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Abstract

Leaf photosynthesis is determined by biochemical properties and anatomical features. Here we developed a three-
dimensional leaf model that can be used to evaluate the internal light environment of a leaf and its implications for 
whole-leaf electron transport rates (J). This model includes (i) the basic components of a leaf, such as the epider-
mis, palisade and spongy tissues, as well as the physical dimensions and arrangements of cell walls, vacuoles and 
chloroplasts; and (ii) an efficient forward ray-tracing algorithm, predicting the internal light environment for light of 
wavelengths between 400 and 2500 nm. We studied the influence of leaf anatomy and ambient light on internal light 
conditions and J. The results show that (i) different chloroplasts can experience drastically different light conditions, 
even when they are located at the same distance from the leaf surface; (ii) bundle sheath extensions, which are strips 
of parenchyma, collenchyma or sclerenchyma cells connecting the vascular bundles with the epidermis, can influ-
ence photosynthetic light-use efficiency of leaves; and (iii) chloroplast positioning can also influence the light-use 
efficiency of leaves. Mechanisms underlying leaf internal light heterogeneity and implications of the heterogeneity for 
photoprotection and for the convexity of the light response curves are discussed.

Key words:  Convexity, detour effect, focusing effect, leaf anatomy, photoinhibition, ray tracing model, sieve effect.

Introduction

The classic steady-state biochemical model of C3 photosyn-
thesis (Farquhar et al., 1980; von Caemmerer, 2013) and also 
some dynamic models (Pearcy et  al., 1997; Poolman et  al., 
2000; Laisk et al., 2006; Zhu et al., 2013) implicitly assume no 
heterogeneity of light environment inside the leaf. However, 
there is convincing evidence indicating that the leaf internal 
light environment is heterogeneous and this heterogeneity has 

consequences for photosynthetic efficiency (e.g. Vogelmann 
et al., 1989; Bornman et al., 1991; Cui et al., 1991; Vogelmann 
& Martin, 1993; Takahashi et al., 1994; Vogelmann & Han, 
2000; Vogelmann & Evans, 2002; Tholen et  al., 2012). The 
heterogeneity of light inside the leaf largely determines the 
proportion of cells or chloroplasts in which photosynthesis 
is limited by Rubisco versus those where photosynthesis is 
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limited by RuBP regeneration, and this subsequently deter-
mines the CO2 uptake rate of a whole leaf. The importance of 
leaf anatomy for leaf photosynthetic physiology is reflected 
by the fact that leaves that develop under different light lev-
els also show different anatomical features (Boardman, 1977; 
Terashima et al., 2001; Oguchi et al., 2003; Terashima et al., 
2006).

Many empirical observations have been made regarding 
the influence of leaf anatomical features on the internal light 
environment. Lens-shaped epidermal cells can potentially 
focus light within the upper layers of a leaf when the inci-
dent light is perpendicular to the leaf surface, resulting in a 
high photon flux density (PFD) in these regions (Haberlandt, 
1914; Bone et  al., 1985; Lee, 1986; Poulson & Vogelmann, 
1990; Vogelmann et  al., 1996; Brodersen and Vogelmann, 
2007). Columnar palisade cells minimize light scattering and 
may enable light to penetrate deeper into the leaf (Terashima 
& Saeki, 1983; Knapp et al., 1988; Vogelmann et al., 1988; 
Cui et al., 1991; Vogelmann & Martin, 1993). Bundle sheath 
extensions (BSEs), which are strips of tightly connected 
chlorophyll-free ground tissue (parenchyma, collenchyma 
or sclerenchyma) that connect the vascular bundles with the 
epidermis in some leaves, may enhance the light environment 
within deep mesophyll regions (Karabourniotis et al., 2000; 
Nikolopoulos et al., 2002) in addition to proposed functions 
in mechanical support and water conduction (Wylie, 1943). 
Some intracellular anatomical features, such as chloroplast 
number, chloroplast size and arrangement, can also influence 
the leaf internal light environment. Specifically, chloroplasts 
can be located either in a profile position, i.e. arranged along 
the side of mesophyll cells, parallel to the direction of the 
light, or in the face position, i.e. along the upper or lower sur-
face of cells, perpendicular to the light, under high light and 
low light, respectively (Senn, 1908; Zurzycki, 1955; Zurzycki, 
1961; Davis et  al., 2011; Davis and Hangarter, 2012). Such 
changes in the position of chloroplasts can rapidly alter the 
absorption of light at a leaf level without requiring changes 
in the structure of the leaf tissue and are related to avoidance 
of photodamage (Kasahara et al., 2002).

The influence of leaf anatomical features on the leaf inter-
nal light environment relies on the external light environment, 
such as incident light levels and the direction and wavelength 
of the incident light. Leaf absorptance is 2–3% lower when 
the leaf is illuminated with diffuse light compared with direct 
light, while leaf reflectance increases and transmittance 
decreases (Brodersen and Vogelmann, 2007). Palisade cells 
can facilitate deeper penetration of light into the mesophyll. 
However, the magnitude of this effect decreases under diffuse 
light compared with direct light (Vogelmann & Martin, 1993). 
In addition to the direction, the wavelength of the incident 
light is another important factor affecting the impact of anat-
omy on the internal light environment. Many components of 
the leaf can absorb light of different wavelengths, e.g. leaf 
pigments mainly absorb light in the visible wavelength region 
(400–700 nm), while water absorbs much light in the infra-
red region (1400–2500 nm) (Jacquemoud and Baret, 1990). 
Because leaf pigments have different absorption coefficients 
for light of different wavelengths, the spectrum of light inside 

a leaf gradually shifts with depth into a leaf. For example, 
green light is absorbed less by chlorophyll compared with red 
and blue light, which results in more green light penetrating 
to lower layers of a leaf, i.e. the gradient of green light is less 
steep compared with those for blue and red light (Terashima 
et al., 2009).

Much of the above-discussed understanding of the influ-
ence of leaf anatomy and external light conditions on the 
light environment inside a leaf is obtained through experi-
mental methods. A  number of highly specialized instru-
ments have been designed for this purpose (Vogelmann et al., 
1991; Nishio et al., 1993; Takahashi et al., 1994; Vogelmann 
& Han, 2000; Oguchi et al., 2011). Although these methods 
help us gain substantial knowledge of the influence of leaf 
anatomy on the leaf internal light condition, the great varia-
tion and complexity of leaf anatomy make it difficult to use 
these approaches to dissect precisely the contribution of each 
individual anatomical feature on the light environment inside 
a leaf.

