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Abstract:  
Improving the sustainability of agriculture requires a wide range of research from the basic to 
the applied, from molecular to the whole organism, and from field to system level. In-field 
studies are irreplaceable for gaining knowledge of best practices, varieties, rotations, crop 
mixtures, and other factors that will make real differences in agricultural productivity and 
environmental impacts. However, field studies are also very labor-intensive and expensive to 
run, which often reduces the potential alternatives that can be researched. The proposed 
research would increase sustainable agriculture’s economic efficiency and research capacity. 
The project focuses on high-throughput screening of field studies needed for sustainable 
intensification of forage and cover crop production. A major challenge in crop improvement 
programs is the high-throughput screening of dozens to hundreds of crop types/varieties that 
produce quality forage with high biomass. Another limitation in large-scale field research is the 
assessment of plant biomass fairly across a heterogeneous landscape. The proposed project will 
use and validate the non-destructive assessment of plant biomass by unmanned aerial systems 
integrated with multispectral data. Three very different field studies on sustainable forage 
production will be assessed. Study A screens varieties and new lines of forage and cover crop 
winter peas, Study B assesses effects of grazing density and soil fertility treatments, and Study C 
compares seven autumn-sown species as components of mixed cover crops. This research will 
thereby leverage materials and methods developed by the USDA-ARS Legume Breeding 
program, the Organic and Alternative Agriculture program, and the Plant Materials Center. 
 
Project Description:  
The goal is to evaluate the potential for using unmanned aerial systems integrated with red-
green-blue (RGB) and near-infrared (NIR) camera as a non-destructive sensing tool to quantify 
crop biomass to assist in forage and cover crop management research and decision making 
(selection of crop variety, fertility treatment, grazing, etc.) for sustainable production practices. 
To achieve this goal, the following specific objectives will be pursued: 
Obj. 1: Optimize non-destructive sensing protocol and development of image processing 
pipeline to extract features associated with biomass quantity and quality using remote sensing 
data. 
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Obj. 2: Develop and validate robust crop-independent models using machine learning 
approaches to estimate biomass yield and quality.   
Obj. 3: Identify specific spectral bands associated with forage quality traits using a hand-held 
sensor. 
 
Outputs 
 
• Overview of Work in Progress/Completed: 
 
Data collection: 
There were three studies proposed in this work. Study A on USDA-ARS Legume Breeding 
program (Pullman, WA), Study B on Soil Health and Pasture Productivity under Mob Grazing 
and Fertility Management (Cheney, WA), and Study C on USDA NRCS Plant Materials Center 
(PMC, Pullman, WA). In regard to Study C, due to failed emergence, no plant material was 
available to image in 2019. Similarly, in 2020, due to COVID-19, the plant materials were not 
harvested as well.  

 
Study A: 
 
 
 
 
 
 
 
 
 
 
 
 
Available ground-truth data: 
Crop height, wet and dry biomass for quantitative analysis; biochemical traits include Ca, P, K, 
Mg, crude protein, ash, fat, lignin, acid detergent fiber, neutral detergent fiber, non-fibrous 
carbohydrates, digestible neutral detergent fiber, neutral detergent fiber digestibility, 
metabolizable energy, rumen undegraded protein, etc., associated with forage crop 
digestibility.  
 
Study B: 
UAV data acquisition: May 28, 2019 
Satellite data was acquired from previous years to study the temporal changes in this study.  
Satellite data availability: June 5, 2017; June 8, 2018; May 29, 2019. 
 
Available ground-truth data: 

Experiment 
field Traditional measurement UAV  measurement* 

   @10 m AGL @20 m AGL 
Genesee Wet harvest June 19, 2019 June 18, 2019 June 18, 2019 
 Dry harvest July 31, 2019 July 29, 2019 July 29, 2019 
Garfield  Wet harvest June 25, 2019 June 24, 2019 June 24, 2019 
 Dry harvest July 31, 2019 July 29, 2019 July 29, 2019 

Pullman Wet harvest June 10, 2020 June 10, 2020 June 10, 2020 
 Dry harvest July 27, 2020 July 27, 2020 July 27, 2020 
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Biomass quantity (sub-sample of the plot), crop diversity in terms of the number of species.  
 
