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The pull of water from the soil to the leaves causes water in the transpiration stream
to be under negative pressure decreasing the water potential below zero. The osmotic
concentration also contributes to the decrease in leaf water potential but with much lesser
extent. Thus, the surface tension force is approximately balanced by a force induced by
negative water potential resulting in concavely curved water-air interfaces in leaves. The
lowered water potential causes a reduction in the equilibrium water vapor pressure in
internal (sub-stomatal/intercellular) cavities in relation to that over water with the potential
of zero, i.e., over the flat surface. The curved surface causes a reduction also in the
equilibrium vapor pressure of dissolved CO», thus enhancing its physical solubility to
water. Although the water vapor reduction is acknowledged by plant physiologists its
consequences for water vapor exchange at low water potential values have received
very little attention. Consequences of the enhanced CO» solubility to a leaf water-carbon
budget have not been considered at all before this study. We use theoretical calculations
and modeling to show how the reduction in the vapor pressures affects transpiration
and carbon assimilation rates. Our results indicate that the reduction in vapor pressures
of water and CO» could enhance plant water use efficiency up to about 10% at a leaf
water potential of —2 MPa, and much more when water potential decreases further. The
low water potential allows for a direct stomatal water vapor uptake from the ambient
air even at sub-100% relative humidity values. This alone could explain the observed
rates of foliar water uptake by e.g., the coastal redwood in the fog belt region of coastal
California provided the stomata are sufficiently open. The omission of the reduction in the
water vapor pressure causes a bias in the estimates of the stomatal conductance and leaf
internal CO» concentration based on leaf gas exchange measurements. Manufactures
of leaf gas exchange measurement systems should incorporate leaf water potentials in
measurement set-ups.

Keywords: water potential, CO, assimilation, carbon uptake, water uptake, Kelvin effect, water use efficiency,
redwood
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INTRODUCTION

Water potential is negative in the xylem of virtually all terrestrial
plants (Pockman et al., 1995). Water potential is lowered by
transpiration from the leaves assisted by the cohesive forces
between water molecules causing water to be under tension, i.e.,
under negative pressure. According to Young-Laplace’s formula
(e.g., Nobel, 2005), the cohesive forces are balanced by the surface
tension and the balance is manifested as curved, concave air-
water surfaces in leaves. The higher the tension is, i.e., the lower
the water potential, the stronger the concavity is. In addition to
transpiration, solutes dissolved in the xylem sap may contribute
to the decrease in xylem water potential. However, the osmotic
component of water potential in the apoplastic water is marginal
since the amount of dissolved solutes in the apoplast is typically
very small (Nobel, 2005) and we ignore the osmotic effect
here.

The negative water potential causes the vapor pressure of
water in the sub-stomatal cavities to be lowered in relation to
the vapor pressure of water at a water potential of zero, i.e.,
pure water under atmospheric pressure (Pickard, 1981; Nobel,
2005). The reduction in the vapor pressure can be also derived
from the effect the concavity of water surface makes. Over
the concave surface the equilibrium vapor pressure of water is
lowered from that over a flat surface. This is called the Kelvin
effect (see Appendix A). The former approach, based on the
concept of the potential, is used by plant scientists, whereas the
latter one, based on the curvature effect, is known by physicists.
These two approaches seem to be different, but as the water
potential is coupled with the surface curvature via Young-
Laplace’s equation, they are actually one and the same leading
to the following phenomenon: The water vapor concentration
in the internal (sub-stomatal/intercellular) cavity is lower than
that corresponding to the relative humidity (RH) of 100% of
the ambient air. The phenomenon is applied for example in
the measurement of xylem water potential by the psychrometric
technique (e.g., Boyer, 1968).

The significance of the vapor pressure decrease to leaf gas
exchange and its implications for possible foliar water uptake
by “reverse transpiration”, i.e., direct stomatal water vapor
intake, have remained unexplored in plant physiology. The
reduction of water vapor pressure at the site of evaporation in
the leaves should have significant consequences for plants, but
only at low leaf water potentials and at high RH. It is well-
recognized that foliar water uptake occurs, and its importance
is especially pronounced during water stress, in the air of
high humidity and in trees living in fogbelt regions (Breazeale
et al., 1950; Haines, 1952; Burgess and Dawson, 2004; Breshears
et al, 2008; Limm et al., 2009). An example of such is the
coastal redwood [Sequoia sempervirens (D. Don) Endl], living
in the coastal Californian forests, which relies heavily on the
regular fog deposition for up to 30% of their yearly water
uptake (Burgess and Dawson, 2004). Water acquisition from
ambient air may also allow the coastal redwood to reach
heights of over 100 m (Koch et al., 2004). However, the reverse
transpiration does not rule out the fog-droplet-mediated water
uptake. It seems that many of the plant species demonstrating

foliar water uptake are not from frequently foggy environments
and simply having periods of leaf wetness may be a primary
prerequisite for the uptake (Berry et al., 2014). Since the vapor
pressure decrease modifies the driving force (vapor pressure
difference) of the transpiration, it has also implications for
the estimation of stomatal conductance from leaf gas exchange
measurements.

The curvature does not modify only the equilibrium vapor
pressure of water but the pressures of all dissolved gases, like
CO;. This has remained almost unrecognized by the plant
science community although it is well-known in e.g., atmospheric
physics [however see Schenk et al. (2016) for the role of the
same effect for the dissolution of gases in xylem sap]. Namely,
if the air-water surfaces are concave, the equilibrium vapor
pressure of CO, is reduced, i.e., its effective solubility to the
water phase increases (Vehkamiki, 2006; see also Lewis and
Randall, 1961; Vesala et al., 1997; Rodriguez-Navarro et al., 2002;
Mercury et al.,, 2003; Pera-Titus et al., 2009). The decrease in
the saturation vapor concentration of CO, above the water-air
menisci inside the leaf increases the partitioning of CO, from
the air phase to the aqueous phase at the air/water interface.
This further decreases leaf internal CO, concentration and
enhances CO; transport and assimilation rates. These together
with the reduction in transpiration improve the instantaneous
water use efficiency. The increased partitioning to the aqueous
phase should be important especially under high light, when
the photosynthetic production of plants is most limited by
the diffusion rate of CO, from the ambient atmosphere to
the chloroplasts of the mesophyll cells (Aalto and Juurola,
2002).

