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Abstract

:

In this study, we aimed to evaluate the feasibility of digital image analysis (DIA) as a substitute for standard analysis (SA) in assessing corn ear traits in agrotechnical field trials. Accurate and timely prediction of corn yield through corn ear traits can lead to precise agricultural management recommendations for the improvement of production. Four replications with 10 plots each were subjected to different fertilization regimes and analyzed using DIA and SA to determine the kernel number per ear (KN), ear length (EL), and ear diameter (ED). For both methods, the results showed that only nitrogen doses had a significant effect on the examined corn ear traits, and the correlation matrix revealed a strong and significant relationship between yield and corn ear traits. The post-hoc test showed no discrepancy in cases between the two methods for KN and EL, with a 6.7% discrepancy for ED. For both methods, a linear plateau was the best fit for KN and EL with increasing nitrogen doses, whereas a quadratic plateau was the best fit for ED. The regression equations for both methods provided similar recommendations regarding nitrogen requirements. The findings suggest that DIA can be used as a substitute for SA of corn ear traits obtained from different fertilization variants and can provide nitrogen fertilization recommendations for optimal corn yields.
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1. Introduction


The productivity of a maize genotype, whether it is a hybrid or a variety, depends on both its genetics and the environment in which it grows. Three yield components determine the yield of maize in a specific environment: the number of ears per unit area, the kernel number per ear (KN), and the weight of each kernel. The KN of an ear depends on the number of kernel rows per ear (which is influenced by ear diameter or ED) and the number of kernels per row (which depends on the length of the ear or EL). Changing any of these components while keeping the others constant will result in a corresponding change in grain yield. Therefore, efforts to increase maize yield through agronomic management or breeding strategies should focus on enhancing one or more of these yield components while keeping the others at a constant level [1].



Nitrogen is an essential macronutrient for plants, and it plays a crucial role in maize growth and development. Nitrogen accounts for up to 5% of the total dry matter, and it is a component of various plant substances, such as leaf pigments, amino acids, nucleic acids, proteins, and plant hormones. Nitrogen also plays a vital role in photosynthesis. Reduced nitrogen supply adversely affects various aspects of maize growth and development, including germination, seedling emergence, tillering, flowering, pollination, yield, and grain quality. At the early seedling stage, insufficient nitrogen supply results in poor seedling establishment. In the early vegetative stage, it hampers root and shoot growth, thereby hindering mineral and water uptake and reducing leaf area. Continued nitrogen deficiency results in decreased photosynthesis, leading to reduced grain yields due to lighter and shorter ears, lighter kernels, and fewer ears produced [2].



The application of less nitrogen reduces grain yield, and KN per ear is a critical indicator of the ear’s storage capacity, which is the primary reason for the different grain yields of maize varieties with varying nitrogen efficiency. Low nitrogen stress increases the number of aborted kernels and unpollinated filaments, resulting in a decrease in KN [3]. The authors in [4] found that nitrogen deficiency can reduce KN per ear by up to 41%, whereas sufficient nitrogen supply reduces it by 20%. Different studies have investigated the relationship between nitrogen application levels, grain yield, and nitrogen use efficiency, but results vary considerably due to differences in maize varieties, fertilizer levels, and climatic conditions.



An image is defined as a two-dimensional function, denoted by f (x, y), where x and y represent spatial (plane) coordinates, and the amplitude at any pair of coordinates (x, y) is referred to as the intensity or gray level of the image at that point. When x, y, and the intensity values of f are all finite, discrete quantities, the image is deemed a digital image [5]. The field of digital image analysis (DIA) involves the manipulation of digital images by means of a digital computer, and as such, the historical progression of digital image processing is closely linked to the advancement of the digital computer [5]. Initially, image processing was primarily utilized for enhancing image quality, and one of the first successful applications occurred in 1964 when the Space Detector Ranger 7 captured numerous high-resolution images of the Moon. The Ranger series of spacecraft was specifically designed to capture high-quality images of the Moon and transmit them back to Earth in real time. The images were utilized for scientific analysis, as well as for selecting landing sites for the Apollo Moon missions [6].



In contemporary times, DIA has emerged as a broad and multifaceted field that is applied across a diverse range of domains. The scope of imaging machines spans the electromagnetic spectrum in its entirety, encompassing gamma-ray, X-ray, ultraviolet (UV), visible, infrared (IR), microwave, and radio imaging [7]. The potential applications of digital imaging are numerous and encompass a range of fields, including agriculture [8]. Within the field of agriculture, image processing techniques have been employed in soil [9,10,11], land [12,13,14], and crop management [15,16,17,18].



