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Abstract

Wheat breeders are in a race for genetic gain to secure the future nutritional needs of a
growing population. Multiple barriers exist in the acceleration of crop improvement. Emerging
technologies are redugrithese obstacles. Advances in genotyping technologies have significantly
decreased the cost of characterizing the genetic -mald candidate breeding lines. However,
this is just part of the equation. Fiddda s ed phenotyping i méftowhwls a br
lines move forward in the breeding cycle. This has long been the most expensive and time
consuming, though most critical, aspect of breeding. The grand challenge remains in connecting
genetic variants to observed phenotypes followed by prediphenotypes based on the genetic
composition of lines or cultivars.

In this context, the current study was undertaken to investigate the utility of UAS in
assessment field trials in wheat breeding programs. The major objective was to integrate remotely
sensed data with geospatial analysis for high throughput phenotyping of large wheat breeding
nurseries. The initial step was to develop and validate a-metmmnated higithroughput
phenotyping pipeline using a leeost UAS and NIR camera, image processargl radiometric
calibration to build orthomosaic imagery and 3D models. The relationship betweésvplalata
(vegetation indices and height) extracted from UAS imagery and manual measurements were
examined and found to have a high correlation. Dataveld from UAS imagery performed as
well as manual measurements while exponentially increasing the amount of data available. The
high-resolution, highkemporal HTP data extracted from this pipeline offered the opportunity to
develop a within season grayield prediction model. Due to the variety in genotypes and
environmental conditions, breeding trials are inherently spatial in nature and vargnaomly

across the field. This makes geographically weighted regression models a good choice as a



geospatibprediction model. Finally, with the addition of georeferenced and spatial data integral
in HTP and imagery, we were able to reduce the environmental effect from the data and increase
the accuracy of UAS pldevel data.

The models developed through thiesearch, when combined with genotyping
technologies, increase the volume, accuracy, and reliability of phenotypic data to better inform
breeder selections. This increased accuracy with evaluating and predicting grain yield will help

breeders to rapidlydentify and advance the most promising candidate wheat varieties.
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Abstract

Wheat breeders are in a race for genetic gageture the future nutritional needs of a
growing population. Multiple barriers exist in the acceleration of crop improvement. Emerging
technologies are reducing these obstacles. Advances in genotyping technologies have significantly
decreased the cost diiaracterizing the genetic make of candidate breeding lines. However,
this is just part of the equation. Fiddda s ed phenotyping informs a br
lines move forward in the breeding cycle. This has long been the most expensitimeand
consuming, though most critical, aspect of breeding. The grand challenge remains in connecting
genetic variants to observed phenotypes followed by predicting phenotypes based on the genetic
composition of lines or cultivars.

In this context, the curm¢ study was undertaken to investigate the utility of UAS in
assessment field trials in wheat breeding programs. The major objective was to integrate remotely
sensed data with geospatial analysis for high throughput phenotyping of large wheat breeding
nureries. The initial step was to develop and validate a -setomated higlthroughput
phenotyping pipeline using a leeost UAS and NIR camera, image processing, and radiometric
calibration to build orthomosaic imagery and 3D models. The relationship meplotéevel data
(vegetation indices and height) extracted from UAS imagery and manual measurements were
examined and found to have a high correlation. Data derived from UAS imagery performed as
well as manual measurements while exponentially increabm@rmount of data available. The
high-resolution, highkemporal HTP data extracted from this pipeline offered the opportunity to
develop a within season grain yield prediction model. Due to the variety in genotypes and
environmental conditions, breedingats are inherently spatial in nature and vary-namdomly

across the field. This makes geographically weighted regression models a good choice as a



geospatial prediction model. Finally, with the addition of georeferenced and spatial data integral
in HTP and imagery, we were able to reduce the environmental effect from the data and increase
the accuracy of UAS pldevel data.

The models developed through this research, when combined with genotyping
technologies, increase the volume, accuracy, and rélabfl phenotypic data to better inform
breeder selections. This increased accuracy with evaluating and predicting grain yield will help

breeders to rapidly identify and advance the most promising candidate wheat varieties.
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Chapterl-l nt roducti on

A plant phenotype is a set of structural, morphological, physiological, and perfornedaieel

traits of a given genotype in a defined environment (Graniéil&2014). The phenotype results

from the interactions between a plant's genes and environmental factors. Plant phenotyping
involves a broad range of plant measurements such as growth development, canopy architecture,
physiology, disease and pest resgmand yield. Traditional phenotyping methods often rely on
simple tools like rulers and other measuring devices, along with significant amounts of manual
work, to extract the desired trait data. Compared to advanced genotyping methods such as the latest
sequencing technologies, traditional phenotyping methods arectms&iming, labemtensive,

and costinefficient. This limits our ability to quantitatively understand how genetic traits are

related to plant growth, environmental adaptation, and yield.

Great interest in plant higthroughput phenotyping (HTP) techniques has arisen, in the past
several years. HTP is an assessment of plant phenotypes on a scale and scope not achievable with
traditional methods such as visual scoring and manual measuredbaoigl{ et al. 2013). HTP
techniques use sensor systems and automated computer algorithms to extract phenotypic traits for
large genetic mapping populations using-a@structive and nemvasive sampling methods. To

be useful to breeding programs, HTP hoets must be amenable to plot sizes, experimental
designs and field conditions in these programs. This requires evaluating a large number of lines
within a short time span, methods that are lower cost and less labor intensive than current
techniques, an@ccurately assessing and making selections in large populations consisting of
thousands to tensf-thousands of plots (Sanchez, A et al. 2014; Haghighattalab et al. 2016). Use

of information technologies such as remote sensing and computational toolscassary to



rapidly identify the growth responses of genetically distinct plants in the field and link these

responses to individual genes.

The extraction of data via HTP platforms requires a series of discrete steps that must be reliably

executed in pence. Such a set of steps is referred to as a "pipeline".

In recent years, most focused has been done on automation of data acquisition using a robotic
vehicle with imaging systems and sensors. Less-desleloped are data pipelines that automate
datastorage, processing, and analysis of the data extracted from these phenotyping platforms
(White et al. 2012). Therefore, a slow manual collection of small amounts of data will get replaced
by a slow manual management of large amounts of automatiocdlégted data unless we develop

an automatic data analysis pipeline.

To address this challenge, we describe here and the chapters that followaateenasited HTP
analysis pipeline using an unmanned aerial vehicle (UAV) platform, which will improve the
capalility of breeders to assess great numbers of lines in field trials. Then we will use remote
sensing and geographic information (GIS) techniques to predict grain yield using the information
extracted from UAS imagery, and finally, we will adjust the datingithe geostatistical

approaches, for the spatial variation in the field.

This dissertation focuses on the areas in which plant phenotyping can be improved and how remote
sensing and GIS can be incorporated into breeding programs. Some of the pestilgrasaceas

investigated are: 1.) Development of a samiomated HTP analysis pipeline using a low cost



unmanned aerial system (UAS) platform, and 2.) wigason grain yield prediction using spatio
temporal unmanned aerial systems imagery 3.) spaljastment of HTP data extracted from UAS

imagery of field trial in wheat breeding nurseries.

Pipeline Development

Multispectral remote sensing plays a key role in precision agriculture due to its ability to represent

crop growth condition on a spatialdatemporal scale as well as its cost effectiveness.

In recent years, there has been increased interest in goased and aerial HTP platforms,
particularly for applications in breeding and germplasm evaluation activities (Deery et al. 2014,
Fiorani & Sdwurr 2013; Walter et al. 2015). Groubdsed phenotyping platforms include
modified vehicles using proximal sensing sensors (Busemeyer et al. 2013; Sanchez, A et al. 2014;

Crain et al. 2015).

One of the emerging technologies in aerial based systetd®\V§ which has undergone a
remarkable development in recent years and is now a robust-besorg platform for various
agricultural and environmental applications (Dunford et al. 2009; Chapman et al. 2014). UAVs
can cover an entire research site ireay\short time, giving a rapid evaluation of the whole field
and individual plots while minimizing the environment effects such as wind, cloud cover, and solar
radiation. UAVs with sensors enable measuring with high spatial and temporal resolution, and

cgpable of generating useful information for plant breeding programs.



With the introduction of HTP through UAV equipped with sensors, breeding programs can rapidly
and reliably collect phenotypic data with minimal labor costs. This lowering of labor cost
constraints allows for breeders to increase the number of lines assessed, thereby increasing the

chance of achieving greater numbers of superior lines.

Recent advances in platform design, as well as the ability to the production of thousands of imagery
and gecreferencing, and mosaicking the images, and extracting useful information from the
imagery requires a workflow to execute HTP with UAS as a conventional tool in plant breeding.
Additionally, developing efficient and easy-use pipelines to process HTata and disseminate
associated algorithms are necessary when dealing with big data. The primary objective of chapter
2 was to develop and validate a pipeline for processing data obtained by consumer grade digital
cameras using a leaost UAS to evaluatsmall plot fieldbased research typical of plant breeding

programs.

Grain Yield Prediction

The primary objective of chapter 3 was to determine whether an accurate remote sensing based
method could be developed to monitor plant growth and estimateygedd using aerial spatio
temporal imagery in small plot wheat nurseries.

Multispectralsensorssignificantly helpin exploring the relationships between crop biophysical
data with crop production and yieliflany empirical relationships have been esshigld in the

past between spectral vegetation indices and crop growth rates through ground sampjing

using crop growth yield modelsThese relationships are then used bydtop growers, and



breedergo estimate the expected yield of cropghin season,to make crop management and

productionrelated decisions for maximizing field productivagd markegains.

To examine the value of UAS in plant breeding and the data derived from the imagery, chapter 3
looks at how HTP measurements can be coliedteoughout the growing season, how
geostatistical methods can be used to add value to data taken at multiple times throughout the
growing season and predict grain yield. The purpose of this research is to evaluate the performance

of geographically weigletd models in predicting grain yields at plot level in breeding nurseries.

Spatial Adjustment

The introduction of geographic information system (GIS), global positioning systems (GPS) and
remote sensing in agriculture, has resulted in more accurate Bridnéfmapping of field
variability.

The phenotypes are determined by the genetics of each entry in the nursery but also influenced by
the spatial variation across the field along with the variation of genotypic values. To improve the
accuracy of seleans, breeder needs to account for-henitable environmental variation in the

form of spatial field effects. To improve the accuracy of selections, breeder needs to account for
environmental variation in the form of spatial field effects. These variadiensaused by multiple
environmental factors that can vary across a field such as soil fertility, soil type, moisture holding
capacity, and also many humarade variations such as irrigation system, the direction of
cultivation/harvesting, and previousopr cycles (Funda et al. 2007; Bos 2008; Sarker & Singh

2015).



The goal of chapter 4 is to evaluate the use of moving grid, integrate with spatial information
extracted from UAS images to adjust for environmental variation in high throughput phenotypic

data and yield of a large wheat breeding nursery.

The eye in the sky

Aerial and NIR imagery have been used for more than 50 §@arsnitor crop growthin recent
years, the application of unmanned aerial systems for crop studies and precision agrasilture h
been gaining importance due to the improvements in the spatial and spectral resolution of the
sensors, and also the smaller size of the cameras to be mounted on these platforms.

Recent studies have shown the potential of UAS in monitoring of gtanith for different

crops such as wheat, corn, cotton, sorghum, aice,so or{Swain et al. 2010; Haghighattalab et

al. 2016; Neely et al. 2016; Hunt et al. 2008; Lelong et al. 2008)

The pipeline developed in this studyagplicable to any crop typeSW regression as described

in chapter 3 can also be used to predict grain yield for any other crops, and also can be used to
predict grain yield from multiyear data set as long as data is provided from the same exact
location. The spatial adjustment teeue developed and explained in chapter 4, can be applied

to any breedtig field with spatial variation
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ABSTRACT

Background: Low cost unmanned aerial systems (UAS) have great potential for rapid
proximal measwements of plants in agriculture. In the context of plant breeding and genetics,
current approaches for phenotyping a large number of breeding lines under field conditions
require substantial investments in time, cost, and labor. Foldesdd higithroughput
phenotyping (HTP), UAS platforms can provide higisolution measurements for small plot
research, while enabling the rapid assessment cofeth®usands of field plots. The objective
of this study was to complete a baseline assessment oflityeafitUAS in assessment field
trials as commonly implemented in wheat breeding programs. We developedausamated
imageprocessing pipeline to extract plot level data from UAS imagery. The image dataset was
processed using a photogrammetric pipelbased on image orientation and radiometric
calibration to produce orthomosaic images. We also examined the relationships between
vegetation indices (VIs) extracted from high spatial resolution multispectral imagery collected
with two different UAS sysims (eBee Ag carrying MultiSpec 4C camera, and IRIS+ quadcopter
carrying modified NIR Canon S100) and ground truth spectral data frorhedehd

spectroradiometer.

Results: We found good correlation between the VIs obtained from UAS platforms and
groundtruth measurements and observed high bsmase heritability for VIs. We determined
radiometric calibration methods developed for satellite imagery significantly improved the
precision of ViIs from the UAS. We observed VIs extracted from calibratecesragCanon

S100 had a significantly higher correlation to the spectroradiometer (r = 0.76) than VIs from the



MultiSpec 4C camera (r = 0.64). Their correlation to spectroradiometer readings was as high as

or higher than repeated measurements with therspadiometer per se.

Conclusion: The approaches described here for UAS imaging and extraction of proximal
sensing data enable collection of HTP measurements on the scale and with the precision needed
for powerful selection tools in plant breeding. Loast UAS platforms have great potential for
use as a selection tool in plant breeding programs. In the scope of tools development, the
pipeline developed in this study can be effectively employed for other UAS and also other crops
planted in breeding nseries.

KEY WORDS

unmanned aerial vehicles / systems (UAV / UAS)
wheat

high-throughput phenotyping

remote sensing

GNDVI

Plot extraction
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INTRODUCTION

In a world of finite resources, climate variability, and increasing populations, food
securityhas become a critical challenge. The rates of genetic improvement are below what is
needed to meet projected demand for staple crops such as wheat [1]. The grand challenge
remains in connecting genetic variants to observed phenotypes followed byipgedict
phenotypes in new genetic combinations. Extraordinary advances over théOagtdrs in
sequencing and genotyping technology have driven down the cost and are providing an
abundance of genomic data, but this only comprise half of the equatioddrstamd the
function of plant genomes and predicting plant phenotypes [2, 3]. High throughput phenotyping
(HTP) platforms could provide the keys to connecting the genotype to phenotype by both
increasing the capacity and precision and reducing the dieaiuate huge plant populations.

To get to the point of predicting the reabrld performance of plants, HTP platforms must
innovate and advance to the level of quantitatively assessing millions of plant phenotypes. To
contribute to this piece of théallenge, we describe here a semiomated HTP analysis

pipeline using a low cost unmanned aerial system (UAS) platform, which will increase the

capacity of breeders to assess large numbers of lines in field trials.

A plant phenotype is a set of structural, morphological, physiological, and performance
related traits of a given genotype in a defined environment [4]. The phenotype results from the
interactions between a pl ant Otg)fagtersy ®lant and envi
phenotyping involves a wide range of plant measurements such as growth development, canopy
architecture, physiology, disease and pest response and yield. In this context, HTP is an

assessment of plant phenotypes on a scale and Veitlelaof speed and precision not attainable
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with traditional methods [5], many of which include visual scoring and manual measurements.
To be useful to breeding programs, HTP methods must be amenable to plot sizes, experimental
designs and field conditiann these programs. This entails evaluating a large number of lines
within a short time span, methods that are lower cost and less labor intensive than current
techniques, and accurately assessing and making selections in large populations consisting of
thousands to tensf-thousands of plots. To rapidly characterize the growth responses of
genetically different plants in the field and relate these responses to individual genes, use of
information technologies such as proximal or remote sensing anemfftomputational tools

are necessary.