• Methods and Results:  
 
In all three locations (Cheney, WA; Genesee, ID; Garfield, WA; and Pullman, WA), aerial data 
were acquired using two unmanned aerial systems (UAVs), namely AgBot (ATI Inc., USA) 
mounted with Micasense RedEdge (Micasense Inc., USA) and Phantom 4 Pro (DJI Inc., USA) with 
its original digital camera. In addition, the visible-near infrared spectra or hyperspectral data 
were acquired from the plant materials of Study A (Genesee, ID; and Pullman, WA) using a 
portable spectroradiometer (SVC HR-1024; 350-2500 nm) using a leaf clip. In 2020, 10-band 
multispectral sensor was utilized instead of 5-band multispectral sensor. All the aerial data from 
these locations (Study A, B) were pre-processed using the 3D maps template in Pix4D (image 
stitching).  
 
Regarding Study A, data analysis pipelines are developed in Python integrated Quantum GIS 
(QGIS) software. From the DJI-RGB sensor, crop surface models (in m above ground level) were 
created, using the triangulated irregular networks method to extract the relevant information. 
With the AgBot-RedEdge sensor, the related vegetation indices were constructed and extracted 
to compare with biomass ground truth data. In addition, a review of the literature was 
performed to learn and develop another proper data processing pipeline for rapid feature 
extraction and analysis of point cloud data. PlanetScope Analytic Ortho Scene (Level 3B) images 
(Planet Labs Inc., USA) were applied in Study B as satellite data. Similar to Study A, the DJI-RGB 
sensor and AgBot-RedEdge sensor were used to estimate the pasture trial field using the 
vegetation index-based technique.  
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Study A: 

Method of analysis following generation of Orthomosaic, digital surface model (DSM), and 
digital terrain model (DTM) images: 

 
 
Method of analysis following generation of Orthomosaic and vegetation index images: 

 
 
Fig. 1. Generation of the crop surface model and vegetation index map (a) canopy height model 
(CHM), and (b) normalized difference vegetation index map (NDVI) from UAV data (2019, 
Genesee); (c) CHM, and (d) NDVI map from UAV data (2020, Pullman). 
 

(b) 

(a) 
0.9958 (m) 
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(c) (d) 
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Fig. 2. Pearson correlation coefficient demonstrates the relationship of digital traits extracted 
from UAVdata and ground truth data at (a) Garfield, (b) Genesee, and (c) Spillman. 
 
The results indicated that plant height and fresh biomass yield from full plot and specific (same 
area as the breeder harvested and measured biomass) area from DJI-RGB sensor data acquired 
at 10 m and 20 m flight altitude showed a high correlation more than 0.70 with plant height. 
Volume estimated from the DJI-RGB sensor showed a high correlation of more than 0.63 with 
fresh above-ground biomass. Additional methods to evaluated quantitative trait (biomass) are 
also being explored using point-cloud data extracted from the same dataset.  Data analysis is 
ongoing to work towards qualitative trait prediction as well.  

(a) 

(b) 

(c) 
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Study B: 
 
The method of analysis following for UAV data is similar to the method applied for the 
construction vegetation index map in Study A. With the satellite data, the georeferencing 
method for matching the location of pasture field in UAV and satellite data.  
 
Data from the different years from the satellite were co-registration and radiometric 
normalization before extracting the digital features. 
 

 
Satellite and UAV data were acquired before grazing to study the effect of applied treatments 
on the plots. Figures 3 and 4 displayed some of the spatial variability (satellite and UAV) of 
vegetation indices such as NDVI, EVI2, and MCARI2, representing the pasture productivity from 
years 2017–2019. The plot segmentation layer presented the pattern of the pasture 
productivity in different blocks of treatments changed over the study period. Besides, the range 
of VI data from satellite and UAV images was dissimilar, which could be because of the 
difference in spectral bands between UAV and satellite data however, the patterns of VIs were 
similar. 
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Fig. 3. Vegetation index maps of the study area constructed from satellite (2017–2019) and UAV 
(2019) imagery; Enhanced Vegetation Index 2 (EVI2), Modified Chlorophyll Absorption Ratio 
Index 2 (MCARI2) 
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Fig. 4. 
Box-and-whisker plots of extracted mean statistical VI data, EVI2 and MCARI2, created from 
satellite images from 2017 to 2019 to represent the pasture productivity changing on different 
grazing intensities and fertility managements over the study period between original data and 
normalized data (normalized data is the original VI data normalizing based on VI data from a no 
fertility supplement (control) paddock in each block of the study area to minimize the influence 
at different meteorological conditions each year on the crop growth and development). 
 
