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Leaves are arguably the most complex and important physicobiological systems in the ecosphere. Yet, water transport outside
the leaf xylem remains poorly understood, despite its impacts on stomatal function and photosynthesis. We applied anatomical
measurements from 14 diverse species to a novel model of water flow in an areole (the smallest region bounded by minor veins)
to predict the impact of anatomical variation across species on outside-xylem hydraulic conductance (K,). Several predictions
verified previous correlational studies: (1) vein length per unit area is the strongest anatomical determinant of K, due to effects
on hydraulic pathlength and bundle sheath (BS) surface area; (2) palisade mesophyll remains well hydrated in hypostomatous
species, which may benefit photosynthesis, (3) BS extensions enhance K ; and (4) the upper and lower epidermis are hydraulically
sequestered from one another despite their proximity. Our findings also provided novel insights: (5) the BS contributes a minority
of outside-xylem resistance; (6) vapor transport contributes up to two-thirds of K_; (7) K, is strongly enhanced by the proximity of
veins to lower epidermis; and (8) K, is strongly influenced by spongy mesophyll anatomy, decreasing with protoplast size and
increasing with airspace fraction and cell wall thickness. Correlations between anatomy and K across species sometimes diverged
from predicted causal effects, demonstrating the need for integrative models to resolve causation. For example, (9) K, was
enhanced far more in heterobaric species than predicted by their having BS extensions. Our approach provides detailed

insights into the role of anatomical variation in leaf function.

Leaf hydraulic conductance (K,.,;) varies widely
among species (Brodribb et al., 2005; Sack and Holbrook,
2006; Sack and Scoffoni, 2013). Because the resis-
tances inside and outside the leaf xylem (R, ) also
vary widely and are, on average across species, of a
similar order of magnitude (Sack and Holbrook, 2006),
both vein traits and mesophyll anatomy have poten-
tially strong influences on K. This variation has im-
portant implications for the ecological consequences of
leaf anatomy, for the coordination of water status and
water flow across scales in plants, and for stomatal
regulation, which may be influenced by microscale
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variations in leaf water potential (Buckley, 2005; Mott,
2007). However, the mechanistic basis of variation in
the hydraulic conductance outside the xylem (i.e. across
the bundle sheath (BS) to the sites of evaporation; K,
[=1/R_,]), is poorly understood (for a list of parameters
and symbols used in this study, see Table I).

A strong empirical correlate of K, is vein length per
unit of leaf area (VLA; Sack and Frole, 2006; Brodribb
et al., 2007), which is predicted to increase both leaf
xylem hydraulic conductance (K,) and K,: the former
by providing additional parallel flow paths through
the vein system, and the latter by decreasing hori-
zontal path length for water transport from the minor
veins to the sites of evaporation. High VLA may also
be associated with shorter vertical path length if VLA
is negatively correlated with leaf thickness, as is ob-
served within certain species sets and lineages but
not others (Noblin et al., 2008; Sack et al., 2013, 2014;
Zwieniecki and Boyce, 2014). However, K , might be
correlated with VLA due to the influence of other traits
that are structurally associated with veins and are
positively correlated with K, such as the size and
hydraulic permeability of BS cells and the presence
and size of bundle sheath extensions (BSEs). Meso-
phyll tissue thickness and the ratio of spongy to pali-
sade mesophyll tissue thickness are also both correlated
with K, (for a comprehensive review of anatomical
determinants of K, see Sack et al., 2015). Additionally,
across species, mesophyll anatomy, venation architecture,
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Leaf Anatomy and Water Transport

Table I. List of parameters

Variables and parameters referred to in this study, other than leaf anatomical parameters (Table 1V) or unknown parameters (Table Ill), are shown
with symbols and units. D,, = 2.178 X 107° X (7/273.15)"% m? s™', D, (molecular diffusivity for water in liquid water) = 1.635 X 107°® X

(77215.05 - 1)*% m?s™" and 7 =1.95 X 10" X T~7 Pas™', where temperature (T) is in K; R

T=25°C or 298.15 K except where noted otherwise.

=8.314462 Pam’ mol 'K, v, = 1.8 X 10> m* mol ™.

gas

Variable or Parameter Symbol Units
Bulk area for flow between two nodes a m?
Bulk area for flow between nodes j and i a; m?
Ratio of actual flow pathlength to simple (direct) pathlength B Unitless
Molecular diffusivity of water vapor in air D, m? s
Molecular diffusivity of water in liquid water D, m? s
Vertical temperature difference from maximum temperature to lower surface AT K
Vector of water potential decreases relative to the xylem 5y MPa
Water potential drawdown to BS neighbors? Sy MPa
Water potential drawdown to node i Sy, MPa
Water potential drawdown to all nodes outside the BS® 11/ MPa
Vector of £ minus %,{F, ., :} e mol s~
Transpiration rate from node i E mol s~
Element of e for node i € mol s~
Leaf-level transpiration rate Freat mmol m™? s~
Anisothermal gas phase flux into node i Fanisoj mol s~
Xylem fraction of total leaf water f, Unitless
Ratio of actual flow area to simple (bulk) flow area v Unitless
Dynamic viscosity of water n Pa's
Matrix of internodal conductances K mol s~ MPa™"
Conductivity K mol s™' MPam ™)' m™2
Conductance for anisothermal gas phase flow from node j to i Kiniso,ji mol s~ MPa™"
BS conductance K, mmol m™ s~ MPa™'
Conductance for isothermal gas phase flow from node j to i Kiso,ji mol s~ MPa™"
Conductance between node j and a BS node (b) Kjb mol s7!' MPa™!
Conductance between nodes j and i K mol s~ MPa™"
Leaf hydraulic conductance eat mmol m™2s™" MPa™"
Outside-BS hydraulic conductance Ky mmol m™? s~ MPa™!
Outside-xylem hydraulic conductance K,y mmol m™2s™" MPa™"
Xylem hydraulic conductance K, mmol m™? s~ MPa™!
Conductance between xylem and a BS node (b) Ky, mol s7!' MPa™!
Transcellular pathlength L. m
Direct pathlength between two nodes / m
Direct pathlength between nodes j and i L m
Saturation vapor pressure at node i or j Psatir Psat Pa
Ideal gas constant s Pa m® mol ' K™
Outside-xylem hydraulic resistance (1/K,) R, (mmol m™? 57" MPa™")"
Temperature as a function of relative depth in leaf (x) T(2) K
Temperature at node i or j T, T K
Maximum temperature in leaf T ax K
Volume of water in node i % m’
Molar volume of liquid water Vi m® mol ™
Water potential; water potentials at node i or j b, b, W MPa
Relative depth in leaf (0 = top) z Unitless
Relative depth in leaf at which temperature is greatest z, Unitless

max

*Volume-weighted average.

stomatal conductance, and K tend to be intercorre-
lated (Sack et al., 2003; Aasamaa et al., 2005; Brodribb
and Jordan, 2008; Carins Murphy et al., 2012, 2014;
Brodribb et al., 2013; Feild and Brodribb, 2013). Thus,
many of the key anatomical traits that may influence
K., tend to be highly correlated across species (John
et al., 2013), making it difficult to infer causal rela-
tionships.

Plant Physiol. Vol. 168, 2015

Clarity on these issues requires the application of
detailed anatomical data to a model that links leaf
anatomy to the physics of water transport, allowing
testable predictions about K, to be generated from al-
ternative hypotheses about water movement beyond
the xylem. Earlier models demonstrated that leaf anat-
omy can play a critical role in determining the sites of
evaporation and major resistances within the leaf and
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the consequences of these features for stomatal regu-
lation (Meidner, 1976; Tyree and Yianoulis, 1980).
More recent work has led to new insights, as well as
new questions, about the nature and role of vapor-
phase water transport within the leaf, highlighting
the need to better represent the anatomical structure of
the mesophyll and surrounding airspaces in models
(Rockwell et al., 2014; Buckley, 2015). The latter study
made steps toward a more anatomically explicit model
of leaf water flow and presented an analysis of the
effects of epidermal and mesophyll anatomy on par-
titioning of flow among apoplastic, symplastic, and
gas-phase transport modes. However, that analysis
did not include several key tissues (the BS and BSEs),
and it did not attempt to integrate across tissues,
transport modes, and directions of flow to estimate
values of K comparable to experimental data. A new
approach was needed to refine and test hypotheses
for the influence of anatomy on water flow outside
the xylem.

The objective of this study was to test hypothesized
relationships between leaf anatomy and outside-xylem
water transport by extending the framework of Buckley
(2015) to create a new, spatially explicit model of outside-
xylem water transport, MOFLO (mesophyll and outside-
xylem flow), that includes all leaf tissues, including
BS and BSEs. MOFLO computes K_, and its BS and
outside-BS components (K, and K, respectively) by
simulating steady-state water transport outside the
xylem in an areole (the smallest region of a leaf bounded
by minor veins). We estimated 34 anatomical param-
eters from light micrographs of transverse leaf sections
from 14 species diverse in phylogeny, leaf structure,
and ecology and assessed the mechanistic influence of
these parameters on K by varying each parameter in
isolation in the model while holding the others con-
stant. We performed a range of alternative simulations
to address uncertainty in parameters that could not be
confidently estimated by light microscopy (LM). We
used these simulations to address five interrelated

Table Il. Measured versus modeled K,

Measured and modeled K, for eight species are shown. Modeled
values are based on default simulation conditions and calculated using
Equation 18 (based on average outside-xylem water potential rather
than outside-BS water potential). Units for all conductances are mmol
m2s MPa™".

Species Kox
Measured Modeled
Cercocarpus betuloides 4.7 30.2
Comarostaphylis diversifolia 3.5 8.3
Helianthus annuus 7.5 4.9
Hedera canariensis 6.1 11.8
Lantana camara 11.3 26.8
Magnolia grandiflora 3.7 15.4
Quercus agrifolia 4.5 30.7
Salvia canariensis 54.3 5.8

Mean = sk 119 £6.1 16.8 £39
Median = median absolute deviation 5.4 = 1.8 13.6 = 8.2
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simulated (low) observed +/- SE  simulated (high)
- .

Lantana camara b |
Quercus agrifolia | |
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Salvia canariensis - }

1 10 100

K., (mmol m?s! MPa™)

Figure 1. Comparison of observed K (red bars; means = se) with
ranges of simulated K values possible for wide variation in unknown
parameters [simulated (low) to simulated (high); gray bars]. For three of
the unknown parameters (Poiseuille radius of apoplastic bulk flow
pathways [R,], osmotic water permeability of cell membranes [P,],
and the ratio of cell wall thickness used in the simulation to values
measured by light microscopy [p,,1), the high and low K, simulations
used default values plus or minus 50%, respectively. For the other
three unknown parameters (BS Casparian strip, horizontal palisade
contact fraction ratio of true palisade horizontal connectivity to the
value from microscopy [ps,yl, and vertical temperature gradient
[AT]), we used the upper or lower limits of possible values (0% or
100% of apoplastic transport was blocked by a Casparian strip; py, =
0 or 1; and AT = 0 or 0.2°C). Default values for these parameters are
given in Table Ill.

questions. (1) Where are the major resistances lo-
cated outside the xylem (i.e. in which tissues, and in
which type of flow pathways), and particularly, how
much resistance is contributed by the BS? (2) How
do BSEs affect K, ? (3) How do other cell and tissue
anatomical traits influence K_, and K,,,;? (4) Can these
influences explain previously described correlations
of anatomical traits, and particularly VLA, with K_,?
(5) What are the roles of gas-phase transport, tem-
perature, and vertical temperature gradients in de-
termining K_.?

RESULTS

Comparison of Simulated Values of K, across Species
with Measured Values

Observed K, ranged from 3.5 to 54.3 mmol m > s~!

