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The radiation use efficiency (RUE) is one of the most important functional traits determining crop productivity.
The coordination of the vertical distribution of light and leaf nitrogen has been proven to be effective in
boosting the RUE from both experimental and computational evidence. However, previous simulation studies
have primarily assumed that the leaf area is uniformly distributed along the canopy depth, rarely considering
the optimization of the leaf area distribution, especially for C4 crops. The present study hypothesizes that the
RUE may be maximized by matching the leaf area and leaf nitrogen vertical distributions in the canopy. To
test this hypothesis, various virtual maize canopies were generated by combining the leaf inclination angle,
vertical leaf area distribution, and vertical leaf nitrogen distribution and were further evaluated by animproved
multilayer canopy photosynthesis model. We found that a greater fraction of leaf nitrogen is preferentially
allocated to canopy layers with greater leaf areas to maximize the RUE. The coordination of light and nitrogen
emerged as a property from the simulations to maximize the RUE in most scenarios, particularly in dense
canopies. This study not only facilitates explicit and precise profiling of ideotypes for maximizing the RUE but
also represents a primary step toward high-throughput phenotyping and screening of the RUE for massive
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numbers of inbred lines and cultivars.

Introduction

Given the persistent challenges posed by population growth and
climate change, ensuring food security has become an urgent
concern for the agricultural sector [1,2]. Maize, the world’s most
widely produced and productive grain crop, plays a vital role in
ensuring global food security [3,4]. However, the radiation use
efficiency (RUE) of crops, which refers to the efficiency of convert-
ing intercepted radiation into dry matter, has been estimated to
be less than one-third of its theoretical maximum value [5,6]. This
indicates that there is substantial potential for improving crop
yield. The RUE is widely recognized as one of the major determi-
nants of crop productivity and can be estimated by multiplying
the RUE by the intercepted radiation and the harvest index during
the crop growth period [7]. It is worth noting that once the canopy
of maize closes, it effectively intercepts almost all incident radia-
tion [8]. In addition, the harvest index of maize in most major
growing areas has remained stable over the past decades [9].
Therefore, breeding maize with a relatively high RUE is an essen-
tial and promising approach for achieving high yields.
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The spatial distributions of light and leaf nitrogen content are
2 significant factors influencing the RUE [10,11]. Light availability
and leaf nitrogen content per unit leaf area [specific leaf nitrogen
(SLN)] exhibit a vertically decreasing pattern toward the canopy
bottom with increasing cumulative leaf area index (CLAI) [12].
This pattern is quantitatively described using the extinction coef-
ficient of light (K;) [13] and SLN (K\) [14] together with the
canopy leaf area index (LAI) [15]. In recent decades, the release
of maize cultivars has led to a decreasing trend in K; worldwide.
This is primarily attributed to modifications in leaf inclination
angles (LIAs) and, to some extent, changes in the leaf area distribu-
tion [16-18]. Apart from light conditions, the SLN distribution
within the canopy influences canopy photosynthesis, as it is posi-
tively associated with the leaf photosynthetic capacity [19,20].
Numerous studies based on optimization theory and the large-leaf
scaling method have concluded that the SLN should be distributed
in proportion to local irradiance to maximize canopy photosyn-
thesis [14,21,22]. The light and leaf nitrogen in the canopy are
optimally distributed when the K/K| ratio equals 1 and subop-
timally distributed when the ratio deviates from 1 [23-25]. Actual
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light-SLN profiles in canopies have been shown to be suboptimal
in crops [25,26], indicating the potential to further increase can-
opy photosynthesis by approximately 20% [23,27].

Genetic breeding techniques have increasingly been utilized
to select for secondary traits that contribute to the RUE [28].
Genome-wide association analyses have been widely used to
identify quantitative trait loci associated with the LIA [29], leaf
area [30], and nitrogen metabolism [31]. Progress has been made
to develop more compact maize strains with larger LIAs [30],
optimize the canopy structure with an appropriate leaf area dis-
tribution [18], and enhance the photosynthetic efficiency through
improved nitrogen partitioning strategies [32]. As a result, it is
feasible to quantitatively characterize leaf angle, leaf area vertical
distribution, and nitrogen allocation that align with the optimal
distribution of light and nitrogen when constructing the ideal
maize ideotype. However, quantifying the contributions of dif-
ferent combinations of secondary traits, such as yield and RUE,
to breeding targets requires crop simulation tools [33,34].

Canopy photosynthesis models have evolved continuously to
predict optimal light and leaf nitrogen profiles [14,21,22,25,35].
Field [21] initially discovered that canopy photosynthesis is maxi-
mized when leaf nitrogen is distributed in a way that maintains
identical marginal carbon gains from nitrogen investment for each
layer across the canopy. This theory has subsequently been sup-
ported by simulation studies focused on optimizing canopy pho-
tosynthesis and specified as the matching between SLN and local
irradiance [14,22,36]. Furthermore, 3-dimensional canopy pho-
tosynthesis was developed to optimize canopy architectural traits
(e.g., leaf width, stem height, and leaf angle) and maximize canopy
photosynthetic production in rice [37]. While considerable atten-
tion has been given to optimizing the canopy structure in C3 crops,
little attention has been given to optimizing the canopy structure
in C4 crops. In a simulation study using a multilayer canopy pho-
tosynthesis model, Bonelli and Andrade [35] examined the optimal
distribution of SLN within a canopy to maximize the RUE and
concluded that the optimal pattern largely depends on the LAl and
nitrogen availability. However, they did not consider the effect of
LIA and assumed that the leaf area is distributed uniformly in the
model, which contradicts the fact that the leaf area is often unevenly
distributed along the canopy [38]. Neglecting the leaf area distribu-
tion in simplified models can lead to discrepancies, as it signifi-
cantly affects simulated energy fluxes [39]. However, no analysis
has evaluated its role in determining the canopy RUE to date.
According to [11], we hypothesize that the RUE may be maxi-
mized by matching the vertical distributions of both the leaf
area and leaf nitrogen in the canopy.

