be fast (e.g., branches or outermost layer of the xylem).
Avoidance of bubble formation during freezing could thus be one piece of the explanation
why xylem conduit size of temperate and boreal zone trees varies quite systematically.
Keywords: air seeding, cavitation, gas segregation, nucleation, xylem

INTRODUCTION
Formation of bubbles (cavitation) in xylem conduits is one of the
major challenges for the cohesion-tension theory of the ascent
of sap. Reduction of conductivity or bubble formation has been
observed in various species when xylem tension is high (e.g.,
Sperry, 1995; Hacke and Sauter, 1996a) and mechanisms of reﬁlling embolized conduits are the focus of numerous studies (see,
e.g., Holbrook and Zwieniecki, 1999; Tyree et al., 1999; Cochard
et al., 2001; Hacke and Sperry, 2003; Stiller et al., 2005; Lee and
Kim, 2008; Salleo et al., 2008; Secchi and Zwieniecki, 2011).
Winter sets a new challenge to the water conducting system.
Freezing and thawing has been shown to induce xylem embolization, leading to almost 100% loss in conductivity in some species
(e.g., Sperry et al., 1988; Hacke and Sauter, 1996b; Langan et al.,
1997; Davis et al., 1999; Feild and Brodribb, 2001). The extent of
the loss of conductivity has been shown to depend on the mean
conduit diameter such that large conduits embolize easier than
small (LoGullo and Salleo, 1993; Davis et al., 1999). Globally, mean
conduit diameter also decreases with increasing probability of
freezing temperatures (see Sperry, 1995) and therefore, the vulnerability to freezing/thaw-induced embolization has been related to
species distribution (Pockman and Sperry, 1997; Cavender-Bares
and Holbrook, 2001; Stuart et al., 2007). High xylem water tension
increases the vulnerability to freeze/thaw – induced embolization
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(Langan et al., 1997; Lemoine et al., 1999; Pittermann and Sperry,
2006; Stuart et al., 2007), and therefore plants growing in dry habitats can be affected by wintertime embolization more than species
in well-hydrated habitats.
Although widely studied (additional to those sited above, e.g.,
Sucoff, 1969; Sperry et al., 1988; Just and Sauter, 1991; Cordero
and Nilsen, 2002) freeze/thaw-induced cavitation in plants has not
been addressed theoretically, and therefore our knowledge on the
mechanisms leading to bubble formation in this speciﬁc situation
is inadequate. Based on the common occurrence of dissolved gases
in xylem sap and the insolubility of gases in ice, many studies make
the assumption that loss of conductivity is due to bubbles formed
by gas segregation during the freezing process (e.g., Lybeck, 1959;
Sucoff, 1969; Martinez-Vilalta and Pockman, 2002). However, similarly to dissolved gases freezing segregates other solutes and may
increase the xylem water tension by increasing the osmotic pressure in the unfrozen water at the freezing domain (see, e.g., Wolfe
and Bryant, 1999). Therefore, it is reasonable to assume that,
like in drought-induced cavitation, bubbles could also form via
homogenous nucleation (vaporization of water), heterogeneous
nucleation (vaporization of water that initiates on the hydrophilic
surfaces of cell walls), or “air seeding” (air captured in cell walls or
adjacent embolized conduits is pulled through the pit membrane
pores to ﬁll the cavitating conduit; see, e.g., Sperry et al., 1988;
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Cochard et al., 1992; Hölttä et al., 2002; Pittermann and Sperry,
2003).
The mechanism of bubble formation determines how xylem
structure affects the likelihood of embolism formation due to
freezing. In gas segregation, the bubbles should form most easily
where the gas concentration is highest, whereas in the other mechanisms the solute concentration in the freezing conduit could lead
to bubble formation in the still unfrozen conduits. Therefore, in
the ﬁrst case the size of the freezing conduit may be the key factor
(see Pittermann and Sperry, 2006), but in the second case the size
and structure of the conduits close to the freezing zone could be
more important.
In this study we use calculations based on ﬂuid mechanics
and classical nucleation theory to lay the basis for understanding
the loss of conductivity during freezing/thaw events. Our objectives were (1) to show which mechanisms are most likely to be
involved in bubble formation during freezing, (2) to determine
the key parameters affecting bubble formation probability during freezing, and (3) to compare calculated results with existing
experimental studies.
To meet these objectives we present the equations governing
the nucleation processes and develop equations for calculating the
solute concentration at the leading edge of an advancing ice front.
These calculations relate to all the mechanisms as both bubble formation via vaporization of water and segregation of gases rely on
nucleation of a new phase. In addition, the amount of segregated
solutes determines the maximum xylem tension that could be produced during freezing. This tension affects both vaporization of
water and air seeding.
To complete the calculations we had to make assumptions
about the homogeneity of ice formation and xylem structure as
well as the symmetry of the temperature ﬁeld. These assumptions may not describe the actual process of ice crystal formation
in the xylem properly, but we developed the equations in nondimensional form and as such they can be used for describing
solute segregation in front of any phase interface as long as treatment in one dimension is sufﬁcient to describe the problem.
Furthermore, the insights into the mechanisms involved in bubble formation during freezing and the variables that control the
dynamics revealed by these calculations are independent of these
assumptions.

