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* Background and Aims High-throughput phenotyping is a limitation in plant genetics and breeding due to
large-scale experiments in the field. Unmanned aerial vehicles (UAVs) can help to extract plant phenotypic traits
rapidly and non-destructively with high efficiency. The general aim of this study is to estimate the dynamic plant
height and leaf area index (LAI) by nadir and oblique photography with a UAV, and to compare the integrity of the
established three-dimensional (3-D) canopy by these two methods.

* Methods Images were captured by a high-resolution digital RGB camera mounted on a UAV at five stages with
nadir and oblique photography, and processed by Agisoft Metashape to generate point clouds, orthomosaic maps
and digital surface models. Individual plots were segmented according to their positions in the experimental de-
sign layout. The plant height of each inbred line was calculated automatically by a reference ground method. The
LAI was calculated by the 3-D voxel method. The reconstructed canopy was sliced into different layers to compare
leaf area density obtained from oblique and nadir photography.

* Key Results Good agreements were found for plant height between nadir photography, oblique photography
and manual measurement during the whole growing season. The estimated LAI by oblique photography correl-
ated better with measured LAI (slope = 0.87, R?> = 0.67), compared with that of nadir photography (slope = 0.74,
R?=0.56). The total number of point clouds obtained by oblique photography was about 2.7-3.1 times than those
by nadir photography. Leaf area density calculated by nadir photography was much less than that obtained by ob-
lique photography, especially near the plant base.

* Conclusions Plant height and LAI can be extracted automatically and efficiently by both photography methods.
Oblique photography can provide intensive point clouds and relatively complete canopy information at low cost.

The reconstructed 3-D profile of the plant canopy can be easily recognized by oblique photography.
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INTRODUCTION

The world population will peak at 9.22 billion by 2050 (Ray
et al., 2013). Improvement of food production in limited ar-
able land is extremely urgent to deal with population pres-
sure, climate change and water imbalance. Maize (Zea mays
L.) is a grain crop with wide cultivation and the largest pro-
duction in the world (Wang et al., 2019). Seed selection and
breeding for maize varieties with high yield, stress tolerance
and disease resistance is crucial to global crop genetic research
(Sankaran et al., 2015; Guo et al., 2018). As an important part
of breeding, high-throughput phenotyping can accelerate the
breeding process effectively. Traditional manual measurement
is a time-consuming and labour-intensive work with a limited
sample size, and cannot meet the needs of high-throughput
phenotyping research for breeding. Therefore, improving the
throughput of phenotyping measurement in the field is a big
challenge in plant genetics, physiology and breeding (Liebisch
et al., 2015).

Advanced crop phenotyping platforms have been developed
worldwide to measure crop phenotypes in the field recently
such as BreedVision, Crop 3D, Field Scanalyzer and CropQuant
(Busemeyer et al., 2013; Virlet et al., 2017; Zhou et al., 2017a;
Guo et al., 2018; Rouphael et al., 2018). Field phenotyping
platforms can integrate multiple sensors to obtain multi-source
phenotypic data with high resolution and high quality, but are
limited to fixed areas and need increased costs for large-scale
experiments. Satellite survey can map large areas at the same
time, but the method suffers from cloud cover and water va-
pour, especially during crop growth seasons. The coarse reso-
lution of satellite surveys limits their application on field crops
(Matese et al., 2015; Chu et al., 2017).

In recent years, unmanned aerial vehicles (UAVs) have be-
come an important part of low-altitude remote sensing, and
have received a great deal of attention in the field of agricul-
ture (Guo et al., 2015; Jin et al., 2017; Li et al., 2019; Wang
et al., 2019). They have the advantages of high temporal and
spatial resolution, fast image acquisition, easy operation and
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portability, and relatively low cost (Chapman et al., 2014).
UAVs are highly flexible with the ability to carry multiple
sensors, such as digital cameras, multi-spectral cameras,
hyperspectral cameras, thermal imaging cameras and LiDAR.
Researchers have obtained plant height (Madec et al., 2017,
Guo et al., 2018; Hu et al., 2018; Wang et al., 2019), ground
cover (Duan et al., 2017), seedling number (Jin et al., 2017; Li
et al., 2019), seedling distance (Gnédinger and Schmidhalter,
2017), tassel number (Wu et al., 2019; Liu et al., 2020) and
leaf area index (Kalisperakis et al., 2015) measurements based
on images obtained from UAVs. Currently, nadir photography
is widely employed in agricultural phenotypic investigations
using a UAV. The method utilizes a mounted camera with a 90°
angle which takes photos along the vertical direction. Three-
dimensional (3D) point clouds of the canopy surface can be
obtained and used to calculate canopy height. However, fewer
point clouds below the canopy surface are provided by nadir
photography.

