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The current technique to estimate defoliation is to randomly remove 10 leaflets from the top, middle, and
lower part of the canopy and visually determine the amount of defoliation. Soybean defoliation is typically
overestimated; therefore, accurate estimation of defoliation will help save producers money, time, and
protect the environment from unnecessary applications of insecticide. The goal of this research was to
develop reliable and user-friendly software, website, and methodology for accurately estimating soybean
defoliation from RGB imagery taken in the field.

Experimental Setup
During the 2017 growing season, images were acquired at several growth stages from Asgrow 69X6
(Group VI) soybean planted at a seeding rate of 100,000 seed/ac on May 17, May 30, and June 12 at the
Edisto Research and Education Center (EREC) of Clemson University. The range of planting dates was
iamposed to try to maximize the range of observed defoliation across and within growth stages. Strips
were 4-rows wide and 670 ft long, spanning a wide range of soil textures. Pesticide application to the
strips in the test was minimized in an effort to impose varying degrees of soybean defoliation for image
analysis and model development. The strip plan for the study is shown in Figure 1, with irrigated and nonirrigated areas shown in Figure 2.

Figure 1. Planting dates for the strips planned for use in model development. PlantDate 1, 2, and 3 in
the legend represent planting dates on May 17, June 12, and May 30, respectively.

Figure 2. Irrigated and non-irrigated areas for soybean yield and defoliation model development.
Images were collected on August 7, August 23, September 7, September 21, October 5, and October 21.
Five transects were used to establish five sampling locations from each strip of PlantDate 1, 2, and 3
(Figure 3), resulting in thirty sampling locations. At each location, soybean canopy photography was
collected with a conventional RGB camera (MOTOROLA XT1030) at a distance of approximately 1 m
(Figure 4), and 10 leaflets from the top, middle, and lower part of the canopy were randomly selected,
removed, and photographed on a blue cardboard with the same camera (Figure 5). The leaflets and
canopy figures were used to develop and test a soybean defoliation estimation model.

Figure 3. Five soybean leaflet and canopy sampling locations along each of the six strips. The circular arc
represents the edge of the irrigation (endgun) boundary.

Figure 4. Example of original canopy image from strip 4 (PlantDate 1), 3rd sampling transect on
September 7, 2017.

Figure 5. Example leaflet image of 10 defoliated leaflets from strip 4 (PlantDate 1), 3rd sampling
transect on September 7, 2017.

Experimental Design
One hundred and seventy-five images of 10 leaflets were taken in 2017 to count the observed leaf area
(A), and leaf edge (E) (in pixels). Projected complete leaf area (A0) (in pixels) was also estimated by
drawing the complete leaf (Figure 6b). Equation 1 was used to compute the observed defoliation
percentage for 175 images of 10 defoliated leaves.
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where A is the leaf area remaining after simulated defoliation (estimated by the software) in pixel, A0 is
the expected complete leaf area (estimated by the software) in pixels.

(a) Leaf area: A

(b) Leaf area: A0

Figure 6. Example procedure for determining observed defoliation from 10-leaflet images. (a) Original
image. (b) Processed image to obtain complete leaf area.
Leaf shape factor (L) is defined as the leaf area (pixel) divided by the leaf edge (pixel) (Eqn. 2) Figure 7 is
provided to explain the concept and basis for this work: the relationship between estimation of leaf

defoliation and leaf shape factor. The leaf shape factor of L1 is greater than L2 due to larger A1 and less
E1 compared to A2 and E2 (Figure 7). A linear relationship was found between observed defoliation and
the leaf shape factor. Empirical models for defoliation percentage were developed to evaluate statistical
trends in the data. The trends were studied by conducting single variable analysis between defoliation
and leaf shape factor using SAS (SAS, 2013, Institute SAS Inc., Cary, NC).
Leaf shape factor (L) =
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Figure 7. Leaf defoliation estimation concept: A1 > A2 and E1 < E2, resulting in L1 > L2.
The correlations between the estimated and observed defoliation of leaflet images were also analyzed,
and the R2 and root mean square error (RMSE) were calculated (Eqn. 3).
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where n is number of photos; and rest and robs are estimated (modeled) and observed (measured)
defoliation percentage through the program, respectively.
Data and images obtained in 2017 were used to develop soybean defoliation model and compared the
results with the measurement through the program (Eqn. 1).

Results and Discussion
Estimates of the leaf margins and leaf area (in pixels) of the original leaf (Figure 6a) and a processed
photo (Figure 6b) were performed using Mahalanobis distance and Canny edge detection algorithms
(Figure 8a and 8b). The results showed that observed defoliation was negatively influenced by leaf shape
factor (Figure 9). The residual plot had a linearity violation and non-constant variances, and QQ plot
depicted the data is rightly skewed. Therefore, Y (dependent variable) transformation and X (independent
variable) transformation were both tested in the data set to correct the non-linearity violation.