MATERIALS AND METHODS
NUCLEATION THEORY AND BUBBLE FORMATION PROBABILITY

Xylem water tensions range from very slight (0.1 MPa) to more
than 10 MPa (see, e.g., Taiz and Zeiger, 2002). At these pressures
water is in a metastable state, but the degree of metastability is low
(Δμ/Δμspin  1, where Δμ is the chemical potential difference
of current and equilibrium state, Δμspin is the chemical potential
difference at the spinodal and saturation states; see, e.g., Shen and
Debenedetti, 2001), and the phase transition between liquid and
gas phase occurs via nucleation. Thermodynamically, the probability of nucleation of a new phase within a system depends on
the balance between the tendency of the system to ﬁnd the state
of minimum free energy in a given environment (stable state as
opposed to metastable) and the energy needed for forming an
interface between the old and the emerging phase. Balancing these
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forces leads to a minimum size required for a stable cluster of the
new phase. Smaller clusters than the critical size dissolve back to
the previous phase; while larger clusters grow spontaneously to
form the new stable state. According to classical nucleation theory,
the formation rate of critical size clusters (# per time and volume)
can be written as


−W
J = A exp
(1)
kB T
where A is a kinetic frequency factor, k B the Boltzmann’s constant,
T temperature and W the free energy barrier (or the reversible
work) of formation of a critical size cluster (see, e.g., Debenedetti,
1996).
Far away from the spinodal decomposition limit, bubble nucleation in the xylem can be treated by means of classical nucleation
theory. Following the approach of Blander and Katz (1975) and
assuming spherical bubbles, the free energy barrier W for homogenous nucleation (water free from impurities and all the surrounding surfaces totally wettable) is then given by the expression

W =

4πγrc 2
3

(2)

where γ is the interfacial tension and r c is the radius of the critical
size cluster given by
rc =

2γ
Δp

(3)

where Δp is the pressure difference between the interior of the
critical cluster and the bulk metastable mother phase.
The kinetic frequency factor A describes the rate of molecular exchange through the bubble surface per unit area and can be
written as


2γB
A=N
πm

1
2

(4)

where N is the number density and m the molecular mass of
the mother substance, and B describes the type of equilibrium
assumed between the critical size cluster and the bulk phase. In the
case of bubble formation we can require thermodynamic equilibrium (opposed to mechanical) and in that case B = 1 (Debenedetti,
1996). Typically, the size of a critical cluster is of the order of magnitude 1 nm and it is very unlikely to obtain a bubble of diameter
1 μm unless there is time for the bubble to grow (see, e.g., Kulmala
et al., 2007).
For homogenous nucleation in a pure liquid the pressure difference between the bubble and the mother phase (Δp in Eq. 3)
can be approximated by

 
 


ρV
1 ρV 2
∼
Δp = pV − pL = pe − pL 1 −
+
ρL
2 ρL

(5)

where p e is the saturation vapor pressure of the mother phase, ρ
indicates the density of a substance and subscripts V and L stand
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for vapor (bubble) and liquid (water) respectively (Blander and
Katz, 1975).
If the liquid is a dilute solution of solvent and dissolved gases,
Δp can be written as

Δp = pL


Cg
− 1 + ηpLsat
Cgsat

(6)

where C g /C gsat is the supersaturation ratio of the gas in the liquid,
p Lsat is the saturation vapor pressure of the pure liquid and




V0 pL − pLsat
Cgsat
η = exp
−
kB T
CL

(7)

where V 0 is the molecular volume (volume/molecule) of the liquid (Tucker and Ward, 1975; Wilt, 1985). Because Δp depends on
the supersaturation ratio of the dissolved gases, we have to calculate the evolution of gas concentration in a freezing conduit to
calculate the bubble formation probability by segregation of gases.
In the presence of non-wettable surfaces, bubble nucleation is
more likely to initiate heterogeneously on the surface than in the
bulk liquid and the lowering effect of the surface to the nucleation
energy barrier can be written as
Whet = W ∗ F

(8)

where F (value < 1) can take different forms depending on the
assumptions of the surface structure (e.g., Debenedetti, 1996).
However, ice surfaces can be assumed totally wettable (Wettlaufer,
1998) and thus freezing of cell walls lowers the heterogeneous
nucleation rate. Heterogeneous nucleation can also occur if small
particles of non-soluble materials act as nucleation sites. When
present they, similarly to non-wettable surfaces, would make bubble formation more likely by decreasing the energy barrier of
bubble formation.
Nucleation is a purely stochastic process. Individual nucleation
events (i.e., successful formation of a critical size cluster) are independent of each other and do not depend on the number of
trials. The probability of a single molecule to act as an initiator
of nucleation at a certain moment of time is very small. Thus the
probability of ﬁnding a bubble with a diameter equal to or larger
than the critical radius in a conduit can be calculated from Poisson
distribution and becomes
P = 1 − exp (−JtV )

(9)

where V is the volume of the conduit and t is time (e.g., Koop
et al., 1996). Whether the conduit will embolize still depends on
whether the bubble (1) grows fast enough to ﬁll the whole conduit before being enclosed by ice during freezing, or (2) whether
it dissolves or grows during thawing. This depends on the size of
the bubbles trapped in the ice and the xylem water tension during thawing (see Mayr and Sperry, 2010). In this study we do not
consider bubble growth, and discuss embolization during thawing
only brieﬂy. Our focus is on bubble formation probability during
freezing, which makes embolization upon thawing possible.
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SOLUTE CONCENTRATION IN ADVANCE OF A MOVING ICE FRONT