Oblique photography has recently been developed for 3-D
modelling in urban areas and for forestry (Aicardi et al., 2016).
The axis of the mounted camera on the UAV is deliberately kept
tilted from the vertical by a specified angle. Images acquired
by oblique photography could reveal more details which are
masked in nadir photography. The dense point clouds produced
by oblique photography show an effective improvement in the
3-D reconstruction with a better inclusion of information about
the sides and bases of objects. However, few studies of oblique
photography have been applied in agriculture.

Plant height is a good indicator to evaluate plant growth
and grain yield (Bendig et al., 2015). The dynamics of plant
height during the whole growing season could be used to as-
sess critical genetic traits, fundamental plant physiology and
environmental effects (Malambo et al., 2018). Leaf area index
(LAI) is an important physiological trait and can be used to
indicate the performance of a plant canopy for growth and
yield (Roth et al., 2018). In addition, the vertical distribution
of leaf area is important for the analysis of photosynthesis,
pollen propagation and stress resistance. Quantitative analysis
of vertical distribution and dynamic changes of LAI can be
used for early nutrition diagnosis and breeding research (Lei
etal., 2019).

Therefore, the aim of this study was to assess the potential
of oblique photography in acquisition of plant height and LAI
compared with traditional nadir photography. We then com-
pared leaf area density and dynamic changes of vertical distri-
bution of leaf area estimated by two methods.

MATERIALS AND METHODS

Field experiments and measurement on plants

Field experiments were conducted in 2018 at Lishu, Jilin, China
(43°16'45"N, 124°26'10"E, altitude 196 m). The experiments
were set with three replicates. There were 30 maize inbred lines
with extensive genetic diversity in each replicate. The size of
each plot was two rows x 5 m long with 40 plants. Row distance
was 60 cm in all replicates. The maize emergence date was 9
June. Before sowing, basal chemical fertilizers were applied in

Che et al. — Plant height and leaf area index dynamic by oblique and nadir photography

all plots at a rate of 60 kg P ha™' and 80 kg K ha™'. Management
was conducted according to typical farmers’ practice.

Ten inbred lines were selected according to their sub-
populations to measure their plant height and leaf area at four
growth stages. The plant height here was the distance from the
highest point to the base point of natural plants. Three plants
in each inbred line plot were selected to measure plant height.
The leaf area was measured by LI-COR (LI-3100, Lincoln, NE,
USA).

UAV image acquisition

The UAV DJI Inspires 2 with a ZENMUSE X5S camera
(DJI, Shenzhen, China) was used for image acquisition. The
imaging sensor was a 4/3-inch CMOS with 15 mm focal length.
The obtained image resolution was 5280 x 3956 pixels. Each
field survey has three flight plans with a tilt of camera angles by
45°,90° and 135°for oblique photography (Fig. 1A). There was
a 5 min interval between each flight. Nadir photography has
one flight with a tilt of camera angle by 90° (Fig. 1A). Mission
Planner (open-source flight planning software for Pix Hawk
autopilot, http://planner.ardupilot.com/) was used to determine
the target aerial photography area on a satellite map and plan
the aerial photography route by inputting relative flight and
camera parameters. Autonomous flight plans were used to have
82 % overlap between adjacent images with flight height of 10
m. The image sets were captured at a 2 s interval with recorded
GPS tags resulting in approx. 20.8 mega pixel RGB images.
Six ground control points (GCPs; Fig. 1A) were permanently
set up and evenly distributed in the field with three GCPs on
each side. Three-dimensional positions of GCPs were recorded
by RTK (CHCNAV-T8, Shanghai, China). Aerial images were
collected by the UAV on 9 June, 11 July, 27 July, 11 August
and 27 August, corresponding to zero, 30, 47, 60 and 76 days
after emergence (DAE). The first flight was used to generate the
reference ground.

