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Abstract: Weeds can cause significant yield losses and will continue to be a problem for agricultural
production due to climate change. Dicamba is widely used to control weeds in monocot crops,
especially genetically engineered dicamba-tolerant (DT) dicot crops, such as soybean and cotton,
which has resulted in severe off-target dicamba exposure and substantial yield losses to non-tolerant
crops. There is a strong demand for non-genetically engineered DT soybeans through conventional
breeding selection. Public breeding programs have identified genetic resources that confer greater
tolerance to off-target dicamba damage in soybeans. Efficient and high throughput phenotyping tools
can facilitate the collection of a large number of accurate crop traits to improve the breeding efficiency.
This study aimed to evaluate unmanned aerial vehicle (UAV) imagery and deep-learning-based data
analytic methods to quantify off-target dicamba damage in genetically diverse soybean genotypes. In
this research, a total of 463 soybean genotypes were planted in five different fields (different soil types)
with prolonged exposure to off-target dicamba in 2020 and 2021. Crop damage due to off-target
dicamba was assessed by breeders using a 1–5 scale with a 0.5 increment, which was further classified
into three classes, i.e., susceptible (≥3.5), moderate (2.0 to 3.0), and tolerant (≤1.5). A UAV platform
equipped with a red-green-blue (RGB) camera was used to collect images on the same days. Collected
images were stitched to generate orthomosaic images for each field, and soybean plots were manually
segmented from the orthomosaic images. Deep learning models, including dense convolutional
neural network-121 (DenseNet121), residual neural network-50 (ResNet50), visual geometry group-
16 (VGG16), and Depthwise Separable Convolutions (Xception), were developed to quantify crop
damage levels. Results show that the DenseNet121 had the best performance in classifying damage
with an accuracy of 82%. The 95% binomial proportion confidence interval showed a range of accuracy
from 79% to 84% (p-value ≤ 0.01). In addition, no extreme misclassifications (i.e., misclassification
between tolerant and susceptible soybeans) were observed. The results are promising since soybean
breeding programs typically aim to identify those genotypes with ‘extreme’ phenotypes (e.g., the top
10% of highly tolerant genotypes). This study demonstrates that UAV imagery and deep learning
have great potential to high-throughput quantify soybean damage due to off-target dicamba and
improve the efficiency of crop breeding programs in selecting soybean genotypes with desired traits.

Keywords: soybean; dicamba tolerance; high-throughput phenotyping; deep learning

1. Introduction

Soybean [Glycine max (L.) Merr.] is a globally important and widely used leguminous
crop for food, feed, and biofuel production due to its high seed protein and oil content
traits [1]. In the United States, soybean acreage is projected to reach 87 million acres
by 2023 [2], and global soybean trade in terms of soybean is expected to increase by
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22% in 2025 [3]. However, soybean production is limited by various adverse abiotic and
biotic factors, such as extreme environmental conditions (e.g., drought and flooding),
pests and pathogens, and weeds [4–7]. Weeds are suppressive invasive species that can
significantly reduce the soybean yield and seed quality [8]. Commonly used integrated
weed management practices include the post-emergent control of weeds, such as the
application of herbicides [9] and mechanical approaches [10]. Herbicides are widely used
in soybean production due to their high efficiency and relatively low cost.

Dicamba, a chlorobenzene acid herbicide, is one of the most widely used herbicides in
soybean production to control a broad spectrum of woody plants and broadleaf weeds [11].
The global dicamba herbicide market is expected to be more than $10 billion by 2030 from
$4.5 billion in 2020 [12]. Based on market research data and aggregated sales data, about
half of dicamba-tolerant (DT) cotton and soybean fields applied dicamba more than one
time in the U.S. in 2020 [13]. However, dicamba is highly volatile and can move to off-target
crops and plants via particle and vapor drift in a large region (i.e., off-target dicamba).
Off-target dicamba can cause severe injury and significant yield loss to non-tolerant crops.
It was reported that dicamba-injured soybeans had 3.6 million acres in 2017 [14]. Therefore,
developing soybean genotypes naturally tolerant to dicamba is important for improving
soybean production.

Conventional soybean breeding programs develop new varieties through extensive
field trials and phenotypic and genotypic screening to select genotypes with high-yielding
potential and desirable economic traits, including off-target dicamba tolerance [15]. How-
ever, the assessment of off-target dicamba damage requires breeders to check hundreds
or thousands of genotypes across multiple environments (combination of location, field,
and year), which is time-consuming and labor-intensive [16]. In addition, visual scores
may not be accurate due to their subjective nature [16]. In recent years, unmanned aerial
vehicle (UAV) imaging technology has been extensively used in agriculture for collecting
the high spatiotemporal resolution imagery data of crops [17]. Thanks to the advance
in data analytic technologies and computer vision, various deep convolutional neural
networks (CNNs) have been employed to address a range of agricultural challenges. For
instance, researchers have applied pre-trained CNNs to classify soybean leaf diseases due to
environments [18], estimate soybean leaf defoliation via synthetic images and AlexNet [19],
predict the soybean maturity date using a CNN-LSTM model [20], forecast soybean yield
through a mixed CNN model [21], and assess stand count using Resnet18 [22].

In our previous study, machine learning methods were tested to classify off-target
dicamba damage using UAV imagery with an accuracy of 0.75 [16]. However, machine-
learning approaches require the manual extraction of image features, which takes time to
process and may potentially introduce more human bias [23]. The manual pre-processing
procedures may make it challenging to handle a large and complex dataset efficiently and
accurately. On the other hand, deep learning uses multiple layers of neurons consisting
of complex structures or non-linear transformations, which has been used for processing
imagery data with complexity [24]. Deep learning models have been used to process
and analyze large-scale and complicated imagery data [25], including UAV-based crop
phenotyping data [26].

