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The sowing pattern has an important impact on light interception e�ciency in maize by determining the 
spatial distribution of leaves within the canopy. Leaves orientation is an important architectural trait 
determining maize canopies light interception. Previous studies have indicated how maize genotypes 
may adapt leaves orientation to avoid mutual shading with neighboring plants as a plastic response 
to intraspeci�c competition. The goal of the present study is 2-fold: �rstly, to propose and validate an 
automatic algorithm (Automatic Leaf Azimuth Estimation from Midrib detection [ALAEM]) based on leaves 
midrib detection in vertical red green blue (RGB) images to describe leaves orientation at the canopy 
level; and secondly, to describe genotypic and environmental di�erences in leaves orientation in a panel 
of 5 maize hybrids sowing at 2 densities (6 and 12 plants.m�2 ) and 2 row spacing (0.4 and 0.8 m) over 2 
di�erent sites in southern France. The ALAEM algorithm was validated against in�situ annotations of leaves 
orientation, showing a satisfactory agreement (root mean square [RMSE] error = 0.1, R2 = 0.35) in the 
proportion of leaves oriented perpendicular to rows direction across sowing patterns, genotypes, and sites. 
The results from ALAEM permitted to identify significant differences in leaves orientation associated 
to leaves intraspecific competition. In both experiments, a progressive increase in the proportion of 
leaves oriented perpendicular to the row is observed when the rectangularity of the sowing pattern 
increases from 1 (6 plants.m� 2, 0.4 m row spacing) towards 8 (12 plants.m� 2, 0.8 m row spacing). 
Significant differences among the 5 cultivars were found, with 2 hybrids exhibiting, systematically, a 
more plastic behavior with a signi�cantly higher proportion of leaves oriented perpendicularly to avoid 
overlapping with neighbor plants at high rectangularity. Di�erences in leaves orientation were also found 
between experiments in a squared sowing pattern (6 plants.m�2 , 0.4 m row spacing), indicating a possible 
contribution of illumination conditions inducing a preferential orientation toward east-west direction when 
intraspeci�c competition is low.

Introduction

Maize (Zea mays L.) is currently the most important cereal 
grown globally, with a production of 1.2 billion tons per year 
[1]. �e positive trend observed on maize productivity during 
the last decades results from the combination of genetic, agro-
nomic, and climatic factors [2]. �e selection of maize cultivars 
with increased density tolerance was instrumental [3,4]. �is 
was con�rmed by independent studies showing the importance 
of genotype when increasing the plant density to reach high 
yields [5–7].

In environmental conditions where water and nitrogen are 
not limiting, the relationship between plant density and yield is 
largely determined by the ability of the plant to deal with intra-
speci�c competition while maximizing light interception. Indeed, 
maize plants have the capacity of adapting their architecture 

when increasing plant density or changing plant distribution 
patterns [8]. �e architectural plasticity of maize cultivars to 
plant density and distribution has been documented in several 
studies, including changes in leaves inclination and curvature 
[9] or leaf lamina dimensions and internode heights [10]. 
Architectural plasticity is therefore an essential trait for breed-
ers to issue improved maize cultivars capable of maximizing 
yields under high density conditions. Recently, Perez et al. [11] 
highlighted the importance of architectural traits related with 
the vertical distribution of leaf area in the selection of modern 
maize cultivars adapted to high density. For that purpose, it is 
necessary to identify the genotype-to-phenotype links that are 
responsible for such plasticity [12].

One of the most interesting plasticity mechanisms observed in 
maize when facing intraspeci�c competition is leaf reorientation. 
Changes in leaves azimuth when increasing plant density has 
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been already documented by some previous studies [8,13], 
showing that, under highly rectangular distribution patterns 
(when distance between rows is much higher than distance 
between plants in the same row), maize plants can turn leaves 
through directions perpendicular to the row. �is would permit 
to optimize light interception by decreasing mutual shading 
[14,15]. �e study [16] has shown that leaves reorientation in 
maize is a phytochrome-mediated response to a reduction in 
the ratio between red and far-red incident radiation (R:FR) in 
the stem caused by the presence of neighbor plants (see also 
[17]). In [16], the authors veri�ed this hypothesis on 2 di�erent 
maize genotypes: one with the ability to reorient its leaves when 
R:FR decreased and another one insensitive to R:FR resulting 
in no signi�cant changes of leaves azimuth when rectangularity 
increases.

The existing works on maize architectural traits and, 
particularly, on leaves reorientation are limited to 1 or 2 
genotypes per study [8,16], which makes di�cult to understand 
the Genotype x Environment x Management interactions 
behind them. Actually, in situ manual measurements of maize 
architectural traits, such as leaves orientation, are highly 
time-consuming, and this has probably limited experimental 
studies to a small number of genotypes and/or treatments. �e 
recent development of phenotyping systems and interpretation 
methods [18–20] allows now collecting high-throughput 
observations of architectural traits. Several studies demon-
strated the pertinence of the information provided by high- 
spatial resolution RGB (red green blue) cameras in ground 
sensors or onboard unmanned air vehicles to retrieve speci�c 
traits including the plant density at emergence [21,22], the 
number of leaves per plant for juvenile stages [23], or the moni-
toring leaf rolling under water stress conditions [24]. More 
recently, other studies have successfully applied segmentation 
methods to LiDAR 3-dimensional point clouds to estimate 
individual leaf area and insertion angle of maize plants culti-
vated in pots [25,26].