Xylem sap naturally contains dissolved gases and solutes (e.g.,
Sucoff, 1969; Canny, 1995). Because the solubility of these substances in ice is much lower than that in water, as the xylem
freezes, they are expelled from the ice and solute concentration
in the remaining water increases. This may increase the likelihood
of bubble formation in two ways: (1) either via increasing the likelihood of formation of a gas bubble in the freezing conduit (see Eqs
1–7), or (2) via increasing the osmotic concentration in the freezing conduits, which leads to increasing xylem water tension and
higher probability of bubble formation in the unfrozen conduits.
Based on the conservation of mass, the change in solute concentration C in the liquid in front of a solidiﬁcation front moving
with velocity v(t ) can be written as
∂C
+ v · ∇C = D∇ 2 C
∂t

(10)

where D is the binary diffusion coefﬁcient of the solute in the liquid
(assumed to be constant at a given temperature) and v the velocity
of the moving solid front (see, e.g., Bianchi and Viskanta, 1997).
The term on the right represents the net ﬂux of solutes diffusing
away from the vicinity of the interface and the second term on
the left accounts for the solutes expelled by the moving ice front.
The build-up of the solute concentration is thus a competition
between two processes: freezing increases the concentration close
to the ice front, but the concentration gradient produced that way
decreases naturally by diffusion. The total concentration at the icewater boundary therefore depends on the freezing velocity relative
to the diffusion rate.
In a cylindrical stem that freezes homogenously from the outer
surface inward in radial direction, the solidiﬁcation front inside
one conduit can be approximated by a planar surface (i.e., the
conduits are not freezing radially from the cell wall toward the
center, but from the outer cell wall to the inner). As long as the
radius of the stem is more than four times larger than that of the
conduit (r/R < 0.25) the error resulting from the curvature of the
ice surface compared to a plane is less than 1%. Xylem conduit
diameters are typically of the order of magnitude 10–100 μm and
stem diameter 1–100 cm and we can thus use the planar surface
approximation and a one-dimensional Cartesian form of Eq. 10
to represent our situation. Writing Eq. 10 in dimensionless form
gives
∂C ∗
∂C ∗
1 ∂ 2C ∗
−
=
2
∂τ
Pe ∂x
∂x

(11)

where the non-dimensional concentration C ∗ is taken relative to
the initial solute concentration, the non-dimensional time τ relative to the freezing time of the conduit or the freezing domain, x
represents the dimensionless spatial coordinate relative to the conduit diameter or the characteristic distance of the freezing domain
(d) and Pe is the dimensionless Péclet number (see e.g., Bird et al.,
2002) that describes the ratio of mass transport resulting from
advection (ice front expelling the gas) and diffusion.
Pe =

vd
D

(12)
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∂C ∗ (x, τ)
Pe · C ∗ (x, τ) − CS = −
∂x

(13)

both at the liquid–solid boundary x = 0 and at the conduit wall
x = 1 we get
C ∗ (x, 0) = CS + e −Pe·x+K F (τ)

(14)

where C s is the ratio of the solubility of the solute in the solid and
the liquid, K is a constant of integration and F (τ) is a function
of the dimensionless time. Throughout the freezing process the
solution has to fulﬁll Eq. 11. Substituting (Eq. 14) back to (Eq. 11)
and solving for F (τ) with initial condition
C ∗ (x, 0)

x=0

=1

(15)

we get
C ∗ (x, τ) = CS + (1 − CS ) e Pe(−x+2τ)

(16)

for the gas concentration in the liquid as a function of time and
space. Although developed for a conduit freezing along the stem
radius (note, not conduit radius), Eq. 16 is applicable for the solute
concentration in front of any advancing ice front as long as the
geometry allows for one-dimensional treatment. Solute concentration in front of ice moving along conduit elements, e.g., from
branches downward (see e.g., Zweifel and Häsler, 2000 and references therein) or the solute concentration between two ice crystals
growing in one dimension would follow Eq. 16 with the characteristic distance d in Eq. 12 replaced by the length of the conduit or
the distance between the crystal surfaces. However, when choosing the boundary conditions, we assumed that the cell wall or the
boundary at the other end does not form a barrier for water movement or solute diffusion. Therefore, Eq. 16 applies accurately only
when far away from such a boundary.
CALCULATIONS

We used Matlab 7.0 to calculate solute concentrations, nucleation
rates and bubble formation probabilities based on Eqs 1–16. In
all the calculations for bubble formation via gas segregation we
assumed the interfacial surface tension to be that of a planar
surface. This is justiﬁed by the macroscopic size of xylem conduits (∼10–100 μm) compared to the size of the forming bubbles
(∼1 nm). All the nucleation rates were calculated per conduit and
when not stated otherwise, we used a cylindrical conduit with
diameter 50 μm and length 20 mm. That size is typical of temperate deciduous trees experiencing frequent freezing and freeze-thaw
cycles (Hacke and Sauter, 1996a). Our assumptions that xylem
freezes homogenously and that the cell walls do not form a barrier
for solute diffusion out of the cells means that our calculations
represent a conservative estimate for the solute concentrations in
freezing conduits and consequently are conservative also for bubble formation probability. If the freezing was not homogenous
and ice inside conduits formed in a curved rather than in a planar
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fashion, or the cell walls reﬂected solutes, the solute concentration would increase faster in the unfrozen part of the conduit
and make osmotic concentration higher and/or bubble formation
more likely than presented here. On the other hand, for bubble
formation via gas segregation we set the initial gas concentration
in the conduit to the saturation concentration, which may be an
overestimation in wintertime (see e.g., Levy et al., 1999; Spicer
and Holbrook, 2005). For the ratio of the solubility of solutes in
ice and water we use C S = 1/1000 which is in the low end of the
range reported for ions smaller in size than O2 , N2 , or CO2 (see e.g.,
Killawee et al., 1998). This makes our estimates conservative for
the increase in gas concentration, but possibly slightly optimistic
for the increase in osmotic pressure.