Mathematical modeling has long been recognized as an 
effective tool to study leaf optical properties. In some earlier 
modeling efforts, leaf anatomy was simplified as a homogene-
ous layer or multiple layers, and light propagation was mod-
eled as several fluxes that were classified as either upward or 
downward and either direct or diffuse (Baranoski and Rokne, 
2004; Ustin, 2004; Féret et al., 2008). Among those various 
models, the ray-tracing method (Govaerts et al., 1996; Ustin 
et al., 2001) is advantageous in that it can include not only a 
three-dimensional representation of leaf anatomy but also a 
detailed description of incident light properties such as inten-
sity, wavelength and incident angle. Recently, the anatomy 
of a tomato leaf has been combined with a ray tracing algo-
rithm to predict the optical properties (Watté et al., 2015) and 
further to simulate the photosynthetic properties (Ho et al., 
2016), which enables exploration of the functional implica-
tions of anatomical variations in leaves.

Here we developed a programmable 3D ray tracing model 
of a leaf, which can predict not only the light environment 
inside a leaf, but also whole leaf optical properties, such as 
the leaf absorptance, transmittance and reflectance. As a 
first application of the model, we examined the impacts of 
varying several anatomical features, such as bundle sheath 
extensions, chloroplast arrangement and lens-shaped epider-
mal cells, on the internal light environment. We also exam-
ined the effect of differences in the optical properties of the 
light (wavelength, diffuse or collimated) on the gradient in 
the leaf. We further studied the influence of anatomy on the 
shape of the light response curve of electron transport rate 
(J). The J of  a leaf is the summation of the electron transport 
rate of all chloroplasts in a leaf. Based on available experi-
mental data (Terashima and Saeki, 1985; Ögren and Evans, 
1993), it is assumed that at the chloroplast level, there is no 
gradual and smooth transition between the light-limited and 
capacity-limited electron transport rates. Thus we assumed 
that the electron transport rate at the chloroplast level can 
be approximated as the minimum of these two rates. Given 
the different light levels absorbed by individual chloroplasts 
inside a leaf, here we analysed the anatomical influence on 
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the gradual transition in the light response curve at the leaf 
level. Furthermore, because this new model can simulate the 
light absorptance of individual chloroplasts, we further char-
acterized the ambient incident light levels needed to saturate 
individual chloroplasts inside the leaf.

Materials and methods

Model geometry construction
Figure 1a shows a three-dimensional (3D) schematic representation 
of a typical dicot leaf. We used the same strategy and parameters for 
the reconstruction of cellular shape and size as outlined in Govaerts 
et al. (1996). In summary, the geometry consisted of three leaf tis-
sues: epidermis, palisade parenchyma and spongy parenchyma. The 
cells of the upper and lower epidermis were simplified as compact 
ellipsoid cells (Fig.  1). A  palisade cell was represented by a cylin-
der with two hemispherical caps. Spongy cells were represented by 
spheres. Spongy tissue was composed of spongy cells of different 
sizes, with the final number of spheres depending on a predetermined 
air space-to-tissue volume ratio (0.45 for the geometry in Fig. 1a). 
Specifically, we first sequentially and randomly positioned spheres 
with an initial radius of 12 µm. If the pre-set ratio was not reached 
and there was not enough space to add more spheres with this radius, 
the radius was reduced by 10% and the air space was filled using 
smaller spheres. This process was iterated until the final, pre-set ratio 
was reached. Inside the epidermis, palisade and initial spongy cells, a 
cell wall was defined as a 1 µm-thick layer. A vacuole was represented 
by an ellipsoid, positioned in the center of mesophyll cells. Cytosol 
filled the remainder of the cell volume (Govaerts et al., 1996).

In addition, we extended the work of  Govaerts et al. (1996) by 
modeling chloroplasts as ellipsoids along cell walls in our geom-
etry, instead of  as a continuous layer inside a mesophyll cell next to 
the wall in Govaerts et al. (1996). Ellipsoid chloroplasts (number 
and dimensions given in Table  1) were distributed along the cell 
walls of  the palisade and spongy cells. The centers of  those ellip-
soids were selected from a set of  points that were pre-generated 
and uniformly distributed along the wall with a pre-set minimum 
distance between one another. This distance was set to ensure that 
the chloroplasts placed inside cells would not intersect. For the 
default model, the chloroplasts position was selected randomly 
from this point set (Fig.  1a). When chloroplast face and profile 
positions were modeled, only points around the cell top/bot-
tom and around the middle region of  the cells, respectively, were 
selected (Fig. 1b, c).

Chloroplast size and number in palisade and spongy tissues 
(Table 1) were determined based on previous observations on chlo-
roplast size, number and surface area coverage (Honda, 1971; Evans, 
1983; Araus et al., 1986; Evans & von Caemmerer, 1994; Wise and 
Hoober, 2007). In this study, the coverage of  chloroplast surface 
relative to cell wall surface was calculated as the ratio between the 
sum of the projected area of  all chloroplasts and the surface area 
of  all mesophyll cell wall. The coverage can be controlled by chang-
ing the number of  chloroplasts and the size of  each chloroplast. 
In this study, we used a chloroplast coverage of  around 45% for 
most analyses. We also conducted a sensitivity analysis on the influ-
ence of  modifying the chloroplast coverage on the leaf  internal 
light environment. When we simulated different chloroplast posi-
tions, the coverage of  chloroplast to cell surface was controlled to 
be the same.

To model the light scattering property of BSEs, we first reserved 
a defined proportion of leaf area in both palisade and spongy tissue 

Fig. 1. (a) The geometry of a typical dicot leaf constructed based on parameters given in Table 1. The size of modeled leaf section is about 
150 µm×150 µm×180 µm. (b) Model geometry of a leaf with chloroplasts in face position. (c) Model geometry of a leaf with chloroplasts in profile position. 
(d) Model geometry of a leaf where bundle-sheath extensions (BSEs) making up 20% of the total leaf volume.
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for BSE cells (Fig. 1d). BSE cells were represented by spheres without 
chloroplasts (sphere radius and wall thickness are given in Table 1). 
In this model, the structures and optical properties of bundle sheath 
and vein were simplified as BSEs. Fig. 1d illustrates the leaf struc-
ture where BSEs occupied 20% of the total leaf volume. When 40% 
of leaf volume was occupied by BSEs, an additional layer of BSEs 
was added. The method for placing BSE cells in this reserved space 
was the same as that for spongy cells.

To compare the optical properties between palisade tissue and 
spongy tissue, the palisade layer and spongy layer were separated 
from the whole leaf shown in Fig. 1a and the light absorption pro-
files of both tissues were simulated separately under either direct or 
diffuse incident light. Since the thickness and chlorophyll content 
of these two tissues were equal, the difference of the predicted light 
absorption profiles for these two tissues can only be due to anatomi-
cal differences. Therefore these simulated absorption profiles can be 
used to gain insight into the effect of anatomy on the optical proper-
ties of palisade and spongy tissues.

