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High-Resolution Three-Dimensional Structural
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Photoinhibition reduces photosynthetic productivity; however, it is difficult to quantify accurately in complex canopies partly
because of a lack of high-resolution structural data on plant canopy architecture, which determines complex fluctuations of light
in space and time. Here, we evaluate the effects of photoinhibition on long-term carbon gain (over 1 d) in three different wheat
(Triticum aestivum) lines, which are architecturally diverse. We use a unique method for accurate digital three-dimensional
reconstruction of canopies growing in the field. The reconstruction method captures unique architectural differences between
lines, such as leaf angle, curvature, and leaf density, thus providing a sensitive method of evaluating the productivity of actual
canopy structures that previously were difficult or impossible to obtain. We show that complex data on light distribution can be
automatically obtained without conventional manual measurements. We use a mathematical model of photosynthesis
parameterized by field data consisting of chlorophyll fluorescence, light response curves of carbon dioxide assimilation, and
manual confirmation of canopy architecture and light attenuation. Model simulations show that photoinhibition alone can result
in substantial reduction in carbon gain, but this is highly dependent on exact canopy architecture and the diurnal dynamics of
photoinhibition. The use of such highly realistic canopy reconstructions also allows us to conclude that even a moderate change
in leaf angle in upper layers of the wheat canopy led to a large increase in the number of leaves in a severely light-limited state.

Plant canopy characteristics result from several fac-
tors, including genetically determined patterns of
development, environmental influence on key devel-
opmental events (such as cell division), and population
density. This means that plant canopies, whether con-
sidered as single plants or at the community scale, are
spatially complex, resulting in a heterogeneous light
environment (Russell et al., 1989). Because photosyn-
thetic rate is light intensity dependent, it is convenient
to consider canopies as populations of leaves each
consisting of surface areas with different characteristics
and varying states of photosynthesis at any single time
point. High-resolution three-dimensional (3D) repre-
sentations of plant canopies have previously been dif-
ficult to obtain, and this has hampered predictions of
canopy photosynthesis.

One of the consequences of canopy complexity is
spatial and temporal variability in the onset of high
light effects, such as photoinhibition. Here, we ap-
proach this problem by using unique techniques for
high-resolution reconstruction of crop canopies in
the field combined with an empirical model of pho-
toinhibition. We consider photoinhibition as a light-
dependent decline in the maximal quantum yield of
photosynthesis, which can be monitored by a decrease
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in the chlorophyll fluorescence ratio of variable fluo-
rescence (Fv) tomaximal fluorescence (Fm; Powles, 1984;
Long et al., 1994; Raven, 2011; Takahashi and Badger,
2011). The effect of photoinhibition on biomass pro-
duction is not a unique concept, but very few techniques
exist that are able to quantify its impact on long-term
carbon gain at the canopy scale. The effect of photo-
inhibition on shaping parameters of the photosynthesis
light response curve is already well characterized, and
previous empirical models have looked at the effects of
distorting such shaping parameters to empirically
quantify values for reduction in carbon gain (Ögren and
Sjöström, 1990; Werner et al., 2001; Zhu et al., 2004;
Valladares et al., 2005).
The effect of photoinhibition on productivity is, to a

large extent, dependent upon the capacity of a leaf to
utilize incident photosynthetic photon flux density
(PPFD) as described by the shape of the light response
curve. Two shaping parameters determine a light re-
sponse curve as defined by the nonrectangular hy-
perbola, namely the quantum yield of PSII (f) and
convexity (u). The quantum yield (f) describes the ini-
tial linear portion (under low light intensities) of the
light response curve and defines the maximum effi-
ciency with which light can be converted to fixed
carbon. The primary effect of photoinhibition is the
reduction in f, which is important under low light
conditions (Powles, 1984; Björkman and Demmig,
1987; Krause andWeis, 1991). Chlorophyll fluorescence
measurements are often used to predict changes in f
for a given location within a canopy (as dark-adapted
Fv/Fm), because this is a measurement of actual maxi-
mum yield of PSII. Gas exchange and oxygen evolution
data indicate a near-equal (1:1) relationship between
changes in Fv/Fm and changes in f (Björkman and
Demmig, 1987; Genty et al., 1989).
The convexity (u) describes the curvature of a light

response curve. The optical properties of leaves and
acclimation of individual cells result in convexity
values of around 0.85. Higher values of convexity
(u . 0.96) can be found within unicellular algae
(Coccomyxa spp.; Terashima and Saeki, 1985; Ögren
and Sjöström, 1990; Evans et al., 1993; Leverenz,
1994).
Under conditions causing photoinhibition, a reduc-

tion in f is often accompanied by a similar reduction in
u (Ögren and Sjöström, 1990; Leverenz, 1994). How-
ever, themain difference between the two parameters is
that a reduction in fwill also reduce photosynthesis at
intermediate light levels and not only under low light
conditions. A reduction in both parameters is of par-
ticular importance under natural conditions, because
light is thought to be a limiting resource to photosyn-
thesis most of the time in a large number of environ-
ments (Long and Hällgren, 1985; Ort and Baker, 1988).
The effect of photoinhibition on the light response curve
can, therefore, be used to quantify its influence on long-
term carbon gain by distorting the curve from a theo-
retical maximal value and calculating how the results
differ from an undistorted curve.

Plant canopies represent an intriguing model for
studies in photoinhibition, because for a given leaf, the
3D structure results in a pattern of light that frequently
shifts between high and low irradiance as a result of
solar movement and other factors, such as plant move-
ment. Hence, photoinhibited leaves are frequently and
momentarily exposed to a range of light intensities. Ar-
chitecture, therefore, determines both the pattern of on-
set and the cost to productivity.

In previous studies, the reduction in Fv/Fm for a
given leaf area was considered to be a function of the
weighted PPFD exposure over the previous 6 h (Werner
et al., 2001; Valladares et al., 2005) or the cumulative
weighted PPFD over the previous 24 h (Zhu et al., 2004).
We considered that this approach is not appropriate for
comparisons between species and lineages where there
may be variation in the quantum requirements for
photoinhibition. There are known genotype-dependent
differences in cereal species (Kasajima et al., 2011);
therefore, we derived a scaling factor (SF) directly from
Fv/Fm data taken in the field measured at different
canopy levels.