According to the Food and Agriculture Organization of the United Nations, the five main grains harvested in 2019 were corn, wheat, rice, soybean, and barley, with a total of over 3.1 billion tons [19]. The utilization of genetic tools and techniques has allowed the development of high-yielding, stress-tolerant plants through genetic selection [20]. However, the increasing demands of the world’s growing population require an acceleration of plant breeding programs to achieve higher potential crop yields. The currently utilized phenotyping devices and methods do not offer adequately fast and precise estimations of thousands of recombinant inbred lines; thus, imaging and image processing methods utilizing the visible to the near-infrared range have been developed to provide non-damaging plant phenotype image datasets with increased precision and throughput, as well as high-dimensional phenotype data for the modeling and prediction of plant growth and development [21]. Miller et al. [22] developed and described three custom algorithms designed to automatically measure the sizes, shapes, and numbers of ears and kernels of maize plants from digital images. These algorithms provide an objective and faster alternative to typical manual methods without sacrificing accuracy, as demonstrated by their high correlations with ground truth measurements and simulated data. Khaki et al. [23] proposed a deep learning method called “DeepCorn” for accurately counting ear corn kernels in the field, which can aid in gathering real-time data and improving decision-making to maximize crop yields. They explained that accurately phenotyping crops to record various traits such as color, head count, height, weight, etc., is a bottleneck for commercial organizations that manage large amounts of crops due to limited time and labor. The proposed method uses a truncated VGG-16 as a backbone for feature extraction and merges feature maps from multiple scales of the network to make it robust against image scale variations. Zhang et al. [24] proposed a method for high-throughput corn ear testing based on capturing image sequences of corn ear samples using a panoramic photography collection system and processing the images to acquire indexes such as lengths, radiuses, rows, and KN per ear. The proposed method showed high accuracy in acquiring these indexes, making it an effective method for corn ear testing in modern corn breeding. Two semi-automatic machine vision methods for counting maize kernels on de-husked ears with varying row morphologies were developed in [25]. The first method mimics a manual field method of estimating total kernel count by counting rows and multiplying by the number of kernels per row. The second method only observes a fixed quasi-cylindrical midsection of the ear, acquiring image frames of individual rows of kernels located in the midsection. The algorithm proposed in [26] comprises five steps and has been tested in field trials using eight maize varieties in China. The results showed good agreement between ground truth (manual counting) values and image-based counting values, making the method applicable and satisfactory for real-world breeding programs.



Alongside breeding, agrotechnical operations to support high-yielding plants must also be studied. Agrotechnical field trials with independent factors, such as crop rotations, fertilizer rates and tillage systems, seeding times and rates, and plant densities, provide valuable information on fully expressing the genetic potential of the created genotypes. However, the complexity of trials, the number of independent factors and variants, the number of genotypes being examined, and the number of examined traits indicate the need for the faster determination of traits in comparison to standard methods. The determination of plant yield components across and between independent factors and variants is particularly time-consuming and subjective, with the current methods relying on hiring a large number of workers for measurements [27].



To address this issue, the standard practice in corn research has been to take a small subsample of plants, usually ten plants [28,29,30,31,32], or from a specific area in the plot [30,33], which may potentially increase random error. Random error can be reduced by increasing sampling variability and sample size [34]. In research, bias occurs when “systematic error is introduced into sampling or testing by selecting or encouraging one outcome or answer over others” [34]. Digital image analysis can greatly reduce the time required for analysis and enable the analysis of more samples per plot while keeping the analysis consistent and uniform throughout the entire process. We can also save samples in a digital format for an unlimited time, and new algorithms can be developed for future image analysis.



The devices currently available for KN estimation, such as corn shellers and electromagnetic vibration boxes, are expensive, single-function devices, and are thus relatively impractical. The measurement of corn ear dimensions using a ruler or calipers is a slow process. Proposals for the DIA of corn ear traits in plant breeding field trials have mostly been based on correlation and regression models between image-based and manually determined corn ear traits. However, to our knowledge, no studies have been conducted to examine whether image-based corn ear traits provide similar results to those of manually determined corn ear traits in agrotechnical field trials using methods that describe the relationship between crop traits and agricultural variants. There are several of these methods. The most common are regression and correlation analysis, analysis of variance (ANOVA), and the analysis of statistical differences between group means (post-hoc tests).



Regression analysis describes the effect of one or more variables (designated as independent variables) on a single variable (designated as the dependent variable) by expressing the latter as a function of the former. Correlation analysis, on the other hand, provides a measure of the degree of association between the variables or the goodness of fit of a prescribed relationship to the data at hand. Regression and correlation procedures can be classified according to the number of variables involved and the form of the functional relationship between the dependent variable and the independent variables. The procedure is referred to as simple if only two variables (one dependent and one independent variable) are involved; otherwise, it is referred to as multiple. The procedure is termed linear if the form of the underlying relationship is linear; otherwise, it is referred to as nonlinear [35]. In certain situations in agricultural research, especially those of soil fertility and soil chemistry, the response function exhibits a plateau effect. In such situations, it is often appropriate to approximate the underlying function with two intersecting linear lines accounting for the sloping as well as the plateau segments of the response [36]. This is known as linear-plateau regression and its use in evaluating responses to fertilizer nutrients was first introduced in [37]. A quadratic plateau model is similar to a linear plateau model, except that the linear segment is replaced with a quadratic function. The quadratic-plateau model best described the observed yield response in the study presented in [38]. Analysis of variance (ANOVA) is a statistical technique used to analyze variations in a response variable (continuous random variable) measured under conditions defined by discrete factors (classification variables, often with nominal levels) [39]. The main issue related to applying ANOVA tests is that the method does not tell the experimenter which pair in the population has a different mean when the null hypothesis is rejected. To overcome this issue, post-hoc multiple comparison tests can be applied to determine which pair of the population has a different population mean [40].



In this study, we aimed to examine whether image-based corn ear traits provide similar and faster results than manually determined corn ear traits using the most common and essential statistical analyses used in agrotechnical field trials. The future implications of this study concern the accurate and timely prediction of corn yields on the basis of corn ear traits before mechanical harvesting and precise agricultural management recommendations for the improvement of production. Estimating corn yields in agrotechnical field trials before a mechanical harvest is important from a scientific and practical standpoint. It helps researchers evaluate the effectiveness of different treatments and interventions and helps farmers identify the most effective inputs and management practices for their particular growing conditions. Furthermore, there is a possibility that a hailstorm or strong wind could destroy the agrotechnical field trial before it is mechanically harvested. By determining corn ear traits using image analysis before harvesting, we can estimate corn yields and obtain precious information that would be lost otherwise.