To our knowledge, there are no existing works who have 
tried to develop indirect, automatic methods to describe leaves 
orientation of maize genotypes under �eld conditions. Previous 
studies like [11] have successfully applied automatic methods 
based on 3D reconstruction to describe the architecture of 
maize plants grown in pots in greenhouse experiments. �e 
development of automatic methods to track changes in leaves 
orientation in actual canopies under �eld conditions remains 
a challenge. In this context, the objective of the present study 
is 2-fold. First, this paper proposes an automatic algorithm 
(Automatic Leaf Azimuth Estimation from Midrib detection 
[ALAEM]) based on leaves midrib detection in vertical RGB 
images to describe the distribution of maize leaves orientation 
at the canopy level in �eld conditions and validates the algo-
rithm against manual ground measurements. Second, the 
paper presents the results retrieved when using the algorithm 
to describe genotypic and environmental di�erences in leaves 
orientations in a panel of 5 maize cultivars sowing at 2 densities 
(6 and 12 plants.m�2 ) and 2 row spacing (0.4 and 0.8 m) over 
2 di�erent experimental sites in southern France. Emphasis is 
put in analyzing the plasticity of the 5 cultivars to reorient their 
leaves when increasing the rectangularity of plant distribution. 
�e advantages and limitations of ALAEM to describe leaf 
orientation in operational conditions (i.e., in phenotyping 
experiments) against traditional methods based on in situ 
measurements or canopy transmittance are also discussed.

Materials and Methods

Experimental setup
Two �eld experiments were conducted, respectively in 2021 
at the INRAE Avignon experimental site (43°54�•N, 4°52�•W, 
France) and in 2022 at the Montardon station of the Arvalis 
Institut (43°22�•N, 0°20�•W, France). In both �eld experiments, 
a panel of 5 commercial hybrids was grown: DKC4814, DKC4974, 
LG 30444, KWS INTELIGENS, and URBANIX. �ese 5 hybrids 
belong to the same precocity group (con�rmed by phyllochron 
veri�cation) while expected to express a priori di�erent archi-
tectural characteristics on what regards canopy height and leaf 
inclination.

Maize was sown on 2021 May 17 in Avignon and 2022 June 
1 in Montardon. In both experiments, the 5 maize hybrids were 
sown at 4 distribution patterns, resulting from the combination 
of 2 plant densities (6 and 12 plants.m�2 ) and 2 row spacing 
(0.4 and 0.8 m). These 4 patterns constitute a gradient in 
rectangularity (R, the ratio between row spacing and plant 
spacing within the row) from 1 (6 plants.m�2  at 0.4 m row 
spacing) to 8 (12 plants.m�2  at 0.8-m row spacing); see Fig. 1. 
R is a variable commonly used to describe sowing patterns 
[27,28]. Both experiments were conducted under nonlimiting 
water and nitrogen conditions.

A total of 20 unique combinations GxR were evaluated on 
each experiment. In Avignon, the experimental design con-
sisted in 20 microplots distributed randomly (Fig. 2) of 16 × 4 m 
size, corresponding to 5 rows (when row spacing was 0.8 m), 
and 10 rows (when row spacing was 0.4 m). Rows were oriented 
in the direction east-west (E-W). In Montardon, the experi-
mental design consisted in a 3-block design where each GxR 
combination was replicated, thus resulting in a total of 60 
microplots of 6 × 4 m size, corresponding to 4 rows (when row 
spacing was 0.8 m), and 6 rows (when row spacing was 0.4 m). 
To facilitate sowing, the microplots with a given R were distributed 
in the same column (see Fig. 2). �e rows in Montardon were 
oriented approximately in the direction northeast-southwest 
(row azimuth 42.74°). In both sites, bu�er plots were sown at each 
side of the experiment to prevent possible border e�ects [29].

Manual measurements of leaves orientation
Manual measurements of the number of visible and ligulated 
leaves and the relative azimuth of between ligulated leaves and 
row direction were taken at 3 dates: at appox. 220 °Cd GDD 
(growing degree days) a�er sowing, 430 and 650 °Cd. �ese 
3 dates correspond to, respectively, 3 to 4 visible-leaves stage, 
8 to 9 visible-leaves stage, and 12 to 13 visible-leaves stage. 
�ese measurements were taken on a sample of 10 and 12 plants 
per microplot for, respectively, Montardon and Avignon experi-
ments. At the �rst measurement date, the sampled plants were 
marked with a white plastic collar. �ere were distributed in 
2 segments of 5 consecutive plants in the central rows of the 
microplot, trying to prevent possible border e�ects.

�e azimuths of the individual leaves relative to the rows 
direction were visually determined, and an iron compass was 
used for directions graduations guidance. Measurements were 
based on leaves proximal projections [8] to account for the 
possible twist/shi� of the distal part of the blade. At each meas-
urement date, only those leaves not measured in the previous 
dates were considered (normally, the top 4 to 6 leaves). It is 
important to mention that the measurements were not conducted 
under windy conditions. For practical purposes, azimuth angles 
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