As described above, the photosynthetic rate depends
on the shape of the light response curve as well as local
light conditions. Plants are complex 3D objects with a
great variability in leaf size, shape, area, angle, curva-
ture, twisting, and clumping. Moreover, plants show
emergent morphological and physiological properties
as a result of being grown as a community in the field
and not as single plants in pots. Therefore, an accurate
estimation of light environment inside a crop canopy
requires both image-based high-resolution 3D plant
reconstruction (Pound et al., 2014) and a ray-tracing
algorithm (Song et al., 2013) from plants grown in re-
alistic field scenarios. Combining the techniques allows
prediction of a precise local PPFD at multiple posi-
tions for any given time point, which would be difficult
to achieve using manual measurements. Furthermore,
image-based reconstruction is more sensitive to small
differences in plant architecture.

The empirical model that we propose uses the dis-
tortion of the light response curve from amaximal state
parameterized by field-measured gas exchange and
fluorescence data combined with detailed 3D structural
data, where leaves are represented as a set of triangles.
Ray tracing is used to assess the productivity of three
field-grown wheat (Triticum aestivum) lines that con-
trast in plant architecture. Such amethod can be used to
assess the link between existing canopy architecture
and carbon gain or could be used as a tool and platform
for creating unique ideal plant types. Three wheat lines
were selected for analysis in this study from an ongoing
field trial at the University of Nottingham farm: cv
Ashby, cv 32-129bc, and cv 23-74bc, which are referred
to as the parent line, line 1, and line 2, respectively. We
show that (1) variation in wheat canopy architecture
measured using unique high-resolution 3D imaging
affects both photoinhibition and canopy photosynthe-
sis; (2) 3D reconstruction of entire canopies provides a
convenient and accurate way of recovering descriptive
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features used in canopy analysis for light interception
and crop production that were previously difficult, if
not impossible, to obtain; and (3) the distribution of
light levels in contrasting canopies shows unique fea-
tures in terms of the degree of saturation of photosyn-
thesis according to canopy position.

RESULTS

Light Environment in Leaf Canopy

A major determinant of light environment in a leaf
canopy is plant architecture, the general descriptors of
which are leaf area, leaf inclination, and arrangement in
space. Traditionally, theoretical work on photosyn-
thesis considers canopies with randomly distributed
leaves and leaf angles defined by a particular distribu-
tion to account for spatial heterogeneity (Werner et al.,
2001; Zhu et al., 2004; Song et al., 2013). Our study is
based on an accurate high-resolution digital recon-
struction of real wheat canopy structure; therefore,
it represents subtle features without the need to pa-
rameterize structural properties. Figure 1 shows two
examples of the reconstruction process of single con-
trastingwheat plants, and Figure 2 shows the final three

different reconstructed canopies (3- 3 3-plant plots)
designed to accurately represent the canopies from
which each of the individual plant reconstructions was
derived.

Clear visual differences between canopy geometrical
measures of the three reconstructed canopies are ap-
parent in Figure 2. The parent line has distinct upright
leaves compared with the more curved and curled
leaves of lines 1 and 2. This was confirmed by manual

Figure 1. Stages of the reconstruction of a single plant
from multiple color images. A and D, An example
photograph of a wheat plant including the calibration
target, from one viewpoint, of the parent line (upright
leaves) and line 2 (more curled leaves), respectively. B
and E, Point cloud reconstruction: the output when
each set of images is run through VisualSFM (Wu,
2011). C and F, The final output mesh after using the
reconstructor software (Pound et al., 2014) with the
ears removed.

Figure 2. Wheat canopy reconstructions. All plots were made from
single-plant reconstructions (as in Fig. 1), duplicated, randomly rotated,
and spaced on a 3- 3 3-plant grid. A, Parent line. B, Line 1. C, Line 2.
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measurements of leaf angle (as the anglewithwhich the
leaf subtends the stem; Supplemental Table S1). It was
also confirmed by calculating the distributions of angles
of the reconstructed leaf elements (also known as in-
dividual triangles; “Imaging and Ray Tracing”) relative
to the vertical axis (Supplemental Fig. S1).
We found substantial differences in vertical profiles

of leaf material between the three canopies. We calcu-
lated the reconstructed leaf and stem area index to be
4.34 for the parent line, 5.33 for line 1, and 5.27 for line 2.
Figure 3A shows cumulative leaf area index (cLAI)
calculated as a function of depth using Equation 1 (see
“Materials and Methods”). Although both lines 1 and 2
have a similar total canopy cLAI, line 2 accumulates
more biomass at equivalent lower depths compared
with line 1. The parent line has the lowest vertical dis-
tribution of biomass with depth. At the depth of 100
mm, cLAI is 0.66 for the parent line, 1.1 for line 1, and
1.8 for line 2.
Similar trends can be seen in plots indicating the

fraction of solar incident radiation intercepted (F; Eq. 3;
see “Materials and Methods”) at midday, with each
canopy exhibiting distinct dependence on depth (Fig.
3B). F accumulates more gradually in the parent line
than in lines 1 and 2, with line 1 being intermediate
between three canopies. For example, one-half of
above-canopy PPFD is intercepted at the depths of
74 mm in line 2, 132 mm in line 1, and 201 mm in the
parent line.

Simulations of the light environment show that the
daily PPFD on average decreases with depth in all three
plots, but the light environment has considerable spa-
tial heterogeneity in PPFD at a fixed depth. Figure 4A
shows a distribution of the logarithm of the ratio be-
tween PPFD absorbed at a point within a canopy and
above-canopy PPFD at midday. The PPFD at any depth
into the canopy can have a wide range of values, and
Figure 4 shows that this variability increases with
depth. Therefore, it is possible for a lower part of the
canopy to have surface areas that receive higher PPFD
than surface areas within upper parts of the canopy
because of self-shading or shading by neighboring
plants. This gives rise to the phenomenon termed sun-
flecks (Pearcy, 1990). Figure 4B takes this further,
comparing the frequency of PPFD values according to
the fraction of surface area in the top layer. Stark dif-
ferences are seen between the lines, with the contrasting
curled canopy (line 2) having a large proportion of leaf
area in low light (below 150 mmol m22 s21) compared
with line 1 and the parent line. This high-resolution
analysis is valuable when comparing light distribu-
tions against photosynthetic light response curves.
Similar differences are present during the whole day
(Supplemental Fig. S2).

Based on fractional interception as a function of cLAI,
we calculated light extinction coefficients (k; Hirose, 2005)
for the three canopies (Eq. 4; see “Materials andMethods”).
Values of k are used in canopy analysis as a convenient
way of mathematically describing the attenuation of
light defined by architecture and dependent on the in-
teraction between cLAI accumulation and fractional
interception. The simulated values of k obtained are
0.40 for the parent line, 0.49 for line 1, and 0.61 for line 2.
This corroborates findings from manually measured
ceptometer data measured in the field (Fig. 5, line 2).