Even if plants would not be water-limited, the enhanced CO,
solubility benefits them as the enhanced carbon uptake increases
water use efficiency. At arid environments, where low soil and
leaf water potentials are common the water use efficiency is
enhanced both by reduced water and CO; equilibrium vapor
pressures. If these conditions are combined with e.g., high
nocturnal RH levels, plant water status can be further improved
by water vapor uptake from the air (reversed transpiration),
as a result of the Kelvin effect. However, when leaves are wet
the stomata, even if open, may be blocked with a film of
water on the cuticle. This would block the CO, uptake but
not the reversed transpiration if the surface tension prevents
the cuticular film on penetrating into a sub-stomatal cavity.
Furthermore, the low water potential would hinder the formation
of the sub-stomatal water film by drawing the water into cell
walls or xylem. Then the reverse transpiration would still occur
by means of evaporation from the cuticular water film crossing
a stomatal pore and subsequent condensation on the mesophyll
surface.

In this study we use theoretical considerations and model
calculations to evaluate the significance of the reduced vapor
pressure of water and CO, for plant leaf gas exchange. We
also quantify its contribution to plant water use efficiency.
We demonstrate that water uptake in vapor form by reverse
transpiration would be theoretically sufficient to explain the
observed rates of foliar water uptake in coastal redwood
trees.
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MATERIALS AND METHODS

Reduced Water Vapor Pressure and

Transpiration

The ratio of the saturation water vapor concentration (w;) (or
saturation water vapor pressure; for an ideal gas these are
interchangeable) over a liquid-gas interface to that over an
interface with water potential of zero (w;) is (Nobel, 2005)

w; =exp<1/fVHzo> 0

RT

where v is the water potential, Vi, is the molar volume of water
(18 x 107° m? mol™1), R is the universal gas constant and T the
interfacial temperature (for various symbols see Table 1). In case
of water at water potential of zero, i.e., pure water at atmospheric
pressure, the ratio is one and the saturation vapor concentration
(wip) depends only on temperature (Nobel, 2005).

Transpiration rate (E), is proportional to the difference
between the water vapor concentration in the sub-stomatal cavity
w; and water vapor concentration in the ambient air w,

E=(wi—wy)g ()

where g is stomatal conductance (Nobel, 2005). Inserting
Equation (1) into Equation (2) and introducing the saturation
ratio of the ambient air (S = 22; RH being 100% x S) the

wio’

transpiration rate is expressed as

E = <w~ exp (I/IVHZO> - W, )g
1,0 RT a
V
= wio <exp (IPR;{ZO> — S) g (3)

For the flat surface exp(y Vi20/RT) = 1 and for negative water
potentials the term is less than one (see Figure2) and that
facilitates the situation that the transpiration (E) turns to negative
when S > exp(¥ Vu20/RT). The actual transpiration rate in
relation to the transpiration rate at a leaf water potential of zero

(Ep) is then
£ ma(ow (M) -s)s  (on (") ~5)s

Ey (Wio — wa)g (% - %j))g
exp (L}g‘}”o) -S
=—“< (4)
1-S

Also boundary layer conductance contributes to leaf water
exchange, but here it is included in the stomatal conductance
term g.

Reduced Vapor Pressure of CO, and CO»
Assimilation Rate and the Water-Use

Efficiency
Saturation vapor concentration of CO; over a surface of water at
water potential of zero is commonly expressed using Henry’s law

Cag0 = ¢iHcon (5)

where ¢; and cgq0 are the leaf CO; concentrations in the air
and aqueous phases, and Hcoy is the Henry’s law coefficient for
CO; in water, which is dependent on temperature and pH (Nobel,
2005). If the decrease in water potential at the site of evaporation
is caused solely by loss of water (and not osmotic concentration)
then the Henry’s law’s relation in Equation (5) is modified so that
(Vehkamiiki, 2006)

2y Veon TnVcoz
Cog = c;Hcoo exp <— ) = ¢;Hcoy exp (—7

rRT RT
(6a)

where y is surface tension of water, r is the radius of curvature
(defined positive for a concave surface), Vo, is the partial
molar volume of CO, in water (34 x 10~ m® mol™!), Ty is
the water pressure difference over the air-water interface (Ty
= Pair — Pliquid, where Py, is air pressure and Pyiquiq is liquid
pressure), and where the Young-Laplace equation (Ty = 2y/r)
is used for the relation between interface curvature and surface
tension. Note that in physics r is typically defined negative
for a concave surface but we follow here the convention often
used in eco-physiology of plants. Equation (6a) means that the
higher the Ty, the lower the saturation vapor pressure, and
hence the larger the partitioning to the aqueous phase (the larger
“effective Henry’s law constant,” Hcpy times the exponential
term) of CO, in water. Since the osmotic concentration of the
apoplastic water is generally assumed to be small (Nobel, 2005),
we assume in the following calculations that the water potential
at air-water interface is lowered only by Ty and the osmotic
component of water potential is negligible, i.e., — = 2y/r,

leading to:
VVeor
RT

The driving force for stomatal gas exchange of CO; is the
difference between the CO, concentration in ambient air and
the CO, concentration at the site of photosynthesis in the
chloroplasts c.. The pathway of CO, movement is divided into
air and aqueous phases. In steady state, CO; flux in the air phase
UJéo2)

cag = ciHcoz exp < (6b)

JE6s = (ca — )8l (7)
must equal the aqueous phase flux (]2%2)

Jcbz = (cag = €)8c0n ®)
where g&if', and gg%z are the air and aqueous phase diffusive
conductances, respectively. Both fluxes must also equal the net
assimilation rate (A) in steady state, which we approximate to
be linearly proportional to CO; concentration in the chloroplasts
(e.g., Mikels et al., 1996)

A= fc. 9

where f is a constant of proportionality depending on
light availability, temperature, and biochemical properties
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TABLE 1 | Symbols and physical constants used in the calculations.

