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Summary

� The mesophyll surface area exposed to intercellular air space per leaf area (Sm) is closely

associated with CO2 diffusion and photosynthetic rates. Sm is typically estimated from two-

dimensional (2D) leaf sections and corrected for the three-dimensional (3D) geometry of meso-

phyll cells, leading to potential differences between the estimated and actual cell surface area.
� Here, we examined how 2D methods used for estimating Sm compare with 3D values

obtained from high-resolution X-ray microcomputed tomography (microCT) for 23 plant

species, with broad phylogenetic and anatomical coverage.
� Relative to 3D, uncorrected 2D Sm estimates were, on average, 15–30% lower. Two of the

four 2D Sm methods typically fell within 10% of 3D values. For most species, only a few 2D

slices were needed to accurately estimate Sm within 10% of the whole leaf sample median.

However, leaves with reticulate vein networks required more sections because of a more

heterogeneous vein coverage across slices.
� These results provide the first comparison of the accuracy of 2D methods in estimating the

complex 3D geometry of internal leaf surfaces. Because microCT is not readily available, we

provide guidance for using standard light microscopy techniques, as well as recommending

standardization of reporting Sm values.

Introduction

Leaf photosynthetic function is directly linked to tissue-level
anatomy which can be grossly categorized into vascular, meso-
phyll, and epidermal cell types. Chloroplasts predominantly
inhabit mesophyll cells in most vascular plants and require access
to sufficiently high [CO2] to maximize net assimilation. Conse-
quently, terrestrial plants have evolved leaves that facilitate inter-
cellular CO2 diffusion, such as amphistomatal leaves (e.g.
Parkhurst & Mott, 1990) and extensive contiguous air spaces to
promote lateral diffusion (Pieruschka et al., 2006; Morison et al.,
2007). Moreover, chloroplasts are typically positioned within
mesophyll cells immediately adjacent to the intercellular air space
(IAS) to minimize the liquid CO2 diffusion path length (e.g.
Evans et al., 2009; Tholen & Zhu, 2011). For these reasons, mes-
ophyll cell surface area per leaf area (Sm) is positively related to

CO2 diffusion and maximum leaf photosynthetic capacity (Amax;
Nobel, 1977).

Sm is therefore a functionally important trait to measure when
comparing genotypes and phenotypes (e.g. Tholen et al., 2008;
Giuliani et al., 2013) and when comparing growth responses to
environmental factors. As one example, exposure to high light
intensity during development tends to result in thicker leaves with
a greater proportion of palisade cells, leading to a greater Sm with
higher photosynthetic capacity for a given species (e.g. Nobel,
1976; Terashima et al., 2006). This correlation between Sm and
Amax is observed for a number of species (Nobel, 1977; Longstreth
et al., 1980; Tosens et al., 2012; Chatelet et al., 2013), although
other geometric constraints, such as cell wall thickness (e.g. Tosens
et al., 2016) and the coverage of mesophyll cell surface by chloro-
plasts (Sc, surface of chloroplast exposed to the IAS; e.g. Tholen
et al., 2008), will ultimately limit how much Sm can increase Amax.

Numerous methods have been developed for estimating meso-
phyll surface area, all of which are derived from two-dimensional*These authors contributed equally to this work.
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(2D) leaf sections and employ a means of correcting the 2D data
to estimate the three-dimensional (3D) geometry. Specifically,
we found five unique methods in the literature to convert 2D
measurements into 3D Sm values: paradermal + cross-section
(Turrell, 1936); cells as regular geometrical objects (Nobel et al.,
1975; Sack et al., 2013); curvature correction (Thain, 1983);
oblique paradermal section (James et al., 1999); and stereological
methods (Chabot & Chabot, 1977; Parkhurst, 1982; Kub�ınov�a,
1994; Ivanova & P’yankov, 2002). The regular geometrical
objects method assumes that each cell’s entire surface is exposed
to the IAS, whereas other methods either are not specific (curva-
ture correction, stereological methods such as the fakir grid
method of Kub�ınov�a, 1994) or measure only the surface exposed
to the IAS (Turrell, 1936; Evans et al., 1994; James et al., 1999).
The stereological methods, using counts of intersection between
the cell surface and sampling lines, make fewer assumptions
regarding cell shape to infer 3D areas from 2D cross-sections
(Parkhurst, 1982). However, stereological methods assume a ran-
domly distributed spatial structure and, as a result, such methods
may not be appropriate for leaves that are both anisotropic and
nonrandom (Ivanova & P’yankov, 2002) and have been less
commonly adopted.

Estimates of Sm from 2D cross-sections, regardless of the
method, are necessarily approximations of the true 3D geometry
of the internal leaf surfaces. To date, these methods have not been
validated because of the difficulty in obtaining surface area mea-
surements of such complex cellular shapes with a nonuniform
arrangement. As efforts to improve crop performance could one
day focus on mesophyll traits (Zhu et al., 2010; Evans, 2013), it is
critical to develop a better understanding of the inherent flaws or
inaccuracies related to traditional 2D methods. Resolving these
uncertainties will allow for further refinement of the relationship
between leaf internal surface area and photosynthetic function.

Here, we compare four of the five 2D Sm estimation methods
mentioned earlier with 3D values obtained using noninvasive
high-resolution X-ray microcomputed tomography imaging
(microCT) for laminar leaves from 23 species that represent a
broad phylogenetic and anatomical spectrum. Importantly, the
differential absorption of X-ray energy by water and air allows for
segmentation and quantification of intercellular air space and thus
Sm. Further, X-ray microCT effectively generates hundreds to thou-
sands of 2D virtual leaf cross-sections with submicrometer thick-
ness, providing the necessary data to compare both 3D estimates of
IAS properties and established 2D methods using the same dataset.
However, microCT as used here cannot distinguish chloroplasts
and organelles, and thus cannot provide a direct estimate of Sc (e.g.,
see Ho et al., 2016). Based on this analysis, we provide recommen-
dations regarding the estimation of Sm using both 2D and 3D tech-
niques, and guidelines for comparing values obtained in previous
studies and setting a standard for future efforts.