Incorporating Physiological Measurements into the
Photoinhibition Model

An overview of the modeling process can be seen in
Figure 6. Light response curves and Fv/Fm were mea-
sured at 12 PM at three levels within each canopy. The
nonrectangular hyperbola given by Equation 5 (see
“Materials and Methods”) was fitted to experimental
data to determine the maximum photosynthetic ca-
pacity, quantum use efficiency, and convexity. Mea-
surements and fitted curves for line 1 are shown in
Figure 7A. The maximum photosynthetic capacity de-
creased (Fig. 7A; Supplemental Fig. S3) and Fv/Fm in-
creased (Fig. 7B) with the depth in the canopy. The
differences between photosynthetic light response
curves are typical of the canopy depth-dependent
changes caused by light acclimation and leaf ageing
(Murchie et al., 2002). Daily net photosynthesis per unit
canopy area was higher for the parent line (0.2583 mol
m22 d21) compared with line 1 (0.2166 mol m22 d21)
or line 2 (0.2163 mol m22 d21; see “Materials and
Methods”).

Figure 3. Properties of each canopy. A, cLAI (Eq. 1): the area of leaf
material per unity ground as a function of depth through the canopy at
12 PM. B, Fractional interception (Eq. 3) as a function of depth in the
canopy at 12 PM. Curves were calculated with step Dd = 1 mm.
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The probability of photoinhibition diminishes in
lower parts of the canopy because of the lower photon
flux density, and this is reflected in the Fv/Fm values,
with the middle layer (second leaf) approaching the
maximal value (0.83; Fig. 7B; Table I). Therefore, the
influence of photoinhibition on the top and middle
layers only was considered within the model. The
strongest photoinhibition (highest reduction in Fv/Fm)
was found in the top layer of line 2 followed by line
1 and then, the parent line, whereas the middle layer for
all three canopies showed similar Fv/Fm values (Table
I). There was a statistically significant difference in Fv/
Fm between layers for all lines (P # 0.001) and no evi-
dence of a significant difference between lines (P =
0.053).

The difference between measured Fv/Fm and theo-
retical maximal Fv/Fm (0.83) was used to calculate a
maximal SF according to Equations 6a and 6b (see
“Materials and Methods”). Photoinhibition in crops
tends show a diurnal pattern from nonexistent at sun-
rise and sunset to maximal at midday when light levels
are in excess. To account for these dynamics, we have
fitted parabolas for each layer, with its vertex corre-
sponding to SF12 (Supplemental Fig. S2). This SF was

used to distort the light response curve as shown in
Figure 7. We used the light response curves of CO2
assimilation for these calculations. It was not possible to
use light response curves as a measurement of photo-
inhibition or quantum yield itself, because a measure-
ment of leaf absorptance would be required.

We applied the SF according to two different sce-
narios in a manner that describes two contrasting
diurnal changes in photoinhibition. In scenario 1, pho-
toinhibition occurs over 6 h over the middle of the day,
reaching the maximum value at 12 PM (Supplemental
Fig. S4A). In scenario 2, photoinhibition starts at sun-
rise, peaks in the middle of the day, and decreases until
sunset (Supplemental Fig. S4B). Such changes are con-
sistent with those observed across different species, and
previous responses for rice (Oryza sativa) followed a
parabolic-type behavior (Murchie et al., 1999; Demmig-
Adams et al., 2012). This approach uses existing
knowledge on photoinhibition dynamics under differ-
ent scenarios as the most effective way of meeting the
objectives set out in this study.

The gas exchange and fluorescence parameters used
in the model are given in Table I. The values for Pmax
were similar at each level between each of the three

Figure 4. Diagrams depicting the heterogeneity of light environment of the three contrasting wheat canopies. A, Density his-
togram showing the predicted light levels at 12 PMwithin each canopy described as the logarithm of the ratio of light received on a
horizontal surface to light intercepted by a point on a leaf as a function of depth: parent line (left), line 1 (center), and line 2 (right).
B, Frequency of PPFD values according to the fraction of surface area received at the top layer within each canopy: at 9 AM (left),
12 PM, and 3 PM (right).

1196 Plant Physiol. Vol. 169, 2015

Burgess et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.00722/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00722/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00722/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00722/DC1


plots, with around a 2-fold decrease from upper layer to
middle layer and around a 3-fold decrease frommiddle
layer to bottom layer. Because we could not detect
photoinhibition in the bottom layer, the Fv/Fm and SF
data for layer 3 have been omitted from Table I and
thus, will not contribute to the modeled reduction in
carbon gain of each of the canopies in this model.

Effect of Photoinhibition on Carbon Gain: Model Output

The mathematical model predicted and compared
the simulated daily carbon assimilation under different
photoinhibition scenarios as described by Equations 7
to 10 (see “Materials and Methods”). The contribution
of the top two layers to a reduction in simulated carbon
gain can be seen in Figure 8, A (photoinhibition scenario
1) and B (photoinhibition scenario 2). There is interde-
pendence between distorting both the convexity and
the quantum use efficiency values, because light dis-
tribution takes a range of values: some of these aremore
sensitive to the reduction in yield, and some are more
sensitive to the reduction in convexity (Long et al.,
1994). The strongest effect on net photosynthesis is
achieved by a concomitant reduction in both parame-
ters. For scenario 1, reduction in f alone resulted in
approximately 1.1%, 2.3%, and 3% reductions in canopy

carbon gain in parent line, line 1, and line 2, respec-
tively, and this rose to 2.6%, 4.4%, and 5.6% when
combined with u (Fig. 8A). These represent substantial
reductions in potential biomass productivity. These
values are increased even further when considering the
diurnal dynamics of photoinhibition represented by
scenario 2 (Fig. 8B), with reductions in canopy carbon
gain rising to 6.8%, 10.2%, and 13.7%, respectively, for a
reduction in both f and u.

The large differences in canopy photosynthesis
observed between different lines could result from
differences in canopy architecture or differences in
susceptibility to photoinhibition on a biochemical level.
To investigate, themodel was split dependent upon leaf
anglewithin the canopy, whichwe calculate in a unique
way using the triangle surface angle relative to vertical
(see “Materials and Methods”; Supplemental Fig. S1A).
Rather than a simple measurement of leaf angle sub-
tending the stem and a visual assessment of leaf curva-
ture, this approach allows triangles to form a population
derived from every part of the leaf, therefore giving
detailed empirical data that can be used against other
canopy and physiological data. Results for simulated
photoinhibition scenario 1 are shown in Figure 8C,
confirming a strong relationship between triangle angle
and loss of carbon gain, with line 2 (more visually
horizontal leaves) possessing a higher proportion of
triangles with higher angles (more horizontal) and
suffering more than line 1 or parent lines. This com-
pareswell with Figures 3 and 4,which show the upright
leaves of lines 1 and 2 with better light penetration and
in which a lower proportion of leaf area is photo-
inhibited (Fig. 7B).