The objectives of this study are threefold: (a) to test whether
the RUE can be maximized by matching the vertical distributions
of both the leaf area and leaf nitrogen; (b) to quantitatively char-
acterize the LIA, LAI, and vertical distribution of leaf area and leaf
nitrogen in the maize canopy to maximize the RUE; and (c) to
determine to what extent the emergent optimal light-SLN pattern
from our simulations deviates from that based on optimization
theory. Ultimately, this study aimed to identify the maize ideotype
that exhibits high photosynthetic efficiency and to provide com-
plementary evidence to optimize canopy photosynthesis theory.

Materials and Methods

Canopy photosynthesis model
A canopy photosynthesis model based on the multilayer model
was used [35] to simulate canopy photosynthetic production.
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The model framework consisted of 3 major modules: light dis-
tribution, canopy photosynthesis, and dry mass production
(Table S1). In the module of light distribution, we included the
LIA distribution model instead of the spherical distribution
model to optimize the LIA and included a vertical distribution
model of the leaf area instead of an evenly distributed leaf area
pattern. In the canopy photosynthesis module, we considered
the vertical distribution of the leaf nitrogen content in the can-
opy. These functions were integrated into the multilayer canopy
photosynthesis model to optimize the canopy structural and
functional traits and to maximize the RUE.

Light distribution module
The light interception of the canopy is influenced by the leaf angle
and leaf area. By simulating the frequency distribution of the LIA
and the vertical distribution of the leaf area, we included the LIA
distribution model instead of the spherical distribution model to
optimize the canopy structure. Each leaf layer is further parti-
tioned into a sunlit part that receives both direct and diffuse light
and a shaded part that receives only scattered light to simulate
the light interception characteristics of the canopy.

The extinction coefficient of direct photosynthetically active
radiation (PAR) [Ky;,,] at time ¢ was calculated as follows:

Oav
sinfy

Kie(ry =

(1)

where f, is the solar altitude angle at time ¢ of the day (in
degrees) and O,, is the average projection of the leaves in the
direction of the solar beam. On the basis of the hypothesis that
leaves in the canopy have a uniform azimuthal orientation, O,
can be calculated as follows:

sinfcospy )

_ s Bty Pray
Oaw =1 2. _( tanf, ) ) ¢ @
p Sinf ;) CospPy yarcsin anfre +/sin“fry —sin“By| 5 By <P
(2)

9
Oav = Zazlfaoav(a) (3)

where f;,, f,» and O, indicate the LIA (in degrees), the fre-
quency of leaves, and the solar projection at the ath LIA class,
respectively.

The 2-parameter beta distribution function [40] has been
proven to be the most robust and appropriate distribution for
describing the leaf inclination probability density [f(b)] [41]
and is capable of reproducing 6 common theoretical leaf incli-
nation distributions [42]. Moreover, f, is calculated as the inte-
gral of f(b) in a specific LIA class as follows:

a+1
fi =j 0) (4)

a

1

b) =
f(b) By

(1_b)ﬂ—1bv—1 (5)

where b=2p;,/m and f;, is expressed in radians. The beta
distribution B(u,v) is defined as follows:

_ T@r)

B(u,v) = Tty (6)
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where I' is the gamma function and u and v are 2 parameters
of the beta distribution.

The direct PAR I, »; in micromoles of photons per square
meter per second] and diffuse PAR [l 5; in micromoles of
photons per square meter per second] per unit ground area at
the top of the nth canopy layer at hour ¢ of the day were calcu-
lated as follows:

—Kyi.(py CLAI
Lgir(npy = Lairo,p€” 40 0 (7)

—Kgi CLAI,

(8)

Liiin,p) = Laifco,0€

where K is the PAR extinction coefficient for diffuse radia-
tion, which was set as 0.7 [35]; I4;,(y ) (in micromoles of photons
per square meter per second) and Iy, (in micromoles of
photons per square meter per second) are the direct and diffuse
incident PAR, respectively, at hour ¢ of the day; and CLAI, is
the cumulative leaf area index at the top of the nth canopy layer.

The vertical distribution of the leaf area as a function of the
canopy depth in maize follows a bell shape, in which the LAI
of an individual layer reaches the maximum at a certain layer
[36]. The relationship between the CLAI, and canopy depth
(Z,) was accordingly quantified using a beta function [43] as

follows:
Z@
AR AVA o)
Ze - Zm Ze

where Z, is the total canopy depth of maize, Z,, is the canopy
depth at a given canopy interval where the corresponding LAI
reaches the maximum, and Z,, is the canopy depth at the bottom
of the nth canopy layer that is measured from the top down-
ward. Z, is equal to 0 at the canopy top and to the canopy height
at the canopy bottom. To simplify the canopy structure and
improve the computational efficiency, the canopy was divided
into 10 equally spaced layers. The leaf area profile (LAP,) was
defined as the leaf area per unit of land area of the nth indi-
vidual canopy layer [44] and was calculated as the difference
between CLAI, and CLAI, _,.