Symbol Meaning Units/Value (if applicable)

A CO, assimilation rate mol m—2s~1#

Ao CO, assimilation rate in case of water potential O mol m—2s~ 1+

Caq Concentration of CO» in agueous phase mol m—3

Cag,0 Concentration of CO» in agueous phase in case of water potential O mol m=3

Ca COy concentration in ambient air mol m—3

cj Internal (sub-stomatal/intercellular) CO» concentration mol m~—3

Ci.app Apparent internal (sub-stomatal/intercellular) CO» concentration mol m=3xxxx

Cc CO» concentration at the chloroplast mol m—3

D Diffusion coefficient of water vapor in air 241079 m2 g1

E Transpiration rate mol m—2g= 1+

Eq Transpiration rate in case of water potential O mol m—2g= 1%

f A constant of proportionality between chloroplast CO, concentration and CO» assimilation rate m3 m—2g—Tr

g Stomatal conductance ms— 1w

Gapp Apparent stomatal conductance Mg 1w

gg;'gz Air phase diffusive conductance from ambient air to the sub-stomatal cavity ms~ 1

gi32 Aqueous phase diffusive conductance from the sub-stomatal cavity to the chloroplast ms~ T

Hcoo Henry’s law coefficient for COo Unitless; the ratio of the gas phase CO» concentration to
that in the liquid phase at the equilibrium ****

i, Flux rate of CO, between the ambient air and sub-stomatal cavity mol m=2 g= 1+

Eg’z Flux rate of CO» between the sub-stomatal cavity and chloroplast mol m—2 g= 1=

r Radius of curvature m*

R Universal gas constant 8.314 J KT mol= 1+

S Saturation ratio (relative humidity / 100%) -

T Temperature K

N Water tension Pa**

Voo Molar volume of water 181076 m3 mol 1

Voo Partial molar volume of CO5 in water 34.1076 m3 mol =T+

w; Internal (sub-stomatal/intercellular) water vapor concentration mol m—3

Wi o Internal (sub-stomatal/intercellular) water vapor concentration in case of water potential O mol m=3

Wa Water vapor concentration in the ambient air mol m~—3

y Surface tension of water 0.073 N m= T

v Water potential Pa

*Positive radius of curvature is concave, negative radius of curvature is convex.
**Tension can be expressed in terms of water potential (yr): For pure water Ty = —

**Expressed here per leaf area. The aqueous phase diffusive conductance consists also of lipid components.

****Reference from CRC handbook of chemistry and physics. 2001. At a temperature of 18°C

****Apparent means that it is estimated from leaf gas exchange measurements without taking into account the effect the changes in water pressure due to lowered water potential.

of the photosynthetic machinery. The relation between
CO, assimilation rate and chloroplasts is assumed linear
in order that an analytical solution can be obtained for
assimilation rate as a function of leaf water potential. Note
that in reality, A saturates with increasing ¢, (this becomes
more evident at higher CO, concentrations), and also the
compensation point of CO, is involved in the classical
Farquhar formulation of the photosynthesis rate (Von
Caemmerer and Farquhar, 1981). However, Equation (9) is
a reasonable assumption over any small range of ¢, and over
the CO, limited region of the A-c. curve (Lambers et al,
2008).

Combining equations (6b) to (9) reveals that the relative
increase in CO, assimilation rate resulting from the reduced
vapor pressure of CO; can be expressed simply in terms

of the ratio between internal (air phase) and ambient CO,
concentration (see Supplementary Material for the algebraic
derivation)

—1
A ; 1
— = a — —1]+1 (10)
exp('//X%OZ)

b
S
o
S

This formulation shows that the values for the resistances
to CO, diffusion, light level and the absolute value of the
Henry’s law coefficient need not to be considered to evaluate the
relative effect of water potential on the CO, assimilation rate.
Further calculations (see Supplementary Material) reveal that
the time scale required for the steady state CO, concentration
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to be reached in the leaves after changes in water potential is
less than 1s so the steady state approach used here is well-
justified.

Note that Equation (10) does not contain the effective
Henry’s law coeflicient Hco, including the dissociation of
CO, into HCO; at higher pH values (Taiz and Zeiger,
2002), and the aqueous phase diffusive conductance gg%z.
They are quantities of which estimation requires information
beyond the modeling framework here. The aqueous pathway
of CO, from the mesophyll surface into the chloroplast
stroma is more complex than portrayed here, affected by
e.g., lipid phase diffusive steps or different macromolecules
obstructing diffusion (Taiz and Zeiger, 2002; Nobel,
2005).

The final note is related to assuming osmotic effects negligible.
For dilute solutions the equilibrium water vapor pressure is
lowered according to the Raoults law, i.e., the equilibrium
pressure of the pure water must be multiplied by the mole
fraction of water in the solution. This creates negative water
potential facilitating the negative transpiration similarly to

_ 2yVmo
rRT

(compare with Equation 1) where Xp,0 is the mole fraction
of water in the solution and is less than one. For CO,
the situation is more complicated and one cannot say
generally whether the osmotic effect lowers or increases the
equilibrium vapor pressure. This depends on the type of
solutes and their interactions with the dissolved CO, and water
molecules.

Figure 1 concludes schematically the consequences of the
existence of the curved interface for transpiration and carbon
assimilation.