The Monte Carlo ray tracing algorithm
With the leaf  anatomy described above, the direct light was mim-
icked by collimated rays perpendicular to leaf  surface, while the 
diffuse light was mimicked by rays with random directionality. 
The reflectance and transmittance on each interface of  two dif-
ferent media, such as between intercellular air and cell walls, or 
between cytosol and chloroplasts, can be calculated using Fresnel 
equations with the refractive indexes listed in Govaerts et al. (1996) 
(Supplementary Table S1 at JXB online). For each component of  a 
cell, i.e. cell wall, chloroplast, cytosol and vacuole, absorption was 
calculated by the Beer–Lambert law. The specific absorption coef-
ficients for these components under different wavelengths used in 
this model were the same as those used by Govaerts et al. (1996) 

(Supplementary Table S1). The chlorophyll concentration of  each 
palisade and spongy chloroplast can be set arbitrarily, and in the 
default model (Table  1) it was estimated based on three assump-
tions. Firstly, the chlorophyll concentration per unit tissue volume 
was assumed to be relatively uniform across leaf  depth (Vogelmann 
& Evans, 2002). Secondly, the chlorophyll content of  the modeled 
typical dicot leaf  was taken to be 50 µg cm−2 (Hosgood et al., 1994). 
Thirdly, the chlorophyll concentration in the chloroplasts of  pali-
sade or spongy cells was the same. Then together with the size and 
number of  chloroplasts in palisade and spongy mesophyll cells, the 
chlorophyll concentration per chloroplast volume was calculated 
(Table 1).

In the default model, the chlorophyll distribution was assumed to 
be uniform across the leaf (Fig. 2a); however, it has been reported 
that the chlorophyll concentration in the palisade tissue is higher 
than that in the spongy tissue (Terashima and Saeki, 1983; Cui 
et al., 1991), and that the chlorophyll content is highly heterogene-
ous along the leaves (Xiong et al., 2015). Therefore we also examined 
the effect of variation in chlorophyll concentration between palisade 
and spongy chloroplasts on the internal light environment. The total 
leaf chlorophyll content was kept constant during this analysis.

Ideally, during a ray-tracing process, each ray splits into two rays 
after hitting an interface between two cellular components. One of 
these two rays represents the reflected ray and another represents 
the refracted ray. As a result, during the simulation, the number of 
light rays would increase exponentially. To limit the amount of com-
putation power necessary, a Monte Carlo approach was applied. 
Specifically, only the reflected ray or the refracted ray was followed 
during the next step in the ray-tracing process. In either case, this 
ray carried the total light energy of the incident ray. Based on the 
Fresnel equations, we determined whether a generated ray was 
reflected or transmitted depending on a probability proportional to 
light intensity.

A box fit to the reconstructed leaf geometry shown in Fig. 1 was 
used as the boundary of the ray tracing algorithm, and the total 
energy of rays that hit the top or bottom face was recorded as the 
reflectance and transmittance of the leaf, respectively. If  one ray hit 
the left or right edge of the box, then a circular boundary condition 
(Song et al., 2013) was applied, i.e. the starting point of that ray was 
mirrored to the opposite face on the boundary box and its direction 
was kept unchanged. The source code is available from authors upon 
request.

Links between the light profile and the light response curve of 
the electron transport rate
The photosynthetic electron transport rate is limited by the 
absorbed light flux density, electron transport capacity, and avail-
ability of  NADP+ and ADP. The electron transport rate in the 
presence of  saturating NADP+ and ADP is denoted as potential 
electron transport rate (J) (Buckley and Farquhar, 2004). To avoid 
confusion of  the term ‘potential electron transport rate’ with the 
term ‘maximum electron transport rate’ in literature, hereafter 
in this paper we directly use electron transport rate to represent 
the electron transport rate in the presence of  saturating NADP+ 
and ADP.

A hyperbolic equation for the light response curve of J is often 
used (Eqns 1 and 2 in Farquhar & Wong, 1984; von Caemmerer, 
2000; Buckley and Farquhar, 2004). Here, instead of applying 
these equations to the whole leaf, we distributed the whole leaf 
electron transport capacity (Jm) over all chloroplasts (jm). This jm 
was further used to calculate the electron transport rate for each 
chloroplast (j) at a particular light level. The whole-leaf electron 
transport rate (J) was then calculated as the integral of the elec-
tron transport rates of all chloroplasts in a leaf. In this paper, 
upper case and lower case symbols are used to represent proper-
ties of leaf and chloroplast respectively. For example, J is used to 
represent the electron transport rate of the leaf, while j is used to 
represent the electron transport rate of a chloroplast; Jm is used  

Table 1. Structural parameters used to reconstruct a generic 
dicot leaf 

For the chloroplast size in palisade and spongy cells, a, b and c 
represent the length of three semi-principle axes. For the spongy cells, 
since different sizes of cells are utilized to reconstruct the spongy 
tissue with a defined fraction of airspace, only the maximum cell radius 
and cell wall thickness are listed here.

Tissue Characteristic Value

Epidermis Cell radius 12.5 μm
Cell oblateness 0.3
Cell wall thickness 1 μm

Palisade Cell radius 7.5 μm
Cell height 70 μm
Cell wall thickness 1 μm
Chloroplast number per cell 172
Chlorophyll concentration 0.7 × 105 g m−3

Chloroplast size (axis a×b×c) 2 μm×1.35 μm×0.4 μm
Vacuole radius 5.4 μm
Vacuole height 65.8 μm

Spongy Maximal cell radius 12 μm
Maximal cell wall thickness 1 μm
Fraction of airspace 0.45
Chloroplast number per cell 69
Chlorophyll concentration 105 g m−3

Chloroplast size (axis a×b×c) 1.8 μm×1.8 μm×0.5 μm
Vacuole radius 9.6 μm
Tissue thickness 70 μm

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
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to represent the electron transport capacity of a leaf and jm is  
used to represent the electron transport capacity of a chloroplast.

In the default model, Jm was set to 120 µmol m−2 s−1, and jm was 
assumed to be proportional to the chlorophyll content of each 
chloroplast leading to a uniform distribution. We also simulated 
scenarios where jm was non-uniformly distributed since it has been 
reported that the profile of jm is proportional to the internal absorp-
tion gradient (Evans and Vogelmann, 2003; Buckley and Farquhar, 
2004). In this case, we assumed that jm was linked to light absorption 
by a specific chloroplast, which was in turn determined by the light 
absorbed by a cell and the number of chloroplast in the cell. This jm 
profile is hereafter termed the proportional jm profile. This profile 
is essentially equivalent to the result of an optimization of electron 
transport capacity at the cellular level, as predicted by the model of 
Farquhar (1989). Considering that chloroplasts can relocate within 
mesophyll cells, we did not consider this optimization of chloroplast 
electron transport capacities within a single cell.

