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Abstract

:

Fresh weight is a direct index of crop growth. It is difficult to continuously measure the fresh weight of bell peppers grown in soilless cultures, however, due to the difficulty in identifying the moisture condition of crops and growing media. The objective of this study was to develop a continuous and nondestructive measuring system for the fresh weight of bell peppers grown in soilless cultures considering the moisture content of growing media. The system simultaneously measures the trellis string’s supported weight and gravitational weight using tensile load cells. The moisture weight of growing media was calibrated during the growth period using changes in moisture content before and after the first irrigation of the day. The most stable time period for the measurement, from 03:00 to 06:00, was determined by analyzing the diurnal change in relative water content. To verify the accuracy of the system, the fruits, stems, leaves, and roots’ fresh weights were measured manually. The fresh weights measured by the developed system were in good agreement with those manually measured. The results confirm that our system can reliably and accurately measure fresh weights of bell peppers grown in soilless cultures. This method can be applied to continuous growth data collection for other crops grown in soilless cultures.
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1. Introduction


Bell peppers (Capsicum annuum L.) are an economically important vegetable widely consumed for their high mineral and vitamin content [1,2,3]. Because they are highly sensitive to environmental conditions, most bell peppers are grown in greenhouses with soilless culture systems, where the microclimate can be precisely controlled [4,5,6]. In these conditions, environmental control and growth techniques are commonly used to optimize biomass production of crops. Therefore, it is important to measure the crop weight, which is an indicator of biomass production itself and is used as a key parameter for crop growth models [7,8,9,10]. Manual measurements are the most common method to determine crop weight. However, this method is not only destructive, but also laborious. Therefore, a nondestructive and continuous crop weight measurement system is desired.



Several studies on the development of continuous fresh weight measurement systems have been conducted. Chen [11] and Kim [12] installed a compressive force load cell to measure the fresh weight of leafy vegetables in deep-flow or nutrient-film techniques. This technique is not applicable for soilless cultures of bell peppers using solid growing media, where the moisture content of growing media changes continuously from irrigation, drainage, and crop water uptake. Baas and Slooweg [13] installed a compressive load cell under gerbera-planted rockwool media, and used frequency domain reflectometry (FDR) sensors, which measured the volume of moisture in the growing media using permittivity, to calculate crop fresh weight by excluding the moisture weight of growing media. This method can be used to calibrate the moisture weight of growing media as it changes continuously throughout the day, but this method can only be applied to crops’ gravitational weight. Furthermore, it would be difficult to apply this method to crops partially supported by a string trellis such as tomatoes, cucumbers, melons, and bell peppers. Therefore, it is necessary to develop a system that can measure both gravitational and string trellis crop weights.



To measure the weight of crops that are supported by the string trellis, CropAssist was developed [14]. CropAssist measures the weight through a tensile load cell (upper load cell) installed between the aluminum bar where the string trellis is fixed and the greenhouse frame. The moisture change in growing media is measured using a compressive load cell (lower load cell) installed under the growing media. This system has been used to measure crop growth and transpiration rate in various environmental and growth conditions [15,16,17]. This method, however, is limited to crops supported entirely by string trellis, such as tomatoes and cucumbers. For bell peppers, the crop weight is mainly supported by the string trellis, but there is also another weight component to consider because, unlike tomatoes, bell peppers grow straight vertically due to the lignified stems. Therefore, a system is required for nondestructive and continuous fresh weight measurement, considering the following general cultivation of bell peppers: (1) Hydroponics using solid media; (2) weight of the crops is supported by string trellis; and (3) the crops grow straight vertically.



The objectives of this study were to develop a continuous and nondestructive measuring system for the fresh weight of bell peppers grown in soilless cultures considering the moisture content of growing media and to verify the performance of the developed system by comparing it with actual measured data.