Finally, we define the water-use efficiency (WUE) as the ratio
of the net assimilation and the transpiration rate as

a non-flat surface. Then w; = w;oXmo exp(

A
WUE = —

E (11)

Effects of the Reduced Vapor Pressures on
the Stomatal Conductance and the Internal

CO, Concentration

Ignoring the reduction of vapor pressure with decreasing
water potential will also cause an error in the estimation
of the value of stomatal conductance and leaf internal CO,
concentrations from measurements of leaf gas exchange and
vapor pressure deficit (VPD), especially when the measurements
are conducted at high RH and low xylem water potential.
Using Equation 3 for the actual stomatal conductance (g) and
introducing the apparent stomatal conductance (ggp), i.e., the
stomatal conductance if the reduction in water vapor pressure is
ignored

E
Wio exp (L ‘;’}20) — Wy
E

Wi — Wa

>

(12)

Sapp = (13)

W; > Wjo
Wi = Wio ’A
" & 1»’,’)\
Flat surface Concave surface Convex surface
H,0 co, H,0 CO,
transpiration  assimilation transpiration assimilation
rate rate rate rate

TN
* e -MN

—
Decreasing water potential

l

Increasing carbon uptake
Decreasing water loss

FIGURE 1 | Over a curved water/air meniscus at the air-mesophyll
interface the equilibrium vapor concentrations for both water vapor
and CO, are lowered. Consequently, the exchange rates of water vapor and
COy are affected. The radius of curvature r of the meniscus is given by the
Young-Laplace equation linking the surface tension y and water potential .

the relationship between two conductances can be written as

E

Wio eXp(w‘;’%ZO)—wa Wio — Wq
g = —w,-,oli - 8app = Wio exp ( % ) - Wagapp
- wud=$ =S
- Wio (exp (%) — S)gapp - exp (%) — Sgapp
(14)

The error made in the estimation of stomatal conductance
will also propagate into the calculation of the internal CO,
concentration (¢;). Formulating the CO, exchange by means of
the two conductances as

A
Ca—C = — (15a)
4
A
Ca — Cigpp = —— (15b)
8app

where cjapp is the internal CO;, concentration, the ratio of the
difference of the ambient CO, concentration and the internal
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1.00 10
~
~
S~ - = Water
098 S~ co2
S Radius of curvature

Vapor pressure in comparison to flat surface
Radius of curvateture (um)

Water potential (- MPa)

FIGURE 2 | Equilibrium vapor pressure of liquid water (black dashed
line) and dissolved carbon dioxide (gray dashed line), normalized to
the flat surface value, and the radius of curvature of the water
meniscus as a function of the absolute value of the water potential.
The radius of concave surface is positive.

CO; concentration to the difference against the apparent internal
CO, concentration can be written as

WV,
Ca Ci _ i _ gapp _ exp( RI%ZO> =S (16)
Ca — Ciapp g;“? g 1-S
RESULTS

Effects of Reduced Vapour Pressure on
Transpiration, Assimilation, and Water-Use

Efficiency

Decreasing leaf water potential decreases the saturation vapor
concentration of both water and CO,, albeit more so in the
latter than the former (Figure 2). This is because the partial
molar volume of CO; in the water solution is larger than that
of the molar volume of water (see Table 1). Decreasing water
potential lowers the CO, saturation vapor pressure resulting in
enhanced partitioning of CO; to water. For example, at water
potential of —0.5, —2.0, and —10.0 MPa, the partitioning of CO,
to water is 100.6, 102.8, and 114.6%, respectively, compared to
that at water potential of zero, based on Equation (6b). Typical
values of leaf water potential for C3 plants are between —1 and
—2 MPa (Mencuccini, 2003), down to —4 MPa in species in
arid zones, and as low as —10 MPa in the most extreme cases
(Tyree, 1997).”

The transpiration rate decreases as the leaf water potential
decreases and the ambient RH increases. In the case that water
potential is very low and RH is very high transpiration is
predicted to turn into water uptake (see Equation 4). The “reverse
transpiration” occurs along the zero contour in Figure 3A, being
approximately at 94% and —10 MPa, and 98.9% at —2 MPa.

The increase in CO, assimilation rate with decreasing water
potential becomes more pronounced with increasing internal
CO; concentration (Figure 3B), i.e., under conditions of high
stomatal conductance and/or low light. The daytime ratio of

internal to ambient CO; concentration varies typically from 0.5
to 1 (e.g., Steudle, 2001), and even at low internal concentrations
CO; (half of the ambient one), CO, assimilation rate increases
by 1.7 and 8.7% for water potentials of —2.0 and —10 MPa,
respectively. At water potentials of —10 MPa many plants will
close their stomata (e.g., Pockman and Sperry, 2000). Naumburg
etal. (2004) have reported non-zero stomatal conductances down
to —7 MPa and Garcia-Forner et al. (2016) down to —5 MPa.

WUE, the ratio of assimilation and transpiration rates,
increases with decreasing water potential and increasing RH
and internal CO, concentration (Figure4) as a result of the
simultaneous decrease in transpiration rate and increase in CO;
assimilation rate. For example, let us consider representative
conditions at temperate/boreal zone: Intermediate RH of 50%,
internal CO; concentration ratio of 0.7 and leaf water potential
of —2 MPa. At these conditions WUE increases approximately
5% due to the decreased leaf water potential. The increase in
WUE would naturally be more pronounced at lower leaf water
potentials and higher RH, being 28%, if the potential was —5
MPa and RH 80% with the CO, concentration ratio remaining
0.7. However, one should note that the stomatal closure ignored
here would partly mask the reduced vapor pressure effect.

Effects on the Estimation of the Stomatal
Conductance and the Leaf Internal CO,

Concentration

If the reduction in vapor pressure due to decreasing water
potential is not taken into account, the calculation of stomatal
conductance from transpiration and ambient air VPD will
yield an underestimation of the actual stomatal conductance
(Figure 5A). The error becomes noticeable when water potential
is low and RH is high. The error in the estimation of stomatal
conductance also propagates to the estimation of leaf internal
CO; concentration (Figure 5B). The actual value of leaf internal
CO;, concentration is then underestimated.