This study aimed to evaluate the soybean tolerance to off-target dicamba exposure
using UAV imagery and deep learning techniques. There were two supporting objectives,
including (1) identifying suitable deep learning models for assessing off-target dicamba
damage, and (2) analyzing the effects of environmental factors and data collection time on
the model performance. The study also compared the performance of different pre-trained
models and discussed the limitations and potential biases of the study. It is expected that
the developed methods in this study could be used to improve the efficiency and accuracy
of soybean breeding programs.
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2. Materials and Methods
2.1. Field Experiment and Plant Materials

This study was conducted at the University of Missouri Fisher Delta Research, Extension,
and Education Center in Portageville, MO, United States (36◦24′51.7′′ N, 89◦41′58.3′′ W) in
2020 and 2021. The elevation of the fields is approximately 85 m above sea level, and
the average temperature was 28.3 ◦C in the typical soybean growing season from early
May to late September in 2020, and 27.0 ◦C in 2021. The 2020 experiment consisted
of 230 advanced genotypes derived from 115 unique bi-parental populations and ten
commercial cultivars as checks, including seven DT and three glyphosate-tolerant (GT)
cultivars. In 2021, the experiment consisted of 209 advanced genotypes derived from
103 different bi-parental populations and 15 commercial checks (11 DT and 4 GT cultivars).
Field trials were conducted using a three-replicated randomized complete block design
in different environments, as listed in Table 1. In 2020 and 2021, different genotypes were
planted as 4-row plots (four 3.66 m rows spaced 0.76 m) in seven fields, resulting in a total
of 3731 soybean plots (including checks). Table 1 lists all the data collection times, which
were determined based on the early reproductive stages (R1 to R3, approximately 100 to
130 DAP) [27].

Table 1. Summary of field experiments and data collection in 2020 and 2021.

Year Field Genotype Number 4-Row Plots 1 Planting Date Field Assessment and
Imaging Data DAP 2

2020

1 213 670 17 April 2020 20 August 2020 125
2 213 670 28 April 2020 8 September 2020 134
3 213 672 18 April 2020 21 August 2020 125
4 48 144 1 June 2020 15 September 2020 105
5 48 144 27 May 2020 14 September 2020 110

2021
6 223 714 22 April 2021 12 August 2021 112
7 223 717 17 May 2021 16 August 2021 91

1 Include checks. 2 DAP, days after planting, refers to the number of days between the time of field evaluation
and planting.

2.2. Field Evaluation of Dicamba Damage

This study evaluated a total of 2300 plots from five different fields in 2020 and
1431 plots from two different fields in 2021 (details in Table 1). Each tested genotype
had approximately three replicates, and 16 of 463 commercial cultivars had nine repli-
cates. Typical visual symptoms of dicamba damage include the crinkling and cupping of
newly developing leaves, reduced canopy coverage, and plant stunting. Soybean damage
was scored on a 1–5 scale with 0.5 increments following the criteria described by Vieira,
Sarkar [16], i.e., 1—no to minimal visual symptoms, 2—limited cupping of the newly-
developing leaves and no visual impact on the canopy coverage and vegetative growth,
3—accentuated cupping of the newly-developing leaves and moderate reduction in the
canopy area and vegetative growth, 4—severe cupping of the newly-developing leaves
and a pronounced reduction in the canopy area and vegetative growth, and 5—extreme
damage with severe cupping of the newly-developing leaves and intense reduction in the
canopy coverage and vegetative growth. In this study, soybean genotypes were classified
into three tolerance classes according to their rated damage scores, including “tolerant” (1
and 1.5), “moderate” (2, 2.5, and 3), and “susceptible” (3.5, 4, and 4.5). Figure 1 illustrates
examples of soybean genotypes at different tolerance classes to off-dicamba damage.
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Figure 1. Visual assessment of three tolerance classes of soybeans to off-target dicamba damage, i.e., 
(a) tolerant, (b) moderate, and (c) susceptible. 

2.3. Image Data Collection 
Imagery data were acquired using a UAV platform (DJI Phantom 4 Pro, DJI, Shen-

zhen, China) with a built-in red-green-blue (RGB) camera at a resolution of 5472 × 3648 
pixels. Images were taken at 1 frame per 2 s at 20 m above ground level (AGL) and a flying 
speed of 7 km h−1 in both years. The UAV platform was configured to follow a zigzag path 
with an overlap of 70% and a side overlap of 65% using the flight control software Auto-
pilot (Hangar Technology, Austin, TX, USA). Each image frame was geo-referenced by 
the UAV’s onboard global navigation satellite system (GNSS). The image ground sam-
pling distance (GSD) was 5.5 mm per pixel. Data were collected around noon with suffi-
cient sunshine under a clear sky condition. 

2.4. Image Processing 
Orthomosaic images for each field were generated using the software Agisoft 

Metashape 1.8.4 (Agisoft, St. Petersburg, Russia) following the standard protocol pro-
vided by the software. Each orthomosaic image was exported in “tiff” (Tag Image File For-
mat) format and processed using the Computer Vision System Toolbox and Image Pro-
cessing Toolbox of MATLAB (ver. 2021a, MathWorks, Natick, MA, USA) to segment all 
plots of each field. Background information (shadow, soil, and plant residues) was re-
moved by applying a threshold (pixel value ≤ 200) to the gray images converted from RGB 
images using the “rgb2gray” function in MATLAB. The processed images included indi-
vidual plots with only the soybean canopy and were ready to be used for developing 
models. The image size of each plot was adjusted to the size of 224 × 224 pixels (required 
by all models) using the function “resize” from the package TensorFlow (ver. 2.8.0) and 
the method of interpolation was set to be “nearest” so each pixel value would be rounded 
as an integer. In addition, the hue from the HSV color scale was calculated using the func-
tion “bgr2hsv” from the package OpenCV (version 4.5.5) in Python. 