(a)

(b)

Figure 8. Example leaf edge and area detection performed on the leaflet image shown in Figure 6a. (a)
The edge of the defoliated leaf, where black pixels represent edge pixels and white pixels represent nonedge pixels. (b) The area of the defoliated leaf, where green pixels represent those used to calculate leaf
area, and pink pixels represent background pixels.

Figure 9. Influence of leaf shape factor on defoliation percentage from leaflet images.
Note: n = 175 (p<0.001).
The observed leaflet image defoliation and leaf shape factor were found to be strongly correlated, and a
simplified regression analysis (SAS procedure PROC REG and transformation of leaf shape factor and
defoliation) was used to generate logistic equation (Eqn. 4). Plots of correlation curves of defoliation and
leaf shape factor (Figure 10) showed the RMSE produced by logistic equation was 2.90%.
(Leaf Defoliation percentage)!.!" = −19.415× ln
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The curve for the estimated and observed defoliation of the leaflet images using logistic equations
indicated that the correlation between the measured and predicted defoliation were both close to the
1:1 line and the values of R2 of logistic regression was 0.88 (Figure 10).

Figure 10. Logistic correlation between the actual defoliation percentage (%) and leaf shape factor of
leaflet images. Note: n = 175 (R2 = 0.88, RMSE = 2.90%, p<0.001). Note: Dotted line is 1:1 line, where
estimated defoliation equals observed defoliation.
Observed defoliation from the leaflet samples at each sampling position was assumed to be
representative of observed canopy defoliation at each position and sampling instance. Based on this, a
model was also constructed to estimate defoliation from the canopy images using leaf shape factor
(Figure 11) and logistic regression (Eqn. 5). Leaf area and edge detection methods, using Mahalanobis
distance and Canny algorithms was the same for canopy images as explained for leaflet images.
(Defoliation percentage)!.!" = −9.1275× ln
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(a)

(b)

(c)
Figure 11. Original field image (a) of a section of soybean canopy with natural defoliation from soybean
looper near Blackville, SC, detected edge pixels from canopy image (b), and detected leaf area pixels from
canopy image (c). Edge pixels in (b) are black and non-edge pixels are white. Leaf area pixels in (c) are
their original color and background pixels are pink.

Relationship between soybean yield deficit and defoliation
Yield deficit in this study is defined as the 95th percentile yield minus the observed yield for a given area.
Yield deficit was found to be strongly correlated with defoliation on 10/05/2017, soil electrical
conductivity (EC), and irrigation. A simplified regression analysis (SAS procedure PROC REG) was used to
generate linear equations (Equations 6 and 7). Equation 6 and 7 show estimation of yield deficit from
defoliation on 10/05/2017 and soil EC in irrigated (R2 = 0.41) and non-irrigated (R2 = 0.18) areas,
respectively. The scope and size of this test was not sufficient for confidently demonstrating relationships
between defoliation and yield.
Yield deficit (irrigated) = −3.75×EC − 0.24×defoliation + 23.40

[6]

Yield deficit non − irrigated = 0.85×EC + 0.10×defoliation − 4.08

[7]

Website Design
Another goal of this project was to build a website and mySQL database for South Carolina soybean
producers and crop scouts to easily take photos and estimate defoliation. This concept provides a simple,
fast, inexpensive, and non-destructive method for image acquisition as only a standard camera or a
smart phone, is needed. Figures 12, 13, and 14 show screenshots of the website design developed for
soybean image analysis. The website is currently hosted on the Clemson server using dedicated space
secured for the Clemson Precision Ag program (http://precisionag.sites.clemson.edu). Website users can
fill out the soybean data information, upload their images (Figure 12). Using the current methods and
depending on server load, it takes about two minutes for image processing (Figure 13). The leaf area and
edge pixels are detected for use in calculation of estimated defoliation (Figure 14). After processing is
complete, the webpage is automatically refreshed and the resulting, processed images and estimated
percent defoliation are displayed to the user (Figure 14). Optionally, the user can also request that
results be emailed to them. Prior to public release, the South Carolina Soybean Board will be given credit
on the website for funding support for the project.

Figure 12. Screenshot of soybean leaf defoliation image analysis website: user input and image
uploading.

Figure 13. Screenshot of soybean leaf defoliation image analysis website: during image processing
period.

Figure 14. Screenshot of soybean leaf defoliation image analysis website:
display of processing results to user.

Figure 15 and 16 show the mySQL database for soybean image analysis. The information input by
users and resulting image analysis are saved in the mySQL database on the Clemson server for
statistical analysis and evaluation of the defoliation algorithms (Figures 15 and 16). We believe that
the value of this mySQL database can be expanded with future work. Some future applications of the
database could be: to produce real-time Extension reporting of observed defoliation by county or
region while maintaining anonymity of users, to provide users the ability to retrieve past analyses, to
provide users the ability to produce defoliation maps based on image acquisition GPS positions, and to
provide users the ability to look at trends in defoliation for a given location or across treatments.

Figure 15. Example data stored in mySQL database for soybean image analysis.

Figure 16. Example data stored in mySQL database for soybean image analysis.