To assess the effects of canopy architecture on the
model outputs and determine the predominant drivers,
the model was run again on the distribution of PPFD for
parent line but this time using the Pmax and SF values of
line 2 and vice versa for comparison. The results can be
seen in Figure 8D; positive values indicate a larger per-
centage reduction in carbongain in the parent line relative
to line 2, whereas negative values indicate a greater re-
duction in line 2 relative to the parent. The larger per-
centage reduction when the parent is given the level of
photoinhibition shown by line 2 indicates that, although
line 2 was probably more susceptible to leaf photo-
inhibition at least partly as a result of the canopy archi-
tecture, the impact of this on a whole-canopy level was
in fact minimized by the less vertical leaf structure. The

Figure 5. Experimental validation of the predicted light levels. The
logarithm of the ratio of light received on a horizontal surface to light
intercepted by a point of a leaf (Ln[L/L0]) predicted by ray tracing (box
and whiskers) is compared with measurements made manually using a
ceptometer (asterisks). Leaves were not all horizontal. Predicted and
measured data are for line 2 in top, middle, and bottom layers in the
canopy at 12 PM.

Figure 6. Simplified overview of the modeling
method.
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more open erect structure of the parent is less susceptible
to photoinhibition, but in fact, the impact at canopy level
will be greater should photoinhibition occur.

Figure 9 combines influence of canopy architecture
on the distribution of PPFD (at 12 PM; Fig. 4) with light
response curves showing effect of photoinhibition on
carbon gain. The strongest effect of photoinhibition is
shown, with the largest accumulated distortion be-
tween light response curve without and with pho-
toinhibition (gray area in Fig. 9). The average light
intensity received by the parent line corresponds to a
region of the light response curve that received a greater
distortion relative to line 2. It is also positioned higher on
the light response curve than line 2. We conclude that the
average light-saturated state of a canopy with upright
leaves is higher and that the curled nature of leaves at the
top of the canopy in line 2 has the effect of oversaturating
leaves at the top and overshading at the bottom. The state
of light saturation is, therefore, dependent on the relative
distribution of leaf area in each layer. This corroborates
previous findings and suggests that cLAI will have a
strong influence on the tradeoff between photoinhibition
susceptibility and impact on long-term canopy carbon
gain (Long et al., 2006; Murchie and Reynolds, 2012).

DISCUSSION

High-Resolution Digital Reconstruction of Field-Grown
Plants as a Unique Tool

Here, we describe for the first time, to our knowledge,
an accurate high-resolution (and rapidly obtained) struc-
tural description of canopy geometry from field-grown
wheat plants using readily available standard photography
techniques (SLRDigital Cameras). This marks a substantial

advance from previous work, because we are able to
(1) define key structural and photosynthetic features
within the canopy and not simply on the upper canopy
surface; (2) incorporate features of leaves, such as leaf
curvature and twisting; and (3) extract traditional (e.g.
extinction coefficient and fractional interception) and
unique (e.g. average triangle angle and surface area
fraction) canopy measurements that are difficult, if not
impossible, to obtain in the field (for example, cLAI,
vertical profiling, and leaf tissue angle distributions).
These can be extracted directly from the 3D data and
not from field measurements using light sensors and
geometric measuring tools that are prone to error accord-
ing to weather and user.

Construction of 3D plants in silico would require
knowledge of plant topology and properties, such as
leaf and stem length, blade width, tiller number, leaf
laminae curvature, or inclination angle. A few models
representing 3D canopy architecture for different crops
have been developed in recent years; however, these
models either simplify the representation of the plants
to include only the essential features (Evers et al., 2005)
or deduce average architectural parameters from a
number of representative plants (Valladares et al., 2005;
Song et al., 2013). These methods can be highly time
consuming because of the rigorous measurements re-
quired (Fourcaud et al., 2008; Vos et al., 2010), and
based upon the parameters used, inputting standard
leaf angle distributions into a photosynthesis model can
lead to a 4% to 15% difference in output compared with
models with explicitly described leaf angles (Sarlikioti
et al., 2011). Parameterization of functional-structural
plant models for wheat was carried out for contrasting
densities (Baccar et al., 2011) but not for cultivars with a
contrasting architecture.

Figure 7. Data used for the param-
eterization of the photoinhibition
model. A, Example light response
curves from the top (flag leaf; black),
middle (FL-1; dark gray), and bot-
tom (FL-2; light gray) layers of line 2
(light response curves for the par-
ent line and line 1 can be found in
Supplemental Fig. S3). Values of the
maximum photosynthetic capacity
for each layer were obtained from
fitting the nonrectangular hyper-
bola (Eq. 5) to each of the curves.
The graph shows the experimental
data (mean 6 SE of three measure-
ments) and fitted curves. B, Dark-
adapted Fv/Fm data per plot and
layer measured at 12 PM. The means
of five replicates are presented
with SEM. C, Distortion of Equation 5
based on parameters from top layer
of line 2 and scenario 1 at 12 PM:
reduction in f (left), reduction in u

(center), and reduction in f and u

(right).
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Our image-based approach is more likely to cap-
ture the heterogeneity of crops within a field, because
image-based approaches such as this digitize existing

crops, whereas other rule-based methods will create an
averaged crop that may capture the general features of
the variety/line/species but will not capture unique
differences between crops of the same type and thus,
may not be as representative or realistic. Furthermore,
such rule-based approaches are labor and data inten-
sive and would need to be carried out for each indi-
vidual line in this case (or species/varieties), whereas
this approachmay give useable representative canopies
within a very short time span.