2.5. Damage Assessment Using Deep Learning Model 
Several pre-trained convolutional neural network (CNN) deep learning models were 

tested to classify the soybean genotypes into three defined off-target dicamba tolerance 
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popular CNN architecture with multiple convolutional layers and VGG16 has been used 
to classify soybean leaf diseases, weed pressure, and crop stress [18,28,29]. Due to the good 
general performance, VGG16 was tested in this study to quantify soybean tolerance to off-
target dicamba. The second CNN model tested is the residual neural network-50 (Res-
Net50) which has been used to successfully assess the soybean leaf defoliation and corn 
emergence [19,30]. In addition, the study also evaluated the Depthwise Separable Convo-
lutions (Xception) that adopted the depthwise separable convolution and was used for 
crop growth prediction and crop disease recognition [31,32]. Xception splits the computa-
tion into depthwise convolution (a single convolutional filter per input channel) and 
pointwise convolution (a linear combination of the output of the depthwise convolution), 
which makes it faster and requires fewer computing resources compared to standard con-
volution. The last tested model was the Dense Convolutional Network-121 

Figure 1. Visual assessment of three tolerance classes of soybeans to off-target dicamba damage, i.e.,
(a) tolerant, (b) moderate, and (c) susceptible.

2.3. Image Data Collection

Imagery data were acquired using a UAV platform (DJI Phantom 4 Pro, DJI, Shenzhen,
China) with a built-in red-green-blue (RGB) camera at a resolution of 5472 × 3648 pixels.
Images were taken at 1 frame per 2 s at 20 m above ground level (AGL) and a flying speed
of 7 km h−1 in both years. The UAV platform was configured to follow a zigzag path with
an overlap of 70% and a side overlap of 65% using the flight control software Autopilot
(Hangar Technology, Austin, TX, USA). Each image frame was geo-referenced by the UAV’s
onboard global navigation satellite system (GNSS). The image ground sampling distance
(GSD) was 5.5 mm per pixel. Data were collected around noon with sufficient sunshine
under a clear sky condition.

2.4. Image Processing

Orthomosaic images for each field were generated using the software Agisoft Metashape
1.8.4 (Agisoft, St. Petersburg, Russia) following the standard protocol provided by the
software. Each orthomosaic image was exported in “tiff ” (Tag Image File Format) format
and processed using the Computer Vision System Toolbox and Image Processing Toolbox
of MATLAB (ver. 2021a, MathWorks, Natick, MA, USA) to segment all plots of each field.
Background information (shadow, soil, and plant residues) was removed by applying a
threshold (pixel value ≤ 200) to the gray images converted from RGB images using the
“rgb2gray” function in MATLAB. The processed images included individual plots with only
the soybean canopy and were ready to be used for developing models. The image size of
each plot was adjusted to the size of 224 × 224 pixels (required by all models) using the
function “resize” from the package TensorFlow (ver. 2.8.0) and the method of interpolation
was set to be “nearest” so each pixel value would be rounded as an integer. In addition, the
hue from the HSV color scale was calculated using the function “bgr2hsv” from the package
OpenCV (version 4.5.5) in Python.

2.5. Damage Assessment Using Deep Learning Model

Several pre-trained convolutional neural network (CNN) deep learning models were
tested to classify the soybean genotypes into three defined off-target dicamba tolerance
classes (i.e., tolerant, moderate, and susceptible). The visual geometry group (VGG) is a
popular CNN architecture with multiple convolutional layers and VGG16 has been used
to classify soybean leaf diseases, weed pressure, and crop stress [18,28,29]. Due to the
good general performance, VGG16 was tested in this study to quantify soybean tolerance
to off-target dicamba. The second CNN model tested is the residual neural network-50
(ResNet50) which has been used to successfully assess the soybean leaf defoliation and corn
emergence [19,30]. In addition, the study also evaluated the Depthwise Separable Convolu-
tions (Xception) that adopted the depthwise separable convolution and was used for crop
growth prediction and crop disease recognition [31,32]. Xception splits the computation
into depthwise convolution (a single convolutional filter per input channel) and pointwise
convolution (a linear combination of the output of the depthwise convolution), which
makes it faster and requires fewer computing resources compared to standard convolution.
The last tested model was the Dense Convolutional Network-121 (DenseNet121), which
directly connects any layer to all subsequent layers. The DenseNet121 has been used to
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classify the damage levels of cotton aphids and nutrient deficiencies in rice [33,34]. All mod-
els were implemented in the Keras platform (version 2.10.0), an open-source application
programming interface (API) for deep learning written in Python (version 3.9.7).

Figure 2 illustrates the architecture of a DenseNet121 model, where the RGB images of
each plot were entered as input, followed by different conventional layers, and four dense
blocks with three transition layers. After the last dense block, global average pooling 2D was
added to perform downsampling, followed by a dense layer. The softmax activation function
calculated a probability for each possible class. The “argmax” function from the package
NumPy (Version 1.21.5) was used to retain a class that contains the highest possibility for
each image. The loss function was defined as the sparse categorical cross-entropy. The
grid search process was performed using the function “GridSearchCV” in the scikit-learn
library [35]. The parameters and their searching scope were: batch_size: [16, 32, 64, 100,
128], learning_rate: [0.001, 0.05, 0.01], and optimizer: [SGD, Adam, nAdam]. An ideal
number of training epochs was determined when the testing loss stopped decreasing [36].
Each class was assigned a weight (wi) for balancing the loss function during the training
process, as defined in Equation (1).

wi =
1
ni
× N

3
(1)

where, ni is the number of samples in each (i = 1, 2, 3) of the three tolerance classes, and N
is the total number of samples from all three classes.
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Figure 2. Illustration of the DenseNet121 model architecture.

Other pre-trained CNN models, including VGG16, ResNet50, and Xception, were
implemented using similar architecture settings as Figure 2. According to Ref. [37], the
last few layers in the pre-train deep learning models are typically use-specific and need
to be fine-tuned according to the new tasks. Therefore, in this study, only the dense layer
or convolutional blocks were set to be trainable, followed by the output of three soybean
tolerance classes. Other layers of each pre-trained model were frozen and their weights
were not updated by the optimizer during training processing in order to reduce the risk of
overfitting [38]. Different models have the same options for tuning parameters in order to
compare them at the same level. All models were trained and tested using the same dataset
with an 80:20 split [39] for training and testing the datasets.

2.6. Classification Metrics

All models were implemented in R (Version 4.1.2). The model performance was
assessed using the metrics of accuracy, precision, recall, 95% confidence interval (CI), and
F1-score defined by Equations (2)–(6). The accuracy is the ratio of the number of correct
predictions divided by the total number of predictions of the models. In this study, precision
and recall were used to represent the percentage of true positives out of the predicted
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positive samples and the percentage of true positives out of the true positive samples. The
F-score is defined as the harmonic mean of recall and precision.