For each chloroplast, j was calculated by the following equations:

 θ j j j j j jk k k k k k( ) − +( ) + =
2

0i m i m  (1)

 j I S fk k
i = × × × −( )α 1 2/  (2)

where k is the index of a specific chloroplast, θ is a convexity index 
between 0 and 1, jk is the electron transport rate (μmol e− s−1) of the 
kth chloroplast, ji

k is the light limited rate of PSII electron trans-
port (μmol e− s−1) of the kth chloroplast under a particular incident 
irradiance, jm

k is the electron transport capacity (μmol e− s−1) of the 
kth chloroplast, I is the incident irradiance (μmol photons m−2 s−1) 
on a leaf, S is the modeled leaf area (m2), αk is the light absorptance 
of the kth chloroplast in the modeled leaf, f is fraction of absorbed 
photons that do not drive electron generation (~0.15, Evans 1987) 
and 2 is used as the denominator in Eqn 2 because each photosystem 
absorbs half  of the available light.

The convexity index θ was assumed to be 1 considering that the 
measured θ of  chloroplast suspension is very close to 1 (Terashima 
and Saeki, 1985; Ögren and Evans, 1993). In this case, the hyperbolic 
Eqn 1 degenerates to a simple form, i.e. jk=min{ji

k,jm
k}, indicating 

that a specific chloroplast in the leaf is light saturated if  and only 
if  ji is larger than jm. For convenience in analysing chloroplast light 
saturation we defined the chloroplast specific saturating irradiance 

Fig. 2. (a) The chlorophyll distribution of the modeled leaf from the adaxial surface to the abaxial surface. Each thin mesophyll layer represents 1/18th of 
the total leaf thickness. Each bar represents the chlorophyll content estimated in a particular thin mesophyll layer. The dotted line represents the boundary 
between palisade and spongy mesophyll. (b) The distribution of volumetric photon absorption (qabs) across the leaf. Each dot represents one chloroplast. 
The depth in the leaf is measured from the upper to the lower side of the leaf. (c) The log-transformed quantity of what was shown in (b). Red boxes 
indicate the four sampling regions for the four histograms shown in (d). These histograms show the distribution of the chloroplast specific saturating 
irradiance (CSSI) calculated using Eqn 3. CSSI is the minimum incident light intensity on the surface of the leaf needed to saturate a specific chloroplast 
inside the leaf. Each bar represents the proportion of chloroplasts with a certain range of CSSI in a sampling region. (e) Light curves for two different 
chloroplasts, one of which has high absorptance of light (ab) and high jm, the other has low absorptance and low jm. 
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(CSSI) as the minimum incident light intensity on the surface of the 
leaf needed to saturate a specific chloroplast inside the leaf (Fig. 2e):

 j S fk k
m CSSI= × × × −( )k α 1 2/  (3)

Results

Model simulation

Light absorptance by each chloroplast was predicted using 
the ray-tracing algorithm. Since chloroplasts have different 
sizes in our model, chloroplast light absorptance was normal-
ized by chloroplast volume and denoted as volumetric light 
absorptance qabs (µmol quanta m−3 s−1). Fig. 2b shows qabs at 
different depths inside a leaf and each dot in the figure rep-
resents one chloroplast in the palisade or spongy mesophyll 
cells. This simulation used direct (i.e. parallel light rays) blue 
light as incident light source with a PFD on the leaf surface 
of 1000 µmol m−2 s−1. We plotted the natural logarithm of 
the qabs to facilitate comparisons with the Beer–Lambert law, 
which predicts an exponential decrease of energy density with 
depth (Fig. 2c). Although our results show that the logarithm 
of qabs decreased linearly with depth, the light environment 
varied not only with depth but also within the same layer, 
especially in the spongy tissue. To describe and investigate 
such paradermal variations in light absorption, we sampled 
four thin sections of chloroplasts in the leaf (red box in 
Fig. 2c) and plotted the corresponding histograms of chlo-
roplast specific saturating irradiance (CSSI), i.e. the minimal 
incident irradiance required to saturate a specific chloroplast 
(Fig. 2d).

Leaf light reflectance, transmittance and absorptance 
spectrum

Here, we first show that our simulated reflectance, trans-
mittance and absorptance spectra are representative for the 
experimentally measured spectra from the LOPEX data-
set, which is widely used by the remote sensing community 
(Hosgood et al., 1994). We selected all measured spectra on 
fresh dicot leaves (64 leaves covering 48 species) and plotted 
these together with our simulated spectra (Fig.  3). Results 
show that our model predicted a very similar shape of leaf 
reflectance and transmittance spectra for incident wave-
lengths between 400 and 2500 nm. The absorptance spectrum 
in the visible wavelength region (400–700 nm) is mainly deter-
mined by leaf pigments, whereas the absorptance in the near-
infrared region (800–1300 nm) is related to leaf-structure, 
and the absorptance in the infrared region (1400–2500 nm) is 
dependent on water (Jacquemoud and Baret, 1990).

Leaf internal light gradients under direct and diffuse 
incident light
Next we compared simulated light absorptance profiles to 
measured profiles from Antirrhinum majus (snapdragon) 
leaves from Brodersen and Vogelmann (2010). Both simula-
tions and experiments were conducted for direct and diffuse 
light under blue, green and red wavelengths. In this analysis, 

the leaf  was divided into 18 thin mesophyll layers with the 
same thickness, and light absorptance by each thin layer was 
determined and normalized to the maximum absorptance 
among all layers. We also classified the absorptance of  all 
chloroplasts into 18 layers according to their depth in the 
modeled leaf  and calculated the expected light absorption 
profiles. The normalized absorptance of  each thin meso-
phyll layer from experiment and simulation was denoted as 
relative absorptance and compared in Fig. 4. Under direct 
or diffuse blue, green and red incident light, our simulated 
absorption profiles were consistent with the experimental 
measured profiles with correlation coefficients all higher 
than 0.87 (Fig.  4). Some of  the predicted and measured 
light profiles at 650 nm even showed a correlation coeffi-
cient of  0.98 (Fig.  4f). Moreover, in both simulation and 
experiments, the internal light gradient was steepest under 
blue incident light and the gradient was relatively uniform 
under green incident light. Simulation studies also showed a 
steeper gradient under diffuse incident light compared with 
the gradient under direct light with the same wavelength, 
which was also observed in experimental profiles (Fig.  4). 
Therefore we concluded that our model can simulate typi-
cal internal light gradients for incident light with different 
wavelengths and light directions.