In recent years, there has been increased interest in goased and aerial HTP
platforms, particularly for applications in breeding and germplasm evaluation activit®}s [6
Groundbased phenotyping platfornreclude modified vehicles deploying proximal sensing
sensors [P12]. Measurements made at a short distance with tractors andhélangensors that
do not necessarily involve measurements of reflected radiation, are classified as proximal
sensing. Proxi@, or closerange sensing, is expected to provide higher resolution for
phenotyping studies as well as allowing collection of data with multiple-aisyles,
illumination control and known distance from the plants to the sensors [13]. However, these
ground-based platforms do have limitations mainly on the scale at which they can be used,
limitations on portability and time required to make the measurements in different field

locations.
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As a complement to grourithsed platforms, aert@dlased phenotypindaiforms enable
the rapid characterization of many plots, overcoming one of the limitations associated with
groundbased phenotyping platforms. There is a growing body of literature showing how these
approaches in remote and proximal sensing enhancedbisipn and accuracy of automated
high-throughput field based phenotyping technique$ 84 One of the emerging technologies
in aerial based platforms is UAS, which have undergone a remarkable development in recent
years and are now powerful sendeaing platforms for various agricultural and environmental
applications [1¥21]. UAS can cover an entire experiment in a very short time, giving a rapid
assessment of all of the plots while minimizing the effect of environmental conditions that
change raplly such as wind speed, cloud cover, and solar radiation. UAS enables measuring
with high spatial and temporal resolution capable of generating useful information for plant

breeding programs.

Different types of imaging systems for remote sensing of aopbeing used on UAS
platforms. Some of the cameras used are RGB, multispectral, hyperspectral, thermal cameras,
and low cost consumer grade cameras modified to capture near infrared (NIR) |23, 21
Consumer grade digital cameras are widely useati@ sensor of choice due to their low cost,
small size and weight, low power requirements, and their potential to store thousands of images.
However, consumer grade cameras often have the challenge of not being radiometrically
calibrated. In this studyve evaluated the possibility of using traditional radiometric calibration

methods developed for satellite imagery to address this issue.
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Radiometric calibration accounts for both variations from photos within an observation
day along with changes betaredifferent dates of image. The result of radiometric calibration is
a more generalized and, most importantly, repeatable, method for different image processing
techniques (such as derivation of VIs, change detection, and crop growth mapping) ajppéed to
orthomosaic image instead of each individual image in a dataset. There agstaldished
radiometric calibration approaches for satellite imagery. However, these approaches are not
necessarily applicable in UAS workflows due to several factots asiconditions of data
acquisition during the exact time of image capture using these platforms.

Empirical line method is a technique often applied to perform atmospheric correction to
convert atsensor radiance measurements to surface reflectanadbites imagery, although
this technique can be modified to apply radiometric calibration and convert digital numbers
(DNs) to reflectance values [24]. The method is based on the relationship between DNs and
surface reflectance values measured from iitn targets located within the image using a
field spectroradiometer. The extracted DNs from the imagery are then compared with the field
measured reflectance values to calculate a prediction equation that can be used to convert DNs to

reflectance valuefor each band [25].

Advances in platform design, production, standardization of imageefeeencing,
mosaicking, and information extraction workflow are needed to implement HTP with UAS as a
routine tool in plant breeding and genetics. Additionalgyeloping efficient and eadg-use
pipelines to process HTP data and disseminate associated algorithms are necessary when dealing

with big data. The primary objective of this research was to develop and validate a pipeline for
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processing data captureg tonsumer grade digital cameras using a low cost UAS to evaluate

small plot fieldbased research typical of plant breeding programs.

MATERIALS and METHODS

Study Area

The study was conducted at Norman E Borlaug Experiment Station at Ciudad Obregon,
Sonor, Mexico (Figure 1). The experiment consisted of 1092 advanced wheat lines distributed
in 39 trials, each trial consisting of 30 entries. Each trial was arranged as an alpha lattice with
three replications. The experimental units were 2.8m x 1.6maeéncsinsisting of paired rows at
0.15m spacing, planted on two raised beds spaced 0.8m apart. The trials were planted later than
optimal on February 24, 2015 to simulate heat stress with temperatures expected to be above
optimum for the entire growing seas(the local recommended planting date is November 15 to
December 15). Irrigation and nutrient levels in the heat trials were maintained at optimal levels,
as well as weed, insect and disease control. Grain yield was obtained by using a plot combine

hawester.

Platforms and Cameras
We evaluated two unmanned aerial vehicles (UAV); the IRIS+ (3D Robotics, Inc,
Berkeley, CA 94710, USA) and eBee Ag (senseFly Ltd., 1033 Chetsaisanne,

Switzerland).

The IRIS+ is a low cost quadcopter UAV with a maximpayload of 400 g. The open

source Pixhawk autopilot system was programmed for autonomous navigation for the IRIS+
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based on ground coordinates and the &6ésurveybod
3D Robotics, www.planner.ardupilot.com). Td$+ is equipped with an uBlox GPS with

integrated magnetometer. A Canon S100 modified by MaxMax (LDP LLC, Carlstadt, NJ 07072,
USA, www.maxmax.com) to Blu&reenNIR (400-760nm) was mounted to the UAV with a

gimbal designed by Kansas State Universitie §imbal compensates for the UAV movement

(pitch and roll) during the flight to allow for nadir image collection.

The eBee Ag, designed as a fixed wing UAV for application in precision agriculture has a
payload of 150 g. This UAV was equipped with Bpec 4C camera developed by Airinov
(Airinov, 75018 Paris, France, www.airinov.fr/en/esensor/agrosensor/) and customized for
the eBeeAg. It contains four distinct bands with no spectral overlap-&BInm): green, red,

rededge, and near infrared la and is controlled by the eBee Ag autopilot during the flight.

For o6groumd validation, spectral measur eme
handheld poirbased spectroradiometer (ASD Inc., Boulder, CO, http://www.asdi.com/) with a
wavelength rangef 325 nmi 1075 nm, a wavelength accuracy of +1 nm and a spectral
resolution of <3 nm at 700 nm with a fiber optics of 25° (aperture) full conical angle. The
instrument digitizes spectral values to 16 bits. Table 1 summarizes the specification for the

cameras and sensor used in this study.

Ground Control Points

In order to geaeference the aerial images, at the beginning of the season ten ground

control points (GCPs) were distributed across the field. The GCPs were 25 cm x 25 cm square
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white metal sheets mounted on a 50 cm post. The GCPs were white to provide easy
identification for the image processing software. The GCP coordinates were measured with a
Trimble R4 RTK GPS, with a horizontal accuracy of 0.025 m and a vertical acclir@©a6 m.
These targets were maintained throughout the crop season to enable more accurate geo

referencing of UAS aerial imagery and overlay of measurements from multiple dates.

Reflectance Calibration Panel

For radiometric calibration, spectra of éasecognizable objects (e.g. gray scale
calibration board) are needed. A blagiaywhite grayscale board with known reflectance
values was built and placed in the field during flights for further image calibration. This
grayscale calibration panel mée requirements for further radiometric calibration including 1)
the panel was spectrally homogenous, 2) it was near Lambertian and horizontal, 3) it covered an
area many times larger than the pixel size of the Canon S100, and 4) covered a range of

refledance values [25].

The calibration panel used in this study had 6 levels of gray from 0% being white and
100% being black, printed on matte vinyl. This made it possible to choose several dark and
bright regions in the images to provide a more accurgtession for further radiometric
calibration analysis. Photos of the calibration panel were taken in the field before a UAS flight
using the same Canon S100 NIR camera mounted on the IRIS+. Using an ASD
spectroradiometer on a sunny day, the spectr&@ et ance was measured of

altitude of 0.50 m from different angles.
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Field Data Collection

At the study site, image time series were acquired using IRIS+ and Canon S100 camera
during the growing season as evenly spaced as possibleddepen the weather condition;
April 10, April 22, April 28, May 6, and May 18, 2015.

Field data measurements for the experiment in this study included 1) IRIS+ carrying
modified NIR Canon S100, and 2) eBee Ag carrying MultiSpec 4C camera, and 3) spectral
reflectance measurements using handheld ASD spectroradiometer collected on May 6, 2015
when the trials were at mid grain filling. We took all field measurements within one hour around
solar noon to minimize variation in illumination and solar zenithef@$]. This limited the
number of plots we could measure using handheld spectroradiometer to 280 plots. Four spectra
per plot were taken with the beam of the fiber optics placed at 0.50 m over the top of the canopy
with a sample area of 0.04 m2. Dudhis very small sampling area, great care was taken in

data collection to make sure the measured spectral responses were only from the crops.

Both the eBee and IRIS+ were able to image a much larger area in the same time frame.
Each system was flown ugj a generated autopilot path that covered the 2 ha experiment area

with an average of 75% overlap between images (Table 2).

For the IRIS+ with Canon S100, all images were taken in RAW format (.CR2) to avoid
loss of image information. The Canon S10@isgs were TV mode, which allowed setting of a
constant shutter speed. The aperture was set to beanitolled by the camera to maintain a
good exposure level, and ISO speed was set to Auto with a maximum value of 400 to minimize

noise in the imaged-ocus range was manually set to infinity. We used CHDK
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(www. chdk. wkia.com) to automate Canon S1000s
off an SD card in order to take pictures automatically at intervals during flight. The CHDK

script allowal the UAS autopilot system to send electronic pulses to trigger the camera shultter.
The camera trigger was set at the corresponding distance interval during the mission planning for

the desired image overlap.

The eBee MultiSpec 4C camera had a preeéefisetting by Sensefly; ISO and shutter
speed was set to automatic, maximum aperture was set to /1.8 and focal distance was fixed at 4

mm.

Developing an image processing pipeline for HTP

In this research, a UABased semautomated data analyses pipelinas developed to
enable HTP analysis of large breeding nurseries. Data analysis was primarily conducted using
Python scripts [27, 28]. The dataset used to develop the image processing pipeline was
collected on May 6, 2015 with the IRIS+ flights cantyithe modified NIR Canon S100 camera.
In order to analyze hundreds of images taken by a UAS that represent the entire experiment area,
we developed a serautomated data analysis pipeline. The developed pipeline completed the
following steps: 1) Imagerp-processing, 2) Georeferencing and orthomosaic generation, 3)
Image radiometric calibration, 4) Calculation of different VIs and 5}Iplxl data extraction
from the VI maps. The overall workflow of the developed pipeline is presented in Figuré 2,

a detailed description of each segment is provided.
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The RAW images of Canon S100 (.CR2 format) weregpoeessed using Digital Photo
Professional (DPP) software developed by Canon
(http://www.canon.co.uk/support/camera_software/). This softwareneert RAW to Tiff also
included lens distortion correction, chromatic aberration, and gamma correction. For white
balance adjustment, we used the pictures of grayscale calibration panel taken during the flights.

After preprocessing the images were exjed as a trband16-bit linear TIFF image.

Image Stitching and Orthomosaic Generation

We then generated a geeferenced orthomosaic image using the TIFF images. There
are several software packages for mosaicking UAS aerial imagery, all basedtheoscae
invariant feature transform algorithm (SIFT) algorithm for feature matching between images
[29]. While there are slight differences between packages each performs the same operation
namely loading photos; aligning photos; importing GCP pogtibnilding dense point cloud;
building digital elevation model (DEM); and finally generating the orthomosaic image. We used
the commercial Agisoft PhotoScan package (Agisoft LLC, St. Petersburg, Russia, 191144) to
automate the orthomosaic generation imithh custom Python script. The procedure of
generating the orthomosaic using PhotoScan comprises five main stages 1) camera alignment, 2)
importing GCPs and geferencing, 3) building dense point cloud, 4) building DEM and 5)

generating orthomosaic [30]

For alignment, PhotoScan finds the camera position and orientation for each photo and

builds a sparse point cloud model; the software uses the SIFT algorithm to find matching points

of detected features across the photos. PhotoScan offers two dptipas selection: generic
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and reference. In generic pgelectionrmode,the overlapping pairs of photos are selected by
matching photos using the lower accuracy setting. On the other hand, in reference mode the
overlapping pairs of photos are selededed on the measured camera locations. We examined

both methods to generate the orthomosaic and compared the results.

With aerial photogrammetry the location information delivered with cameras is
inadequate and the data does not align properly withr gdiereferenced data. In order to do
further spatial and temporal analysis with aerial imagery, we performegefgrencing using
GCPs. We used 10 GCPs evenly distributed around the orthomosaic imagefegaacing

with GCPs is the step that stilquires manual input.

The main source of error in georeferencing is performing the linear transformation matrix
on the model. In order to remove the possiblelnwar deformation components of the model,
and minimizing the sum of #erojection erroland reference coordinate misalignment, PhotoScan
offers an optimization of the estimated point cloud and camera parameters based on the known

reference coordinates [30].

After alignment optimization, the next step is generating dense point clouds. Babed o
estimated camera positions PhotoScan calculates depth information for each camera to be
combined into a single dense point cloud [30]. PhotoScan allows creating a raster DEM file
from a dense point cloud, a sparse point cloud or a mesh to regreserddel surface as a
regular grid of height values. Although most accurate results are calculated based on dense point

cloud data.
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The final step is orthomosaic generation. An orthomosaic can be created based on either
mesh or DEM data. Mesh surfagpe can be chosen for models that are not referenced. The
blending mode has two options (mosaic and average) to select how pixel values from different
photos will be combined in the final texture layer. Average blending computes the average
brightness alues from all overlapping images to help reduce the effect of the bidirectional
reflectance distribution function that is strong within low altitude vadgle photography [31].
Blending pixel values using mosaic mode does not mix image details ofppiagghotos, but
uses only images where the pixel in question is located within the shortest distance from the
image center. We compared these two methods by creating orthomosaic images using both

mosaic and average mode.

Radiometric Calibration

After the orthomosaic was completed, we then performed radiometric calibration to
improve the accuracy of surface spectral reflectance obtained using digital cameras. We applied
empirical line correction to each orthomosaic within the data set using field measus taken
with the ASD. The relationship between image raw DNs and their corresponding reflectance
values is not completely linear for all the bands for Canon S100 camera and most digital cameras
(Figure 3). To relate remote sensing data to {ildel measurements we used a modified
empirical line method [32]. We used the grayscale calibration board combined with reflectance
measurements from the ASD spectroradiometer to find the relationship between DNs extracted

form Canon S100 and surface reflexta values measured from grayscale calibration board
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using a field spectroradiometer. We then calculated the prediction equations for each band

separately to convert DNs to reflectance values.

We calculated the mean pixel value of the calibration pattiedated from images for
each band separately, and plotted against the mean band equivalent reflectance (BER) of field
spectra [33, 34]. We found a linear relation between the natural logarithm of image raw DN
values and their corresponding BER, althotlghrelation between image raw DNs and their
corresponding BER was not completely linear for all bands of Canon S100 (Figure 3). We
derived the correction coefficient needed to fit uncalibrated UAS multispectral imagery to field
measured reflectance spectrUsing the correction coefficient for each band, we then performed

this correction on the entire image.