Reduced Water Vapor Pressure and Water

Uptake by “Reverse Transpiration”

We analyse the case of a coastal redwood tree (Sequoia
sempervirens) since it grows under the conditions where water
uptake by leaves is known to be significant and the relevant
information is available from several references. We consider a
fog event during a dry season when RH is 100% (Burgess and
Dawson, 2004) and temperature is 20°C. This means that the
saturation vapor concentration over a surface of water potential
zero (wiyp) is 0.92 mol m~3 (Haynes, 2010). The realistic leaf
water potential values can be assumed to vary from —0.5 to
—2.2 MPa (Ambrose et al., 2016). It is difficult to assess what
the actual value for stomatal conductance would be during
such conditions due to the difficulty in measuring the actual
stomatal conductance (see Figure 5A) and also due to technical
limitations of measuring small transpiration rates at high RH,
when the transpiration may be also masked by condensation on
the surfaces (e.g., Altimir et al., 2006). The maximum stomatal
conductance for coastal redwood is likely to be around 5 mm
s~ (Ambrose et al., 2009). Caird et al. (2007) compiled values of
nocturnal stomatal conductance measured across many different
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FIGURE 3 | Transpiration rate as a function of the saturation ratio S (S = RH/100%) and the water potential (A) and the CO» assimilation rate as a function
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species and the largest values of c. 5 mm s~! were for deciduous

trees and shrubs. Increased stomatal conductance due to foggy
conditions has been reported in many studies (Dawson et al.,
2007; Reinhardt and Smith, 2008; Alvarado-Barrientos et al.,
2015). We assume that the realistic conductance values vary from
1to5mms L. By using Equation (3) with the fixed value of RH
(100%) and the temperature (20°C) and the above-mentioned
ranges for the water potential and stomatal conductance we
obtain the range of the reverse transpiration rates shown in
Figure 6. If the conductance is 2.5 mm s ! and the potential —1.5
MPa, the reverse transpiration is 0.5x 10~ gm~2s~!. The reverse
transpiration may be short-lived if it equilibrates the leaves.
However, the obtained estimate for the reverse transpiration rate
is of the same order of magnitude as the measured downwards
sap flow in these trees (1.5 L h™!, which equals 0.6 x 1073 g
m~2 57! given a total leaf area of 660 m? (Burgess and Dawson,
2004). This sap flow rate is equal to ~5-7% of maximum daytime
transpiration values (Burgess and Dawson, 2004). Transpiration
will remain negative as long as RH is higher than 99% given a leaf
water potential of —1.5 MPa.

DISCUSSION

Our theoretical calculations demonstrate that the decrease in
vapor pressure in the sub-stomatal cavity in the leaves due
to negative water potential has a significant role in plant leaf
gas exchange. It will also induce foliar water uptake through
the stomata from ambient air even at RHs slightly below
100%. Although the effect of decreasing vapor pressure of
water and gases with decreasing water potential is a well-
recognized phenomenon in many other fields of science, its role
in plant stomatal water and CO; exchange has been ignored. The
potential main reason for this is that its effect on stomatal gas
exchange is masked by other factors and therefore, it is difficult to
observe via standard gas exchange measurements. The masking
factors are (1) Differences in temperature between the ambient

air and the leaf will lead to a deviation of leaf internal vapor
pressures from the one calculated based on the air temperature;
(2) Stomata also typically close with decreasing water potential
(e.g., Buckley, 2005) to prevent e.g., excess xylem embolism
formation (Tyree and Sperry, 1989), and this increases WUE
independently (e.g. Brodribb, 1996); (3) Low leaf water potentials
can induce adverse effects on CO, assimilation and WUE due to
metabolic impairment of photosynthesis (Flexas and Medrano,
2002, Chaves et al., 2003) and decreased mesophyll conductance
(Warren et al., 2004, Grass and Magnani, 2005) acting in the
opposite direction to decrease water use efficiency during low
water potentials.

Our calculations predict that the increase in WUE resulting
from the decreased vapor pressures of water and CO, alone
is more than 5% in typical conditions of moist climates and
much larger in arid regions. This result suggests that interpreting
measured, drought-induced reduction in transpiration and
increase in WUE directly as stomatal closure without considering
the changes in vapor pressure of water and CO; leads to biased
conclusions about leaf gas exchange during drought. In general,
the increase in the ratio of the aqueous to air phase concentration
with decreasing water potential applies also to the exchange
of other gases. For example, decreasing water potential would
also increase the solubility of oxygen to water at the air-water
interfaces, which would affect photorespiration. The solubility of
volatile organic compounds to the xylem sap would also increase
with decreasing water potential. The effect would be even
stronger for many of the biogenic volatile organic compounds in
comparison to CO; since their partial molar volume is typically
larger than that of CO5.

Water uptake via leaves can be an ecologically important water
resource (Munné-Bosch et al., 1999; Caird et al., 2007; Breshears
et al., 2008; Limm et al., 2009). While other mechanisms of
water uptake operate simultaneously (e.g., foliar uptake through
the cuticle), (e.g., Kerstiens, 1996; Eller et al., 2013), reversed
transpiration by capillary condensation through stomata is based
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potential values: —1 MPa (A), —2 MPa (B), and —5 MPa (C).

on ubiquitous connection of sub-stomatal interfaces to apoplastic
water and only requires RH to be close to 100%. Therefore, it
may be an efficient, naturally occurring means of water uptake
for plants occupying areas of regular fogs such as the Californian
coast, the Namib Desert in southern Africa, or the Chilean
highlands. For example, tree structure and dynamics of stomatal
control in coastal redwood in the coastal Californian forest
would give good conditions for “reverse transpiration.” Coastal
redwoods have one of the largest leaf area indices known and
exert only weak stomatal control during nights (Burgess and
Dawson, 2004), while stomatal conductance during times of
CO; assimilation have been found to be amongst the smallest
encountered anywhere (Koch et al., 2004). Recent studies have
reported foliar water uptake, and subsequent improvement of
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FIGURE 5 | The ratio of the actual stomatal conductance to the
apparent stomatal conductance (see Equation 14) as a function of the
saturation ratio S (S = RH/100%) (A), and the ratio of the difference of
the ambient CO, concentration and the internal CO5 concentration to
the difference against the apparent internal CO, concentration as a
function of S (B) (Equation 16), both for three water potential values.

plant water status also in tropical cloud forests (Eller et al., 2013;
Goldsmith et al., 2013; Gotsch et al., 2014), and in boreal forests
(Berry and Smith, 2014). Water may also enter the leaves in liquid
form through stomata mediated by the presence of bacteria,
fungal hyphae and mucilage, or by a decrease in surface tension
by aerosol deposition (Burkhardt et al, 2012). Interestingly,
many species have been reported to gradually increase stomatal
opening during predawn hours (Caird et al., 2007), which is
exactly when RH is typically at its highest.