RESULTS
SOLUTE CONCENTRATION IN FREEZING CONDUITS

In front of a moving solid-liquid interface, at any instant (τ), the
highest concentration is obtained right at the interface, and the
solute concentration in the liquid decreases with increasing distance from the interface (Eq. 16; Figure 1). The Peclét number
Pe (i.e., the balance between advection and diffusion) determines
both the rate of increase of the concentration at the interface
and the rate of decrease with increasing distance from the ice

5

τ = 0.2
τ = 0.4
τ = 0.6
τ = 0.8

4

Solute concentration C*

If Pe is constant (v is constant), Eq. 11 can be solved analytically.
Using the conservation of mass

3

2

1

0
0

0.2

0.4

0.6

0.8

1

Dimensionless conduit diameter
FIGURE 1 | Solute concentration (C ∗ ) in a conduit during freezing
presented in a stationary coordinate system (coordinate system
immobilization transformation where the location of the origin of Eq.
16 is at v τ, and v fulfills x /τ = 1). At time τ = 0.2 the ice-water interface is
at the location 0.2, and at time τ = 1 the whole conduit is frozen. The
concentrations were calculated using Eq. 16. The Peclet number Pe = 1 (Eq.
12) and solute solubility in ice/solubility in water, C S = 0.001.
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front. When Pe reaches 0 (no freezing), Eq. 16 approaches the
initial concentration (i.e., C ∗ = 1), and a constant concentration
is maintained. For each solute, Pe depends on conduit diameter
and freezing velocity (Eq. 12), so that the larger the conduit or
freezing domain and the larger the freezing velocity the higher
concentrations are obtained.
The concentration at the interface increases in time as the ice
front moves toward the boundary of the domain. The ultimate
∗ , is
maximum concentration obtained in a freezing domain, Cmax
found at the ice-water interface (x = 0) when τ = 1. From Eq. 16
we obtain
∗
Cmax
= CS + (1 − CS ) e 2Pe

(17)

The maximum concentration thus strongly depends on Pe increasing exponentially with increasing conduit diameter and freezing
velocity (Figure 2A).
With any Pe, the maximum concentration decreases with
∗
increasing solute solubility in ice, and when C S reaches 1, Cmax
also rapidly approaches 1 (the dimensionless initial concentration;
Figure 2B). The value of C S depends on the structure of ice and the
molecular size of the dissolved solutes (see e.g., Top et al., 1985).
Typically for gases and salts C S is 0.1 (see e.g., Killawee et al.,
1998), which means that in natural conditions inside tree stems Pe
∗
affects Cmax
much more strongly than C S . If Pe was large (large
conduit diameter, high freezing velocity, or low diffusivity), solute
concentrations could grow several orders of magnitude above the
initial solute concentration in xylem sap (Figure 2A).
BUBBLE FORMATION MECHANISMS DURING FREEZING

Based on our calculations (Eqs 1–5) and supported by previous studies (see e.g., Tyree and Sperry, 1989; Hölttä et al., 2002),
homogenous bubble nucleation in the xylem by vaporization of
water is unlikely. The tension in the xylem has to exceed 100 MPa,
for homogenous nucleation rate to reach 1/s, which is the nucleation rate at which bubble formation becomes likely in typical
10