2. Materials and Methods


2.1. Fresh Weight Measurement System in a Soilless Culture Environment


The instrument consists of four components: An outer frame, an inner frame, load cells, and moisture sensors (Figure 1). The outer and inner frames were manufactured with HFS6-type aluminum profiles of 30 × 30 mm and HFS5-type aluminum profiles of 20 × 20 mm, respectively. The outer frame served as the main framework supporting the overall system. Rockwool slabs were placed on the lower part of the inner frame as the growing media, with four bell peppers planted on top of them. The crop was supported by a string trellis fixed to the upper part of the inner frame. Both the gravitational weight of the crop and rockwool growing media (downward force) and the weight supported by the string trellis (upward force) were supported by the inner frame. The inner and outer frames were connected with four S-beam tensile load cells (SBA-25, CAS, Yangju, Korea) with a 1 g resolution and a 0 to 25 kg measurement capability. The load cells were connected to an amplifier and conditioner module (CI-1500A, CAS, Yangju, Korea) to amplify and convert the electric signal to a proportional weight value, which was then sent to a data logger (CR-1000, Campbell Scientific, Logan, UT, USA). To measure changes in the moisture content, FDR sensors (WT100B, Mi-Rae Sensor, Seoul, Korea) were installed vertically in the middle of the growing media and recorded by the same data logger.




2.2. Growth Conditions


The experiments were conducted in a Venlo-type glasshouse located on the experimental farm of Seoul National University, Suwon, Korea (latitude, 37.3° N; longitude, 127.0° E). The vents on the greenhouse’s roof and sidewall automatically opened when the daytime temperature was higher than 26 °C. Forty-day-old bell pepper seedlings (Capsicum annuum L. ‘Fabris’) (Rijk Zwaan, De Lier, Netherlands) were used. On 8 February, 2018 (growth period 1) and on 30 October, 2018 (growth period 2), after two weeks of acclimatization at a nutrient concentration electrical conductivity (EC) of 2.0 dS/m, seedling with 5-6 nodes were transplanted into 0.9 * 0.2 * 0.1m (L * W * H) rockwool media (Grotop GT Master Dry, Grodan, Roermond, Netherlands) with a plant density of 3.3 plants/m2.



The EC and pH of the nutrient solutions were maintained at 2.6–3.0 dS/m and 5.5–6.5, respectively [6]. The plants were pruned to maintain two main stems, which were vertically trellised in a V-type canopy system [18]. Indoor solar radiation, temperature, CO2 concentration, and relative humidity were measured using a pyranometer (SP-110, Apogee Instruments, Logan, UT, USA), temperature sensor (CS220, Campbell Scientific, Logan, UT, USA), CO2 sensor (MH-Z14A, Winsen Electronics Technology, Zhengzhou, China), and relative humidity sensor (PCMini70, Gilwoo Trading, Seoul, Korea), respectively.




2.3. Fresh Weight Calculation


The FDR sensor measured the volumetric moisture content (v/v, %) in the growing media. A calibration factor between moisture weight and moisture content was calculated using the change in system weight measured by the load cell and the change in growing media moisture content measured by the FDR sensor before and after the first irrigation of the day:


Cf = (SWa − SWb)/(MCa − MCb)



(1)




where Cf is the weight-moisture content calibration factor (kg/%), SWa is the system weight after irrigation (kg), SWb is the system weight before irrigation (kg), MCa is the moisture content after irrigation (%), and MCb is the moisture content before irrigation (%).



The fresh weight of a crop depends on time of day because the water content, which affects the fresh weight, varies with weather and crop conditions [19]. Therefore, we measured the diurnal changes in relative water content (RWC) of the crop in order to select a time when RWC was relatively stable during the day. RWC was measured every hour over a 24-hour cycle during the days with (27 Feb.) and without (28 Apr.) indoor night heating according to Equation (2):


RWC = 100 ∗ (FW − DW)/(TW − DW)



(2)




where FW is the fresh weight of the samples after harvest, TW is the fully turgid weight of the samples in 4 °C distilled water for four hours, and DW is the dry weight of the sample after oven-drying at 70 °C for 48 hours [20]. The samples taken were less than 0.1 g and all measurements were repeated three iterations.