MPa ™! across the eight species for which measurements
were available (Table II; Fig. 1). The mean and median
simulated K, across those eight species (16.8 and
13.6 mmol m ? s~* MPa ™!, respectively) were greater
than, but of similar order of magnitude to, the mean and
median observed K__(11.9 and 5.4 mmol m *s™' MPa™*,
respectively; Table II; Fig. 1). For seven of the eight
species measured, the observed values fell between the
low and high simulated values from simulation set 1,
which used a wide span of values for each of the six
unknown parameters of leaf design (Table III). The ex-
ception was S. canariensis, for which measured K_,
exceeded the high simulated value. The measured and
modeled values of K_, were uncorrelated across species
(P > 0.05; data not shown), which was to be expected,
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Table IlIl. Unknown parameters

Parameters that could not be estimated with confidence from light micrographs across species (these are referred to in the text as unknown

parameters) are listed, with ranges and default values used in simulations.

Parameter Symbol Range Default Units
Percentage of BS apoplastic transport blocked by suberized layer - 0-100 0 %
Membrane permeability P, 0-160 40 pms!
Effective Poiseuille radius of cell wall R, 0-10 3 nm
Ratio of true palisade horizontal connectivity to the value from microscopy Picph 0-1.0 0 -
Ratio of true cell wall thicknesses to values from microscopy P 0.2-1.0 0.2 -
Vertical temperature gradient in leaf AT 0-0.2 0.1 °C

given that our modeled estimates of K are based on
assumed values for several parameters whose true
values are unknown and may differ across species.

Modeling the Water Potential Drawdown outside
the Xylem

Figure 2 shows an example of the simulated distri-
bution of water potential drawdown outside the xylem
(6y) in a transverse section of a radially symmetrical
areole for one species, C. diversifolia, using default values
for all parameters (Tables III-IV). The drawdown in-
creases from the BS (left-hand edge, in rows 18-22) to
the lower (abaxial) epidermis at the center of the
areole (bottom right corner). Although the drawdown
exceeds —2.2 MPa, the volume-weighted average
drawdown is only —0.6 MPa (or —0.63 MPa excluding
the BS itself). One reason for this difference is that
much of the leaf’s water is in palisade mesophyll,
which is outside of the main pathways for water flow
from the xylem to the transpiring epidermis and
consequently experiences little drawdown In th1s
example, simulated K, )éwas 7.9 mmol m 2s ' MPa},
K, was 19 1 mmol m MPa ™!, and KOb was 13.4
mmol m s~ ! MPa™!

Partitioning Hydraulic Resistance outside the Xylem

Across all 14 sgeaes 51mu1ated K,, ranged from 4.0
to 28.6 mmol m MPa !, with a medlan of 9.0 and
mean of 11.8 (Table V). Simulated K., varied from 4.8
to 47.4 (median, 13.2), and K, varied from 7.1 to 136
(median, 41.6). On average, for default parameter values,
most outside-xylem resistance occurred outside the BS:
although the BS contribution ranged from 12% to 71%,
the median was 18%.

The Importance of Tissue Types and Transport Modes in
outside-Xylem Water Transport

Tissue types and transport modes varied widely in
their contributions to outside-xylem water transport.
On average across species, the bulk conductivity [flow
per unit of water potentlal grachent per unit of bulk
tissue area; mols 'm 2 (MPam ') '] was greatest

Plant Physiol. Vol. 168, 2015

in the lower epidermis and lowest in the palisade me-
sophyll (for horizontal transport), followed closely by
spongy mesophyll transport (Fig. 3). Bulk conductivity
in BSEs and across the BS itself were more than double
that of the spongy mesophyll (Fig. 3). Apoplastic path-
ways provided most transport in all tissues, although
transmembrane and (isothermal) gas-phase transport
modes together contributed nearly half of the bulk
conductivity in the spongy mesophyll. (The roles of
anisothermal vertical gas-phase transport driven by

Comarostaphylis diversifolia

adaxial
surface

Sy
(water potential
drop from
xylem, MPa)

row

20

S =.0.60 MPa
Sy, =-0.63 MPa

25 Sy =.223MPa

30

3 abaxial
5 10 15 20 T surface
column
edge of areole center
(vein) of areole

Figure 2. Example of the distribution of water potential drawdown
relative to the xylem (8¢) in a transverse leaf section as computed by
MOFLO (for C. diversifolia in this example). Water potential is greatest
in the BS (bottom left edge) and most negative in the lower epidermis
near the areole center (bottom right). A large region of palisade me-
sophyll (top center) remains at quite high water potential because most
water flow; thus, most potential drawdown occurs through the spongy
mesophyll (bottom center). The volume-weighted average water po-
tential drawdown (8¢,,) in this example is —0.6 MPa, or —0.63 MPa
excluding the BS itself (8i), but the largest drawdown (8¢, is
—2.23 MPa, and the volume-weighted mean drawdown to the lower
epidermis is —1.02 MPa.
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Table V. Simulated K, and its components

Values of K, and its components, K, and K, simulated under default values for all parameters as given in Tables lll and IV (left three columns of
results) are shown. Simulated K, values for three additional scenarios involving unknown parameters are shown in the right three columns of results:
the presence/absence of a Casparian strip in the BS (Casp), specification of cell wall thicknesses in the model at 20% or 100% of values measured
by LM (p,, = 0.2 or 1), and specification of horizontal palisade cell connectivity (contact fraction) at 0% or 100% of values measured by LM (pjpn =0

or 1). Means = st values and medians = median absolute deviations are shown at bottom. Units are mmol m™2 s™! MPa™'

Casp No Yes No No

P 0.2 0.2 1.0 0.2

Prcph 0 0 0 1

Species K, Kob Kox Kox

B. galpinii 24.9 4.8 4.0 2.1 16.8 4.7
C. sasanqua 33.6 13.0 9.4 5.2 29.5 9.7
C. betuloides 98.5 38.1 27.5 10.5 109.4 27.7
C. diversifolia 19.1 13.4 7.9 4.3 27.1 8.0
H. annuus 35.8 14.4 10.3 5.7 29.7 10.5
H. arbutifolia 90.8 11.9 10.5 7.1 26.8 10.5
H. canariensis 30.4 5.2 4.5 2.8 13.2 4.5
L. camara 136.3 25.9 21.7 10.4 80.0 22.2
M. grandiflora 112.9 16.3 14.3 6.7 53.2 14.4
P. racemosa 45.4 10.7 8.7 4.4 29.9 9.4
Q. agrifolia 72.0 47.4 28.6 9.3 124.7 29.6
R. indica 7.1 17.0 5.0 3.6 15.6 5.3
R. coulterii 66.7 9.2 8.1 5.1 31.9 11.2
S. canariensis 37.7 6.4 5.5 2.7 21.9 7.7
Mean =+ se 58 = 10 17 =3 11.8 £ 2.2 5.7 £ 0.7 44 + 10 12.5 £ 2.2
Median = median absolute deviation 42 + 24 13+ 4 9 +3.8 51=*1.8 30 £ 10 10.1 = 3.4

temperature gradients, and of temperature itself, are
discussed further below.)

Effects of Changes in Six Unknown Parameters: Apoplastic
Pore Diameter, Cell Membrane Permeability, BS
Suberization, Palisade Connectivity, Cell Wall Thickness,
and Vertical Temperature Gradient

K, was highly sensitive to the values of parameters
that could not be estimated confidently, which we re-
fer to here as unknown parameters (listed in Table III).
Under default values for other parameters, K in-
creased by 668% when the R,) increased from 3 to
10 nm and decreased by 71% when R, decreased from
3 to 0 nm (Fig. 4). However, K_, was less sensitive to
the P,, under default values for other parameters, in-
creasing only 52% when P, was increased 4-fold from
40to 160 um s~ ' and decreasmg just 18% when P, was
reduced from 40 to 0 um s (F1g 4). However, it the
BS apoplast was assumed to be suberized, R, and P,
had similar influences on K, (Fig. 4).

The fraction of horizontal palisade surface area in
contact with adjacent palisade cells (f. ;) had little effect
on K ,, which increased only 45% when fepn increased
from 0% and 100% of the apparent value measured by
LM (i.e. when the Picph increased from 0 to 1); further-
more, most of this increase occurred below Picph = 02
(Fig. 5). Cell wall thickness was far more 1mportant in
determining K: K, increased by 400% when cell wall
thicknesses used in simulations were increased from
20% to 100% of the values determined by LM (i.e. when
the p,, was increased from 0.2 to 1; Fig. 5).

Plant Physiol. Vol. 168, 2015

Mean K, across species was strongly enhanced by
the presence of a vertical temperature gradient within
the leaf: doubling the gradient from its default value of
0.1°C increased K, by 75%, and eliminating the gradi-
ent reduced K by 27% (Fig. 6; note that 0.1°C was the
average temperature drop from the point of maximum
temperature to the lower epidermis across species; in
practice, we used the same gradient [4.6 X 10 *°C um ]
for all species, so that the absolute temperature drop
varied across species in relation to leaf thickness).
Comparing these simulations with another that ex-
cluded gas-phase transport altogether, we calculated
that the average gas-phase contribution to K_ increased
from 16% to 65% as the temperature gradient increased
from 0°C to 0.2°C.

We also assessed the effect of temperature itself, as
distinct from temperature gradients. K, K;, and K,
all increased strongly with temperature (Fig. 7), but the
relative increases in K , and K were far greater than
that for K,: K and K, ob - increased by 286% and 378%,
respectively, as temperature increased from 10°C to
40°C, whereas Kj, only increased by 81% over the same
temperature range (note that the effect of temperature
on K results only from changes in the diffusivity of
liquid water in water, because our model did not in-
clude any gas-phase water transport across the BS due
to the lack of airspaces in the BS).

Changes in the six unknown parameters did not, in
most cases, result in substantial changes in the parti-
tioning of hydraulic resistance outside the xylem,
which proved robust across most simulations: less
than 25% of outside-xylem resistance was contributed
by the BS under any tested combination of values for
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Figure 3. Bulk hydraulic conductivities (water flow per unit of bulk
area per unit of water potential gradient) for different tissue types
(vertical axis) and flow pathways (colors). All-species means are shown
by the bars, and total bulk conductivities across all pathways for each
of 14 species are shown by white circles. Bar colors are as follows:
gray, apoplastic (apo); white, transmembrane (tm); and black, gas
phase. Tissue types are as follows: epid, epidermis; pal, palisade me-
sophyll; and spo, spongy mesophyll. Transport types are as follows: L,
lower; U, upper; V, vertical; and H, horizontal.

R, and P, provided the BS apoplast was not assumed
to be suberized (Fig. 8). When a BS Casparian strip was
included in the simulations (thus preventing apo-
plastic transport across the BS), the BS accounted for
nearly 40% of total outside-xylem resistance under
default values for other parameters and up to 75% for
high R, (10 nm) and low P, (20 um s~ Flg 8). How-
ever, Changes in p,, had little effect on the percentage
of outside-xylem resistance in the BS, which decreased
from 25.2% to 23.2% as p,, increased from 0.2 to 1 (data
not shown).

Functional Consequences of Known Anatomical Traits on
K, VLA, Vein Positioning, Leaf Thickness, BSEs, and
Leaf Airspace Fraction

Table VI lists standardized slopes for linear regres-
sions between each anatomical parameter and mod-
eled K. By far, the strongest influence of leaf anatomy
on K, was that of VLA: K, increased 121% with a
doubling of VLA (Fig. 9), due in part to the effect of
VLA on BS surface area per unit of leaf area (which
affects K,; Fig. 9) and in part to the fact that VLA re-
duces the horizontal pathlength for water transport to
the transpiring epidermis (which affects K ; Fig. 9).
The pathlength effect was stronger than the BS area
effect (increasing VLA increased the proportion of
outside-xylem resistance in the BS; data not shown).
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The VLA effect was over 3 times stronger than the next
strongest anatomical effects: the increase in K,
resulting from greater relative proximity of the vas-
cular bundle to the abaxial epidermis (represented
here as the ratio of distances between the BS and the
upper versus lower epidermis; Fig. 10) and the de-
crease in K, caused by increasing spongy mesophyll
cell radius (Fig. 11). (The spongy cell radius effect
arises because of the dominance of apoplastic trans-
port: if cell radius increases without a concomitant
increase in wall thickness, the apoplastic fraction of
available transport area declines.) For both of the latter
effects, K , changed by approximately one-third with a
doubling of the parameter value (Table VI).