Image analysis and sampling

Oblique and nadir images were processed by the Agisoft
Metashape (Agisoft, Russia) to generate 3-D point clouds,
orthomosaic maps and the digital surface model (DSM).
Agisoft Metashape includes the following main steps: data
import, image alignment, generation of the sparse cloud with
low accuracy parameter, importing GCPs and geo-referencing,
optimization of image alignment (altitude errors <2 cm) and
dense image matching with high-quality settings. DSM and
orthomosaic maps were exported in the GeoTIFF file format
and point clouds data in TXT file format by the Agisoft
Metashape. A pixel in the GeoTIFF file incorporated elevation
data of DSM or RGB visible bands of the orthomosaic map.
The ground sample distance of DSM and the orthomosaic map
was approx. 0.45 cm and 0.23 cm.

Individual plots were segmented according to their positions
in the experimental design layout and assigned with a unique
ID based on their geographical location (Fig. 1B). The process
includes two steps. First, the four corners of the experimental
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FiG. 1. Phenotyping pipeline for estimation of plant height and LAI by the UAV platform. (A) The flow of acquisition of UAV images, (B) the process to generate
the point cloud, orthomosaic map and digital surface model, (C) individual plot segmentation and the method of plant height calculation and (D) flow of slicing
point clouds and estimation of leaf area density at different canopy layers.

area need to be visually identified from the orthomosaic map by
QGIS (QGIS Development Team, 3.4.3). Next, we divided the
experimental site evenly and established 90 spatial polygons.
In order to exclude leaf overlap of adjacent plots and plot gaps,
the trimming percentage was 10 % for each shorter side and 5
% for each longer side. Spatial polygons were used to segment
DSM, orthomosaic and point cloud data. Raster and SP pack-
ages in R were used in this process (R Core Team, 2019).

Plant height and LAI estimations; LAI profiles based on
two methods

The reference ground method was used to estimate plant
height at plot level (Fig. 1C), which used the canopy upper

boundary of different plots minus the reference ground. The
value of 99 % of the DSM was used as the upper boundary
and the median value of the DSM before emergence as the
reference ground.

Point clouds were de-noised, down-sampled, filtered,
sliced and visualized (Fig. 1D). Leaf area distributions
in the vertical profiles were defined as leaf area density.
First, the point cloud was sliced horizontally, divided into
cubes of the same size and accumulated from the top of
each cube to the bottom. Then we can obtain the distribu-
tion of cumulative point clouds at different canopy layers.
The 3-D voxel method was used to calculate LAI (Jimenez-
Berni et al., 2018, Lei et al., 2019). Only the points above
the reference ground were included in the analysis to ex-
clude the influence of the ground. Then point clouds were
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summarized into voxels with equal dimensions of 0.01-0.2
m, at intervals of 0.01 m. Statistical analysis was conducted
on the point cloud after voxelization to eliminate outliers
of <5 points. Finally, optimal voxel size was determined
according to the comparisons between measured and cal-
culated LAI. Tidyverse and sp packages in R were used in
this process. All data processing or statistics were batch
processed in parallel on a computer cluster using snow and
snowfall packages in R.

n

LAI = k x optimal voxel size X m (1)
- numtotal(l)

where num(i) is the number of 3-D grids with point clouds in

the ith layer and num__(7) is the total number of 3-D grids in

the ith layer. k, a correction coefficient, was computed as 22 for

best estimation of LAI (data not shown). The units of optimal

voxel size are metres.

Statistical analyses

The coefficients of determination (R?), root mean square
error (RMSE) and relative root mean square error (rRMSE)
were used to assess the degree of coincidence between meas-
ured and calculated plant height.

R — >t (i — (v —y)’

- n Z " - 2
ny iy (x— x)z > i — Y)z

RMSE = 3)

rRMSE = 4)

x, and y, are the observed and calculated plant height; x is the
average value of observed plant height; and » is the number of
simulated or observed values.
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RESULTS

There was good agreement between calculated and measured
plant height during the whole growing season, with R*> = 0.90
for nadir photography(Fig. 2A) and R? = 0.91 for oblique pho-
tography (Fig. 2B). The slope of the linear regression between
plant heights from the two methods was 0.97, and the value of
R? was 0.98 (Fig. 2C).

Calculated plant heights of different materials are presented
in Fig. 3 at all growth stages. CIMBL116 grew continuously
throughout the growth period. Plant heights for the other ma-
terials were highest at 60 DAE and then decreased. Plant height
of Tie7922 was highest and 647 was lowest during the whole
growing stage, except for Dan340 at 76 DAE. Although no ob-
vious differences in calculated plant height were found between
the two methods, smaller plant height was obtained from ob-
lique photography compared with nadir photography(Fig. 3).