The PAR intercepted by the entire canopy during the day
[(Ipar(pay)> in megajoules per square meter per day] was calcu-
lated as follows:

CLAI, = LAI<1 +

AIdir(n,t) = Idir(n,t) - Idir(n+1,t) (10)
Algigine) = Laidin e — Laifin+1,6) (11)
10
Ipary = anl (Agirgy + Algiinrs) (12)
3,600 ngnset . IPAR
IparAy) = tosunrise PO 1076 (13)

4.55

where a value of 4.55 is used for the conversion of micromoles
per square meter per second to joules per square meter per
second [45]. During the postsilking stage of maize in Beijing,
the sunrise and sunset times are approximately 6 AM and 6 PM,
respectively.
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Canopy photosynthesis module
The photosynthesis rate was first calculated for sunlit [Ag,,(, ]
and shaded leaves [A;, ;] separately, and they were integrated
by accounting for the distribution of the LIA (f,) and the pro-
portion of positive leaves [f, ., ] across canopy layers to simu-
late the instantaneous canopy photosynthesis rate [A ]
Finally, the daily assimilation of CO, in the canopy [A_,pay)]
was obtained by integrating A, at the daily scale.

The fraction of sunlit [f,,,, ] and shaded [f,, »] leaves in
the nth canopy at hour ¢ of the day was calculated as follows:

o CLAL+CLALy,
Foun(nn =€ Kiey— 5 (14)
fsh(n,t) =1 _fsun(n,t) (15)

where CLAI, and CLAI,,, indicate the cumulative leaf area
index at the nth and (n + 1)th canopy layers, respectively.

The instantaneous photosynthetic rates of sunlit leaves
[Agun(n] and shaded leaves [Ay,, ,] at time t of the nth canopy
of the day were calculated using a nonrectangular hyperbolic
function as follows:

2
aIsun(n,a,t) + Amax(n) - \/(alsun(n,u,t) +Amax(n)) - 40aIsun(n,a,t)Amax(n)

Asun(n,a,t) = 20
(16)
aIsh(n,t) + Amax(n) - \/(alsh(n,t) +Amax(n))2 - 46alsh(n,t)Amax(n)
Ash(n,t) = 20
(17)
08¢ (4,1
Liun(na,n = Lairco.n) Tﬂ() Lty (18)
t
I _ AIdiff(n,l‘)
sh(n,t) = LAP (19)
n

where a is the apparent quantum efficiency with a value of
0.05, @ is an empirical coefficient of 0.8, I, ., and I, , are
the intercepted PAR per unit leaf area of the sunlit and shaded
leaves of the nth canopy of the day at time t, respectively, and
{(a indicates the LIA relative to the direct radiation.

A ax(n) indicates the maximum light-saturated leaf CO,
assimilation rate (in micromoles of CO, per square meter per
second) at the nth canopy, calculated from the relationship

between the SLN and the photosynthetic rate (A,,,) [35] as
follows:
2 -6
A 7.359 X < 14 - 4724x(SIN,—025) 1) X 10 (20)
max(n) = 44 X 3600
LAP,
LA, = P (21)
_LNC,
SIN, = — A (22)

where SLN,, is the specific leaf nitrogen (in grams per square
meter) in the nth canopy, LNC,, is the leaf nitrogen content in

202 ‘2 JequinopN uo Bioaousios’ [ds//:sdny woly papeojumoq


https://doi.org/10.34133/plantphenomics.0217

Plant Phenomics

the nth canopy, and p is the planting density, which has a value
of 6.5 plants-m ™.

The instantaneous photosynthetic rate [A ;] for the entire
canopy at time t of the day was calculated as follows:

10
9
Acan() = Z LAPn{ [fsun(n,t)(ZazlfaAsun(n,a,t))] +fsh(n,t)Ash(n,t)}
n=1

(23)
The daily canopy assimilation of CO, [A ,,(pay)] Was obtained
by integrating A .., to the daily scale via the following equation:

sunset

Acan(pay) = 3,600 Z

Dry matter accumulation module

The daily canopy accumulation of aboveground dry matter
[DM p,y); in grams per square meter per day] was calculated
as follows [46]:

t=sunrise * can(t) (24)

DM pay) = 444 anpay)B X 107 (25)
where 44 is the molar mass of CO, (in grams per mole) and
B is the dry matter produced per unit mass of CO, (0.41 for
maize according to the results of [10]). The accumulated dry
matter (ADM; in grams per square meter) over the postsilking
period was calculated by the sum of DMy, y).

The model exported DM vy and Ipsg(pay) in a daily step
during the postsilking period. The RUE (in grams per mega-
joule) of the maize canopy was calculated by the slope of the
linear relationship between the accumulated DM,y and
Ipsr(pay) OVer the entire postsilking period

Simulation scenarios and environmental input

Leaf inclination distributions (n = 28) were combined with leaf
nitrogen distributions (1 = 28) to generate 784 scenarios, each of
which was further integrated into 25 virtual canopy structures
consisting of 5 LATs, each with 5 different vertical distribution
patterns of the leaf area. A total of 19,600 scenarios were generated
to cover a wide range of canopy structural and functional traits.

The average hourly incoming direct and diffuse PAR intensities
from DOY(day of year) 200 to DOY 260 (i.e., postsilking
period) during 2011-2020 in Tongzhou District, Beijing (39°56' N,
116°41' E) were set as the environmental inputs. The selected
period was consistent with the maize postsilking period, during
which the LAI reached its maximum and dry matter accumu-
lation played a critical role in yield formation. Hourly direct
and diffuse irradiance data were acquired from the Beijing
Meteorological Service. All simulations were performed at a
density of 6.5 plants-m™>.

Leaf inclination distribution scenarios

The beta distribution function was used to generate 28 canopy
structures with different average LIAs ranging from 13.30° to
76.70° with similar peaks by modifying 2 parameters, 4 and v,
using the “trial and error” method. Different canopy layers were
assumed to follow the same leaf inclination distribution. The
f, value was calculated by integrating the probability of each
leaf inclination class. The leaf inclination distribution (Fig. 1)
and probability of 9 inclination classes (Table S2) are listed in
the Supplementary Materials.