10

A 10

B 10

8

8

10

10

10

4

10

2

10

4

10

2

10

10

0

10

Pe = 0.1
Pe = 1
Pe = 5
Pe = 10

6

C*max

C*max

6

0

0

5
Pe

10

10

0

0.5
Cs

1

FIGURE 2 | Dependence of the maximum solute concentration
∗
obtained during freezing (Cmax
; Eq. 17) on Pe (A) and C S (B). In (A) the
solute solubility in ice/solubility in water C S is 0.001. The maximum
concentrations are always obtained at the ice-water interface (see Figure 1).
If the solubility in ice is less than half of the solubility in water (C S < 0.5) the
maximum concentration depends only slightly on C S . Because of the
molecular size, C S for solutes present in xylem sap is well below that.
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xylem conduits (Eq. 9; Figure 3). This is an order of magnitude larger than any reported xylem tensions. The nucleation rate
increases as the critical radius of the formed bubble decreases
(Figure 3 insert), and therefore, in general, where nucleation is
fast lots of small bubbles will form. At a nucleation rate of 1/s the
critical radius of a nucleus is ∼1 nm (Figure 3 insert), which is
a typical size for the critical cluster initiation in phase transition
processes (e.g., Kulmala et al., 2007).
To create a 100-MPa tension by segregation of solutes from
xylem sap would require solute concentrations of the order of
magnitude 104 mol m−3 (if the reﬂection coefﬁcient of cell walls
was 1). In principle such high concentrations could be obtained
during freezing provided that Pe was large enough (Figure 2). If the
initial salt concentration in the xylem was at the upper end of the
reported range (10−3 –1 mol m−3 ; see e.g., Epstein, 1972; Jeffrey,
1987), Pe of values from 4 to 8 eight would lead to that concentration (Figure 2A). In a typical conduit (diameter ∼50 μm), this
would mean a freezing velocity of 16–80 μm s−1 [diffusivity of
salts in water typically 10−9 m2 s−1 (Table 1)]. Robson and Petty
(1987), Robson et al., 1988) report freezing velocities of 1.75–
25 μm s−1 in stem segments freezing radially, and in the veins
of leaves freezing longitudinally ice propagation velocities of the
order of magnitude 100–1000 μm s−1 have been observed (Hacker
and Neuner, 2007). Therefore, obtaining a Pe of this magnitude
in the freezing xylem does not seem completely impossible. However, the required concentration exceeds the solubility of the most
common salts by an order of magnitude (Table 1; see also Luo and
Roux, 2010), and therefore the required osmotic pressure would
not be achieved. Furthermore, the xylem cell walls are permeable
to at least some part of the solutes (see Canny, 1990, 1995), and
will thus not create osmotic pressures similar to semipermeable
membranes.
In heterogeneous nucleation the energy barrier for bubble formation is lower than in homogenous nucleation (Eq. 8), and
therefore the xylem tension required for bubble formation is also
reduced. To make heterogeneous nucleation likely at the saturation
concentrations of the most common salts (∼−30 MPa osmotic
pressure; see Luo and Roux, 2010), the energy barrier should
decrease by a factor of 10 (Figure 3). This could happen if the
nucleation surfaces (hydrophobic surfaces on the cell walls or small
solid particles in the sap) were more than 10 times larger than the
critical radius of the stable new phase cluster and the contact angle
between water and the surfaces was larger than 120˚ (Liu, 1999).
The contact angle between water and xylem conduit walls has
been measured to be 40˚–55˚ (Zwieniecki and Holbrook, 2000).
Therefore, similarly to homogeneous nucleation, heterogeneous
nucleation can be considered quite unlikely during freezing.
In air seeding, the xylem water tension that would lead to bubble
expansion to a previously water ﬁlled conduit depends on the surface tension of water and the diameter of the pores in the cell wall
through which the bubble would expand (e.g., Sperry et al., 1988;
Hölttä et al., 2002). Surface tension increases with decreasing temperature, which means that the lower the temperature the higher
the xylem water tension required for air seeding. The increase,
however, is only 5% from 25 to 0˚C (Haynes, 2012), and would
have a negligible effect on the experimental values reported for
threshold xylem water tensions for air seeding; 0.5–10 MPa (see
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FIGURE 3 | Dependence of nucleation rate (J ) and critical radius (r c
insert) on xylem water tension for homogenous and heterogeneous
vaporization of water in a conduit 50 μm in diameter and 20 mm in
length. Homogenous nucleation rate at xylem tensions < 100 MPa is so
low, and the critical radius so large, that bubble formation is unlikely. The

e.g., Sperry et al., 1988; Choat et al., 2005; Christman et al., 2009).
These tensions would require salt concentrations from a few hundred to a few thousand mol m−3 , and could easily be obtained
by segregation of salts during freezing (Figure 2A). Whether
these concentrations would lead to the required osmotic pressures depends on whether xylem conduit walls reﬂect the salts,
and are thus capable of producing osmotic pressures (see Canny,
1995). All in all, if bubble formation during freezing was due to an
increase in xylem water tension resulting from salt segregation, air
seeding would be the most likely mechanism (see Just and Sauter,
1991 or Pittermann and Sperry, 2003 for experimental evidence).
Bubble formation via segregation of gases differs from the other
three mechanisms in that this mechanism does not require high
xylem water tensions. The nucleation rate depends on the gas
concentration in the freezing conduit (Eqs 1–3, 6, and 7); the
higher the concentration the more likely bubbles are to form.
Therefore, bubbles are most likely to form right at the water–ice
interface inside the freezing conduit (Figure 1). The concentration at which bubble formation becomes likely depends on xylem
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−50

0

energy barrier for nucleation (Eq. 2) has to decrease by a factor (F ; Eq. 8)
of 10 for heterogeneous vaporization of water to become likely at xylem
water tensions below −50 MPa. The horizontal line shows the nucleation
rate at which bubble formation becomes likely in conduits of this
size (Eq. 9).

water tension (Figure 4A) but is much lower than the solute
concentration required for producing high enough xylem water
tensions for homogenous and heterogeneous nucleation. At xylem
water tension 0.1 MPa it is of the order of magnitude 1000 times
the saturation concentration, but drops quickly with increasing
xylem water tension, and at 5 MPa tension only 20 times the saturation concentration is required. For each xylem water tension,
the supersaturation at which bubble formation becomes likely
depends slightly on the freezing velocity and conduit diameter
(Figures 4B,C). The slight sensitivity to these parameters stems
from the time dependence of the bubble formation probability
(Eq. 9), and is similar to the effect conduit size has on nucleation events in general; the larger the conduit or the slower the
freezing velocity, the more there is time for a successful bubble
formation event to occur. But whether the required gas concentration is obtained during freezing depends strongly on both conduit
diameter and freezing velocity (Figures 1 and 2). Note that the
dependence of nucleation on freezing velocity (Figure 4B) is opposite to the dependence of the increase in the concentration of
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Table 1 | Diffusivities (D) and solubilities (S) of typical solutes in xylem
sap.
D × 10−10 m2 s−1