2. Materials and Methods


2.1. Site and Experimental Design


The trial was conducted at the Institute of Field and Vegetable Crops in Novi Sad (Vojvodina Province, Serbia) in a long-term stationary field trial on chernozem soil, classified as A–C class (humus accumulative soils). The rotation of soybean, wheat, and corn was used in this trial, with corn following wheat. Each crop occupied an area of 0.24 ha (68 m by 34 m), with four replications in each area, consisting of 10 plots and different fertilization treatments in one replication. The fertilization treatments included:




	
Harvest residue (HR) ploughing with Ø (control), 50, 100, 150, 200, and 250 kg nitrogen (N) ha−1; and



	
Without HR ploughing with Ø (control), 100, and 200 kg N ha−1.








The design of the experiment was an unbalanced split-plot design, in which whole plots were harvest residues, and subplots were nitrogen doses. Before winter plowing, the entire amount of phosphorus (as monoammonium phosphate, 80 kg ha−1) and potassium (as potassium chloride, 80 kg ha−1) was added manually, along with 50% of the nitrogen (as ammonium nitrate). The remaining nitrogen (as ammonium nitrate) was added manually in the spring before cultivation and sowing. Three maize hybrids, NS 770, NS 640, and NS 4024, were sown on each plot with four rows, spaced 0.75 m apart using a Nodet Pneumassem planter. Sowing was carried out on 29 April at an optimal time according to the conditions of Vojvodina. All common agricultural practices for the growing of corn were applied during vegetation. For further ear trait analysis, NS 4024 was chosen. It was hand-harvested at physiological maturity by picking up ears from two middle rows (5 m in length). The harvesting of the other hybrids was carried out using a Wintersteiger harvester. The ears of NS 4024 were put in bags and measured to determine their weight. After that, 5 representative normal ears from each bag were chosen for DIA to determine KN, EL, and ED, and to compare the results with those of SA for these corn ear traits.




2.2. Image Acquisition


In this study, a total of 200 ears were subjected to photographic analysis. This was achieved by utilizing 5-step house ladders as a platform for the camera, with the legs of the ladder maximally spread. A piece of styrofoam was prepared by trimming the edges on the longer side to fit through the ladder, and the center was measured and drilled to match the diameter of the camera objective. The styrofoam was then pulled through the ladder to the third step and the camera was placed in a previously made center hole, maintaining a distance of 62 cm between the objective and the ground.



In diffuse light conditions, we conducted external ear imaging. Nadir images were captured using a Canon EOS 2000D camera with a resolution of approximately 24.7 megapixels. The camera was set to automatic mode with automatic focus and the image quality was set to S2 (1980 × 1280 pixels), resulting in a range of 1 to 1.74 megabytes per picture. A black shirt was utilized as the background, on which all five ears from a single bag were placed and photographed. Prior to image acquisition, the shirt was tightly secured to prevent any color discrepancies in the background. The ears were carefully positioned to avoid contact with one another, together with a card containing the fertilizer variant and repetition number. A 30 cm ruler was inserted before photographing the corn to enable the conversion of pixel measurements to centimeters (Figure 1). The Canon Connect application facilitated indirect image capture from a smartphone. Following each image capture, the ears were stored in plastic bags with the corresponding card and numbered 1 to 5 based on their location in the image. The original images are available for download upon request.



Upon completion of the image capture process, EL and ED were measured, utilizing a digital caliper, with a precision of two decimal places, in accordance with the guidelines outlined in [41]. Subsequently, ears were shelled using an electric sheller that ensured the preservation of every kernel and cob. To facilitate subsequent analyses, kernels from a given ear were consolidated within the corresponding plastic bag. This enabled the comparison of kernel counts derived from the captured images and a kernel counter (Contador, Pfeuffer GmbH, Kitzingen, Germany). The duration of each step is reported in Table 1.



The kernel and cob weight of each ear were measured with a digital scale that provided a precision of two decimal points. Subsequently, the kernels were combined, and a 100 g portion of the composite was utilized for the determination of moisture content. The measurement of moisture content was conducted by subjecting the samples to constant heat in an oven and measuring the weight loss. Kernel weight and yield were standardized to a moisture content of 14%. We calculated yield (t ha−1) using Equation (1):


  Y i e l d =   a ∗ b   0.86   ∗   1333.33   1000    



(1)




where a = kernel yield per plot in kg, b = % dry matter, 1333.33 is the correction factor to estimate yield per ha from yield per plot (10.000 m2/plot length × row width × 2), and 1000 is the number needed to convert kg to t.




2.3. Image Analysis


The images in the Joint Photographic Experts Group (JPEG) format were transferred to a computer and analyzed with a program named Fiji/ImageJ version 1.53c, an image processing package that contains many plugins to facilitate scientific image analysis. Makanza et al. [42] presented a simple and understandable description of the process to prepare images for the determination of KN, EL, and ED; therefore, we followed their algorithm. For KN, to ensure accurate segmentation, a threshold of 100 was chosen for pixel subtraction. This helped to eliminate background pixels with similar color intensities as kernels, reducing the likelihood of significant noise during the process. We employed the contrast-limited adaptive histogram equalization (CLAHE) technique to improve kernel edge visibility while suppressing surface noise. Further enhancement of the edges was achieved by applying the unsharp mask method with a radius of 5 and a mask value of 0.70. We then converted the image to an 8-bit format for ease of processing. Although some low-contrast artifacts were still present after edge detection, we utilized the Phansalskar local threshold method, which is a modification of Sauvola’s method, to overcome this issue. This method has proven to be highly effective in cytological images with low contrast. Following binarization, we filled any holes in the image to ensure solid kernel shapes, preventing any splitting during the adjustable watershed step. The adjustable watershed is a plugin that provides the flexibility to adjust the tolerance level to suit the smoothness and shape of the kernel edges, allowing for more accurate segmentation [42]. The parameter values of each step are given in the S1 File, in the Supplementary Materials.