Accuracy =
(TP + TN)

(TP + FP + FN + TN)
(2)

Precision =
TP

TP + FP
(3)

Recall =
TP

TP + FN
(4)

F1− score = 2× Precision× Recall
Precision + Recall

(5)

95% CI = p̂ ± z

√
p̂(1− p̂)

n
(6)

where, TP is True Positive that a test result correctly indicates the true event. TN is True
Negative, where a test result correctly indicates the false event. FP is False Positive, where
a test result falsely indicates the true event. FN is False Negative, where a test result falsely
indicates the true event. The n is the number of samples and p̂ is the probability of success.

The p-value with a significance level of 0.01 is used to determine the statistical signif-
icance of a model using the one-sided binomial test from the “caret” package in R. The
95% binomial proportion confidence interval demonstrates that there is a 95% level of
confidence that the actual value of accuracy falls within the specified range.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to evaluate whether there
was a significant difference in a particular image feature between the years 2020 and 2021.
The “aov” function of R Studio was used to perform the ANOVA analysis. A significant
difference was considered for the p-value ≤ 0.01 obtained from the hypothetical test.

3. Results and Discussion
3.1. Distribution of Visual Dicamba Damage Score

The distribution of off-dicamba damage scores of all plots evaluated by breeders is
shown in Figure 3. The figure shows that the largest number of plots were classified in the
moderate class, accounting for 75.9% (1746 plots) in 2020 and 68.7% (983 plots) in 2021. The
number of susceptible plots accounted for 13.4% (309 plots) in 2020 and 9.2% (132 plots) in
2021, and the number of tolerant plots accounted for 10.7% (245 plots) in 2020 and 22.1%
(316 plots) in 2021. The distribution of plot numbers in three categories was aligned with the
breeder’s expectation that most soybean genotypes have a moderate response to off-target
dicamba damage, which is consistent with the findings of [40]. Conventional breeding
programs usually select 10% of genotypes to be advanced throughout the pipeline based on
their observations. The results show that the observed number of tolerant genotypes was
more than 20% of all test genotypes in 2021, which was more than double that observed in
2020. According to Ref. [40], the observed trend of higher tolerance to off-target dicamba
damage among the genotypes could be explained by the indirect selection process employed
in conventional breeding pipelines. Conventional breeding programs prioritized various
breeding trials with favorable agronomic traits and higher yields in environments with
prolonged exposure to dicamba. Moreover, the phenotypes of soybean plots could also be
influenced by various environmental factors, as discussed in the following section.
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Figure 3. Distribution of off-target dicamba damage scores assessed by breeders in 2020 and 2021.
The horizontal axis has the visual scores that were classified into three tolerance classes, i.e., Tolerant
(blue), Moderate (yellow), and Susceptible (red).

3.2. Influence of Environmental Factors

This study was conducted in seven fields over two consecutive years, resulting in a
wide variation in the plant growth environments. In addition to off-target dicamba injury,
environmental variation has a significant impact on the plant characteristics. Figure 4 shows
the selected examples of UAV images captured for soybean genotypes at each response
category in different environments. The figure provides visual evidence of the variation
in the plant characteristics (color and canopy cover) in response to off-target dicamba
in different environments. In general, plant genotypes of all classes in 2021 had greater
canopy coverage and greener color than those in 2020, which could be due to the different
amount of off-target dicamba on the genotypes, the environmental conditions (weather
and soil type), and the time of damage exposure and assessment. One extreme example
is Field 4 (2020), where the tolerant and moderate genotypes have less canopy cover than
the susceptible plots. The results suggest that breeders assessed the damage scores by
considering multiple factors that may be influenced by the seed emergence, seed quality,
and disease [41]. Many soybean plots under a similar environment expressed various
phenotypes. Previous research also found that among all the variables, the image feature
“Hue” had the greatest impact on the classification accuracy of the off-target dicamba
damage using a random forest model [16]. The results of the one-way ANOVA test showed
a statistically significant difference in “Hue” between 2020 and 2021 (p-value ≤ 0.01), which
further demonstrated the dissimilarity between the two years of the dataset.

In conventional breeding programs, breeders assess the off-target dicamba damage
by visiting each plot and assigning a score accordingly based on their experience. Visual
scores are typically subjective and can be affected by environmental factors, such as light
conditions and growth stages. In addition, the evaluation process is time-consuming and
labor-intensive. Therefore, there is a pressing need to develop a high-throughput crop
phenotyping system to accurately (objectively) and efficiently evaluate the tolerance of
soybean genotypes.
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3.3. Performance Evaluation of Classification Models

The distribution of different response classes (as shown in Figure 3) indicates that
the sample numbers of the three classes are unbalanced, which might affect the model’s
performance [42]. To improve the model performance, a weight for each class was assigned
based on Equation (1) to mitigate the effects of unbalanced data. In this study, the weight
for the susceptible, moderate, and tolerant classes was 2.74, 0.46, and 2.165, respectively.

The model was evaluated using a uniform test dataset consisting of 746 images,
including 95 susceptible (12.7%), 527 moderate (70.6%), and 124 tolerant genotypes (16.6%).
The overall performance (2-year data) of the test models was reported in Table 2, including
the classification accuracy, precision, recall, and F1-score. The table shows that all tested
models achieved a competitive or higher classification accuracy than our previous study
(0.75) [16]. DenseNet121 achieved the highest classification accuracy of 0.82, followed
by ResNet50 (0.80), VGG16 (0.76), and Xception (0.75). The results also reveal that the
p-values for all four models were lower than 0.01, indicating the effectiveness of the
model performance.

Table 2. Summary of measurable metrics for the selected deep learning models in the classification of
off-target dicamba tolerance.

