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Abstract


A method based on capacitively coupled contactless conductivity detection (C4D), which has been proven effective for the rapid detection of available soil potassium content, was firstly proposed to apply to soil nutrient detection. By combining a detection signal spectrum analysis, geographic information system (GIS) data, and a cluster analysis, a soil nutrient management system to match the detection device was developed. This system included six modules: soil sample information management, electrophoresis analysis, quantitative calculation, nutrient result viewing, cluster analysis, and nutrient distribution map generation. The soil samples, which were collected from an experimental field in Xuchang City of Henan Province, were analyzed using the C4D and flame photometer methods. The results showed that the detection results for the soil samples obtained via the two methods were in good agreement. C4D technology was feasible for the detection of the soil available nutrients and had the advantages of a high timeliness, low sample volume, and low pollution. The soil nutrient management system adopted the hierarchical clustering method to classify the grid cells of the experimental field according to the nutrient detection results. A soil nutrient distribution map displayed the spatial difference in nutrients. This paper provides a systematic solution for soil nutrient zone management that includes nutrient detection, signal analysis, data management for the nutrient zone, and field nutrient distribution map generation to support decision making in variable fertilization.
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1. Introduction


The sustainable development of agriculture is the basis for human survival and development, so industrial agriculture, which sustains a high output with high inputs, is facing increasing economic and environmental pressures [1,2,3]. For the current outstanding issues of excessive fertilization and a low quality of arable land, China’s first document repeatedly stresses the need to pay attention to the quality of arable land, expand soil testing and formulated fertilization, and implement a ‘grain in the ground, grain in technology’ strategy to improve food production capacity [4,5,6].



In agricultural production, realizing better soil nutrient zone management and optimizing the amount of fertilization according to crop needs and farmland soil nutrients are effective ways to enhance nutrient utilization efficiency, improve food quality, and protect the agricultural environment [7,8,9,10,11,12]. Accurate, rapid, and low-cost access to nitrogen (N), phosphorus (P), and potassium (K) nutrient contents in field soils is a prerequisite for implementing soil nutrient zone management [13,14].



The determination of N, P, K, and other nutrients in soil usually adopts traditional chemical methods such as the flame photometer method [15], the atomic absorption method [16], molybdenum antimony spectrophotometry [17], etc. These methods have the problems of a high cost, long duration, complicated operation, and so on. The measurement methods for different nutrient types and different forms of nutrients are different and need to be determined separately [18,19]. Spectroscopy technology can quickly and easily obtain soil spectral information for the detection of soil nutrients or heavy metals via model inversion [20,21,22,23,24,25]. However, the spectroscopy method is costly and has high requirements in the detection environment. Soil moisture, light intensity, soil particle size, and other factors may interfere with the detection of the soil nutrient content [26,27,28]. In order to obtain quantitative results, the optimal model construction is a key link [29,30], and this process requires sufficient sample data. In addition, the prediction model lacks universality due to geographical differences, soil types, and other factors [30].



Electrochemical methods have the ability to test samples directly, quickly, and accurately [31]. Among them, capacitive coupled contactless conductivity detection (C4D) technology provides a new idea for the quantitative analysis of soil nutrients [32,33,34]. In recent years, the combination of a micro-channel as a carrier with electrochemical detection has become a popular detection method for researchers due to the high throughput, low sample volume, and high sensitivity of the micro-channel system [35]. C4D based on a micro-channel has been widely used in the early detection of diseases, drug testing, food additive testing, etc. [36,37,38]. For the past few years, our research team has concentrated on work in the detection of soil available nutrients using C4D combined with capillary electrophoresis and successfully developed a C4D device for soil available nutrients that supports the electrical signal detection of NO3−, NH4+, H2PO4−, and K+ in sample solutions [34]. The method has the advantages of being simple and low-cost with a low consumption of reagents and samples as well as a rapid detection ability. Meanwhile, it also has great potential for miniaturization and portability.



In addition, a method for using the soil nutrient detection signal obtained by the C4D device to carry out partition management of soil nutrients is the key to the implementation of variable fertilization. Partition management of soil nutrients is based on soil properties, spatial information, environmental factors that affect the nutrient distribution, and human factors. With the development of digital agriculture, GIS and data mining are now widely used in agricultural information technology. The method of dividing variable fertilization management units based on the spatial difference in soil nutrients has become a hot spot in modern soil nutrient management [39,40]. As an unsupervised learning method, using the classification results of a cluster analysis can more objectively reflect the distribution of the data itself. The cluster analysis has played an important role in soil evaluation and nutrient management in recent years [41,42,43]. Therefore, a cluster analysis can be used as an effective means for classification in delineating soil nutrient management zones.