Across species, K, was uncorrelated with leaf thick-
ness, and leaf thickness had a smaller mechanistic in-
fluence on K, (doubling thickness reduced K, by
18%; Fig. 10; Table VI) than the relative proximity of
the vascular bundle to the lower epidermis. The lack of
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Figure 4. Effects of R, (horizontal axes) and P, (vertical axes) on K,
(contours) for two sets of conditions: default values for all parameters,
as given in Tables Il and 1V, including no blockage of apoplastic
transport in the BS (A); and default values for all parameters, except
that apoplastic pathways in the BS are blocked by a suberized layer or
Casparian strip (B). Gray circles indicate the locations of default values
for R, and P, (3 nm and 40 um s respectively).
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a cross-species correlation between leaf thickness and
modeled K_, may partly reflect a positive correlation
between leaf and cell wall thicknesses in our species
(data not shown), which would tend to counteract the
effect on K, of increased vertical pathlength in thicker
leaves.

Eight of our 14 species were heterobaric (they pos-
sessed BSEs), and six were homobaric. We assessed the
mechanistic effect of BSEs on K, by comparing stan-
dard simulations with another set of simulations in
which BSEs were replaced with mesophyll tissue in the
model. These simulations found that BSEs directly
increased K by 10% on average across the eight het-
erobaric species (Fig. 12). However, K , was 34%
greater in heterobaric than homobaric species (Fig. 12),
which suggests that the enhancement of K in het-
erobaric species is mostly due to factors other than the
BSEs themselves.

Correlations of Anatomy across Species with K
Divergence from Mechanistic Relationships

In each of the cases described above, the correlation
between each parameter and the simulated values of
K., across species was in the same direction as the
mechanistic effect. The opposite was true for several
other parameters, however. For example, the mecha-
nistic effect of the fraction of spongy mesophyll cell
area in contact with adjacent cells (f.,) was positive
(simulated K, increased 24% with a doubling of f.),
whereas the correlation across species was strongly
negative (Fig. 11; Table VI). The converse was true for
the ratio of palisade to spongy mesophyll thickness:
the mechanistic effect of this ratio on K_, was weakly
negative, but the correlation across species was strongly
positive (Fig. 11; Table VI). Spongy mesophyll air-
space fraction (p,) also had a positive mechanistic
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influence on K (Fig. 11), with K__increasing 35% as
p, increased from 0.1 to 0.6, whereas these variables
were uncorrelated across species (Table VI).

DISCUSSION

We elucidated and addressed key hypotheses for the
anatomical basis of K by applying measured varia-
tions in leaf anatomy across a set of very diverse species
(Table VII) to a novel computational model, MOFLO.
Our analysis led to several predictions consistent with
previous work, but equally, to a number of surprising
novel predictions. We addressed several questions, dis-
cussed below.

Where Are the Major Resistances outside the Xylem?

Our simulations converged in showing that most
resistance beyond the xylem occurs in the spongy
mesophyll and that the BS contributes a minority of
outside-xylem resistance. The spongy mesophyll is
intrinsically more resistive than other tissues, because
its airspace fraction is high (averaging 37% across
species, nearly twice that of the palisade) and its cell-
to-cell connectivity is low (an average of 26% of
spongy cell surface is in contact with other cells), both
of which reduce the area effectively available for
liquid-phase flow. Our calculations suggest that the
epidermis is over three times as conductive on a bulk
area basis than spongy mesophyll, on average, across
our 14 study species. Only horizontal transport in the
palisade has a lower bulk conductivity than the
spongy mesophyll, but this has little impact on K,
because most water flows through the spongy meso-
phyll in hypostomatous species (12 of the 14 species in
this study).
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Figure 6. Effects of variation in vertical temperature gradients
within leaves on K, (thick gray line) and the components of K,
that are attributable to gas-phase transport that is independent of
vertical gradients (isothermal gas; dashed-dotted line), gas-phase
transport that is driven by vertical temperature gradients inde-
pendent of water potential gradients (anisothermal gas; dashed
line), and the sum of those two gas-phase components (total gas;
solid black line).
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The true contribution of the BS to outside-xylem
resistance remains somewhat ambiguous due to un-
certainty about the occurrence of a suberized layer
(Casparian strip) in BS cell walls. Such a strip would
greatly reduce apoplastic conductivity across the BS,
rendering the BS analogous to the root endodermis,
and its presence is one of the major outstanding
questions in leaf design. Previous studies have sug-
gested a BS Casparian strip in certain grass species,
Plantago spp., and at least several other taxa (Lersten,
1997; Mertz and Brutnell, 2014), and the expression of
similar genes during development in BS and root en-
dodermis suggests functional similarities (Slewinski
et al., 2012). In any case, even when the model was
modified to include a BS Casparian strip, the average
BS contribution to outside-xylem resistance only in-
creased from 10% to 37% under default values for
other parameters. Thus, we tentatively conclude that
the BS contributes a significant but minority share of
outside-xylem resistance.

Does Liquid Flow outside the Xylem Follow Apoplastic
and/or Transmembrane Routes?

Previous studies using staining or conceptual mod-
eling have reached differing conclusions about the
relative importance of transport across living cells or
around them in the apoplast. Apoplastic tracer studies
(Canny, 1986) and the discovery of aquaporins (Agre
et al., 1993; Chrispeels and Agre 1994) have promoted
the view in recent years that transmembrane flow may
dominate outside-xylem transport (Tyree et al., 1981,
1999; Sack and Tyree, 2005), at least in the light, when
aquaporins may be activated (Cochard et al., 2007).
However, a theoretical study by Buckley (2015) that
used membrane permeability values from published
studies carried out on illuminated leaves concluded
that apoplastic transport should dominate. MOFLO
extends upon that study and similarly predicted that
that apoplastic bulk flow contributes the majority of
K,, (68% on average across species), thus dominating
both transmembrane and gas-phase pathways under
most conditions. This is due to the intrinsically greater
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efficiency of apoplastic bulk flow than either liquid- or
gas-phase diffusion. Although our LM-based mea-
surements of cell wall thickness (which strongly de-
termine apoplastic conductance) were much greater
than most published estimates for other species, this
does not explain the model’s predictions concerning
apoplastic transport, because by default we reduced
our LM-based estimates of cell wall thicknesses by 80%
before applying them to the model (p,, = 0.2). Trans-
membrane pathways contributed only 19% of K, on
average, and this fraction was smaller still (6%) if LM-
based cell wall thicknesses were used. (The contribu-
tion of gas-phase pathways is discussed below.)
These conclusions assume that bulk flow in the
apoplast can be modeled using Poiseuille’s law, which
is derived from the Navier-Stokes equations of con-
tinuum fluid mechanics. Continuum hydrodynamics is
valid provided the flow channels are large relative to
the chemical species. The relevant size measure for
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Figure 8. Effects of R, (horizontal axes) and P, (vertical axes) on the
percentage of outside-xylem hydraulic resistance contributed by the
BS (contours) for two sets of conditions: default values for all param-
eters, as given in Tables Il and IV, including no blockage of apoplastic
transport in the BS (A); and default values for all parameters, except
that apoplastic pathways in the BS are blocked by a suberized layer or
Casparian strip (B). Gray circles indicate the locations of default values
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Table VI. Mechanistic trait analysis

Standardized slopes, expressed as percentages, for relationships between leaf anatomical traits and K,
are shown. The mech values are mechanistic effects (i.e. relationships obtained by varying individual
parameters in isolation), whereas corr values are for correlations between parameters and K, across
species. Sig (corr) is the significance of across-species correlations (***, P < 0.001; **, P < 0.01; *, P <
0.05; and ns, P > 0.05). r? (corr) is the correlation coefficient for correlation slopes. For palisade and
spongy thicknesses, mechanistic effects were assessed using the palisade-spongy thickness ratio; likewise,
mechanistic effects for distances between the BS and epidermis were assessed using the ratio of distances

above/below the BS.

Parameter

Symbol Slope (mech) Slope (corr) Sig (corr) r? (corr)

Cell wall thicknesses
BS cell wall thickness
Epidermal cell wall thickness (lower)
Epidermal cell wall thickness (upper)
Palisade cell wall thickness
Spongy cell wall thickness
BSE cell wall thickness
Cell-scale parameters
Height of individual palisade cell
BS cell perimeter
Palisade radius
Spongy radius
Width of epidermal cells (lower)
Width of epidermal cells (upper)
Width or height of one BSE cell
Tissue-scale parameters
Distance from BS to lower epidermis
Distance from BS to upper epidermis
Total perimeter of vascular bundle
Epidermis thickness lower
Epidermis thickness upper
Palisade thickness
Spongy thickness
Total width of BSE
Dimensionless parameters
Maximum palisade horizontal connectivity
Palisade vertical connectivity
Spongy mesophyll connectivity
Leaf airspace fraction in palisade
Leaf airspace fraction in spongy
Ratio of palisade to spongy thickness
Ratio of distances above/below BS
Leaf-scale parameters
Total leaf thickness
Vein length per unit area

bibs 15 -8 ns 0.00
tael 0 30 ns 0.01
teu 0 37 ns 0.02
b 6 23 ns 0.00
ts 36 13 ns 0.00
by 13 51 * 0.06
h =5 —64 * 0.05
P
Phsc —-32 —47 ns 0.03
ry -2 —55 o 0.10
r, =30 =73 ok 0.19
W 0 —48 o 0.10
Wy 0 -21 ns 0.01
W, —12 6 ns 0.00
Ao —31 o 0.09
hX:; 48 o 0.09
Phs 22 -3 ns 0.00
t —18 13 ns 0.00
toy 11 1 ns 0.00
t 10 ns 0.00
t, —22 ns 0.03
Wyt 14 39 o 0.08
foph 0 -1 ns 0.00
fepn 0 -1 ns 0.00
f 24 -90 o 0.17
Pp 3 -37 b 0.07
P 22 31 ns 0.02
- -4 67 o 0.14
- 34 59 ok 0.21
- —18 —4 ns 0.00
VLA 110 121 o 0.47

liquid water molecules in this context is the lattice
spacing, which is approximately 0.31 nm. Eijkel and
Van Den Berg (2005) note that “friction is seen to in-
crease from the macroscopic [continuum-derived]
value when the separation between two surfaces be-
comes less than, roughly, ten molecular layers,” or
approximately 3 nm in this case. This is identical to
the low end of the range estimated by Buckley (2015)
for the diameter of channels for water flow created
by spaces between adjacent microfibrils or bundles
of microfibrils in the apoplast (3-20 nm), based on
published measurements of cell wall microstructure
(McCann et al., 1990; Fleischer et al., 1999; Fahlén and
Salmén, 2005; Kennedy et al., 2007), which suggests
that the continuum approximation is probably rea-
sonable for apoplastic transport.

Plant Physiol. Vol. 168, 2015

The framework developed by Buckley (2015) in-
cluded a term for diffusive resistance across the
cellular interior (transcellular resistance) in series
with transmembrane resistance. Further thought and
discussions with colleagues led us to conclude that
any water transport across the cellular interior
probably occurs mostly by bulk flow, provided that
the flow area consists of channels much greater than
the 0.31-nm lattice spacing of water. Even if those
channels had a typical radius similar to those in the
adjacent cell walls, transcellular resistance would be
on the same order of magnitude as apoplastic resis-
tance (and thus, far smaller than transmembrane
resistance) if the transcellular area available for water
flow were similar to the apoplastic flow area. Re-
gardless, if this is incorrect and transcellular resistance
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Figure 9. Effects of VLA on K, (A), K, (B), and K_, (C). Solid lines are
mechanistic relationships obtained by varying VLA in the model while
holding all other parameters constant. White circles are values for each
of 14 species, and dashed lines are the cross-species correlations be-
tween VLA and each conductance. r* and P values shown are for the
cross-species correlations.

is large, that would only strengthen our conclusion that
apoplastic transport dominates outside-xylem water
transport.