The heatmaps of R? and RMSE are used not only to assess the
estimation accuracy of different materials obtained by the two
photography methods, but also to offer visual maps of this vari-
ability, produced from the comparison between manually meas-
ured and UAV-derived plant height in this study. The results
showed that there was a good agreement between measured and
calculated plant height with R?* >0.83 for both methods with
different materials in three replicates. As seen from Fig. 4A, the
R? of plant height calculated by oblique photography was better
than that by nadir photography. The bias between manually
measured and UAV-derived plant height characterized by the
RMSE for the two photography methods showed no obvious
difference (Fig. 4B).

Oblique photography allows the reconstruction of vertical or
inclined surfaces of the surveyed canopy. Point clouds obtained
by oblique photography were more complete than those by
nadir photography (Fig. 5). We can even clearly distinguish the
position of each plant from side view figures (Fig. SA).

In order to compare the completeness of individual plants by
the two photography methods, B73 was taken as an example
in Fig. 6. We can only obtain the point clouds at the top of the
individual plant with nadir photography (Fig. 6, top). However,
oblique photography can provide us with the point clouds of al-
most the complete individual plant, and the plant profile can be
recognized easily (Fig. 6, bottom).
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. 2. Comparison of estimated and measured plant height during the whole growing season using nadir photography (A) and oblique photography (B).

Comparison of UAV-derived plant height with the two photography methods (C).
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FIG. 4. The heatmap of R? (A) and RMSE (B) for visual rating of the estimation accuracy between estimated and measured plant height among different materials.

The point cloud for B73 and Mo17 was divided into ten ver-
tical layers from the top of the canopy, the number of point
clouds at each canopy layer was calculated and is presented in
Fig. 7. The cumulated point cloud at different canopy layers
was calculated and is presented for B73 in Fig. 8. The cumu-
lated point cloud obtained by oblique photography was signifi-
cantly larger than that by nadir photography.

The LAI estimated by oblique photography was better than
that by nadir photography (Fig. 9). The agreements between
calculated and measured LAI during the whole growing season

are presented in Fig. 9, with R? = 0.67 for oblique photography
and R? = 0.56 for nadir photography.

Vertical distributions of leaf area density at different canopy
layers are presented in Fig. 10 for all materials by the two pho-
tography methods. The general trend of leaf area density is con-
sistent for the two methods at each growing stage. However, the
leaf area density calculated by nadir photography is less than
that by oblique photography, especially near the plant base.
There were large differences in leaf area density among different
materials. The peak of the leaf area density for CIMBL116 was
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FiG. 5. Side view of canopy point clouds reconstructed by oblique photography (A) and nadir photography (B) at four growing stages.

Oblique

photography

FiG. 6. Side view of point clouds of B73 for nadir and oblique photography.

highest compared with the other materials at 47, 60 and 76
DAE. The largest leaf area density of GEMS9 was higher than
that of the other materials at 30, 47 and 60 DAE.

DISCUSSION

Advantages and disadvantages of UAVs

With the rapid development of sequencing technology,
genomic research has been greatly increased. However,
phenotyping is still the bottleneck in genetic research and
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F1G. 7. Number of point clouds at each canopy height layer for B73 and Mo17
using nadir and oblique photography methods during the whole growing season.

breeding. The traditional field phenotype acquisition is destruc-
tive, labour-intensive, time-consuming and expensive, and can
only obtain data at limited sampling points. A UAV mounted
with several sensors can obtain phenotypic traits under field
conditions non-invasively and inexpensively with merits of fast
image acquisition, high temporal and spatial resolution, easy
operation and portability (Zhou et al., 2017b; Roth et al., 2018;
Blancon et al., 2019).
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Plant height can be estimated with UAV images from
the upper boundary (95th and/or 99th percentiles of DSM,
Watanabe et al., 2017) and ground level in each plot. In our
study, plant height estimated by a UAV correlated well with that
by manual measurement, with R>>0.90 (Fig. 2). There was also
good agreement between calculated and measured LAI during
the whole growing season (Fig. 9). Moreover, researchers
have implemented many applications in seedling counting
(Gnidinger and Schmidhalter, 2017; Jin et al., 2017; Li et al.,
2019), crop growth estimation (Yeom et al., 2018; Herrmann
et al., 2020) and tassel number counting (Wu et al., 2019; Liu
et al., 2020) with UAV images.