In this study, a self-developed C4D device to detect the soil available nutrients was used. An experimental field located in Xuchang, Henan Province, China, was selected as the research object. By combining a detection signal spectrum analysis, geographic information system data, and a cluster analysis, a soil nutrient management system was developed. The system included the analysis of the ion electrophoresis signal and quantitatively inverted the available nutrient concentrations such as ammonia nitrogen, nitrate nitrogen, available potassium, and available phosphorus in the soil. By superimposing the nutrient results of the soil sampling points on the vector map, the spatial differences in nutrients could be visually displayed. The nutrient partition model was constructed using unsupervised learning to classify the farmland soil nutrient to obtain the soil nutrient zone and nutrient distribution map and provide a decision-making basis for variable fertilization. The study in this paper was the main research content of the 13th Five-Year National Key R & D Program “The Research of Agricultural Machinery Variable Operation Technology and Device”.




2. Materials and Methods


2.1. Overview of the Research Region


This study was conducted in Wanzhuang Village, Chencao Township, Jian’an District, Xuchang City, Henan Province, China. Xuchang City has a warm temperate sub-humid monsoon climate with abundant rainfall and sufficient light. The annual average temperature is about 15 °C, the sunshine totals 2280 h, the annual precipitation is about 700 mm, and the frost-free period is 217 days. The experimental site was located at 114°00′51.40″ E–114°01′13.00″ E longitude and 34°06′30.60″ N–34°06′38.88″ N latitude. The experimental area was about 280 mu, and the main crop was wheat and corn rotation.




2.2. Soil Sampling and Preprocessing


According to the characteristics of the experimental field and the frequency of the execution structure of the fertilization variable, the soil sampling was carried out after the wheat harvest in June 2019. The sampling points were arranged on a 40 m × 40 m grid with 91 designated sampling points. The sampling depth was 0–20 cm in the topsoil. The soil samples from each sample point were collected and mixed at five points. After the five-point soil samples were mixed, the four-point method was used to retain 1 kg of each sample. Each soil sample was numbered, and the GPS information for the sampling point was recorded. Finally, 80 valid soil samples were determined as shown in Figure 1. The collected soil samples were placed on the sample plate in a timely manner, spread into a thin layer, and then placed in a clean and tidy indoor ventilation area. After natural drying, the plant roots and gravel were removed and the samples were ground, sieved with a 1 mm aperture sieve, and stored in order to prepare them for the subsequent C4D detection.




2.3. Research Methods


2.3.1. Capacitive Coupled Contactless Conductivity Detection of Soil Nutrients


Efficient nutrient detection is the primary requirement for generating an effective nutrient distribution map. We applied C4D technology to the detection of ionic nutrients in the soil and successfully developed a C4D device for effective nutrients in the soil [22]. The device uses capillary electrophoretic separation channels. The overall structure of the detection device is shown in Figure 2; the key modules include the C4D detector module, C4D cell module, high-voltage power supply module, signal acquisition and control terminal modules, etc. Different running liquids are filled in the capillary tubes according to the different ions to be measured. After the sample is injected, the nutrient ions in the capillary are separated in the running liquid under the action of the migration voltage.



The different ions in the capillary display different movement velocities under the combined action of electrophoresis and electro-osmotic flow, and the time to reach the capillary end detector is also different to distinguish and detect different types of nutrient ions.




2.3.2. Experimental Design and Detection Operations


(1) Instruments and reagents



The instruments used included an independently developed capillary electrophoresis pool and high-voltage power supply (CE-IIM-651A), a non-contact conductivity detector a fused silica capillary; a flame photometer; an analytical balance, a dKZ-2 reciprocating oscillation machine, and an ultrasonic cleaner.



The standard substances used include tris, ethylenediaminetetraacetic acid (EDTA, non-sodium salt), polyvinylpyrrolidone (PVP; average molecular weight M = 30,000), potassium nitrate, sodium hydroxide (analytically pure), glacial acetic acid, ammonium chloride (analytically pure); ultrapure water (Milli-Q ultrapure water system preparation).