Previous methods for estimating Sm

Here, we focused on four contrasting methods that estimate mes-
ophyll surface area from cross-sections (see the Supporting Infor-
mation Notes S1 for more detail):

� Paradermal + cross-section (PCS). Turrell (1936) provided the
earliest method to estimate Sm, which was later applied in early
landmark papers such as El-Sharkawy & Hesketh (1965). It uses
paradermal slices from each cell layer and a cross-section to scale
2D sections to 3D, making basic assumptions about cell distribu-
tion in each layer, and requires a higher number of slices to
estimate Sm.
� Curvature correction factor (CCF). Thain (1983) provided an
easy method to apply a curvature correction based on cell geome-
try which was validated against stereological methods (Morris &
Thain, 1983). This method can be used with cross-sections alone,
although a combination of cross-sections and paradermal sections
achieve the best results. It is currently the most commonly used
method in the literature.
� Oblique-paradermal section (OPS). James et al. (1999) pre-
sented a method using only a single, oblique-paradermal section,
which was subsequently used by Slaton & Smith (2002) to com-
pare the leaf anatomy of 56 species from 21 families, but has not
been adopted since, to our knowledge.
� Regular geometrical shapes (RGS). Sack et al. (2013) presented
an updated method of Nobel et al. (1975) that quantifies meso-
phyll traits based on idealized cell shapes, while making the
assumption that all mesophyll surface is exposed to the IAS.

As stereological methods have been less adopted and were used
mainly to estimate cell properties in recent years (as opposed to
whole mesophyll properties; e.g. Ivanova & P’yankov, 2002;
Albrechtov�a et al., 2007), we excluded this group from our
analysis.

Materials and Methods

Comparing 2D and 3D estimates

Plant material Species were selected from various glasshouses
and arboreta that represent a broad diversity of plant groups, leaf
structure, and palisade tissue fraction (Table 1 and Supporting
Information Table S1 for full names and growth location of the
species). Only laminar leaves were selected for this study, which
facilitated the computation of leaf area between the various meth-
ods. Such a comparison would have been less straightforward
with needles or scale-like leaves with more complex geometries. A
small group of Bromeliaceae was investigated to cover both C3

and CAM leaf types and to compare both microCT and light
microscopy methods. Healthy, well-watered plants were selected,
and the petiole or stem was excised, wrapped in wet paper towels,
and immediately put in plastic bags. They were transported and
scanned at the microCT facility within 36 h.

Three-dimensional method: segmentation and classification of
air space, mesophyll tissue, and veins from microCT
scans Leaf samples were brought to the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory (LBNL; beam-
line 8.3.2) or to the Advanced Photon Source (APS) at Argonne
National Laboratory (ANL; beamline 2-BM-A,B). The following
steps were used to segment and classify the air space, mesophyll
tissue, and veins, and are shown in Fig. 1:
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1 Sample preparation. Before each scan (< 30 min), one c. 1.5- to
2-mm-wide and c. 20-mm-long sample was excised near a major
vein from a fully developed leaf. Initial samples (run at ANL)
were sealed in a pipette tip positioned above a water drop to pre-
vent desiccation, but this sometimes resulted in flooded samples
(samples not included here). Samples scanned at LBNL were
enclosed between two pieces of Kapton (polyimide) tape to pre-
vent desiccation while allowing high X-ray transmittance. The
sample was then placed in the pipette tip and mounted and
centered in the microCT X-ray beam.
2 MicroCT scanning. Samples were scanned using the CT mode
capturing 1025 projection images at 21–25 keV, using either the
95 or 910 objectives, yielding a final pixel resolution of 1.28
and 0.64 lm, respectively (pixel resolution3 = voxel volume of

2.10 and 0.26 lm3, respectively). Scans were completed in
c. 15 min.
3 Reconstruction. Reconstruction was carried out using TomoPy,
a Python-based framework for reconstructing tomographic data
(G€ursoy et al., 2014). Each raw dataset was reconstructed using
both the Gridrec (Dowd et al., 1999) and phase retrieval recon-
struction methods (Davis et al., 1995), yielding complementary
results. Gridrec performed better in isolating small pores and air–
cell boundaries, but was less efficient in segmenting larger air
voids, which were better isolated using phase retrieval reconstruc-
tions. Image stacks were rotated so that the leaf was oriented in a
cross-sectional view and the epidermises were parallel to the
image stacks’ top and bottom borders, and such that their posi-
tion was similar from the front until the end of the stack. When

Fig. 1 Graphical representation of the steps
needed to produce a three-dimensional (3D)
representation of the leaf air space, from leaf
sample preparation (1), X-ray
microcomputed tomography (microCT)
scanning (2; X-ray source entering through
rectangular window on the left) to the
creation of a composite image stack with leaf
air space, cells, veins and mesophyll being
segmented (3–5). The full description of the
different steps is presented in the Materials
and Methods section associated with the
circled numbers. In the exploded three-
dimensional (3D) view, veins are blue,
intercellular air space is light gray, and cells
are green.
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possible, veins were aligned so that they were consistently posi-
tioned through the stack. We then cropped the tissue to focus on
a region of interest between the middle of two major veins when
present, so that the image was entirely mesophyll and excluded
sample edges where desiccation occasionally occurred during
sample preparation. The final stacks contained between 200 and
2000 8-bit grayscale images (down-sampled from 32-bit). Image
processing was applied equally among scans using IMAGEJ soft-
ware (Schneider et al., 2012).
4 Air space segmentation and classification. The air space was seg-
mented for each reconstruction method by visually and subjec-
tively defining a range of pixel intensity values between a
minimum and maximum grayscale value to optimize air space
classification while minimizing false classification (i.e. nonair-
space pixels). This resulted in a binary image stack that defined
the presence or absence of air space.
5 Combining classified images from both reconstruction methods
and classifying other leaf features. Binary image stacks from both
reconstructions were combined using IMAGEJ’s ‘Image Calculator’
function. To produce estimates of IAS features, the mesophyll
boundaries were manually drawn as regions of interest (ROIs) for
slices where significant changes occurred, and ROIs for in-
between slices were interpolated using the ‘Interpolate ROIs’
function. The boundaries of all veins were segmented in the same
manner, as were fibers if present. We removed the veins to avoid
including that tissue as part of the total mesophyll volume and to
avoid falsely classifying air-filled vessels as IAS. To produce the
final stack before analysis, the area outside of the mesophyll and
veins was classified with unique pixel values. We refer to this
stack as the ‘composite stack’ (stack with cells, air space, veins,
and other mesophyll), as opposed to ‘binary stack’ (air space and
nonair space).