As we have shown by model calculations, decreasing leaf water
potential lowers the vapor pressure of water, which leads to a
reduction in the transpiration rate. Decreasing water potential
increases the solubility of CO;, which leads to increasing leaf
CO; assimilation rate. From an ecological viewpoint, increasing
WUE with decreasing water availability could benefit plants
to grow in drier environmental conditions. The changes in
water vapor pressure may also cause biases in the estimates of
stomatal conductance and of leaf internal CO, concentrations
from leaf gas exchange measurements especially when RH is
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FIGURE 6 | Reverse transpiration rate (mg m—2 s“) as a function of
stomatal conductance and leaf water potential at a temperature of
20°C and a relative humidity of 100% (Equation 3).

high and/or water potential is low. Manufactures of porometers
and leaf gas exchange measurement systems should look for an

REFERENCES

Aalto, T., and Juurola, E. (2002). A three-dimensional model of CO, transport
in airspaces and mesophyll cells of a silver birch leaf. Plant Cell Environ. 25,
1399-1409. doi: 10.1046/j.0016-8025.2002.00906.x

Altimir, N., Kolari, P., Tuovinen, J.-P., Vesala, T., Bick, J., Suni, T., et al. (2006).
Foliage surface ozone deposition: a role for surface moisture? Biogeosciences 3,
209-228. doi: 10.5194/bg-3-209-2006

Alvarado-Barrientos, M. S., Holwerda, F., Geissert, D. R., Mu-oz-Villers, L. E.,
Gotsch, S. G., Asbjornsen, H., et al. (2015). Nighttime transpiration in a
seasonally dry tropical montane cloud forest environment. Trees 29, 259-274.
doi: 10.1007/s00468-014-1111-1

Ambrose, A. R., Burgess, S. S. O., Baxter, W. L, Wong, C. S., Williams,
R. R., Naesborg, R. R, et al. (2016). Hydraulic constraints on optimal
resource utilization in giant sequoia trees. Oecologia. 182, 713-730.
doi: 10.1007/s00442-016-3705-3

Ambrose, A. R, Sillett, S. C., and Dawson, T. E. (2009). Effects of tree height on
branch hydraulics, leaf structure, and gas exchange in California redwoods.
Plant Cell Environ. 32, 743-757. doi: 10.1111/j.1365-3040.2009.01950.x

Berry, Z. C., and Smith, W. K. (2014). Experimental cloud immersion and foliar
water uptake in saplings of Abies fraseri and Picea rubens. Trees 28, 115-123.
doi: 10.1007/s00468-013-0934-5

Berry, Z. C., White, J. C., and Smith, W. K. (2014). Foliar uptake, carbon fluxes and
water status are affected by the timing of daily fog in saplings from a threatened
cloud forest. Tree Physiol. 34, 459-470. doi: 10.1093/treephys/tpu032

Boyer, J. S. (1968). Measurement of the water status of plants. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 9, 351-363.

Breazeale, E. L., McGeorge, W. T., and Breazeale, J. F. (1950). Moisture absorption
by plants from an atmosphere of high humidity. Plant Physiol. 25, 413-419.
doi: 10.1104/pp.25.3.413

option to incorporate leaf water potentials in measurement set-
ups. These theoretical predictions demand further experimental
study.

AUTHOR CONTRIBUTIONS

TV designed the work together with SS, TG, EN, PH, and TH. YS
participated in the interpretation of the results. TV and TH wrote
the most part of the paper and all others commented it critically
with important intellectual contribution. All authors approve the
final version and agree for all aspects of the work.

ACKNOWLEDGMENTS

The financial support by the Academy of Finland Centre of
Excellence (118780), Academy Professor projects (1284701 and
1282842) and ICOS-Finland (281255) are acknowledged. SS
was supported by Los Alamos National Laboratory LDRD
program projects #20130442ER and #20160373ER. Eija Juurola,
Lauri Lindfors, Maurizio Mencuccini, and Ilona Riipinen are
acknowledged for helpful discussions and comments on the
work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.
00054/full#supplementary-material

Breshears, D. D., McDowell, N. G., Goddard, K. L., Dayem, K. E., Martens,
S. N., Meyer, C. W,, et al. (2008). Foliar absorption of intercepted rainfall
improves woody plant water status most during drought. Ecology 89, 41-47
doi: 10.1890/07-0437.1

Brodribb, T. (1996). Dynamics of changing intercellular CO, Concentration (ci)
during Drought and determination of minimum functional ci. Plant Physiol.
111, 179-185. doi: 10.1104/pp.111.1.179

Buckley, T. N. (2005). The control of stomata by water balance. Tansley Rev. New
Phytol. 168, 275-292. doi: 10.1111/j.1469-8137.2005.01543.x

Burgess, S. S. O., and Dawson, T. E. (2004). The contribution of fog
to the water relations of Seqoia sempervirens (D. Don): foliar uptake
and prevention of dehydration. Plant Cell Environ. 27, 1023-1034.
doi: 10.1111/j.1365-3040.2004.01207.x

Burkhardt, J., Basi, S., Pariyar, S., and Hunsche, M. (2012). Stomatal penetration by
aqueous solutions—an update involving leaf surface particles. New Phytol. 196,
774-787. doi: 10.1111/.1469-8137.2012.04307.x

Caird, M. A,, Richards, J. H., and Donovan, L. A. (2007). Nighttime stomatal
conductance and transpiration in C3 and C4 plants. Plant Physiol. 143, 4-10.
doi: 10.1104/pp.106.092940

Chaves, M. M., Maroco, J. P., and Pereira, J. S. (2003). Understanding plant
responses to drought — from genes to the whole plant. Funct. Plant Biol. 30,
239-264. doi: 10.1071/FP02076

Dawson, T. E., Burgess, S. S. O., Tu, K. P,, Oliveira, R. S., Santiago, L. S,
Fisher, J. B., et al. (2007). Nighttime transpiration in woody plants from
contrasting ecosystems. Tree Physiol. 27, 561-575. doi: 10.1093/treephys/
27.4.561

