UC Davis
UC Davis Previously Published Works

Title
The Sites of Evaporation within Leaves

Permalink
https://escholarship.org/uc/item/1pv5661d

Journal
Plant Physiology, 173(3)

ISSN
0032-0889

Authors

Buckley, Thomas N
John, Grace P
Scoffoni, Christine

Publication Date
2017-03-01

DOI
10.1104/pp.16.01605

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1pv5661g
https://escholarship.org/uc/item/1pv5661g#author
https://escholarship.org
http://www.cdlib.org/

CrossMark

The Sites of Evaporation within Leaves!'°"®N!

Thomas N. Buckley*, Grace P. John, Christine Scoffoni, and Lawren Sack

Plant Breeding Institute, Sydney Institute of Agriculture, University of Sydney, Narrabri 2390, Australia (T.N.B.);
and Department of Ecology and Evolutionary Biology, University of California, Los Angeles, California 90095
(GPJ, CS, LS)

ORCID IDs: 0000-0001-7610-7136 (T.N.B.); 0000-0002-8045-5982 (G.P.].); 0000-0002-2680-3608 (C.S.).

The sites of evaporation within leaves are unknown, but they have drawn attention for decades due to their perceived
implications for many factors, including patterns of leaf isotopic enrichment, the maintenance of mesophyll water status,
stomatal regulation, and the interpretation of measured stomatal and leaf hydraulic conductances. We used a spatially explicit
model of coupled water and heat transport outside the xylem, MOFLO 2.0, to map the distribution of net evaporation across leaf
tissues in relation to anatomy and environmental parameters. Our results corroborate earlier predictions that most evaporation
occurs from the epidermis at low light and moderate humidity but that the mesophyll contributes substantially when the leaf
center is warmed by light absorption, and more so under high humidity. We also found that the bundle sheath provides a
significant minority of evaporation (15% in darkness and 18% in high light), that the vertical center of amphistomatous leaves
supports net condensation, and that vertical temperature gradients caused by light absorption vary over 10-fold across species,
reaching 0.3°C. We show that several hypotheses that depend on the evaporating sites require revision in light of our findings,
including that experimental measurements of stomatal and hydraulic conductances should be affected directly by changes in the
location of the evaporating sites. We propose a new conceptual model that accounts for mixed-phase water transport outside the
xylem. These conclusions have far-reaching implications for inferences in leaf hydraulics, gas exchange, water use, and isotope

physiology.

The pathways for water transport through a plant are
often perceived to end at the sites of evaporation outside
the xylem within leaves (Holmgren et al., 1965; Meidner,
1975; Farquhar and Raschke, 1978; Blizzard and Boyer,
1980; Tyree and Yianoulis, 1980; Sheriff, 1984; Boyer, 1985;
Yang and Tyree, 1994; Brodribb et al., 2002; Sperry et al.,
2002; Buckley, 2005; Sack and Holbrook, 2006; Mott, 2007;
Beerling and Franks, 2010; Berry et al., 2010; Pieruschka
et al., 2010). This perception gave rise to a number hy-
potheses (summarized in Table I) that depend on the
locations of the evaporating sites, with important im-
plications for understanding and measurement of key
processes across hydraulics and gas-exchange physi-
ology. (1) The location of the evaporating sites deter-
mines the path length for water transport outside the

! This work was supported by the Australian Research Council
(grant nos. DP150103863 and LP130100183 to T.N.B.), by the Grains
Research and Development Corporation (US00089), and by the U.S.
National Science Foundation (grant nos. 1557906 to T.N.B. and
1146514 to L.S. and T.N.B.).

* Address correspondence to t.buckley@sydney.edu.au.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Thomas N. Buckley (t.buckley@sydney.edu.au).

All authors conceived the research; T.N.B. designed, built, and
operated the model and performed the simulations and analyses;
T.N.B. and L.S. drafted the article; G.P.J., C.S., and L.S. provided
anatomical data; all authors edited the article.

[OPENT Articles can be viewed without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.01605

xylem and, therefore, should strongly influence outside-
xylem, leaf, and plant hydraulic conductances (K, K¢
and K., respectively; for a list of symbols, see Table II).
(2) If the water potential () at the evaporating sites
does not coincide with bulk leaf water potential (if,,; the
¢ of an equilibrated, excised, nontranspiring leaf, as
typically measured in a Scholander-type pressure
chamber), then estimates of K., would be in error
(Tyree and Zimmermann, 2013; Brodribb et al., 2016),
because K., is typically operationally defined for
practical measurements as the ratio of the transpiratory
flow rate to weq (Brodribb and Feild, 2000; Sack et al.,
2002). (3) The rate of evaporation from a given tissue
determines the rate of water flow through liquid phase
pathways proximal to that tissue and, therefore, also
determines the tissue’s y (Meidner, 1975; Cowan, 1977;
Tyree and Yianoulis, 1980; Maier-Maercker, 1983;
Sheriff, 1984). (4) Chemical species with low vapor
pressure will become more concentrated at the sites
of evaporation (Canny, 1990, 1993). (5) Because iso-
topologues of water that are heavier than HY’O are
enriched at the sites of evaporation (Craig and Gordon,
1965; Yakir et al., 1989; Barbour et al., 2000), the location
of those sites affects the mixing of isotopically enriched
water with xylem water and, thus, bulk leaf enrich-
ment (Yakir et al.,, 1990; Roden and Ehleringer, 1999;
Farquhar and Gan, 2003). (6) The location of the evap-
orating sites determines the extent to which the diffu-
sion pathways for CO, and water vapor overlap, which,
in turn, affects the interpretation of correlations between
Ko and mesophyll conductance to CO, (g,,; Flexas etal.,
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Table I. List of hypotheses that involve the location of the evaporating sites, with corrections based on insights presented in this article

Hypotheses That Depend on the Location of Evaporating Sites

Suggested Modification Based on Model Findings

(1) The path length for water transport outside the xylem, and therefore
the values of K, Ky, and K., are defined by where evaporation
occurs; for example, if evaporation occurs close to the epidermis,

then K will be smaller, all else being equal, because water will have
to travel farther before evaporating

(2) If the pressure chamber estimate of leaf ¢ (¢,,) does not coincide
with the ¢ at the sites of evaporation, then Weq will underestimate or
overestimate the true driving force for water transport and, thus,
overestimate or underestimate, respectively, the true values of K,
Kleaf/ and Kplam

(3) The drawdown in ¢ from the xylem to any given tissue will increase
if the evaporation rate from that tissue increases, even if the overall
transpiration rate does not change, because increased evaporation
from a tissue implies increased flow through the hydraulic
resistances proximal to that tissue

(4) Solutes dissolved in liquid water will tend to accumulate near the
sites of evaporation (but will disperse by diffusion), because such
solutes typically have negligible vapor pressures and, thus, remain in
solution when a portion of their solvent (i.e. water) evaporates

(5) The effective diffusion length for water enriched in heavier
isotopologs will be greater if the evaporating sites are farther from
the xylem (i.e. closer to the stomatal pores), because enrichment
occurs primarily at the evaporating sites

(6) If evaporation occurs closer to the stomatal pores, then the
pathways for (liquid) water transport and for inward CO, diffusion
will overlap to a greater extent, possibly helping to explain the
observed correlations between measured Kj,,; and mesophyll
conductance to CO, (g,

(7) The opportunity for diffusive interference between water vapor
efflux and CO, influx will be greater if the evaporating sites are
farther from the stomatal pores, because this will increase the
overlap between the diffusion pathways for water vapor and CO,

(8) The gas-exchange estimate of g, is lower than the true conductance
through stomatal pores to the degree that the evaporating sites are
located farther from the stomatal pores, because g, measures
diffusion from the sites of evaporation to the outside of the pores

(9) The gas-exchange estimate of ¢; is larger than the true value of ¢
prevailing in the mesophyll if the evaporating sites are closer to the
stomatal pores, because ¢; is estimated using g,

(10) The intercellular airspaces in tissues closer to the transpiring
epidermis will be farther below 100% relative humidity (calculated
at the T of the lower leaf surface) to the extent that evaporation
occurs farther from the transpiring epidermis

¢ at any given point in the leaf is influenced by both liquid and
vapor phase transport, so the driving force for water transport
and Kj,,; are not causally related to the location of the
evaporating sites; whether the term hydraulic conductance
should be restricted to include only liquid phase pathways is
a subjective matter; we argue that it is simpler to refine our
interpretation of hydraulic to include vapor transport
pathways, because they influence y values just as liquid
pathways do and because operational measurements of
hydraulic conductances often include contributions from
vapor transport

The ¢ drawdowns to different tissues are largely unaffected by
shifts in the location of the evaporating sites for a given total
evaporation rate from the whole leaf (see Fig. 13), because
such shifts are driven primarily by changes in the magnitude
of anisothermal vapor transport (AVT), which is not affected
directly by ¢

No modification

A correlation between K., and g, could arise due to any
overlap between the pathways for CO, diffusion and water
transport, whether liquid, vapor, or both; however, K-8,
correlations would not imply the mutual involvement of
aquaporins if CO, pathways overlapped primarily with vapor
phase water pathways

This is correct if shifts in the location of the evaporating sites are
accompanied by differences in vapor flux (flow per unit of
area in the intercellular airspaces), as may occur when
mesophyll evaporation is favored by increased
photosynthetic photon flux density (PPFD), but incorrect
when differences in the location of the evaporating sites
result solely from differences in the airspace fraction (as may
apply to comparisons between species)

The g, value inferred by gas exchange describes diffusive
pathways that begin at some location within the intercellular
airspaces (specifically, where relative humidity is 100% as
calculated based on the measured leaf T) and end just
outside the stomatal pores; the origin of those pathways
within the leaf can vary independently from, and even in
opposite directions to, the location of the evaporating sites
(see Figs. 8 and 12), so measured g, and ¢; are not related
directly to the sites of evaporation; despite these shifts, the
intercellular airspaces remain close to saturation, and
inferred g, only slightly underestimates the conductance of
the (shorter) diffusive pathways that extend only across the
stomatal pores themselves

2013; Tomas et al., 2013), as well as (7) the opportunity for
diffusive interference between water vapor and CO,
(reflected in the ternary corrections for gas-exchange cal-
culations; Farquhar and Cernusak, 2012). (8) Given that
stomatal conductance to water (g,) is estimated as tran-
spiration rate divided by the difference between the

1764

saturation vapor pressure of pure water at the measured
leaf temperature (T) and the vapor pressure of air outside
the stomata, and given that the vapor pressure in the in-
tercellular airspaces is perceived to be closest to saturation
at the sites of evaporation, the distance of the evaporating
sites from stomatal pores should influence the calculated
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Table II. List of symbols

Symbol Description Unit

AVT Anisothermal vapor transport -

G Intercellular CO, concentration wmol mol ™!