Three-dimensional method: measuring Sm and other IAS
features from the image stack To extract the IAS features and
measure Sm, the composite stack was prepared by selecting only
the air space using the ‘Threshold’ function in IMAGEJ. With this
binary stack, air space features were measured using ‘BONEJ’, an
IMAGEJ plugin originally developed to analyze bone morphology
(Doube et al., 2010; all of the following functions were contained
within this plugin). Air space volume and total volume of the sam-
ple were measured using the ‘Volume fraction’ function. Air space
surface was measured using the ‘Particle Analyzer’ function.
Potential signal noise was reduced by analyzing only 3D particles,
i.e. a group of connected voxels, larger than three voxels (39 pixel
resolution3 (lm3)). To estimate IAS surface area, meshes, consist-
ing of triangles of similar sizes connected through their edges, were
produced around the IAS volumetric particles. The sizes of the tri-
angles were adjusted by changing the resampling rate, the two
lowest values of which were compared. A resampling rate of 1, the
lowest possible value, results in a surface mesh with smaller trian-
gles, and thus finer features are extracted. A resampling rate of 2
results in a smoother mesh with fewer triangles. The surface area
of all the particles extracted by Particle Analyzer were summed
and used as the total mesophyll area exposed to the IAS (Ames,
lm2). Mesophyll volume (Vmes, lm

3) was computed from the

total volume of the sample minus the vein volume. Leaf sample
area (LA, lm2) was defined as the image width multiplied by stack
depth. Sm,3D was then computed as:

Sm;3D ¼ Ames=LA Eqn 1

Two-dimensional methods: estimating Sm using 2D methods
for individual microCT slices For Thain’s curvature correction
(CCF method; Morris & Thain, 1983; Thain, 1983; Evans et al.,
1994), the average major (a; length) and minor (b; width/diame-
ter) axes of at least 10 adjacent cells were measured within a ran-
domly placed sampling window that included both palisade and
spongy mesophyll in a representative cross-section slice from the
Gridrec stack (Fig. 2). The curvature correction factor (F) was
computed for each mesophyll tissue from the b/a ratio (Thain,
1983; see Methods S1 for the complete list of equations and
accompanying R code, also available online at https://github.c
om/gtrancourt/curvature_correction), and the leaf-averaged F
was computed as described in Evans et al. (1994):

Fleaf ¼ Fsp � fsp þ Fpal � fpal Eqn 2

where fsp and fpal are the fraction of spongy and palisade meso-
phyll. This correction factor was applied to the uncorrected Sm
data (Sm,RAW), which is the sum of the perimeter of each air space
area in one single slice in cross-sectional view (P) divided by the
width of the cross-section (w), such that the Sm values corrected
for the curvature of the cells were:

Sm;CCF ¼ ðP=wÞ � F leaf : Eqn 3

Note that individual Sm,RAW (P/w) and Sm,CCF values are
available for hundreds to thousands of slices and, unless
specifically stated, the median value for the entire stack is
presented.

For the oblique-paradermal section method (OPS; James
et al., 1999; Slaton & Smith, 2002), a line selection was drawn
on the binary stack from ad- to abaxial epidermis at an angle of
c. 30° in a cross-sectional view, and an OPS was produced by
reslicing the stack, i.e. generating a new 2D image composed of
the pixel values along the line selection for each slice (‘Reslice’
function, without interpolation). The resulting image was
binarized again (‘Adjust threshold’ function) because of gray-
valued pixels produced with the ‘Reslice’ function. The perime-
ter of the air space in the OPS (POPS) was measured as
described previously and Sm was estimated as described in
Slaton & Smith (2002):

Sm;OPS ¼ POPS � t

wOPS � LOPS
Eqn 4

where t is the thickness of the mesophyll, measured on the
Gridrec reconstruction under a cross-sectional or longitudinal
view, wOPS and LOPS are the width (along epidermis; from c. 400
to 1200 pixels) and length (from ad- to abaxial epidermis; from
c. 800 to 2000 pixels) of the OPS (Fig. 2).
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For the paradermal + cross-section method (PCS; Turrell,
1936), cell dimensions were measured on a cross-sectional view
using the Gridrec stack and averaged over at least 10 adjacent
cells in a sampling window. The cell perimeter exposed to IAS
and cell areas were measured on a paradermal section of the
binary stack (see Fig. 2 for all following variables). The palisade
surface area was estimated by multiplying, for each layer, the
height of layer (hpal,i) by its perimeter exposed to the IAS (Ppal,i),
measured under a paradermal view. For the spongy mesophyll,
the vertical length of the cells (hsp) was measured at an angle not
greater than 45° from vertical (i.e. hsp can be a curved line, to
represent the whole exposed height of the cell). The horizontal
(paradermal) length of the spongy cells was measured again at an
angle not greater than 45° from horizontal and divided into the
length exposed to the IAS (le) and the total length (lt), so that the
horizontal exposed area could be corrected for the actual fraction
that is exposed to the IAS. The perimeter exposed to the IAS (Psp)
and area (Asp) of the spongy mesophyll cells were measured on a
representative paradermal slice, and the resulting area for one
layer was multiplied by the average number of spongy cell layers
(nsp). Turrell (1936) also accounted for the surface of the abaxial
epidermis exposed to the IAS, as he was interested in the

evaporative surface (area of the sample under a paradermal view:
Asamp – Asp). He estimated Sm as:

Sm;PCS ¼Pnpal
i¼1 hpal;iPpal;i þ nsp hspPsp þ 2Asp

le
lt

� �
þ Asamp � Asp

� �
li
w

Asamp

Eqn 5

where npal is the number of palisade cells layers (all anatomical
components are presented in Fig. 2). Note that the numerator is
composed of the palisade (1st term in Eqn 5), spongy (2nd term
in Eqn 5) and abaxial epidermis (3rd term in Eqn 5) components.
As the comparison conducted here uses the entire exposed sur-
face, the abaxial epidermis term is relevant, but this term could
be removed if only chlorenchymous tissue is of interest. Note that
Turrell (1936) applied a correction to the abaxial epidermis term
by measuring the length of the inner wall of the epidermis in the
cross-sectional view (li) as the width of the cross-section being
measured (w). This might be less relevant, however, when using
digital imaging where the section can be easily rotated so that
li� w.

Fig. 2 Graphical representation of the
different variables measured on two-
dimensional (2D) sections for the four 2D
methods compared in this study. For each
section, the variables are drawn out when
they are measured directly on cells or when
corresponding to the dimensions of the
section. Variables measured on binary images
(air space and nonair space; examples
presented for the paradermal and oblique-
paradermal sections) are written below their
respective sections. A full description of each
variable is presented in the Materials and
Methods section. Air space, dark or black
regions; cells, light or white regions.
Variables: h, height of a cell; d, diameter of a
cell; le, exposed horizontal length of a cell; lt,
total horizontal length of a cell; p, perimeter
of a cell; t, thickness of the mesophyll; P,
perimeter of the air space; A, area of the air
space; wOPS, width of an oblique paradermal
section; LOPS, length of an oblique
paradermal section. Subscripts: pal, palisade
mesophyll; sp, spongy mesophyll; samp,
whole section.
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For the RGS method (Sack et al., 2013), cellular dimensions
are used to compute each cell’s surface area and volume, which
are used to estimate the number of cells per tissue. Spongy meso-
phyll cells are assumed to be spheres with a circumference equal
to the cell perimeter (psp), measured on a cross-section of the
Gridrec stack. Palisade cells are assumed to be cylinders with
hemispherical ends, and the length (hpal) and diameter (dpal) axes
were measured on a cross-sectional view (Fig. 2). The surface of
mesophyll per leaf area is then computed as:

SApal ¼ 2p
dpal
2hpal

;Vpal ¼ p
dpal
2

� �2
4

3
� dpal

2
þ hpal � dpal

� �

SAsp ¼ 4p
psp
2p

� �2

;Vsp ¼ 4

3
p� psp

2p

� �3

Sm;RGS ¼
SApal � tpalð1� hpalÞ

V pal

þ SAsp � tspð1� hspÞ
V sp

Eqn 6

where SA and V are the surface area and volume of one cell, and
h is the porosity of the tissue (area IAS (lm2) / mesophyll area
(lm2)).

Identifying the minimum number of slices required to
produce a reliable Sm estimate

Using the data from each individual slice (i.e. all Sm,RAW values
for one leaf), we estimated the number of 2D sections needed to
estimate Sm within 5% or 10% of the leaf-level median with
95% confidence. To do so, we reordered the Sm values for each
species to create 10 000 random sets. The median value was then
calculated for each reordered set for an increasing number of
slices, using only one Sm value up to 500 times or the maximum
number of slices for that species, whichever was reached first. The
5th and 95th confidence intervals were computed, and the smallest
number of slices needed to be within 5% and 10% was computed
using R v.3.3.3 (R Core Team, 2017).

Comparing light microscopy to 3D data

Bromeliaceae leaf samples, from the same leaf scanned with
microCT when possible, were prepared for microscopy following
Bozzola & Russell (1999) and Russin & Trivett (2001). Leaves
were fixed in Karnovsky’s fixative, and then rinsed with 0.1M
phosphate buffer (pH 7.2) and postfixed for 2 h in 1% buffered
osmium tetroxide. Leaves were dehydrated with ascending
concentrations of ethyl alcohol with three changes at 100%, tran-
sitioned 1 : 1 with propylene oxide, and dehydrated using two
changes of pure propylene oxide. Infiltration began using Epon/
Araldite resin (EMS, Hatfield, PA, USA) in three ascending con-
centrations with propylene oxide. Finally, three changes of resin
with microwave assistance were done before overnight polymeriza-
tion in capsules. Semithin sections were cut using a Leica Ultracut
UCT ultramicrotome and were stained with 2% Methylene Blue/
Azure II before being observed at 9200 magnification with an
Axio Imager A2 microscope (Zeiss, Oberkochen, Germany).

Structural traits, t, hIAS, P, w, and the total area of the meso-
phyll (Ames; not including vein area), were analyzed using IMAGEJ
software. To normalize for uneven leaf thickness between the
embedded section and the microCT stack, the ratios P/Ames,2D

(lm lm�2; see also Nelson et al., 2005) and Ames,3D/Vmes,3D

(lm2 lm�3) were compared.