The Effect of BSEs

Previous studies that inferred the effect of BSEs on
K¢ from anatomy, simpler hydraulic models, K,
responses to light, and stomatal responses to evapo-
rative demand in heterobaric versus homobaric species
have hypothesized that BSEs are a major route for
water flow from the veins to the epidermis to the
stomata (Wylie, 1952; Scoffoni et al., 2008; Buckley
et al., 2011; Sommerville et al.,, 2012; Zsogon et al.,
2015). MOFLO allowed us to directly quantify the ef-
fect of BSEs on K, by replacing BSEs with mesophyll
tissue in the model. The results suggested that BSEs
enhance K, by an average of 10% across the eight
heterobaric species in this study. However, simulated
K. was 34% greater in these species than in the six
homobaric species. This finding suggested that the
presence of BSEs is correlated with one or more other
traits that also enhance K .. The only anatomical pa-
rameter that differed significantly between heterobaric
and homobaric species in our data set was spongy
mesophyll cell radius (r,; P < 0.05, two-tailed Student’s
t test with unequal variances): r, was greater in
homobaric species (21 = 3 versus 12 = 2 um). This is
consistent with our mechanistic trait analysis, which
predicted that K, should decrease by 30% for a dou-
bling of r, (Table VI).

Effects of Cellular Dimensions on K,

Most individual anatomical traits affected K only
weakly. The major exceptions involved spongy meso-
phyll anatomy, which had much larger influences than
palisade anatomy because most of our study species
(12 of 14) were hypostomatous, so little water trans-
port occurs through the upper half of the leaf. The
apparent effect of r, in our trait analysis arose because,
when all other parameters are held constant, increas-
ing r, increases the transmembrane fraction of the total
cross-sectional area available for flow, which decreases
the apoplastic fraction, in turn decreasing K_,. How-
ever, 1, is often correlated with spongy mesophyll cell
wall thickness across species (John et al., 2013), which

Figure 10. Effects of two anatomical parameters 30 A 5 B T — 30
related to vertical distance between veins and the e o o i —
epidermis on K_,: the ratio of the distance be- w25 =021 species o [ 29 E
tween the BS and the upper epidermis to the % o p <0.001 o =
distance to the lower epidermis (A); and total leaf - 20 P 20 =,
thickness (B). Solid lines are mechanistic rela- q‘w /// o
tionships obtained by varying the parameters g 15 o_— 15 E
shown on the x axes in the model while holding g Pl E
all other parameters constant. White circles are g 10 g 10 ¢
values for each of 14 species, and dashed lines = 8 \_:é
are the cross-species correlations between the X 5 © o o 0 o e 5 X
parameters on the x axes and each conductance.
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Figure 11. Effects of four anatomical parameters
related to spongy mesophyll anatomy on K.
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would tend to reduce the direct effect of r,. Another
explanation for the similarity between the correlative
and mechanistic relationships that we found between
r,and K (Fig. 10B) is that r, was negatively correlated
with VLA and with the relative proximity of vascular
bundles to the lower epidermis (* = 0.25 and 0.61,
respectively; P < 0.0001 for both), both of which had
positive mechanistic effects on K, as discussed below.
A similar negative correlation between VLA and the
sizes of mesophyll and epidermal cells was reported
previously to hold across species of Proteaceae by
Brodribb et al. (2013).

Effects of VLA, Leaf Thickness, and Distance from
Vascular Bundles to Epidermis

The specific role of VLA in increasing outside-xylem
flow has been a topic for debate. Sack and Frole (2006)
suggested that higher VLA led to shorter horizontal
flow distances, increasing K. This was also found by
Brodribb et al. (2007), who additionally hypothesized
that a shorter vertical distance between vein and epi-
dermis would also increase K. Indeed, because high-
VLA leaves are often thinner as well, a correlation that
has been hypothesized to be optimal for water trans-
port based on modeling using artificial leaf assemblies
(Noblin et al., 2008), a high VLA would also corre-
spond to such shorter vertical distance. Brodribb et al.
(2007) combined the hypothesized effects of horizontal
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ratio of palisade to spongy
tissue thickness (unitless)

and vertical distances in their variable D_, representing
a diagonal distance from veins to epidermal evapo-
rating sites, and reported a strong correlation between
this diagonal distance and leaf hydraulic resistance,
which was mostly driven by VLA. However, Sack
et al. (2013) suggested that greater leaf thickness
should contribute to higher K ,, given the greater
number of parallel pathways for horizontal transport
to the sites of evaporation, provided those sites are
distributed throughout the leaf. MOFLO allowed us to

"

18
16
14
12
10

K,y (mmol m?2s’ MPa'1)

o N B O

homobaric heterobaric heterobaric
species species -BSEs

Figure 12. Differences in K , computed by the model for homobaric
(white bar) and heterobaric (gray bars) species. For heterobaric species,
an additional simulation was performed in which nodes in the grid
corresponding to BSEs were assigned conductivities corresponding to
the adjacent mesophyll (gray bar with hash marks).
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Table VII. Summary data for species used in this study

Species codes are as given for Table IV. LH, Leaf habit (e, evergreen; d, deciduous); LF, life form (t, tree; s, shrub; ah, annual herb; I, liana; ps,
perennial shrub; ph, perennial herb); HE/HO, heterobaric/homobaric; LA, leaf area (cm?); LMA, leaf mass per unit of area (g m~2); TLP, osmotic

pressure at turgor loss (MPa).

Species Family Origin LH HE/HO LA LMA TLP

BAGA Fabaceae Africa e t HE 33.1 =43 45.0 = 1.6 1.41 £ 0.07
CASA Theaceae Japan e s HO 14.0 = 1.5 178 £ 9 2.12 £ 0.18
CEBE Rosaceae California, Mexico e 3 HE 7.0 2.1 31.2 = 1.1 1.09 = 0.12
CODI Ericaceae California, Mexico e s HE 11.1 = 0.4 61.4 = 42 1.37 = 0.04
HEAN Asteraceae North America d a HE 95.0 = 8.9 220 = 11 2.06 = 0.05
HEAR Araliaceae California, Mexico e | HO 107 = 15 56.3 = 2.3 1.19 = 0.09
HECA Rosaceae Canary Islands e s HO 30.5 = 3.7 211 £ 8.3 2.07 = 0.11
LACA Verbenaceae Pantropical d p HO 31.6 £ 1.6 121 £ 23 2.59 = 0.03
MAGR Magnoliaceae Southern United States e t HE 118 = 20 253 =17 3.45 £ 0.34
PLRA Platanaceae California, Mexico d t HE 67 * 38 84.1 = 11.0 1.98 = 0.09
QUAG Fagaceae California, Mexico e t HE 3510 185 + 12 2.53 £ 0.10
RAIN Rosaceae Southern China, India e s HO 137 £ 90 188 + 8 3.00 = 0.12
ROCO Papaveraceae California, Mexico d ph HE 24.0 £ 9.7 78.1 = 3.7 1.40 = 0.07
SACA Lamiaceae Canary Islands d ph HO 19.1 + 3.4 41.4 + 6.0 1.18 + 0.07

test these putative mechanisms. We found that in-
creasing VLA, reducing total leaf thickness, and re-
ducing the relative distance of vascular bundles from
the lower epidermis all increased K, in the model
because of their effects on reducing flow pathlengths,
although the effect of VLA was by far the strongest
and that of leaf thickness the weakest of the three. The
model found that VLA affects K, in two ways: by
increasing BS surface area per unit of leaf area, which
affects K,, and by decreasing horizontal pathlength,
which affects K. Although both effects were quite
strong, the pathlength effect was stronger (K, and K,
increased 113% and 94%, respectively, with a doubling
of VLA; Fig. 9).

The model also found a negative mechanistic effect
of vertical pathlength (as influenced by either total leaf
thickness or relative vein-to-epidermis distance), but
these effects were only one-sixth and one-third as
strong, respectively, as the horizontal distance effect of
VLA (Table VI). The main reason for the smaller effect
of changes in vertical pathlength (i.e. of leaf thickness)
than horizontal pathlength (i.e. VLA) on K, is that
adding vertical layers simultaneously also reduces the
horizontal resistance by providing additional parallel
pathways for horizontal transport (Sack et al., 2013). In
contrast to its mechanistic effect, we found that leaf
thickness was not significantly correlated with simu-
lated K, across our species, due to compensating
effects of other parameters that covaried with leaf
thickness. For example, leaf thickness was strongly
and positively correlated with cell wall thickness in
each tissue type (* between 0.33 and 0.69, P < 0.0001
in all cases; data not shown), all of which had strongly
positive mechanistic effects on K, (Table VI). These
results verify that the often-observed correlation be-
tween K|.,; and VLA is mechanistic in origin (Sack and
Frole, 2006; Brodribb et al., 2007; Brodribb and Jordan,
2008; Carins Murphy et al., 2012, 2014; Feild and
Brodribb, 2013), and they further suggest that the
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horizontal pathlength component of the VLA effect is
more important than the vertical component.

The Role of Gas-Phase Transport and Vertical
Temperature Gradients

Recent work has raised the possibility that gas-phase
water transport contributes a substantial fraction of the
total conductance for water movement through the
mesophyll, perhaps comparable in magnitude to that
provided by liquid-phase pathways, particularly for
vertical transport in the presence of large vertical
temperature gradients (Rockwell et al., 2014; Buckley,
2015). Our analysis extended that work by providing,
to our knowledge for the first time, an integrated
measure of K, that includes both horizontal and ver-
tical components of gas-phase transport, all in the
same leaf area-based hydraulic conductance units. The
model found that gas-phase transport contributed an
average of 39% of K, across species under default
conditions (which include a baseline temperature of
25°C and a vertical temperature gradient of 0.1°C).
This rose to 65% for a gradient of 0.2°C and fell to 16%
for zero gradient. Thus, we conclude that the contri-
bution of vapor transport within the leaf to the ap-
parent conductance for water transport can be quite
substantial.

This has several implications for interpreting leaf
function and gas exchange. First, it implies that the
generation of vertical temperature gradients by pref-
erential absorption of light near the upper leaf surface
can enhance K , greatly: by over 20% for 0.1°C gradi-
ents or 40% for 0.2°C gradients. This corresponds to
average 16% and 31% enhancements of K,.,;, respec-
tively, across the eight species in our data set for which
we measured K . These effects could contribute to the
observed effects of light on K, in addition to other
mechanisms such as increased aquaporin activity
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(Cochard et al., 2007; Scoffoni et al., 2008; Voicu et al.,
2009).

Second, a major role for vapor transport implies that
a great deal of water may evaporate from cells deep
within the leaf. This contrasts with some earlier con-
clusions (Tyree and Yianoulis, 1980) that the great
majority of evaporation occurs from cells very close to
the stomatal pore, but it is consistent with the con-
clusions of Boyer (1985) based on measurements of
vapor diffusion pathlength by Farquhar and Raschke
(1978). The question of where evaporation occurs
within the leaf has remained one of the most chal-
lenging and critically important in plant water trans-
port for decades (Meidner, 1983; Barbour and Farquhar,
2004) and demands further discussion here. In the
context of water transport, evaporation represents a
shift of water from a liquid pathway to a gas-phase
pathway. Water flow will distribute itself across path-
ways so as to minimize total resistance; therefore,
some water will switch from a liquid to a gas-phase
pathway whenever the gas-phase conductance in-
creases relative to the liquid-phase conductance (Buckley,
2015). Thus, evaporation should occur wherever the
gas-phase fraction of total conductance increases along
a trajectory of flow (a pathway normal to isoclines of
water potential). That fraction increases substantially
in three areas: (1) at the outer margin of the BS (where
the fraction rises from 0 to some positive value when
water first encounters airspaces in the leaf); (2) at the
boundary between palisade and spongy mesophyll
(where the gas-phase fraction increases due to in-
creasing tissue airspace fraction and decreasing
vertical liquid-phase conductance); and (3) at open
stomatal pores, where the gas-phase fraction ap-
proaches 100% (because all water exits the leaf as
vapor). This suggests that evaporation is clustered in
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Figure 13. Simulation of the effect of in-
creasing transpiration rate (E) 3-fold at the
upper surface of an amphistomatous leaf
(H. annuus) while holding it constant at
the lower surface. Color contours repre-

S (MPa) sent 8y; the areole margin (minor vein) is
- -2.50 at left, and the areole center is at right; the
- 225
.2.00 upper and lower surfaces are at top and
-1.75 bottom, respectively. Left, before the change
-1.50 . N o
P |n.t.ransp|rat|.on rate; ”ght( after the change.
| mm -1.00 Initial and final transpiration rates for both
_— -0.75 surfaces, and &y values for the epidermal
_- ggg nodes at the center of the areole at both
000 surfaces, are shown at bottom. These sim-

ulations used default values for all param-
eters as given in Tables Ill and IV.