Leaf nitrogen distribution scenarios

The vertical distribution of the leaf nitrogen content among 12 dif-
ferent groups of maize canopies was obtained from the literature
[47-49]. Published data were extracted by Engauge digitization soft-
ware (http://digitizer.sourceforge.net). The vertical distribution of
canopy nitrogen content data was evaluated using the “fitdistrplus”
package in the R programming language. Specifically, the “descdist”
and “fitdist” functions were utilized to evaluate the distributions of
the collected data. The results indicated that the distributions yielded
by the “descdist” function were reasonably close to the exponential,
gamma, and beta distributions. Finally, the “fitdist” function was
applied to determine the degree of fit of the data to these 3 distri-
butions [50]. The results showed that the vertical distributions of
the canopy foliar nitrogen content mostly followed a beta distribu-
tion function (Table 1). The total leaf nitrogen content of an indi-
vidual plant (LNC,,) was fixed at 900 mg-m ™~ for each virtual
canopy. The LNC, value was calculated by multiplying LNC,,

Zzzz "v""""’v'v’v"’v’v’v’v"’v' V A—Ve:ai éeaTczza;on
- ‘0’0’0’0’””WO:O: S,
R e
o 11111100 Mm “x2aw
0.020 “‘ ‘0 “ ! : 31.65: - 66.06:
ool 1111 AN = e — a
S e

0 10 20 30 40 50

Leaf inclination (°)

Fig. 1. Leaf inclination distributions simulated using a beta distribution function. Different colors represent different leaf inclination distributions with different average
values ranging from 13.30° to 76.70°, covering maize plants with horizontal leaves to erect leaves.
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Table 1. Fitting test of the gamma, exponential, and beta dis-
tributions to the leaf nitrogen fraction in the different canopy
layers.

Standard error

Data Exponen-
Data group source Gamma tial Beta
Group 1 [47] 1.213 3.162 1127
Group 2 1434 2.450 1.239
Group 3 1.691 2450 1462
Group 4 1717 2.450 1489
Group 5 1.922 2450 1.655
Group 6 [48] 2444 3.000 2.210
Group 7 2.828 3.000 2492
Group 8 [49] 1.049 3.162 0.970
Group 9 1.469 3.162 1.352
Group 10 2.550 3.162 2.343
Group 11 3.533 3.000 3.201
Group 12 2.877 3.162 2.653

by the proportion of leaf nitrogen for the nth canopy layer
generated from the following distribution. The leaf photo-
synthetic capacity was calculated by Eq. 20. Then, the beta
distribution function was used to generate 28 different leaf
nitrogen distributions with similar peaks but at different lay-
ers by modifying 2 parameters, y and v, using the “trial and
error” method. The leaf nitrogen fraction of each canopy layer
was calculated by integrating the fraction in each specific
layer. The fraction of leaf nitrogen for a specific canopy layer,
expressed by the ratio of the leaf nitrogen content to the total
leaf nitrogen in a canopy, was utilized to represent the leaf
nitrogen allocation strategy. The leaf nitrogen distribution is
presented in Fig. 2, and the corresponding fraction and con-
tent values are listed in Table S3.

LAl and its vertical pattern

Twenty-five maize canopies with different plant leaf areas and
vertical distributions of the leaf area were generated by modi-
fying the LATand Z,, (Eq. 9), respectively. The LAI was set to
3,4, 5, 6, and 7 (Fig. 3). For each LAI, Z,, was set to 0.3Z,,
0.4Z,,0.5Z,,0.6Z, and 0.7Z, to generate canopies with differ-
ent vertical leaf area distribution patterns, in which the peak
of the beta-shaped pattern shifted from the upper to the lower
canopy (Fig. 3).

Comparison with the optimal light-SLN distribution
via optimization theory

To examine the vertical distribution of light and the SLN, the
IPAR, , value at 12:00 on a clear day was collected from the
simulations. The relationship between the penetrated PAR and
the SLN was described by a power function [51]:

(26)

SLN, _ (IPAR,\" /%
SLN, \IPAR,
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0.000 0.005 0.015 0.020

Leafnitr(g)'gelr(l) fraction

Fig. 2. Different vertical distributions of the leaf nitrogen fraction simulated using a
beta distribution function.

where SLN, and SLN,, are the specific leaf nitrogen at the top
layer and the nth layer counting from the top, IPAR,and IPAR,
are the PAR values above the canopy top and at layer 7, and Ky
and K are the extinction coeflicients of nitrogen and light,
respectively. Canopy photosynthesis was regarded to be maxi-
mized by vertically matching the leaf nitrogen distribution and
light distribution in a dense canopy, i.e., the K/K; ratio is equal
to 1 according to optimization theory [22,23].