Therewas good correspondence betweenmanual and
digitized canopy structural measurements, notably the
extinction coefficient k. The differences in k seen here are
within the range expected for wheat but still show
variation that would be expected to result in differences
in the relationship between intercepted light and po-
tential productivity (Murchie and Reynolds, 2012). The
percentage difference in leaf area between real and
reconstructed plants using this method has previously
been found to be low (4%; Pound et al., 2014), and a
value of 1% was found here (data not shown). The re-
construction method was also able to accurately repro-
duce similar percentages of stem versus leaf material

Table I. Parameters used in the model

Layer Fv/Fm SF12 Pmax

Parent line
Top layer 0.7724 6 0.01583 0.931 22.3
Middle layer 0.8136 6 0.00117 0.98 13.6
Bottom layer 4.6

Line 1
Top layer 0.7436 6 0.01431 0.896 25.8
Middle layer 0.813 6 0.00302 0.98 16.9
Bottom layer 6.3

Line 2
Top layer 0.7122 6 0.02353 0.857 28.6
Middle layer 0.802 6 0.01246 0.966 12.6
Bottom layer 4.7

Maximal light response
curve values
F 0.052
u 0.845
a 0.1

Figure 8. Results of the model: the predicted effect
of photoinhibition on carbon gain (Eq. 10). A, Per-
centage reduction in carbon gain relative to a non-
inhibited canopy based on photoinhibition scenario
1, with depression in Fv/Fm occurring for 6 h around
midday according to a hyperbolic relationship. B,
Percentage reduction in carbon gain relative to a
nonphotoinhibited canopy based on photoinhibition
scenario 2, with depression in Fv/Fm beginning at
dawn and ending at dusk according to a hyperbolic
relationship. C, Percentage reduction in carbon gain
relative to a nonphotoinhibited canopy based pho-
toinhibition on scenario 1 as a function of the triangle
angle relative to vertical. Results are for a distortion in
both f and u. D, Graph indicating the importance of
canopy architecture on the model output. The Pmax

and SFaccording to photoinhibition scenario 1 of line
2 were applied to the canopy and ray-tracing output
of the parent line and vice versa. The difference in the
percentage reduction in carbon gain was then cal-
culated relative to the results obtained from the donor
line. Positive values indicate a greater reduction in
carbon gain for the parent line, whereas negative
values indicate a greater reduction for line 2.
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(around 30% stem content by area for each of the three
lines).

The predicted light distribution taken from ray-
tracing data shows the spatial and temporal hetero-
geneity within all three wheat canopies resulting
from their differences in architecture. Achieving such
high resolution with measurements in the canopy
would not be possible, and any attempt would re-
quire vast amounts of sensors and data processing.
This tool could provide a low-cost but detailed method
for phenotyping for both small-scale and advanced
systems.

Accounting for Carbon Loss at the Whole-Canopy Level

We have used the highly accurate digitized 3D re-
constructions to scale up photosynthetic processes to
the whole-canopy level. Because the ray-tracing pa-
rameters day and latitude were kept the same and all

gas exchange and fluorescence measurements were
taken within the same period, any observed differences
in photosynthetic activity were associated with genet-
ically determined differences (e.g. plant architecture)
and not with diurnal solar movement.

Susceptibility to photoinhibition and its dynamics is
dependent on species, cultivar, and conditions, and
thus, changes in Fv/Fm are not fixed (Murchie et al.,
1999; Demao and Xia, 2001; Demmig-Adams et al.,
2012). Values of photosynthetic capacity and the dark-
adapted fluorescence parameters were used for model
parameterization. Previous models used a photon dose
effect to predict levels of photoinhibition (Werner et al.,
2001; Zhu et al., 2004). We did not adopt this approach,
because wewished to avoid potential genotype-specific
differences in required dosage. We chose instead to
use field measurements of Fv/Fm to predict pho-
toinhibition at different canopy positions and times of
day (Leverenz, 1994), because Fv/Fm is an actual mea-
sure of PSII quantum yield (Murchie and Lawson,
2013). To present a realistic picture of the potential for
the impact of photoinhibition on canopy photosynthe-
sis, variation in the dynamics of photoinhibition was
explored in two different scenarios (results in Fig. 8, A
and B; dynamics in Supplemental Fig. S4). In the first
scenario, we restricted simulated photoinhibition to the
hours surrounding midday (commonly seen for fast-
growing plants, such as cereals; Murchie et al., 1999),
and in the second scenario, we assumed that it would
start from the hours after dawn, which is more
commonly seen in slower-growing stress-tolerant
plants. When the dynamics are altered to represent
depression in Fv/Fm over the whole day (scenario 2),
the percentage reduction in carbon gain is much
greater (Fig. 8B). These results indicate the flexibility
of this modeling technique and highlight the impact
of precise architecture for different photoinhibition
dynamics.

Using measured photoinhibition data in the field, we
have found up to a 5.6% (scenario 1) or 13.7% (scenario
2) reduction in carbon gain solely because of photo-
inhibition with the parent line exhibiting the smallest
amount of carbon loss (line 2 had the greatest amount,
and line 1 had an intermediate amount). This loss is
largely caused by the measured differences in Fv/Fm
and thus, the resultant SF between lines in the upper-
most layer. The parent line has amore upright, straight-
leaved phenotype, whereas line 2 exhibits a greater
amount of leaf curling, particularly in the top layer,
with line 1 exhibiting an intermediate phenotype. It is
highly likely that this was a result of the canopy ar-
chitecture and not inherent genetic differences in pho-
toinhibition susceptibility between the lines, which are
shown by Figure 8D. It is established that the leaf
angle in relation to solar position is a strong deter-
minant of radiation and heat load (He et al., 1996;
Murchie et al., 1999).

The higher potential productivity of canopies with
vertical leaves has been well documented and is
largely because of a combination of higher optimal

Figure 9. Graph indicating the frequency of light levels as a function of
the fraction of the total surface area of the canopy received at 12 PM by
the top (A), middle (B), and bottom (C) layers in each canopy and the
average irradiance, indicated by arrows, overlaid on the light response
curve and distorted light response curve of line 2.
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cLAI and a lowered overall state of photosynthetic
saturation of the crop canopy (Murchie and Reynolds,
2012; Song et al., 2013). Our data provide a more so-
phisticated analysis of real in-canopy light distribu-
tion, and we conclude that the state of light saturation
of the upright canopy (parent line) was actually higher
than that of the closed canopy (line 2). The proportion
of leaves in a severely light-limited state is, therefore,
of critical importance (Murchie et al., 2002; Long et al.,
2006). Figure 8 shows that the parent line is closer to
saturation at the top and middle layers (compared
with line 2), has a higher canopy photosynthesis, and
also, has spare capacity for increasing the overall
canopy photosynthetic rate in all layers regardless of
photoinhibition.
It is important to calculate percentage carbon loss

caused by lowered quantum yield. Our three contrast-
ing wheat canopies have inherent differences in po-
tential canopy photosynthesis (shown above). The
values observed are generally in line with a numerical
study based on artificially constructed canopies that
observed a decline of daily photosynthesis of 6% to 8%
(Werner et al., 2001). Zhu et al. (2004) found a 12% to
30% decrease of daily integral carbon uptake because of
thermal dissipation of absorbed light energy with the
largest reduction from a top layer.