We made small changes to the process described in [42] to determine KN—we removed outliers in the image during the binarization process (Process > Noise > Remove Outliers, with the radius set to 3, the threshold to 50, and bright particles removed). Outliers were mainly small particles such as dust and chaff that were left on the black background after switching ears.



For EL and ED, kernels were filtered out via a Gaussian blur method. This filter uses convolution with a Gaussian function for smoothing. This was followed by a binarization step with the filling up of holes [42]. Instead of the minimum bounding box of a region of interest, which was the method used by [42], we used MinFeret to obtain ED, since the first method did not provide good results. The reason for this was that some ears were not placed in exact alignment with the Y-axis of the image; therefore, the ED was oversized. MinFeret is a measure of the particle’s width that is not dependent on ear position. It is called the minimum caliper diameter, defined as the shortest distance between two parallel planes touching the particles on opposite sites for any orientation of the particle. The Feret diameter, also known as a maximum caliper diameter, which is the longest distance between two points on the boundary of the region of interest, was used for EL measurements. As shown in Figure 2, which depicts the results tab, the starting coordinates of the Feret diameter (FeretX and FeretY) are displayed. In addition to this, the FeretAngle (0–180 degrees, the angle between the Feret diameter and a line parallel to the x-axis of the image) is shown, which, together with the FeretX, FeretY, and the length of the Feret diameter, can be used to draw the Feret diameter of the region of interest, following the macro on Figure 2. Goriewa-Duba et al. [43] recently used Feret and MinFeret, along with other shape descriptors, in order to determine wheat grain length and diameter. The macro used for image analysis is given in the S1 File, in the Supplementary Materials.




2.4. Statistical Analysis


In this study, we conducted linear regression analysis to compare the results obtained through SA and DIA for KN, EL, and ED. The linear equations were then used to estimate these corn ear traits. Linear regression analysis assumes that there is a linear relationship between the predictor variable(s) and the outcome variable. We used residual plots to check for deviations from linearity. The residuals were evenly distributed around zero and did not form any distinct patterns. Linear regression analysis can be sensitive to outliers, which can have a disproportionate impact on the results. We used the box-plot method to check for outliers (they were defined as observations that were more than 1.5 times the interquartile range (IQR) above the upper quartile or below the lower quartile). The variance of the outcome variable must be constant across all levels of the predictor variable(s) in linear regression analysis. We used residual plots to check for deviations from homoscedasticity. The residuals did not show a pattern of increasing or decreasing variance as the predictor variable(s) increased. The assumption of normality refers to the assumption that the residuals are normally distributed. The normality of residuals was validated via the Shapiro–Wilk test.



Additionally, Lin’s concordance correlation coefficient (rc) was used to compare the two methods [44], which was interpreted in conjunction with the simple correlation coefficient. Lin’s concordance correlation coefficient (rc) is especially important when introducing a new measurement capability that has some advantages (e.g., less expensive, less time-consuming, safer to use) over an existing measurement technique. The Pearson correlation coefficient measures a linear relationship but fails to detect any departure from the 45° line. Lin’s concordance correlation coefficient evaluates the agreement between two readings from the same sample by measuring the variation from the 45° line through the origin (the concordance line). We calculated rc between two random variables x and y using Equation (2) [42]:


  r c =   2 r S x S y         X  -  −   Y  -      2   +   s   x   2   +   s   y   2      



(2)




where r is Pearson’s correlation coefficient; sx and sy are the variances of population X and Y, respectively; and     X  −    and     Y  −    are the means of population X and Y. To calculate the confidence interval (CI) for rc, we applied the Fisher transformation to rc to get rc′ (Equation (3)):


    r   c   ′   =   1   2     ln  ⁡    1 + r   1 − r     =   (   ln  ⁡  (   1 − r ) −   ln  ⁡  (   1 − r ) )   2    



(3)







Then we used the following standard error (se) for the transformed value (Equation (4)):


  s e (   r   c   ′   ) =    1   n − 2       ( 1 −   r   2   )   r   c   2     ( 1 −   r   c   2   )   r   2     +   2 ( 1 −   r   c   )   r   c   3     u   2     ( 1 −   r   c   2     )   2   r   −     r   c   4     u   4     2 ( 1 −   r   c   2     )   2     r   2         



(4)




where   u =       X  -  −   Y  -         s   x     s   y       



The CI for the transformed value of rc is then:


    r   c   ′   ±   z   c r i t   s e (   r   c   ′   )  











Taking the inverse Fisher transformation produces the desired CI for rc (Figure 3, first row). The data and formulas used for the calculation of rc are given in the S2 File, in the Supplementary Materials.



The strength of the relationship between the two methods was further evaluated through the F-test, RMSE (root mean square error) as defined in Equation (5) [45], R2 (coefficient of determination), and MAPE (mean actual percentage error) as defined in Equation (6) [45].


  R M S E =    1   n     ∑  i = 1   n        X a i − X m i     2       



(5)






  M A P E =   1   n     ∑  i = 1   n        X a i − X m i     X m i     ∗ 100 %  



(6)




where xmi is the manually measured value, xai is the automatically measured value, and n is the number of maize samples.