1

=291 mmol m?s

three locations in hypostomatous leaves: the BS, the
upper spongy mesophyll, and surfaces immediately
adjacent to open stomata. A similar argument would
apply to amphistomatous species with spongy meso-
phyll in the center of the leaf, except that the prevailing
direction of water flow would be from spongy into
palisade mesophyll, implying that condensation rather
than evaporation would occur at the spongy/palisade
transitions. The liquid-phase share of transport from
those regions to the transpiring epidermes would thus
be greater in amphistomatous species than in hypo-
stomatous species (due to the greater liquid conduc-
tivity and smaller porosity of palisade as compared
with spongy mesophyll), which in turn implies that
a greater share of evaporation would occur from
surfaces very close to the stomata in amphistomatous
species.

The Role of Temperature Itself

The direct effect of temperature on K, (independent
of temperature gradients) was also substantial in the
model: under otherwise default parameter values, K,
increased 25% as leaf temperature increased from 25°C
to 30°C and increased 233% for an increase from 25°C
to 40°C. This effect arises partly from the temperature
dependence of liquid-phase conductivities (chiefly due
to decreasing dynamic viscosity) but more so from
increasing gas-phase conductivities (due to strong in-
creases in both the molecular diffusivity of water va-
por in air and the saturation vapor pressure). These
direct temperature effects could further contribute to
the light responses of K,,,; in nature, where tempera-
ture usually increases with the absorption of sunlight.
A direct increase in K, with temperature could also
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help to sustain turgor when water loss increases as a
result of leaf warming rather than drying of the air;
such an effect may also help to explain positive cor-
relations reported between K, and transpiration rate
(Simonin et al., 2015) in cases where changes in tran-
spiration are temperature driven.

Implications for Stomatal Sensing of Leaf Water Status

Our model suggested that large water potential
gradients could occur between the xylem and the
most distal epidermal tissues: in the example shown in
Figure 2 (for C. diversifolia), the drawdown from the
xylem to the lower epidermis at the center of the areole
was 3.7 times greater than the average drawdown

Figure 14. Diagram of MOFLO
structure. The model represents an
areole (the smallest region of a leaf
bounded by minor veins) as a cir-
cular and radially symmetrical re-
gion (top and middle right). Flow is
simulated through a grid with 744
nodes (24 columns and 31 rows;
bottom left) representing a trans-
verse section through the areole;
the left-hand edge of this grid cor-
responds to the outer margin of the
areole, and the right-hand edge
corresponds to the center of the
areole. Grid nodes are allocated to
tissue types based on measured tis-
sue dimensions (compare with the
grid at bottom left and the diagram
of tissue types at bottom right).
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outside the xylem. This ratio varied across species,
reaching 6.3 in M. grandiflora, and it was substantial at
2.2 even in the amphistomatous species H. annuus.
These results support the hypothesis that a tran-
spiring epidermis (and the stomatal guard cells em-
bedded therein) may experience far greater swings in
water potential in response to changes in transpira-
tion rate than one would infer from changes in bulk
leaf water potential. This may help to reconcile iso-
hydric behavior (near homeostasis in leaf water po-
tential [¢,,,]) with a mechanism for stomatal responses
based on a feedback response to changes in water
potential somewhere in the leaf (Sperry, 2000; Buckley,
2005). The large drawdowns predicted by the model
also suggest that the upper and lower epidermes are in
effect hydraulically sequestered from one another,
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which may help to explain the observation that stomata
at one surface appear only minimally responsive to
changes in transpiration rate at the other surface (Mott,
2007). We tested this idea directly in MOFLO by tri-
pling the transpiration rate at the upper surface of a
simulated H. annuus leaf while holding transpiration
constant at the other surface; the resulting change in
water potential at the center of the areole in the upper
epidermis was 4.3 times greater than in the lower epi-
dermis (Fig. 13).

CONCLUSION

Our novel analyses provide, to our knowledge for
the first time, quantitative integration of the effects of
leaf anatomy on water flow outside the xylem, in terms
directly comparable to experimental data. Our model
confirmed some earlier predictions about the relation of
K., to leaf anatomy, including that VLA is the strongest
anatomical determinant of K . and that BSEs and
thermally driven vapor transport through spongy me-
sophyll can enhance K ,, but also provided novel in-
sights, including that the BS probably contributes a
minority of outside-xylem resistance, that higher K in
heterobaric species is mostly due to parameters other
than BSEs, that vapor transport may constitute a ma-
jority of K, when large vertical temperature gradients
exist in the leaf, and that many cross-species correla-
tions between K, and leaf traits are not mechanistic in
origin. Our model provides strong insights into the
coordinated function of the living leaf, a tool to explore
the implications of variation in leaf anatomy, and a
baseline for future trait analyses.

MATERIALS AND METHODS
Empirical Measurements of K,

We determined K, from measured K. and K, for eight of our 14 study
species (Table II). K, was obtained from whole-leaf hydraulic vulnerability
curves previously published using the evaporative flux method (Scoffoni et al.,
2012, 2015). Because K|, declines as water potentials become more negative, we
calculated for each species the average K, for the interval of leaf water potential
near full hydration (we used 0 to —0.3, 0 to —0.5, or 0 to —1 MPa, depending on
species, to capture the interval before a strong decline in K¢ 7 = 5-12). K, was
obtained as described previously (Scoffoni et al., 2015) using the vacuum pump
method. Briefly, minor veins of fully hydrated leaves were cut under water over
a light bench to ensure that no major veins were severed. Cuts were made be-
tween about 95% of tertiary veins, yielding 5 to 33 cuts mm 2 depending on
sample size (larger leaves have their major veins spaced farther apart, so that
fewer but longer cuts were made; Sack et al., 2012; Scoffoni and Sack, 2015).
These cuts were enough for water to move directly out of minor veins and not
through outside-xylem pathways (Sack et al., 2004; Nardini et al., 2005). After
minor veins were cut, leaves were connected by tubing to a water source on a
balance and placed in a vacuum chamber. A steady flow rate was determined
for five levels of partial vacuum (0.06, 0.05, 0.04, 0.03, and 0.02 MPa). K, was
calculated as the slope of the flow rate against pressure, corrected for leaf
temperature, normalized for leaf area, and averaged (17 = 5-11). K was calcu-
lated using Equation 1, and st values were obtained from propagation of error:

Koo = (K =K1 1)

We note that estimates of K, thus depend on the accuracy of K values. In
particular, the evaporative flux method requires steady-state transpiration and
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stable leaf water potential to enable the determination of K, ;. We followed the
procedure tested and established for a wide range of species in previous work
(Scoffoni et al., 2008, 2012; Pasquet-Kok et al., 2010; Guyot et al., 2012). In
measuring Ky, 30 min was chosen as a minimum to ensure that leaves had
acclimated to high irradiance and stomatal conductance had stabilized. Pre-
vious studies found these criteria to be sufficient for the stabilization of
transpiration rate, water potential, and K, Tests for any change in transpi-
ration rate, leaf water potential, and Kj,,; with measurement time (after stable
flow was established) across leaves of a given species for seven species with a
wide range of leaf capacitance showed no relationship of K,,,; to measurement
time (Scoffoni et al., 2008; Pasquet-Kok et al., 2010).

Measurement of Leaf Anatomical Traits

We used measurements of 34 leaf anatomical traits (Table IV) across 14
species as described by John et al. (2013), based on light micrographs of fully
hydrated leaves fixed in formalin-acetic acid, embedded in LR White, cut in
transverse 1-um sections using glass knives in a microtome, and imaged using
a 20X or 40X objective.

Outline of the Modeling Approach

We created a model that uses anatomical measurements to calculate the
hydraulic conductances of pathways outside the xylem in leaves. The model is
adapted from the framework developed by Buckley (2015), which calculates
horizontal and vertical components of hydraulic conductance in each of three
tissue types distal to the BS (epidermis, palisade mesophyll, and spongy
mesophyll) and in each of three transport modes (apoplastic, transmembrane,
and gas phase). We extended the framework to include the BS itself and the
BSEs, applied it to a spatially explicit grid representing a single areole to
compute the distribution of water potential across the areole, and used that
distribution to compute total K, and its K;, and K, components.

The original framework of Buckley (2015) included a term for hydraulic re-
sistance due to diffusion across the interior of each cell in series with the trans-
membrane resistance. Discussions with colleagues led us to recognize that water
movement across the cellular interior may occur by bulk flow rather than by
diffusion and that the resulting transcellular bulk flow resistance would be neg-
ligible relative to the transmembrane resistance. We thus omitted the transcellular
resistance from MOFLO. This is discussed further in “Discussion.” We also as-
sumed that the quantitative contribution of plasmodesmatal flow to transpired
water movement is negligible, consistent with its narrow circular slit (of width
1-2 nm) available for water flow between the membrane at its perimeter and the
interior desmotubule of the endoplasmic reticulum (Doelger et al., 2014).

The Areole Grid

We simulated a transverse section through a circular areole (the smallest region
of a leaf bounded by minor veins) as a grid. Therefore, our results apply to regions
of the leaf bounded only by minor veins and not by the lower order (major) veins;
although our model does not directly account for free-ending veinlets, the values
of VLA used to estimate areole dimensions did include veinlets. This grid had
744 nodes: 24 horizontal (parallel to the epidermis) and 31 vertical (Fig. 14). The
aspect ratio of 24:31 was based on the average ratio of areole radius to leaf
thickness across species (0.77 * 0.07; mean * sg). Each node represents a band of
tissue delimited by outer and inner radii (horizontal distances from the areole
center) and upper and lower depths (vertical distances from the upper leaf
surface; Fig. 14). Representing circular bands of tissue as single nodes is equiv-
alent to assuming that the areole is radially symmetrical. Areole radius was
computed from VLA following previous models that considered the vein system
as a square grid with unit edge length x; this implies that each areole is uniquely
associated with a vein length of 2x and an area of ¥, s0 VLA = 2x/x* = 2/x
(Cochard et al., 2004; Sack et al., 2004). Equating this area with that of a circle of
radius, 7,00 (7 X Poreie = ¥, gIVES oo = X/71°° = 2/(VLA X 7).

Each tissue band (node) in the grid was identified with a tissue type (BS,
upper or lower BSE, upper or lower epidermis, or palisade or spongy meso-
phyll). All bands in the top and bottom rows of the grid were identified as
upper and lower epidermis, respectively, and all bands in the left-most col-
umn (which corresponds to the outer margin of the areole, aligned with the
nearest minor vein) were identified as BS or either BSE (in heterobaric species)
or mesophyll (in homobaric species). All other tissue bands were identified
as either spongy or palisade mesophyll based on measured anatomical
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proportions (Fig. 14). Formulas for tissue identity at each band are given in
Supplemental Text S1.

The heights of the top- and bottom-most rows were taken as the measured
thicknesses of the upper and lower epidermis, respectively; the height of each of
the remaining 29 rows was set as 1/29th of the remaining leaf thickness. For
homobaric species, which lack BSEs, all column widths were set at 1/24th of
the areole radius. For heterobaric species, which possess BSEs, the width of the
outermost (left-hand) column was set equal to one-half of the measured BSE
width (the other half of the BSE width would be associated with the next
areole to the left), and the widths of all other columns were set at 1/23rd of the
remainder of areole radius. The resulting differences in tissue band dimen-
sions among columns and rows were taken into account when computing the
cross-sectional areas and flow pathlengths for connections between adjacent
nodes; calculations involving BS nodes were further modified to account for
the mapping of the elliptical cross section of the BS onto a rectangular column
of nodes (for details, see Supplemental Text S1).