With the corrected orthomosaic, a map showing the vegetation indices can be generated.
The most used VIs derivable from a thissnd multispectradensor are: normalized difference
vegetation index (NDVI), and green normalized difference vegetation index (GNDVI) (Table 4).
NDVI is calculated from reflectance measurements in the red and NIR portion of the spectrum
and its wval ues.0rG@G\DY e computedsimildrly tO thetN®VI,.where the
green band is used instead of the red band and its value ranges from O to 1.0. Like NDVI, this
index is also related to the proportion of photosynthetically absorbed radiation and is linearly

correlaed with Leaf Area Index (LAI) and biomass [22, 35, 36].
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Field Plot Extraction

In order to get useful information about each wheat plot in the field, we need to extract
plot level data from the orthomosaic VI image. Individual wheat plot boundarestode
extracted and defined separately from images with an assigned plot ID that defines their genomic
type. We examined three approaches for extracting plot boundaries from the orthomosaic image:
a simple grid based plot extraction, fietthp based pt extraction, and image

classification/segmentation.

To apply a simple grid superimposed on top of the orthomosaic image we used the
Fishnet function using Arcpy scripting in ArcGIS. This function creates a net of adjacent
rectangular cells. The outpigtpolygon features defining plot boundaries. Creating a fishnet
requires two basic pieces of information: the spatial extent of the desired net, and the number of
rows and columns. The number of rows and ranges (columns) and height and width oll each ce
in the fishnet can be defined by the user. The user can also define the extent of the grid by

supplying both the minimum and maximumand ycoordinates.

The next method we evaluated in this study is a-fieégh based method. Experimental
or field data are usually stored in a spreadsheet. To accomplish this, we reformatted the field
map in order to represent the plots in the field; the first row of the excel sheet is the length (or
width, depending on how plots are located in the field) of the péwid the first column is the
width (or length). Each cell in the excel sheet is the plot ID and other information regarding that

particular plot available in the field map.
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In this approach, first we created a KML file from the field map (.CSV) usytigoR
[27], we generated polygon shapefiles with known size for each plot from KML file, and
assigned plot ID to each plot using the field map. To define the geographic extent of the field,
the python script has inputs for the coordinate of two pointsariield: the start point of the first
plot on the top right and the end point of the last plot on the bottom left. The script starts from
the top right and builds the first polygon using the defined plot size, and skips the gap between
plots and generas the next one until it gets to the last plot on the bottom left. In this approach
the plot IDs are assigned automatically and simultaneously from the field map excel sheet. The
most important advantage of this approach is that it can be general@éeértarop types as
long as the field map is provided and the plots are planted in regular distance and have a

consistent size within a trial.

The third method is to extract wheat plot boundaries from the orthomosaic image
directly. To examine this metpwe used the April 10 data set instead of May 6. The reason
for choosing this set of data was that in this dataset we had the most distinguished features (e.qg.
vegetation vs. bare soil) in the image compared to the image data taken on May 6. Wedclassif
the GNDVI image created from the orthomosaic
ASoil 6, and a class named AOtherso for all th
stands for the shadow projected on the soil surface. In this siggecl@ssification, we defined
training samples and signature files for each defined class. After classifying the image, we
merged the AShadowo, 0 Soil 6 and AOtherso cl as

AWheat o, -whrdt ®No n Trhage ottdn aegds further @rdcessing to clean up the
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random noise and small isolated regions to improve the quality of the output. With a simple

segmentation, we extracted wheat plot polygons from the image.

This method works best with higlesolution imgery taken at the beginning of the
growing season when all the classes are clearly distinguishable from each other on the image.

Otherwise time consuming pestocessing is needed in order to separate the mixed classes.

To analyze the result of VI extd@n from the orthomosaic, we used the zonal statistics
plugin in the open source software QGIS. We calculated several values of the pixels of
orthomosaic (such as the average VI values, Min, Max, standard deviation, majority, minority
and also the mediaof VI values for each plot and the total count of the pixels that are within a
plot boundary), using the polygonal vector layer of plot boundaries generated by one of the
methods above. We then merged the data from the field map spreadsheet (ployID, ent
numbers, trial name, number of rep, number of block, row and column, and other information on

planting) with the generated plots statistics.

Accuracy evaluation of different types of aerial imagery sensors and platforms

To evaluate the accuracy and reliability of our low cost UAS and consumer grade
camera, we calculated correlations between calibrated DN values from the orthomosaic images
of Canon S100 and MultiSpec 4C camera and band equivalent reflectance (BER)spfdatid.
For groundtruth evaluation we used the ASD Fieldspectro 2 spectroradiometer to measure
spectral reference of 280 sample plots after running the UAS within the time window of 1 hour

around noon. The ASD spectroradiometer measures a wavelangthaf 325 nrit 1075 nm, a
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wavelength accuracy of +1 nm and a spectral resolution of <3 nm at 700 nm (Table 1). Using
the ASD, the top of canopy reflectance was measured approximately 0.5 m above the plants. To
account for the very small field of view this sensor, we constantly monitored the spectral
response curves to avoid measuring mixed pixels in our samplings and we averaged four
reflectance readings within each sample plots. Reflectance measurements were calibrated at

every 15 plots using a wiei (99% reflectance) Spectralon calibration panel.

To evaluate the accuracy of each platform, we calculated the correlations between
different Vls extracted from Canon S100 and VIs extracted from MultiSpec 4C compared to the
BER of field spectra. We tmilated BER for each camera separately by taking the average of all
the spectroradiometer bands that are within the full width at half maximum (FWHM) of each
instrument (Table 1). The Pearson correlation between the average VI values of the sample plots
and field spectra for each platform was calculated. The resulting correlation coefficients were
testedusingatwbo ai | test of significance at the p O
on computing the root mean square error (RMSE) for GNDVyeriay comparing the pixel
values of the reflectance image to the corresponding BER of field spectra at the sample sites not

selected to generate the regression equations.

Broad-sense Heritability

Broadsense heritability, commonly known as repeatabiigyan index used by plant
breeders and geneticists to measure precision of a tricd987 The ratio of the genetic variance
to the total phenotypic variance is bressghse heritability (H2), which varies between 0 and 1.

A heritability of O indicateshere is no genetic variation contributing to phenotypic variation, and
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H2 of 1 if the entire phenotypic variation is due to genetic variation and no environmental noise.
For the purpose of comparing phenotyping tools and approaches;samse heritabiy

calculated for measurements on a given set of plots under field conditions at the same point in
time, is a direct assessment of measurement error as the genetics and environmental conditions

are constant.

In order to assess the accuracy of the bfieHTP platforms, we calculated bresehse
heritability on an entymean basis for each individual trial and phenotypic sampling date on
May 6, 2015. To calculate heritability, we performed a two steps process where we first
calculated the plot averagad then fit a mixed model for replication, block and entry as random

effects. Heritability was calculated from equation 1 [40].

0 1)

Whereg is genotypic variance and is error variance.

RESULTS and DISCUSSION

Developing an image processing pipeline for HTP

To evaluate the potential of UAS for plant breeding programs, we deployed a low cost,
consumer grade UAS and imaging system at multiple times throughout the growing season.
Using the aerial imagery collected on May 6, we built a robust pipeline scnipidhon that
facilitated image analysis and allowed a samtomated image analysis algorithm to run with

minimum user support. The only requirement for manual input in the processing pipeline is to
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validate the GCP positions. This pipeline was testedight temporal datasets collected from

IRIS+ flights over heat trials during the growing season.

The individual parameters selected during orthomosaic generation and plot extraction can
have a large impact on the quality of the orthomosaic and sudrgedpta analysis. Because of
the multiple parameter settings that users could choose, we investigated how changing various
parameters would affect the data quality. To obtain more accurate camera position estimates, we
selected higher accuracy at thigament step. For pair selection mode, we chose reference
since in this mode the overlapping pairs of photos are selected based on the estimated camera
locations (i.e. from the GPS log of the control system). For the upper limit of feature points on
evely image to be taken into account during alignment stage, we accepted the default value of
40000. We imported positions for all of the ten GCPs available on the field-tefgeence the
aerial images. The GCPs were also used in theaktirating bunté adjustment to ensure
correct gedocation and to avoid any systematic error or block deformation. To improve

georeferencing accuracy, we performed alignment optimization.

Finally, to generate orthomosaic, we tested the two methods of blending: arudaic
average. We found the orthomosaic generated by the mosaic method gives more quality for the
orthomosaic and texture atlas than the average mode. On the other hand, mosaic blending mode
generated artifacts in the image since it uses fewer imagesebtirsg pixels with the shortest
distance from the image center (Figure 4). We examined the correlation between orthomosaic
generated from these two approaches and the ground truth data and found the averaging method

has slightly higher correlation of @@&ompared to mosaic method with the correlation of 0.65.
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The 16 bit orthomosaic TIFF image was generated-sgioimatically using python
scripting in PhotoScan software with a resolution of 0.8 centimeters, matching the ground
sampling distance (GSD) dfe camera. Due to the short flight times (less than 20 minutes) and
low flying altitude (30 meters above ground level), we assume there is no need for atmospheric

corrections [28].

To convert DNs to reflectance values, a modified empirical approacmpésmented
using pixel values of IRIS+ aerial imagery and fiblased reflectance measurements from
handheld spectroradiometer. Calibration equations (2, 3, and 4) calculated fréimeaon
relationship between average field spectra and relative spesfranse of each band separately

were determined as:

YQQU QDO O MDA ETB wL @)X T oPp wp AWz OO0 2)
(i Ty P <0.00)

YQQa QDO 0E 0@oRa £ & muv TP o ov ¢x ¢ 2 00 (3)
@ T80 X P < 0.00}

YOQQU QDO OE QARG EM wx ™ nm &P Quwz 00 (4)
(i 1T P <0.00)

We applied each calibration equation to tleiresponding band image and converted

the image raw DNs into reflectance values.
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Wheat Plot boundary extraction results

We evaluated multiple approaches for defining and overlaying plot coordinate boundaries
for the large field trials. As breedingdl$ are regularly containing thousands or tens of
thousands of plots, an automated or saatomated approach to generating and overlaying plot

boundaries is needed.

Simple-grid based method

We first implemented a simple overlay grid (Figure 5a) usi@dSopen source
software. This method, although fast and easy, is not accurate for plot assigning as it does not
account for within plot gaps (for plots planted in beds), gaps between plots and also gaps
between each range of wheat plots. It simply geasnaolygons attached to each other and not
spaced as needed to correctly capture the actual plot boundaries (Figure 5a). In the example
below, it can also be noticed that a boundary polygon may cover part of the neighbor wheat plot,
which is due to thessumption of a fixed plot boundary size in this method. To account for the
gap between plots, beds and also between ranges of plots, we developed a field map based

method.

Field-map based method

To accurately reflect the actual field planting and plp¢ sive developed a script to
overlay defined plot sizes with known spacing. We reformatted the field map using the
information in the spreadsheet such as: pl ot
column and rowds numplasrwere @antdd oabedsovithla plat size nfg t h

2.8 m length and 1.6 m wide. This method allows us to eliminate border effect by changing the
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plot size to 2.3 m by 1.5 m. In the reformatted field map spreadsheet, the first row of the excel
sheet is théength of the plots (1.5 m) and the length of the gap between plots in beds (0.15 m)
and gaps between each bed (0.8 m). The first column is the width of wheat plots (2.3 m) and the
width of the gaps between each range (0.5 m). The cells in the refars@attadsheet are filled
with the plotédés information including plot
information, we overlay plots of the defined size with fiteplot spacing that accurately reflects

the field configuration (Figwr 5b).

Image Classification Plot Extraction

To examine an image classification based plot extraction method, we first generated
GNDVI from the orthomosaic image generated from the April 10 aerial imagery rather than the
May 6 dataset analyzed in the rekthis study. The reason for choosing this set of data was that
in this dataset from earlier in the season had the sharpest contrast between plots and the
surrounding soil. We then applied a Maximum Likelihood Classification to the GNDVI image.
We conerted the classified image into polygons to obtain plot shape polygons (Figure 5c¢). This
approach is more reliable if the early season aerial imagery is provided. The drawback with this
approach is that it requires pgsbcessing and cleanup of the finasult if the classes are not
quite distinguished and separated from each other in the orthomosaic image. Frequently, this
approach did not separate plots properly and manual editing was required (Figure 5c¢). As it can
be seen in the Figure 5c, the tplots slightly merged with each other and it caused the
classification to classify them as one single plot. To have more accurate results from image

classification method, the presence of early season imagery is needed, since this process can
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have more pstprocessing and cleanup if the wheat plots and the gaps between plots are not

visually discrete from each other in the images.

Plot-level GNDVI Extraction Results

After generating VI maps, we compared these threelglal extraction techniques using
GNDVI values extracted form canon S100 aerial imagery and the corresponding values extracted
from spectroradiometer in the field. The fielthp based approach for plot polygons generated
the best correlation to spectroradiometer measurements, whilasisdichtion technique had
the lowest correlation with grourtduth data (Table 3). The lower reliability of classification
technique compared to fieldap based, could be due to the absence of early season imagery. In
generating plot boundaries usinglétmap based, we also considered a buffer around the
polygons to avoid any possible mixed plants or border effects for a plot which likely improved
performance. We then correlated plot level GNDVI calculated from the spectral reflectance for
those samelpts using different boundary plot extraction methods (Table 3). From the
comparison of different plot extraction methods with correlation to spectral reflectance we found
that the boundaries defined using the rhaped algorithm were superior to both ¢iraple grid

and the classificatichased approach (Table 3).

Empirical Line Correction

Using Python scripting in QGIS, we generated different VI maps from the calibrated
orthomosaic image and extracted plot boundaries using thenfeghdbased method. Using the
zonal statistics plugin, we then calculated statistic values of each plot af wtibe

orthomosaic. For each individual plot, the average VI value was used for further analysis and
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correlation. We tested the utility of applying an empirical line correction to improve the
converting of digital numbers to reflectance values forctraeras. Using the same fietthp
based plot extraction, the correlation between raw GNDVI values extracted from the
orthomosaic image and the BER increased from 0.68 to 0.76 after performing empirical line

method as the radiometric calibration method.

Comparison of Different Vegetation Indices

To test the accuracy of VI from the digital cameras by comparison to the ASD
spectroradiometer, we calculated BER for Canon S100 by taking the average of all the
spectroradiometer bands that are within the FWHNhisfcamera (Table 1). For example, to
calculate BER GNDVI for Canon S100, we averaged the reflectance values betwés9 490
as green band, and averaged all the values betweer668im as NIR band.

Among all the calculated VIs for the Canon S108l0%I had the highest correlation
with the spectroradiometer (Table 4, Figure 6). Since the MultiSpec 4C camera has 4 bands,
NIR, rededge, Red and Green, we were able to generate-adRednormalized difference
vegetation index (RENDVI) as well as othés. Using the developed pipeline, we extracted
wheat plots from the generated orthomosaic for RENDVI by means of therfegdased
method, which had also proved to be the best method of plot extraction for the MultiSpec 4C
camera. The RENDVI plot vadis had higher correlation with spectroradiometer when
compared to other Vis extracted from MultiSpec 4C camera (Figure 7).

Although it needs to be noted thratl edge bandsed in MultiSpec 4C cameisanot
within the red edgeegion common in remote sensing sens68)( 730 nn) and is more of a

NIR band.Which makes the RENDVI calculated from this camera to be more close to NDVI.
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We found the correlation between Vls extracted from spectroradiometer and calibrated
Canon S100vas significantly higher than the one with MultiSpec 4C camera. This could be due
to lower flight altitude, and slower movements of mudtior IRIS+ compare to fixed wing eBee
Ag, which results in higher resolution imagery captured by IRIS+ / Canon ST@0MultiSpec
4C camera is a narrow band multispectral camera that does not have any spectral overlap in its
band response. The better spectral performance could be negated by the lower resolution of the
sensor, higher flight altitude, and faster trayf@ed of the fixed wing UAV. It was also clear
that the modified empirical line correction also played a role in higher correlation of Canon S100

values with ground truth spectral measurements.