Optical properties for palisade and spongy mesophyll cells
We further examined whether the model simulation is consist-
ent with previous observations of optical properties of pali-
sade and spongy tissues. To this end, we extracted two tissue 
structures from the leaf geometry in Fig. 1a: one composed of 
only the palisade tissue without epidermis and spongy cells, 
and the other composed of only the spongy tissue without 
epidermis and palisade cells. Both structures had the same 
thickness and chlorophyll content, and allowed therefore the 
comparison of the effect of anatomical structure (palisade or 
spongy) on leaf optical properties. The results of the ray trac-
ing showed that, consistent with earlier reports (Vogelmann & 
Martin, 1993; Brodersen and Vogelmann, 2010), the colum-
nar palisade cells minimized light scattering and enabled light 
to penetrate deeper into a leaf (Table 2, Fig. 5a). By contrast, 
the spherical spongy cells were more effective in scattering 
light and thus maximized light absorptance for the whole leaf 
(Table 2). Furthermore, our simulations show that in the iso-
lated palisade mesophyll layers the leaf internal light gradi-
ents differed dramatically depending on whether the incident 
light was diffuse or direct. Such differences were, however, not 
observed for isolated spongy tissue (Fig. 5). These observa-
tions are consistent with experimental literature (Vogelmann 
and Martin, 1993), which shows that the light facilitation 
effect of the palisade was much stronger under direct light 
compared with diffuse light.

Focusing of light by lens-shaped epidermal cells

To quantitatively examine the focusing effect of lens-shaped 
epidermal cells (Haberlandt, 1914; Vogelmann et  al., 1996), 
we first simulated the distribution of light energy transmitted 
through the epidermis. Because the epidermis modeled here 
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contained no pigments and the small difference in refractive 
indexes of cell wall and cytosol under different wavelengths 
was ignored, the predicted light transmittance through the 
epidermis did not depend on the incident light wavelength. 
Direct light transmitted through the epidermis was much more 
focused than diffuse light (Fig. 6a, Supplementary Fig. S1). At 
some locations, 20 µm beneath the leaf surface, direct incident 
light resulted in a PFD that was almost 7 times higher than 
the incident PFD. The focusing effect was much weaker for 
diffuse light, with the maximal increase in PFD being around 
2.5-fold (Supplementary Fig. S1a). It is important to empha-
size that total energy was being conserved, i.e. the more energy 
was being focused on a small region of a leaf, the larger the 
regions were, where the light intensity was reduced (Fig.  6a, 
Supplementary Fig. S1). We further compared the focus-
ing effects under different epidermal cell oblateness, with an 
oblateness of 0.5 representing a more flattened cell and 0.1 rep-
resenting a more round or spherical cell. Our results show that 
a more flattened epidermis resulted in a reduced focusing effect 
(Supplementary Fig. S1) and rounder epidermal cells resulted 
in a more heterogeneous leaf internal light environment.

Fig. 3. Model-predicted reflectance (black solid line) and transmittance 
(black dotted line) spectrum. The difference between the reflectance and 
the transmittance represents leaf absorptance. Experimental data (gray 
solid lines and gray dotted lines) were measurements on 64 dicot leaves 
covering 48 species and were collected from the LOPEX93 database 
(Hosgood et al., 1994).

Fig. 4. Simulated relative light absorptance is shown using bars for red, green and blue direct (a–c) or diffuse (d–f) light. A thin mesophyll layer on the 
y-axis represents 1/18th of the total thickness of the leaf as previously defined (Fig. 2a). The x-axis represents the relative absorptance, which is defined 
as the ratio of the absorptance in a thin mesophyll layer to the maximal absorptance among all thin mesophyll layers, following Brodersen and Vogelmann 
(2010). Experimental results of Antirrhinum majus from Brodersen and Vogelmann (2010) are indicated by the dashed lines.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
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http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
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We also examined the impact of  varying oblateness of 
epidermis on the light absorption inside a leaf. Results 
show that for blue light, the absorptance of  the first three 
thin mesophyll layers (each representing 1/18th of  the total 
thickness of  the leaf) was increased by 12.4%, 11.2% and 
7.3%, respectively, when oblateness was decreased from 0.3 
to 0.1 (i.e. when the cells became more rounded). This sug-
gests that more rounded cells in the epidermis resulted in a 
more uneven absorptance by the underlying mesophyll cells 
(Fig. 6c). In other words, more light was focused on some 
chloroplasts and was being absorbed instead of  penetrating 
deeper inside the leaf. This was also consistent with the shift 
in the peak of  the CCSI histogram for chloroplasts in the 
upper layers of  the leaf  (Fig. 6d), which means that a larger 
fraction of  the chloroplasts in the leaf  absorbed more light 

when the epidermal cells were more rounded. In contrast, 
the absorptance of  the lower layers in the leaf  was increased 
when the epidermal cells were less rounded (Fig.  6c), in 
other words, the absorption profile became more uniform. 
For direct, green and red light the effect of  the epidermal 
cell oblateness on the internal light environment was compa-
rable to that for the blue light shown above (Supplementary 
Fig. S2). This impact on the leaf  internal light environment 
by oblateness of  the epidermal cells also influenced the esti-
mated electron transport rate (J) (Fig. 6b). Under a uniform 
profile of  jm, a more uniform absorption profile resulted in a 
higher light-use efficiency (Fig. 6b, c). For diffuse light, the 
absorptance profile of  the top three layers was not signifi-
cantly changed by differences in the oblateness of  the epi-
dermal cells (Supplementary Fig. S2).

Table 2. Simulated reflectance, absorptance and transmittance in isolated palisade and spongy tissue under red, green, blue and direct 
or diffuse incident light

Parameter Direct Diffuse

450 nm 550 nm 650 nm 450 nm 550 nm 650 nm

Palisade tissue
 Reflectance 0.015 0.047 0.023 0.035 0.063 0.039
 Absorptance 0.530 0.310 0.423 0.925 0.641 0.825
 Transmittance 0.455 0.643 0.554 0.041 0.296 0.136
Spongy tissue
 Reflectance 0.021 0.109 0.053 0.042 0.152 0.082
 Absorptance 0.940 0.553 0.768 0.938 0.619 0.811
 Transmittance 0.039 0.338 0.179 0.020 0.229 0.107

Fig. 5. Leaf internal light profile in palisade tissue (gray dotted lines) and spongy tissue (black solid lines) of the same thickness and with equal chlorophyll 
content under direct blue light (a) or diffuse blue light (b). Each thin mesophyll layer represents 1/18th of the total leaf thickness. The corresponding 
distribution of CSSI under direct blue light (c) or diffuse blue light (d) in sampling regions is the same as for the whole leaf model in Fig. 2c. There are two 
sampling regions in both palisade and spongy tissue. The upper panels in (c) and (d) compare the histograms for upper sampling region in palisade and 
spongy tissue, and the lower panels compare the lower ones.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
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The effect of bundle sheath extensions on light-use 
efficiency
We constructed two different leaf structures with different 
proportions (ca. 20% and 40%) of bundle sheath extensions 
(BSEs) occupying part of the leaf volume. Simulations were 
conducted to quantitatively compare the influence of BSEs 
on the internal light environment and light response curves by 
comparing these two leaf structures with a leaf structure with-
out BSEs (Fig. 1a). In this simulation, we kept the number of 
chloroplasts and the chlorophyll concentrations in each meso-
phyll cell the same, which inevitably led to different chlorophyll 
contents per leaf area, i.e. 40.75 and 31.13 µg cm−2 for the leaf 
structures with respectively 20% and 40% BSE occupation.