Managing and Mitigating Photoinhibition

Here, we extend earlier work on the impact of pho-
toinhibition at the canopy scale, and we reveal how
canopy structure, photosynthesis, and photoinhibitory
loss are intimately connected within unique highly ac-
curate 3D reconstructions of field-grown plants.We use
the light-induced lowering of quantum yield in optimal
conditions where there is no other stress factor present
that may preinduce a lowered Fv/Fm value. Accumu-
lation of carbohydrate has been suggested in some
species to precede photoinhibition. However, this is
highly unlikely in fast-growing unstressed cereals
where diurnal patterns of leaf carbohydrate do not
follow patterns of photoinhibition (Murchie et al., 2002;
Demmig-Adams et al., 2012). In terms of productivity,
the best strategy is of course to minimize photoin-
hibition in all circumstances at the biochemical level.
Photoprotective mechanisms, such as the xanthophyll
cycle and PsbS-dependent quenching, are known to
reduce the level of photoinhibition in leaves (Li et al.,
2002; Niyogi et al., 2005). It has been pointed out that
such approaches may need to consider costs as well as
benefits of high levels of thylakoid-level photopro-
tection (Hubbart et al., 2012). If this is the case, then the
role of canopy architecture in this tradeoff needs to be
carefully considered.
We can discern strategies for dealing with the effects

of photoinhibition at this level: restrict substantial levels
of photoinhibition to the top layers by closing the canopy
to protect the lower layers and ensure a high degree of
saturation of the upper layers or attempt a higher overall
productivity with a vertical structure but risk a greater

impact on canopy carbon gain should photoinhibition
occur. The former will result in a canopy with an in-
herently lower productivity that is still susceptible to
localized photoinhibition in upper layers. Previously,
it has been shown clearly that upright leaves have a
lower susceptibility to photoinhibition (Murchie et al.,
1999), and this would seem to be synergistic with the
higher inherent productivity of such architecture.
However, our data suggest that the tolerance con-
ferred by leaf posture is not sufficient to avoid loss
completely and that upright canopies should be se-
lected to have a high tolerance to photoinhibition on a
leaf level.

The importance of photoinhibition may come down
to the level of sunshine hours that a crop canopy ex-
periences during key yield-forming stages. For this
study, we used sunny days to measure Fv/Fm, and we
calculate that such days were restricted to less than
30 d of the total for the postanthesis period. Photo-
inhibitionwill be strongest in crops grown in high-yield
potential, high-radiation environments, and these
would see the greatest loss in yield as a result of pho-
toinhibition alone. This will be true for many irrigated
rice and yield environments. In the case of tropical rice,
there is known genotypic diversity in susceptibility
(Murchie et al., 1999; Demao and Xia, 2001) that may be
the result of genetically determined nonphotochemical
quenching levels (Kasajima et al., 2011). It is highly
probable that we can improve biomass and yield by
optimizing photoinhibition, and this requires under-
standing of the existing canopy architecture. The next
step is to isolate genetic variation in photoprotection
(e.g. resulting from PsbS expression) by incorporating
the effect of canopy position.

CONCLUSION

In this study, we used an empirical model to inves-
tigate the interactions between plant architecture and
solar irradiance. Unique highly realistic digital recon-
struction combined with simulation of light intercepted
by leaves and prediction of carbon assimilation repre-
sent a unique method to investigate complex plant-
environment interactions and provide a method of
scaling up to the whole-canopy level and exploring the
importance of canopy architecture.

Plant phenotyping is an important tool in screening
crops for future breeding. As we show in this study,
image-based 3D plant reconstruction was successfully
applied to test how plant architecture influences pho-
tosynthesis and photoinhibition. The extracted features
(cLAI, vertical profile, and angle distribution) showed
clear differences between three contrasting wheat lines.
In a similar way, all wheat lines showed differences in
canopy light distribution. We found that larger carbon
losses were associated with a higher light extinction
coefficient. Whole-canopy carbon gain can be protected
(under photoinhibition) if spatial distribution of light in
the lower canopy is improved.
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MATERIALS AND METHODS

Plant Material

Wheat (Triticum aestivum) lines with contrasting canopy architectures were
selected from an ongoing field trial at the University of Nottingham farm; 138
double-haploid lines were developed jointly by Nottingham and the Interna-
tional Maize and Wheat Improvement Centre from a cross between the Inter-
national Maize and Wheat Improvement Centre large-ear phenotype spring
wheat advanced line LSP2 and the United Kingdomwinter wheat ‘Rialto.’ Back
crossed 3 (BC3) lines were generated from three backcrosses between selected
double-haploid lines as donors and a spring elite cultivar (cv Ashby) or a winter
cultivar (cv Humber) as recipient. The BC3 lines were then self-fertilized for five
generations to produce BC3S5 lines used in this experiment. This approach
resulted in the formation of a large number of stable lines with contrasting
canopy architecture but photosynthetic responses consistent with the United
Kingdom environment (Driever et al., 2014). Threewheat lines were selected for
analysis: cv Ashby (parent line), cv 32-129bc (line 1), and cv 23-74bc (line 2).

A field experiment was carried out at Sutton Bonington (52° 839N, 1° 259W)
in 2013 and 2014 on BC3S5 lines and the recurrent parents cv Ashby and cv
Humber. The soil was a medium sandy loam 0.8-m deep over clay (Dunington
Heath Series). The experiment used a randomized block design with two rep-
licates, and the plot size was 1.653 6m; there were 12 rowswith a rowwidth of
13.2 cm. The previous crop was oilseed rape (Brassica napus). The plots were
sown on November 18, 2013 at a seed rate of 300 seeds m22. In each plot, 220 kg
N ha21 nitrogenous fertilizer as ammonium nitrate was applied in a three-split
program; 40 kg N ha21 was applied in early March, 100 kg N ha21 was applied
in late March, and 80 kg N ha21 was applied in early May. Plant growth reg-
ulator chlormequat was applied at growth stage 31 (stem elongation and first
node detectable). Prophylactic applications of fungicides were given at growth
stages 31, 39, and 59 (Tottman, 1987) to keep diseases to very low levels. Pes-
ticides and herbicides were used as necessary to minimize the effects of pests
and weeds.