DenseNet121 ResNet50 VGG16 Xception

S * M * T * S M T S M T S M T

Precision 0.66 0.85 0.73 0.77 0.84 0.64 0.56 0.85 0.58 0.51 0.84 0.60
Recall 0.54 0.89 0.71 0.39 0.88 0.76 0.53 0.81 0.71 0.49 0.81 0.72

F1-score 0.59 0.87 0.72 0.51 0.86 0.69 0.55 0.83 0.64 0.50 0.82 0.66
Accuracy 0.82 0.80 0.76 0.75

* S: Susceptible, M: Moderate, T: Tolerant.

Table 3 shows the confusion matrix of the four deep learning models in the classifica-
tion of off-target dicamba tolerance, which is used to calculate the Precision, Recall, and
F1-Score (in Table 2) using Equations (2)–(6). Based on Table 2, different models showed
significantly better performance for a given class and metric. For example, ResNet50
achieved the highest precision of 0.77 in classifying the susceptible class, and the great-
est precision for the class tolerant is 0.73 from DenseNet121. Moreover, ResNet50 could
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successfully identify 76% (0.76) of the positive samples (TP + FP) in the tolerant class and
DenseNet121 had the highest recall for the susceptible class. However, the overall perfor-
mance of DenseNet121 and ResNet50 outperformed other models (VGG16 and Xception)
in discriminating between the tolerant and susceptible genotypes. In addition, according
to Table 3, DenseNet121 was the only model that did not misclassify the tolerant plots as
susceptible, and vice-versa. Although ResNet50 was better than DenseNet121 in some
metrics, DenseNet121 achieved the best F1-scores of 0.59, 0.87, and 0.72 in the susceptible,
moderate, and tolerant classes, respectively. The F1-scores were better than those obtained
using traditional machine learning methods, which were 0.36, 0.83, and 0.68 for the three
responding classes [16]. In addition, the accuracy of DenseNet121 achieved the highest
accuracy of 0.82 with 95% confidence intervals between 0.79 and 0.84. The performance
of the test models in this study showed a similar conclusion from Shazia, Xuan [43], who
also found that the DenseNet121 was better than ResNet50, VGG-16, and Xception in the
classification of the X-ray images.

Table 3. Confusion matrix of the selected four deep learning models for the classification of off-target
dicamba tolerance.

Reference

S M T S M T S M T S M T

Predict
S 51 26 0 37 11 0 51 37 3 47 42 2
M 44 470 36 56 465 30 43 428 33 48 427 33
T 0 31 88 2 51 94 1 62 88 0 58 89

3.4. Model Performance Using Single-Year Dataset

This part of the study aimed to compare the results of the training and test datasets
on the two-year datasets separately versus training on a combined two-year dataset to
determine whether the latter can provide a better result or not. Only the best overall
performance model, DenseNet121, was evaluated. The model was configured using the
same parameters as described in the previous sections. The test dataset for the data of
2020 consisted of 460 images, of which 10.2% were visually classified as susceptible, 77.4%
as moderate, and 12.4% as tolerant. The 2021 test dataset consisted of 286 samples with
8.0% susceptible, 70.6% moderate, and 13.3% tolerant genotypes. Tables 4 and 5 show the
results for each year. The results show that DenseNet121 achieved similar classification
accuracy using all two-year data or single-year data, with slightly higher accuracy in the
year 2020. We noticed that the accuracy for the year 2020 was slightly higher than the
results reported in Section 3.3. This is mainly due to the higher density of the moderate
class in the 2020 dataset, which has a positive impact on the accuracy because the results
for the moderate class consistently outperformed other classes. On the other hand, F1-
values for the classification of susceptible and tolerant were actually lower (0.52 and
0.71, respectively). In contrast, training the model on datasets from both years could
achieve 0.59 and 0.72, which was also higher than the F1-values for 2021. Furthermore,
the “estimate_sigma” function from the Skimage library in Python was used to assess the
robustness of the wavelet-based estimator of the Gaussian noise standard deviation. The
results indicate that the test dataset in this study had little noise. Therefore, the image
noise was considered non-significant in affecting the model performance. In summary, the
DenseNet121 showed better performance in 2020 compared to 2021, which could be due
to the greater dataset in 2020 than that in 2021, or due to the differences in the soybean
phenotypes and environmental factors between the two years. The use of a combined
dataset from both years allows models to be trained using data from a broad range of
environmental conditions, which may improve the model robustness for quantifying the
soybean tolerance to off-target dicamba.
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Table 4. Model performance of DenseNet121 in 2020 and 2021.

2020 2021

S M T S M T

Precision 0.60 0.88 0.85 0.54 0.81 0.84
Recall 0.47 0.94 0.61 0.30 0.94 0.54

F1-score 0.52 0.91 0.71 0.39 0.87 0.66
Accuracy 0.85 0.80

Table 5. Confusion matrix of DenseNet121 in years 2020 and 2021.

Reference—2021 Reference—2021

S M T S M T

Predict
S 22 15 0 7 6 0
M 25 335 22 16 190 28
T 0 6 35 0 6 33

3.5. Research Limitations

One of the limitations of this study is that the amount of dicamba applied to soybean
was not controlled. Since the off-target dicamba exposure may occur at different growth
stages at different dosages, often with an unknown source of exposure, it is usually hard
to quantify the herbicide exposure for each plot [44]. The lack of control over dicamba
might affect the accuracy of the findings. Another limitation is the absence of controlled
groups. Different soybean genotypes might exhibit various phenotypic characteristics,
and their development can vary from time to time [45]. A lack of control groups may
have caused bias in determining the damage levels due to off-target dicamba. Moreover,
manual segmentation of each soybean plot from orthomosaic images was time-consuming
and labor-intensive. Although there are available tools for automatic segmentation of
the orthomosaic images, such as FIELDimageR [46], they may not work efficiently in
this case due to the significant variation in the size of the soybean canopy caused by the
dicamba damage.