Validation of the optimal leaf nitrogen partitioning

pattern and leaf area distribution

To validate the optimal leaf area and leaf nitrogen distributions,
corresponding measurements from the modern erect cultivar
DH618 with the maximal yield recorded from 2013 to 2015 in
China and the second-highest RUE in 2017 were obtained from
published literature (LAI from Liu et al. [52] and N proportion
from Liu et al. [48]). To ensure consistency, we selected the
scenario with the maximum RUE at an LAI of 4 at which the leaf
area per plant was nearly equivalent to that of DH618. The
determination coefficient (R*), root mean square error (RMSE),
and normalized RMSE (nRMSE) were applied to evaluate the
agreement between the simulations and observations and can
be calculated as follows:

YL, (0,-0)(s;=3)

R*= (27)
VL (0-0)° T, (5-5)°

RMSE = \/% > (si—a) (28)

nRMSE = %ﬁE (29)

5
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Fig. 3. Different vertical distributions of the leaf area in the maize canopy for different LAls ranging from 3 to 7 [(A) for 3, (B) for 4, (C) for 5, (D) for 6, and (E) for 7]. Different

colors represent different vertical leaf area distribution patterns.

where O, represents the observed value, S, represents the simu-
lated value, O represents the mean value of the observations,
S represents the mean value of the simulations, and »n repre-
sents the sample size. The R language was used for model
programming, scenario simulation, nonlinear regression, and
statistical analysis.

Results

Simulated dry matter accumulation and RUE of
maize canopies in relation to the LIA

The simulated ADM and RUE over the postsilking period first
increased, then reached a maximum, and finally decreased with
increasing leaf inclination across the scenarios with different
LAIs (Table 2). The ADM reached its maximum at 1,978.51 +
17.35,2,056.40 + 27.16, 2,046.46 + 36.09, 1,987.93 + 43.79, and
1,903.84 + 51.00 g-m™~> when the leaf inclination distribution
was A22 (63.48°), A23 (66.06°), A24 (68.62°), A25 (71.08°), and
A25 (71.08°), respectively, for LAIs of 3,4, 5, 6, and 7. The RUE
over the postsilking period showed a similar pattern as a func-
tion of the leaf inclination as did the ADM. The RUE reached
its maximum at 3.82 +0.03, 3.71 + 0.05, 3.57 + 0.06, 3.4 + 0.08,
and 3.22 +0.09 g-MJ " for A25 consistently across maize cano-
pies with LATs ranging from 3 to 7.
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Simulated dry matter accumulation and RUE of a
maize canopy in response to the leaf nitrogen and
leaf area vertical distributions

The simulated ADM and RUE of the maize canopy after silking
under different combinations of the leaf nitrogen and leaf area
distributions showed large variations, with relative values rang-
ing from 0.63, 0.48, 0.38, 0.30, and 0.21 to 1 in scenarios with
LAlsof3,4,5,6,and 7, respectively (Figs. S1 and S2). For cano-
pies with a vertical leaf area pattern of P1, P2, P3, P4, and P5,
the simulated ADM and RUE reached their maximum values
at N1, N9, N13, N18, and N23, respectively, when the LAI was
3 (Figs. S1A and S2A); at N1,N8,N12,N17, and N23, when the
LAI was 4 (Figs. S1B and S2B); at N1, N6, N10, N16, and N22,
when the LAI was 5 (Figs. S1C and S2C); at N1, N5, N9, N15,
and N21, when the LAI was 6 (Figs. S1D and S$2D); and at
N1, N4, N8, N14, and N20, when the LAI was 7 (Figs. S1E and
S2E). The ADM and RUE reached their maximum values when
the vertical distribution of the leaf area matched that of the
leaf nitrogen content (Figs. 4A to E and 5A to E). The average
ADM concentrations were 2,231.33, 2,219.53, 2,078.53, 1,876.99,
and 1,674.38 g-m ™7, and the average RUEs were 3.96, 3.94, 3.70,
3.35, and 2.99 g-MJ " for N4, N9, N14, N19, and N24, respec-
tively, across canopies with different LAIs (Figs. 4E and Fig. 5E),
indicating that allocating more leaf nitrogen to the upper canopy
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Table 2. Simulated dry matter accumulation and RUE of maize canopies in relation to the LIA

Mean ADM (g-m~2) RUE (g:MJ™)
LIA value 3 4 5 6 7 3 4 5 6 7
1 13.30° 172787 174802 170354 163079 154683 312+ 301+ 287+ 272+ 257+
+1583 +2517 +3356 +4061 +4676 003 0.04 0.06 0.07 0.08
2 1496° 174180 176197 171685 164316 155816 315+ 303+ 289+ 274+ 258+
+1600 +2543 +3389 +4100 +4720 003 0.04 0.06 0.07 0.08
3 16.94° 175863 177895 173312 165830 157205 318+ 306+ 292+ 276+ 261+
+1621  +2573 +3428 4147 +4772 003 0.04 0.06 0.07 0.08
4 1892° 177468 179529 174887 167302 158557 321+ 309+ 295+ 279+ 263+
+1640 +2601 +3465 +4191 +4822 003 0.05 0.06 0.07 0.08
5 21.38° 179296 181416 176722 169027 160146 325+ 313+ 298+ 282+ 266+
+1661 +2633 +3506 +4240 +4877 003 0.05 0.06 0.07 0.08
6 2394° 181033 183246 178523 170732 161726 329+ 316+ 301+ 285+ 268+
+1681 +2661 +3542 +4284 +4927 003 0.05 0.06 0.07 0.08
7 26.52° 182665 185003 180203 172410 163288 332+ 319+ 304+ 288+ 271+
+1697 +2685 +3574 +4223 +4973 003 0.05 0.06 0.07 0.08
8 2934° 184360 186873 182175 174242 165006 336+ 323+ 307+ 291+ 274+
+1713  +£2708 +3605 +4362 +5018 003 0.05 0.06 0.07 0.08
9 3165° 185687 188373 183721 175752 166431 339+ 326+ 31+ 293+ 276+

+1723  +2723 +£3626 +4389 5051 0.03 0.05 0.06 0.07 0.08

10 33.84° 1869.07 189786 185199 177208 167816 342+ 329+ 313+ 2.96 + 279+
+1732  +2736 +3644 +4413 +5081 0.03 0.05 0.06 0.07 0.08