Results

The 23 species analyzed spanned a broad range of mesophyll
thickness (95–670 lm), porosity and fraction of palisade tissue
within the leaf, from the spongy-only fern Asplenium nidus and
the CAM orchid Oncidium ornithorhynchum, to the palisade-only
Welwitschia mirabilis (Table 1). Using the microCT data, Sm
(Sm,3D) was estimated with two resampling rates. A resampling
rate of 1 (R1) produced Sm,3D (Sm,3D-R1) values 10–70% higher
(average 25%) than when using a resampling rate of 2 (R2;
Sm,3D-R2). R2 produced a smoother surface mesh by using larger
triangles, but this resulted in the exclusion of small air space vol-
umes – an example of the coastline paradox (Mandelbrot, 1967).
Consequently, small-diameter pores, i.e. close to the resolution
limit of our images, were captured less accurately at a higher
resampling rate. O. ornithorhynchum showed the largest differ-
ence between R1 and R2, where the mesophyll consists of tightly
packed spheroids with a very low porosity (0.04) and narrow air
passages. Leaves with packed palisade cells of small diameter,
such as Gossypium and Prunus, also showed a large difference
between R1 and R2. Further, a smaller resolution (or higher
magnification) generally led to a larger difference between R1
and R2 (+27% with a magnification of 95, or 1.28 lm pixel�1,
vs +19% with a magnification of 910, or 0.64 lm pixel�1).

The Sm,RAW values, i.e. the uncorrected length of mesophyll
exposed to the IAS divided by the section width, had a median
value of 16% less than Sm,3D-R2 and 32% less than Sm,3D-R1

(Fig. 3). The OPS method produced Sm,2D estimates with slightly
less difference than with Sm,3D values (�26% vs R1 and �8% vs
R2; Fig. 3), yet the estimates were in a broader range than
Sm,RAW. The RGS method, which estimates the entire cell surface
and assumes that it is completely exposed to the IAS, produced
Sm,RGS values having a median +157% from the Sm,3D-R1, with
values ranging from �52% to +552% (Table 1; Fig. 3). Of all
the methods and resampling rates, only Sm,OPS compared with
Sm,3D at R2 had similar means (one-sample t-test, P = 0.23),
while the rest were significantly different (one-sample t-test,
P < 0.01).

Sm,CCF and Sm,PCS values were similar to each other and most
closely matched the 3D values, being within a median �10% of
the 3D values, for both R1 and R2. Generally, the species that
were corrected to be within 10% of the Sm,3D-R1 value with
Thain’s CCF method had a similar difference when comparing
the estimates from Turrell’s PCS method. However, several
species had better estimates with the PCS method than with the
CCF method (e.g. Monstera, Guzmania, Austrobaileya; see
Table 1). All leaf types performed well with both CCF and PCS
methods, where, for example, leaves with high porosity (e.g.
Helwingia and Nymphaea) and low porosity (e.g. Aechmea
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fendleri and Platycerium, both CAM plants) were within 10% of
the Sm,3D-R1 value.

For most species (15 out of 23), one to three sections were nec-
essary to estimate Sm,2D within 10% of the whole sample median,
95% of the time (Fig. 4). For those species, a few more slices were
needed to be within 5% of the leaf median and up to a total of
10 slices. The species that needed the highest number of slices to
be within 10% of the leaf median (> 4 and up to 10) required sub-
stantially more slices to be within 5% (13 and up to 35). Those
species were mainly eudicots with reticulate vein networks with no
preferred orientation, or species with greater heterogeneity among
slices (see Fig. 5). However, when the slices with a high proportion
of veins were removed, a common subjective practice when ana-
lyzing microscopic slices, the minimum number of slices typically
decreased substantially, with, for example, a decrease from eight to
two slices for Gossypium (Fig. 4), leading to a narrower range of
Sm,2D values (Fig. 5). In comparison, Myriopteris, which needed
only one slice to be within 10% of the leaf median, was very
homogenous throughout the leaf sample (Fig. 5).

Finally, we compared light microscopy images for six
bromeliad species to the microCT-derived 3D values. As the
mesophyll thickness was different between the embedded and
microCT samples, we applied a Thain (1983) curvature correc-
tion factor to the total perimeter of mesophyll measured per mes-
ophyll area and not per leaf area. These data showed good
agreement in relation to the mesophyll surface area over meso-
phyll volume ratio (Fig. 6a). Interestingly, the species that had
the largest difference between the 2D and 3D values were the
thickest leaves (c. 400 lm), while the thinnest leaves (c. 100 lm)
produced very similar 2D and 3D values (Fig. 6b). Species with
thicker leaves resulted in up to c. 40% less surface being estimated
from embedded material compared with the 3D data using R1.

Fig. 3 Error associated with different methods for estimating the
mesophyll cell surface area exposed to the intercellular air space per leaf
area (Sm). Values estimated using two-dimensional (2D) methods are
compared with the X-ray microcomputed tomography (microCT)-derived
three-dimensional (3D) values obtained using a finer mesh size
(resampling rate of 1; white boxes) and a slightly larger mesh size
(resampling rate of 2; gray boxes). The raw and uncorrected 2D Sm values
(RAW) are presented as a comparison: the curvature correction was
applied to these values. The horizontal solid line represents no difference
between the 2D and 3D estimates, and the horizontal light gray shaded
area represents 10% below and above the 3D value. Of all the methods
and resampling rates, only Sm,OPS compared with Sm,3D at R2 had similar
means (one-sample t-test, P = 0.23), while the rest were significantly
different (one-sample t-test, P < 0.01). Boxplots represent the median,
first, and third quartiles, the ends of the vertical lines represent the 1.5 9

interquartile range, and black points are outliers. n = 23, except for the
PCS method where n = 21 as this method was difficult to apply to leaves
with large lacunae. Note the difference in scale between the RGS,
estimating the total mesophyll surface, and the other methods. CCF,
Thain’s (1983) curvature correction; PCS, Turrell’s (1936)
paradermal + cross-section method; OPS, James et al.’s (1999) oblique-
paradermal section method; RGS, Sack et al.’s (2013) regular geometrical
shapes method.