Analysis of variance in both the original and normalized dataset indicated that the grazing 
density significantly affected the digital traits extracted from satellite and UAV imagery in 2019 
(Fig. 5). The relationship between satellite and UAV imagery for evaluating pasture productivity 
was investigated on the normalized dataset using mean and median VI values (Fig. 6). Pearson 
correlation coefficients were stable and high (r ≥ 0.75, p < 0.001) between VIs extracted from 
the two sensing systems, especially. Given the difference in resolution (3.40 cm for UAV and 3 
m for satellite imageries), these findings are encouraging. 
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Fig 4. Grazing density effects on VI data extracted from satellite and UAS imagery
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Fig 5. Scatter plots demonstrating the relationship of the extracted VI values from satellite and 
UAS sensing platforms in 2019 (a) mean data, and (b) median data 
 
The major finding from Study B is that high-resolution satellite imagery can be used to assess 
overall crop productivity in pastures. A strong relationship between vegetation indices 
extracted from the satellite and UAV imagery was observed. The remote sensing data showed 
an effect of the grazing density on crop productivity, while effects of the fertility treatments 
and the interaction between the two treatments were absent. Furthermore, satellite and UAV-
based vegetation indices (mean) showed a similar trend as evaluated using 2019 data.  
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• Publications, Handouts, Other Text & Web Products: 
[1] Quirós Vargas, J. J., Zhang, C., Smitchger, J. A., McGee, R. J., & Sankaran, S. (2019). 

Phenotyping of plant biomass and performance traits using remote sensing techniques in 
pea (Pisum sativum, L.). Sensors, 19(9), 2031. 

[2] Sangjan, W., & Sankaran, S. (2021) Phenotyping architecture traits of tree species using 
remote sensing techniques. Transactions of the ASABE, 64(5), 1611–1624. 

[3] Sangjan, W., Carpenter-Boggs, L., Hudson, T. D., & Sankaran, S. Pasture productivity 
assessment under mob grazing and fertility management using satellite and UAS imagery. 
Agrosystems, Geosciences & Environment. Submitted, December 2021. 

 
Two manuscripts are anticipated on quantitative (biomass) and qualitative (biochemical) 
analysis of forage traits as a part of Study B.  
 
• Outreach & Education Activities: 
Technical Talks: 
1) Sangjan, W., Carpenter-Boggs, L., Hudson, T. D., & Sankaran, S. 2021. Pasture productivity 

assessment under mob grazing and fertility management using remote sensing techniques. 
Paper No. 2100695, 2021 American Society of Agricultural and Biological Engineers (ASABE) 
Annual International Virtual Meeting (AIM) (Virtual), 12-16 July 2021. 

2) Sangjan, W., McGee, R., J., Zhang, C., and Sankaran, S. 2020. Biomass estimation using remote 
sensing techniques in forage and pasture crops. Paper No. 2000758, 2020 ASABE AIM 
(Virtual), 12-15 July 2020. 