Computing Flows and Water Potentials in the Grid

We computed the steady-state distribution of water potential across the grid
on the basis of mass conservation. For each node i, an expression for mass
balance can be written as a linear function of the water potentials of all nodes,
in which the coefficients are hydraulic conductances between adjacent nodes.
For example, the sum of all flows into node i from adjacent nodes must equal
the net flow out of node i through stomatal transpiration:

Z(l//j - l//i>Kji =E ()

where iy is the water potential at node j, Kji is the conductance (mol s * MPa ™)
between nodes i and j, E; is any loss of water from node i by stomatal tran-
spiration (mol s71), and the sums are taken over all nodes in the grid (for
nodes that are not directly connected to node i, the conductance K;; will be 0).
Water enters the grid from the xylem, which is treated as a reference node
with a water potential of 0. This reference node is not part of the grid, but its
existence and location are implicitly incorporated by including a term for
xylem-to-BS hydraulic conductance (K,,) in the equation for each BS node:

2(‘/’1 - ‘//b)Kjb + (i — ¥)Keo = Ep (3)

where the subscript b denotes a BS node. In the presence of vertical temper-
ature gradients within the mesophyll, the conductances for vertical connec-
tions between mesophyll nodes will include both an anisothermal gas-phase
component (K, ), which depends on the temperature difference between
the two nodes, and an isothermal component (KiSO,ji), which does not. Re-
writing Equation 2 to separate these components gives:

Z(’/’i - ‘/’i)KiSO«J'i +2 ("”i - */fi)Kaniso,ji =E (4)

K

aniso’ji

is given by Equation 5 (which is based on Equation 15 in Buckley, 2015):

D.. Paati Puni Vil Vi
Kanisoji = e < ,}.[] — ;:“) <1 + RW'JIT.) (751 lll) (5)
(,//]. — ll/i)Rgas j i gas’j jitji

where D, is the molecular diffusivity of water vapor in air, v,, is the molar
volume of liquid water, p,,, and T are the saturation vapor pressure and ab-
solute temperature, respectively (at node i or j as indicated by subscripts), R,
is the gas constant, a; and [; are the area and pathlength for the connection
between nodes j and i, and y; and B; are unitless corrections that convert
simple areas and pathlengths, respectively, to those actually experienced by
moving water (for details, see “Calculating the Conductance Matrix” below).
The quantity v,4;/ Ry, T; on the right-hand side is <<1 for typical leaf water
potentials (e.g. this quantity is 0.0145 for ¢; = —2 MPa and T = 298 K), so it can
be omitted with negligible error. Omitting that quantity from Equation 5 and
multiplying both sides by ¢; — 45 gives the anisothermal component of the
vapor flow (mol s™") from node j to node i, F

aniso jir 45

_ Dywa (Psatj  Psati) [ Vjitii
Faniso i= (l//j - 'J/i) Kanisoji = Ry (T T Byl (6)

)

Note that F0

side of Equation 4. Because F,

is identical to the term inside the second sum on the left-hand
. does not directly depend on water potentials,
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it can be moved to the right-hand side and combined with the stomatal tran-
spiration flux to give a single term on the right-hand side of each linear equation:

Z(l/fi - i/li) Kisoji = Ei = X Fanisoji =€ (7)

Equation 7 represents a system of linear equations that can be expressed more
compactly in matrix form, as the product of a square matrix of conductance
coefficients (K) whose elements are the Kiso,ji/ and a vector (8), whose ele-
ments are the water potentials at each node, expressed relative to xylem water
potential (i.e. the steady-state water potential drawdowns from the xylem to
each node), with a vector e comprising the E; on the right-hand side:

K(op) = e (8)
This system can be solved for 83 by multiplying the inverse of K by the vector e:

Sy =K le 9)

We generated the vector of transpiration rates (the components E; of the vector
e) by multiplying a fixed and arbitrary transpiration rate per unit of leaf area
(Ejeas = 0.005 mol m 2 s7") by the projected leaf area corresponding to each
node at each transpiring leaf surface. For amphistomatous species (Helianthus
annuus and Romneya coulterii), we partitioned total transpiration rate between
the upper and lower leaf surfaces using the ratio of maximum stomatal con-
ductances at each surface (estimated as the ratio of the products of mean
stomatal density and mean inner pore length for each surface). We measured
stomatal density by counting stomata in each of three 400X fields of view in
three leaves per surface, per species, and measured pore lengths for four
stomata in each field of view using ImageJ software. We thus estimated that
58.2% and 43.6% of transpiration occurred from the lower surfaces of
H. annuus and R. coulterii, respectively. All other species were hypostomatous,
so we assumed that all transpiration occurred from the lower surface.

Calculating the Conductance Matrix

We generated the conductance matrix (K) as follows. First, we computed a
set of intrinsic hydraulic conductivities, x (molar flow rates [mol s '] per unit
of water potential gradient [MPa m’] per unit of area [m?]), for each transport
mode (apoplastic, transmembrane, and gas phase). The spatial dimensions in
these conductivities represent the actual pathlengths and actual flow areas
experienced by water moving in a particular tissue. Those pathlengths and
areas often differ from the simple or bulk values that one would infer from
bulk tissue geometry (e.g. the apoplastic pathlength around a cylindrical cell is
longer than the simple distance across that cell, and the area available for gas-
phase flow is smaller than the total cross-sectional area). The second step,
therefore, was to compute correction factors for pathlength and area in each
tissue type and flow direction. The area correction was the ratio of actual flow
area to simple (bulk) flow area (y), and the pathlength correction was the ratio
of actual flow pathlength to simple (direct) flow pathlength (8). Third, for each
transport mode in a given tissue and flow direction, we multiplied x by y and
divided it by B to give the corresponding bulk conductivity, k:

k= (v/B) (10)

Fourth, we summed these bulk conductivities across transport modes for each
tissue type and flow direction. Finally, for each connection between a pair of
nodes (j and i), we converted the appropriate total bulk conductivity to a
conductance (Kji, flow per unit of water potential difference [mol s"!MPa™!))
by multiplying it by the bulk flow area (7;) and dividing it by the direct flow
pathlength (I;) appropriate to the connection between those nodes:

Kji = k- (/1) (11)

For connections between different tissue types (with bulk conductivities k; and
k,, say), we computed the total conductivity as (0.5/k; + 0.5/k,)". The K;
comprise the elements of the conductance matrix K (denoted as K, ;; in Eq. 7).
We derive the expressions for k in the following section. Expressions for vy, B,
a, and [ are derived in Supplemental Text S1, and tabulated results for y and 8
are given in Supplemental Tables S1 and S2, respectively.

Calculating x

We derived intrinsic conductivities from expressions given by Buckley
(2015). Note that the term conductivity in that article referred to flow per unit
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of area per unit of water potential difference (mol s~ m~ MPa™?), whereas
here, we use the term conductivity to describe a flow per unit of area per unit
of water potential gradient (mol s m 2 [MPam ']"' = mol s™' m™' MPa™ ).
Thus, in this article, conductances are computed by multiplying conductivities
by flow areas and dividing them by flow pathlengths, as described earlier.

For diffusion across a single membrane, the flow per unit of area per unit of
water potential difference is P,,,/R,,T (compare with Equation 1 in Buckley,
2015), where P, is the osmotic water permeability of the membrane (m s ),
Ry, is the gas constant (J mol ' K™! = Pa m® mol ! K™'), and T is the absolute
temperature (K). To convert this to an intrinsic conductivity, it must be mul-
tiplied by one-half of the transcellular pathlength, L. (m; because two mem-
branes are encountered for every bulk distance L. traveled, the value of L,
differs among tissue types and flow directions). Thus, the intrinsic conduc-
tivity for transmembrane pathways is:

LPm
kmem =
2RgasT

(12)

The intrinsic conductivity for free diffusion of water, other than across
membranes, is:

_ Dyw
kaist = RuT (13)

where D, is the molecular diffusivity for water in liquid water (m? s™"). The
intrinsic conductivity for bulk flow of water through cell walls with nanopores
having an effective Poiseuille radius of R, is:

2

a
8oy

kpuk = (14)
where 7 is the dynamic viscosity of water and v, is the molar volume of liquid
water. (Note that the analogous expression in Buckley [2015], in Equation 8, also
contains factors that appear in our area and pathlength correction factors [y and 8],
which are derived in Supplemental Text S1.) For gas-phase transport (water vapor
diffusion), the intrinsic conductivity (k) contains an isothermal term that does not
depend explicitly on vertical temperature gradients in the leaf and an anisothermal
term that does depend on such gradients. The isothermal term is:

Dyav t
kgasAiso = V\aiwpsza (15)
(RewT)
where D, is the molecular diffusivity of water vapor in air and p,, is the
saturation vapor pressure. The anisothermal term is:

Dya Psatj  Psati Ow il
kgas,aniso,ji = ( - 1+ (16)
(d/] - d’i)Rgas TJ Ti Rgas TJ

where the subscripts j and i refer to values at the nodes above and below the
internodal connection for which kg, anis, is to be calculated. Equation 16 re-
quires the vertical distribution of temperature to be specified. We assumed
that temperature varied parabolically with depth in the leaf, relative to a
maximum temperature in leaf (T,.) at a relative depth in leaf at which
temperature is greatest (z,,,,), such that the temperature drop from the max-

imum value to the lower surface was equal to an input parameter, AT. Thus:

2

T(2) = T — AT (ﬁ) 17)
1= Zmax

where z is relative depth (z = 0 and 1 at the upper and lower leaf surfaces,

respectively). For each species, we set AT proportional to leaf thickness, such

that its default value was 0.1°C for the mean leaf thickness of 292.5 um. We

assumed z,, = 0.25, based on Rockwell et al. (2014).

Computing Integrated Leaf-Level Hydraulic Conductances

In experimental studies, K, is typically calculated from K, and K, using
Equation 1, and Ky, in our study was determined using the evaporative flux
method described above. We note that there are a number of other methods in
use for determining K, such as the high-pressure flow method (Yang and
Tyree, 1994), the rehydration kinetics method (Brodribb and Holbrook, 2003),
and the vacuum pump method (Martre et al., 2001; for review of methods and
their contrasting assumptions and difference in simulated flow pathways, see
Sack and Tyree, 2005; Flexas et al., 2013). Although several studies have
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shown that the different methods tend to yield similar maximum Ky, values
(Sack et al., 2002; Scoffoni et al., 2008), we highly recommend the use of the
evaporative flux method for the most accurate representation of outside-xylem
hydraulic pathways, since water movement in this method would most
closely resemble that of a naturally transpiring leaf. In the evaporative flux
method, K, is defined as the ratio of E to the difference between stem
water potential () and bulk leaf i (., of a leaf bagged during transpiration
and then equilibrated. Generally, the equilibrated ¢y,.,¢ is assumed to represent
the volume-weighted average over the mesophyll cells in the transpiring leaf.
This assumes that negligible water is taken up from the xylem to the meso-
phyll during equilibration, which would be the case if the open conduits in the
petiole of the excised leaf contained negligible volume, an assumption that
requires testing, given that many species have open vessels of several centi-
meters extending from the petiole into higher vein orders (Tyree and Cochard,
2003; Chatelet et al., 2011; Scoffoni and Sack, 2015). Even accepting this typical
assumption, additional ambiguity in the partitioning of K, into K, and K,
components arises when K is calculated using the bulk water potential of the
entire symplast. As we show in Supplemental Text S1, this can lead to spu-
rious differences in K, between leaves even when those leaves have identical
flow properties outside the BS. These artifacts can be traced to the fact that the
bulk water potential used to compute K includes some tissues that are
proximal to the transport pathways that K, is meant to represent.