2.4. Growth Survey and Verification


To verify crop fresh weights measured by the developed system, we conducted a destructive crop growth survey. Measurements were taken from the crops on the system (fruits) and the adjacent crops grown simultaneously in the greenhouse where the system was installed (stems, leaves, and roots). The fresh weight of stems and leaves for crops of similar size and shape were measured by an electronic balance (FX-500i, A&D, Tokyo, Japan) every two weeks during the growth period. The fresh weight of fruits was calculated with an estimation regression of fruit length and fruit diameter [Equation (3)]. Fruit diameter and fruit length were measured by a digimatic caliper (CD-15CPX, Mitutoyo, Kanagawa, Japan) every two weeks.


FFW = 290.74 ∗ WF2 ∗ LF + 0.342



(3)




where FFW is the fruit fresh weight, WF is the fruit length, and LF is the fruit diameter. Data collected from the adjacent crops during the growth period were used for regression analysis (Figure A1).



Both the weight of the harvested crops and the weight of pinched crops were measured during the growth period. The roots of the crops were tightly attached to the growing media structures (Figure 2), so actual measurement of the roots’ fresh weight was impossible. Therefore, all of the growing media, including the roots, was harvested and dried in an oven (HB-501L, Hanbaek Science, Gyeonggi-do, Korea) at 70 °C for 48 hours on 10, 30, 75, and 113 days after transplanting (DAT). In order to calculate the dry root weight, the weight of the dried growing media containing the roots was subtracted from the weight of the initial growing media before planting the crops. The average root fresh weight was calculated indirectly using the ratio of dry and fresh root weight. The root weight was measured from one growing medium, and leaf and stem weights were measured from four plants. For verification, the total fresh weights determined using the destructive measurements were compared to those measured determined using the experimental system.




2.5. Statistical Analysis


To evaluate the accuracy of the developed system, the R2, root mean square error (RMSE), and d-statistic were calculated using statistical programs (SPSS, IBM, Armonk, NY, US) to represent the accuracy of the developed system. The d-statistic used the Willmot index [21] as an indicator of absolute accuracy. Pearson correlation analysis was performed using the same statistical program to analyze the correlation between crop growth and environmental factors. All figures were created using Sigmaplot (Systat Software, San Jose, CA, USA).





3. Results and Discussion


3.1. Diurnal Change in RWC


The RWC decreased from sunrise to noon and gradually increased afterward (Figure 3). In general, the RWC of crops is affected by ambient temperature, light intensity, and humidity during the day. At night, temperature and humidity are the main factors, which are significantly changed by night heating. The RWC when heating at night was rapidly decreased was compared to the RWC when heating at night. Although it measurements occurred over two different days, the RWC between 03:00 and sunrise was relatively stable with less than 3% variation. These results are consistent with previous daytime RWC measurements for various crops [22,23,24]. Recent studies have shown a time lag between crop water uptake and transpiration, causing a change in the crops’ RWC [22]. When transpiration begins with sunrise, roots uptake water when the RWC is below a certain level. This causes the continuous change in RWC during the day. Water loss continued throughout the day, but the crops stored the water after sunset and contained a constant level of water [25]. The average crop RWC does not show significant differences from night water content recovery except in extreme water stress conditions [26]. In soilless cultures, changes in RWC are minimal because the water content in the media is always maintained at an optimum level [27]. From our results, the appropriate time for fresh weight calculation was selected from 03:00 to before sunrise.




3.2. Weight-Moisture Content Calibration and Fresh Weight Calculation


We analyzed the changes in system weight and moisture content of growing media before and after the day’s first irrigation (Figure 4). Because the transpiration rate was less than 0.5 g/min at the time of first irrigation [6], the changes in total system weight and moisture content of growing media from transpiration were disregarded. Calibration factors (Equation 1, kg/%) were 0.072 ± 0.003 (growth period 1) and 0.068 ± 0.002 (growth period 2), respectively.