(a) (b)

(c)

Fig. 4 (a) Number of two-dimensional (2D)
sections needed to estimate the mesophyll
cell surface area exposed to the intercellular
air space per leaf area (Sm) within 5% (gray
circles) or 10% (black circles) of the leaf-level
median with 95% confidence; (b)
relationship between the minimum number
of slices and the median Sm values; (c)
relationship between the minimum number
of slices and the median Sm/standard
deviation, r. The minimum number of slices
was also evaluated by removing the slices
with too much vein coverage, a practice
usually done on microscopic slices (small
white circles in left plot, only when there was
a different value from the black circles). This
practice led to a substantial reduction in the
minimum number of slices needed to get
within 10% of the leaf-level median for most
of the studied species.
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Fig. 5 The effect of vein area in the
calculation of the mesophyll cell surface area
exposed to the intercellular air space per leaf
area (Sm) using the curvature correction
factor (CCF) method. Boxplots show the
distribution of Sm values calculated from
images with (gray) and without (white) slices
with a high fraction of vein tissue for
Gossypium, Helianthus, andMyriopteris
(boxplots represent the median, first, and
third quartiles, the ends of the vertical lines
represent the 1.59 interquartile range, and
black points are outliers). Representative
transverse X-ray microcomputed
tomography (microCT) slices at five quantiles
(0.025, 0.25, 0.5, 0.75, 0.975) within the
image stacks are shown, with veins being
shown for each species. As the veins and cells
are water-filled, thus having the same
density under X-rays, they are not easily
distinguishable from each other and one
must look for the subtle cell walls to identify
them. We have indicated with arrows the
location of some of them. Scale bar: 250 lm.

(a) (b)

Fig. 6 Deviation of two-dimensional (2D) estimates of mesophyll surface area exposed to the intercellular air space (IAS) compared with the X-ray
microcomputed tomography (microCT)-derived three-dimensional (3D) value, and how the error increases with leaf thickness. (a) The relationship
between the 2D-derived mesophyll perimeter exposed to the IAS (P) relative to leaf area per total mesophyll area in the measured area (Ames,2D) and the
3D equivalent derived using microCT: the surface of mesophyll exposed to the intercellular air space per total mesophyll volume (Ames,3D/Vmes,3D). The
same leaves were used for both X-ray microcomputed tomography (microCT) and light microscopy analyses, and 29 standard deviation is presented for
the 2D data obtained from multiple sections. (b) Relationship between leaf thickness and the relative difference between the 2D and 3D values. Afe,
Aechmea fendleri; Afu, Aechmea fulgens; Be, Bilbergia elegans; Gl, Guzmania lingulata; Ni, Nidularium innocentii; Pa, Puya alpestris.
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Discussion

Three-dimensional values as a reference, and a
standardized method for the analysis of leaf microCT scans

Our use of microCT allows for a more geometrically accurate
investigation of both plant structure and function, and an in-
depth investigation into how close 2D estimates match the 3D
geometry of complex surfaces within the leaf. Here, we present a
method for extracting leaf air-space features and for estimating
Sm, an important leaf trait that determines internal gas exchange
and photosynthetic capacity.

Using microCT on fresh leaf samples allowed us to more fully
capture the 3D mesophyll surface exposed to IAS without the
potential artifacts associated with traditional light microscopy
sample preparation, while at the same time removing the need to
correct for cell curvature and complex geometry. In this way, we
could measure volumetric features such as porosity of the air
space, mesophyll volume, and vein volume. Other features could
be measured, such as individual cell volume and surface area, by
hand-drawing the contour of cells. One other advantage of the
microCT leaf scans is that they can be used to generate volumet-
ric meshes, i.e. a simplified rendering of a 3D object by approxi-
mating the volume as a collection of interconnected tetrahedra,
for use in finite element modeling, as shown in Ho et al. (2016).
Using microCT also has the advantage of being able to measure
larger samples (slightly over 1 mm3) nondestructively as com-
pared with nonCT 3D techniques such as confocal microscopy,
which has good accuracy for samples of c. 40 lm thick
(Lhot�akov�a et al., 2008). However, nonCT 3D methods use
instruments that are more readily available, such as confocal
microscopy, and can produce comparable data as those from
microCT. At the same time, such methods require a smaller sam-
ple size (Wuyts et al., 2010) and are subject to artifacts that may
result from fixation, clearing, staining, and other histological
treatments.

Limitations do exist when using microCT for quantifying leaf
anatomical traits. One limitation is the speed of scanning. Syn-
chrotron microCT instruments are probably the most efficient
because of the very high-energy flux of the X-rays, making a scan
possible in < 20 min, compared with up to 12 h on a commercial
machine for a comparable scan (Yannick Staedler, University of
Vienna, pers. comm.). Such time savings can significantly reduce
potential imaging artifacts as a result of tissue movement or dehy-
dration. Magnification is also a potential limitation which typi-
cally does not exceed a resolution of c. 0.3 lm pixel�1 (the
resolution available for the present study was 0.64 and
1.28 lm pixel�1, resulting from different magnification settings
used during microCT scanning). Using light microscopy, this
can be substantially lower depending on the microscope, which
can show minute details that cannot be seen using microCT.
Wuyts et al. (2010) presented a nonCT 3D method using
confocal microscopy that allows imaging of leaves at a higher
magnification and with high-cell contrast, and as such provided
higher-quality images than microCT. However, their method
uses cleared, stained leaves, i.e. leaves were bleached to increase

light penetration. This comes with an associated tradeoff of los-
ing Chl that is needed to identify chloroplasts. Furthermore, the
leaf samples are stored and analyzed in ethanol, which can cause
distortion in the cells as compared with fresh samples that are
used in microCT (Uwins et al., 1993; Talbot & White, 2013).