S mol m−3

CO2

2.2

75

N2

5.5

0.9

O2

3.7

2.2

KCl

20

3757

NaCl

15

6138

The diffusivities for gases at 0˚C were calculated according to Wilke–Chang model
(see Bird et al., 2002) and the Partington rule was applied to calculate the liquid
molar volumes (see e.g., Maloka, 2005). Diffusivities of salts were obtained from
Chang and Myerson (1985), and were measured at 25˚C. Solubilities at 0˚C for
gases were calculated using Henry’s law constants (Sanders, 1999), and for salts
obtained from Haynes (2012).

segregated gas on freezing velocity. In the case of segregated gases
the higher the freezing velocity is the higher the concentration and
the more likely bubble formation occurs.
Based on our calculations supersaturations required for bubble formation via gas segregation could be easily obtained during
freezing (Figure 2). There is evidence that concentrations of dissolved gases in xylem sap are higher than concentrations of other
solutes. CO2 concentrations ranging from 1 to 22 mol m−3 (1–
30% of saturation at 0˚C; Table 1) have been measured (Levy et al.,
1999). Nitrogen and oxygen are much less soluble in water than
CO2 (Table 1), and even if the reported concentrations are low,
0.77–1.34 mol m−3 (Gansert, 2003; Spicer and Holbrook, 2005),
these could lead to super saturation and bubble formation during
freezing (Figure 2; Table 1). Xylem water tensions tend also to be
low during freezing because of low transpiration. This together
with the ease of producing high enough gas concentrations in the
freezing conduits suggests that bubble formation via segregation
of gases is the most likely mechanism during freezing.
BUBBLE FORMATION PROBABILITY, CONDUIT SIZE, AND FREEZING
VELOCITY

The probability of bubble formation depends on the nucleation
rate, conduit volume, and time allowed for nucleation (Eq. 9). In
the case of gas segregation the time allowed for the nucleation
to take place in a conduit is the time required for freezing the
entire conduit. Assuming a cylindrical conduit freezing along the
radius of the stem, inserting t = d/v for the freezing time (constant
velocity approximation) into Eq. 9 we get
P =1−e

−J πd 3 h
4v

(18)

for the probability of ﬁnding at least one bubble larger than the
2
critical size in a conduit of volume V = π d4 h after the entire
freezing time. Here h is the length of the conduit. Strictly speaking, because ice partially ﬁlls the conduit during freezing, the
diameter used in the calculation of the volume should not be
the conduit diameter but an effective average diameter representing the unfrozen volume. This, however, has a negligible effect on
the probability because the concentration increase affecting the
nucleation rate overrules the volume dependence.
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From Eq. 18 it is evident that, if the conduit does not freeze
longitudinally, conduit diameter, d, has a stronger effect on the
probability than conduit length, h. If freezing is longitudinal the
freezing time should be written as t = h/v, which leads to equal
importance of conduit length and diameter. For bubble formation
via gas segregation, however, the dependence on conduit diameter becomes stronger and the dependence on freezing velocity
is reversed because the nucleation rate depends exponentially on
the gas concentration, which depends exponentially and equally
on the conduit diameter and the freezing velocity (Eqs 6, 12, and
16). The increase in gas concentration in front of the moving ice
front does not depend on conduit volume or any other dimensions than the length of the domain along which freezing occurs.
Therefore, conduit volume affects bubble formation probability
only weakly. If ice formation started from several directions inside
a conduit and proceeded in three dimensions, volume would affect
the concentration obtained more strongly. In air seeding, bubble
formation probability should not depend on conduit volume at
all unless conduit size or diameter correlates with the pore size
through which bubbles can extend (see Christman et al., 2009,
2012). Therefore, the dependence of bubble formation on conduit dimensions can tell which mechanism was involved and how
freezing proceeded.
Because the bubble formation probability depends on accumulation of gases and the concentration at which bubble formation
becomes likely depends on xylem water tension (Figure 4A), for
each xylem water tension there is a threshold Pe at which cavitation starts to occur (Figure 5A). The threshold Pe decreases
with increasing tension meaning that the diameter of the conduits
likely to cavitate (cavitation threshold diameter) and/or the freezing velocity at which cavitation begins decreases with increasing
tension. Also, several cavitation threshold diameters exist at the
same xylem tension, and they depend on the freezing velocity;
the higher the freezing velocity the smaller the threshold diameter
(Figure 5B). This means that for the same sample, one can obtain
a higher loss of conductivity when freezing the sample fast than if
it freezes slowly. The freezing velocity will depend on the size and
structure of the sample (heat capacity, thermal conductivity) as
well as the temperature difference between the sample and outside
air (or other cooling ﬂuid). Inside the xylem, the freezing velocity
of conduits of different size may also vary because of these reasons.
Therefore, even if large conduits are theoretically more susceptible
to bubble formation during freezing, some variation is this pattern
may occur (see e.g., Mayr and Sperry, 2010 and references therein).
High freezing velocity also results in smaller but more numerous bubbles because the higher the gas concentration, the lower
the energy barrier for nucleation (Eqs 2, 3, 6, and 7), the
smaller the critical size bubble, and the higher the nucleation
rate. Also, during fast freezing there will be less time for bubbles to grow before enclosed in ice. Therefore, one could expect
smaller but more numerous bubbles trapped in conduits freezing rapidly than in conduits freezing slowly. Narrow conduits
observed containing more and smaller bubbles than wide conduits
(see Ewers, 1985) may thus be due to differences in the freezing velocity. Similarly, the size of the bubbles formed decreases
with increasing xylem water tension as presented by Pittermann
and Sperry (2006). These small bubbles, even if numerous, are
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FIGURE 4 | Dependence of the threshold solute concentration for bubble
formation via gas segregation on xylem water tension (A), freezing
velocity (B), and conduit diameter (C). Xylem water tension determines the
concentration at which bubble formation becomes likely, but whether that
concentration is obtained during freezing depends on freezing velocity and