11 3649° 188329 191475 1869.95 178998 169530 345+ 332+ 316 + 299+ 282+
+1741  +£2749 +3662 +4438 +£5112 0.03 0.05 0.06 0.07 0.09

12 39.06° 189670 193112 188767 180785 171256 349+  336=x 32+ 302+ 285+
+1748  +2759  +3677 +4459 +5140 0.03 0.05 0.06 0.08 0.09

13 4165° 190977 194756 190579 182637 173060 353+ 339+ 323+ 306+ 288+
+1753  +2766 +£3689 +4476 +5164 0.03 0.05 0.06 0.08 0.09

14 4374° 191992 196071 192054 184162 174560 355+ 342 + 3.26 + 3.08 + 2.9
+1756  +2770 +£3696 +4488 5181 0.03 0.05 0.06 0.08 0.09

15 46.27° 193174 197647 193855 186048 176432 359+ 346+ SISER 312+ 2.94 +
+1758  +2773  +3701 +4499 +5198 0.03 0.05 0.06 0.08 0.09

16 48.35° 194093 198913 195332 187617 178005 362+ 349+ BISSES: 315+ 2.9 =
+1759  +£2774  +£3704 +4505 +5210 0.03 0.05 0.06 0.08 0.09

17 50.94° 195140 200416 197125 189553 179969 366+ 353+ 337« 319+ 3+009
+1758  +2773  +3704 +£4509 +52.20 0.03 0.05 0.06 0.08

18 5351° 196057 2018.03 198831 191431 181903 369+ 356+ 34+ 322+ 304+
+1757  +£2769 +£3700 +4509 5225 0.03 0.05 0.06 0.08 0.09

19 56.16° 196839 203079 200462 193271 183831 372% 36+ 344+ 326+ 308+
+1753  +2763 +£3693 +4504 5224 0.03 0.05 0.06 0.08 0.09

20 5835° 197339 2,039.87 201678 194685 185343 375+ 363+ 347 + 329+ 311+
+1749  +£2755 +£3685 +£4496 5219 0.03 0.05 0.06 0.08 0.09

21 60.66° 197692 204755 202778 196010 186796 377+ 365+ 35+ 3:32=+ 314+
+1743  +£2746  +3673 +£4484 +£52.09 0.03 0.05 0.06 0.08 0.09

22 63.48° 197851 2,053.88 203813 197341 188313 38z 368+ 353+ SSOoF= 317 +
+1735 +2732 +£3654 +4463 +5190 0.03 0.05 0.06 0.08 0.09

23 66.06° 197715 205640 204419 198226 189393 381+ 3.7+ 3.55+ 338+ 319+
+1726 +£2716 +£3633 4440 +£5165 0.03 0.05 0.06 0.08 0.09

24 68.62° 197291 205542 204646 198730 1901.08 3.82+ 371+ 3.56 + 339+ 321+
+1715  +2698 3609 +4411 +5135 0.03 0.05 0.06 0.08 0.09

25 71.08° 196575 205072 204454 198793 190384 382+ 371+ 3.57 34+ 322 +
+1703  +£2678 +£3582 +4379 +5100 0.03 0.05 0.06 0.08 0.09

(Continued)
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Table 2. (Continued)

Mean ADM (g-m~2) RUE (g-MJ™})

LIA value 3 4 5 6 7 3 4 5 6 7

26 73.06° 195755 204395 203968 198502 190266 381+ 371+ 357+ 34+ 322+
+1692 +2660 +3558 +4350 +5067 003 0.05 0.06 0.07 0.09

27 7504° 194726 204357 203186 197897 189833 380+ 370+ 356+ 339+ 322+
+1679 +2641 +3531 +4317 +5030 003 0.05 0.06 0.07 0.09

28 7670° 193709 202456 202271 197101 189165 379+ 368+ 354+ 338+ 321+
+1668 +2624 +3508 +4289 +4998 003 0.05 0.06 0.07 0.08

results in greater dry matter accumulation and RUE irrespective
of the leaf area distribution. The average ADM concentrations
were 1,621.99, 1,831.62, 2,050.93, 2,226.31, and 2,221.92 g-m_2,
and the average RUEs were 2.90, 3.27, 3.65, 3.96, and 3.95 g¢-MJ ™
for P1, P2, P3, P4, and P5, respectively, across canopies with
different leaf nitrogen distributions at different LAIs (Figs. S1
and S2), indicating that canopies with more leaf area in the lower
part produce more dry matter and thus result in a higher RUE
irrespective of the leaf nitrogen distribution.

Validation and optimization of the ideotype

canopy in maize

The simulated optimal vertical distributions of the leaf area and
leaf nitrogen fraction in the maize canopy agreed well with the
field experiment observations. The overall R values were 0.97
and 0.72 for the leaf area and leaf nitrogen fraction, respectively,
and the nRMSE values were 13.00% and 31.47%, respectively
(Fig. 6). The leaf area and leaf nitrogen fractions followed a simi-
lar beta-shaped pattern with increasing depth from the top to
the bottom of the canopy, suggesting that the RUE can be maxi-
mized by matching the vertical distributions of the leaf area and
leaf nitrogen in the canopy. Across all scenarios, the maximum
RUE (4.157 g-MJ ") was achieved by the ideotype canopy with
an LAT of 5, an average leaf angle of 71.08°, a beta-shape vertical
leaf area, and a nitrogen distribution with a peak at the seventh
canopy layer (Fig. 7). The SLN gradually decreased from the
canopy top to the bottom (Fig. 7).