We also calculated the correlation between the spectlangsausing the handheld
spectroradiometer. As we had four readings per plot, we were able to determine the repeatability
within the spectroradiometer measurements. We averaged the first two measurements of and last
two measurements for each plot indeparity and calculated an overall correlation for 280
sample plots (Table 5). Based on this assessment, the UAS imaging had repeatability as good as,

or better than the spectroradiometer.

Broad Sense Heritability

As the Canon S100 and MultiSpec 4C measiants were taken at the same time on the
same day and on the same plots, the environmental variance and genetic variance can be
considered as negligible. Therefore, the broad sense heritability values (H2) can be interpreted
as a level of precision of sgor measurement, which is the only remaining significant source of

error variance. Overall the heritability for VIs was high. We found Vls derived from the Canon
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S100 imagery had a higher heritability than the MultiSpec 4C data for nine out of elalgen tr
(Table 6). The trials had lower, but still high, heritability for grain yield. There were some
unexpected rains during the crop cycle followed by irrigation issues in the borders of the field,
however, the heritability for yield was still above 0v@0ich is a moderate repeatability for

breading trials under heat (Table 6).

CONCLUSION

We developed a semautomated pipeline for data analysis of a low cost UAS imagery.
The raw images of a consumer grade digital camera weq@@cessed and used as thput of
the imageprocessing pipeline. During the mosaicking step, we found that the averaging method
had marginally higher correlation of 0.68 compared to mosaic method with the correlation of
0.65. Using a modified empirical line method, we radioicaly calibrated the DN values
extracted from canon S100 and compared the calibrated digital values with the reflectance values
of the spectroradiometer to evaluate the comparability of our data. Our results confirm that
radiometric calibration is imptant for consumer grade cameras to convert the DN values to

reflectance measurements and can improve the value of the image data.

We examined three different ways of wheat plot extraction: simple grid;ffiefuibased,
and image classification. We foutitht the fieldmap based technique is more accurate and
fastest compared to other techniques, and had a higher correlation to ground truth data. The
advantage of this method is that it is applicable to any crop types as long as the field map is

provided,and also this method is fully automated in Python.
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We evaluated two types of UAS; 1) low cost: IRIS+ and 2) commercial grade agriculture
use: eBee Ag, each carrying different sensors with 1) low cost consumer grade camera: modified
NIR Canon S100 on tH&IS+ and 2) a more specialized multispectral camera: MultiSpec 4C
camera on the eBee. We compared their performance with ghathdeflectance data and
found overall good performance to spectroradiometer measurements. Based on correlation to the
spectral readings and assessment of heritability, the Canon S100 had better performance than the
MultiSpec 4C mounted on the fixed wing, which was likely a result of higher resolution of the
sensor, lower altitude and slower travel speed for the Canon St&@lcan the quadcopter

IRIS+.

Our study provides strong evidence of the value of UAS for HTP applied to large wheat
breeding nurseries. Further work is needed to investigate the strength of the relationship
between remotely sensed derived plant phamicdl traits and the wheat biophysical properties
collected in the field such as plant height, biomass, and yield. With the overall vision of
integrating multiple measurements extracted from UAS (plant height, ground cover, etc.) with
plant growth simulaons to maximize the biological utility of the estimated phenotypes new
avenues will be opened to breeders for predicting yield. Moreover, the development of new
sensors and imaging systems undoubtedly will continue to improve our ability to phenatype ve
large experiments or breeding nurseries. When combined with genomic and physiological
modeling, the rapid, loweost evaluation of large field trials in plant breeding with UAS
platforms has the potential to greatly accelerate the breeding procegghthrore accurate

selections on larger populations.
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TABLES

Table 1 Sensor specification.

Sensor Platform  Sensor Focal  Full width at half  Peak
(UAV) Resolution Length maximum wavelength
(MP) (mm)  (FWHM)
Canon S100 IRIS+ 12.1 5.2 Blue:400495 Blue:460
Green:49e650 Green:525
NIR:680-760 NIR:710
MultiSpec 4C eBeeAg 1.2 3.6 Green:536670 Green:550
(4 sensors) Red:640680 Red:660
RedEdge: 73040 RedEdge:735
NIR:770-810 NIR:790

Spectral  wavelength
_ Wavelength Range
Resolution accuracy

ASD <3nmmat *1nm 325 nmi 1075 nm

spectroradiometer 700 nm
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Table 2 Flight information using IRIS{tmultirotor) and eBeeé\g (fixed wing) UASs, on May 6,
2015, at CIMMYT, Cd Obregon, Mexic RAW images of Canon S100 were converted to 16
bits TIFF imagery aftepre-processing in Canon Digital Photo Professional software (DPP).

Percent Overlap

Flight _ Spatial
Platform Altitude No. of Image )
Camera Speed Resolution
(UAS) (m) Images format
(m/s) Side  Forward (cm)
- RAW
Modified _
IRIS+ 2 30 75% 75% 144 (16 bits 0.8
Canon S100
TIFF)*
MultiSPEC 10 bits
eBee Ag 10 48 75% 75% 40
4C TIFF

Table 3 Correlation analysis between mean GNDVI values extracted from raw Canon S100
digital number values, Calibrated Canon S100 digital nuwdleres and corresponding band
equivalent reflectance (BER) GNDVI values from the spectroradiometer using different plot
boundary extraction method.

Raw Digital Calibrated Digital Numbers

Numbers

field-map based field-map based | classification | simple-grid
sBp;gtroradlometer 0.68 0.76 0.58 0.68
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Table 4 Calculated vegetation indices for each camera, based on their spectral bands and
correlation betweeregetation indexalues extracted from UAS imagery dmahd equivalent
reflectancevalues from Spectroradiometerhe values from Canon S100 values are before
applying modified empirical line correction method.

Correlation
INDEX Formula
Canon S100 MultiSpec 4C
NDVI MQ - 0.33
0 0Y YQQ
GNpvi U 2Y O QA 0.68 0.63
vV OY 01 QQ¢
RENDVI U 0¥ Y0DO QO 0.64
0 "0Y 'YQQ'QQQ ) '
ENDVI | D DV O RREF0 A0 0.54 :
U 0OY O QQezo a0 C
GIPVI — ,U OY — .~ . 0.59 -
v OY O QQ¢

Table 5 Correlation betweerepeated measurements from Handheld ASD for two different
vegetation indices. Four measurements were taken on each of 280 plots. To determine
repeatability, the first two measurements were averaged and catreldbe average of the
second two measurements on a per plot basis across all plots. The Vls presented are band
equivalent indices for the Canon S100 (Green Normalized Difference Vegetation Index;
GNDVI) and MultiSpec 4C (Reddge Normalized Differenceegetation Index: RENDVI) used
in this study.

Correlation

Green Normalized Difference Vegetation Index; GNDVI (Canon S100 0.62

Red-edge Normalized Difference Vegetation Index; RENDVI
(MultiSpec 4C) 0.88
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Table 6 Broadsense heritability in 11 trials for vegetation indices and grain yiéldVIs
derived from theCanon S10Mad a higher heritability than the MultiSpec 4C for nine out of
eleven trial{shown in bold font).

BroadsenseHeritability (H?)

Vegetation Indices

Trial Name Canon S100 Grain
(GNDVI) MultiSpec 4C (RENDVI) Yield
EYTBWBLHT_01 0.89 0.84 0.66
EYTBWBLHT_02 0.90 0.90 0.91
EYTBWBLHT_03 0.84 0.90 0.78
EYTBWBLHT_04 0.87 0.70 0.75
EYTBWBLHT_05 0.81 0.80 0.82
EYTBWBLHT_06 0.73 0.66 0.80
EYTBWBLHT_07 0.83 0.70 0.85
EYTBWBLHT_08 0.64 0.61 0.86
EYTBWBLHT_09 0.78 0.64 0.87
EYTBWBLHT_10 0.66 0.57 0.65
EYTBWBLHT 11 0.72 0.57 0.74
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FIGURES
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Figure 1 Location of the study area with late sown heat stress wheattr204.5 on the
Norman E Borlaug Experiment Station at Ciudad Obregon, Sonora.
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Figure 2 Image processing workflow for the low cost UAS imaging system. The developed
pipeline steps are as follows: Image-precessing using DP$bftware, Orthomosaic Generation
using Python scripting in PhotoScan, Image radiometric correction using empirical line method
commonly used for satellite imagery, Extraction of wheat plot boundary, and Calculation of

di fferent VI &6s. usilpdghomyserptt es st eps done
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Figure 3 Empirical observation of naelinear relationship between percent gray values of the
calibration panel and their corresponding mean reflectance values at the spectral region of Canon
S100 waveband$3( 400495, G: 496550, NIR: 680760).
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Figure 4 An example of artifact in the orthomosaic generated by Mosaic blending method from
IRIS+ aerial imagery. The yellow arrows point to two locations in the orthomosaic where
artifacts from merging different original images are evident.
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Figure 5 Results of different plot extraction method overlay on a subset of plots from IRIS+
calibrated orthomosaic. a) simgyeid plots, b) fieldmap based method, ithage classification
approach and an example of misclassification; this example confirms the need of post processing
for image classification method.
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Figure 6 Linear relation between GNDVI from Canon S100 and BER GNDVI from
spetroradiometer. Sample plot GNDVI values were extracted from calibrated orthomosaic of
Canon S100 imagery, IRIS+ and band equivalent GNDVI for Canon S100 camera calculated
from ASD spectroradiometer readings for 280 sample plots.
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GNDVI, green normalized difference vegetation index; GWR, geographically weighted

regression; HTP, higthroughput phenotyping; NDVI, normalized difference vegetation index;
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NIR, near infrared; UAV unmanned aerial vehicle; UAS, unmanned aerial system; VI

vegetation index

ABSTRACT

Phenological data such as plant height are important assessments «fgason growth
of crops, though this assessment is generally limited by the availability of spatial and temporal
data during the growing seasd@inmanned aerial systems (UAS) have the potential to provide
high spatial and temporal resolution for phenotyping-tdrthousands of small plots under field
conditions without requiring substantial investments in time, cost, and labor. Thus, there is

consderable interest in implementing UAS as a rapid screening tool in crop breeding programs.

The primary objective of this research was to determine whether an accurate remote
sensing based method could be developed to monitor plant growth and estinmayeetgtaising
aerial spatigemporal imagery in small plot wheat nurseries. We used a modified consumer
grade camera mounted on a loast unmanned aerial vehicle (UAV) to obtain blue, green and
nearinfrared imagery. The UAS was deployed multiple timesulghout the growing season in
Elite Yield Trials in irrigated and drougistressed environments at the International Maize and
Wheat Improvement Center (CIMMYT) station in Ciudad Obregon, Mexico. We assessed data
guality and evaluated the potential togiot grain yield on a plot level by examining the
relationships between information derived from UAS imagery and the final measured grain

yield.

55



Using geographically weighted (GW) models, we predicted grain yield for both drought
and irrigated environmesit The relationship between measured phenotypic traits derived from
imagery and grain yield was highly correlated (r=0.74 and r=0.46 (p < .001) for drought and
irrigated environments respectively). Residuals from GWR were much lower and less spatially
dependent than the standard method of best linear unbiased estimators suggesting the superiority
of spatially corrected models. These results show that image based vegetation indices collected
from highthroughput UAS imagery can be used to predict grain getisubsequently used for

selection decisions and to improve genomic prediction models.

INTRODUCTION

Wheat is a primary staple crop throughout the world, with a potgéctedproduction of
727 million tons in 2016 (Office of the Chief Economist 2018)e to the emergence of more
aggressive pests and diseases, shortage of available water resources, lack of fertile soil, and
climate change, wheat production is projected to fall behind the increasing demand (Ray et al.
2013). With limited options to inease the amount of land under production, it is generally
agreed that increasing crop yield per unit area, rather than expanding cultivated land area, is
needed to meet the world demand for wheat by 2050 (Muir et al. 2010; Foley et al. 2011).
Unfortunately the rate of genetic increase is currently estimated at 1% or less (Reynolds et al.

2012), while a rate of 2% or more is needed to meet the projected targets (Ray et al. 2013).

Historically, large advances in grain yield have been achieved within bggedigrams.

However, studies have shown that traditional breeding programs cannot currently increase crop

yield at a sufficient pace to meet growing demands (Reynolds et al. 2009; Tester & Langridge

56



2010). Traditional phenotypic selection involves theafsmanual data collection that is time
consuming, labemtensive, expensive and often burdensome when making selections in large
populations. While there have been little changes in phenotypic tools and evaluation methods
(White et al. 2012), astonishirglvances over the lastl® years have occurred in sequencing
technology resulting in many advanced tools and methods to assess genotypes and improve plant
breeding techniques (Cobb et al. 2013; Elshire et al. 2011; White et al. 2012). The grand
challengaemains in measuring plant phenotypes with the same speed and precision as possible
for observing the genome leading to active innovation in-fiased higkithroughput

phenotyping (HTP) platforms.

HTP platforms could provide the keys to connecting ggyeto phenotype by increasing
the capacity, efficiency, and precision of evaluating large plant populations. HTP can maximize
the population sizes screened for desirable traits in breeding nurseries. An increase in population
size enabled by HTP increagbs probability of identifying valuable traits and the genetic basis
of those traits. This enables breeding programs to achieve a higher capacity for genetic gain

(Poland 2015; Reynolds & Langridge 2016; Goggin et al. 2015).

HTP is also expected to irease the precision and accuracy with which these traits can
be measured compared to manual measurements (Goggin et al. 2015; White et al. 2012). The
emphasis on high dimensionality, the need for automation and mowgestmctive sampling
techniques in geeral, necessitates that HTP platforms often rely on imaging to measure plant
phenotypes (Goggin et al. 2015). One emerging technology allowing plant breeders to screen

large numbers of genotypes reliably is unmanned aerial systems (UAS). The main adefintag
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UAS over traditional manual approaches is the ability to cover an entire experiment area in a
very short time, enabling researchers to monitor larger fields with higher temporal resolution and

higher spatial resolution during the growing season.

Diff erent imaging systems are being used on unmanned aerial vehicle (UAV)
phenotyping platforms making them capable of generating various measurements useful for plant
breeding programs (Liebisch et al. 2015; Deery et al. 2014; White et al. 2012). Highi@asolut
multispectral cameras can be used to produce 3D models of the experiment area resulting in the
extraction of plant height using a digital elevation model (DER&ng et al. 2015; Rosnell &
Honkavaara 2012). Other sensors include hyperspectral ancatreanmeras that can be used to
investigate different vegetation indices (VIs) and their relation to crop biomagsetth(Hruska

et al. 2012).

Several spectral reflectance measurements and VIs have shown a strong relationship to
plant health and croprgwth. From this, remote sensing has proven to be a valuable tool for
estimating crop yields in advance of harvest at an affordable cost. One of the most common Vs,
the normalized difference vegetation index (NDVI), has been used by researchers fogldrop y
predictions since the 19806s (Teal et al. 200
2014). In a study conducted by Salazar et al. (Salazar et al. 2007) a strong correlation was found
between winter wheat yield and NDVI extracted fraateflite imagery during the critical period
of winter wheat development and productivity occurring during April to May in Kansas.-Grain
yield prediction using remote sensing has been extensively studied in cereal crops, such as

wheat, using satellite image(Prasad et al. 2006; Manjunath et al. 2016; Mkhabela et al. 2011,
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Salazar et al. 2007) or groubdsed platforms (Rischbeck et al. 2016; Raun et al. 2001).
However, little work has been conducted using proximal sensing, such as UAS imagery

platforms.