Another important limitation of microCT is its inability to
detect organelles. Contrast in X-ray images is largely determined
by differences in X-ray attenuation within the sample. As the
contents of water-filled plant cells generally do not show differen-
tial absorption of X-rays, the interior of cells typically appears to
be homogenous with microCT images, although the higher den-
sity of cell walls makes it possible to delineate individual meso-
phyll cells (Fig. 1). Light microscopy has the advantage of
allowing researchers to distinguish among chloroplasts, organelles
and compounds through the staining of sections. Hence, without
prior knowledge of a leaf’s anatomy, it is impossible to accurately
identify the chloroplasts’ distribution in a microCT scan, which
probably needs to be combined with a stained cross-section to
identify these tissues (e.g. Ho et al. (2016) created artificial
organelles based on light microscopy to populate their cells for
modeling). Finding suitable X-ray contrast agents could facilitate
the extraction of specific membranes and organelles, along with
improving the contrast between the air space and the cells, as was
done with flowers (Staedler et al., 2013). NonCT 3D techniques,
such as fluorescence confocal microscopy, allows the user to dis-
tinguish cell walls and chloroplasts easily (Kub�ınov�a et al., 2014),
which could be used to produce volume-based Sc estimates,
although this has not been done to our knowledge. However, the
chloroplast surface from confocal microscopy obtained through
autofluorescence of Chl, for example, is not as well defined com-
pared with electron microscopy images. Techniques new to plant
biology, such as focused ion beam scanning electron microscopy
(Oi et al., 2017) or serial block face scanning electron microscopy
(Kittelmann et al., 2016), would allow for 3D estimates of Sc and
to produce high-resolution surface meshes at the cellular level for
finite element modeling. Ultimately, some combination of these
complementary methods will be needed to measure and model
these traits as they span several orders of magnitude in size yet are
interdependent, and no single method is currently capable of
extracting all the necessary detail.

A general limitation of 3D methods, both microCT and
nonCT methods, is related to the volume rendering in the com-
puter analysis of the image stacks, and especially the size of the
mesh to represent the mesophyll–air space surface interface. This
size is controlled by changing the resampling rate in BoneJ, and
decreasing the resampling rate renders a finer mesh with more tri-
angular facets. Using the smallest value, 1, results in a more
jagged rendering, but more accurately represents the original
geometry, while increasing the resampling rate increases triangle
size and hence smooths the rendered surface. Thus, it is essential
to report this rate and to investigate if there are substantial differ-
ences between the two rates (e.g. Fig. 3). However, all of our
intermethod analyses were done with consistent resampling rates,
avoiding scale-dependent differences.

Although using a smaller resampling rate leads to a more accu-
rate representation of the air space, a smaller mesh size requires
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greater memory for processing the stack. For example, using the
Particle Analyser function of BoneJ to analyze the surface area of
the Gossypium image stack (file size of 56Mb) required c. 1.7 Gb
of RAM for R1 (30 times the file size for 17.169 106 triangles)
and c. 800Mb of RAM for R2 (14 times the file size for
3.319 106 triangles; analysis ran on a 2.6 GHz Intel Core i7 lap-
top with 16 Gb of RAM). The average file size was between 500
and 700Mb, and those were easy to process on the laptop
described. However, some stacks were over 1 Gb in size, and to
analyze those in their entirety we had to rely on a virtual machine
(eight cores and 64 Gb of RAM), and it still led to over 50 Gb of
RAM being used.

Critical evaluation of methods applied to leaf sections and
the validity of 2D analyses

Several methods have been presented in the literature since Tur-
rell’s (1936) method to estimate Sm. Yet no critical evaluation has
been carried out (Sack et al., 2013). The increasing availability of
large leaf trait databases (e.g. TRY database; www.try-db.org)
and efforts to discover more general relationships among leaf
traits (e.g. Onoda et al., 2017) highlight the need for method-
ological standardization. The four methods evaluated here pro-
duced substantially different results relative to 3D values (see
Table 1; Fig. 3). Unsurprisingly, the method which measures the
entire cellular surface (RGS; Sack et al., 2013) produces the high-
est discrepancies. Of the three other methods, Thain’s (1983)
CCF and Turrell’s (1936) PCS stand out for how well they
approximate 3D values, often within 10% of the 3D Sm at a R1,
which we consider the standard in this study. The PCS method
produced the most accurate estimates, typically within 10% of
Sm,3D-R1 (15 out of 23; 65%). However, Turrell’s method neces-
sitates a large number of sections. While it was easy to virtually
slice through each palisade layer with our 3D image stack, doing
so with an embedded sample requires more expertise, especially
when cutting precisely though each layer. We thus recommend
this method for users who are very experienced with anatomical
techniques or when a small sample size allows for more meticu-
lous work.

The CCF (Thain, 1983) method is not a measurement tech-
nique like the PCS method (Turrell, 1936), but instead applies a
generic correction factor (F) to adjust the length of mesophyll
perimeter exposed to the IAS to account for the curvature of cell
walls within the section. A curvature correction could be applied
to each cell, but usually only one correction factor is used for the
whole leaf section. This correction factor is typically the average
of the palisade and spongy F-values (Evans et al., 1994; Galm�es
et al., 2013; Th�eroux-Rancourt & Gilbert, 2017). The CCF
method is the most commonly used method to produce Sm esti-
mates in recent years. While fewer Sm,CCF estimates fell within
10% of Sm,3D-R1 compared with PCS (13 out of 23; 57%), it
requires low effort to produce relatively reliable estimates.