4. Conclusions and Future Work

The developed UAV-based phenotyping pipeline aimed to quantify the soybean re-
sponse to off-target dicamba faster and more accurately than visual observations. Using
machine learning and one-year data, it achieved an accuracy of 0.75 in distinguishing toler-
ant, moderate, and susceptible soybean genotypes from off-target dicamba damage [16].
This study evaluated the performance of four pre-trained deep learning models in classify-
ing the soybean tolerance to off-target dicamba using a two-year dataset. Results show that
the deep learning model DenseNet121 achieved the highest classification accuracy of 0.82 in
differentiating the soybean genotypes from three tolerance classes. The tested deep learning
models outperformed machine learning models, although the two-year dataset used for
training deep learning models included a large variation in the environmental conditions
(different years and soil conditions) and more than 400 genotypes. Meanwhile, the selected
deep learning model DenseNet121 also performed better using single-year datasets than
machine learning methods. In addition, compared to machine learning methods, deep
learning models do not need additional feature extraction steps, which are time-consuming
and may introduce human bias. Therefore, the proposed deep learning methods and UAV
imagery have great potential for selecting tolerant soybean genotypes to off-target dicamba.

More experiments and data are needed to improve the overall performance of deep
learning models in quantifying the soybean tolerance to off-target dicamba. In addition,
more advanced deep learning models will be tested, such as adversarial discriminative
domain adaptation [47] or the graph convolutional network [48], which are expected to im-
prove accuracy and robustness in the future. Meanwhile, the amount of dicamba exposure
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of each field or plot needs to be quantified, and the same should be done for the environ-
mental factors, such as the soil conditions. It is also worth testing other types of sensors,
including multispectral, hyperspectral, and thermal imagers, that may acquire additional
crop traits and that quantify the genetic variation of crops due to environmental stresses.

Author Contributions: Conceptualization, F.T., C.C.V., J.Z. (Jing Zhou), P.C. and J.Z. (Jianfeng Zhou);
Data curation, F.T. and C.C.V.; Formal analysis, F.T. and C.C.V.; Investigation F.T., C.C.V., J.Z. (Jing
Zhou), P.C. and J.Z. (Jianfeng Zhou); Methodology F.T., C.C.V., J.Z. (Jing Zhou), P.C. and J.Z. (Jianfeng
Zhou); Funding acquisition, J.Z. (Jianfeng Zhou); Supervision, J.Z. (Jianfeng Zhou). All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Mid-south Soybean Board (20-455-21), United Soybean Board
(2120-172-0147 and 2220-152-0203), and Missouri Soybean Merchandising Council (20-455-21).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the University of Missouri—Fisher Delta
Research, Extension, and Education Center soybean breeding team for their technical support in
preparing and conducting the field trials. The authors would also like to extend their gratitude to the
funding agencies that supported this work, including the Mid-South Soybean Board, United Soybean
Board, and Missouri Soybean Merchandising Council.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Valliyodan, B.; Ye, H.; Song, L.; Murphy, M.; Shannon, J.G.; Nguyen, H.T. Genetic diversity and genomic strategies for improving

drought and waterlogging tolerance in soybeans. J. Exp. Bot. 2017, 68, 1835–1849. [CrossRef]
2. USDA. USDA Agricultural Projections to 2032; USDA: Washington, DC, USA, 2023.
3. Hansen, J.W.; Westcott, P. USDA Agricultural Projections to 2025; USDA: Washington, DC, USA, 2016.
4. Kuwayama, Y.; Thompson, A.; Bernknopf, R.; Zaitchik, B.; Vail, P. Estimating the Impact of Drought on Agriculture Using the U.S.

Drought Monitor. Am. J. Agric. Econ. 2019, 101, 193–210. [CrossRef]
5. Ye, H.; Song, L.; Chen, H.; Valliyodan, B.; Cheng, P.; Ali, L.; Vuong, T.; Wu, C.; Orlowski, J.; Buckley, B.; et al. A major natural

genetic variation associated with root system architecture and plasticity improves waterlogging tolerance and yield in soybean.
Plant Cell Environ. 2018, 41, 2169–2182. [CrossRef] [PubMed]

6. Liu, X.; Zhang, X.; Wang, Y.; Sui, Y.; Zhang, S.; Herbert, S.; Ding, G. Soil degradation: A problem threatening the sustainable
development of agriculture in Northeast China. Plant Soil Environ. 2010, 56, 87–97. [CrossRef]

7. O’Neal, M.E.; Johnson, K.D. Insect Pests of Soybean and Their Management. The Soybean: Botany, Production and Uses; CABI:
Wallingford, UK, 2010; pp. 300–324. [CrossRef]

8. Soltani, N.; Dille, J.A.; Burke, I.C.; Everman, W.J.; VanGessel, M.J.; Davis, V.M.; Sikkema, P.H. Perspectives on Potential Soybean
Yield Losses from Weeds in North America. Weed Technol. 2017, 31, 148–154. [CrossRef]

9. Harker, K.N.; O’Donovan, J.T. Recent weed control, weed management, and integrated weed management. Weed Technol. 2013,
27, 1–11. [CrossRef]

10. Hussain, M.; Farooq, S.; Merfield, C.N.; Jabran, K. Mechanical Weed Control, in Non-Chemical Weed Control; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 133–155.

11. Caux, P.-Y.; Kent, R.A.; Tache, M.; Grande, C.; Fan, G.T.; MacDonald, D.D. Environmental fate and effects of dicamba: A Canadian
perspective. Rev. Environ. Contam. Toxicol. Contin. Residue Rev. 1993, 133, 1–58.

12. ReportLinker.com; Dicamba Herbicide Market: Segmented By Formulation; By Crop Type and Region—Global Analysis of
Market Size, Share & Trends for 2019–2020 and Forecasts to 2030. 2022. Available online: https://www.reportlinker.com/p061
91952/Dicamba-Herbicide-Market-Segmented-By-Formulation-By-Crop-Type-and-Region-Global-Analysis-of-Market-Size-
Share-Trends-for-and-Forecasts-to.html?utm_source=GNW (accessed on 26 July 2022).

13. Tindall, K.; Tindall, K.; Becker, J.; Orlowski, J.; Hawkins, C. EPA Releases Summary of Dicamba-Related Incident Reports from
the 2021 Growing Season. 2021. Available online: https://www.epa.gov/pesticides/epa-releases-summary-dicamba-related-
incident-reports-2021-growing-season (accessed on 19 October 2022).