Results show that, under direct, blue light (Fig.  7c), an 
increase in the proportion of BSEs decreased light absorptance 
in the palisade layer and increased absorptance in the spongy 
region. Furthermore, increasing the proportion of BSEs led 
to a lower fraction of chloroplasts in each layer that were light 
saturated at higher levels of incident light intensity (Fig. 7d), 
which resulted in enhanced total leaf light-use efficiency, 
i.e. increased J on a leaf chlorophyll content basis (Fig. 7b), 

although J (per unit area) was decreased due to the decrease 
of leaf Jm (Fig.  7a). The same observation holds for green 
and red direct light or diffuse light (Supplementary Fig. S3).

Chloroplast arrangement
Chloroplasts in mesophyll cells were modeled in either a face 
position, i.e. arranged along the upper or lower sides of  the 
cell (Fig. 1b), or in a profile position, i.e. arranged along the 
side walls (Fig. 1c). When chloroplasts were arranged in the 
face position, our results suggest that leaf  absorptance for 
light between 400 and 700 nm was increased by only 2–3% 
relative to a leaf  with chloroplasts in the profile position 
(Fig. 8a). However, this enhanced light absorptance did not 
necessarily lead to increased J. For example, using a wave-
length of  450 nm, we predicted that J of  a leaf  with chlo-
roplasts in the face position was around 5 μmol m−2 s−1 less 
compared with the J of  a leaf  with chloroplasts in the profile 
position under a large range of  light irradiances (Fig. 8b).

Since the chloroplast distribution within the leaf differs 
significantly between face and profile positions, i.e. in each 
paradermal section, the number of chloroplasts differs, we 

Fig. 6. (a) Distribution of light after transmission through epidermal cells with an oblateness of 0.3 under direct incident light. Different colors represent 
the relative change, which is the percentage change of local incident PFD relative to the incident PFD on the leaf surface. (b) The effect of epidermal cell 
oblateness on the light curves. Epidermal cells with bigger oblateness means they are less rounded. (c) The effect of epidermal cell oblateness on the 
distribution of light absorption across leaf depth under direct blue light. Each thin mesophyll layer represents 1/18th of the total leaf thickness. (d) The 
effect of epidermal cell oblateness on the distribution of CSSI (defined in the legend of Fig. 2) in the four previously defined (Fig. 2c) sampling regions. 
Open circles represent results with an epidermis oblateness of 0.3, gray triangles represent results with an oblateness of 0.5 and black squares represent 
results with an oblateness of 0.1.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw359/-/DC1
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Fig. 7. (a) The predicted leaf light curves for three modeled leaves. (b) The predicted leaf J per unit chlorophyll increased with an increased proportion of 
BSEs under all incident irradiance. (c) The effect of BSEs on the distribution of the light absorption across leaf depth under direct blue light. (d) The effect 
of BSEs on the distribution of CSSI (defined in the legend of Fig. 2) for the four sampling regions defined in Fig. 2c. Open circles represent results with no 
BSEs, gray triangles represent results with 20% BSE geometry and black squares represent results with 40% BSE geometry.

Fig. 8. (a) The effect of chloroplasts positions on the leaf light absorptance spectrum between 400 and 700 nm under direct light. (b) The predicted effect 
of chloroplast positions on light curves under direct blue light. (c) The effect of chloroplast arrangement on the distribution of CSSI in palisade tissue (top) 
and spongy tissue (bottom) under direct blue light. Black squares represent results for chloroplasts in face position and gray triangles represent results 
for chloroplasts in a profile position. (d) Corresponding distribution of light absorptance of (c), i.e. the sum of the absorptance of all chloroplasts with the 
same CSSI in (c) (the definition of CSSI is in the legend of Fig. 2). Black arrow indicates the absorptance reallocated under the two chloroplast positions.
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cannot compare the CSSI at the level of individual para-
dermal layers as was done in Fig. 2d. Instead we compared 
the CSSI between face and profile positions in palisade and 
spongy tissues as a whole (Fig. 8c). Results show that when 
chloroplasts are arranged in a profile position, the number 
of chloroplasts that were light saturated at an incident PFD 
around 10 µmol m−2 s−1 was slightly smaller than when chlo-
roplasts were arranged in a face position (Fig. 8c). A corre-
sponding distribution of light absorption (Fig.  8d), i.e. the 
sum of the absorptance of all chloroplasts with the same 
CSSI, showed more clearly that a large proportion of energy 
was reallocated from chloroplasts with low CSSI in the face 
position to chloroplasts with intermediate CSSI in the profile 
position under direct blue light (Fig. 8d).

The effect of chlorophyll distribution on the light absorption 
profile
Besides the influence of incident light properties and ana-
tomical features described above, the simulated light absorp-
tion profile was also influenced by the vertical distribution 
of chlorophyll (Supplementary Fig. S4). With 20% of the 
leaf chlorophyll reallocated between palisade and spongy 
tissues, the absorption gradient under direct blue light only 
changed slightly (Supplementary Fig. S4c), while there were 
greater changes in the gradient under direct green or red light 
(Supplementary Fig. S4d, e). However the paradermal vari-
ation of absorption was still preserved under these two dif-
ferent chlorophyll distributions (Supplementary Fig. S4f–h).

The effect of the distribution of electron transport 
capacity across the leaf on the whole-leaf electron 
transport rate

The electron transport rate (j) of a chloroplast depends on 
both the light absorption and the electron transport capacity 
(jm) of that chloroplast. These two factors together affect the 
calculated CSSI (Eqn 3). In the default model, the profile of 
jm was distributed uniformly among all chloroplasts in the leaf. 
As a result, the j of chloroplasts in the upper layers of a leaf 
was mostly limited by jm, while the j of chloroplasts at the lower 
layers was mostly limited by light absorption (Fig. 2d). We fur-
ther simulated J under the assumption that jm was non-uniform 
and proportional to the absorptance profile. Under this propor-
tional jm profile, the calculated leaf J was enhanced dramatically 
at different light intensities even though the absorption profile 
was the same (Fig. 9a). Moreover, the histogram of CSSI indi-
cates that in this case, chloroplasts in the palisade cells tended to 
have a similar saturating irradiance, while spongy cells tended 
to have more chloroplasts with a relatively low CSSI (Fig. 9b).