The optimal vertical distributions of light and
nitrogen in relation to the LAl and the vertical leaf
area distribution

To examine whether the canopy RUE can be maximized by the
coordination of light and nitrogen vertical distributions in maize
canopies with different LAIs and leaf area distributions, we plot-
ted the SLN (expressed using relative values normalized by the
SLN of the top layer in the canopy) against PAR (expressed using
relative values normalized by the PAR of the top layer in the
canopy) for the scenario in which the maximum simulated RUE
was achieved (Fig. 8). By utilizing nonlinear fitting methods to
obtain parameter estimates, this study aimed to evaluate the
light-SLN matching ability of canopies. The power equation
(Eq. 26) fit well for most canopies with different LAIs and leaf
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area distributions except for canopies with lower LAIs and rela-
tively more leaf area located at lower positions in the canopy
and with higher LAIs and relatively more leaf area located at
higher positions, where the relative SLN showed a parabolic
relationship with the relative PAR (Figs. 8B to D, H, I, P, and
Q). The K,/K| ratios on average were 0.955, 0.720, 0.515, 0.658,
and 0.478 with increasing LAI from 3 to 7 by excluding the
nonsignificant fits (Fig. 8). The most proximity of K/K; to
1 was achieved when relatively more leaf area was located at
a lower position in the canopy across a wide range of LAIs
(Fig. 8E, ], O, and Y).

Discussion
The LIA of maize ideotypes that maximizes the RUE

Significant genetic progress has been made in improving mor-
phological and photosynthetic traits to increase maize yield and
the RUE [18,36,53,54]. Over the past few decades, there has been
a notable increase in the leaf angle of released maize hybrids,
leading to optimized light distribution within the canopy and
consequently increased RUEs [36,54]. Li et al. [55] categorized
maize yield from a multiyear cultivar field experiment into
4 levels and observed that the RUE increased, while the leaf angle
above the ear decreased with increasing yield. In this study, the
LIA of the maize ideotype increased from 63.48° to 71.08° as the
LAI increased from 3 to 7 (Table 2). This finding is consistent
with Duncan’s simulations, which demonstrated that a larger LIA
had a more significant effect on the light use efficiency of maize
at leaf area indices above 4 [56]. Duncan [57] suggested that an
optimum LIA of 70° could achieve high yields in maize. Similarly,
Liu et al. [52] observed high yields in maize with LIAs greater
than 73.3° above the ear and 64.9° below the ear, with an average
LIA of 69.1°, which is consistent with our findings. The RUE in
maize was reported to reach a maximum at LIAs of 74° [55],
73.6° [58], and 72° [54], confirming our simulations at 71.08°.
Overall, our simulations provided a valid LIA for achieving a
greater photosynthetic efficiency and productivity in maize.

Maximizing the RUE by matching the leaf area and
leaf nitrogen of canopy layers

Breeding efforts in maize have focused not only on increasing
the total leaf area per plant but also on modifying the vertical
distribution of the leaf area within the canopy [11,17,55,59]. A
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larger fraction of the LAI was found to be concentrated in the
upper canopy for modern cultivars with higher yields and RUEs
[18,52,55]. The simulated LAI distribution with an emergent
maximum RUE was in good agreement with the experimental
observations, in which more leaf area was located in the upper
canopy and the leaf area per individual layer reached a maxi-
mum in the fourth layer (i.e., a relative canopy height of 0.6)
(Fig. 6). Canopy photosynthesis in maize can be enhanced by
optimizing the leaf area distribution with a suppressed decreas-
ing gradient in a constant LAI scenario according to a simula-
tion study by Stewart et al. [60], which corresponds qualitatively
with our simulations. Because more leaves of a compact plant
in an open canopy are likely under sunlit light conditions, a
modification of the leaf area distribution, as mentioned above,
could allow more light to penetrate into larger leaves in the
lower canopy, thereby increasing canopy photosynthesis.

The vertical distribution of leaf nitrogen is determined by
genetic factors and local light availability [48,61]. Leaf SLN was
found to decrease toward the canopy bottom, which paralleled
the trend of light [12,62]. Our results showed that both yield
and the RUE can be maximized when the vertical distribution
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of the leaf nitrogen content within the canopy matches that of
the LAI (Figs. 4 and 5). Liu et al. [59] reported a significant
increase in the RUE of modern cultivars compared to older
cultivars, possibly because of rapid leaf growth, a compact plant
type, and a greater leaf area in the middle canopy across differ-
ent nitrogen supplies. A similar increasing pattern of the RUE
against the year of commercialization in US maize cultivars
was also documented by Reynolds and Langridge [28], who
partially attributed this to the delayed leaf senescence resulting
from the positive trend in the SLN for canopy strata above and
below the ear. The adjustments of the leaf nitrogen partitioning
pattern to maximize the RUE resulting from our simulations
are consistent with the conceptual framework for improving
the maize RUE by Lacasa et al. [11].

Explanations for the discrepancy between our
simulated and optimal light-SLN profiles

Our results indicated that to maximize the RUE in maize, a
greater proportion of leaf nitrogen is preferentially allocated to
canopy strata with higher LAIs (Figs. 4 and 5). However, our
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simulations also demonstrated that the light gradient pattern
is not necessarily parallel to the distribution of the leaf SLN,
and the degree of matching depends heavily on the leaf area
profile (Fig. 8). The mismatch between light and the SLN occurs
primarily in canopies with lower total leaf areas, but there is a
clear coordination between the leaf area and SLN, suggesting
the prominent contribution of the leaf area to canopy photo-
synthetic production in canopies with a uniform light distri-
bution. This finding is partly consistent with the experimental
study by Liu et al. [59], who reported a substantial increase in
the leaf area across canopy layers, along with a significant
decrease in both the leaf angle and leaf orientation, resulting
in an increase in the RUE regardless of the nitrogen proportion.