Imaging and Ray Tracing

3D analysis of plants was made according to the protocol by Pound et al.
(2014). The developmental stage of each of the lines was the same. At anthesis
and after photosynthesis measurements, wheat plants (roots and shoots) were
carefully removed from the field, taken to a laboratory, and packed in a box to
avoid excessive movement or damage to leaves. Roots were supplied with
water to prevent wilting. It was found that this process did not alter the key
architectural features of the plants. They were imaged within 2 h using three
fixed Canon 650D cameras, with a minimum of 40 images per plant. Images
were captured using a revolving turntable, including a calibration target of set
width (397 mm) that was used to both aid with automatic camera calibration
and enable scaling of themodel to the correct size after reconstruction. An initial
point cloud was obtained using the PMVS software (Furukawa and Ponce,
2010; Wu, 2011). The PMVS photometric consistency threshold (Furukawa and
Ponce, 2010; Eq. 2) was set at 0.45 to optimize the amount of plant material
recognized in the point cloud. Default parameters were used within the Re-
constructor software, except for maximum cluster size and boundary sample
rate, which were changed to 120 and 15, respectively. These parameters were
chosen, because they reduce the number of triangles in the outputmesh but give
the most accurate mesh (in terms of both total area and Hausdorff distance) in
optimization tests (data not shown).

Three replicate plants representative of the morphology of each line were
taken from each line and reconstructed; however, for lines 1 and 2, two plants
wereused to formthefinal canopy.Thewheat earsweremanually removed from
the resultant mesh, because the reconstructing method is unable to accurately
represent their form. Canopies were created for each of the three plots by du-
plicating and randomly rotating the reconstructions in a 3 3 3-grid pattern.
The orientations were altered until the cLAI of the plot matched the average
value given from leaf and stem area measurements of the sampled plants
(Supplemental Table S2). Reconstructed canopies consist of n triangles with
coordinates of the ith triangle given by a vector {xi

1, yi
1, zi

1, xi
2, yi

2, zi
2, xi

3, yi
3, zi

3},
where coordinates x and y correspond to the coordinates on the ground and
coordinate z corresponds to height above the ground.

Total light per unit leaf area for the ith triangle at time t, Li(t), was predicted
using a forward ray-tracing algorithm implemented in fastTracer (fastTracer,
version 3; PICB; Song et al., 2013). Latitude was set at 53 (for Sutton Bonington,
United Kingdom), atmospheric transmittance was 0.5, light reflectance was
7.5%, light transmittance was 7.5%, and daywas 181 (June 30), with sunrise and

sunset of 5 AM and 10 PM, respectively. The diurnal course of light intensi-
ties over a whole canopy was recorded in 1-h intervals. To prevent the
boundary effect, we positioned the ray-tracing boundaries at centers of the
outer plants. The software fires rays through a box with defined bound-
aries; when they exit one boundary (i.e. the side), they enter again from the
opposite side.

Leaf Angle, Dry Weight, and Leaf Area Measurements

Leaf anglesweremeasured in twodifferentways. Leaf anglesweremeasured
in the field using a protractor (Pask et al., 2012), with the average of five mea-
surements per layer per line. These values were then compared with those
obtained on the reconstructed plants using a mesh editing software (Meshlab.
sourceforge.net; Supplemental Table S1). Plant dry weight and area were an-
alyzed by separating shoot material into steam, flag leaf, and all other leaves
before passing them through a leaf area meter (LI3000C; Licor) followed by
drying each component individually in an oven at 80°C for 2 d until no
more weight loss was noted. Plants were weighed immediately. Leaf and
stem areas were also calculated for the reconstructions using Meshlab for
comparison.

Field Data: Gas Exchange and Fluorescence

Data were taken from the field-grown wheat in plots in the same week in
which the imaged plants were taken on Sutton Bonington Campus. Leaf gas
exchange measurements were taken with a Licor 6400XT IR Gas-Exchange
Analyzer (Licor). The block temperature was maintained at 20°C using a flow
rate of 500 mL min21. Light was provided by a combination of in-built red and
blue light-emitting diodes. Light response curves were taken on leaves that had
not been dark adapted. Illumination occurred over a series of six photosyn-
thetically active radiation values between 50 and 2,000 mmol m22 s21, with a
minimum of 2 min at each light level. Light response curves were taken at three
different canopy heights: labeled top, middle, and bottom referring to flag leaf,
second leaf (Flag leaf 21 [FL 21]), and third leaf (FL 22), respectively, with
height above ground being noted. Leaves in the middle and bottom layers were
additionally exposed to a photosynthetically active radiation level of 500 mmol
m22 s21 for 3min before the light response curve measurements. Four replicates
were taken per plot for each canopy layer.

AWalz (Effeltrich)MiniPamFluorometerwasused tomeasuredark-adapted
values of Fv/Fm in the field wheat at midday. Leaves were dark adapted using
clips (DLC-08; Walz) for 20 min, and initial (minimum) PSII fluorescence in the
dark-adapted state and Fm were measured by applying a saturating pulse (0.8 s
at 6,000 mmol m22 s21). Four replicates were taken per plot per layer, but as
values for the middle layer were approaching or at the maximal value expected
(Fv/Fm max = 0.83), measurements were not taken for the bottom layer.

cLAI and the Light Extinction Coefficient

cLAI (leaf area per unit ground area as a function of depth) was calculated
from each of the canopy reconstructions. For each depth (d; distance from the
highest point of the canopy), we found all triangles with centers lying above d
(Eq. 1):

di ¼ max
j¼1;2;3;1# i#n

z
j
i 2

�

z1i þ z2i þ z3i
��

3 ð1Þ

Wethencalculated the sumof the areasof these triangles anddivided this sumby
ground area. The cLAI as a function of depth through the canopywas calculated
using Equation 2:

cLAIðdÞ ¼
∑n

i¼1Iðdi # dÞSi
�

max
1# i#n

xi 2 min
1# i#n

xi

��

max
1# i#n

yi 2 min
1# i#n

yi

� ð2Þ

where I(A) = 1 if condition A is satisfied, and Si is the area of a triangle i.

The light extinction coefficient of the canopy was calculated using the 3D
structural data and the light distribution obtained from ray tracing. To calculate
fractional interception within a canopy as a function of depth at time t, we first
identified all triangles above depth d (Eq. 1). We then calculated their contri-
bution to intercepted light by multiplying PPFD received per unit surface area
(ray-tracing output) by the area of triangle. The light intercepted was summed
for all triangles above the set d, and we divided by light intercepted by ground
area according to Equation 3:
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Fðd; tÞ ¼
∑n

i¼1Iðdi # dÞ SiLiðtÞ

L0ðtÞ3 ground area
ð3Þ

where L0(t) is light received on a horizontal surface with a ground area
ðmax1#i#nxi 2min1#i#nxiÞðmax1#i#nyi 2min1#i#nyiÞ, and Li(t) is light inter-
cepted by a triangle i.