Where possible (when data were given in the form of numbers), then RMSE and MAPE were also calculated for other research papers where DIA was used for the corn ear traits measured here, for comparison purposes. To compare the influence of independent factors on corn ear traits obtained through the two methods, we performed an unbalanced ANOVA and the Fisher least significant difference (LSD) test with a 95% confidence interval to identify statistical differences between group means. The data analysis and graphical representations were carried out using XLSTAT, a statistical add-in for Microsoft Excel, and OriginPro v. 9.0. The Nutritional Response Model (NRM), version 1.0, an alternative tool for fitting nutritional response models, was used to obtain the best-fitted models for KN, EL, and ED. The NRM tool, developed using the widely available Microsoft Excel software, allows for simultaneous fitting and side-by-side comparisons of several popular models. In comparison to PROC NLIN of SAS, the NRM.xls workbook provided similar results, as demonstrated in the study presented in [46] that compared the broken line, saturation kinetics, 4-parameter logistics, sigmoidal, and exponential models.





3. Results and Discussion


3.1. Kernel Number, Ear Length, and Ear Diameter Models


The KN model was estimated based on the relationship between actual KN, obtained with the kernel counter, and KN from the visible part of the ear on the image. The total number of kernels from the image was estimated with a linear equation between the average values of five ears per repetition per variant (total 40 points) on the X and Y axis (read additional comments in the S2 File in the KN spreadsheet, in the Supplementary Materials). The data showed a linear correlation (r = 0.95, p < 0.0001) between the KN values estimated using the model (Equation (7)) and the actual counts of detached kernels determined using the kernel counter (Figure 3a, first row).


  y = 2.1522 x − 75.739  



(7)







We used the same ears for KN validation to compare manual measurements of EL and ED with those generated through the image processing method. The model for the calculation of EL (Equation (8)) and ED (Equation (9)) was obtained in the same way as the KN model.


  y = 1.0055 x − 0.846  



(8)






  y = 0.7355 x + 1.0967  



(9)







The data presented a correlation between the two methods for both EL (r = 0.99, p < 0.0001) and ED (r = 0.92, p < 0.0001) (Figure 3b,c, first row).



The MAPE values for KN, EL, and ED were 5.98%, 1.14%, and 1.34%, respectively. The RMSE values for KN, EL, and ED were 24.97 kernels and 0.28 and 0.07 cm, respectively. The R2 values for KN, EL, and ED were 0.90, 0.99, and 0.84, respectively. In Figure 3, in the first row, we can see that the rc values for KN, EL, and ED were 0.94, 0.99, and 0.92, respectively. Similar results for rc were obtained in [42], where rc = 0.97, rc = 0.97, and rc = 0.95, for KN, EL, and ED, respectively. Even though they used a much higher camera resolution of 16.2 megapixels for image acquisition, only a slightly higher rc was obtained in their work.



According to the frequency plots (Figure 3, second row), all absolute percentage errors for KN, EL, and ED were less than 20%, 6%, and 4%, respectively. At the first sight, it is obvious that there was an outlier (5.88% or 0.93 cm) in the frequency plot for EL. In addition, that image was checked. The outlier appeared because the last ear touched the card with the fertilizer variant during the shooting; thus, they were merged after binarization, which caused a surplus in the EL. To consider the use of DIA as a substitute for SA of corn ear traits, the distribution of the differences between the two methods was plotted and the results showed that the differences were normally distributed [47] (Figure 3, third row). We performed a linear regression, with the differences in the measurements as the dependent variable and the average of the measurements as the independent variable, which showed that the bias of differences between methods was not significant, which means that it did not follow any specific trend [47] (S3 File, Supplementary Material).



Miller et al. [22] measured EL and maximum ED using the smallest bounding box method and obtained R2 values of 0.99 for both measured parameters using a flatbed document scanner. The advantage of this approach is controlled lighting conditions and a fixed background, which enables good quality images. However, a flatbed document scanner requires a computer and power for operation, and may not be appropriate for a large number of corn ear samples, as ears should be brought to the laboratory from outside, which increases the workload. Likewise, a lower number of ears fits in the imaging deck of a flatbed document scanner than in the field of view of a digital camera, and the scanning process is slower than that of image capture. Khaki et al. [23] used a digital camera to obtain corn ear images and determined KN with the use of the deep crowd algorithm [48] and the new algorithm they proposed. The correlation and RMSE values were 0.93 and 45.29, respectively, between the deep crowd algorithm and the ground-truth KN, and 0.96 and 33.11, respectively, between their new algorithm and the ground-truth KN. The importance of their work lies in the use of in situ images, with uncontrolled lighting conditions and a natural background. However, they used the detection-based approach, using a convolutional neural network for kernel detection. As a type of deep learning method, it needs a large amount of training data for successful application [49], requires a fixed distance between ears and the camera, and is not invariant to the ear orientation and the kernel color. Their sliding window approach also increased the inference time and involves a complex and expensive algorithm for the average user, since it requires strong computational power for training [50]. Zhang et al. [24] proposed a new algorithm using a rotating device for ear and kernel attributes based on panoramic images, called the scale-invariant feature transform algorithm. They obtained good accuracy for KN (RMSE = 16.38 kernels, MAPE = 2.11%) and EL (RMSE = 1.27 cm, MAPE = 5.48%). They used a small sample (n < 30) and specified that more data should be used for validating the proposed algorithm. Grift et al. [25] used a rotating device to capture full-length, and quasi-cylindrical mid-section images of ears of corn. For the full-length ears, the correlation between the manually counted versus the machine-vision-estimated numbers of kernels was 0.83, with RMSE = 24.12 kernels and MAPE = 3.45%. The quasi-cylindrical mid-section counting method correlation was 0.98 (no data were given, so RMSE and MAPE could not be calculated). The authors stated that since these methods were used to estimate different measures, no comparison between them was valid. Wu et al. [26] worked on an algorithm that showed good precision under natural and artificial lighting and can be used for different maize varieties. The results showed good agreement (>93%) in terms of accuracy between the ground truth (manual counting) and the image-based counts; nonetheless, it should be mentioned that the KN was counted on only one side of the ear, without the use of a model that estimated the total number of kernels per ear. These and other authors compared their methods with SA of corn ear traits and suggested their use for breeding purposes. However, to our knowledge, no investigations have been performed on the use of DIA of corn ear traits in agrotechnical field trials, where production recommendations based on results need to be given, and in which many other independent factors in addition to corn varieties can be included. This is why we aimed to deepened this field of research and used DIA to examine the behavior of some corn ear traits in response to nitrogen doses (N) and harvest residues (HR).