Discussion

A novel three-dimensional model of leaf anatomy and 
internal light environment

The model presented in this study combines a ray-tracing algo-
rithm with a programmable representation of the three-dimen-
sional leaf anatomy. It enables researchers to not only evaluate 

the impact of different anatomical features in leaves, but also 
predict the leaf internal light environment of ‘hypothetical’ 
leaves with custom-designed structural and anatomical fea-
tures. Govaerts et  al. (1996) assumed that the chloroplasts 
form a continuous layer appressed to cell walls. As a result 
of this assumption the ratio between the chloroplast surface 
and mesophyll surface area was fixed to 1. Such an assump-
tion may be reasonable for mesophyll cells in, for example, rice 
leaves, where chloroplast coverage of the cell wall is above 90% 
(Sage and Sage, 2009), but reported values for many other spe-
cies such as spinach or wheat are around 60% (Honda et al., 
1971; Evans, 1983; Evans & von Caemmerer, 1994) and could 
be even as low as 30% for some shade-grown leaves (Araus 
et  al., 1986). Thus, the model described by Govaerts et  al. 
(1996) cannot be used to represent the anatomy of many leaves 
and can underestimate the sieve effect, i.e. the fact that light 
can propagate more easily through a mesophyll cell with fewer 
chloroplasts (Terashima et  al., 2009). With this new model, 
chloroplasts are represented individually and separated by 

Fig. 9. (a) The predicted light response curves of leaf electron transport 
rate under different jm profiles. The dashed line represents the curve when 
the convexity index (θ) equals 1. (b) The effect of the jm profile on the 
distribution of CSSI for the four sampling regions defined in Fig. 2c. The 
definition of CSSI is in the legend of Fig. 2. Black squares represent results 
under a proportional jm profile and open circles represent the results under 
a uniform jm profile.
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stretches of cytosol, which enables exploration of the effects 
of chloroplast properties, such as size, number, coverage, and 
arrangement, on the internal light gradient and J.

The model developed in this study was based on param-
eters for a generic dicot leaf and a number of comparisons 
between the simulation and experiment were made to evaluate 
our model’s performance. First, we showed that the predicted 
reflectance, transmittance and absorptance spectra were well 
within the range typically observed for many dicotyledonous 
species (Fig. 3). Considering that this spectrum included the 
photosynthetically active visible region (400–700 nm), the 
structure-related near-infrared region (800–1300 nm) and 
the water-related infrared region (1400–2500 nm), this model 
can be used to predict the leaf optical properties for a broad 
range of wavelengths. Secondly, we found strong correlations 
between our model’s predictions with measured light gradi-
ents inside a leaf using direct and diffuse incident light of 
different wavelengths (Fig. 4). Thirdly, simulations from this 
model show that palisade mesophyll cells facilitate penetra-
tion of direct, but not diffuse, light; in addition, spongy mes-
ophyll cells strongly scatter light and can increase whole-leaf 
light absorptance (Fig.  5, Table  2). All these are consistent 
with earlier observations (Brodersen and Vogelmann, 2010).

Though the model presented in this paper aimed to give a 
realistic representation of leaf anatomical features, a number 
of simplifications were still made. First, this model assumed 
that chlorophyll a and chlorophyll b were the only light absorb-
ing pigments; other pigments, such as zeaxanthin and carotene, 
were not included. Secondly, the scattering of light by orga-
nelles such as mitochondria, or biominerals (Gal et al., 2012), 
was not included in the present model. Thirdly, considering 
that the wavelength of light and the size of some cellular com-
ponents in plant cells are of the same magnitude, the Fresnel 
equations may not perfectly describe the light propagation and 
the effect of scattering could be greater than predicted (Ho 
et  al., 2016). Fourthly, in this model, we assumed that chlo-
rophyll was distributed uniformly in each chloroplast, which 
therefore cannot be used to study the sieve effect caused by the 
ultrastructure of chloroplasts. Finally, the assumed ellipsoid 
shape of the epidermis, the columnar shape of palisade cells 
and the spherical shape of spongy-tissue cells are simplifica-
tions of the real leaf structure. These areas can be improved 
with the modeling framework presented in this study once 
more accurate 3D reconstruction of leaf anatomy, more accu-
rate quantification of biochemical variation across the leaf, 
and improved methods for measuring the light environment 
inside the leaf are available. These simplifications would poten-
tially lead to an underestimation of the leaf absorptance and 
overestimation of the reflectance and transmittance slightly in 
the visible region (Fig. 3). This can be improved by the adop-
tion of a more realistic tissue structure and by taking into 
account additional scattering properties in the ray tracing pro-
cess (Watté et al., 2015). Nevertheless, the ability of the model 
to predict the currently available data on the leaf internal light 
gradient, optical properties and observed optical phenomena 
suggests that it can already be used as an exploratory tool to 
study the impact of many anatomical features on the internal 
light environment and resulting electron transport rates.

Physical mechanisms underlying the heterogeneity of 
the leaf internal light environment

The light levels inside the leaf  are highly heterogeneous both 
in the transverse and in the paradermal direction (Fig. 2). 
This heterogeneity exists in simulations with different ana-
tomical features, such as changes in the distribution of  chlo-
rophyll (Supplementary Fig. S4) and chloroplast number 
(Supplementary Fig. S5), and under different incident light 
properties, such as different wavelengths and incident light 
directions (Supplementary Figs S2–S4 and S6). Among all 
these factors influencing the internal light environment, the 
properties of  the incident light have a greater impact on 
both the vertical light gradient and the paradermal vari-
ation than the anatomical parameters that we examined 
(Fig. 4 and Supplementary Fig. S1 versus Figs 5–8). These 
light properties also greatly influence the focusing effect of 
epidermis (Fig. 6a, Supplementary Fig. S2). Furthermore, 
among the anatomical parameters, the proportion of  pali-
sade, spongy mesophyll and BSEs showed greater influence 
on the internal light environment, compared with variation 
in subcellular structure, such as the number and location 
of  chloroplasts (Figs 5, 7 and Supplementary Fig. S4 ver-
sus Fig. 8 and Supplementary Fig. S5). An increased pro-
portion of  BSEs decreased the proportion of  chloroplasts 
that were light saturated under high incident light levels 
(Fig. 7d), which correspondingly increased J per unit chlo-
rophyll (Fig. 7b).