To allow simulated values of K, K, and K, to be interpreted as inde-
pendent measures of outside-xylem, across-BS, and outside-BS hydraulic
conductances, respectively, we defined these conductances, for modeling
purposes, in terms of a water potential gradient whose end point is distal to
the BS. Specifically, for modeling purposes, we defined K, as:

Kox = Eleaf/l&l/obl (18>

where 8, is the volume-weighted average water potential drawdown from
the end of the xylem to all tissues distal to the BS, given by Equation 19:

Sy = X050 / S0 (19)

where i is an index representing all non-BS nodes in the grid, v, is the volume
of liquid water in the tissue band represented by node i, and &; is the com-
ponent of i for node i (calculation of v; for each node in the grid is described
in Supplemental Text S1). We defined K, as:

Kob = Eleaf/wwbn‘ (20>

where 8y, is the volume-weighted average water potential of all nodes im-
mediately adjacent to (and distal to) the BS (where bn stands for BS neigh-
bors). Finally, we defined K, as:

Kap = (K3l - K1) (21)

To allow direct comparison between measured values of K, (defined by Eq. 1)
and modeled values (computed by Eq. 18), we also computed alternative
modeled values of K, based on the volume-weighted average water potential
of all tissues distal to the xylem:

Kox = Eleaf/‘&//ox‘ (22>

where 8y, is computed in the same fashion as 8, but extended to include
the BS itself. Modeled K, values from Equation 18 are given in most cases in
“Results”; values from Equation 22 are used only when being compared di-
rectly with measured values (Table II; Fig. 1).

Unknown Parameters

MOFLO contains six parameters that could not be estimated with the same
confidence as other anatomical parameters (Table III). These are: (1) the per-
centage suppression of BS apoplastic transport by a suberized layer in BS cell
walls; (2) AT; 3) R,; (4) P,,; (5) py, (discussed further below); and (6) Pcph- For
the percentage suppression of BS apoplastic transport, we explored the full
range of possible values (from 0%-100%); we set the default value at 0% be-
cause there is little evidence of BS suberization in leaves of most species
(Lersten, 1997). Because measured f,,, is most likely an overestimate (light
micrographs typically cannot distinguish true horizontal connections between
palisade cells and the illusion of connections created by overlap of cells in the
depth plane), we set the default value for p,, at 0 and explored a range from
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0 to 1. We used a default value of 0.1°C and a range from 0°C to 0.2°C for AT,
which spans the range of values in simulations by Rockwell et al. (2014). (Note
that 0.1°C was the average temperature drop from the point of maximum
temperature to the lower epidermis across species; in practice, we used the
same gradient for all species, so that the absolute drop varied across species in
relation to leaf thickness, as discussed earlier below Eq. 17.) We explored
values of R, from 0 to 10 nm and values of P, from 0 to 160 um s~ ', with
default values of 3 nm and 40 um s~ ', respectively, based on Buckley (2015).

Our anatomical measurements (John et al., 2013) suggest that cell walls in
our species range from 0.5 to 2.9 um in thickness, averaging 1.4 um across
tissue types and species. These values are about 5 times greater than published
measurements made in other species based on transmission electron micros-
copy (Evans et al., 1994; Moghaddam and Wilman, 1998; Hanba et al., 2002;
Scafaro et al., 2011). LM measurements of cell wall thickness might be affected
by optical artifacts (blurring near the limit of optical resolution might increase
apparent wall thickness) or sampling artifacts (e.g. if a cell’s perimeter is ob-
lique to the sectioning plane, say at an angle of 45°, then the perimeter will
appear at least 0.7 um thick in a 1-um section [approximately 1/tan(45°)]
regardless of true cell wall thickness). On the other hand, fixation for trans-
mission electron microscopy requires strong dehydration that may cause cell
wall shrinkage. Accurate measurement of cell wall thickness is a future re-
search direction; for this study, we assumed by default that LM measurements
were overestimates by a factor of 5, so the default value of p,, was 0.2 and we
explored a range from 0.2 to 1.

Simulations to Determine the Effects of Parameters on K,

MOFLO contains three classes of parameters: eight known biophysical
parameters such as molecular diffusivity and dynamic viscosity (Table I), six
unknown parameters, discussed above, that were either ambiguous in light
micrographs or could not be estimated visually (Table III), and 34 known
parameters that were confidently estimated from light micrographs of trans-
verse leaf sections (Table IV). We performed three sets of simulations to ex-
plore the effects of these 48 parameters on K.

Simulation Set 1

To bound the range of possible K, values consistent with the model, we
varied the six unknown parameters simultaneously in two simulations: one
with values chosen to minimize K, and another with values chosen to max-
imize K. The low-K  values were R, P_,, and p,, = 50% of their respective
default values, AT =0, pg,,, = 0, and 100% of BS apoplastic transport blocked
by a Casparian strip. The high-K_ values were R, P, and p,, = 150% of
their respective default values, AT = 0.20°C, pgp, = 1, and no BS Casparian
strip.

Simulation Set 2

To determine the mechanistic effect of each known parameter on K, K,
and K, and to distinguish between these mechanistic effects and the across-
species correlations between each parameter and K, we varied each of the 34
known parameters across the range of measured values across species, while
holding the other 33 known parameters at their all-species means and holding
the six unknown parameters at default values. These parameter ranges,

means, and default values are given in Tables III and IV.

Simulation Set 3

To explore the importance of uncertainty in the unknown parameters for
conclusions drawn from the other simulations, we varied each of the six un-
known parameters across a range of five likely values, while holding the other
five unknown parameters constant at their default values and holding the 34
known parameters at their measured values for each species; these simulations
were repeated for each species. Embedded in these 420 simulations (five values X
six unknown parameters X 14 species) are 14 (one per species) in which each
unknown parameter was at its default value; these 14 simulations give the
default predictions for each species.

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Formulas for ratios of actual flow area to bulk flow
area used to calculate bulk conductivities from intrinsic conductivities.
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Supplemental Table S2. Formulas for ratios of actual flow pathlengths to
direct flow pathlengths used to calculate bulk conductivities from intrin-
sic conductivities.

Supplemental Text S1. Derivation of expressions for flow area, pathlength
corrections, grid areas, grid pathlengths, and volume averaging basis
adjustment.
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Supplemental File S1
Derivation of expressions for flow area, pathlength corrections, grid areas, grid pathlengths and

volume averaging basis adjustment

To accompany "How does leaf anatomy influence water transport outside the xylem?" by TN

Buckley et al.

Flow areas per unit bulk area,

For flow across membranes, the potential area for transport may be greater than the simple cross-
sectional area, or bulk area. For example, the curved surfaces of mesophyll cells present a
greater area of membrane for transport than the simple projected areas of those cells in the
direction of flow. However, the effective area is also reduced in proportion to the connectivity of
mesophyll cells (the fraction of total surface area that is in contact betweenadjacent cells; f;), and
the complement of the tissue porosity (pp). The correction factors () are the ratios of actual
contacting surface area to projected cross sectional area. For vertical transmembrane flow in

palisade tissue, this is

(D) i =l=p )5 55 =2-p, ),

The numerator is one-half of the surface area of a sphere, which is also the surface area of the
curved end of a capsule. The denominator is the projected cross-sectional area of the cell. An
identical expression also arises for both vertical and horizontal transmembrane flow in spongy

tissues:
(82) Vs =Vmsh = 2(1_ ps)fc

The surface area of a capsule is 4-7-r,” + 2-7-r,(h, — 2r,) and the cross sectional area along the

long axis is 7z:r,>+ 2ry(h,— 2rp). Therefore, for horizontal transmembrane flow in palisade tissue,
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53

54

(47z'rp2 +27zrp(hp —2rp))_ 7[(1— pp)fchp
ar! +2rp(hp —2rp) ~2h, —(4-7)r,

1
(83) Vmph = (1_ pp)fc :

All other cell types are modeled as rectangular boxes with zero tissue porosity, so their ratios of

projected and actual transmembrane flow areas are simply unity.

For apoplastic flow paths, the total area available for flow is approximately the product of cell
circumference, cell wall thickness and cell wall porosity, whereas the bulk area is the cell cross
sectional area divided by the complement of tissue porosity. For vertical apoplastic flow in the

palisade, this gives

ty 27, - P, 2p,(1-p, ),
S8 Faw =y - >
’ ﬂrpz/(l_ pp) I

For horizontal apoplastic flow in the palisade, this gives

_ pa(l— pp)[ap(zmp +2hp)

S5
(55) " Fapn ar?+2r(h, —2r)

For horizontal or vertical flow in the spongy mesophyll, the result is analogous to 7 py:

2p.(1-
(86) ya,sv = ya,sh = w

S

We modeled epidermal cells as rectangular boxes with square bases of width w, and height he.

The area correction for vertical apoplastic flow into the epidermis is thus

pa 4Wetae 4 patae
7a,ev = W2 = W

e e

(S7)
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For horizontal flow, the result is

©8) yop - Pe@Ure 5o (11
’ w, h, h, w

e e

We modeled bundle sheath and BSE cells as cubes with width wy, and wy, respectively, which

gives results analogous to 7.ev:

4p.t
(89) yaxvzyaxh: paax’and
: : m
4 pata
(S10) yup =—"".
b
Finally, for gas flow, the area correction is simply the tissue porosity: g, = ppand ys = ps for

palisade and spongy mesophyll, and zero for all other tissues.

Flow pathlengths per unit bulk pathlength, g

For apoplastic flow in spongy mesophyll and horizontal apoplastic flow in palisade mesophyll,
the direct route across a cell is twice its radius, whereas the minimum apoplastic route is half of
the cell circumference, or ztimes its radius, corrected for mesophyll connectivity (f;). The terms

for radius cancel out, giving
(Sl]‘) ﬂa,sh :ﬂa,sv :ﬂa,ph :%(1_ fc)ﬂ'

For vertical apoplastic flow in palisade mesophyll, the direct and apoplastic routes are both

longer than for horizontal flow by the cell height h, minus twice the radius, which gives
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(1_ fc)ﬂrp +(hp _2rp)
2rp +(hp —2rp)

(S12) B, = =1+ (- f)z-2)r, /n,

The actual and direct flow paths are equivalent for all other tissues and modes of flow, giving £
=1.

Grid areas (a) and pathlengths (I)

The grid is a set of 744 tissue bands delineated by 25 planes parallel to the epidermis, and 31
concentric cylinders centered on a vertical axis located at the center of the areole. The upper- and
lower-most planes coincide with the upper and lower leaf surfaces, respectively, thus defining 24
"rows" of tissue bands (indicated below with subscripted indices i). The outermost cylinder
coindicides with the lateral midpoint of the nearest minor vein, thus defining 31 "columns" of

tissue bands (indicated below with indices j).

With three exceptions, the vertical and radial thicknesses of these tissue bands are identical to
one another. Two of these exceptions are the uppermost and lowermost rows (i = 1 and 31,
respectively), whose thicknesses are defined by the measured upper and lower epidermis
thicknesses, respectively. All other rows are defined as 1/29th of the remaining leaf thickness
(equal to the sum of measured palisade and spongy mesophyll tissue thicknesses, t,and t;). The
third exception, which applies only in heterobaric species (those possessing bundle sheath
extensions) is the outermost column (j = 1), whose thickness is defined as one-half of the
measured bundle sheath extension width. In these species, the widths of all other tissue columns
are equal to 1/23rd of the difference between areole radius (rareole) and BSE half-width (wy t/2).
In homobaric species (which lack bundle sheath extensions), all columns have the same width,
which is 1/24th of the areole radius. These three exceptions ensure that the volumes, horizontal
areas and flow pathlengths involving the epidermis and/or BSEs are appropriate to the actual
tissue dimensions. (Further corrections are required to accommodate the modeled geometry of

the bundle sheath; these are described in the next section.)
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The area for horizontal flow between tissue bands j and j+1 with thickness t; (t; = t. for epidermal
rows or (t, + t5)/29 otherwise) is equal to the product of t;and the circumference of the outer

cylinder bounding the band at j+1. For heterobaric species, this area is
(S13) a,,[J;j+1]=t - 27(r e — W, o N1—(j —1)/23)

and for homobaric species, this area is

(S14) a, i j+1=t - 240, (L— j/24)

The area for vertical flow between bands at column j and rows i and i+1 is equal to the vertical
projected area of the band at column j. This equals the difference between the areas of circles
defined by the outer and inner radial boundaries of column j. For the outermost column (j = 1) in

heterobaric species, this area is

2 2
(515) av,j:l =7, - ”(rareole - %Wx,tot )

— ““Tareole

For all other columns in heterobaric species, the area is

av,j>l = ﬂ[(rareole - %Wx,tot Xl_ (J - 1)/23)]2 - ﬂ[(rareole - %Wx,tot Xl_ J/23)]2

S16
(510) J (47 -2j)/529

e

_1
areole 2 W

X, tot
For all columns in homobaric species, the area is
(817) av,j = ﬂrazreole (49 - 2])/576

The direct flow pathlengths between adjacent bands are computed as the distances between the
vertical and radial midpoints of those bands. Thus, the direct pathlength between the upper

epidermis (i = 1) and the row of tissue bands directly below it (i = 2) equals one-half of the upper
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epidermis thickness (tey) plus one-half of the thickness of one non-epidermis band, which as

described above is 1/29th of the sum of palisade and spongy tissue thicknesses. This flow path is
(S18) I [i=Li=2]=1t, +&(t, +t.)