D,. Diffusivity of water vapor in air m? s

AT Vertical temperature gradient within leaf °C

E Leaf transpiration rate mmol m~2s”!

E Stomatal transpiration from node i mol s~

Foisosi AVT from node i to node j mol s

F Net AVT out of node i mol s~

frx Thermal conductivity of cells divided by that of pure water Unitless

8in Boundary layer conductance to heat mol m™2 ™!

G, Net IVT and AVT out of node i mol s~

Sow Boundary layer conductance to water mol m™2 ™!

S Mesophyll conductance to CO, mol m™2 57!

g g, to water mol m™2 57!

S Total conductance to water mol m™2 57!

H, Net sensible heat loss from node i Js7!

IVT Isothermal vapor transport -

K: Conductance for AVT from node i to node j mol s K™

Ky i Conductance for IVT from node i to node j mol s™! Pa”"

Ky Conductance for sensible heat transfer from mol s K™
node i to node j

Kieat Leaf hydraulic conductance mmol m™2 s~ Pa”!

K Conductance for liquid water transport from mol s™! Pa”"
node i to node j

K,y Outside-xylem hydraulic conductance mmol m™2s™" MPa™"

Kojant Whole-plant hydraulic conductance mmol m~2s~" MPa™"

A Latent heat of vaporization J mol ™!

L Net liquid water loss from node i mol s~

P, Cell membrane osmotic water permeability um s

PPFD Photosynthetic photon flux density at adaxial surface umol m~2 7!

Paat Saturation vapor pressure Pa

R, Effective Poiseuille radius of apoplastic nanopathways nm

Q, Net radiative energy loss from node i Js!

T Temperature °Cor K

Tir Air temperature °C

t Leaf thickness m

T; Temperature at node i °C

T, Measured leaf temperature (T at lower surface) °C

Vi Evaporation from node i mol s~

VLA Vein length per unit of leaf area mm™’

V., Molar volume of water m? mol !

Wi Water vapor mole fraction of ambient air mol mol ™!

Wavg Average of w,; and w;. mol mol ™"

Wieaf Water vapor mole fraction in leaf intercellular airspaces mol mol ™!

Wo Saturation vapor pressure divided by atmospheric pressure mol mol !

w, w,, evaluated at T, mol mol ™!

¥ Water potential Pa or MPa

s Water potential of node i Pa

Yeq Water potential of an excised, nontranspiring, equilibrated Pa or MPa

leaf

value of g, as well as (9) the calculated value of intercel-

lular CO, concentration (c;), which is generally estimated
using g, (Meidner, 1975; Farquhar and Sharkey, 1982). (10)
The humidity in the intercellular airspaces adjacent to the
transpiring epidermis will be further from saturation
(calculated at the T of the lower leaf surface) if evapora-
tion occurs farther from the stomatal pores and closer to
saturation if evaporation occurs closer to stomatal pores.

Plant Physiol. Vol. 173, 2017

In addition to the hypotheses described above for
processes within the leaf, stomatal biologists also have
long been interested in the evaporating sites because of
the perception that the ¢ of epidermal and guard cells
will be more negative if they support a large fraction of
evaporation (a corollary of hypothesis 3 above), thus
influencing stomatal function (Meidner, 1976; Cowan,
1977; Tyree and Yianoulis, 1980; Sheriff, 1984; Buckley,
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2005; Mott, 2007). Stomatal aperture depends on the
turgor of guard cells relative to that of adjacent epi-
dermal cells, and preferential reduction of ¢ and turgor
pressure in the epidermis due to localized evaporation
could signal guard cells to release osmolytes, closing
stomata (Darwin, 1898; Stalfelt, 1929; Meidner, 1986;
Buckley, 2005, McAdam et al., 2016). Similarly, prefer-
ential evaporation from guard cells in dry air could
explain the stomatal response to humidity by causing a
larger turgor decline in guard cells than in epidermal
cells, overcoming the epidermal mechanical advantage
(Maier-Maercker, 1983; Sheriff, 1984; Dewar, 1995,
2002).

Several previous authors have attempted to identify
the sites of evaporation using experimental and/or
modeling approaches. Some have inferred the sites of
evaporation from the accumulation of dissolved tracer
substances. For example, Tanton and Crowdy (1972)
noted that lead chelate in the transpiration stream ac-
cumulated in guard cell walls, and they concluded that
most evaporation occurred from very near the guard
cells. However, Canny (1990, 1993) noted some essen-
tial weaknesses of tracer studies: namely, that tracers
may be segregated from water flow by membranes and
also may diffuse to locations outside the water flow
pathway. Later authors used physical and mathemati-
cal models to explore evaporation from uniformly wet
surfaces lining substomatal cavities (Meidner, 1976;
Cowan, 1977; Tyree and Yianoulis, 1980). Although
each of these studies concluded that a large percentage
of evaporation would occur from surfaces very close to
each stomatal pore, they also assumed that the epi-
dermis and mesophyll surfaces were uniformly wetted,
so they could not account for resistances within or
proximal to those surfaces. Other indirect evidence
suggested that the evaporating sites extend deeper into
the leaf. Farquhar and Raschke (1978) estimated that the
resistance for diffusion from the evaporating sites to
stomata was approximately half that for diffusion

across amphistomatous leaves, which Boyer (1985)
interpreted as evidence that evaporation occurs near
the vertical center of the leaf and, thus, in the meso-
phyll and perhaps near the vasculature. Barbour and
Farquhar (2004) used an anatomical model of liquid
water flow pathways in leaves of wheat (Triticum
aestivum) to assess hypotheses about the location of the
evaporating sites and found that the available isotopic
data could not distinguish those hypotheses.

Environmental conditions also may affect the distri-
bution of evaporation within the leaf. Cowan (1977)
predicted that vertical T gradients between the illumi-
nated upper mesophyll and the cooler lower epidermis
could drive evaporation and vapor transport toward
the lower epidermis, which Sheriff (1979) corroborated
by observing condensation on the lower epidermis in
transpiring leaves when the epidermis was cooler than
the leaf center. More recent simulations by Rockwell
et al. (2014), Buckley (2015), and Buckley et al. (2015)
supported the notion that even small vertical T gradi-
ents (on the order of 0.1°C) between illuminated pali-
sade mesophyll and transpiring epidermis could drive
substantial vapor transport toward the lower epider-
mis. Together, these studies suggested that the meso-
phyll may, in fact, support a great deal of evaporation
in illuminated leaves.

In summary, the available evidence suggests that the
location of the sites of evaporation is important for
many questions across plant physiology and that
models must extend beyond the substomatal cavity to
include realistic depictions of tissues and conditions
deeper in the leaf to resolve these questions. However,
most previous studies of the evaporating sites have
been confined to single species or have used generic
models that are not suitable for exploring the effects of
species variation in leaf internal anatomy. To overcome
these limitations, we used an anatomically and bio-
physically explicit model of coupled heat and water
transport outside the xylem, MOFLO 2.0 (an extension

Table Ill. Summary data for species used in this study

LHS, Leaf habit and structure (E, evergreen; D, deciduous; h, hypostomatous; a, amphistomatous; HE, heterobaric; HO, homobaric); LF, life form (t,
tree; s, shrub; ah, annual herb; ph, perennial herb); LT, leaf thickness (um); SP, spongy mesophyll airspace fraction (%).

Species Family Origin LHS LF LT SP
Bauhinia galpinii Fabaceae Africa E, h, HE t 90.6 0.10
Camellia sasanqua Theaceae Japan E, h, HO s 408.0 0.42
Cercocarpus betuloides Rosaceae California, Mexico E, h, HE s 248.0 0.63
Comarostaphylis diversifolia Ericaceae California, Mexico E, h, HE s 284.6 0.40
Helianthus annuus Asteraceae North America D, a, HE ah 182.3 0.43
Heteromeles arbutifolia Rosaceae California, Mexico E, h, HO s 268.0 0.60
Hedera canariensis Araliaceae Canary Islands E, h, HO s 301.8 0.52
Lantana camara Verbenaceae Pantropical D, h, HO s 207.7 0.33
Magnolia grandiflora Magnoliaceae Southern United States E, h, HE t 521.1 0.32
Platanus racemosa Platanaceae California, Mexico D, h, HE t 194.9 0.45
Quercus agrifolia Fagaceae California, Mexico E, h, HE t 278.0 0.27
Raphiolepis indica Rosaceae Southern China, India E, h, HO s 462.4 0.40
Romneya coulteri Papaveraceae California, Mexico D, a, HE ph 368.8 0.35%
Salvia canariensis Lamiaceae Canary Islands D, h, HO ph 178.2 0.27

?As R. coulteri does not contain spongy mesophyll, the airspace fraction value given is for the palisade mesophyll.
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of the MOFLO model; Buckley et al., 2015), parame-
terized for 14 diverse angiosperm species (Table III), to
analyze the sites of evaporation within leaves in rela-
tion to anatomy and environmental conditions. Our
objectives were to map the distribution of net evapo-
ration across tissues within a single leaf areole, to de-
termine how that distribution is affected by leaf
anatomy and environmental conditions, and to explore
the implications of the evaporating sites for measure-
ments and inferences across plant physiology.

RESULTS

The MOFLO 2.0 model calculates heat and water
transport outside the xylem in broad leaves by repre-
senting leaf tissues as a grid of interconnected nodes.
Resistances for heat, liquid, and vapor transport be-
tween each node are calculated from anatomical and
biophysical parameters (Buckley et al., 2015), and dis-
tributions of T and ¢ are determined by solving a sys-
tem of equations that arise from conservation laws (for
details, see “Materials and Methods”). Net evaporation
occurs from a given node if the vapor flow out of
the node exceeds the vapor flow into the node. This
requires at least one of two conditions to be satisfied:
either (1) the ratio of vapor to liquid phase transport
conductance is greater for the downstream (distal)
pathways out of a node than for the proximal pathways
into the node (where proximal and distal are defined by
the direction of ¢ gradients) and/or (2) anisothermal
vapor transport (AVT) out of a node exceeds AVT into
the node (AVT is vapor diffusion driven by T gradients
independent of ¢ gradients). Evaporation also con-
sumes thermal energy and condensation releases it,
which causes cooling or warming that act as a slight
brake or negative feedback on local evaporation and
condensation and tend to favor net evaporation in re-
gions where excess heat is available from the absorption
of light.