Most of  the predicted variation in the internal light envi-
ronment can be explained by three mechanisms, i.e. the 
sieve effect, the detour effect and the focusing effect. The 
sieve effect results in a decreased absorptance because of 
the non-uniform distribution of  pigments; the detour effect 
results in an increased absorption due to lengthening of 
the light path (Osborne & Raven, 1986; Terashima et al., 
2009); the focusing effect results in less uniform paradermal 
distribution of  light (Fig. 6a, Supplementary Fig. S2). The 
focusing effect was related to the flattening (oblateness) of 
the cells in the upper epidermis (Fig. 6). The absorptance of 
the upper 17% of  the thickness of  the leaf  increased when 
epidermal cells were more rounded because a greater pro-
portion of  energy was focused on regions with chloroplasts 
than on regions without chloroplasts (Fig. 6). The sieve 
effect was strongly related to the number of  chloroplasts 
in a leaf  (Supplementary Fig. S5). Specifically, fewer chlo-
roplasts resulted in less coverage of  the cell surface with 
chloroplasts, and this would allow light to penetrate deeper 
in the leaf  (Supplementary Fig. S5). The impact of  the 
detour effect is reflected in the distribution of  CSSI under 
incident light of  different wavelengths. The distribution was 
more heterogeneous under blue light (Fig. 2d) compared 
with that under green (Supplementary Fig. S6a) or red light 
(Supplementary Fig. S6b). This can be explained by the 
fact that green and red light are less effectively absorbed 
by chlorophyll, so compared with blue light, scattering of 
these wavelengths increases and the path length of  light 
propagation through the leaf  is longer, i.e. the detour effect 
increases (Terashima et al., 2009).
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The effects of chloroplast arrangement on the leaf 
light-use efficiency

The effect of light intensity on chloroplast arrangement has 
been known for over a century (Senn, 1908). This has been 
regarded as a response of plants to avoid the potentially nega-
tive impact of photoinhibition (Kasahara et al., 2002; Wada, 
2013). Here we only modeled two arrangements (face position 
and profile position), although chloroplasts can take differ-
ent positions in different cell layers. For example, Terashima 
and Hikosaka (1995) showed that chloroplasts in the upper 
layers of the leaf could be in the profile position while chlo-
roplasts in the lower layers could arrange in a face position. 
Nevertheless we show that these two arrangements already 
influence the simulated electron transport rate even under 
non-photoinhibitory conditions (Fig. 8b). It is worth noting 
here that the chloroplast profile position can also lower the 
coverage of chloroplast surface to cell surface in Arabidopsis 
(Tholen et al., 2008) and hence affects the mesophyll conduct-
ance of CO2 diffusion and leaf photosynthesis.

The calculated J based on the predicted internal light 
environment was higher when chloroplasts were arranged 
in a profile position (Fig.  8d), even though the total light 
absorptance was lower (Fig. 8c). This is counterintuitive since 
higher absorptance is expected to lead to higher photosyn-
thesis. Careful examination of the light response curves sug-
gests a slight enhancement of J for leaves with chloroplasts 
arranged in a face position, but only at low incident irradi-
ance. However, when the incident light levels were higher, 
many chloroplasts in the face position became light-saturated 
(Fig. 8). So although leaf absorptance was increased by leaves 
with chloroplasts in the face position, more chloroplasts were 
experiencing light intensities above saturating levels, which 
cannot further increase J. Chloroplasts shading each other 
inside the mesophyll resemble the situation of leaves shading 
each other inside a canopy. In a canopy, a more vertical leaf 
position results in a higher canopy light-use efficiency (Long 
et al., 2006), and this is analogous to the situation in the mes-
ophyll described here, where chloroplasts in a profile position 
improve whole-leaf electron transport rates (Fig. 8d).

Implications of the high level of heterogeneity of leaf 
internal light environment for leaf physiology

The predicted high level of light heterogeneity inside a leaf 
may have implications for two important leaf physiological 
phenomena. In this study, we show that some chloroplasts 
in the upper layers of a leaf already become light-saturated 
under incident direct blue light with an intensity of only 
50 µmol m−2 s−1 (Fig. 2d). Therefore, although the majority 
of chloroplasts at a moderate incident light intensity, e.g. at 
100 μmol m−2 s−1, are far from light-saturated, some chloro-
plasts can experience a high PFD due to the focusing effect 
(Fig.  2d). Such high PFD exposure may potentially induce 
photoinhibition in these chloroplasts (Long et al., 1994; Ort, 
2001). Furthermore, due to changes in the solar angle, move-
ment of leaves caused by wind or other perturbations, the 
direction of incident light relative to the leaf surface changes 

frequently; consequently, chloroplasts inside a leaf may 
routinely experience rapidly fluctuating light levels, similar 
to what understory leaves experience during a day (Pearcy, 
1990). The high light levels caused by the focusing effect of 
the epidermis and the fluctuating light conditions together 
can pose a significant stress for photosystems in different 
chloroplasts inside a leaf. In line with this, fluctuating light 
causes photoinhibition in both rice and Arabidopsis (Kono 
et al., 2014; Yamori et al., 2016).

Another implication of this high level of light heterogeneity, 
combined with differences in biochemical limitations experi-
enced by different chloroplasts, is that it may contribute to the 
observed low convexity factor (θ) of whole-leaf light curves, 
the origin of which has been considered elusive (Leverenz, 
1994). Considering that the measured θ of a chloroplast sus-
pension is close to 1, θ has already been proposed to be associ-
ated with the heterogeneity of light inside the leaf (Terashima 
and Saeki, 1985). Our simulations show that a smaller θ may 
not only be a consequence of more heterogeneous light levels 
(Figs 6b, 7a and 8b), but also be related to more heterogene-
ous biochemical limitations between chloroplasts (Fig. 9a).

Conclusion

The leaf ray tracing model presented here enables evalu-
ation of the contribution of different structural and ana-
tomical features on the internal light environment of a leaf. 
Furthermore, it enables the design of a particular leaf struc-
ture with a desired leaf internal light environment, and hence 
facilitates designing leaf anatomy for enhanced photosyn-
thetic efficiency. As an application of this model, we used it 
to explore the impact of different anatomical features and 
properties of incident light on the internal light environment 
of a dicot leaf. This study demonstrates that the heteroge-
neous light environment inside the leaf depends on the sieve 
effect, the detour effect and the focusing effect. Furthermore, 
we showed that the chloroplast position can optimize light-
use efficiency in addition to playing its well-studied role in 
avoiding photo-damage. Bundle sheath extensions can also 
influence the leaf light-use efficiency expressed on a chloro-
phyll basis. Simulation results further showed that even under 
moderate light levels incident on a leaf surface, some chlo-
roplasts inside the leaf may experience light levels that can 
potentially induce photoinhibition. The high heterogeneity 
of the light inside a leaf and the differences in biochemical 
limitations between chloroplasts provides a potential mecha-
nism for the low convexity of the light response curve.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. Distribution of light after transmission through 

epidermal cells with an oblateness of 0.3, 0.5 and 0.1 under 
direct and diffuse incident light.

Figure S2. The effect of epidermal oblateness on the dis-
tribution of light absorptance across leaf depth under direct 
green and red light and diffuse green and red light.
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Figure S3. The effect of BSEs on the distribution of light 
absorptance across leaf depth under direct green and red light 
and diffuse blue, green, and red light.

Figure S4. Simulated profile of light absorption under dif-
ferent chlorophyll profiles.

Figure S5. Simulated profile of light absorption under dif-
ferent numbers of chloroplasts.

Figure S6. The distribution of CSSI in the four previously 
defined (Fig. 2c) sampling regions under direct green and red 
light and diffuse blue, green, and red light.

Table S1. Absorption coefficients and refractive indexes 
used in the model.
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