The steps in the configurations of the solutions consisted of:



pTAE buffer mother liquor: weigh 3.03 g of tris and 0.18 g of EDTA into a 50 mL clean plastic bottle, add about 40 mL of ultrapure water, shake well to dissolve it fully, add 0.30 mL of glacial acetic acid into the above plastic bottle, dissolve it fully, and set the volume to the scale with ultrapure water;



Capillary electrophoresis cationic running solution: weigh 0.60 g of PVP into a clean plastic beaker, dissolve it with an appropriate amount of ultrapure water and transfer into a 100 mL volumetric flask. Then, add 2 mL of pTAE Buffer mother liquor into the above 100 mL volumetric flask and add ultrapure water to fix the volume to the scale;



Capillary anion running solution: transfer 150 μL of glacial acetic acid into a 100 mL volumetric flask containing 80 mL of ultrapure water and add ultrapure water to fix the volume to the scale.



(2) Preparation of soil water extract



The pretreated soil samples were weighed (3 g; accurate to 0.01 g) in a 200 mL triangular flask, and 30 mL of ultrapure water (soil-liquid ratio of 1:10) was added and sealed with a parafilm. After shaking for 30 min at 25 °C using a rotational speed of 180 r/min in a constant temperature water bath, the filtrate was filtered using quantitative filter paper, and the filtrate was pushed through a needle-type filter (0.45 μm/25 mm) using a disposable syringe for secondary filtration and placed into the sample tube. The water extraction method was used to effectively avoid the environmental pollution caused by the traditional chemical method with extracting agents.



(3) Instrument preparation



	1)

	
Capillary channel: Wash both ends of the capillary tubes, platinum electrodes, etc., with ultrapure water. The solution storage bottle and detection cell were washed with running solution, and an appropriate amount of electrophoresis running solution was added to each of them. A special syringe was used to clean the inside of the capillary with ultrapure water and the electrophoresis running solution. After rinsing, the two ends of the capillary were completely immersed in the electrophoresis running solution in the detection cell and the storage bottle.




	2)

	
Instrument hardware: make sure that the instrument components are wired correctly and keep the room temperature at 25 °C. Turn on the high-voltage power supply and detector in turn. For the first time, adjust the operating voltage of the high-voltage power supply, set +14 kV for cation detection, −14 kV for anion detection, 10 s injection time, 12 kV injection voltage, and zero the detector display.




	3)

	
Acquisition software: confirm that the acquisition card has been connected to the computer. Run the data-acquisition software, confirm that the serial port communicates successfully, and set the experimental information and method.







(4) Detection and analysis operations



	1)

	
Running baseline: according to the object to be measured, select the appropriate high-voltage parameters, start the high-voltage power supply, and at the same time run the acquisition program. At this time, the baseline will begin to appear in the acquisition software interface on the screen. When the baseline is running smoothly (generally running 4–5 min), turn off the high-voltage power supply and stop the acquisition program, and the data will be saved automatically. If the baseline is unstable, eliminate the cause and run the baseline test again.




	2)

	
Sample injection: remove the liquid storage bottle and replace it with an injection bottle containing 1 mL of the soil water extract to be tested. Select the injection and start the injection high-voltage power supply. After the injection voltage returns to 0, remove the sample bottle and replace it with the liquid storage bottle.




	3)

	
Measurement and spectrum recording: Select the appropriate high-voltage parameters, turn on the high-voltage power supply and run the acquisition program again, and the acquisition program will begin recording the electrophoretic signal spectrogram. After the target ion electrophoresis peak appears, turn off the high-voltage power supply and stop the acquisition program, and the data will be saved automatically.




	4)

	
Spiking injection: add 0.05 mL of the standard solution of the target ion (concentration of 200 mg/L) to a sample injection bottle containing 1 mL of soil water extract, repeat steps (2) and (3), and perform the secondary electrical injection and spectrum recording operation. It will take about 20 min to complete the detection process for a soil sample.








2.3.3. Quantitative Calculation of Soil Nutrient Content


The electrophoretic signal intensity detected by the detector could be inverted to obtain the soil ion concentration. Using the standard addition method [44], the effective soil nutrient content was calculated using the change in the peak area of the ion electrophoresis peaks before and after the spiking injection. We set the volume of the solution before spiking as V1 (mL), the volume of the solution after spiking as V2 (mL), the electrophoretic peak area before spiking as S1, the electrophoretic peak area after spiking as S2, the original concentration of the standard solution as C0 mg/L, the ion concentration of the soil water extract as Ct mg/L, the corresponding electrophoretic peak area as S1, the concentration of target ion contained in solution after standard addition as      V 1   C t  +  (   V 2  −  V 1   )   C 0     V 2      mg/L, and the corresponding electrophoretic peak area as S2; then the ion concentration Ct of the soil water extract was calculated using Equation (1) as follows:


   C t  =      S 1     S 2    ×    (   V 2  −  V 1   )   C 0     V 2      1 −    S 1     S 2       V 1     V 2       



(1)