The light extinction coefficient, k, was calculated by fitting (by least squares)
the function

f ðxÞ ¼ a
�

12 e2 kx
�

ð4Þ

to the set of points {cLAI(d), F(d,t)} calculated by varying depth from 0 to the
height at total cLAI with step Dd = 1mm (Supplemental Fig. S4); a in Equation 4
is a fitted parameter.

Model Setup

A simplified overview of the modeling process is given in Figure 6.
Allmodelingwas carried out usingMathematica (Wolfram). The response of

photosynthesis to light irradiance, L, was calculated using a nonrectangular
hyperbola given by Equation 5:

FNRHðL;f; u;Pmax ;aÞ ¼
f Lþ ð1þ aÞPmax 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðfLþ ð1þ aÞPmaxÞ
2
2 4ufLð1þ aÞPmax

q

2u
2aPmax

ð5Þ

The nonrectangular hyperbola is defined by four parameters: the quantum use
efficiency f, the convexity u, the maximum photosynthetic capacity Pmax, and
the rate of dark respiration Rd. We assumed that the rate of dark respiration is
proportional to the maximum photosynthetic capacity according to the rela-
tionship Rd = aPmax (Givnish, 1998; Niinemets and Tenhunen, 2007; Retkute
et al., 2015), where a = 0.1.

Values for Pmax were determined from leaf gas exchange measurements
(“Field Data: Gas Exchange and Fluorescence”). Curve fitting was carried out
using the Mathematica command FindFit with a minimum constraint on dark
respiration at 0.05 and convexity at 0.6. Data and fitted curves are shown in
Figure 7A (line 2) and Supplemental Figure S3 (parent line and line 1). Esti-
mated values of Pmax for each layer and each canopy are given in Table I. The
gas exchange measurements and resulting fitted light response curves were not
sufficient to determine convexity and absolute values of quantum yield, be-
cause (1) we did not have a measurement of leaf absorptance and (2) we could
not be certain of the state of photoinhibition of the leaf during the gas exchange
measurements because of the protocol used. Hence, the model distorts the light
response curve from a known uninhibited state using the Fv/Fm data to set the
change in quantum yield. As described above, there is a variable dependence of
convexity on quantum yield (Long et al., 1994). We set maximal value for
quantum use efficiency at 0.052 and convexity at 0.845 (Table I; Leverenz 1994;
Werner et al., 2001).

To account for photoinhibition, we assumed that the quantum use efficiency
and convexity change during the course of a day (Fig. 7C; i.e. each or both are
reduced according to the SF, which is parameterized using Fv/Fm measure-
ments taken in the field; Genty et al., 1989; Leverenz, 1994). The maximum
photoinhibition was assumed to be present at 12 PM (“Field Data: Gas Exchange
and Fluorescence”), giving the SF

SF12 ¼
ðFv=FmÞ

ðFv=Fmmax Þ
ð6aÞ

Two different scenarios of diurnal changes in photoinhibition were modeled to
represent different responses to photoinhibition (Demmig-Adams et al., 2012).
Scenario 1 showed a depression in Fv/Fm over the 6 h around midday, which
may be more appropriate for herbaceous fast-growing plants, such as cereals
(Murchie et al., 1999), whereas scenario 2 showed a depression in Fv/Fm starting
at sunrise, peaking in the middle of the day, and ending at sunset. To represent
these dynamics, we fitted a parabola (Eq. 6b) using the least squares method
through points {t0,1}, {12,SF12}, and {tN,1}, where t0 and tN indicate the onset and
ending of the photoinhibition period (t0 = 9 AM and tN = 3 PM for photoinhibition
scenario 1 and t0 = 5 AM and tN = 10 PM for photoinhibition scenario 2), re-
spectively:

SFðtÞ ¼ at2 þ btþ c ð6bÞ

The dynamics of each of the photoinhibition scenarios for each canopy are
given in Supplemental Fig. S5.

The carbon assimilation at triangle iwas calculated by combining Equation 5
with the predicted PPFD at triangle I for each hour. Daily carbon assimilation, Pi

(Eq. 7), was then calculated by integrating the rate of photosynthetic carbon
uptake over the day (from 5 AM to 10 PM ) and multiplying by the area of the
triangle, Si:

Pi ¼ Si

Z 22

5
FNRHðLiðtÞ;f; u;Pmax;aÞdt ð7Þ

The daily carbon assimilation under photoinhibition, PPIH
i , was calculated by

scaling the appropriate parameters in Equation 5 according to an SF value at
time t (Eqs. 8a–8c), namely (1) reduction in quantum use efficiency (only f

multiplied by the SF):

PPIH
i ¼ Si

Z 22

5
FNRHðLiðtÞ; SFðtÞ3f; u;Pmax;aÞdt ð8aÞ

(2) reduction in convexity (only u multiplied by the SF):

PPIH
i ¼ Si

Z 22

5
FNRHðLiðtÞ;f; SFðtÞ3 u;Pmax;aÞdt ð8bÞ

and (3) reduction in quantum use efficiency and convexity (both u and f

multiplied by the SF):

PPIH
i ¼ Si

Z 22

5
FNRHðLiðtÞ; SFðtÞ3f; SFðtÞ3 u;Pmax;aÞdt ð8cÞ

Becauseeachcanopywasdividedintothreelayers,eachtrianglefromthedigitalplant
reconstruction was assigned to a particular layer m according to the triangle center
(i.e. with triangle center between upper and lower limits of a layer depth). Carbon
gain per unit canopy area was calculated as daily carbon assimilation over a whole
canopy divided by the total surface area of the canopy according to Equation 9:

C ¼
∑n

i¼1Pi

∑n
i¼1Si

ð9Þ

The reduction in carbon gain because of the photoinhibition for layerm (wherem =
1 or 2; referring to the top and middle layers, respectively) was calculated as the
percentage difference between daily carbon gain without photoinhibition (using the
unscaled light response curve) andwithphotoinhibition (scaled light response curve)
summed over all of the triangles belonging to the layerm according to Equation 10:

DCm ¼ 100
∑n

i¼1I
�

dLm # di , dUm

	

�

Pi 2PPIH
i

�

∑n
i¼1Pi

ð10Þ

Where Pi is calculated using Equation 7, and PPIH
i is calculated using Equations

8a to 8c.
The reduction inwhole-plant daily carbon gain because of photoinhibition is

obtained as a sum over the top two layers:

DC ¼ DC1 þ DC2 ð11Þ
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