The use of physiological selection criteria to predict grain yield is an indirect breeding
approach suggested in wheat research (M. a. Babar et al. 2006; Crain et al. 2016; Rutkoski et al.
2016). VIs have been widely studied as the potential tool to chtiate genotypes for yield
under different environmental growing conditions such as irrigated andrgated (M. A.

Babar et al. 2006; Araya et al. 2013; Arnold et al. 1995; You et al. 2013). Additionally, several
studies have examined how yigddhanang traits, such as stayeen, can be used as a predictor

of grain yield using spectral responses (Lopes & Reynolds 2012). Lopes et al. studied temporal
NDVI data from grain fill to maturity to improve understanding of genotypic-gtagn

variation. In ths study, they found that stayreen variables explained 30% of yield variability in
multiple regression analysis, although the cumulative effect thagstey variables provide,
together with other traits may allow for additional insights to be gaibedtglant health and

final grain yield.

Data derived from HTP can provide deeper and broader insight about the crop than what
breeders are accustomed to having available. With the addition of georeferenced and spatial data
inherent in HTP and imagery,searchers can utilize tools not traditionally used in the area of
plant breeding. The purpose of this research is to evaluate the performance of geographically
weighted models in predicting grain yields at plot level in breeding nurseries. The Foundation o

geostatistical rationale is the understanding that spatial data, information about the locations and
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shapes of geographic features (wheat plots) and the relationships between them, stored as
coordinates and topology, will vary acrosedd (Mitchell 2005). Regressicthased models

mostly ignore this assumption, which could potentially impact the accuracy of prediction models.

A typical linear regression model follows:
w I B fr o - (1)
With w is the ith observation of the dependent variabléhe ith observation of thigh

independent variables, and the residual that is identicalgnd independently distributed.

When applied to spatial data, this modssumes a stationary spatial procsepatially
consistent relationships between the dependent variable and each explaaable across the
field. It should be noted that there are two types of stationarity; strong andSteaig
stationarity requigs that the distribution of the regionalized variable Z(x) is independent of
location x. This implies that the mean, variance, and all other distribution parameters are the
same everywhere in the fieldSecondorder stationarity, also known misleadinggfat he- 6 we a k
stationarity' assumption, requires that the expected value (i.e. the aneahe variance3 the

sameat all the locations (Myers., 1989).

Typical linear regressioproduces one single model for all parts of the study area. Field
trials, however, are inherently spatial, often varying-remmdomly across the field, which could
impact the accuracy of these models. Geographically weighted regression (GWR) is a local
statstical approach to model spatially heterogeneous processes, which could be applicable to

field trials. GWR is used to analyze spatial nonstationarity; when the extent of relationships
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among variables differs from location to location (Brunsdon et al.;1996Charlton, et al.
2014, Fotheringham et al. 2002). In this approach, unlike other regression models, the spatial
non-stationary relationship is assumed and is tested, based on Tobler's first law of geography:
"everything is related to everythingelbeeyt near things are more rel a
(Tobler 1970). GWR allows the relationships to vary over space, and extends the traditional
regression framework of equation (1) by allowing local variations in rates of change so the
coefficients in he model are no longer global estimates but are specific to a location i. This is the
core of GWR, in the linear form:

O 1 B w1 @ - 2)

wherg is the value of the jthgzameter at location i. Instead of remaining the same
everywhere| . now varies in terms of the locations (i) (Mennis 2006; Brunsdon et al. 1996; Lu,

Charlton, et al. 2014; Fotheringham et al. 2002).

In the context of growing interest in UASs appliedbtecision agriculture studies, we
evaluated the relationship between the data extracted from UAS imagery, including green NDVI,
blue NDVI, enhanced NDVI, Green Infrared Percentage Vegetation Index (GNDVI, BNDVI,
ENDVI, and GIPVI), and plant height durinige growing season to grain yield. Using the
extracted data, we evaluated the application of spatiporal UAS imagery to predict within
season grain yield in a large international wheat breeding program using statistical methods

based on experimentaésign and GWR.

MATERIALS AND METHODS
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Study Area

The study was conducted at Norman E. Borlaug Experiment Station at Ciudad Obregon,
Sonora, Mexico, in two different growing environments drought and irrigated. The genetic
materials were advanced breedimgs in the Elite Yield Trials (EYT) of the CIMMYT bread
wheat breeding program. The experiment consisted of 280 advanced wheat lines distributed in 10
trials, with each trial consisting of 28 entries and two checks. Each trial was arranged as an alpha
lattice design with three replications and six blocks. The different environments were based on
megaenvironments which are major wheat growing regions that experience similar growing
environments, with the chosen environments (irrigated and drought) nejimgsspproximately
32 and 10 million ha worldwide respectively (Braun et al. 1986. plot size for each
experimental unit in irrigated trials was 2.8 m long and 1.6 m wide (plot area = 4.48 m2) sown
on two 0.8 m wide raised beds with two rows per bdtreas plots in drought trials were 4 m
long and 1.3 m wide (plot area = 5.2 m2) sown on flat land as 6 rows 18 cm apart with 40 cm
interplot spacing. The drought trial was sown at the optimum planting date with minimal
irrigation throughout the seasosing drip tape. The irrigated environment represents an optimal
planting date (mietNovember) with optimal flood irrigation throughout the growing season.
During the crop season, the drought environment received 180mm of irrigation, and the irrigated
environment received 500mm of water. Fertilizer and pesticide control were similar in both

environments.

Platforms and Cameras

High-throughput phenotypic data from a UAS was collected as previously described by

Haghighattalab et. al (Haghighattalab, GonzaleeRB&t al. 2016). We used a consumer grade
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Canon S100 camera modified by MaxMax (LDP LLC, Carlstadt, NJ 07072, USA,
www.maxmax.com) to Blu&reenNIR (400-760nm), which was mounted on a l@est UAV,
(IRIS+, 3D Robotics, Inc, Berkeley, CA 94710, USA).eTbandwidth of the modified camera,
based on the wavelength (nm) and quantum efficiency diagram reported by MaxMax are
summarized in Table 1. For further analysis, we calculated full width at half maximum (FWHM)
for each band. The FWHM is the range of wawugths (i.e. bandwidth) where the filter transmits

half of light at the peak.

Ground Control Points and Reflectance Calibration Panel

To georeference the aerial images, a total of 13 GCPs were distributed across each field
at the beginning of the seasdrhe GCPs coordinates were measured with a Trimble R4 RTK
GPS that has a horizontal accuracy of 2.5 cm and a vertical accuracy of 3.5 cm. These targets
were maintained throughout the crop season to enable the overlay of measurements from
multiple dates. fie GCPs were designed as coded targets (printed as circles with black and white
segments) on 25 cm x 25 cm square white metal sheets and mounted on a 50 cm post to provide
easy identification of GCPs in the image processing software. Six white 30 cnmx<fuare
ceramic tiles mounted on 10 cm post were also used to have a variety of heights in GCPs in order

to increase the accuracy of height extraction analysis.

To enable consistent analysis of extracted data from aerial imagery across multiple days,
we placed a calibration panel in the field before each flight. This foldable panel consisted of six
individual 7 mm thick lightweight plywood panels with levels of gray from 0% being white and

100% being black and were attached using metal hinges. Usingllaghdspectroradiometer
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(ASD Inc., Boulder, CO) on a sunny day, the spectral reflectance of these panels were measured
at a yxed altitude of 50 cm from five differe

adjustment of the raw imagery captut®dour consumer grade camera.

Field Data Collection

Grain harvested by using a small plot combine at the end of the season and total plot
yield recorded in kg per plot. For the irrigated environment, manual measurements for plant
height were recorded fane first replicate in each trial, and for all plots in the drought
environment. These measurements were taken as the distance from the ground to the average top
of the terminal spikelet for a representative plant, usually from the middle of the plimie Be
measurement, culms were manually pulled up to the vertical position if theyodgesl Bell et
al. 1994).

For each environment, aerial imagery was taken at multiple time points using the UAV
phenotyping platform (IRIS+ and a modified Canon S100 capturing the growing season,
with observation days spaced at approximately selagrintervals, depending on the weather
condition. All images were taken in RAW format (.CR2) to avoid loss of image information. An

overview of each day of UAS observatigrsummarized in Table 2.

HTP Image Processing

For each experiment we collected three sets of observations from heading through
senescence (Zadoks et al. 1974). We used theadonmated data analysis pipeline presented in
Haghighattalab et al. (Haghigha@ab, Gonzalez Pérez, et al. 2016) to analyze each dataset and

extracted plot level phenomics values. Image processing was primarily conducted using Python
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scripts, open source software QGIS (http://ggis.osgeo.org) and Agisoft PhotoScan package

(Agisoft LLC, St. Petersburg, Russia, 191144) (Haghighattalab, Perez, et al. 2016).

To generate plot level values for VIs and plant height, we used the image processing
developed by Haghighattalab et al. (Haghighattalab, Gonzalez Pérez, et al. 2016). In summary,
HTP data processing, for each time point of data collection, included tbwifa steps:

1) raw image prgrocessing

2) Photoalignment

3) importing GCPs and geeferencing

4) optimize GCP alignment

5) constructing dense point cloud

6) classifying data within the dense point as plant or soill

7) building digital elevation modeising classified point cloud

8) forming orthomosaic image using two different blending methods

9) generating orthomosaic and DEM

10) calculation of various Vls, and plant height

11) plotlevel data extraction

Due to the modified Canon S100 available badthy the calculated VIs were limited to
GNDVI, BNDVI, ENDVI, and GIPVI. The formulas used to calculate these indices are

presented in Table 3.
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Plant Height Extraction

PhotoScan generates a dense point cloud based on the estimated camera positions. The
program also calculates depth information for each photo to be combined into a single dense
point cloud (Agisoft LLC 2016). We generated dense point cloud with medium accuracy. To
extract plant height, we produced both the digital terrain model (DTM) andigital surface
model (DSM), with plant height being calculated as the difference between the two models
(equation 3):

Plant Height=DSMDTM (3)

The generated dense point cloud includes everythigigcan be seen in the images,
pixels from the ground, vegetation, and any other artifacts or noise. PhotoScan offers two options
of dense point cloud classification: 1) automatic classification of the points into two catégories
ground points and othe2) manual selection of a group of points to be placed in a particular
class from the standard list known for LIDAR data, such as vegetation, water, or road surface.
Three parameters control automatic ground point classification: maximum angle, maximum
distance, and maximum cell size (Agisoft LLC 2016). Point cloud classification provides ways to
customize the DEM generation step as the software allows choosing types of objects within the
scene to be reconstructed and indicate the corresponding poirdackssurce data for DEM
generation. For example, DEM reconstruction based on ground points only, allows users to
export DTM (as opposed to DSM, based on the complete dense point cloud, excluding the

artifacts and noises) (Agisoft LLC 2016).

In our plotimagery, we reduced the default values for maximum angle and maximum

distance parameter values since the height for crops are considerably lower than heights of other
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objects like buildings. To estimate plant height, we allowed automatic classificatioounid

points and then classified the vegetation points manually, generating DTM and DSM for each
dataset. We defined training sets for classes
by sampling the points. Using the classified poloud,we extracted the DTM by only using

ground points, and the DSM by using data assigned to the vegetation points. For a small field,

the generated classified point cloud can be used to calculate plant height directly. However, the
point cloud exported from PhmScan are very large files and for large wheat breeding nurseries,

as we used in our study, we used the generated DEM.

Using our custom field map based method, we extracted two plot boundaries for each
field. One plot boundary was buffered to avoid pxalitside the plot, and was used for the DSM
extraction, as we are only interested in values reflected from wheat plants. The second plot
boundary was extended to have the DTM values of the ground surrounding the wheat plots. We
calculated mean, and standi@eviation (SD) for DSM, and lower quantile for DTM. We
calculated height for each plot as the difference between the mean values of DSM and lower

guantile values of DTM as these values would represent the lowest elevation point in the DTM.

Using the chssified DEM, we generated orthomosaic using both blending methods
(average and mosaic). In the average mode, the brightness values of the final orthomosaic is the
average of all the overlapping images, while mosaic mode only uses images where the pixel in
guestion is located within almost nadir view (Haghighattalab, Gonzéalez Pérez, et al. 2016;

Agisoft LLC 2016).
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After calibrating each orthomosaic data set for each environment using empirical line
method, we generated VI maps using Python scripting irS@SIdescribed in our developed
pipeline Haghighattalab, Gonzélez Pérez, et al. 2016; Smith & Milton 1999). We calculated
statistical values for each plot for each day of data that included the minimum, mean, maximum,

and standard deviation for both blemglmethods.

HTP Data Analysis
Broad-sense Heritability

Within environment and trial, we calculated bresshse heritability, commonly known
as repeatability (Piepho & M6hring 2007), for extracted VIs measured on individual dates, and
grain yield.

To estimate heritability, we performed a two steps process where we first calculated the
plot-level value for HTP measurements and then fit a mixed model for replication, block, and

genotype as random effects.

Broadsense heritability for each trait withinal within environment was calculated

from equation 4 (Holland et al. 2003).

© (4)

Where,, IS genotypic variance, Is error variancenrepis the number of

replicates in the triainfep=3). Thelme4R package was used for all mixed model analysis

(Bates et al. 2014).
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Parameter Estimation
Within each environment and trial, to estimgémetic values for traits measured across
multiple dates, we estimated best linear unbiased estimates (BLUES) for each genotype using the

following mixed model:

A T g o (5)

8

Wherew i s the phenotype observation for each
population;"Qis the fixed genotype effect of entryi i,is the random effect for the j replicate
distributed as.i.d.ix O mh, ),d is the random effect for the m block nested within replicate
distributed as.i.d.co * 0 mh, ), and is the residual distributed asd.f *x 0 mh, ).

We calculated BLUEs for grain yield, DTHD, all thesylnd plant height. We assessed

the height measurements by calculating the correlation between manual height measurements

and extracted UAS imagery measurements.

Because the phenotypic BLUEs were highly correlated we used principal component
regressiond evaluate the relationship between phenotypic values and grain yield. Principal
component regression is a popular technique that can adequately account for multiple variables
that may have varying levels of correlation between variables (Mevik & Weho&73. 2Vithin
each environment, we fit a principal component regression model using theemybtral and
multi-VI (ENDVI, BNDVI, GIPVI, GNDVI) to observed grain yield. ThaelsR package (Mevik
et al. 2013) was used for all princimamponentnodel devadpment. We validated the
prediction model using a 1f@ld cross validation with the accuracy of prediction reported as the

correlation of the predicted values compared to the observed values.
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Geographically Weighted Modeling

By mapping yield and vegetationdices from both growing conditions, we were able to
determine the presence of spatial patterns (Figur€his led us to develop a geographically
weighted model to explore changing spatial relationships between grain yield and measured
phenotypic tras. An important extension of GWR is its semiparametric construction by
combining globally fixed and geographically varying coefficients (Equatighig)Harris, et al.
2014).

w B o wrp Br ag - (6)

Wherew, @, and- are, respectively, grain yield, kth phenotypic trait, and the
Gaussian error at location H h  is the xy coordinate of the ith location; and coefficients
I o0l are varying conditionals on the location. The global térgis the Ith phenotypic trait

with a fixed coefficient (Nakaya 2016).

In this approach, a moving window weighting technique is used, where local models at
both sampled and unsampledations are calibrated. All neighboring observations, for an
individual sample point, are weighted based on a distance decay kernel function, and the model
is fit to this weighted data. The key to GW modeling is the weighting matrix, which sets the
spatal dependency in the data (Lu, Harris, et al. 2014). There are three elements in defining this
matrix: the distance metric (in our case, the distance between observations is calculated as the
distance between polygon centroids); the type of kernel wamhinction; and the kernel
weighting functiondéds bandwi dth which control s

The scope of these parameters and details on GW modeling are outlined in Fotheringham et al.,
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(2002) (Fotheringham et al. 2002). For GWdeling, we used the GWmodel package in R to
investigate spatial relationships among the numerous phenotypic observations and grain yield
(Lu, Harris, et al. 2014). We obtained accuracies of GW prediction model ability for both

environments using ld crossvalidation technique.