3.2. Comparison of ANOVA, Post-Hoc Test, Regression Analysis, and Correlation Matrix Results between Methods


After performing unbalanced ANOVA on the data, both methods showed that only nitrogen doses had a statistically significant effect on KN, EL, and ED, with a 95% confidence level (Table 2).



Based on the post-hoc tests of HR results obtained using the two methods, all of the cases showed the same statistical differences for KN, EL, and ED. The least significant difference (LSD) was 32.3 for the actual KN and 31.72 for the estimated KN; the LSD for the actual EL was 1.06, whereas for the estimated EL it was 1.04; and the LSD was 0.11 for the actual and estimated ED. Based on the post-hoc test results of nitrogen doses from two methods used for KN comparisons, all of the cases showed the same statistical differences (Figure 4a), with an LSD of 55.94 for actual KN and an LSD of 54.95 for estimated KN. Post-hoc test results of nitrogen doses on EL matched perfectly for both methods (Figure 4b), with an LSD of 1.83 for actual EL and an LSD of 1.79 for estimated EL. For the ED (Figure 4c), the discrepancy was observed in 6.7% of the cases, between 0 kg N ha−1 and 50 kg N ha−1—with a difference of 0.10 cm between methods (Table 3). The LSD was 0.19 for the actual ED and 0.18 for the estimated ED. The post-hoc test of the interaction of HR × N doses showed small differences between the two methods, 5.5% of cases for the KN, with an LSD of 68.51 for the actual KN, and an LSD of 67.30 for the estimated KN. For the ED, the differences between the two methods were in 8.3% of the cases, with an LSD of 0.23 for the actual ED, and an LSD of 0.22 for the estimated ED. Post-hoc test differences did not occur between methods for the EL within the interaction of HR × N doses (all statistical differences are in S4 File, Supplementary Material). We speculate that these results could be improved using a higher resolution in image acquisition, and by processing image formats that contain minimally processed data from the image sensor (such as the RAW format). It should be noted that the processing time would certainly increase with these changes, depending on the computational power. In this case, we used an AMD Ryzen 5 2600 processor, an RX VEGA 56 8 GB graphics card, and 16 GB RAM on 3200 MHz.



The linear plateau model exhibited the best fit for the actual and estimated KN and EL in response to increasing nitrogen doses (Figure 4a,b). However, the quadratic plateau model exhibited the best fit for the actual and estimated ED in response to increasing nitrogen doses (Figure 4c). For the KN, the linear plateau equation based on the data from the SA was similar to the linear plateau equation based on the estimated KN data (Figure 4a). Both of them showed that the maximal numbers of kernels, 446 based on the SA, and 444 based on the estimated data, may be obtained with similar amounts of nitrogen—160 and 156 kg ha−1, respectively. Additional nitrogen did not have an impact on the KN. Both methods showed that the KN attained with 200 kg N ha−1 was statistically higher than the KN with 0, 50, and 100 kg N ha−1. No statistical difference was observed between 150 and 200 kg N ha−1, which led us to the conclusion that the optimal KN per ear may be achieved with an amount between 100 and 150 kg N ha−1.



The maximal actual and estimated EL and ED from the equations (Figure 4b,c) could be acquired with nitrogen doses that were similar to each other. The EL increased up to 150 kg N ha−1, then reached a plateau, with a maximal EL of 21 cm. For the EL, statistical differences were observed between 50 and 150 kg N ha−1, 50 and 200 kg N ha−1, and 50 and 250 kg N ha−1. As expected, both 100 and 150 kg N ha−1 had statistically longer ears in comparison to the controls, which shows that the nitrogen doses required to achieve the optimal EL may be between 100 and 150 kg ha−1. The nitrogen doses recommended for the optimal ED, based on the statistical differences obtained from the two methods, may be between 50 and 100 kg ha−1 (Figure 4c). Here, the quadratic plateau model exhibited the best fit with the data, where the maximal actual ED of 4.687 cm was reached with 154 kg N ha−1, and the maximal estimated ED of 4.673 cm was reached with 172 kg N ha−1.