Leaf area (m?)

0.000 0'0,25 O.QSO 0'0,75 0.1]00 0.l|25 0.150
1
Leaf area
2 Obs
-4 Sim
3
Leaf nitrogen fraction
= 4 Obs
% . Sim
— 5
>
&
=]
<
O 7 -
Leaf area Leafnlt.rogen
3 fraction
R 0.97 0.72
9 RMSE 0.008 0.032
nRMSE 13.0% 31.47%
10
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Leaf nitrogen fraction

Fig. 6. The vertical distributions of the leaf area and leaf nitrogen fractions for the
actual high-yield cultivar DH618 in Xinjiang in 2015 and for an optimal canopy from
simulations. The solid lines with different colors represent the observations (gray)
and simulations (green) of the vertical leaf area distribution. Filled bars with different
colors represent the observations (gray) and simulations (green) of the vertical leaf
nitrogen distribution.

An increase in the leaf area leads to a larger photosynthetic area
but a lower photosynthetic capacity (i.e., SLN) when the leaf
nitrogen is fixed, indicating the need to optimize the leaf area
and its distribution to balance this trade-off. Modifying the leaf
area distribution is beneficial for optimizing light interception
and thereby increasing the apparent photosynthetic use effi-
ciency of light, particularly under high light intensities [63].
Our results also agree well with those of Goudriaan [64], who
concluded that optimization theory is most applicable to cano-
pies with higher values. This is because the simulations for
scenarios combining the vertical distribution of leaf nitrogen
partitioning and LAI were performed under the optimal LIA,
allowing for noticeable light saturation in the middle canopy,
especially in open canopies. Greater SLN values in small and
light-saturated leaves in the upper canopy had relatively little
effect on canopy photosynthesis. The greater leaf nitrogen allo-
cation in the middle canopy stratum with greater leaf area and
less allocation to the light-saturated canopy top and shaded
canopy bottom with lower LAI are consistent with the observed
patterns in high-photosynthesis maize cultivars in terms of
partitioning and reallocation [36].

Potential limitations and future directions

This study used computational analyses to generate various sce-
narios by combining the leaf area and leaf nitrogen vertical dis-
tributions, and it is acknowledged that some of these distributions
may not accurately represent actual crops. However, such com-
putational analyses are valuable for testing hypotheses and pro-
viding benchmarks. For example, the presence of a greater leaf
nitrogen fraction in the lower canopy leaves, as generated in this
study, may not always be the case during the late grain-filling
stage in maize due to the upward leaf nitrogen remobilization to
grains [36]. However, this distribution indicates greater potential
for the photosynthetic use of intercepted light and can help miti-
gate the risk of photoinhibition under bright sunflecks, especially
in an open canopy where lower leaves are exposed to light [65].
The simplification of not considering temporal changes in the

Leaf area (m?)
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Average leaf angle : 71.08°
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LAI: 5§

Plant density : 6.5 plants-m
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Fig. 7. Maize ideotype for maximizing the RUE. The red solid line represents the vertical leaf area distribution, bars represent the leaf nitrogen fraction, and color gradients

represent the SLN at different canopy layers.
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are shown.

leaf nitrogen content over canopy layers in the model simulations
may lead to an overestimation of the RUE during the postsilking
period, as there is a decrease in photosynthetic capacity across
canopy layers due to the translocation of nitrogen from leaves
to grains. However, studies have shown that the pattern of the
vertical distribution of leaf nitrogen partitioning is not signifi-
cantly altered [48], suggesting that the ideotype proposed in the
present study may still be valid. The leaf nitrogen concentration
and content have been shown to change both vertically and hori-
zontally over time [19], whereas this was scarcely considered in
previous studies and this study when characterizing the light-
SLN profile for maximizing the RUE. Moreover, the leaf nitrogen
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allocation in different forms has been shown to have a substantial
impact on canopy photosynthesis [66-68] and has been suggested
as an effective strategy for improving photosynthetic production
[69]. The spatiotemporal distribution of leaf nitrogen in both the
vertical and horizontal directions across the canopy should be
considered in future studies, and the rate of nitrogen translocation
from leaves could be another target trait for optimizing the can-
opy RUE. The advancement of phenotyping technology has made
it possible to determine structural and functional traits at the facet
level [70] and to obtain leaf nitrogen profiles using unmanned
aerial vehicles at the canopy level [71]. Its further integration into
the canopy photosynthesis model could not only facilitate explicit
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and precise profiling of the ideotype for maximizing the RUE but
also be a primary step toward high-throughput phenotyping and
screening of the RUE for massive numbers of inbred lines and
cultivars.

Conclusion

The concept of maximizing canopy photosynthetic production
through matching the vertical distribution of light and the leaf
nitrogen content has long been recognized. To translate this
theory into practical applications from an agronomic and
breeding perspective, we developed numerous virtual canopies
to cover a wide range of canopy structural and functional traits
by considering the LIA, LAI, leaf area distribution, and leaf
nitrogen allocation pattern. The ADM and RUE were simu-
lated by an improved multilayer canopy photosynthesis model.
The strategy of matching the leaf area and leaf nitrogen verti-
cally in the canopy proved to be effective in improving the
RUE in maize across different scenarios. In addition, the pat-
tern of light-SLN coordination based on optimization theory
emerged as a property from the simulations to maximize the
RUE in most scenarios, particularly in dense canopies. These
results suggest that matching the leaf area to leaf nitrogen
content vertically in the canopy may be a robust and practical
strategy for maximizing canopy photosynthetic production
and the RUE in maize.
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