To provide a simple quantitative basis for under-
standing how evaporation is partitioned spatially
within the leaf, we expressed the evaporation rate from
each tissue as a fraction of the leaf transpiration rate (E).
It is helpful to distinguish evaporation (a phase change
experienced by water moving within the leaf) from
transpiration (net water loss from the leaf as a whole via
stomatal pores and through the cuticle). The net inter-
nal evaporation rate must equal the transpiration rate at
steady state, but the processes are distinct: evaporation
is a component of water transport within the leaf, and
water that has evaporated from one region within the
leaf may recondense elsewhere before finally evapo-
rating at a third location. As our results will illustrate,
the evaporation rate from a given tissue can change
greatly without any change either in the rate of water
flow to that tissue from proximal locations or in the net
evaporation rate from the leaf as a whole.

For the simulations described below, environmental
and gas-exchange parameters were set at default values,

Plant Physiol. Vol. 173, 2017
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and all simulations were repeated for the 14 species listed
in Table III, with results averaged across species, unless
noted otherwise. The default environmental parameters
were as follows: PPFD = 1,500 umol m > s™ ! incident
on the adaxial surface, PPFD = 0 at the lower surface,
air temperature (T,;) = 25°C, ambient water vapor
mole fraction (w,;,) = 15 mmol mol * (0.015 mol mol '),
g.=04mol m s !, and boundary layer conductance to
water (g,,,) =3 molm *s™ .

Effects of Leaf Anatomy on the Distribution
of Evaporation

Our model predicted that evaporation is highly
concentrated at the lower epidermis and the bundle
sheath (BS), with some evaporation occurring from
across the mesophyll but especially in the upper spongy
mesophyll, just below the palisade/spongy transition.
This is illustrated by contour plots of evaporation rate
(Fig. 1, A and D) for two contrasting hypostomatous
species: Bauhinia galpinii, which has thin leaves with
relatively little airspace, and Heteromeles arbutifolia,
which has much thicker leaves and greater airspace
fraction (Table III lists leaf thickness, airspace fraction,
and leaf habit for all 14 species). A much greater share
of evaporation occurred from the mesophyll in
H. arbutifolia (37.2%, versus 8.4% in B. galpinii) due to its
greater airspace fraction and leaf thickness. In both
species, ¢ declined steeply with increasing distance
from the nearest minor vein (located at the left edge of
Fig. 1, B and E) and T peaked in the upper palisade
mesophyll, declining toward the lower leaf surface (Fig.
1, C and F). Because B. galpinii and H. arbutifolia have
similar vein spacing and, thus, similar areole radius but
H. arbutifolia is much thicker, the ¢ gradient was ori-
ented more horizontally and the vertical T gradient was
much smaller in B. galpinii than in H. arbutifolia
(~0.03°C versus 0.25°C, respectively). To verify that the
difference in ¢ gradient orientation was not caused by
the larger T gradient in H. arbutifolia, we repeated the
comparison in darkness (Supplemental Fig. S1) and
found a similar difference in orientation.

We explored how anatomy affects where evapora-
tion occurs by changing individual anatomical param-
eters in the model while holding all others constant. As
airspace fraction was increased from the smallest to the
largest values observed across the 14 species listed in
Table III (from 7% to 40% for palisade mesophyll and
from 10% to 63% for spongy mesophyll), the fraction of
evaporation contributed by the lower epidermis de-
clined from 86% to 28%, while the mesophyll fraction
increased from 9% to 41% and the BS fraction increased
from 4% to 25% (Fig. 2A). Increasing leaf thickness
across its all-species range (from 91 to 521 um, holding
relative tissue thicknesses and absolute cell dimensions
constant) had a much smaller impact, reducing lower
epidermis evaporation from 64% to 55% and increasing
the mesophyll fraction from 24% to 27% and the BS
fraction from 10% to 15% (Fig. 2B). A 3.3-fold increase in
vein density (VLA) from the all-species minimum to
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Figure 1. Spatial distribution of evaporation (A and D), ¢ (MPa; B and E),
and T (°C; C and F) across outside-xylem leaf tissues for B. galpinii (A-C)
and H. arbutifolia (D-F). In A and D, the contours represent evaporation
rate from each node in the grid (which represents a finite volume of tissue
within the areole) as a percentage of the transpiration rate of the leaf area
subtended by that node; dashed lines indicate net evaporation of zero.
The diagram at top left shows the approximate location of each tissue
type. Transdermal micrographs are shown with scale bars for each species
to illustrate the large differences in leaf anatomy and dimensions between
the two species. Dashed white lines in A and D indicate the boundary
between regions with net evaporation and regions with net condensation.
Tissue-specific percentage contributions to total evaporation rate were
as follows (in the order lower epidermis, spongy mesophyll, palisade
mesophyll, BS, and upper epidermis): for B. galpinii, 88.4, 6.4, 2.4, 3.4,
and —0.9; for H. arbutifolia, 36.6, 26.5, 9.9, 32.3, and —6.7.
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maximum values (3 and 9.8 mm ™", respectively) had
very little effect on evaporation, increasing lower epi-
dermis evaporation from 54% to 58%, decreasing me-
sophyll evaporation from 30% to 25%, and increasing
BS evaporation from 13% to 14% (Fig. 2C).

Cell dimensions also had very small impacts on the
distribution of evaporation: varying individual cell
sizes between the minimum and maximum values ob-
served across species (which corresponded to 2.5- to
4.6-fold changes in each cell dimension) led to changes
of no more than 6% in evaporation from any given
tissue, with most effects much smaller (Table IV).
Spongy cell radius had the largest effect, with a 4.6-fold
(360%) increase in this parameter resulting in a 5.9%
decrease in lower epidermis evaporation and a 4.7%
increase in BS evaporation.

Two of our 14 study species (Helianthus annuus and
Rommneya coulteri) are amphistomatous, which had two
important effects on the predicted location of the
evaporating sites. First, and unsurprisingly, whereas
evaporation occurred only from the lower epidermis in
hypostomatous species (e.g. Lantana camara; Fig. 3A), it
occurred from both epidermes in amphistomatous
species (e.g. H. annuus; Fig. 3B). Second, whereas the
palisade-spongy mesophyll transition was a site of en-
hanced evaporation in hypostomatous species (Figs.
1 and 3A), condensation occurred in the vertical center
of the mesophyll in H. annuus (Fig. 3B); the total amount
of condensation was equivalent to 3.4% of the transpi-
ration rate in that simulation. Artificially varying the
distribution of g, between the two surfaces led to an
approximately linear change in the magnitude of this
condensation flux as a percentage of transpiration,
reaching 15% for a totally epistomatous leaf of
H. annuus (Supplemental Fig. S2). By contrast, the ver-
tical center of the leaf did not support either enhanced
evaporation or condensation in R. coulteri (data not
shown), because this species lacks any differentiation
between spongy and palisade mesophyll. This suggests
that the enhanced condensation in H. annuus occurs
because the net vertical direction of water transport at
the spongy/palisade transition is upward (toward the
adaxial surface) in this species, and enhanced evapo-
ration in the same region in hypostomatous species
occurs because water movement is toward the abaxial
surface in those species. In both cases, the same mech-
anism explains the observations: namely, the shift in
vapor phase conductance caused by a change in air-
space fraction at the palisade/spongy transition.

The simulations shown in this study assumed that
transpiration (vapor diffusion to the external atmos-
phere, as distinct from vapor diffusion among regions
within the leaf) is distributed uniformly among nodes
in the transpiring epidermes. In real leaves, the great
majority of leaf water loss occurs only via stomatal
pores, leaving some regions of epidermis with no direct
water loss to the air except the typically minor evapo-
ration that occurs through the cuticle. To test whether
more realistic clustering of leaf water loss would affect
our overall results, we compared a typical simulation
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Figure 2. Effects of variations in tissue-scale parameters on evaporation among tissues: mesophyll airspace fraction (A), leaf
thickness (B), and minor VLA (C). Each parameter was varied from the minimum to the maximum value observed across the
14 species listed in Table Il while holding all other anatomical parameters constant at their all-species averages. pal, Palisade
mesophyll; spo, spongy mesophyll; BSEs, BS extensions, or in homobaric species, mesophyll directly above and below the BS; EL,

lower epidermis; EU, upper epidermis.

with another in which the same total transpiration rate
was distributed across just three nodes in the grid
(spaced 69 um apart to represent a stomatal density of
approximately 244 mm ™~ and using anatomical param-
eters for Magnolia grandiflora). This clustered simulation
predicted epidermal evaporation only very close to
stomatal pores, with condensation occurring on
intervening, nontranspiring regions of epidermis
(Supplemental Fig. S3B), but the distribution of evap-
oration across other leaf tissues was nearly identical to
that predicted in the uniform transpiration simulation
(Supplemental Fig. S3A). We found qualitatively simi-
lar results for other species (data not shown). Because
much greater spatial resolution than that provided by
MOFLO 2.0 is needed to accurately simulate vapor flow in
the vicinity of stomatal pores (Roth-Nebelsick, 2007), the
simulation shown in Supplemental Figure S3 should be
interpreted only heuristically; nevertheless, it does suggest
that stomatal density has little impact on the distribution
of evaporation at the larger scale of the whole areole.

Effects of Anatomical Changes during Dehydration

Cell and tissue dimensions may change during de-
hydration, which may, in turn, affect the distribution of
evaporation. To assess such effects, we performed three
pairs of simulations using anatomical parameters
measured at full turgor and turgor loss point for three of
our study species: Comarostaphylis diversifolia, Hedera
canariensis, and L. camara. Individual cell dimensions
and total leaf area shrank, and thus VLA increased,
during dehydration in all three species, but whereas
the airspace fraction increased in C. diversifolia and
H. canariensis, it decreased in L. camara (Supplemental
Table S1). As one would predict based on the results
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presented earlier, this led to increased mesophyll evap-
oration and decreased epidermal evaporation in the first
two species but the opposite trend, as well as a large
decline in BS evaporation, in the third species (Fig. 4).