The quadratic plateau model exhibited the best fit with the grain yield, with a maximum of 7.99 t ha−1, which was reached with 148 kg N ha−1 (Figure 4d). Harvest residue (HR) plowing showed statistical significance (p = 0.04), whereas nitrogen doses (N) showed high statistical significance (p < 0.01) in their effect on the grain yield (S4 File, Supplementary Material). The two-year study presented in [51] did not show the statistical significance of HR on yield and yield components. However, the field where our experiment was placed was established in 1971 as a stationary field trial, which means that HR incorporation from corn, soybean, and wheat occurred as part of a 50 year-long tradition. The short-term effect of crop HR returns on yield observed in [51] was less obvious, possibly since nitrogen fertilizer had a stronger effect than straw return, which can also be seen in some other studies [51,52]. In agreement with [51], we found that there was no statistical difference in grain yield with the highest amounts of nitrogen added. These nitrogen doses intended for optimal yields correspond with results from an 8 year study in which similar doses of this element were used [53]. A quadratic-plateau model has been documented as the best fit for the yield–nitrogen rate relationship [53,54,55]; after this point, the yield starts to decrease with more than 280 kg N ha−1 [56]. As stated in [57], the yield–nitrogen rate relationship is not expected to decrease immediately after plateauing but remains stable as the nitrogen rate increases. Increments in the nitrogen rate after this point result in increases in per-plant nitrogen uptake (and possibly in plant nitrogen concentrations), but with low or no improvement in per-plant yield. The amounts of nitrogen should be made to equalize the export by harvest, plus a portion of losses, which are also caused by meteorological events. Fertilizers enhance plant growth and therefore the development of the plant biomass. The root biomass is also enhanced along with increased residue amounts during harvest. These higher amounts of organic compounds indicate the presence and activity of microbiota in soil, not only microflora and microfauna but also mesofauna with positive effects on soil structure, and thus humus formation, with the chemical stabilization of the structure and pore formation. The incorporation of high doses of mineral fertilizers into soils and their long-term usage does not always have the expected effect. In the beginning, it may lead to a sudden intensification of microbial processes in the soil, which can be justified if the primary aim is to increase yields. However, it could have various possible consequences, such as disruption of the biological balance; the loss of mineral fertilizers; the degradation of the physical, chemical, and biological properties of the soil; as well as other environmental disturbances, especially in cases of mismanagement and when the best mineral practices are not used [58]. Here, with doses above 150 kg N ha−1, an average yield reduction of 21.1% was observed (Figure 4d). The yield obtained with 150 kg N ha−1 was statistically higher than the control variant and the variant in which 50 kg N ha−1 was added, which means that the nitrogen doses for the optimal yield ranged between 100 and 150 kg ha−1. These amounts of nitrogen were also recommended for the optimal KN and optimal EL values (Figure 4a,b); moreover, these two components were highly correlated (0.99 and 0.97 for estimated and actual obtained traits, Table 4). A very high correlation existed (0.9–1.00) [59] between yield and actual corn ear traits and between yield and estimated ones, and this was statistically significant based on a 5% significance value for Pearson’s r (0.811) [60]. Based on the research presented in [1], the KN per ear and EL showed a positive and highly significant correlation with grain yield. It was observed that grains yield showed a positive and highly significant correlation with EL (r = 0.993 **), ED (r = 0.974 **), and KN per ear (r = 0.893 **) [61]. This means that we can use DIA to measure corn ear traits obtained from different fertilization variants and to provide nitrogen fertilization amount recommendations for optimal corn yields. Future research on this topic should be based on comparing the DIA and SA of corn ear traits subjected to other independent variables, with variations in resolution and image formats (preferably using RAW images).





4. Conclusions


Until now, DIA of corn ear traits was primarily used in breeding programs; however, to the best of our knowledge, it has not been used in agrotechnical field trials for comparison between independent factors and variants and for the development of production recommendations based on the results. In contrast to SA for corn ear trait determination in field trials, DIA showed a great reduction in time (being five-times faster), which allowed for the analysis of more plants in specific variants, thus reducing bias. In this study, we presented the results obtained with the lowest resolution possible on the camera that we used. Even with this low-resolution and simple DIA method, a high and statistically significant correlation between automatic and estimated KN, EL, and ED was obtained. For all corn ear traits investigated here, ANOVA for both methods pointed us to the same conclusion, that only nitrogen doses were significantly important for the corn ear traits. Further analysis with the post-hoc testing of nitrogen doses showed only one difference between cases for ED, whereas no discrepancies were seen for KN and EL. Based on these different statistical approaches, we concluded that DIA can be used as a substitute for the SA of corn ear traits in agrotechnical field trials. Results obtained with DIA can serve for the formulation of production recommendations to achieve optimal corn ear traits and, subsequentially, optimal corn yields. Future research on this topic should be based on comparing the DIA and SA of corn ear traits obtained from other independent factors and variants, with variations in resolution and image formats, preferably using the RAW image format.
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Figure 1. Example image of five ears of corn taken from one fertilizer variant. 
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Figure 2. The same ears as those shown in Figure 1, after Gaussian blur filter and binarization were implemented; Feret = ear length, FeretX and FeretY = starting coordinates, FeretAngle = angle between the Feret diameter and a line parallel to the x-axis of the image, MinFeret = ear diameter. The red line on the last ear represents the Feret diameter, and the macro used to draw the Feret diameter is displayed at the bottom right. 
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Figure 3. Plots of the relationship, frequency of differences, and normality of differences between the two methods. First row—(a) the relationship between actual KN and estimated KN; (b) actual EL (cm) and estimated EL (cm); (c) and actual (cm) and estimated ED (cm); r = Pearson’s correlation coefficient; rc = Lin’s concordance correlation coefficient with lower and upper confidence intervals (CI); RMSE = root-mean-square error; MAPE = mean actual percentage error; statistically significant at p < 0.0001. Second row—(d) frequency number plots of the differences between estimated and the actual KN; (e) frequency number plots of the differences between estimated and the actual EL; (f) frequency number plots of the differences between estimated and the actual ED. Third row—distribution plot of differences between measurements of two methods for: (g) KN, (h) EL, (i) ED; The red line represents a normal distribution; the Shapiro-Wilk test was used to validate normality for all differences (p-value for KN differences p = 0.34, for EL p = 0.18, for ED p = 0.68). 
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Figure 4. Comparison of the fitted models with increasing nitrogen doses for (a) actual KN and KN estimated using the model; (b) actual EL and EL estimated using the model; (c) actual ED and ED estimated using the model; (d) fitted model for yield with increasing nitrogen doses. 
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Table 1. Total times needed for each step in the process.