Eller, C. B, Lima, A. L., and Oliveira, R. S. (2013). Foliar uptake of fog water
and transport belowground alleviates drought effects in the cloud forest
tree species, Drimys brasiliensis (Winteraceae). New Phytol. 199, 151-162.
doi: 10.1111/nph.12248

Frontiers in Plant Science | www.frontiersin.org

February 2017 | Volume 8 | Article 54


http://journal.frontiersin.org/article/10.3389/fpls.2017.00054/full#supplementary-material
https://doi.org/10.1046/j.0016-8025.2002.00906.x
https://doi.org/10.5194/bg-3-209-2006
https://doi.org/10.1007/s00468-014-1111-1
https://doi.org/10.1007/s00442-016-3705-3
https://doi.org/10.1111/j.1365-3040.2009.01950.x
https://doi.org/10.1007/s00468-013-0934-5
https://doi.org/10.1093/treephys/tpu032
https://doi.org/10.1104/pp.25.3.413
https://doi.org/10.1890/07-0437.1
https://doi.org/10.1104/pp.111.1.179
https://doi.org/10.1111/j.1469-8137.2005.01543.x
https://doi.org/10.1111/j.1365-3040.2004.01207.x
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1104/pp.106.092940
https://doi.org/10.1071/FP02076
https://doi.org/10.1093/treephys/27.4.561
https://doi.org/10.1111/nph.12248
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Vesala et al.

Reverse Transpiration under Negative Pressure

Fisher, L. R., and Israelachvili, J. N. (1979). Direct experimental verification
of the Kelvin equation for capillary condensation. Nature 277, 548-549.
doi: 10.1038/277548a0

Flexas, J., and Medrano, H. (2002). Drought-inhibition of photosynthesis in C3
plants: stomatal and non-stomatal limitations revisited. Ann. Bot. 89, 183-189.
doi: 10.1093/aob/mcf027

Garcia-Forner, N., Adams, H. D., Sevanto, S., Collins, A. D., Dickman, L. T,
Hudson, P. J., et al. (2016). Responses of two semiarid confer tree species
to reduced precipitation and warming reveal new perspectives for stomatal
regulation. Plant Cell Environ. 39, 38-49. doi: 10.1111/pce.12588

Goldsmith, G. R., Matzke, N. J., and and Dawson, T. E. (2013). The incidence
and implications of clouds for cloud forest plant water relations. Ecol. Lett. 16,
307-314. doi: 10.1111/ele.12039

Gotsch, S. G., Asbjornsen, H., Holwerda, F., Goldsmith, G. R., Weintraub, A. E,,
and Dawson, T. E. (2014). Foggy days and dry nights determine crown-level
water balance in a seasonal tropical montane cloud forest. Plant Cell Environ.
37,261-272. doi: 10.1111/pce.12151

Grass, G., and Magnani, F. (2005). Stomatal, mesophyll conductance and
biochemical limitations to photosynthesis as affected by drought and
leaf ontogeny in ash and oak trees. Plant Cell Environ. 28, 834-849.
doi: 10.1111/j.1365-3040.2005.01333.x

Haines, F. M. (1952). The absorption of water by leaves in an atmosphere of high
humidity. J. Exp. Bot. 3, 95-98.

Haynes, W. M. (2010). CRC Handbook of Chemistry and Physics, 91st Edn. Boca
Raton, FL: CRC Press.

Kerstiens, G. (1996). Cuticular water permeability and its physiological
significance. J. Exp. Bot. 47, 1813-1832. doi: 10.1093/jxb/47.12.1813

Koch, G. W, Sillet, S. E., Jennings, G. M., and Davis, S. D. (2004). Limits to tree
height. Nature 428, 854-855. doi: 10.1038/nature02417

Lambers, H., Chapin, F. S., and Pons, T. L. (2008). Plant Physiological Ecology, 2nd
Edn. New York, NY: Springer.

Lewis, G. N., and Randall, M. (1961). Thermodynamics. Revised by K. S. Pitzer and
L. Brewer. New York, NY: McGraw-Hill.

Limm, E. B., Simonin, K. A., Bothman, A. G., and Dawson, T. E. (2009). Foliar
water uptake: a common water acquisition strategy for plants of the redwood
forest. Oecologia 161, 449-459. doi: 10.1007/s00442-009-1400-3

Mikeld, A., Berninger, F., and Hari, P. (1996). Optimal control of gas
exchange during drought: theoretical analyses. Ann. Bot. 77, 461-467.
doi: 10.1006/anbo.1996.0056

Mencuccini, M. (2003). The ecological significance of long-distance water
transport: short-term regulation, long-term acclimation and the hydraulic
costs of stature across plant life forms. Plant Cell Environ. 26, 163-182.
doi: 10.1046/j.1365-3040.2003.00991.x

Mercury, L., Azaroual, M., Zeyen, H., and Tardy, Y. (2003). Thermodynamic
properties of solutions systems under negative or
positive  pressures.  Geochim.  Cosmochim. Acta 67, 1769-1785.
doi: 10.1016/S0016-7037(02)01406-0

Munné-Bosch, S., Nogués, S., and Alegre, L. (1999). Diurnal variations of
photosynthesis and dew absorption by leaves in two evergreen shrubs
growing in Mediterranean field conditions. New Phytol. 144, 109-119
doi: 10.1046/j.1469-8137.1999.00490.x

Nanda, K. K., Kruis, F. E,, and Fissan, H. (2002). Evaporation of free PbS
nanoparticles: evidence of the kelvin effect. Phys. Rev. Lett. 89:256103.
doi: 10.1103/physrevlett.89.256103

Naumburg, E., Loik, M. E., and Smith, S. D. (2004). Photosynthetic responses of
Larrea tridentata to seasonal temperature extremes under elevated CO,. New
Phytol. 162, 323-330. doi: 10.1111/j.1469-8137.2004.01023.x

Nobel, P. S. (2005). Physiochemical and Environmental Plant Physiology, 3rd Edn.
New York, NY: WH Freeman and Company.