 
Outreach and Extension Talks: 
1) Sankaran, S. 2021. Crops for Future: Role of sensing technologies to promote sustainable 

crop production. 2021 University of Guelph Corteva Agricultural Science Symposium on 
‘Moving Towards Sustainable Agriculture: Leveraging Scientific Innovations to Improve 
Current Farming Systems’, Ontario, Canada, November 19, 2021. [Virtual] [Participants: 75] 

2) Sankaran, S. 2020. Artificial intelligence-based selection of forage/cover crop varieties to 
promote environmental sustainability. AI for Earth Digital Summit, Microsoft’s AI for Earth 
Program, November 17-19, 2020. [Flask Talk, Virtual] [Participants: 50] 

3) Sankaran, S. 2020. Sensing technologies guided phenotyping to support crop improvement 
programs. 2020 AgroBIT Evolution, November 10, 2020. [Virtual] [Participants: 3000] 

4) Sankaran, S. 2020. Phenomics tools to support crop improvement programs in the digital 
agriculture era. 2020 WSU Digital Agriculture Summit, October 6-7, 2020. [Virtual] 
[Participants: 112] 

5) Sankaran, S. 2020. Use of proximal and remote sensing data in crop phenotyping to support 
breeding programs. Online International Training on Agriculture 4.0 Precision and Automated 
Ag Technologies, October 1, 2020. [Virtual] [Participants: 778] 

6) Sankaran, S. 2020. Artificial intelligence-based selection of forage/cover crop varieties to 
promote environmental sustainability. AI for Earth Digital Summit, Microsoft’s AI for Earth 
Program, June 25-26, 2020. [Flask Talk, Virtual] [Participants: 78] 
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7) Sankaran, S. 2020. Sensor applications in phenomics for impact in crop improvement 
programs. Online International Training on Present and Futuristic Trends in Agricultural 
Mechanization, Center of Excellence for Digital Farming Solutions for Enhancing Productivity 
by Robots, Drones and AGVs. Vasantrao Naik Marathwada Krishi Vidyapeeth, Parbhani, India, 
June 23, 2020. [Webinar] [Participants: 192] 

8) Zhang, C., Marzougui, A., McGee, R., Chen, W., Vandemark, G., and Sankaran, S. 2019. 
Applications of phenomics technologies in pulse breeding, Emerging Opportunities for Pulse 
Production: Genetics, Genomics, Phenomics, and Integrated Pest Management, Pullman, 
WA, June 24-25, 2019. [Participants: 50+] 

9) Sankaran, S. 2019. Phenomics data management in Washington State. Tech Talk, Google X, 
Mountain View, CA, March 14, 2019. [Invited Talk] [Participants: 10] 

10) Zhang, C., Marzougui, A., McGee, R., Chen, W., Vandemark, G., and Sankaran, S. 2019. 
Applications of phenomics technologies in pulse breeding. CPAAS Agricultural Technology 
Day - Automation in Specialty Crops, Prosser, WA, August 22, 2019 (Poster). [Participants: 75-
90] 

11) Zhang, C., Marzougui, A., McGee, R., Chen, W., Vandemark, G., and Sankaran, S. 2019. 
Applications of phenomics technologies in pulse breeding, Fairfield Field Day, Othello, WA, 
June 28, 2019. [Participants: 25] 

 
Impacts  
• Short-Term: Two graduate students were trained. Established protocol for UAS and satellite 

imagery analysis.  
• Intermediate-Term: Currently, none to report. Due to COVID-19, extension and outreach 

activities were limited. Opportunities to train growers, ranchers, and scientists on UAV 
operation, satellite image acquisition, and data analysis will be explored.  

• Long-Term: Currently, none to report. 
 
Additional funding applied for/secured: 
• Facebook Computer Vision for Global Challenges [Satellite imagery for crop assessment: a 

step towards food security] – Applied‒ Not funded 
• CGIAR Inspire [Farm connectivity for data-driven agriculture] – Applied‒ Not funded 
• Microsoft AI for Earth Grant [Artificial intelligence-based selection of forage/cover crop 

varieties to promote environmental sustainability] - $15,000 computational credits – Funded  
 
Graduate students funded: 
 Worasit Sangjan (Study A and B part of PhD Dissertation)  

Milton Valencia-Ortiz (assisted in data acquisition) 
Mugilan Raman (assisted in data analytics) 

 
Recommendations for future research: 
It will be interesting to extend the findings from Study B to a broader geographical area. It 
would be also interesting to attempt species (cover crop) identification using remote sensing 
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data. Finding from forage quality analysis will be useful and potential assist in contributing to 
selection of elite forage cultivars, that can assist in reducing methane production from cattle.  
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