Table 1. Total times needed for each step in the process.





	
Method

	
Process

	
Time for 200 Ears *






	
SA 1

	
To manually determine and write down EL and ED, and count ear rows

	
4 h and 30 min




	
To shell ears, collect their kernels, and put them in the correct plastic bag

	
3 h and 20 min




	
To count 1000 kernels on a kernel counter

	
5–6 min




	
To count the total number of kernels (75,806 kernels)

	
7 h and 30 min




	
Total

	
15 h and 20 min




	
DIA 2

	
To take ear images (+bring bags with ears, choose ears for photograph, clear silk from ears)

	
2 h and 30 min




	
To determine KN from images

	
30 min




	
To determine EL and ED from images

	
16 min




	
Total

	
3 h and 16 min








* One person performed DIA and measured ear length (EL) and ear diameter (ED); more people helped with kernel counting using Contador; the time needed to obtain ear images could be improved by placing more ears in the background and increasing the field of view; we used a smaller number of ears and a decreased field of view simply because we did not have large enough black background. 1 Standard analysis (SA); 2 digital image analysis (DIA).
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Table 2. Comparison of ANOVA results for KN, EL, and ED between methods.
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	(1a)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	3612.73
	3612.73
	1.64
	0.21 ns



	N doses
	5
	100,354.43
	20,070.89
	9.11
	<0.01 **



	Repetition
	3
	23,127.45
	7709.15
	3.5
	0.03 *



	HR × N doses
	2
	170.35
	85.17
	0.04
	0.96 ns



	Residual
	24
	52,896.96
	2204.04
	
	



	Total
	35
	180,161.93
	
	
	



	(1b)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	1047.45
	1047.45
	0.49
	0.49 ns



	N doses
	5
	97,966.91
	19,593.38
	9.21
	<0.01 **



	Repetition
	3
	17,923.7
	5974.57
	2.81
	0.06



	HR × N doses
	2
	1121.54
	560.77
	0.26
	0.77 ns



	Residual
	24
	51,031.02
	2126.29
	
	



	Total
	35
	169,090.61
	
	
	



	(2a)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	5.22
	5.22
	2.22
	0.15 ns



	N doses
	5
	83.81
	16.76
	7.11
	<0.01 **



	Repetition
	3
	19.7
	6.57
	2.79
	0.06 ns



	HR × N doses
	2
	0.95
	0.48
	0.2
	0.82 ns



	Residual
	24
	56.55
	2.36
	
	



	Total
	35
	166.23
	
	
	



	(2b)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	6.11
	6.11
	2.7
	0.11 ns



	N doses
	5
	84.26
	16.85
	7.43
	<0.01 **



	Repetition
	3
	21.56
	7.19
	3.17
	0.04 *



	HR × N doses
	2
	0.89
	0.44
	0.2
	0.82 ns



	Residual
	24
	54.41
	2.27
	
	



	Total
	35
	167.23
	
	
	



	(3a)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	0.03
	0.03
	1.25
	0.27 ns



	N doses
	5
	0.5
	0.1
	4.06
	<0.01 **



	Repetition
	3
	0.05
	0.02
	0.65
	0.59 ns



	HR × N doses
	2
	0.04
	0.02
	0.72
	0.49 ns



	Residual
	24
	0.59
	0.02
	
	



	Total
	35
	1.21
	
	
	



	(3b)
	
	
	
	
	



	Source
	DF
	Sum of squares
	Mean squares
	F
	Pr > F



	HR
	1
	0.02
	0.02
	0.89
	0.36 ns



	N doses
	5
	0.37
	0.07
	3.14
	0.03 *



	Repetition
	3
	0.08
	0.03
	1.14
	0.35 ns



	HR × N doses
	2
	0.02
	0.01
	0.37
	0.69 ns



	Residual
	24
	0.56
	0.02
	
	



	Total
	35
	1.05
	
	
	







(1a)—actual KN; (1b)—estimated KN from model; (2a)—actual EL; (2b)—estimated EL from model; (3a)—actual ED; (3b)—estimated ED from model; HR—harvest residues; N—nitrogen; ** statistically significant at p < 0.01; * statistically significant at 0.05 < p < 0.01; ns not significant.
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Table 3. Fisher LSD test of nitrogen doses of the differences between group means that showed statistical difference.
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	Contrast
	Difference (Actual)
	p > Diff
	Difference (Estimated)
	p > Diff





	0 kg N ha−1 vs. 50 kg N ha−1
	−0.22
	0.04 *
	−0.12
	0.20 ns







N—nitrogen; * statistically significant at 0.05 < p < 0.01; ns not significant.
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Table 4. Correlation matrices for estimated and actual yield components.
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	(a)
	
	
	
	



	
	Yield
	Estimated KN
	Estimated EL
	Estimated ED



	Yield
	1.00
	0.94
	0.96
	0.95



	Estimated KN
	0.94
	1.00
	0.99
	0.98



	Estimated EL
	0.96
	0.99
	1.00
	0.99



	Estimated ED
	0.95
	0.98
	0.99
	1.00



	(b)
	
	
	
	



	
	Yield
	Actual KN
	Actual EL
	Actual ED



	Yield
	1.00
	0.91
	0.95
	0.98



	Actual KN
	0.91
	1.00
	0.97
	0.92



	Actual EL
	0.95
	0.97
	1.00
	0.95



	Actual ED
	0.98
	0.92
	0.95
	1.00







(a) correlation matrix between yield and estimated corn ear traits; (b) correlation matrix between yield and actual corn ear traits.
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