Effects of Variation in Liquid Transport Properties

Several biophysical parameters that influence liquid
phase water transport in MOFLO 2.0 lack reliable mea-
surements, including the effective Poiseuille radius of
apoplastic nanopathways (R,), cell membrane osmotic
water permeability (P,; which includes the effect of
aquaporins), and the percentage by which apoplastic
flow across the BS is reduced by suberization and/or
lignification in anticlinal BS cell walls. As we recently
found that these parameters can strongly influence the
partitioning of water flow among transport modes
(apoplastic, transmembrane and transcellular, and gas
phase; Buckley et al., 2015), we tested whether variation
in these parameters also affected where evaporation is
predicted to occur within the leaf. The model predicted
that any change in these parameters that enhanced liquid
phase transport relative to vapor transport (i.e., increases
in P, or R,) increased the percentage of total evaporation
that occurs from the epidermis and reduced evaporation
from locations closer to the xylem (Fig. 5). However, the
suppression of BS apoplastic transport had a negligible
effect on the distribution of evaporation (Fig. 5C).

Effects of Variation in Environmental Parameters

The absorption of photosynthetically active radiation
strongly affected the distribution of evaporation across leaf

tissues: as PPFD increased from 0 to 1,500 umol mZs!
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Table IV. Effects of cell dimensions on the distribution of evaporation

Values show the percentage of total evaporation that occurs from a tissue when various cell dimensions
were varied from the minimum value to the maximum value observed across the 14 species listed in Table
Il while all other anatomical parameters were held at their all-species averages. The second column gives
the range of values across species for each cell dimension, expressed as percentage of the all-species mean
and as fold change (e.g. 4-fold range for palisade cell radius). Epidermis refers to the lower epidermis.

Cross-Species Range

Change of Percentage Evaporation between
All-Species Minimum and Maximum Values of

Dimension of Dimension Dimension
BS Epidermis Mesophyll
Palisade cell radius 49-195; 4.0 +0.7 +0.3 -1.4
Palisade cell height 63-158; 2.5 +0.6 -0.1 -0.8
Spongy cell radius 35-161; 4.6 +4.7 -5.9 -0.9
Epidermis cell size 53-235; 4.0 +0.04 —4.5 +3.8
BS cell size 51-144; 2.8 —-0.7 -0.2 +1.9
BS extension cell size 41-173; 4.2 +4.3 -1.7 -0.5

evaporation from the mesophyll (palisade and spongy
combined) increased from 5% to 26% of the total, while
lower epidermis evaporation decreased from 78% to
55% (averages across species; Fig. 6A). This shift was
driven by an increase in the transdermal temperature
gradient (AT), which drives AVT through the intercel-
lular airspaces: species-average AT increased from
0.041°C in darkness to 0.145°C at the highest PPFD,
with AT exceeding 0.2°C in five species and 0.3°C in one
(Fig. 7A). Most of this variation in AT was driven by
differences in leaf thickness (Supplemental Fig. S4). In
darkness, slight condensation was predicted to occur
across most of the palisade mesophyll, while evapora-
tion occurred strongly from the lower epidermis, BS,
and palisade/spongy boundary (as shown in Fig. 8A for
C. diversifolia), whereas at PPFD = 1,500 wmol m 2 sfl,
evaporation occurred from across the entire mesophyll,
with a layer of slight condensation at the upper epider-
mis (Fig. 8C). The T gradient in darkness was small and
peaked at the upper leaf surface (Fig. 8B), but in high
light, it was larger and peaked in the palisade mesophyll
due to cooling of the upper surface by sensible heat loss
to the air (Fig. 8D). Absorption of PPFD also increased
the T of all layers in the leaf (Fig. 7B; compare with Fig. 8,
B and D).

A similar shift in the location of the evaporating sites
was predicted to occur in response to increasing humidity
(Fig. 6B), with more evaporation occurring from the me-
sophyll and less from the epidermis as humidity increased.
Increasing ambient T, had smaller effects, with both epi-
dermal and mesophyll evaporation decreasing slightly as
T, increased but BS evaporation increasing (Fig. 6C).

Effects of Thermal Transport Properties

Thermal properties of the leaf and the leaf-air inter-
face had relatively little effect on the distribution of
evaporation across tissues. The thermal conductivity of
leaf cells is unknown, so we assumed it was a fraction,
frir of the thermal conductivity of pure water, with a
default value of 0.75; that value gives a species average
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of 0.34 T m ' s K™? for bulk leaf horizontal thermal
conductivity, which compares well with the average
(0.35) for 12 woody species reported by Vogel (1984).
Increasing fr from 0.5 to 1 reduced mesophyll evapo-
ration from 34% to 21% (average across species) and
increased epidermal evaporation from 47% to 60%, with
minor changes for other tissues (Fig. 9A). The leaf
boundary layer conductance for heat (g}, gpn = Spw/ 1.08)
influences the rate at which heat can be transferred
from either leaf surface to the atmosphere, so it might
influence AT and, hence, the distribution of evaporation.
Increasing g, from 0.75 to 10 mol m > s~! reduced
mesophyll evaporation from 36% to 26% of the total
and increased epidermal evaporation from 46% to 56%
(Fig. 9B).

Latent cooling at the sites of evaporation reduces the
saturation vapor pressure at those sites, which may
influence where evaporation occurs. To determine
the importance of evaporative cooling for the distri-
bution of evaporation, we performed an additional
simulation in which we reduced the latent heat of
vaporization (A) by 99% to exclude most evaporative
cooling (Supplemental Fig. S5). Although this led to
substantial warming of the leaf, increasing the lower
surface T by 1.6°C, it also reduced the maximum
T gradient, leaving the distribution of evaporation
virtually unchanged (62.2% versus 60.7% for the lower
epidermis [reduced A versus true A] and 27.1% versus
27.6% for the mesophyll). Thus, although evaporative
cooling strongly affects overall leaf T, it does not ap-
pear to be a major determinant of where evaporation
occurs within the leaf.

Effect of Stomatal Conductance

Variation in g, had an effect similar to that of ambient
humidity on the distribution of evaporation within the
leaf: as g, decreased, less evaporation occurred from the
lower epidermis and more evaporation occurred from
both the spongy and palisade mesophyll (Fig. 10). At
g.=0.05mol m ?s™", the net evaporation rate from the

Plant Physiol. Vol. 173, 2017

Downloaded from on July 27, 2017 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.16.01605/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01605/DC1
http://www.plantphysiol.org

Lantana camara
(hypostomatous)

Helianthus annuus
(amphistomatous)

water potential

1.07

lc | SRy

temperature |

\

26.65 26775—

26.750

26.60

Figure 3. Simulated spatial distributions of evaporation (A and D), ¢ (B
and E), and T (C and F) in a hypostomatous species, L. camara (A-C), and
an amphistomatous species, H. annuus (D-F). Colors, lines, and tissue
orientations are as in Figures 1 and 8. In A and D, the contours represent
evaporation rate from each node in the grid as a percentage of the tran-
spiration rate of the leaf area subtended by that node. Dashed white lines
indicate the boundary between regions with net evaporation and regions
with net condensation; thus, the zone in the approximate vertical center
of the H. annuus leaf experiences net condensation rather than evapo-
ration. Default values were used for all parameters and conditions. Tissue-
specific percentage contributions to total evaporation rate were as follows
(in the order lower epidermis, spongy mesophyll, palisade mesophyll, BS,
and upper epidermis): for L. camara, 62.7, 15, 7.1, 18.8, and —3.8; for
H. annuus, 25.8, 11.1, 9.4, 20.9, and 26.7. In H. annuus, 58.2% of
transpiration was assumed to occur from the lower (abaxial) surface.

mesophyll was actually larger than the total transpira-
tion rate, so mass balance required net condensation to
occur at the lower epidermis, at a rate equal to 13.5% of

E (average across species), or 0.15 mmol m 2!

Effects of the Location of Evaporation on Inferred
Hydraulic and Stomatal Conductance Values

We used the predicted distributions of T and # to
estimate the values of K and g, that one would calculate
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using standard experimental methods under various
environmental conditions, assuming no change in the
anatomical or biophysical determinants of g;and K. K
increased by 10% as PPFD increased from darkness to
1,500 umol m 2 s™! (average across species), by 91% as
T, increased from 5°C to 45°C (at a constant relative
humidity of 50%), and b%l 19% as ambient w,;, increased
from 0 to 31 mmol mol - (Fig. 11).

We identified the origin of the pathways represented
by the standard experimental measurement of g, (i.e.,
the location where the water vapor mole fraction in the
intercellular airspaces is equal to the saturated value
calculated at the T of the lower leaf surface) in a simu-
lation using anatomical parameters averaged across
species and assuming default values for all other pa-
rameters. In darkness, the g, origin was located mostly
in the upper palisade mesophyll (Fig. 12A), but at high
PPED, the g, origin was positioned below the vertical
center of the mesophyll (Fig. 12B). When we reduced all
 values outside the xylem by 1 MPa to simulate a leaf
minor vein xylem ¢ of —1 MPa, the origin of the g,
pathways at high PPFD occurred in a narrow region
just above the BS, near the outer margin of the areole
(Fig. 12D), and did not occur at all within the outside-
xylem compartment in darkness (Fig. 12C). However,
despite this variation in the origin of the g, pathways,
relative humidity in the intercellular airspaces (calcu-
lated at the temperature at the lower leaf surface) was
quite close to saturation under all conditions, reaching
only slightly below 98% adjacent to the lower epidermis
in the center of the areole even at high PPFD and low
xylem i (Fig. 12D). Even under arguably unrealistic
conditions chosen to maximize the drying of the inter-
cellular airspaces (PPFD = 1,500 umol m > s}, zero
ambient humidity, T,;. of 40°C, and g, of 0.4 molm “s™~,
producing a transpiration rate of 21 mmol m *s ™" and
assuming a leaf minor vein xylem ¢ of —2 MPa), relative
humidity was still above 95% even at the driest location
in the intercellular airspaces and averaged 97.7% in the
palisade mesophyll (data not shown). These results
suggest that the gas-exchange estimate of g, is close to
the true value that it is meant to estimate (i.e., the con-
ductance of diffusion pathways through the stomatal
pores alone, not including any pathways extending far-
ther into the leaf) and that this remains true despite large
shifts in the location within the leaf of the origin of the
pathways represented by g..