Although UAV imaging is being widely adopted in precision
agriculture applications, it suffers from the limited payload cap-
acity, flight time and high winds (Kanellakis and Nikolakopoulos,
2017). UAV navigation needs a 3-D map of the environment and
to detect the distance of obstacles, which means greater compu-
tation and storage consumption (Lu et al., 2018).

Oblique photography vs. nadir photography

Nadir UAV flights have been widely used in plant height and
ground cover investigation (Guo et al., 2015; Jin et al., 2017,
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FIG. 10. Vertical profiles of leaf area density during the whole stage with the two photography methods.

Li et al., 2019; Wang et al., 2019). The estimated accuracy
of plant heights using nadir photography was high (Hu et al.,
2018; Wang et al., 2019). However, nadir photography can only
provide us with canopy surface information, as shown in Figs 5
and 6.

Oblique photography can provide more detailed information
about plant architecture. However, few studies have been per-
formed in agriculture. In our study, we obtained the 3-D plant
architecture by oblique photography from three angles. This
method can provide the canopy profiles of leaves and stems
while ensuring similar estimation accuracy of plant height
(Fig. 2). The LAI estimated by oblique photography was better
than that by nadir photography (Fig. 9). It should be highlighted
that oblique photography needs more time and storage in data
acquisition, about three times more than nadir photography in
our study.

The vertical distribution of leaf area had a high genetic vari-
ability and heritability, and showed significant trends with
generations (Perez et al., 2019). Leaves tended to be located
at lower positions in the canopy and distributed more evenly
with height. The changes were essentially continuous over gen-
erations of selection (Perez et al., 2019). The total number of
point clouds obtained by oblique photography is about 2.7-3.1
times more than that by nadir photography. Oblique photog-
raphy can also provide relatively accurate vertical distribu-
tion of leaf area (Fig. 10) and can distinguish the plant profile
clearly, compared with nadir photography (Figs 5 and 6).

Prediction of LAI using 3-D voxels

Researchers found good correlations between estimated
and measured LAI by the 3-D voxel method from UAV-
LiDAR (Hosoi and Omasa, 2006; Lei et al., 2019). The
method of filtering the appropriate voxel size to create 3-D
voxels can not only ensure the original shape of the point
cloud, but can also compress the data and improve the effi-
ciency of the algorithm. The LAI was extracted at the whole
canopy level in our study. The vertical distribution of leaf
area was also presented within the canopy which can be used
as an indirect indicator to assist in plant breeding (Fig. 10;
Perez et al., 2019).

In addition, the leaf area density calculated by nadir pho-
tography is less than that by oblique photography, particularly
near the plant base. Most of the valid point cloud was located
within 1.2 m depth from the canopy top (70 % of plant height)
by nadir photography (Fig. 5B and Fig. 6, top), and within 1.5
m depth from the canopy top (85 % of plant height) by ob-
lique photography (Fig. 5A and Fig. 6, bottom). More pheno-
typic traits, such as the 3-D convex hull of individual plants and
maximum canopy width can also be calculated from 3-D point
clouds (Duursma et al., 2012; Hui et al., 2018). In the near fu-
ture, we will integrate these phenotypic traits to predict biomass
and yield.

Conclusion

Oblique and nadir photography were used to estimate plant
height and LAI for field-grown maize by UAVs. Good agree-
ments were found for plant height between nadir and oblique
photography, and manual measurement during the whole
growing stage. The LAI estimated by oblique photography was
better than that by nadir photography. Furthermore, more de-
tailed 3-D plant architecture and vertical distribution of leaf
area, which are the main indirect traits contributing to yield,
were obtained by oblique photography compared with nadir
photography. The cumulated point clouds by oblique photog-
raphy were significantly larger than those by nadir photog-
raphy. Leaf area density calculated by nadir photography is
much lower than that by oblique photography, especially near
the plant base. The image analysis technology can help to
extract crop phenotypic traits during the whole growth stage
automatically and efficiently with a limited number of field
measurements by UAV observations. In the future, the pheno-
type information could be combined with genome-wide associ-
ation studies to design plant growth at a genetic level.
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