The ion concentration C (mg/kg) in the soil sample to be measured could be obtained by converting via the ion concentration in the soil water extract. We set the ion concentration in the soil water extract as Ct (mg/L), weighed Y g soil sample for soil extraction, and added ultrapure water as Z (mL); then the ion concentration C in the soil sample was calculated using Equation (2) as follows:


  C =    C t  × Z ×   10   − 3     Y ×   10   − 3      



(2)








2.3.4. Cluster Analysis for Soil Nutrient Classification


Based on the results of the soil nutrient calculation, a cluster analysis was used to realize the classification of the soil nutrient grade, which provided a decision-making basis for soil nutrient partition management. A cluster analysis is an unsupervised learning method that can automatically classify a batch of samples according to their degree of affinity in nature without prior knowledge. Hierarchical clustering methods, which are widely used around the world, were adopted in this experiment. The basic idea of hierarchical clustering methods is to regard n samples as a class and then determine the distance between the samples and the distance between the classes. First, due to each sample being a class, the distance between each class is equal to the distance between each sample. Then, two classes with the smallest distance are selected and merged into a new class to calculate the distance between the new class and the other classes. Thus, the two nearest classes are merged so that one class is reduced each time until all the samples are in one class. A hierarchical clustering analysis need not use the classification criteria and the number of categories, but can perform the classification objectively using the data itself. In this study, the soil nutrient concentration was usually a one-dimensional numerical variable after quantification. The shortest Euclidean distance was used as the distance-measurement method.






3. Results


3.1. Soil Nutrient Partition-Management System Based on Capacitive Coupled Contactless Conductivity Detection


The current experiments to detect NO3−, NH4+, H2PO4−, and K+ were carried out by using the C4D of soil available nutrients. With an aim to analyze and process the ion electrophoretic signal and nutrient zone and conduct data management, the Delphi programming language, the MySql database management system, and the MapX map control were used to develop a soil nutrient management system to match the detection device that was developed. The system functions included soil sample information management, electrophoresis analysis, quantitative calculation, nutrient result view, cluster analysis, and nutrient distribution map generation. The key steps are described in detail below using K+ as an example.




3.2. Detection of Electrophoresis Lines


We opened the interface of the [Electrophoresis Analysis] in the soil nutrient management software and then loaded the Detection baseline, the detection line of the soil sample to be tested (Detection line of soil sample), and the detection line after adding the standard reagent (Spiking detection line) data collected after the operation described in Section 2.3.2. The ion electrical signal time series was displayed in a visual chart as shown in Figure 3; the X-axis is the running time and the Y-axis is the electrical signal value. The baseline spectrum is shown in the red line in Figure 3. If the baseline was flat, it indicated that the equipment was running stably and the capillary had no ions. The sample injection spectrum is shown in the green curve in Figure 3 with three significant positive ion peaks from 3 min to 5 min. The spiking injection spectrum is shown in the blue curve in Figure 3. After adding the standard reagent, the peak height and peak width of the first peak increased significantly. After repeated tests, the first peak was the peak of K+.




3.3. Electrophoresis Analysis


The calculation of the soil available nutrient concentration required the peak area of ion electrophoresis peaks before and after spiking, so the automatic peak finding and peak area calculation were vital to the quantitative calculation of the nutrient concentration. Currently, there is no recognized peak-finding algorithm for all cases. For the spectrum to be analyzed, the peak time and the number of peaks were relatively stable, so the first-order derivative method was used to find the peaks, and the integration method was used to calculate the peak area. At the same time, the peak-area computing was also realized by taking the peaks manually if the automatic peak finding was not ideal. As shown in Figure 4 and Figure 5, by using automatic peak finding, the peak area of the K+ (the first peak in the detection line of the soil sample) of soil sample B1 was 180,904 uV.s. After the spiking injection of the K+, the K+ peak increased significantly, the peak width became wider, and the peak area increased to 769,817 uV.s.




3.4. Quantitative Calculation


The peak area and the volume of the solution before/after adding the standard reagent and the concentration of the standard sample were entered into the interface of [Quantitative Calculation]. The ion concentration in the soil water extract could be automatically calculated. The ion concentration in the soil could be computed according to the soil/liquid ratio of the soil water extract. The experimental parameters and calculation results of soil sample B1 are shown in Figure 6.