Relationship between Tissue Evaporation Rate and Tissue
Water Potential

Hypothesis 3 in Table I predicts a negative rela-
tionship between tissue iy and tissue evaporation rate,
if liquid phase hydraulic conductivities proximal to
that tissue are unchanged. To test this hypothesis,
we conducted two additional sets of simulations in
which we modified either PPFD or leaf airspace
fraction in order to change the evaporation rates
from the spongy mesophyll and lower epidermis in
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Figure 4. Effects of changes in anatomical parameters during dehy-
dration, from full turgor (FT) to turgor loss point (TLP), for three species,
with abbreviations as in Figure 2. Anatomical parameter changes are
described in Supplemental Table S1.

opposite directions while holding the whole-leaf
evaporation rate constant by adjusting g.. When
PPFD was increased while holding the transpiration
rate constant, spongy mesophyll evaporation in-
creased 3.4-fold while lower epidermis evaporation
decreased by 29%. However, this increase in spongy
mesophyll evaporation was accompanied by a 15%
increase in spongy mesophyll ¢ (Fig. 13A). Similarly,
when the mesophyll airspace fraction was increased

6-fold (from 10% to 63.3% for spongy and from 6.7%
to 40% for palisade) while holding E constant, lower
epidermis evaporation decreased by 58% but lower
epidermis ¢ decreased by 4%. These simulations
demonstrate that hypothesis 3 is incorrect and that
changes in tissue evaporation rate and ¢ can occur
independently of one another and often in opposite
directions.

DISCUSSION

We simulated coupled heat and water transport in an
anatomically explicit model of the outside-xylem com-
partment in 14 diverse broadleaf angiosperm species to
elucidate how anatomy and environmental conditions
affect the distribution of evaporation across leaf tissues
and what these results mean for the interpretation of
key processes and measurements in leaf and plant
physiology. Our results amount to a new understand-
ing of where water evaporates in leaves, and they lead
to a revised conceptual interpretation of what consti-
tutes the end point of water transport within leaves.
Our simulations suggested that most water evaporates
from the transpiring epidermis under most conditions
but that a large minority of evaporation also occurs
from the mesophyll and BS, particularly under high
light, and that the partitioning of evaporation across
tissues is strongly affected by anatomy and environ-
mental conditions. We confirmed the standard view
that the intercellular airspaces are typically within 2%
of the saturating value and found that, contrary to
common assumptions and published hypotheses, the
value of g, that one would calculate by standard
methods is not directly affected by shifts in the location
of the evaporating sites caused by changes in environ-
mental parameters.
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Figure 5. Effects of liquid transport parameters on the distribution of evaporation across leaf tissues, with abbreviations as in Figure 2.
A, P.. B, R,. C, Percentage by which apoplastic transport across the BS is assumed to be suppressed by suberization and/or ligni-
fication of cell walls. All anatomical parameters were set at their all-species average values (Supplemental Table S2).
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(Supplemental Table S2).

How Does Anatomy Affect Where Evaporation Occurs?

Our simulations revealed a hierarchy of importance
among anatomical and physiological parameters in
controlling where water evaporates within leaves. The
five most important factors, in order of descending
importance (and with the direction of each effect on the
epidermal share of evaporation shown in parentheses)
were mesophyll airspace fraction (—) > cell wall hy-
draulic conductivity (+) > cell membrane hydraulic
conductivity (+) > leaf thickness (—) > minor vein
density (+). The effect of airspace fraction was by far the
strongest: on average across species, the epidermal
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median
Raphiolepis indica

Camellia sasanqua
Magnolia grandiflora
Heteromeles arbutifolia
Hedera canariensis
Comarostaphylis diversifolia
Cercocarpus betuloides
Quercus agrifolia

Platanus racemosa

Abbreviations are as in Figure 2. All anatomical parameters were set at their all-species average values

share of evaporation changed about 20 times more in
response to a simulated doubling of airspace fraction
than a simulated doubling of minor vein density (VLA).
Cell size had very small impacts on the distribution of
evaporation. The reason for each of these results is that
anatomical features that make it easier for water to
reach the transpiring epidermis in the liquid phase (e.g.
greater cell wall or membrane conductivity) will favor
water remaining as liquid through the mesophyll,
whereas features that enhance the conductance for va-
por transport (e.g. greater airspace fraction) will have
the opposite effect. For example, suberization of the BS had

Figure 7. Effects of increasing PPFD incident on
the adaxial leaf surface on the difference between
maximum and minimum T in the leaf, for each of
14 species (colored lines are named at right; solid
lines = hypostomatous species and dashed lines =
amphistomatous species), and the median across
species (dotted gray line; A) and T at the abaxial
leaf surface (median across species; B).

Lantana camara
Salvia canariensis
Bauhinia galpinii
Romneya coulteri
Helianthus annuus
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Figure 8. Effects of PPFD on the distribution of evaporation (percentage
of transpiration rate for the subtended leaf area; A and C) and T (°C)
across outside-xylem leaf tissues (B and D) for C. diversifolia. In Aand B,
PPFD =0, and in C and D, PPFD = 1,500 umol m 25~ ". In A and C, the
contours represent evaporation rate from each node in the grid as a
percentage of the transpiration rate of the leaf area subtended by that
node. Dashed lines in A and C indicate net evaporation of zero (the
jagged lines at top left in A indicate a region where net evaporation is
nearly uniform at equal to zero, such that the graphing program could
not identify a single discrete boundary). The top and bottom of each
image represent the adaxial and abaxial leaf surface, respectively, and
the left and right sides represent the outer margin and the center of the
areole, respectively. See the diagram in Figure 1 for tissue orientation.
Tissue-specific percentage contributions to total evaporation rate were
as follows (in the order lower epidermis, spongy mesophyll, palisade
mesophyll, BS, upper epidermis): at PPFD = 0, 74.3, 6.7, 0, 12.9, and
1.1; at PPFD = 1,500 umol m™?s7', 55.8, 22, 5.3, 15.3, and —3.1.

little effect on where evaporation occurs because it does not
affect the partitioning of flow between liquid and vapor
phases distal to the BS, and VLA had little effect because it
influences outside-xylem liquid and vapor phase transport
similarly (via the total path length for water transport from
the xylem to the transpiring epidermis). The minor roles of
VLA and BS suberization in the distribution of evaporation
contrast with their large impact on K, predicted by
MOFLO (Buckley et al., 2015) and also by MOFLO 2.0
(data not shown), which suggests that the location of the
evaporating sites may not be an important causal deter-
minant of K _(see “The Evaporating Sites Are Not the End
Point of Water Transport” below).

Our findings about the role of anatomy are consis-
tent with, but greatly expand upon and clarify, those
of Rockwell et al. (2014). That study used a one-
dimensional model in which the vertical center of the
leaf is a fixed source of liquid water representing a
vascular bundle, and described evaporation from the
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vertical center of the leaf as “perivascular”. That simple
model structure allowed the derivation of an analytical
solution, which can be very useful in gaining an un-
derstanding of the behavior of processes such as
evaporation within leaves. However, analytical solu-
tions, while elegant, limit the breadth of understanding
that can be gained and its relevance to real systems. Our
anatomically explicit numerical approach complements
the approach of Rockwell et al. (2014) and allows
evaluation of the impact of more realistic assumptions.
For example, the vertical center of a leaf is predomi-
nantly mesophyll in real leaves, with vascular bundles
only at the horizontal edges of a given areole space and
continuous airspace connecting the palisade and
spongy mesophyll across most of the horizontal do-
main. Our two-dimensional model allowed us to esti-
mate how the total evaporation from this region is
partitioned among the BS and spongy and palisade
mesophyll. We found that evaporation from the BS is
generally similar to or smaller than total evaporation
from the mesophyll and is much less sensitive to
changes in environmental conditions (as discussed in
the next section). This does not contradict Rockwell
et al’s (2014) prediction that perivascular evaporation
should increase strongly with illumination, because the
perivascular region in their model included not only the
BS but also the palisade/spongy mesophyll transition.
Our findings also corroborate Rockwell et al.’s (2014)
prediction that mesophyll evaporation increases in im-
portance as leaf airspace fraction increases and showed
that this effect was strong across 14 species varying in
spongy mesophyll airspace fraction from 10% to 63%.
Our findings also supported Rockwell et al.’s (2014) and
Buckley’s (2015) prediction that the spongy/palisade
transition should be a site of greater evaporation than
throughout the rest of the mesophyll (Figs. 1 and 8).
However, for the amphistomatous species H. annuus, we
found the opposite (condensation rather than evapora-
tion at the spongy/palisade transition), because the net
vertical direction of water movement at the transition
was toward the adaxial rather than the abaxial surface,
so the airspace fraction decreased along flow pathways
in that species, driving condensation. Our anatomy-
driven model also allowed us to ask how the distribu-
tion of evaporation changes during dehydration due to
changes in cell and tissue dimensions for three of our
study species. We found that the dominant factor was
again airspace fraction: when airspace increased, so did
mesophyll evaporation, and vice versa. It should be
noted that dehydration may have many other effects
omitted from our model at present, such as changes in
aquaporin expression and other transport properties
(Scoffoni et al., in press).

How Do Environmental Conditions Affect Where
Evaporation Occurs?