RESULTS and DISCUSSION

Image Processing for HTP Data

To evaluate the potential of UAS for within season grain yield prediction in wheat
breeding programs, we deployed a{owst, consumegrade UAV phenotyping platform at
multiple times throughout the growing season in two different growing environments (Table 2).
We processed all the imagery taken at various dates using-astemmated pipeline
(Haghighattalab, Gonzalez Pérez, et al. 2016). Image processing included comaerting
imagery to TIFF format, georeferencing, point cloud generation, DEM and orthomosaic
generation, and plot level data extraction. We examined how the choice of mosaic or average
orthomosaics generation affected the results. Additionally, our pipelioglai@d the standard
summaries for each plot of minimum, maximum, mean, range, and standard deviation of each
vegetation index. The pipeline made efficient use of the data that was generated. For a regular
flight 100 photos were taken resulting in 1.35 GBaw data, processing time averaged 3 hours
per flight on a 16 GB RAM single core processor. While efficient, this highlights one of the
needed areas of research to reduce processing time to allow users to collect data and rapidly

analyze or even procegsreattime.
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Plant Height Measurements

To evaluate the suitability of using the UAS phenotyping platform to monitor plant
height, we calculated the pairwise correlation using manual measurements for the drought and
irrigated environments compared to the height extracted from UAS (n=900 fghtemd
n=300 for irrigated). Using the initial data, it was apparent that there were outliers in both the
irrigated and drought environment. Using the SD of the height values calculated from the DEM
for both environments, we set a minimum height threstwidentify and remove lodged plots.
After removal of plots with height lower than 60cm for drougimironmentand 80cm for
irrigated environment there was a significant correlation between the DEM and manual
measurements of kgt with correlations of=0.7 and r=0.56 for irrigated and drought

respectively (Figur®).

While we found a significant association between manual measurements and UAS height
measurement, we believe the results for height could be improved with an elevation soil map
taken befoe vegetation begins growing. This would be a more accurate DEM map of the area
and allow for more precise height extractions from the DTM. Additionally, we found that relying
on the minimum values or the lower quantile values of DTM extracted from eatabf ptheat
are more challenging for irrigated environment since they are planted in bed. In the bed planting,
while height should be calculated from the center of the bed, digital extraction may include the
wheat plants between the bed which may be skeentimeters in difference compared to the
ground elevation. Another option may be to use RGB images which would have higher accuracy

compare to the images captured by the modified NIR cameras.
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Reason for lower correlation with manual measurementséogtt environment
compare to irrigated, could be due to the very close values of plant heights in this environment;
the range of height for drought falls between 68 cm and 84 cm for 900 observed plots, while this
range for irrigated environment based ba manual measurement was 91 T22cm for the 300
observed plots. With the vertical accuracy of RTK GPS in this study (~3 cm), extracting plant

heights that were very close to each other in values can be more challenging.

Grain Yield Prediction using Principal Component Regression

To evaluate the potential of UAS phenotyping platforms to quantify grain yield we used
principal component regression (PCR) to develop models for each environment. This technique
provides a method to adequately address the atimelbetween variables, as many of the
measured vegetation indices exhibited high levels of correlation. Using the estimated BLUEs and
a 10-fold cross validation scheme, the correlation between the predicted grain yield and observed
grain yield was r=0.48nd r=0.32 for drought and irrigated environments, respectively (Figure

10).

Grain Yield Prediction using GWR

Because plant breeding trials are inherently spatial in nature, we assessed using
geographically weighted regression to evaluate grain yieluged a subset of the extracted Vs
for variables within the GWR model. The GWR model provides basic variable selection for
accounting for correlated variables that was typical of our VIs. The data were then entered into

the GW modeling using a variabladdwidth setting that minimizes the AIC. The adaptive
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bandwidth approach was chosen to account for the spatial variation in the size of the wheat plots,

and hence the density of platsntroids Klennis 2006).

Within each environment, we used afbld crossvalidation that was repeated 1000
times to evaluate model prediction to observed grain yield (Figure 3). The average correlation
between observed and predicted values was r=0.74 and r=0.46 (p < .001) for the drought and
irrigated environments respectiyeln addition to having higher prediction accuracies than
principal component regression, the root mean squared error was decreased from 0.36 to 0.2 for

the irrigated environment and 0.39 to 0.14 for the drought environment.

Environment Prediction

Usingboth principal component regression and GWR, we observed similar trends. In
general, GWR resulted in higher prediction accuracies compared to principal component
regression, which would be expected as GWR takes into account the neighborhood (local
envirorment) around the plot. This higher prediction was observed in both environments for
GWR. However, both PCR and GWR followed a similar trend of high predictive ability in the
drought environment with less predictive power in the irrigated environment. Ydéhy o
environment was predictive compared to the other is not clear. We examined the heritability for
each observed phenotypic trait (VI's and grain yield) for each of the 10 trials in the study area. In
general, heritability was high for all traits Tablesdggesting minor environmental fluctuations.
Grain yield had a larger range of variance for both irrigated and drought (H23:8B7or
irrigated grain yield trials and H2= 070196 for drought grain yield trials), which would be

expected as grain yield the sum of the entire growing season, while daily VIs would represent
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a single time point of observations. While the irrigated had a larger range in heritability and
lower prediction, the differences may be due to the timing of the data collection thighi
environments, or the ability to detect differences in genotypes that are saturating reflectance
(Esfandiary et al. 2009). While our work shows that UAS phenotyping platform can be used to
monitor and predict yield performance in drought, more worleexled to transfer this to the

irrigated (highyield) environment.

CONCLUSION

With the development of new sensors and imaging systems enabling parallel phenotypic
measurements, HTP can advance the scope of scientific studies and expand our undesstanding
plants. Using a lovcost UAS, we generated spatemporal phenotypic data and applied a semi
automated pipeline to extract information from individual wheat plots during the growing
season.

The extracted height from UAS had a high correlation with mbmeasurements in both
environments. Although planting systems, on f
have an effect on estimated readings, our results demonstrate that UAS can be successfully used
for measuring plant height in wheat. Ditéait VIs and canopy height were related to final grain
yield. We evaluated several prediction models, with models accounting for spatial variability
performing the best. In addition to predicting plant yield, our analysis highlights some of the
flexibility in these methods that end users can use by modifying how data can be extracted and
classified from the images. For example, dense point cloud classification provides ways to

customize the DEM generation step as the software allows choosing types ofwibfectshe
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scene to be reconstructed and indicate the corresponding point class as a source data for DEM

generation.

Our study provides strong support of the value of UAS for predicting and evaluating
several physiological traits and using this inforimafor overall yield prediction. Application of
this technology can enable plant breeders and scientists to enhance their understanding of plants,
especially using types of data collected by UAS's in genetic studies and genomic prediction
models. Througlthe implementation of iseason yield prediction in early generations of the
breeding program, selection decisions could be made before harvest and only selected lines
harvested from the field. Li kewi seaherghhse i nco
been shown to increase the prediction accuracy of genomic models when incorporated in a
multivariate framework (Rutkoski et a016§. Overall, the rapid measurement of physiological
and agronomic traits +eeason for large breeding nurserel provide breeders will additional
tools meet the challenge of increasing genetic gain and delivering superiyididjihg

varieties.
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TABLES

Table 7 Sensor specifications for each instrument used for speletialcollection.

Sensor Platform Effective Band width Full width at half
(UAS) Pixels (MP) (nm) maximum (FWHM)
Canon S100 IRIS+ 12.1 Blue:3806540 Blue:406495
Green:466570 Green:496550
NIR:650780 NIR:680760
Spectral Wavelength Wavelength Range
Resolution Accuracy
ASD <3 nm at 700 nm %1 nm 325 nm¢ 1075 nm

spectroradiometer

Table 8 Flight information using unmanned aerial system Higioughput phenenotyping
platform (IRIS+ and modified Canon S100), at CIMMYT, Ciudalagregon, Mexico, 2016.

Flight Percent Overlap
_ No. of Altitude No. of  Spatial
Environment _ Speed of each photo _
Flights (m) : Images Resolution (cm)
(m/s) Side Forward
Drought 3 2 30 70% 80% 100 ~0.9
Irrigated 3 2 25 70% 80% 93 ~0.9
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Table 9 Vegetation indices calculated for each day of data measurements using a modified
Canon S100.

INDEX Formula

GNDVI 0 0Y O QQ¢
0 0Y 0O QQ¢

BNDVI 0DOY 6a0Q

6G0Y 64a00Q
ENDVI 0 OY Oi QQézd & o6
0 "0Y "Oi QQ&z6 a0
GIPVI v OY
0 "0Y "Oi QQ¢

85



Table 10 Broadsense heritability in 10 trials for vegetation indices and grain yield. The Vis
extracted from Canon S100 at three tipoints during the growing season for Drought and
irrigated environment. In irrigated all the VIs derived from the Canon S100 had higher
heritability than the final grain yield.

Broad Sense Heritability
Drought Environment
March 2, 2016 March 10,2015 March 14, 2016
Trial#| & m ) 9] @ m @) @) © m @) @) =<
s| &| 3| & 8| &| 3| &| 8| 8| 2| &| ¢
S| 2| =] 2| 2] | =] 2| 2| | =] 2"
1 094 | 093 | 093 |093 |094 |093 |0.89 |0.89 |0.89 |0.85 |0.94 |094 |0.88
2 0.91 | 0.89 | 091 | 091 |0.92 |0.9 0.88 | 0.88 |0.89 |0.85 |0.92 092 |0.71
3 0.93 | 091 | 094 | 094 | 094 |095 |0.88 |0.88 |0.86 |0.82 |0.94 |0.94 |0.85
4 0.92 [ 091 | 092 | 092 (091 |0.89 |0.93 |[0.93 | 092 |0.87 |0.95 | 0.95 | 0.92
5 0.89 [ 0.87 | 094 | 0.94 | 0.9 0.89 | 091 | 091 |0.95 | 0.93 | 0.96 | 0.96 | 0.96
6 0.88 | 0.86 | 0.93 | 0.93 | 0.9 0.85 | 091 | 091 |0.94 |0.88 |0.93 |0.93 |0.78
7 0.96 | 0.95 | 0.97 | 0.97 | 093 | 092 |0.88 |0.88 | 0.87 |0.82 |0.94 | 094 | 0.91
8 0.95 [ 0.94 | 096 | 0.96 | 0.93 | 0.93 | 0.9 0.9 0.9 0.88 | 0.91 | 0.89 | 0.89
9 0.9 0.86 | 0.96 | 0.96 | 0.93 | 091 | 094 |094 |0.89 |0.85 | 094 | 094 | 0.9
10 091 |0.89 | 094 | 094 | 093 |091 |093 | 093 |094 |0.88 |0.96 |0.96 |0.92
Mean | 0.92 [ 0.90 | 0.94 | 094 092 | 091 |0.91 091 | 091 |0.86 |0.94 | 0.94 | 0.87
Range| © T} ~ N~ T} < < Te} ™ © © ©
(o] (o] (o] (o] < (o] (o] (o)) (o] (o] (o)) (o] (o]
o o o o o o o o =) o o S o
[} © = - Q H o) o) © N - o)) -
Q Q o o S Q Q Q Q © o Q N~
o o o o o o o o o o o o o
Irrigated Environment
March 10,2016 March 15, 2015 April 8, 2016
Trial # @ m @) ® @ m ® @) ) m @) @) =<
s 5| 3| 5 8| & 3 &/ & & 28§ 2
S| 2| s 2| 2] 2| s 2| 2l s 2=
1 0.98 | 0.98 | 0.94 | 094 | 097 |0.96 |092 | 092 |0.88 |0.85 |0.94 |0.94 | 0.48
2 0.94 | 094 | 091 |091 |0.93 |0.93 |0.88 |0.88 |0.93 | 0.9 0.97 | 0.97 | 0.78
3 0.92 [ 0.92 | 09 0.9 0.91 | 091 | 0.86 |0.86 |0.92 | 0.9 0.94 | 0.94 | 0.66
4 0.93 | 0.93 | 0.9 0.9 0.93 | 094 |0.82 |0.82 | 094 | 0.9 0.92 | 0.92 | 0.84
5 0.92 | 092 |0.87 |0.87 |091 |091 |0.84 |0.84 | 0.9 0.91 | 0.95 | 0.95 | 0.46
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6 0.85 | 0.87 |08 |08 [0.83 |085 |[0.78 |0.78 [0.96 | 0.91 |0.96 | 0.96 | 0.87
7 0.89 {09 |0.75 [0.75 [ 0.89 | 092 |0.67 |0.67 [0.96 | 0.95 | 0.97 | 0.97 | 0.37
8 091 {09 |0.89 [0.89 [0.92 |093 [0.85 |0.85 [0.85 (084 |09 |09 |0.73
9 0.95 | 0.95 | 094 [0.94 [0.98 |098 [0.91 |091 [0.92 [0.93 |091 |0.91 |0.86
10 0.95 | 0.95 091 [0.91 |[0.96 | 096 |0.88 |0.88 |[0.86 | 0.85 | 0.93 | 0.93 | 0.5
Mean | 0.92 [ 0.93 | 0.88 [0.88 | 0.92 | 093 [ 0.84 | 0.84 091 | 0.89 |0.94 |0.94 | 0.66
Range| & 3 S S 3 3 & & & Y ~ ~ &

o o o o o o o o o o o o oS

H N~ [Te) To) () H N N H <t Q o N~

© © ™~ ~ 0 ©Q © © ® @ < ) ™

o o o o o o o o o o o o o
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FIGURES
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Figure 8 (A) Mapping yield values in drought environment shows the spatial variation across the
field. (B) The graph of GNDVI values for drought in march 10, 2016. (C) The yield values in
irrigated environment shows patches of spatial Wianaacross the field, although less variation
compares to the yield in drought. (D) map of GNDVI values for irrigated in March 10, 2016.
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Figure 9 (A) Correlation between 900 manual height data collected from the drought
envirorment, and the 900 height extracted from UAS (r= 0.35). (B) The correlation improves
after removing the data points with high standard variations from heights extracted from UAS
imagery (r= 0.56). (C) Pairwise correlation between 300 manual height datéh&dirst rep of

each trial in irrigated environment, and corresponding height extracted from UAS (r= 0.34). (D)
The correlation improves after removing the data points with high standard variations (r= 0.7).
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Principal Component Regression vs Geographically Weighted Regression
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Figure 10 Prediction accuracy between predicted grain yield and observed grain yield for
drought and irrigated environment using principal component regression and geographically
weighted regression. GWR resulted in higher prediction accuracies compared to principal
component regression (r=0.74 for drought environment using GWR versus r=0.48 suing PCR,
and for irrigated environment, r=0.46 using GWR approach versus r=0.32 using PCR analysis)
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Abbreviations:

BNDVI, blue normalized difference vegetation index; DEM, digital elevation model;
ENDVI, enhanced normalized difference vegetation index; EYT, elite yield;t(&CP, ground
control point; GNDVI, green normalized difference vegetation index; HTP;thiglughput
phenotyping; MVNG, moving grid adjustment; NIR, near infrared; UAV unmanned aerial
vehicle; UAS, unmanned aerial system; UTM, Universal Transverse Mervd, vegetation

index
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ABSTARCT

Unmanned aerial systems (UASs) have the potential to provide breeders with
phenological data such as plant height and vegetation indices to help with more accurate
selections on larger populations. The phenotypesiatermined by the genetics of each entry in
the nursery, but also influenced by the spatial variation across the field along with the variation
of genotypic values. To improve the accuracy of selections, breeder needs to account for non
heritable enviromental variation in the form of spatial field effects. There has been extensive
investigation into field design and statistical models to account for field effects, however this
previous work was generally limited in the overall treatment of the breadidgkperiments as
geospatial entities. The objective of this study is to evaluate the use of geostatistical spatial
analysis for controlling the heterogeneity in yield data as well as high throughput phenotypic
data derived from UAS imagery in a largeeah breeding nursery. We analyzed the temporal
phenotypic data extracted from UAS imagery for two environments during the growing season
and detected the spatially rocandom patterns in the data. To correct the trends observed in the
field, we modified tle R package, mvngGrAd, in a way that the function uses the phenotypic
information extracted from ge@ferenced aerial imagery in a latitdlid@gitude grid to obtain an
adjusted phenotypic value of the plot in the center of the moving circular window. The
adjustment is based on using the mean of all the adjacent plots as a covariate. To find the
optimum size of the moving windows, we applied a hotspot analysis of each dataset and used the
Z score values as a guide to have different window sizes for diffeatches of variation in the
field. After spatial adjustment, we found an increase in beemse heritability for vegetation
indices obtained from UAS platforms and grain yield in both environments. The heritability

gains were higher for vegetation ineégextracted from UAS imagery at multiple time points for
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both environments. The analysis implemented in this study enables breeders with collection and
postprocessing of HTP measurements on larger populations and can provide increased accuracy
for seleciton in plant breeding. Overall the use of UAS imaging to improve selection in plant
breeding has great promise when combined with analysis and statistical methods that fully

leverage the spatial nature of the breeding trial data.