14. Turner, T.; Borwick, K. Dicamba Lawsuits. 2021. Available online: https://www.consumernotice.org/legal/dicamba-lawsuits/
(accessed on 6 August 2022).

http://doi.org/10.1093/jxb/erw433
http://doi.org/10.1093/ajae/aay037
http://doi.org/10.1111/pce.13190
http://www.ncbi.nlm.nih.gov/pubmed/29520811
http://doi.org/10.17221/155/2009-PSE
http://doi.org/10.1079/9781845936440.0300
http://doi.org/10.1017/wet.2016.2
http://doi.org/10.1614/WT-D-12-00109.1
https://www.reportlinker.com/p06191952/Dicamba-Herbicide-Market-Segmented-By-Formulation-By-Crop-Type-and-Region-Global-Analysis-of-Market-Size-Share-Trends-for-and-Forecasts-to.html?utm_source=GNW
https://www.reportlinker.com/p06191952/Dicamba-Herbicide-Market-Segmented-By-Formulation-By-Crop-Type-and-Region-Global-Analysis-of-Market-Size-Share-Trends-for-and-Forecasts-to.html?utm_source=GNW
https://www.reportlinker.com/p06191952/Dicamba-Herbicide-Market-Segmented-By-Formulation-By-Crop-Type-and-Region-Global-Analysis-of-Market-Size-Share-Trends-for-and-Forecasts-to.html?utm_source=GNW
https://www.epa.gov/pesticides/epa-releases-summary-dicamba-related-incident-reports-2021-growing-season
https://www.epa.gov/pesticides/epa-releases-summary-dicamba-related-incident-reports-2021-growing-season
https://www.consumernotice.org/legal/dicamba-lawsuits/


Sensors 2023, 23, 3241 12 of 13

15. Vieira, C.C.; Chen, P. The numbers game of soybean breeding in the United States. Crop. Breed. Appl. Biotechnol. 2021,
21, e387521S1. [CrossRef]

16. Vieira, C.C.; Sarkar, S.; Tian, F.; Zhou, J.; Jarquin, D.; Nguyen, H.T.; Zhou, J.; Chen, P. Differentiate Soybean Response to Off-Target
Dicamba Damage Based on UAV Imagery and Machine Learning. Remote Sens. 2022, 14, 1618. [CrossRef]

17. Kim, J.; Kim, S.; Ju, C.; Son, H.I. Unmanned Aerial Vehicles in Agriculture: A Review of Perspective of Platform, Control, and
Applications. IEEE Access 2019, 7, 105100–105115. [CrossRef]

18. Sahu, S.K.; Pandey, M.; Geete, K. Classification of soybean leaf disease from environment effect using fine tuning transfer learning.
Ann. Rom. Soc. Cell Biol. 2021, 25, 2188–2201.

19. da Silva, L.A.; Bressan, P.O.; Goncalves, D.N.; Freitas, D.M.; Machado, B.B.; Goncalves, W.N. Estimating soybean leaf defoliation
using convolutional neural networks and synthetic images. Comput. Electron. Agric. 2019, 156, 360–368. [CrossRef]

20. Moeinizade, S.; Pham, H.; Han, Y.; Dobbels, A.; Hu, G. An applied deep learning approach for estimating soybean relative
maturity from UAV imagery to aid plant breeding decisions. Mach. Learn. Appl. 2022, 7, 100233. [CrossRef]

21. Zhou, J.; Yungbluth, D.; Vong, C.N.; Scaboo, A.; Zhou, J. Estimation of the maturity date of soybean breeding lines using
UAV-based multispectral imagery. Remote Sens. 2019, 11, 2075. [CrossRef]

22. Feng, A.; Zhou, J.; Vories, E.; Sudduth, K.A. Evaluation of cotton emergence using UAV-based imagery and deep learning. Comput.
Electron. Agric. 2020, 177, 105711. [CrossRef]

23. Ahmad, A.; Saraswat, D.; Aggarwal, V.; Etienne, A.; Hancock, B. Performance of deep learning models for classifying and
detecting common weeds in corn and soybean production systems. Comput. Electron. Agric. 2021, 184, 106081. [CrossRef]

24. Hao, X.; Zhang, G.; Ma, S. Deep learning. Int. J. Semant. Comput. 2016, 10, 417–439. [CrossRef]
25. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks. Commun. ACM 2017,

60, 84–90. [CrossRef]
26. Zhou, J.; Pavek, M.J.; Shelton, S.C.; Holden, Z.J.; Sankaran, S. Aerial multispectral imaging for crop hail damage assessment in

potato. Comput. Electron. Agric. 2016, 127, 406–412. [CrossRef]
27. Fehr, W.R.; Caviness, C.E.; Burmood, D.T.; Pennington, J.S. Stage of Development Descriptions for Soybeans, Glycine Max (L.)

Merrill. Crop. Sci. 1971, 11, 929–931. [CrossRef]
28. Babu, V.S.; Ram, N.V. Deep Residual CNN with Contrast Limited Adaptive Histogram Equalization for Weed Detection in

Soybean Crops. Trait. Sign. 2022, 39, 717–722. [CrossRef]
29. Anami, B.S.; Malvade, N.N.; Palaiah, S. Deep learning approach for recognition and classification of yield affecting paddy crop

stresses using field images. Artif. Intell. Agric. 2020, 4, 12–20. [CrossRef]
30. Vong, C.N.; Conway, L.S.; Feng, A.; Zhou, J.; Kitchen, N.R.; Sudduth, K.A. Corn emergence uniformity estimation and mapping

using UAV imagery and deep learning. Comput. Electron. Agric. 2022, 198, 107008. [CrossRef]
31. Liu, Y.; Gao, G.; Zhang, Z. Crop Disease Recognition Based on Modified Light-Weight CNN with Attention Mechanism. IEEE

Access 2022, 10, 112066–112075. [CrossRef]
32. Sivakumar, R.; Vasudevan, C.V.; Sarnaam, M.K.; Sahaana, K.; Suresh, S. Deep Convolution Network Analysis for Crop Growth

Prediction. In Proceedings of the 2022 IEEE 7th International conference for Convergence in Technology (I2CT), Mumbai, India,
7–9 April 2022.