4
3.5
3
2.5
2
1.5
1
−10 −8 −6 −4 −2
0
Xylem water tension (−MPa)
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Cavitation threshold diameter (μm)
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A
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FIGURE 5 | Dependence of Pe (A) and conduit diameter (B) at which
bubble formation becomes likely on xylem water tension. The larger
the xylem water tension the smaller Pe is required (A). Pe depends on
freezing velocity, conduit diameter, and diffusivity of solutes (Eq. 12) and
therefore at the same xylem water tension a different threshold conduit
diameters are obtained at different freezing velocities (B).

more likely to redissolve to the liquid during thawing. Dissolving bubbles to the liquid is a reverse process to bubble formation, and therefore the ease with which bubbles dissolve depends
also on xylem water tension (see also Mayr and Sperry, 2010).
From Eq. 3 we can calculate the pressure dependence of the
minimum size of bubbles that will not dissolve to the liquid.
If there are no dissolved gases in the liquid (C ∗ = 0; Figure 6),
all bubbles smaller than 0.1 μm will dissolve under tensions of
0–1 MPa, and only slightly positive pressures would be needed
to force bubbles, ﬁlling even the largest conduits (d ∼ 10−4 m),
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*

conduit size (Pe; see Figure 2). (B,C) Show that slightly higher concentrations
are needed for bubble formation become likely in small than in large conduits
(Eq. 9) and if the time allowed for nucleation to take place is short (high
freezing velocity, see Eq. 18). Here the initial gas concentration was set to
saturation and C ∗ values presented concentrations above saturation.

to redissolve. On the other hand, if xylem tension is high or
there are already dissolved gasses present in the liquid, dissolving becomes increasingly difﬁcult and avoiding bubbles altogether
consequently more important. It is worth noting that if freezing is fast enough and the bubbles have little time to grow, these
minuscule bubbles, either trapped in the ice or in the eutectic
domains between the crystals, would be invisible even with a
scanning electron microscope (SEM), but during thawing, if the
xylem tension was high enough, capable of causing embolization
(Figure 6).

DISCUSSION
Loss of xylem conductivity after freeze/thaw cycles is a phenomenon that potentially affects large areas of vegetation in temperate
and boreal zones as well as at high altitudes even in the tropics. The
susceptibility of plants to freezing-induced loss of conductivity is
therefore an interesting topic from the point of view of both plant
survival (e.g., Pockman and Sperry, 1997) and ecological adaptations (see e.g., Améglio et al., 2002; Pittermann and Sperry, 2003;
Sperry, 2003; Choat et al., 2011). Bubble formation during freezing sets the stage for loss of conductivity during thawing (see e.g.,
Pittermann and Sperry, 2006; Mayr and Sperry, 2010), and the
mechanism behind bubble formation during freezing determines
how environmental conditions and xylem characteristics affect
the likelihood of loss of conductivity. Our calculations conﬁrm
the common assumption that the most likely mechanism of bubble formation during freezing is segregation of dissolved gases,
although air seeding could also happen if segregation of solutes
created osmotic pressures in the xylem (see e.g. Mayr et al., 2007).
In freezing conditions bubble formation via vaporization of water
(homogenous or heterogeneous nucleation), although possible, is
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FIGURE 6 | Dependence of the critical radius (r c ) of a gas bubble on
xylem water tension at different solute concentrations (C ∗ ). Bubbles
larger than r c at a certain tension will grow spontaneously and smaller will
redissolve to the solution. Similarly, during thawing, smaller bubbles than r c
are more likely to redissolve, and the higher the xylem water tension or gas
concentration the smaller the bubble has to be to redissolve. This means
that while bubble formation is more likely at high freezing velocities (high
Pe leads to high C ∗ ), the small bubbles are more likely to redissolve during
thawing than bubbles that may form during slow freezing.