INTRODUCTION

Field phenotyping of large populations is a constraint that limit our capacity to fully
understand quantitative traits, especially those related to biotic and abiotic stress (White et al.
2012). However, recent development in fiblased higithroughput phenotypingHTP)
platforms alleviates the phenotyping bottleneck (Crain et al. 2015; Crain et al. 2016; Andrade
Sanchez et al. 2014; Deery et al. 2014) and provides opportunities for breeders to leverage this

technology to improve selection accuracy and increaselgiogn size in breeding programs.

New advances in remote sensing technology considerably increase demand on high
throughput phenotyping mainly due to their ability to phenotype a significant number of
genotypes in breeding nurseries in a very short tomepare to manual measuring methods
(FritscheNeto & Borém 2015). Use of these technologies has led to a boom in precision
agriculture, but applying these advances to breeding requires a drastic increase in the accuracy,
processing speed and volume of meaments.

One of the emerging technologies in HTP platforms is unmanned aerial vehicles (UAV),
which have undergone a remarkable development in recent years (Baluja et al. 2012; Dunford et

al. 2009; Chapman et al. 2014; Chao et al. 2010; Gonialgp et al. 2013)JAVs use sensor
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systems and automated computer algorithms to extract phenotypic traits for large genetic
mapping populations using nalestructive and nemvasive sampling methods. Like most new
technologies in phenotyping platforms, the main focus fowBAas been on combining robotic
vehicles with imaging systems and sensors for automatic data acquisition. And less well
developed are image processing that evaluates the quality and accuracy of the data before

handing it to the breeders.

Large breedingurseries are often affected by spatial variation across the field. These
variations are caused by multiple environmental factors that can vary across a field such as soll
fertility, soil type, moisture holding capacity, and also many humade variationsuch as
irrigation system, the direction of cultivation/harvesting, and previous crop cycles (Funda et al.
2007; Bos & Caligari 2008; Sarker & Singh 2015). The spatial variation in the field, and the
variations in the quality of growing conditions coulddasome plots to be selected as the
superior phenotypic value, despite not being superior genotype. These spatial variations, be it
randomly or with a trend, need to be taken into account when using phenotypic data and yield
values for selection in breedj programs (Bos 2008; Lado et al. 2013).

Data extracted from unmanned aerial systems (UAS) is not an exception, as it also
records the characteristics of the plants res
growing condition. Using UASKs aimed at improving and accelerating the selection process. To
improve the efficiency of UAS data in breeding programs, we need to make sure that the
coefficient of correlation between the derived phenotypic values and the genotypic values are as
high & possible, and one way to do so is minimizing the spatial variation in thedi@ldos

2008).
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Different strategies exist, including experimental field designs, anepposgssing
(Quinn & J.Keough 2002; Casler 2013). The three main concepts fielthdesigns that
experimental designs all have in common are replication to calculate and reduce experimental
error; control of variation between plots; and randomization, to remove bias from the
confounding effects of genotype and environment or traateféects (Es et al. 2007; Rutherford
2005; Mead 1997).

There are several row and column designs developed to control the spatial variations in
the field (Atkinson & Bailey 2001; Quinn & J.Keough 2002; Bos & Caligari 2008; Es et al.

2007; Gilmour et al1997; W. L. Leiser et al. 2012), nevertheless due to the presence of spatial
variability between plots within a block and also between plants within a plot; these experimental
designs remain limited (Katsileros et al. 2015). Although a good choice oireepéal design

can reduce the effect of spatial heterogeneity, there is a need to address these variations when
analyzing the treatments to increase their precision. Correspondingly -basael approaches

for analyzing field trials that focus on the ndedtontrol spatial variation have been put forward

(Hu & Spilke 2009; Zas 2006; Lado et al. 2013; Katsileros et al. 2015; Bowman 1993; Hartung
et al. 2006).

Many studies have shown the ability of geostatistical approaches in removing spatial
effects from he raw data. These methods can estimate spatial effects more efficiently and
decrease the need for check plots. Considering a good spatial model is selected, this makes a
compelling choice over blocking designs for reducing overall plot numbers (WuL88at.

Hartung et al. 2006).
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Semivariograms and kriging, as a geostatistic approach have been evaluated for the effect
of modeling the spatial variation (Zas 2006; Hartung et al. 2006). Kriging is based on the
regionalized variable theory that assumessihegial variation in the phenomenon is statistically
homogeneous throughout the field (for example, the same pattern of variation can be observed at
all locations on the field). This hypothesis of spatial homogeneity is fundamental to the
regionalized vagble theory (McBratney et al. 1981; OLIVER & WEBSTER 1990). This
characteristic of the Kriging method makes it unsuitable for fields with multiple treatments that

are expectable to have different patterns of variations.

Another method is nearest neighlnoethod proposed by Papadakis (1937). This is an
analysis of covariance to reduce the effects of spatial heterogeneity in yield values (J.S 1937).
When spatial heterogeneity is present, near neighbors are more similar than far neighbors, i.e.,
data are autmrrelated (Zas 2006). Other modifications have been applied to the Papadakis
method such as the moving average method based on the use of the arithmetic mean for the two

nei ghbor sdo -fnitb& Burd@I7d.wnl ey

Linear regression models with movingeams as covariate is another option to account
for spatial correlations. The adjustment using this method is made by calculating the mean of all
the entries included and using it as a covariate (Lado et al. 2013; Katsileros et al. 2015;-Townley
Smith & Hud 1973; Bos 2008; Kempton & Gleeson 1997; Cullis et al. 1998). Although this
method is common in unreplicated plant breeding field trials, it has been reported for analysis of
replicated trials as adjustment can improve the spatial error in the data,samde cases is

superior to methods based on row and columns analysis or blocking analysis based on the
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experimental design alone (Lado et al. 2013; Bos 2008; Mitchell et al. 1982; Cullis et al. 1998;

Gilmour et al. 1997; W L Leiser et al. 2012; Towntegith & Hurd 1973).

The goal of this study is to integrate geospatial techniques with moving grid method to
adjust for environmental variations in spatimporal high throughput phenotypic data extracted

from UAS imagery and yield data of a large wheaedneg nursery.

MATERIALS and METHODS

Study Area

The study was conducted at Norman E Borlaug Experiment Station at Ciudad Obregon,
Sonora, Mexico, during the wheat growing season in 2016. The experiment composed of 300
advanced wheat lines distributedlid trials, each trial consisting of 30 entries. The trials were
grown in each of the following environments: drought and optimally irrigated environment. The
drought experiment was sown at the optimum planting date with minimal irrigation throughout
the sason. The irrigated environment was sown at optimal planting dateNaviember). Full
irrigation was maintained throughout the irrigated trial. Irrigated, and drought trials were sown
in mid-November. During the growing season, the irrigated environmecesved 500mm of
water, and drought received 180mm of irrigation. Nutrient levels were maintained at optimum
levels, and pesticides were applied as needed. Grain yield was measured by harvesting with a

small plot combine.
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Field Data: Design and Colleabn

High-throughput phenotypic data was collected with a consumer grade Canon S100
camera modified to Blu&reenNIR (400-760nm) by MaxMax (LDP LLC, Carlstadt, NJ 07072,
USA, www.maxmax.com) The S100 was held by a custom gimble mounted on a small UAV,

(IRIS+, 3D Robotics, Inc, Berkeley, CA 94710, USA).

For each environment, aerial imagery was taken three times from heading through
senescence using this laest UAV platform (IRIS+ and a modified Canon S100 camera) with
observation days spaced at appnoxiely seven to teday intervals, depending on the weather
condition. All images were taken in RAW format (.CR2) to avoid loss of image information. An

overview of each day of UAS observation is summarized in THble

A total of 13 ground contrgloints (GCPs), per field, were distributed on 25 cm x 25 cm
square white metal sheets and mounted on a 50 cm post. These targets were designed as circles
with black and white segments on them to provide easy identification of the GCPs. Coordinates
of thesecoded targets were measured with a Trimble R4 RTK GPS, with a horizontal accuracy
of 0.025 m and a vertical accuracy of 0.035 m. These GCPs were maintained throughout the

crop season to enable georeferncing of UAS imagery from multiple dates.

The number of GCPs depends on the amount of distortion in the imagery and the desired
level of accuracy. The aerial imagery obtained from UASs deliver inaccurate location
information. By georeferencing the data using GCPs, we can align the featureaarniahe

imagery with spatially referenced data on the ground(GCPs) (Toyama et al. 2003). Some
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examples of reference systems are Latitude and Longitude, Universal Transverse Mercator
(UTM), and State Plane Coordinate System. These GCPs were used to lolyigoanal
transformation based on a leaguares fitting algorithm, that shifts each of the orthomosaics
generated from UAS imagery from its existing location to the spatially correct location (Brovelli
& Minghini 2012; Sheta et al. 2012). A linear tramrshation equation requires a minimum of 3
GCPs, a secondrder equation needs 6 points, and a tbidker equation: a minimum of 10

points. As in this study, it is suggested to have more than the minimum numbers to lower the

errors in fitting the equatiofHamza 2009).

An in-house made calibration panel was set on the field before each flight. This foldable
panel consisted of six individual 7 mm thick lightweight plywood panels with levels of gray
from 0% being white and 100% being black and were attactied metal hinges. This panel
was used as a white balance correction and reflectance adjustment of the temporal imagery as

described in Haghighattalab et al. (Haghighattalab, Gonzalez Pérez, et al. 2016).

High Throughput Phenotyping Analysis

We used aemiautomated data analysis pipeline presented in Haghighattalab et al.
(Haghighattalab, Gonzalez Pérez, et al. 2016) to analyze each dataset and extracted plot level
phenotypic values for different vegetation indices (VIs) including green NDVI, blue N\,
enhanced NDVI (GNDVI, BNDVI, and ENDVI). HTP data processing, for each time point of
data collection, and for each environment aftergeessing the raw imagery of Canon S100 in

DPP software (http://www.canon.co.uk/support/camera_software/) éokoass:
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Semtautomatically analyzing the images in Agisoft software: 1) Alignment of photos

and building sparse point clouds, 2) importing GCPs anergfeoencing the images, 3) dense

point cloud construction, 4) manually classifying points into plamntd,ground, 5) creating

digital elevation model(DEM) based on classified point clouds, 6) orthomosaic generation using

DEM, 7) <calculation of wvarious VIs, and 8) ex
Image processing was primarily conducted u$igthon and R scripts, open source

software QGIS (http://qgis.osgeo.org) and Agisoft PhotoScan package (Agisoft LLC, St.

Petersburg, Russia91144) Haghighattalab 2015; Haghighattalab & Agisoft LLC 2014,

Haghighattalab, Gonzalez Pérez, et al. 2016).

Moving Average Window Spatial Adjustment

We applied a linear regression model with moving means as a covariate to correct for
spatial variation in the field. The basic idea of moving average window adjustment is that the
phenotypic value expected for plasicorrelated to some degree with its neighboring (Bos
2008). The adjustment is done by calculating the mean of all the neighboring plots and using it as

a covariate for the plot in the center of the search window (Lado et al. 2013; Bos 2008).

Since we goreferenced the UAS imagery and can extract Latitude and Longitude
coordinate for each pixel in the images, and correspondingly the center for each plot, we can
locate the neighbor plots based on the coordinates of each plot extracted from UAS imagery and
not based on the row and column information (Traditional method of moving grid) (Fiure 1

We also can develop the search window not based on the number of neighbors, but based on the
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distance between each plot and its neighboring plots using a useddetdius. This makes a
Acircul aro moving window search available for
evaluate the benefits of a less restrictive experimental design in comparison with the traditional

row-column designs in breeding programs.

Hot-spot Analysis to Choose the Optimum Window Size

The circular moving window around a given plot is expected to capture a number of plots
subjected to growing conditions most similar to that plot (Bos 2008). Moreover, the spatial
heterogeneity in the fie does not follow the same pattern all over the field. Therefore, there is a
need to find the optimum window size for moving grid and customize the adjustment based on

the location of the variation.

The optimum value for window size, sayi , degnds on the nature of the variation, it
could change from trial to trial, and from corner to corner. A high valuegonay cause bias
estimation of the quality of the growing conditions, and a small value suggests a higher mean
squared error of the meahenotypic values of plot i neighboring. There are not any guidelines
tochoosethé i ,andwsa8 i s often suggested as a reasona

(Bos & Caligari 2008).

After extracting phenotypic values from the UAS imagery, we ergleach feature
within the context of neighboring features and performed a hotspot analysis. Hotspot analysis
a local statistics tool thaglculates Geti©Ord Gi* statistic for each data available for a plot in

the field (Equations 1,3) (Getis & Ord1992; Mitchell 2005). Gi* identifies if local pattern is
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different to what is observed across the field. The Gi* statistic returned for each plot in the
dataset is a Z score anevalue, by calculating the local sum for a wheat plot and its neighbor
compared proportionally to the sum of all plots. When the local sum is very different from the
expected local sum, and once that difference is too large to be due to random chance, a
statistically significant Z scoreutcomes Chester 1987; Goodchild 1986; &ef Ord 1992;

Ord & Getis 1995; Mitchell 2005).

The Z score is based on the Randomization Null Hypothesis computation, which is
complete spatial randomness. Z score indicates whether the observed spatial clustering of high or
low values is more distinthan a random distribution of those same values which could help
with detecting spatial variation in the fidigials (Figure 12)ERSI 2016; Mitchell 2005).

Although hotspot analysis can be applied to skewed data because it is "asymptotically normal".