Previous studies [28,29] show the absolute value from the FDR sensor is affected by the growth period and environmental factors. In this study, however, the calibration factor did not change significantly between the growth periods. In soilless culture conditions, when the amount of irrigation is proportional to the amount of solar radiation, the root-zone area maintains stability [18,30]. This factor was substituted into the moisture content equation to calculate the fresh weight excluding the moisture weight in the growing media.



The changes in total system weight, growing media moisture content, and calculated fresh weight from 2 April to 17 April 2018 are shown in Figure 5. The total system weight varied with the moisture content, but the crop fresh weight increased throughout the period. In soilless culture conditions, the moisture weight of the growing media was a large proportion of total system weight, so the daily change in moisture weight in the growing media was excluded for accurate fresh weight measurement.




3.3. Destructive Crop Growth Survey


The root samples of the plants were taken from the growing media on 10, 30, 75, and 113 DAT (Table 1). The ratio of root dry weight to root fresh weight was 0.132, with no significant differences between growth stages. The ratio was multiplied with the measured root dry weight to calculate the root fresh weight by growth stage (Table 2). The root fresh weight at the early growth stage was about 14% of the total crop fresh weight. The proportion decreased to less than 10% after the middle growth stage.



More than 60% of the fresh weight at the last growth stages was reproductive parts, including fruit. For bell peppers, both vegetative and reproductive growth occurs simultaneously, with fruits being the most rapidly changing organ of the crops during growth period [31]. Unlike the continuous increase in the fresh weights of roots, stems, and leaves during the growth period, fruit abortion and harvest caused a discontinuous increase in total crop weight. Therefore, fruit fresh weight is considered important when measuring crop fresh weights.




3.4. Continuous Changes in Fresh Weight and Its Verification


The crop fresh weight was calculated from measurements made between 03:00 and sunrise and included the total system weight, the moisture content of growing media, and the calibration factor. This allowed daily crop growth monitoring and recording during the growth period. Figure 6 shows the bell pepper’s fresh weight growth curves during the growth period. In the early stage, the changes in fresh weight were relatively small, but as the growth progressed, the growth rate first increased and then decreased, indicating a sigmoidal growth pattern. The bell pepper’s sigmoidal growth form [32] observed under general greenhouse conditions was confirmed using the experimental system; a significant decrease in crop fresh weight during the growth period was consistent with the fruit’s harvest date (Figure 6B).



Comparisons between the crop fresh weight measured by the experimental system and actual crop fresh weight are shown in Figure 7. A high linearity (linearity error < 1.725%) was obtained with R2 = 0.978 − 0.969, RMSE = 0.647 − 0.552, and d-statistic = 0.948 − 935 by growth periods. This accuracy was lower than other recent studies, where crop weights were measured using load cells ([33], error < 1.5%; [11], R2 = 0.997; [12], R2 = 0.998). Since these studies were conducted using deep-flow culture conditions with the roots free from the growth media, it was easier to measure the crop weight and roots with the load cells. However, compared to previous studies with roots fixed in growing media or soils [13,14], our experimental system showed high accuracy and proved its suitability for measuring the fresh weight of bell peppers in soilless cultures.



The following factors were considered: (1) In order to minimize the impact of continuous daily changes to RWC, the optimal time-zone was selected in a day; (2) the weight-moisture content calibration was conducted at the time of the first irrigation of the day when the effects of frequent irrigation and transpiration was minimal; and (3) the weight of roots was indirectly calculated using the ratio of root dry and fresh weights. We believe the developed system was the first to consider the growth characteristics of bell peppers grown in soilless culture and can be applied to not only bell peppers, but also to other crops.