Changes in PPFD, ambient humidity, and ambient
T each affected the distribution of evaporation in our
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Figure 9. Effects of thermal transport properties
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model. For example, our model predicted that increases
in ambient T should enhance BS evaporation at the
expense of evaporation from the lower epidermis, with
little impact on mesophyll evaporation (Fig. 6), which
may have implications for patterns of isotopic dis-
crimination (see “Other Implications of the Location of
the Evaporating Sites” below). Our anatomically ex-
plicit model also was able to predict, to our knowledge
for the first time, how the vertical T gradient in satu-
rating light should vary across species. We predicted
more than 10-fold variation in this parameter across
species, from 0.03°C to 0.3°C, largely due to differences
in leaf thickness (Supplemental Fig. S4). This variation
greatly influences the impact of T-driven vapor trans-
port within leaves. Our simulations corroborated
modeling by Rockwell et al. (2014) and earlier predic-
tions by Cowan (1977) and Sheriff (1979) that high
illumination causes evaporation to shift from the epi-
dermis into the mesophyll, particularly when the tran-
spiration rate is low, such as under high ambient
humidity or low g,. To understand this phenomenon
and its implications for the relationship between water
flux and ¢ within leaves, it is helpful to distinguish two
components of vapor transport within leaves: a com-
ponent that is driven by gradients in ¢ and is essentially
insensitive to variations in T and a component driven
by gradients in T that is essentially insensitive to .
(Gradients in T directly influence ¢ itself, but that effect
is negligible, on the order of 0.1% or less for the small
T gradients believed to occur within leaves.) We call
these two components isothermal and anisothermal
vapor transport, or IVT and AVT, respectively. The
mechanism of the light-induced shift in evaporation
from the epidermis into the mesophyll involves AVT:
light absorption in the mesophyll generates vertical
T gradients that drive AVT, requiring evaporation from
mesophyll surfaces to satisfy mass balance. At a given
PPED, smaller transpiration rates cause the AVT flux to
become a larger fraction of the total water movement
toward the transpiring epidermis. In the extreme case
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where the AVT flux exceeds transpiration, mass bal-
ance requires a backward liquid water flux toward the
mesophyll. Since liquid flux follows ¢ gradients, it is
possible for the net flow of water (AVT minus liquid
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Figure 10. Changes in the distribution of evaporation across tissues
resulting from changes in g, to water vapor. PPFD = 1,500 umol m™2s ™",
T, =25°C, and w,; = 15 mmol mol~". Abbreviations are as in Figure 2.
Negative values for evaporation mean that net condensation occurred at
the tissue in question. At very low g, AVT toward the lower epidermis
driven by the T gradient between warmer palisade mesophyll and cooler
lower epidermis exceeds the net transpirational flow of water out of the
lower leaf surface; mass balance requires condensation of the excess
water at the lower epidermis and liquid phase flow back up to the me-
sophyll. All anatomical parameters were set at their all-species average

values (Supplemental Table S2).
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Figure 11. Changes in K, associated with changes in the distribution of
evaporation resulting from variation in environmental parameters. Solid
line, Effect of PPFD incident at the adaxial surface; short-dashed line,
effect of T,;,; dashed-dotted line, effect of w,;.. All anatomical parame-

ters were set at their all-species average values (Supplemental Table S2).

back flow) to occur despite zero ¢ gradient, or even
against the ¢ gradient. Therefore, the apparent hy-
draulic resistance from the mesophyll to the transpiring
epidermis can approach zero and even become nega-
tive when AVT is large and E is small. This is reminis-
cent of electrical superconductivity, in which current
flows against zero resistance, and we suggest the term
hydraulic superconductivity to describe the apparent
elimination of hydraulic resistance by AVT. A full ex-
ploration of these phenomena is beyond the scope of
this study; we merely note here that the possibility of
condensation at the transpiring epidermis, combined
with highly localized evaporation from near the sto-
matal pores, is supported by the observations of Sheriff
(1979) and earlier modeling by Cowan (1977),
Pieruschka et al. (2010), and Rockwell et al. (2014).

The Evaporating Sites Are Not the End Point of
Water Transport

Many published hypotheses depend on the location
of the evaporating sites (Table I). Some of these hy-
potheses involve processes that are coupled directly to
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evaporation or vapor transport per se (hypotheses 4-10
in Table I), and we discuss these further below (see
“Other Implications of the Location of the Evaporating
Sites”). Other hypotheses (1-3 in Table I) arise from the
notion that leaf and plant hydraulic conductances are
strictly liquid-phase phenomena and the pathways that
they represent thus end at the sites of evaporation
(Holmgren et al., 1965; Farquhar and Raschke, 1978;
Blizzard and Boyer, 1980; Tyree and Yianoulis, 1980;
Sheriff, 1984; Boyer, 1985; Yang and Tyree, 1994;
Brodribb et al., 2002; Sperry et al., 2002; Buckley, 2005;
Sack and Holbrook, 2006; Mott, 2007; Beerling and
Franks, 2010; Berry et al., 2010; Pieruschka et al., 2010;
Rockwell et al., 2014). This seemingly obvious and un-
objectionable notion imbues the evaporating sites with
central significance for water transport, gas exchange,
and associated measurements. For example, it predicts
that any change in the location of the evaporating sites
should directly cause a change in the path length for
water flow, and thus in K ¢ that is, Kj,,; should be
larger if evaporation occurs closer to the xylem, because
water would not have to travel as far to reach the sites of
evaporation, and conversely, K, should be smaller if
most evaporation occurs farther from the xylem, such
as from the epidermis (hypothesis 1 in Table I). It also
implies that the true K, (which must describe strictly
liquid-phase pathways if one believes that water
transport ends at the evaporating sites) will be under-
estimated or overestimated if the i used for experi-
mental measurements of K, which is typically an
equilibrated, bulk-leaf value (i), does not happen to
correspond to the value of s at the evaporating sites
(Sack et al., 2002; Mott, 2007; Tyree and Zimmermann,
2013; Brodribb et al., 2016; hypothesis 2). Another hy-
pothesis holds that the rate of evaporation from a given
tissue must equal the rate of water flow to that tissue
through proximal liquid-phase pathways; therefore,
the rate of evaporation determines the tissue’s ¢ (be-
cause i = [water potential at proximal location] — [flow
from proximal location]/[conductance of proximal
pathways]). Consequently, an increase in the evapora-
tion rate from a particular tissue should be accompa-
nied by a decline in the tissue’s iy (Cowan, 1977; Sheriff,
1984; Buckley et al., 2003; hypothesis 4).

Our simulations using MOFLO 2.0 directly contra-
dict these hypotheses. First, K, (calculated from the
volume-weighted average of ¢y across all outside-xylem
tissues), and hence K, for a given xylem conductance,
was only weakly affected by changes in environmental
parameters that caused very large shifts in the location
of the evaporating sites, and hence the path length for
liquid-phase transport (Fig. 11). Although K, did tend
to increase slightly when evaporation occurred closer to
the xylem, the underlying mechanism did not involve
changes in the path length for liquid water flow but
rather changes in the importance of AVT, which de-
livers water to the transpiring epidermis without in-
creasing the ¢y drawdown to the epidermis. Hypothesis
1, therefore, is incorrect: the distance from the xylem to
the evaporating site does not determine ¢ drawdowns,
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Figure 12. Simulated spatial distribution of rela-

tive humidity in the intercellular airspaces, cal-
culated at the T of the lower leaf surface
(contours), at PPFD = 0 (A and C) and PPFD =
1,500 wmol m~?s™" (B and D) and assuming  in
the leaf minor veins nylem) of zero (A and B) or
—1 MPa (C and D). The contours at which relative
humidity = 100%, shown with thick solid lines,
represent the origin of the vapor diffusion pathways
described by gas-exchange estimates of g,. All an-
atomical parameters were set at their all-species
average values (Supplemental Table S2).
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nor, therefore, K _,. Second, the  of tissues distal to the
xylem was very clearly influenced by vapor transport,
especially AVT. This demonstrates that vapor transport
plays a role in moving water from the xylem to those
tissues, which, in turn, obviates hypothesis 2: if vapor
transport contributes substantially to water transport,
then the driving force for water transport is not related
directly to the sites of evaporation. Third, we found that
an increase in tissue evaporation rate (while holding
whole-leaf transpiration rate constant) can be accom-
panied by an increase, a decrease, or little change in that
tissue’s ¢ (Fig. 13), which contradicts hypothesis 3. For
example, as PPFD increased while holding E constant,
the ¢ and evaporation rate of the spongy mesophyll
both increased (Fig. 13A).

Our rejection of hypothesis 3 may appear at first
glance to contradict mass conservation, so it deserves
explanation. This hypothesis has two premises: that net
evaporation from a tissue (¢) must equal liquid flow to
that tissue from the xylem (L), and that tissue ¢ is
determined by L., the resistance from the xylem to
the tissue (R), and the xylem water potential (i, ): that is,
e=L, and L,, = (, — ¥)/R, which together imply ¢ =
Y, —e-R, and, hence, ¢ should decline if e increases. Both
of these premises are subtly incorrect, however. First,
e must equal not L,, per se, but rather L,, minus any
liquid flow to distal locations (L), and second, ¢ is
also affected by isothermal vapor flow arriving from
proximal locations (V). These corrections change the
equation for y to y = ¢, — (e + V,, + L_,,)-R’, where R’ is
the proximal resistance accounting for the contribution
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of vapor pathways. Thus, if an increase in net evapo-
ration is caused by something that also alters V,, and/
or L., then ¢ will not necessarily decline, even if i, and
R’ are unchanged. For example, in Figure 13A, light
absorption drives AVT distal to the spongy mesophyll
at the expense of liquid flow, so L, decreases.

This analysis assumes homogenous local ¢ equilib-
rium between adjacent liquid and vapor phases, which
implies that a tissue’s ¢ will be affected by vapor
transport to its vicinity even if that vapor does not
condense at the tissue. It is possible that this assump-
tion is inadequate, such that lateral movement of vapor
normal to the predominant direction of transport (e.g.
from the lateral face of a palisade cell to the center of the
adjacent intercellular airspace) poses an additional re-
sistance to vapor transport that our model does not
account for. If so, this would lengthen the effective path
lengths for vapor transport by a degree that would
depend on the geometry of airspaces adjacent to the
important sites of evaporation. It is not apparent that
this would change our results qualitatively, except by
reducing the relative importance of vapor transport.

Reconceiving Leaf Hydraulics as a Mixed-Phase
Phenomenon: What Does Hydraulic Conductance Mean?