33. Sathyavani, R.; JaganMohan, K.; Kalaavathi, B. Classification of nutrient deficiencies in rice crop using denseNet-BC. Mater. Today
Proc. 2022, 56, 1783–1789. [CrossRef]

34. Bao, W.; Cheng, T.; Zhou, X.-G.; Guo, W.; Wang, Y.; Zhang, X.; Qiao, H.; Zhang, D. An Improved Densenet-Cnn Model to
Classify the Damage Caused by Cotton Aphid. Available online: https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4227548
(accessed on 12 February 2023).

35. Pedregosa, F.; Varoquax, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V.;
et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830.

36. Goodfellow, I.; Bengio, Y.; Courville, A. Deep Learning; MIT Press: Cambridge, MA, USA, 2016.
37. TensorFlow. Transfer Learning and Fine-Tuning. Available online: https://www.tensorflow.org/guide/keras/transfer_learning

(accessed on 12 February 2023).
38. Goutam, K.; Balasubramanian, S.; Gera, D.; Sarma, R.R. LayerOut: Freezing Layers in Deep Neural Networks. SN Comput. Sci.

2020, 1, 1–9. [CrossRef]
39. Gholamy, A.; Kreinovich, V.; Kosheleva, O. Why 70/30 or 80/20 Relation between Training and Testing Sets: A Pedagogical Explanation;

Departmental Technical Reports (CS). 1209. 2018. Available online: https://scholarworks.utep.edu/cs_techrep/1209 (accessed
on 10 October 2022).

40. Vieira, C.C.; Zhou, J.; Cross, C.; Heiser, J.W.; Diers, B.; Riechers, D.E.; Zhou, J.; Jarquin, D.H.; Nguyen, H.; Shannon, J.G.; et al.
Differential responses of soybean genotypes to off-target dicamba damage. Crop. Sci. 2022, 62, 1472–1483. [CrossRef]

41. Arsenijevic, N.; DeWerff, R.; Conley, S.; Ruark, M.; Werle, R. Influence of integrated agronomic and weed management practices
on soybean canopy development and yield. Weed Technol. 2021, 36, 73–78. [CrossRef]

42. Johnson, J.M.; Khoshgoftaar, T.M. Survey on deep learning with class imbalance. J. Big Data 2019, 6, 27. [CrossRef]
43. Shazia, A.; Xuan, T.Z.; Chuah, J.H.; Usman, J.; Qian, P.; Lai, K.W. A comparative study of multiple neural network for detection of

COVID-19 on chest X-ray. EURASIP J. Adv. Signal Process. 2021, 2021, 1–16. [CrossRef] [PubMed]

http://doi.org/10.1590/1984-70332021v21sa23
http://doi.org/10.3390/rs14071618
http://doi.org/10.1109/ACCESS.2019.2932119
http://doi.org/10.1016/j.compag.2018.11.040
http://doi.org/10.1016/j.mlwa.2021.100233
http://doi.org/10.3390/rs11182075
http://doi.org/10.1016/j.compag.2020.105711
http://doi.org/10.1016/j.compag.2021.106081
http://doi.org/10.1142/S1793351X16500045
http://doi.org/10.1145/3065386
http://doi.org/10.1016/j.compag.2016.06.019
http://doi.org/10.2135/cropsci1971.0011183X001100060051x
http://doi.org/10.18280/ts.390236
http://doi.org/10.1016/j.aiia.2020.03.001
http://doi.org/10.1016/j.compag.2022.107008
http://doi.org/10.1109/ACCESS.2022.3216285
http://doi.org/10.1016/j.matpr.2021.10.466
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4227548
https://www.tensorflow.org/guide/keras/transfer_learning
http://doi.org/10.1007/s42979-020-00312-x
https://scholarworks.utep.edu/cs_techrep/1209
http://doi.org/10.1002/csc2.20757
http://doi.org/10.1017/wet.2021.92
http://doi.org/10.1186/s40537-019-0192-5
http://doi.org/10.1186/s13634-021-00755-1
http://www.ncbi.nlm.nih.gov/pubmed/34335736


Sensors 2023, 23, 3241 13 of 13

44. May, E. New Report: How Dicamba Herbicides Are Harming Cultivated and Wild Landscapes. 2020. Available online:
https://xerces.org/blog/new-report-how-dicamba-herbicides-are-harming-cultivated-and-wild-landscapes (accessed on 12
February 2023).

45. Chen, Y.; Nelson, R.L. Genetic variation and relationships among cultivated, wild, and semiwild soybean. Crop Sci. 2004,
44, 316–325. [CrossRef]

46. Matias, F.I.; Caraza-Harter, M.V.; Endelman, J.B. FIELDimageR: An R package to analyze orthomosaic images from agricultural
field trials. Plant Phenome J. 2020, 3, e20005. [CrossRef]

47. Tzeng, E.; Hoffman, J.; Saenko, K.; Darrell, T. Adversarial discriminative domain adaptation. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017.

48. Zhang, H.; Lu, G.; Zhan, M.; Zhang, B. Semi-Supervised Classification of Graph Convolutional Networks with Laplacian Rank
Constraints. Neural Process. Lett. 2021, 54, 2645–2656. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://xerces.org/blog/new-report-how-dicamba-herbicides-are-harming-cultivated-and-wild-landscapes
http://doi.org/10.2135/cropsci2004.3160
http://doi.org/10.1002/ppj2.20005
http://doi.org/10.1007/s11063-020-10404-7

	Introduction 
	Materials and Methods 
	Field Experiment and Plant Materials 
	Field Evaluation of Dicamba Damage 
	Image Data Collection 
	Image Processing 
	Damage Assessment Using Deep Learning Model 
	Classification Metrics 
	Statistical Analysis 

	Results and Discussion 
	Distribution of Visual Dicamba Damage Score 
	Influence of Environmental Factors 
	Performance Evaluation of Classification Models 
	Model Performance Using Single-Year Dataset 
	Research Limitations 

	Conclusions and Future Work 
	References