3.5. Applicability and Limitations of the Developed System


As the crop growth could be continuously measured using the developed system, further analysis of the relationship between environmental conditions and crop growth was possible. Figure 8 shows the continuous changes in crop growth and environmental factors during the growth period.



The daily crop growth rate was calculated using the difference in fresh weight calculated between current and previous measurement days. Correlation analysis allowed us to interpret the continuous relationship between crop growth and environmental factors (Table 3). Temperature, light intensity, and CO2 concentration are the main environmental factors that determine the photosynthesis and calculate the biomass production in various crop growth models [7,8]. In this study, the temperature, light intensity, and relative humidity were highly correlated compared to the carbon dioxide concentration. This was due to the absence of CO2 enrichment during the growth period. The crop growth is determined by accumulated environments with time in the growth conditions. However, it is difficult to perform a time-series analysis between crops growth and environmental factors using crop growth data manually collected. The developed system allowed us to analyze the time series relationship through continuous measurements.



Recently, information and communication technologies have been used to improve crop yield and quality, as well as to reduce costs. The demand for big agricultural datasets is increasing [34,35]. As part of this data, information about environmental factors can be easily measured by various sensors. However, there are still limitations on collecting crop growth information. Our system can continuously and nondestructively monitor crop response to environmental conditions. Load cells, which are the main sensors used in our system, are durable, interact easily with various data collection systems, and require little maintenance after installation [36]. Also, in soilless culture conditions, changes in growing media moisture weight from irrigation, drainage, and crop water uptake are greater than daily crop growth. In order to detect this minute growth changes, load cells that can measure a fine weight are desired. At the same time, load cells should be able to support the weight of the entire cultivation system, including the growth media and the moisture in it, as well as the weight of the crop. This requires the maximum weight of tens of kilograms. A load cell with both high resolution and high maximum weight conditions is expensive, so it is necessary to select the appropriate level of load cells for the purpose.





4. Conclusions


A nondestructive and continuous measurement system for the fresh weight of bell peppers in soilless culture was developed. The system simultaneously measured the weight of the total cultivation system and the moisture contents of growing media using load cells and FDR sensors, respectively. The crop fresh weight was obtained by considering changes in system weight and moisture content before and after the first irrigation of the day and adequate time with stable relative water content. During the two growth periods, the fresh weights measured by the system were compared with those measured manually. Both comparisons showed good agreement, with R2 = 0.978 and 0.969, respectively. The developed system can be used to analyze the relationship between crop growth and environmental factors, and contribute to crop growth modelling with limited number of data.
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Figure A1. Comparison of fruit fresh weights (FFW) measured manually and calculated with an estimation regression of fruit length (LF) and fruit diameter (WF). FFW = 290.74 ∗ WF2 ∗ LF + 0.342. 
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Figure 1. A schematic diagram of the developed fresh weight measuring system using load cell and frequency domain reflectometry (FDR) sensors (A) and the data flow of the developed system (B). 
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Figure 2. Distribution of roots inside the rockwool growing medium. 
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Figure 3. Diurnal changes in relative water content in heated conditions at night ((A), 27 February 2018) and in unheated conditions at night ((B), 28 April 2018). 
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Figure 4. Changes in system weight (SW) and moisture content (MC) measured by load cells and frequency domain reflectometry sensors, respectively, before and after the irrigation. Subscripts a and b mean after and before irrigation, respectively. 
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Figure 5. Changes in total system weight, moisture content, and fresh weight from 2 April to 17 April 2018. 
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Figure 6. Changes in crop fresh weights measured by the developed system (line) and manual measurements (dot). (A) and (B) indicate growth periods 1 (8 February–28 May 2018) and 2 (30 October 2018–25 March 2019), respectively. 
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Figure 7. Comparison of crop fresh weights measured by the developed system and the actual measurements by the growth survey (dot) and the linear regression (black line). (A) and (B) indicate growth periods 1 (8 February–28 May 2018) and (30 October 2018–25 March 2019), respectively. 
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Figure 8. Crop growth rates measured by the system (A) and environmental conditions in the greenhouse (B) from 5 March to 26 March 2018. Daily crop growth rate was calculated as the difference in fresh weight calculated between current and previous measurement days. 
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Table 1. Sampled fresh and dry weights of the roots specific days after transplanting (DAT).