We further compared our 3D estimates with embedded leaf
samples typical of light microscopy. As microCT samples and the
sections from embedded material often presented different leaf
thicknesses, we compared the length of mesophyll exposed to the

IAS over the mesophyll cross-sectional area ratio, as suggested for
CAM plants (Nelson et al., 2005). This allowed us to standardize
the actual exposed surface per unit mesophyll cross-sectional area.
Using the same leaf, 2D estimates acquired from embedded
material showed good agreement with 3D values in thin leaves
(c. 100 lm), while they diverged as the leaves became thicker
(c. 400 lm) (Fig. 6). The more important deviations between the
embedded and microCT results could be explained in several
ways. First, thick leaves tended to be CAM-type, which can be
more difficult to embed and section as a result of their weaker cell
walls, thicker cuticles, and a high fiber content. This could distort
leaf thickness by compressing cells, thereby leading to less surface
being measured. There are limited reports regarding the presence
of distortions and shrinkage of cells following the embedding of
plant leaves (Uwins et al., 1993; Winter et al., 1993; Talbot &
White, 2013), and this effect might be amplified in CAM leaf
samples. Further, thicker leaves might be more prone to anatomi-
cal variations between the leaf sections, which, over such a vol-
ume, might lead to greater variation in the amount of exposed
surface. However, the differences are not caused by the user ana-
lyzing the embedded slice, as both lead authors independently
measured values within 5% of each other using two different
approaches (data not shown).

Ultimately, our data suggest that, for most species, traditional
light microscopy with Thain’s CCF method would lead to reli-
able Sm values within an acceptable range of microCT values.
Thus, the published relationships between Sm (and consequently
Sc) estimated using the CCF method and Amax or gm would
remain valid (e.g. Evans et al., 1994; Tholen et al., 2008; Tosens
et al., 2016). This does not necessarily mean that relationships
obtained with the RGS methods are not valid. This method, esti-
mating the total mesophyll surface as opposed to the surface
exposed to the IAS, was used to present strong relationships with
Amax (e.g. Nobel et al., 1975; Chatelet et al., 2013). While the
total mesophyll area per leaf area is a relevant trait to measure, it
leads to substantially higher values than with the other methods
that explicitly measure the mesophyll surface exposed to the IAS.
Consequently, measurements made using the RGS method
should not be compared with the others. Fortunately, a recent
report made this distinction (Onoda et al., 2017). To avoid con-
fusion, we recommend using Ames/A when the total mesophyll
surface is measured, and defining Sm as the surface area exposed
to the IAS, as this has been used in the most cited references
(e.g. Evans et al., 1994).

More replications needed for leaves with reticulate vein
network

Using our binary stacks of microCT leaf cross-sections, we
showed that for c. 40% of the studied species, only one section
was needed to produce an Sm,CCF estimate within 10% of the
whole leaf median, 95% of the time (Fig. 4a), and 65% of the
species need three slices or fewer. A common practice is to mea-
sure Sm over at least three slices (e.g. Evans et al., 1994; Tholen
et al., 2008; Tosens et al., 2012). Hence, for a high number of
species, averaging Sm from at least three slices would provide
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estimates close to the leaf median. However, several species had
to be averaged over a higher number of slices to get an Sm value
within 10% of the leaf median. This was not related to the raw
Sm value (Fig. 4b), but rather to the anisotropy in leaves found in
certain species with reticulate leaf veins (e.g. Fujita & Mochizuki,
2006). Looking more closely at the species differences, we found
that those needing the fewest slices were mainly parallel-veined
leaves such as monocots, or species with a low-density reticulate
vein network (e.g. Myriopteris and Nymphaea). For species pos-
sessing a dense, reticulate vein network, the number of slices had
to be increased substantially, requiring up to 30 slices if the goal
was to reach within 5% of the leaf median. Fortunately, those
outliers were caused by a high proportion of vein in the slices
(Fig. 5), which were included in our method automated over the
whole leaf stack, and this becomes obvious when one examines
the relationship between the number of slices and the ratio of the
Sm,2D median and standard deviation (Fig. 4c). Ultimately, it is
up to the person doing the study to determine how many slices
he or she needs. Our case is an exception as we compared a mini-
mum of 200 slices. In doing this, we identified that removing the
slices with a substantial vein fraction, a common yet subjective
practice, decreased the number of slices needed, resulting in 83%
of species requiring three slices or fewer to be within 10% of the
leaf median. However, one might look at 10 slices, for example,
and find that variability is high, which would suggest that more
slices are needed.

Conclusion and recommendations for the use and reporting
of 2D methods

We describe in this paper a method to reconstruct, extract, and
analyze plant leaves scanned with microCT, based entirely on
open-source software. For a diverse anatomical and phylogenetic
set of 23 species, we compared our 3D Sm estimates with four 2D
methods commonly found in the literature – treating the microCT
stacks as a digital leaf sample, a most appropriate tool for this com-
parison. The RGS method (e.g. Sack et al., 2013) produces the
highest discrepancy as it estimates the entire cell surface and not
just the surface exposed to the IAS. The PCS method (e.g. Turrell,
1936) is the most accurate as it often estimates 2D Sm to within
10% of the 3D value, but it necessitates the highest number of leaf
sections, both cross-section and paradermal. The CCF method
(e.g. Thain, 1983) is the easiest to apply and produces reliable esti-
mates, and so would be the method of choice for most researchers
without access to microCT. The CCF method also produces rea-
sonable results when comparing with embedded leaf samples, the
most common way of estimating Sm in the literature, and it can
easily be applied to needles or scale-like leaves as it only corrects
the measured surface within the section, as opposed to the PCS
method which was intended for laminar leaves. Hence, the CCF
and PCS methods are valid and comparable between themselves,
and they should be the only methods used when comparing data
from different sources in the literature. Moreover, to improve the
reporting and quality of Sm estimates, we recommend that at least
three cross-sections are averaged when using 2D methods, and
more sections might be needed when analyzing species with

reticulate veins, depending on the homogeneity in the fraction of
vein coverage on the different slices. Regarding notation, we rec-
ommend reporting Ames/A when the total mesophyll surface is
measured (e.g. Nobel et al., 1975; Sack et al., 2013), and defining
Sm as the surface area exposed to the IAS. Finally, when applying
the CCF method, we suggest that authors measure and report cur-
vature correction factors for each tissue, as opposed to using exist-
ing values in the literature.
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