in metastable

Pera-Titus, M., El-Chahal, R., Rakotovao, V., Daniel, C., Miachon, S., and
Dalmon, J. A. (2009). Direct volumetric measurement of gas oversolubility
in Nanoliquids: beyond Henry’s law. Chem. Phys. Chem. 10, 2082-2089.
doi: 10.1002/cphc.200900058

Pickard, W. F. (1981). The ascent of sap in plants. Prog. Biophys. Mol. Biol. 37,
181-229. doi: 10.1016/0079-6107(82)90023-2

Pockman, W. T., and Sperry, J. S. (2000). Vulnerability to xylem cavitation and
the distribution of Sonoran desert vegetation. Am. J. Bot. 87, 1287-1299.
doi: 10.2307/2656722

Pockman, W. T., Sperry, J. S., and O’Leary, ]. W. (1995). Sustained and significant
negative water pressure in xylem. Nature 378,715 - 716. doi: 10.1038/378715a0

Reinhardt, K., and Smith, W. K. (2008). Impacts of cloud immersion on
microclimate, photosynthesis and water relations of Abies fraseri (Pursh.)
Poiret in a temperate mountain cloud forest. Oecologia 158, 229-238.
doi: 10.1007/s00442-008-1128-5

Reiss, H., and Koper, G. J. M. (1995). The Kelvin relation: stability, fluctuation
and factors involved in the Measurement. J. Phys. Chem. 99, 7837-7844.
doi: 10.1021/j100019a074

Rodriguez-Navarro, C., Cazalla, O., Elert, K., and Sebastian, E. (2002). Liesegang
pattern development in carbonating traditional lime mortars. Proc. R Soc.
Lond. A Math. Phys. Eng. Sci. 458, 2261-2273. doi: 10.1098/rspa.2002.
0975

Schenk, H. J., Espino, S., Visser, A., and Esser, B. K. (2016). Dissolved atmospheric
gas in xylem sap measured with membrane inlet mass spectrometry. Plant Cell
Environ. 39, 944-950. doi: 10.1111/pce.12678

Seinfeld, J. H., and Pandis, S. M. (1998). Atmospheric Chemistry and Physics. New
York, NY: John Wiley.

Steudle, E. (2001). The cohesion-tension mechanism and the acquisition of
water by plant roots. Ann. Rev. Plant. Physiol. Plant. Mol. Biol. 52, 847-875.
doi: 10.1146/annurev.arplant.52.1.847

Taiz, L., and Zeiger, E. (2002). Plant Physiology, 3rd Edn. Sunderland, MA: Sinauer.

Tyree, M. T. (1997). The cohesion-tension theory of sap ascent: current
controversies. J. Exp. Bot. 48, 1753-1765. doi: 10.1093/jxb/48.10.1753

Tyree, M. T., and Sperry, J. S. (1989). Vulnerability of xylem to cavitation
and embolism. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 19-38.
doi: 10.1146/annurev.pp.40.060189.000315

Vehkamiki, H. (2006). Classical Nucleation Theory in Multi-component Systems.
Berlin: Springer.

Vesala, T., Kulmala, M., Rudolf, R., Vrtala, A., and Wagner, P. E. (1997). Models for
condensational growth and evaporation of binary aerosol particles. J. Aerosol.
Sci. 28, 565-598. doi: 10.1016/S0021-8502(96)00461-2

Von Caemmerer, S., and Farquhar, G. D. (1981). Some relationships between the
biochemistry of photosynthesis and the gas exchange of leaves. Planta 153,
376-387. doi: 10.1007/BF00384257

Warren, C. R,, Livingston, N. J., and Turpin, D. H. (2004). Water stress decreases
the transfer conductance of Douglas-fir (Pseudotsuga menziesii) seedlings. Tree
Physiol. 24, 971-979. doi: 10.1093/treephys/24.9.971

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Vesala, Sevanto, Gronholm, Salmon, Nikinmaa, Hari and Holttd.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

February 2017 | Volume 8 | Article 54


https://doi.org/10.1038/277548a0
https://doi.org/10.1093/aob/mcf027
https://doi.org/10.1111/pce.12588
https://doi.org/10.1111/ele.12039
https://doi.org/10.1111/pce.12151
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1093/jxb/47.12.1813
https://doi.org/10.1038/nature02417
https://doi.org/10.1007/s00442-009-1400-3
https://doi.org/10.1006/anbo.1996.0056
https://doi.org/10.1046/j.1365-3040.2003.00991.x
https://doi.org/10.1016/S0016-7037(02)01406-0
https://doi.org/10.1046/j.1469-8137.1999.00490.x
https://doi.org/10.1103/physrevlett.89.256103
https://doi.org/10.1111/j.1469-8137.2004.01023.x
https://doi.org/10.1002/cphc.200900058
https://doi.org/10.1016/0079-6107(82)90023-2
https://doi.org/10.2307/2656722
https://doi.org/10.1038/378715a0
https://doi.org/10.1007/s00442-008-1128-5
https://doi.org/10.1021/j100019a074
https://doi.org/10.1098/rspa.2002.0975
https://doi.org/10.1111/pce.12678
https://doi.org/10.1146/annurev.arplant.52.1.847
https://doi.org/10.1093/jxb/48.10.1753
https://doi.org/10.1146/annurev.pp.40.060189.000315
https://doi.org/10.1016/S0021-8502(96)00461-2
https://doi.org/10.1007/BF00384257
https://doi.org/10.1093/treephys/24.9.971
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Effect of Leaf Water Potential on Internal Humidity and CO2 Dissolution: Reverse Transpiration and Improved Water Use Efficiency under Negative Pressure
	Introduction
	Materials and Methods
	Reduced Water Vapor Pressure and Transpiration
	Reduced Vapor Pressure of CO2 and CO2 Assimilation Rate and the Water-Use Efficiency
	Effects of the Reduced Vapor Pressures on the Stomatal Conductance and the Internal CO2 Concentration

	Results
	Effects of Reduced Vapour Pressure on Transpiration, Assimilation, and Water-Use Efficiency
	Effects on the Estimation of the Stomatal Conductance and the Leaf Internal CO2 Concentration
	Reduced Water Vapor Pressure and Water Uptake by ``Reverse Transpiration''

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