Table 1. Sampled fresh and dry weights of the roots specific days after transplanting (DAT).





	DAT
	Fresh Weight (g, A)
	Dry Weight (g, B)
	A/B





	10
	0.098 ± 0.021z
	0.013 ± 0.001
	0.133



	30
	1.206 ± 0.327
	0.165 ± 0.06
	0.137



	75
	1.935 ± 0.420
	0.248 ± 0.024
	0.128



	113
	1.117 ± 0.246
	0.147 ± 0.013
	0.132
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Table 2. Growth survey results of roots, leaves, stems, and fruits per plant according to days after transplanting (DAT) for different growth periods. Root fresh weight was calculated with root dry weight and A/B ratio in Table 1. Growth periods 1 and 2 were 8 February–28 May 2018 and 30 October 2018–25 March 2019, respectively.






Table 2. Growth survey results of roots, leaves, stems, and fruits per plant according to days after transplanting (DAT) for different growth periods. Root fresh weight was calculated with root dry weight and A/B ratio in Table 1. Growth periods 1 and 2 were 8 February–28 May 2018 and 30 October 2018–25 March 2019, respectively.





	
Growth Period

	
DAT

	
Root Dry

Weight (g)

	
Root Fresh

Weight (g)

	
Leaf Fresh

Weight (g)

	
Stem Fresh

Weight (g)

	
Fruit Fresh

Weight (g)






	
1

	
20

	
0.650 z

	
4.912

	
19.779 ± 11.586 y

	
35.864 ± 4.191

	
1.738 ± 0.953




	
34

	
0.647

	
4.866

	
22.402 ± 3.986

	
10.0398 ± 2.373

	
1.182 ± 0.311




	
48

	
1.407

	
10.582

	
40.066 ± 18.726

	
30.479 ± 11.999

	
1.964 ± 0.626




	
68

	
4.793

	
36.037

	
165.687 ± 15.148

	
124.935 ± 13.171

	
59.295 ± 82.027




	
76

	
7.256

	
54.555

	
298.869 ± 45.735

	
197.085 ± 13.425

	
45.603 ± 25.274




	
91

	
7.267

	
54.638

	
301.019 ± 64.667

	
195.685 ± 49.313

	
762.398 ± 31.465




	
104

	
7.293

	
54.837

	
312.207 ± 25.668

	
199.720 ± 8.823

	
1003.479 ± 221.610




	
2

	
29

	
0.635

	
4.500

	
13.31825 ± 4.645

	
7.395 ± 2.624

	
0.568 ± 0.122




	
44

	
1.155

	
9.329

	
59.598 ± 18.169

	
47.498 ± 5.462

	
27.732 ± 29.648




	
58

	
3.907

	
30.057

	
132.838 ± 37.745

	
99.262 ± 12.357

	
139.211 ± 42.562




	
71

	
4.793

	
40.556

	
176.768 ± 29.590

	
139.951 ± 14.957

	
304.009 ± 101.153




	
85

	
6.921

	
53.239

	
201.902 ± 41.542

	
151.156 ± 18.901

	
12.534 ± 6.236




	
101

	
7.161

	
55.077

	
258.571 ± 75.537

	
196.274 ± 32.862

	
49.459 ± 21.397




	
113

	
7.250

	
56.669

	
340.491 ± 67.764

	
200.019 ± 27.662

	
160.932 ± 53.152




	
127

	
10.391

	
79.931

	
421.408 ± 67.072

	
301.940 ± 24.236

	
262.037 ± 71.329








z Average value of four plants. y Mean ± standard deviation (n = 4).
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