Similarly, the direct flow pathlength between rows 30 and 31 (the lower epidermis) is

(S19) 1,[i=30;i=31]="1t, +&(t, +t,)

The direct vertical flow pathlengths between all other rows is simply

(520) 1 zcic0 = 1ty +1,)

The direct horizontal flow pathlength between the outermost tissue band column (j = 1) and the
adjacent column (j = 2) differs for heterobaric and homobaric species. For heterobaric species,
the value is one-half of the bundle sheath extension half-width plus one-half of 1/23 of the

remainder of the areole radius:
(521) 1,[j=1j=2]=2w,, +5(r

1
areole 2 Wx,tot )

For connections between all other adjacent columns in heterobaric species, the value is
(822) Ih,j22 = %(rareole - %Wx,tot)

For homobaric species, the direct horizontal flow pathlength between any two adjacent columns

is simply 1/24th of the areole radius:

(S23) I, =r,.,./24

rareole
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Estimating the number of grid rows for each tissue type

We estimated the number of grid rows for different tissue types based on measured tissue
thicknesses, as follows. The number of bundle sheath rows (nys) was the greater of 1 and the
quantity 29-hy/(t, + ts), rounded to the nearest whole number. This recognises that the palisade
and spongy mesophy|l tissue thicknesses combined (t, + ts) occupy 29 grid rows in total. The
number of rows between the BS and the upper epidermis, ny, was computed as (29 — Nps)-hxu/(hxy
+ hy) (rounded to the nearest whole number), where h,, and hy are the distances from the bundle
sheath to the upper and lower epidermis, respectively; the number of rows between the BS and
the lower epidermis, ny, was then 29 — nys— Ny, The number of palisade rows (np) was 29-ty/(t, +
ts), rounded to the nearest whole number, and the numer of spongy mesophyll rows (ns) was 29 —

Np.

Corrections to account for bundle sheath geometry

We modeled the bundle sheath as the space between the radial faces of two torus-like objects:
one is actually an elliptic torus, and the other is a similar solid of revolution that is nested within
the elliptic torus but has dimensions such that the distance from its surface to that of the elliptic
torus is everywhere identical. The elliptic torus represents the outer face of the BS (the face
farther from the xylem), the smaller (inner) torus-like object is the inner face, and the constant
distance between the two faces represents the constant thickness of the BS itself. The outer face
contacts mesophyll and BSE tissues. However, because the BS is represented in the grid as
simply a stack of cylindrical tissue bands in the outermost column of tissue bands, the total area
of the BS is not accurately represented by the grid areas computed as described in the preceding
section. We therefore corrected the values for BS bulk conductivity applied to the grid in such a
way that the total hydraulic conductance out of the BS accurately reflects the toroidal model
described above. In this section, we describe how the relevant areas and corrections were

calculated.

The area of the inner and outer faces of the BS can be computed using Pappus' Centroid

Theorem, which states that the surface area of a surface of revolution created by revolving a
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curve about an axis is equal to the product of the arc length of the curve and the distance
travelled during the revolution by the curve's centroid (the point coinciding with the geometric
average of all points in the curve). To compute these values, we therefore require the appropriate
arc lengths, centroids and radii of revolution. The major radius of both tori is equal to the areole
radius. The vertical radius of the ellipse (the "tube™) for the outer torus is one-half of the
measured height of the bundle sheath (hys), and the horizontal radius of that ellipse is computed
from hps and the bundle sheath perimeter (pps) as pos/ 7— hps/2. The two radii of the ellipse for the
inner torus are smaller than the analogous values for the outer torus by an amount equal to the

measured bundle sheath cell thickness (tys).

The arc length for the outer face is thus simply pps/2, and the arc length for the inner face is
7((Pos/ 77— Nps/ 2 — ts) + (Nps/2 — tps))/2 = 7(Pps/ 7w — 2-tps)/2 = pps/2 - 7tps. It IS easily shown that the
centroid for the outer face is located at a distance 4(pys/ 7 — hys/2)/(3 ) from the edge of the
areole, and the centroid for the inner face is located at a distance 4(pps/ 7— hps/2 — tys))/(37). The
distance travelled by these centroids during revolution is 2z times the difference between rareole

and each of these values. Thus, the area of the outer face is

pbs 4 pbs hbs
S24) a,., = 2 r,,, ——| b
( ) bs,out |: 2 :l |: ﬂ-[ areole 372_( T 2 j]:|

and the area of the inner face is

Ps 4 Ps h s
(525) abs,in = |:Tb - ﬂtbs :| : |:27z{rareole - g(?b - 71) - tbs Jj:|

The total computed grid area for contact between the BS and mesophyll in heterobaric species is
Nps times the horizontal projected area for contact between the outermost column and the adjacent

column, which from Eqgn S13 is
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252

n t, +t,)

S26) a
(S26) R

. 1
grid ,bs—mes 272-(r.areole 2 Wx,tot )

For homobaric species, this area (from Eqn S14) is

t, +t.) 23
p T s
(827) agrid,bs—mes = Ny - T ’ 27zrareole (aj

The total computed grid area for BS to BSE contact in heterobaric species is equal to twice the

vertical projected area of a tissue band in the outermost column, which from Egn S15 is

(828) agrid bs—bse — 2(ﬂrazreole - ﬂ(rareole - % Wx,tot )2)
For homobaric species, from Eqn S17 this area is

=2ar2

(S29) a reole 47/576

grid,bs—mes,vert
We assumed that the fraction of the total outer BS surface area in contact with the BSEs was
equal to the BSE width divided by one-half of the BS perimeter (2-Wy o/Pps), SO that the total BS-
BSE surface area was 2-Wy tor-aps out/Pos:  THhus, when calculating conductances for vertical

transport between BS and BSE nodes in heterobaric species, the bulk flow area computed from

Eqgn x was corrected by the ratio

(830) (ZWthOt/pr )abs,out

agrid ,bs—bse

For conductances for horizontal transport between BS and mesophyll nodes in heterobaric

species, the bulk flow area was corrected by the following ratio:
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(1_ 2Wx,t0t / Pos )abs,out

agrid ,bs—bse

(S31)

The analogous corrections for homobaric species are identical except that the BSE width wy o iS
replaced by twice the width of the outermost column of tissue bands in these species, or
2'rareo|e/24:

(rareole /6 pbs )abs,out

agrid ,bs—bse

(S32) , and

(1 ~ Fareole /6 Pos )abs,out

agrid ,bs—bse

(S33)

Computing volumes for each node

To compute volumes for each node, we consider each node to represent a three-dimensional
annulus within the areole, bounded horizontally by cylinders and vertically by planes. For
mesophyll nodes, the cylinders are chosen to bisect the lines connecting each adjacent node
horizontally, and the planes are chosen to bisect the lines connecting each adjacent node
vertically. For the upper and lower rows of nodes, which represent epidermis, we used measured
upper and lower epidermis thicknesses (te, and te;) to compute volumes. For BSE nodes, we used
the measured BSE half-width (wx t/2) to compute volumes. The calculations of hydraulic

conductances presented in this study did not require computation of bundle sheath node volumes.

Example of spurious differences in BS and outside-BS hydraulic conductances arising from
defining outside-xylem hydraulic conductance in terms of the average water potential of the
entire symplast

In experimental studies, Ko is defined in terms of leaf water potential, which equals the volume-
weighted average water potential of the entire outside-xylem compartment (o), provided that

negligible water leaves the xylem during equilibration after excision. Thus,
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(S34) Ky =E/lwy.

In this study, we sought to partition Ky« into two serial pathways: the BS (with conductance Kj)

and the outside-BS compartment (with conductance Kgp), such that
1 1 1
(S35) —=—+—-.
K K, K

where Ky, is calculated from the water potential drawdown across the BS, or & ys, (the drawdown

to grid nodes immediately adjacent to, or neighboring, BS nodes; hence the subscript bn):
(S36) K, =E/dy,,.

Combining S34-S36 gives Ky as

(S37) Ky = E/(wex|~ 600 )-

The value of Ky, given by Eqn S37 is not uniquely defined by outside-BS water transport
properties, however. Imagine two leaves that are identical in every respect except for the value of
Kp; specifically, suppose leaf A has K twice as large as leaf B. The computed values of Kq, will
differ for these two leaves, as demonstrated in the example shown in the table below, and the
difference will depend on the volume fractions of the BS and outside-BS compartments. This
spurious difference in calculated Ko, can be traced to the fact that Ko is defined in terms of a
water potential (yox) that includes some tissues (the BS) upstream of the tissues whose transport
properties are meant to be characterised by Kqp. In the example below, this leads to a 63%
difference in Ky, between the two leaves, even though they have identical outside-BS transport

properties.
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313
314

parameter leaf A leaf B
fraction of OX volume that is in BS (fy) 0.1

fraction of OX volume that is distal to BS (fo,) 0.9

transpiration rate (E) 10

water potential drawdown from outer edge of BS to

site of average water potential of outside-BS 0.4

tissues ( won)

BS hydraulic conductance (Kp) 50 25
water potential at outer edge of BS () -E/K,=0.2 0.4
water potential of BS (y4) wn/2 =-0.1 -0.2
average water potential of outside-BS tissues () Won— OWep=-0.5 -0.6
outside-xylem water potential (1x) for Yo +Hfop: Wob = -0.46 -0.56
outside-xylem hydraulic conductance (Kqy) E/lyox =21.74 17.86
outside-BS hydraulic conductance (Kqp) 1/(1/Kyy-1/Ky,) = 38.46 62.54

% spurious difference in Ky

63%

We addressed this issue by defining Kox in terms of the volume-weighted water potential

drawdown to all tissues outside the BS (5 wob; EQn 10 in the main text).
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315

316  Table S1. Flow areas per unit bulk area () used to calculate bulk conductivities from intrinsic
317  conductivities.

318
tissue flow direction  symbol(s) formula
apoplastic flow
palisade mesophyll vertical Yapv 2p, (- P, )tap /r,
lisad hvll horizontal pa(l_ ppkap(zmﬁp*_th)
palisade mesophy orizonta Yaph 7zrp2 or, (hp _er)
spongy mesophyll both Yas 2p,(1-py )t /r,
epidermis vertical Yaev 4p,t./w,
epidermis  horizontal Yach 2p,t.. (0t + We_l)
bundle sheath extensions both Yax 4p,t, /W,
bundle sheath - Yab 4p,t, /W,
transmembrane flow
palisade mesophyll vertical Yoy 20— p, )f.
alisade mesophyll horizontal m
p pny Jm,ph 2n, —(4—77)rp
spongy mesophyll both Vs 2(1- p,)f,
other both Jn 1
gas phase flow
palisade mesophyll both Yo Pp
spongy mesophyll both Yas Ps
other both 7% 1
319
320

Leaf anatomy and water transport, Buckley et al. (Supplemental Material) page 13 of 14



321  Table S2. Flow pathlengths per unit direct pathlength (/) used to calculate bulk conductivities
322  from intrinsic conductivities.

tissue flow direction  symbol(s) formula
apoplastic flow
palisade mesophyll vertical Yapv 1+(2- f)r - 2)rp/hp
palisade mesophyll  horizontal Yaph 11-f )
spongy mesophyll both Yas 11~ )x
other any Ya 1
transmembrane flow
all any Y 1
gas phase flow
all any % 1
323
324
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