The central insight from the preceding discussion is
that water transport does not end at the sites of evap-
oration within the leaf. Vapor pathways help to move
water within the leaf just as liquid pathways do (they
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Figure 13. The s of a tissue varies independently of the evaporation rate from that tissue. When the evaporation rates from the
spongy mesophyll (red lines) and lower epidermis (blue lines) were modified by varying PPFD (A) or leaf airspace fraction (B) in
the directions indicated by the gray arrows, while holding total evaporation rate constant by adjusting g,, the ¢ values of these
tissues did not vary in the manner predicted by the hypothesis that an increase in evaporation rate from a tissue should cause its
#rto decline. In A, PPFD was varied between 0 and 1,500 umol m~? s~ while holding all other parameters except g, constant;
g, was adjusted between 0.4 and 0.24 mol m~?s~" in order to maintain a constant whole-leaf evaporation rate of 4.73 mmol m~2s™".
In B, the mesophyll airspace fraction was adjusted between 10% and 63% (for spongy mesophyll) and between 6.7% and 40% (for

palisade mesophyll) while holding all other parameters except g, constant g, was adjusted between 0.4 and 0.409 mol m™?s ™' to

maintain whole-leaf evaporation rate constant at 7.07 mmol m™2's
values (Supplemental Table S2).

are part of the water transport system), and they in-
fluence the ¢ values of all tissues distal to the xylem.
The only fundamental distinctions between vapor and
liquid pathways within the leaf are that vapor flow is
driven not only by s gradients but also by T gradients
and that latent cooling or heating occurs when
water moves from one pathway to the other. We found
that T-driven AVT was the main factor driving changes
in the distribution of evaporation for a given leaf,
whereas latent heat exchange had very small impacts
on the spatial distribution of evaporation within the
leaf (albeit large impacts on overall energy balance;
Supplemental Fig. S5). Given that vapor transport be-
yond the sites of evaporation is a component of outside-
xylem water transport, analogous in most respects to
liquid phase transport, we suggest that the evaporating
sites should not be considered to be the end point for
water transport. Where do the pathways for water
transport end within the leaf, and how do these path-
ways relate to operational and conceptual definitions of
hydraulic conductance? The first part of this question
has a simple answer: during active transpiration, water
transport continues all the way to the stomatal pores,
and during leaf rehydration, it ends at the rehydrating
cells. The second part of the question is somewhat more
difficult, because it requires an understanding of the
pathways represented by operational measurements of
Kiear and K. .. All such measurements combine an es-
timate of the rate of water flow through the leaf with an
estimate of the i gradient that drives that flow, and all
use bulk leaf water potential, the ¢ of an equilibrated,
excised, nontranspiring leaf (¢,,), as an estimate of the
end point of that gradient. The questlon then becomes,
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!. All anatomical parameters were set at their all-species average

at what location within the leaf does i, equal the actual
value of iy during active transpiration? By definition, s
of the most distal tissues (near stomata) during tran-
spiration will be more negative than that of the rest of
the leaf, so those tissues will gain water during equili-
bration and thus experience an increase in . Therefore,
b, must be larger (closer to zero) than the transpiring
at the stomatal pores, which means that ¢, corre-
sponds to transpiring s at some location proximal to the
stomata. What matters here is that there is no reason to
suppose that that location corresponds to the sites of
evaporation; if it does, it is purely by coincidence, be-
cause the sites of evaporation can vary widely and in-
dependently of tissue ¢ (and thus i, ) as illustrated by
Figure 13. Therefore, we suggest that when interpreting
operational measurements of K ;... K., and K_,, one
should recognize that they are unrelated to the evapo-
rating sites, that they include a contribution from vapor
phase transport in the intercellular airspaces, and that
they represent pathways that end somewhere proximal
to the stomata, probably in the mesophyll. Future work
should aim to resolve precisely where those pathways
end (i.e. where transpiring  equals ¢,).

Our suggested operational 1nterpretat10n of hy-
draulic conductance conflicts with the historical inter-
pretation of the term hydraulic in plant biology as
referring strictly to liquid phase phenomena. Therefore,
one might object that an ideal measure of K, K¢
or K.y would include only liquid pathways, but in
our VleW, such a measure would be less informative.
Hydraulic conductances are important to physiologists
and ecologists because they predict the relationship
between i and transpiration rate, variables that are
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intrinsically important because of their direct impacts
on cell turgor, volume, and osmotic pressure and a
range of metabolic processes including stomatal re-
sponses, photosynthesis, and growth, and since vapor
transport influences ¢ values, we suggest that the most
useful and broadly applicable definition of hydraulic
conductance should include vapor transport. Alterna-
tively, one could define a total water transport con-
ductance and reserve the term hydraulic for the liquid
component; however, most published measurements of
plant and leaf hydraulic conductance to date include a
vapor contribution. We suggest that the simplest way
forward is to recognize that what we have always
called hydraulic in fact includes vapor transport. This
is consistent with the etymology of hydraulic, which
refers only to water (the Greek hydor) and pipes (aulos)
and, thus, implicitly includes both liquid and vapor
(pipes, after all, can carry both steam and liquid water).
Indeed, the concept of hydraulic movement in soil has
included both liquid and vapor phases at least since the
early work of Penman (1940).

Other Implications of the Location of the Evaporating Sites

Several other hypotheses also depend on where
evaporation occurs within leaves (hypotheses 4-10 in
Table I). Two of these hypotheses involve changes in
the composition of the liquid phase that occur at the
sites of evaporation. First, dissolved solutes with a low
vapor pressure will tend to increase in concentration
wherever evaporation occurs (hypothesis 4). This may
be important for stomatal sensing of hormonal signals
such as abscisic acid (ABA) delivered in the transpira-
tion stream from sites proximal to the epidermis;
for example, if enhancement of mesophyll evaporation
by light increases apoplastic ABA concentration in
the mesophyll, this should increase the rate of ABA
uptake into mesophyll cells by mass action (Kaiser and
Hartung, 1981), in turn accelerating the metabolism of
ABA by mesophyll cells (Hartung et al.,, 1998) and
possibly reducing the amount of ABA that reaches
stomatal guard cells. Second, leaf water oxygen and
hydrogen isotope enrichment occurs at the evaporating
sites because vapor pressure is smaller for heavier iso-
topologs of water than for lighter ones (Farquhar et al.,
1989; Farquhar and Lloyd, 1993). Bulk leaf isotopic
enrichment is affected by the degree of mixing of
enriched water with unenriched xylem water and, thus,
by the balance between advection and back diffusion of
enriched water; this, in turn, depends on the proximity
of the evaporating sites to key pools of leaf water
(Farquhar and Lloyd, 1993; this is hypothesis 5). Our
model predicts a strong shift in the location of evapo-
ration from the transpiring epidermis into the meso-
phyll as PPFD increases and more so at high air
humidity, which should reduce the effective path
length for the diffusion of enriched water back to
the xylem, consistent with data showing that the
effect of back diffusion on steady-state bulk leaf water
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enrichment (the Peclet effect) is stronger when E is
smaller (Farquhar and Lloyd, 1993).

Two other hypotheses involve the interaction be-
tween CO, and water transport. First, K., is sometimes
reported to correlate with g, , which may reflect the
overlap of the gas phase diffusion pathways for CO,
and water vapor (Flexas et al., 2013; hypothesis 6). Our
results suggest that these pathways overlap to a greater
extent at high PPFD, which happens to coincide with
most typical measurement conditions for K,,,; and g,
One way to test this hypothesis might be to compare the
correlation of K, and g, at high versus low PPFD.
Second, the location of the evaporating sites also may
affect interference between inward CO, diffusion and
outward vapor diffusion, and the degree of such in-
terference should depend on the extent to which the
vapor and CO, diffusion paths overlap (Farquhar and
Cernusak, 2012; hypothesis 7). For example, an increase
in mesophyll evaporation driven by the absorption of
PPFD may enhance CO,/water vapor interference by
increasing the flux (vapor flow per unit of area) in the
airspaces between mesophyll cells. However, at a given
PPED, the vapor flux would be similar whether those
airspaces were large (implying a large proportion of
evaporation from the mesophyll) or small (implying
that most evaporation occurs from the epidermis), even
though the flow would be smaller in the latter case; that
is, the pathways always overlap, because vapor flux
will occur wherever there is airspace available. Thus,
we suggest that hypothesis 7 should be revised to refer
not to the degree of overlap between the CO, and vapor
diffusion pathways but rather to the magnitude of the
vapor flux in the airspaces.

The final three hypotheses involving the sites of evap-
oration are related to the vapor pressure or mole fraction
in the intercellular airspaces. First, g, is typically calcu-
lated as [(Wyey¢ = Wy;r) /(E- (1 —w,,.)) =1/ o] ', where E is
the transpiration rate, wy,, is the estimated intercellular
water vapor mole fraction, w,,, is 0.5-(w,; + w,;,), and
Spw is the boundary layer conductance to water vapor
(von Caemmerer and Farquhar, 1981). The value of w,,,;
is normally estimated by assuming that the airspaces are
saturated with water vapor at the measured leaf tem-
perature, T, : that is, w,; = w,(T,,), where w_, is the
ratio of saturation vapor pressure to atmospheric pres-
sure. Based on the perception that the airspaces are
closest to saturation at the sites of evaporation, it is
common to interpret g, as a measurement of the diffusive
conductance from the sites of evaporation to the leaf
surface, which implies that g, will be larger if the sites
of evaporation are closer to the pore, and vice versa
(hypothesis 8; Jarvis and Slatyer, 1970; Farquhar and
Raschke, 1978; Farquhar and Sharkey, 1982). There are
two corollaries of this hypothesis. First, if evaporation
occurs close to the epidermis, the value of c; inferred
from g, will overestimate the value of ¢; deeper within
the mesophyll (hypothesis 9; Sharkey et al., 1982). Sec-
ond, if the sites of evaporation are deeper within the
leaf, the intercellular airspaces adjacent to stomata will
be farther below saturation because vapor concentration
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must decline from those sites to the epidermis in order to
drive vapor flux (hypothesis 10).

Our analysis suggests that these three hypotheses
are incorrect, because the diffusive pathways de-
scribed by g, begin not at the sites of evaporation but,
instead, at a hypothetical surface where w = w,(T,,),
and these two locations can vary quite independently
of one another. For example, the location of the g,
origin surface varies widely in relation to environ-
mental conditions, and in some cases, this surface does
not exist within the intercellular airspaces at all: that is,
w < w,,(T,,) everywhere outside the xylem (Fig. 12C).
More importantly, the location of this surface is not
related to the sites of evaporation; in fact, whereas
increasing PPFD causes the sites of evaporation to
recede into the mesophyll, away from the transpiring
epidermis (Figs. 6 and 8), increasing PPFD causes the
g, origin surface to move in the opposite direction,
toward the epidermis (Fig. 12). However, these shifts
in the g, origin surface are not accompanied by a large
depression of intercellular humidity below saturation:
relative humidity (calculated at T,) was approxi-
mately 98% adjacent to the transpiring lower epider-
mis even in high light and at low xylem ¢ (Fig. 12D).
This is partly because high light drives AVT, which
delivers water to the epidermis without contributing
to the ¢y drawdown at the epidermis. Thus, our results
suggest that the conventional interpretation of g, as
being related to the evaporating sites is not justified,
and that gas-exchange estimates of g, and c; are ro-
bust to changes in the location of the evaporating
sites. These findings also imply that the pathways for
K., and g, often overlap: the origin of the g, path-
ways shifts greatly with anatomy and environment,
whereas the pathways implied by the common op-
erational definition of K|.,; end wherever ¢y = Veqr and
since these two locations are not related to one an-
other, the pathways that they define may overlap
quite variably.