For statistically significant positive Z score values, the larger the Z score is, the more
intense the clustering of high values (hot spot). And correspondingly for statistically significant
negative values of Z scores, the smaller the Z score is, the m@mnse the clustering of low
values (cold spot) (Mitchell 2005; ERSI 2016; Chester 1987 score near zero indicates no
apparent concentration (neighbors have a range of vallieg)etermine if th& score is
statistically significantit needs to beompared tdhe range of values for a particular confidence
level. For example, atsignificance level of 0.05, a @&ore would have to be less than96 or

greater than 1.96 to be statistically significant

(Equation 1)
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' * is the Z score for plot i, where» is the phenotypic value for ploty, ;, is the spatial

weight between plot i and j, n is equal to the total number of features aga/8ndelow in

Equation 3:
B .
8 (Equation 2)
B .
3 8 (Equation 3)

Gi* results are Z scordsZ scores indicate the place of a particular value in a dataset

relative to the mean, standardized with respect to the standard deviation.

The conceptualization of Spatial Relationships parameter should reflect inherent
relationships among the wheat plot HI&ues that we are analyzing.

The conceptualization of spatial relationships or the distance band value need to ensure
every wheat plot (every feature in the analysis) has at least one neighbor, spatially when the data
does not follow a normal distriboth and is skewed. The number of neighbors needs to be
neither too small nor too small; Z scores are reliable, even with skewed data as long as each
feature is associated with several neighbors, as a rule of thumb, 8 neighibciisll 2005)

There are searal strategies such as inverse distanaedrest distance or fixed distance
that one can choose based on the impact of neighboring plots anather Mitchell 2005;

ERSI 2016). We used inverse distance weight strategy and specified a cutoff dissamg¢he

Euclidean distance between the centroids of plots) to in@ue&gghbors for each plot.
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Broad-sense Heritability

Improving phenotypic values through identification and selection the superior genotypes
is the ultimate goal of plant breeders.exo the environmental effects on phenotypic values,
there is not a perfect correspondence between phenotypic and genotypic values. Heritability is an
index that expresses the degree of correspondence between phenotypic and getoggic
(Holland et al2003).

The phenotypic variatior6() of an individual is the combined result of its genotype
variation 6 ) and the effects of the environmeft)

6 6 6 (Equation 4)

Heritebility estimates the proportion of variance of a phenotype that is due to genetic
variation (olland et al. 2003). A successful adjustment increases the heritability by reducing in

the environmental variance.

To estimate heritability, we calculated thetdevel value for HTP measurements and fit

mixed model for replication, block, and genotype as random effects (equation 5).

( (Equation 5)

WhereA is genotypic variance is error variancenrepis the number of

replicates in the triainfep=3). Thelme4R package was used for all mixed model analysis

(Bates et al. 2014).
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RESULTS and DISCUSSION

Image Processing for HTP Data

We deployed #ow-cost UAS and consumgrade imaging system at multiple times
throughout the growing season for two different growing environments (TapléVé analyzed
all the imagery with minimum user support using our custgreline Haghighattalab, Gonzéalez
Pére, et al. 2016). Image processing included converting raw images tdoriré&t,
georeferencinghe imagery using GCPs, point cloud generation, digital elevation model (DEM)
and orthomosaic generation using DEM, VI map generation, and plot level datdiextr#\ 16
bit orthomosaic TIFF image was generated with the senimated pipeline developed in

Haghighattatlab et al (Haghighattalab & Agisoft LLC 2014; Haghighattalab, Perez, et al. 2016).

Hot Spot Analysis

We used the hotspot analysis functioiicGIS® software by Esri to get the Z score
values for each plot in the field (Figut8). We used inverse distance weight strategy and
included at least four neighbors for each feature. Z score values represent the statistical
significance of the spatialustering of yield values in both environments, with inverse distance
conceptualization of spatial relationships and accounting for 8 neighbors for each plot. The
resultant Zscore valuebelp us to understand the possibility and the location of spatiailtion
in thefield (Mitchell 2005). Using the Z score we customized the size of the moving average
window in the modified mvngGrAd package for each hot spot/cold spot area in the field,
accounting a minimum 6 neighbors. Yield values shows variatitreifield spatially, for
example in drought environment, hotspots can be observed in patches on the left side of the field

as well as on some other areas in small patches (FigurEor irrigated growing environment it
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can be found that coldspots of yledre clustered mostly on the left side of the field, and hotspots
on the right side.
Using the spatial pattern analysis, we can detect the probability eandom clustering
in the phenotypic data. This enables us to compare patterns of differebutistis or different
time periods. With the temporal data set in hand, we can also determine whether the clustering

becomes more or less extreme over time (Fidbye

Moving Mean Adjustment

The R package mvngGrAd [46], uses a moving grid adjustmetttod to adjust for
environmental variation in field trials. In this package, the trials are arranged as a matrix of row
column design. Each entry in this matrix is associated with a cell, respectively with a row and
column number. A grid is then credtaround each cell and the mean of the cells included in the
grid is calculated [46]. We modified this package to incorporate geospatial data derived from

aerial imagery into moving grid adjustment analysis.

High throughput phenotypic data for Vis aneélgi data for both environments were
analyzed using the mvngGrAd package (Technow 2012) in R. The analysis was performed
individually for each growing environment and each date. A linear regression model with
moving means as covariate (MVNG), was considévestcount for spatial correlations.

The number of neighbors for each window was different, and it was based on the number

of plots that fall into a circle with B radi
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The traits under study (GNOVENDVI, BNDVI, and grain yield) were analyzed
adjusting for spatial variation using a linear mixed model, with moth standard moving grid
approach, and modified adjustment using spatial data extracted from the imagery. The modified
moving grid adjustmergresented more homogeneous residuals along the field compare to the
standard moving grid without using spatial data (Fidirand16). We observed the same result
for ENDVI and BNDV!I for both environments as GNDVI. The irrigated field showed minimal
spatal variation and after spatial adjustment for the yield data, we observed homogeneous
residuals throughout the field (Figuté). Both spatial adjustment approach showed same results
for irrigated field.

On the other hand, drought environment presentedra pronounced field variation
(Figure15). And the adjustment using the modified moving grid for drought environment

showed more uniform distribution of errors in the field, for both yield and the ViIs.

Assessment of Spatial Adjustment using Broagense Hritability

Within environment and trial, we calculated breshse heritability, commonly known
asrepeatability Holland et al. 2003), for extracted VIs and grain yield, before and after moving
grid adjustment.

Figurel7, and18 shows the average hebilty across all ten trials, before and after
moving grid adjustment. The heritability estimates were generally lower for grain yield and also
VI values under irrigated growing conditions compare to drought. H2 for grain yield increased
for all trials within drought environment, and for all trials in the irrigated environment with the

exception of one trial.
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Broadsense heritability estimates for VIs within individual environments, were increased

by using moving grid adjustment, thus make selection mdiczesit.

CONCLUSION

The challenge in wheat breeding remains in accelerating the selection-gfdidihg
and welladaptedf genotypes. Newly developed technologies in filglbughput phenotyping
allow taking up this challenge and provide breeders twitks to rapidly measure physiological
and agronomic traits +eeason. By integrating genetic information with kigfroughput
phenotypic data, breeders will be able to better connect genotype to phenotype while more
quickly and efficiently identifying andelecting superior higher yielding crop varieties from a

larger population.

To improve the accuracy of selections, the breeder needs to address the phenotypic
variations caused by growing conditions. Geostatistical approaches with moving grid adjustment
were examined in two environments contrasting for the accuracy gains as indicated by
heritability increases. The high throughput phenotypic data and grain yield for each environment
were adjusted individually and showed a strong spatial effect througelthéor both drought
and irrigated growing condition. The implementation of a moving mean spatial correction model
enabled a better adjustment in measurements, showing an increment in the heritability of
measurements. Spatial adjustment in the droughta@ment had a strong impact on
heritability for both yield values and VIs while the irrigated trials displayed an increase in
heritability with spatial adjustment for all the VIs, and for yield in nine trials out of ten. We

demonstrate that theaplementationof geospatial correct for field effects in the area of field
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based high throughput phenotyping can be a powerful approach to increase the heritability of

traits for selection by better accounting for variable field effects.
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TABLES

Table 11 Flight information using unmanned aerial vehicle htgloughput phenotyping
platform (IRIS+ and modified Canon S100), at CIMMYT, Ciudad Obregon, Mexico, 2016.

Drought Environment
Dates Flight Attitude | Percent overlap No. of | Spatial
(2016) speed | (m) Side Forward Images | Resolution
(m/s) (cm)
March 2 2 30 70% 80% 98 ~0.9
March 10 2 30 70% 80% 100 ~0.9
March 14 2 30 70% 80% 99 ~0.9
Irrigated Environment
March 10 2 25 70% 80% 93 ~0.9
March 15 2 25 70% 80% 93 ~0.9
April 8 2 25 70% 80% 96 ~0.9
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Figure 11 Modified moving window search for A) Drought and B) Irrigated environment. The
plots are arranged based on their location on the ground using their L-hittogieude
coordinates. The search window isiecular window with a defined radius based on the distance
of the neighboring plots from each other. C) the search window of moving grid package before
adjustment, number of neighboring plots can be defined on each row and column. The circles in
the fieldrepresent the true centroid of each wheat plots extracted from aerial imagery. The
distance between center of wheat plots in irrigated trials is approximately 1.6 m horizontally, and
3.5 m vertically. This distance for drought environment is 1.3 m anch4Tthese distances vary
throughout the field due to the presence of possible mistakes in planting.
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Figure 12 Z scores are standard deviations. For example saate of +2.5meanghat the result
is 2.5 standard deviations. Bothsgores and-palues are associated with the stadnormal

distribution.
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Figure 13Z score map of A) Drought environment, B) Irrigated Environment. Z score values
represent the statistical sigmifince of the spatial clustering of yield values in both environments,
with inverse distance conceptualization of spatial relationships and accounting for 8 neighbors
for each plot. The circles in the field represent the true centroid of each wheat pritteex

from aerial imagery.

120



000 S -
i A) March 10 B) March 15 C) Aprils
10

10 050 10 050

|
|
|
i .
; 040 Irrigated
! 04 040 04 0.40 04
|
: 038
! 02 02 02
| 035 035
H 036
I oo 00 00 4 T
i 00 02 04 06 08 10
T -
i D) March2 E) March 10 F) March 14
10 039 10 042 10 038
i o4 037
08 038 08 \ o 08 -
040 0.36
06 06 06
037 039
035 Drought

04 ; 04

Figure 14 Temporal and spatial pattern analysis of Higfoughput phenotyping data extracted
from UAS imagery captured at various time points after heading. A) Contour map of GNDVI
values obtainedroMarch 10, 2016 from irrigated trials. Spatial variation is observable as high
values are clustered in patches on the right side of the field. B) GNDVI map, March 15, 2016,
irrigated field. The trend of variation has changed from the last time poirgtilbbigh across

the field. C) GNDVI map from April 8, 2016, the trend of GNDVI values has changed in this
data set, patches of high values are scattered across the field. D) Contour map of GNDVI values
extracted from UAS imagery from March 2nd, 2016diaught trials. Spatial variation is
observable in patches across the field. E) GNDVI values from March 10, 2016, the trend has
changed, fewer clusters of high values of GNDVI can be observed on the left side of the field,
although the pattern on the rigditle has slight change. F) GNDVI values extracted from March
14 imagery; the spatial variation is very strong in the field, patches of high values on the left
side. Slight change of low value clusters on the right side of the field is observable campare t
March 10 data set.
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Figure 15Plot residuals along the field for drought trials. The color scale shows the value of
residual effects as indicated: A) Distribution of residual values of yield in drought environment
from movinggrid adjustment B) Residuals from modified moving grid approach for Yield
values, drought environment, C) Plot residuals along the field for GNDVI values, in drought
environment from moving grid approach, GNDVI values were extracted from UAS imagery
captued on March 10, 2016 D) Residuals for GNDVI values from March 10, 2016, drought

from modified moving grid approach.
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Figure 16 Plot residuals along the field for irrigated trials. The color scale shows the value of
residual efécts as indicated: A) Distribution of residuals for yield values in irrigated
environment using moving grid adjustment B) Residuals from modified moving grid approach
for Yield values, drought environment, C) Distribution of residuals for GNDVI values, in
drought environment using moving grid adjustment, GNDVI values were extracted from UAS
imagery captured on March 10, 2016 D) Residuals for GNDVI values from March 10, 2016, for
drought environment, using modified moving grid adjustment.
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Figure 17 Broad sense heritability within environment and trial. The broad sense heritability was

calculated for GNDVI values for each date and yield values in irrigated environment, the average

H2 has increased after spatial adjustmenaficthe GNDVI values, and for yield. The error bars
show the standard deviations across all the trials.
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Figure 18 The broad sense heritability was calculated for GNDVI values for each date and yield
values in drought environmerti2 has increased after spatial adjustment for all the GNDVI
values, and yield. The error bars show the standard deviations across all the trials.
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Chapter5-Concl usi on

The bottleneck of traditional phenotyping methods has limited the ability to understand
thei nt eraction between a plantds genotype and i
measuring techniques widely used in conventional phenotyping, areitadasive, time
consuming, costly, and the accuracy is directly upon the precision of the suiadiercontext
of plant breeding and large genetic studies, these techniques are limited in the number of lines
that can be adequately assessed for desirable traits.

With the introduction of higlthroughput phenotyping (HTP) through unmanned aerial
vehicles (UAV) equipped with imaging sensors, breeding programs can rapidly and reliably
collect phenotypic data with minimal labor costs and time. This lowering of time and cost
constraints allows for breeders to increase the number of lines assessed, ticezalinmthe
probability of finding genetically superior lines. The HTP pipeline presented in this study shows
significant potential for largecale plant measurement in breeding nurseries using remote
sensing and geographic information science (GIS) tquabs. The rapid, loveost evaluation of
large field trials in plant breeding with UAV platforms has the potential to greatly accelerate the
breeding process through more accurate selections on larger populations.

After developing a pipeline to extract datifferent vegetation indices and height from
UAS imagery, the second step in completing this research was to develop a geospatial method to
predict grain yield using spattemporal data set. High correlation between GNDVI derived
from aerial imagery anfield measured allowed accurate prediction of estimated grain yield
across the study area.

The final step in accomplishing the major research objective was to evaluate the use of

geostatistical spatial analysis for controlling the heterogeneity in highghput phenotypic
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data derived from UAS imagery, and yield data of a large wheat breeding nursery. Analyzing the
temporal phenotypic data extracted from UAS imagery for two environments during the growing
season resulted in detection of the spatially-reovdom patterns in the data. Geostatistical
approaches integrated with moving grid adjustment were examined in two environments

contrasting for the accuracy gains as indicated by heritability increases.

HTP data derived from UAS not only enables us vaster data collection, and more
number of lines to be assessed, but also it can help us to increase the accuracy of selection. With
the help of GIS analysis and geospatial information derived from aerial imagery, we are able to
have more precise selectiby addressing the phenotypic variations caused by growing

conditions.

Our study provides strong evidence of the potential value of UAS for HTP applied to
large wheat breeding nurseries. There is strong support of the value of UAS for predicting and
evaliating several physiological traits and using this information for overall yield prediction. The
use of geospatial statistics along with moving grid adjustment can improve the accuracy of HTP
data used by breeders for selection. This integration of reseogeng technologies with
geospatial techniques will allow for faster elucidation of the intricacies of the genotype to
phenotype dilemma. When brought together, the integration of HTP in wheat breeding programs
can help to accelerate the accurate ideaiifon of the most superior candidate varieties,
increasing the speed and efficiency of the breeding program. The delivery of superior, high
yielding new varieties will help to meet the great challenges of meeting food security and

increasing demands ofggowing population.
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AppendixA-Suppl ement ary Materi al

This appendix includes the supplementary figures and tables

Figure 19 A foldable gray scale reference panel, used in the field for radiometric calibration as
well as white balance oection. (Photo credit: Daljit Singh)
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