highly unlikely and would require very large xylem tensions to
occur (Figure 3).
In gas segregation, the gas concentration and thus also the bubble formation probability is highest right at the water-ice interface
(Figure 1). Therefore, bubbles formed via this mechanism will
become trapped in the ice. In air seeding, the bubbles should
rather form in unfrozen conduits and completely gas ﬁlled conduits could be expected. Bubble formation via gas segregation in
one conduit could lead to air seeding in an adjacent conduit if the
xylem tension and pore size are large enough. This combination
of mechanisms could explain the occurrence of empty conduits in
frozen samples next to ice ﬁlled conduits containing bubbles (see
Mayr and Sperry, 2010 and references therein). Our calculations
do not predict bubbles forming necessarily in the middle of the
conduit. The location where bubbles will be found depends on
the build-up of the gas concentration (Figure 1), which depends
on the initial amount of solutes, the conduit diameter (or the
characteristic length of the freezing domain) and freezing velocity. Supporting this, ice-trapped bubbles in different locations in
a conduit can be seen in pictures of some studies (e.g., Utsumi
et al., 1999), and Ball et al. (2006) showed that such bubbles can
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form when gas becomes trapped during freeze-induced ﬁlling of
embolized conduits with ice. But the link between the location,
conduit size, and freezing velocity remains unconﬁrmed.
Our calculations show that for a plant with certain conduit
diameter distribution, freezing velocity is the main variable determining whether bubbles form during freezing (Figure 5). Only
few studies address the possible dependence of loss of xylem conductivity on freezing velocity (see Robson and Petty, 1987; Sperry
and Sullivan, 1992). Bubble size and shape has been shown to
depend on freezing velocity in conifer stem segments (Robson
et al., 1988), but based on these studies it is unclear how much
freezing velocity contributed to the number of bubbles found, to
the size of conduits where they were found and to the distribution
of the bubbles trapped in the ice. Therefore, our results remain to
be experimentally veriﬁed. Slow thawing, on the other hand, has
been shown to decrease loss of conductivity (Langan et al., 1997),
which is consistent with the probabilistic nature of bubble formation and redissolving processes (Eq. 9), as suggested by Langan
et al. (1997).
In experimental set-ups freezing velocity depends on the sample size, the thermal conductivity of the sample and heat exchange
rate between the sample and the cooling system. With equal heat
ﬂux, large specimens tend to freeze slower than small because
of their larger heat capacity. Several studies have reported different threshold conduit diameters for freezing-induced cavitation.
Davis et al. (1999) and Pittermann and Sperry (2003), for example,
report a sigmoidal relationship between mean conduit diameter
and percentage loss of conductivity (similar to Figure 4). Using
cooling rates of 0.25 and 0.2˚C/min for samples ranging from
2 to 16 mm in diameter and not less than 20 cm in length they
found a threshold diameter of 30–40 μm. Based on our calculations at 0.5 MPa xylem water tension these threshold diameters
would have required freezing at a velocity of ∼50 μm s−1 (Eq. 12;
Table 1), which is well in the range of reported freezing velocities (see above). On the other hand, Feild and Brodribb (2001)
used a cooling rate of 0.1˚C/min and found a linear correlation
with mean conduit diameter and percentage loss of conductivity for the 12 species they studied. If we assume that they used
samples of similar size and thermal conductivity their freezing velocity would be half of that of Davis et al. (1999) and
Pittermann and Sperry (2003) resulting in a threshold diameter of 60 μm. The largest mean diameter of their samples was
about 30 μm and in that case the linearity would result from
the conduit diameter distribution, although their high loss of
conductivity (up to 80% with mean diameter 30 μm) suggests
that their samples might have been smaller than those of Davis
et al. (1999) and Pittermann and Sperry (2003). Calculating the
freezing velocity inside a sample from the cooling rate of the surrounding ﬂuid is a complex task (see e.g., Brower et al., 1984;
Bird et al., 2002) and beyond the scope of this study. We also
know little about how freezing inside tree stems proceeds (see
Discussion below). However, together with these examples our
calculations demonstrate that these apparently conﬂicting results
may be due to the different experimental set-ups. Also, if the
species in these studies differed in susceptibility to air seeding
or properties affecting the build-up of osmotic concentration
in the xylem, different threshold diameters, and relationships
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between conduit diameter and loss of conductivity would be
expected.
Interestingly, it has also been observed that the likelihood of
embolization during thawing of frozen vessels depends on the
minimum temperature to which they were exposed. Low minimum temperatures seem to increase likelihood of embolization
(Pockman and Sperry, 1997; Ball et al., 2006). According to our
calculations, the only signiﬁcant dependence of bubble formation
via gas segregation on temperature (heat ﬂux) results from the
effect of temperature on freezing velocity. A minimum temperature obtained with a constant cooling rate should not inﬂuence
freezing velocity unless the sample cools slower than the surroundings or it is does not freeze homogenously. In the ﬁrst case the
temperature gradient between the sample and the surroundings or
inside the sample would increase until the minimum temperature
was reached, and this increase would increase the freezing velocity. If the temperature was then kept constant at the minimum,
freezing velocity would decrease with the decreasing gradient as
the ice front moves further away from the surface and the gas
concentration would stop increasing (see Bianchi and Viskanta,
1997). In the second, differences in thermal conductivity of materials (water, ice, cell walls) would lead to spatial and temporal
variations in the local heat ﬂux. Thermal conductivity of water,
for example is only about 25% of that of ice (Haynes, 2012), and
the thermal conductivity of the ﬁbers in the cell walls is less than
10% of that of ice (Simpson and TenWolde, 1999). Therefore, as
freezing progresses freezing velocity should increase with increasing amount of ice, whereas cell walls should decrease the freezing
velocity. Crystal formation and freezing velocity can also depend
on the micro-scale geometry of the freezing surfaces (Richards,
1989). Therefore, in reality it is quite likely that freezing velocity
in plant conduits would vary locally even with a constant cooling rate, and factors not accounted for in this study could lead to
freezing velocity and bubble formation probability depending on
the minimum temperature. The temperature of a frozen sample
is also inversely proportional to the amount of water remaining
liquid between ice crystals (Wettlaufer, 1998) and the solute concentration in that water increases as the volume of the liquid phase
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