CONCLUSION

We explored the implications of measured variation
in leaf anatomy for the spatial distribution of evapora-
tion outside the xylem in diverse broad-leafed angio-
sperms using a spatially and biophysically explicit
model of outside-xylem heat and water transport. We
concluded that most water evaporates from the tran-
spiring epidermis in darkness but that, under high light
or high humidity, the mesophyll also can provide a
large share of total evaporation. These findings have
important implications for a number of critical issues,
including patterns of leaf isotopic enrichment, inter-
ference of CO,, and vapor diffusion and distribution of
hormonal signals carried in the transpiration stream.
Notably, the distribution of evaporation is not related
consistently to the distribution of ¢ or T outside the
xylem, so shifts in the location of the evaporating sites
do not directly affect measured values of leaf hydraulic
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conductance or g, nor of other variables such as c; that
depend on them.

MATERIALS AND METHODS
The Model

The model used here, MOFLO 2.0 (code is available upon request from the
authors), was derived from an earlier model, MOFLO (Buckley et al., 2015), which
quantified water transport between positions (nodes) in a grid representing the
outside-xylem tissues within a single circular areole (a leaf region bounded by
minor veins) of a broad leaf. Areole dimensions are estimated from minor vein
density (VLA); in this framework, the presence of free-ending veinlets within ar-
eoles simply modifies the average distance of tissues from the nearest minor vein,
so0 uncertainty in that effective distance due to free-ending veinlets is accounted for
by assessing the effect of variations in VLA, which were very small (Fig. 2). In
MOFLO, the areole is represented as a network of interconnected nodes, and
conductances for water transport between adjacent nodes are calculated based on
measured anatomy and known or assumed biophysical parameters. Mass con-
servation at steady-state water flow leads to a system of linear equations, one for
each node, in which the independent variables are i values at each node and the
coefficients are internodal conductances. MOFLO 2.0 extends this system to in-
clude heat transport. Our model is similar to that of Rockwell et al. (2014) in being
based on the conservation of heat and mass flux through the leaf. The system is
based on two conservation laws. The first describes mass (water) conservation:

0=L+V, (1>

where L; and V; are net rates of water loss from node 7 in the liquid and vapor
phase, respectively. The second conservation law describes energy conservation:

0=Q;i+H;+AV;, )

where Q; is net loss of energy from node i by radiation exchange with the en-
vironment surrounding the leaf, H; describes net sensible heat loss, and the
product AV represents the net latent heat loss (evaporative cooling), where A is
the latent heat of vaporization. The terms in Equations 1 and 2 can be expanded
further: for example, V; is the sum of net isothermal (G;) and anisothermal (F;)
losses from node i to other locations within the leaf as well as losses to the
surrounding atmosphere (E;). Thus,

Vi=G; +F; +E. (3)

Most of the terms describing heat and mass transport can be expressed as linear
functions of the state variables (temperature T, and water potential ;) whose
gradients drive heat and mass transport, with coefficients representing heat and
water transport conductances between nodes. For example, net liquid phase
water loss from node i, L;, can be expressed as

Li= ZKiy(vi—vy) = (z Ku,> i = XKty @)
] ] ]

where j denotes all nodes directly connected to node i, K, ; is the liquid phase
hydraulic conductance between nodes i and j, and ¢; and i; are the  values at
nodes i and j, respectively. Thus, L, is a linear equation in the i values across
nodes (Ly=k; by + ... + ki ih; + ... + k- b, where n is the number of nodes). Vapor
phase transport includes two components: isothermal and anisothermal (IVT
and AVT, respectively), which are driven by gradients in s and T, respectively
(for details about IVT and AVT, see Supplemental File S1). This leads to systems
of linear equations analogous to Equation 4. Thus, for IVT (net isothermal vapor
loss G; from node i),

Gi = 2K (= ). (5)

where K ;; is the isothermal conductance for vapor water transport between
nodes i and j. Similarly, for AVT (net anisothermal vapor loss F; from node i),

Fi=YK(Ti—T)) (6)
]

where K is the anisothermal conductance for heat-coupled vapor transport
between nodes i and j. Sensible heat loss from node i (H;) also can be represented
in the same fashion:
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Hi = 2Ky (L= T)), )

where K|, ; is the conductance for sensible heat transport between nodes i and j.

Several fluxes occur across the system boundary (i.e. between the outside-
xylem compartment of the leaf [the system] and the surrounding environment).
These were calculated by imposing assumed values for stomatal and boundary
layer conductances for water vapor (g, and g,,,, respectively), boundary layer
conductance for heat (g, = 8.,/ 1.08), and external conditions (w,;,, T, incident
PPFD, and near-infrared radiation). We modeled the transdermal gradient of
absorbed visible light by estimating the absorption by each transdermal layer
based on its estimated chlorophyll content and assuming that near-infrared
radiation absorption was equal in all layers due to high scattering of near-
infrared radiation. Mass and infrared transfer between the leaf and its sur-
roundings depended on values of ¢y and/or T at nodes on the leaf surface, so we
solved the system iteratively. A full description of how we calculated these
boundary exchanges, including the transdermal gradient of light absorption, as
well as an explanation of how we solved the system of equations for the dis-
tributions of ¢ and T, is provided in Supplemental File S1.

Simulations

We ran the MOFLO 2.0 model, computing net evaporation for all nodes as
described above, for a range of conditions. For several biophysical and ana-
tomical parameters whose values are not well characterized, we assumed similar
default values to those used for the simulations presented by Buckley et al.
(2015); that is, we reduced cell wall thicknesses measured by light microscopy
by 80%, assumed that BS apoplastic transport was not at all suppressed by
suberization or lignification, assumed that horizontal connectivity among
palisade mesophyll cells was limited to the thickness of cell walls, assumed that
the R, was 3 nm, and assumed that the P, was 40 um s~". We tested the impact
of these assumptions by repeating simulations using different assumed degrees
of suppression of BS apoplastic transport by cell wall suberization or lignifi-
cation (from 0% to 100% suppression), different values for R, (1.5-4.5 nm), and
different values of P, (8-200 um s™1), which accounts for differences in the role
of aquaporins. Background, justification, and discussion of these parameter
defaults and ranges can be found in the report of Buckley et al. (2015). Unless
noted otherwise, all simulations were repeated for the 14 species listed in Table
III, with results averaged across species, and environmental and gas-exchange
parameters were set at the following default values: PPFD = 1,500 wmol m 2s!
incident on the adaxial surface (we assumed PPFD = 0 at the abaxial surface),
T, = 25°C, w,;, = 15 mmol mol ! (0.015 mol mol %), g5 = 0.4 mol m 25!, and
Spw = 3 mol m 257", In additional simulations, we tested the effect of variation
in PPFD (from 0 to 1,500 wmol m 2 s™'), ambient T,;, (from 5°C to 45°C), am-
bient w,;, (from 0 to 30.8 mmol mol ™, which is 99% relative humidity at the
default T, of 25°C), g, (from 0.75 to 10 mol m~*s™"), and g, (from 0.05 to
0.8 molm ™ 2s™"). We assessed the impact of anatomical parameters by repeating
simulations for a range of values between the all-species minimum and maxi-
mum observed values for each of the following parameters: VLA, airspace
fraction, leaf thickness, palisade cell radius and height, spongy cell radius,
upper and lower epidermis cell size, BS extension cell size, and BS cell size. All
other anatomical parameters were held at their all-species averages in each case.

MOFLO 2.0 assumes that stomatal transpiration is distributed evenly across
epidermal nodes in proportion to the leaf area subtended by each node. We
originally adopted that assumption in order to keep the model output as general
as possible, after noting that the simulated values of K were negligibly affected
by assuming various patterns of clustering of transpiration in just a few epi-
dermal nodes, representing finite stomatal density. However, concentrated
water loss from epidermal regions near stomatal pores may influence the dis-
tribution of evaporation (e.g. causing greater evaporation near stomatal pores,
combined with net condensation on intervening regions of epidermal tissue), so
we assessed this possibility by comparing one simulation that assumed uniform
transpiration with another in which the same total transpiration rate was dis-
tributed across just three nodes in the grid. The latter assumption corresponds
to a stomatal density of approximately 244 mm 2 or a stomatal spacing of
69 um. Both simulations used anatomical parameters for Magnolia grandiflora.
This simulation is presented in Supplemental Figure S3.

Estimation of Operational Measurements of g, and K,

We used MOFLO 2.0 to estimate the values of K, and g that one would
estimate for a leaf given the distributions of T and ¢ predicted by the model
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under various environmental conditions. Using the evaporative flux method,
K, is conceptually defined as E/&y, where E is the transpiration rate and &y
is the difference between the i of the xylem and of the equilibrated bulk
leaf. Using traditional gas-exchange methods, g is defined as [(w}q,; — w,;,)/
(E-(1 - w,,)) = 1/g,]"', where g, is boundary layer conductance to water
Vapor, Wy, and w,;, are intercellular and ambient w,;,, and w,,; = 0.5+ (Wjey¢ + W,;)-
To estimate ¢, and K, from MOFLO 2.0, we estimated the equilibrated bulk
leaf ¢ as the volume-weighted average ¢ across outside-xylem tissues during
transpiration [6¢ ~ Z(viw/jj) / Z(vj), where v; represents the volume of liquid
water present at node j and ; is the i at node j], and we estimated w),,¢ as the
saturated value that one would calculate based on the T of the lower leaf
surface. The other quantities required to estimate g, and K, are either inputs
into MOFLO 2.0 (W, 8y and iigr,) OF are calculated from the distributions
of  and T output by the model (E and w),).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effect of light and leaf thickness on spatial dis-
tributions of .

Supplemental Figure S2. Effect of stomatal distribution on midleaf con-
densation flux.

Supplemental Figure S3. Effect of clustering of stomatal transpiration on
evaporation distribution.

Supplemental Figure S4. Relationship of vertical T gradient to leaf
thickness.

Supplemental Figure S5. Effect of simulated 99% reduction in the latent
heat of evaporation.

Supplemental Table S1. Anatomical changes during dehydration in three
species.

Supplemental Table S2. Anatomical parameters for the 14 species used in
this study.

Supplemental File S1. Boundary conditions, solution, vapor phase, and BS
apoplastic transport in MOFLO 2.0.
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