3.5. Cluster Analysis and Nutrient Distribution Map Generation


The results of 80 soil samples were interpolated using the nearest-neighbor method to ensure that each grid of the experimental field had corresponding nutrient data. The hierarchical clustering method was used to divide the grid cells into different levels according to the number of levels expected by the user. Taking three and five classes as examples, a statistical table of the number of grids that corresponded to each nutrient partition is provided in Table 1. In the three-level partition, the grading range of the available potassium was ≤17.8, 17.9–32, and ≥32.1; in the five-level partition, the grading range of the available potassium was ≤11.6, 11.7–17.8, 17.9–32, 32.1–61, and ≥61.1.



The results of the clustering analysis were displayed in the software module [Nutrient Map]. The distribution maps of the soil available potassium (Olsen-K) with the three-level and five-level partitions are shown in Figure 7 and Figure 8, which can provide a basis for decision making in variable fertilization.





4. Discussion


In order to verify the accuracy of the C4D for soil available nutrients, we used the C4D method and the national standard flame photometer method simultaneously to determine the available potassium, and some soil samples were randomly selected. The comparison results are shown in Table 2. It can be seen in the table that when the available potassium was very low, the relative deviation of the result was large, which might have been affected by the flame photometer range, but it did not affect the nutrient partition. The relative deviation of 64.7% of the samples was less than 10%, and the relative deviation of 82.4% of samples was less than 20%, so the test results obtained by the two methods were in good agreement. Thus, the C4D method was feasible and usable for the determination of soil available nutrients.




5. Conclusions


In this study, soil sample testing, data analysis, and nutrient partitioning were carried out based on an independently developed C4D method. The relevant conclusions were as follows.



	(1)

	
The module for electrophoretic analysis and quantitative calculation realized the operation of the data input, display, automatic peak finding, peak area calculation, nutrient concentration calculation, and data storage for the time series of ion electrical signals.




	(2)

	
The comparison experiment to determine the available potassium using the C4D method and the national standard flame photometer method showed that the detection results obtained via the two methods were in good agreement. The C4D of soil available nutrients, which had the advantages of a low cost, low pollution, a low sample volume, a high sensitivity, and a high timeliness, can be used as a practical method for the detection of soil available nutrients.




	(3)

	
On the basis of constructing a 40 m × 40 m grid vector diagram of the experimental field, the nutrient-detection results for the soil samples were superimposed. The cluster analysis method in the data mining was applied to the soil nutrient grade in the system. The system could generate soil nutrient distribution maps according to the user’s desired number of classifications and could visually display the spatial differences in nutrients. This work proved to achieve the purposes of soil nutrient zone management and to provide a basis for decision making in variable fertilization.







In the future, a more accurate detection system will be developed that can be used when the content of available potassium is very low. The management system for soil nutrients proposed in this paper will help to measure and manage the nutrients in soil on a more precise scale and guide fertilization operations more effectively. This will be beneficial to reducing fertilizer application.
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Figure 1. Distribution of soil sampling points. 
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Figure 2. Structure of capacitive coupled contactless conductivity detection device. 
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Figure 3. Electrophoretic peak for K+ of Xuchang soil sample B1. 
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Figure 4. Peak height and peak area of the electropherogram for soil sample B1. 
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Figure 5. Peak height and peak area of the electropherogram for soil sample B1 after adding standard reagent. 
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Figure 6. Quantitative calculation of ion concentration in soil. 
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Figure 7. Distribution map of soil available potassium in the three-level partition. 
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Figure 8. Distribution map of soil available potassium in the five-level partition. 
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Table 1. Statistics on clustering partition of available potassium.
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Three-Level Partition

	
Five-Level Partition






	
Available potassium grade

	
Low

	
Middle

	
High

	
Low

	
Less low

	
Middle

	
Less high

	
High




	
Grid numbers in the zone

	
86

	
23

	
10

	
29

	
57

	
23

	
9

	
1











 





Table 2. Comparison of detection results between the C4D method and flame photometer method.
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	Sample Number
	C4D Method

(mg/kg)
	Flame Photometer Method (mg/kg)
	Relative Deviation (%)





	A9
	8.6
	5
	72%



	D3
	13.8
	9
	53.3%



	F5
	13.9
	9
	54.4%



	G5
	9.9
	10
	1%



	J9
	10.2
	11
	−7.3%



	C7
	12.6
	13
	−3%



	K7
	14.9
	15
	−0.7%



	H11
	14.7
	16
	−8.1%



	D1
	20.4
	21
	−2.9%



	E1
	22.8
	26
	−12.3%



	F11
	24.9
	28
	−11.1%



	J1
	31.1
	32
	−2.8%



	B1
	28.8
	34
	−15.3%



	C13
	40.7
	41
	−0.73%



	H1
	48.1
	51
	−5.7%



	F13
	57.5
	62
	−7.3%



	D13
	121
	119
	1.7%
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