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Abstract

:

In soybean, lodging is sometimes caused by strong winds and rains, resulting in a decrease in yield and quality. Technical measures against lodging include “pinching”, in which the main stem is pruned when excessive growth is expected. However, there can be a decrease in yield when pinching is undertaken when the risk of lodging is relatively low. Therefore, it is important that pinching is performed after the future risk of lodging has been determined. The lodging angle at the full maturity stage (R8) can be explained using a multiple regression model with main stem elongation from the sixth leaf stage (V6) to the blooming stage (R1) and main stem length at the full seed stage (R6) as the explanatory variables. The objective of this study was to develop an areal lodging prediction method by combining a main stem elongation model with areal main stem length estimation using UAV remote sensing. The main stem elongation model from emergence to R1 was a logistic regression formula with the temperature and daylight hours functions f (Ti, Di) as the explanatory variables. The main stem elongation model from R1 to the peak main stem length was a linear regression formula with the main stem length of R1 as the explanatory variable. The model that synthesized these two regression formulas were used as the main stem elongation model from emergence to R8. The accuracy of the main stem elongation model was tested on the test data, and the average RMSE was 5.3. For the areal main stem length estimation by UAV remote sensing, we proposed a soil-adjusted vegetation index (SAVIvc) that takes vegetation cover into account. SAVIvc was more accurate in estimating the main stem length than the previously reported vegetation index (R2 = 0.78, p < 0.001). The main stem length estimated by the main stem elongation model combined with SAVIvc was substituted into a multiple regression model of lodging angle to test the accuracy of the areal lodging prediction method. The method was able to predict lodging angles with an accuracy of RMSE = 8.8. These results suggest that the risk of lodging can be estimated in an areal manner prior to pinching, even though the actual occurrence is affected by wind.
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1. Introduction


Lodging of soybean is one of the meteorological disasters. Excess growth of soybean often increases the risk of lodging, but it occurs at strong winds and rains. Soybean yields can be reduced by 9–34% due to lodging [1]. Uchikawa et al. reported that when the combine harvester’s cutting height is lowered to reduce harvest losses due to lodging, soil scraping causes contamination of grains [2]. Given that lodging causes yield loss and quality deterioration, measures such as the introduction of lodging-resistant varieties have been taken. One technical measure is pinching, which involves pruning the main stem when excessive growth is expected [3]. Pinching is an effective measure when native varieties are in high demand in Japan, where soybean eating culture is deeply rooted, and a switch to lodging-resistant varieties cannot be achieved. However, if there is no difference in the degree of lodging between the no-pinching and pinching areas, the yield of the pinching area can be lower [4]. Therefore, it is important to implement pinching based on the prediction of future lodging.



Lodging is affected by the main stem length together with wind speed [5,6]. Konno and Homma reported that main stem elongation, especially from the 6th leaf stage to the blooming stage, and the main stem length after the blooming stage have an effect on lodging [6]. If the amount of main stem elongation and the main stem length during this period could be predicted before pinching, countermeasures could be taken to address the risk of lodging. Nakano et al. reported a model for predicting the number of main stem nodes for predicting main stem growth [7]. The model showed that the rate of increase in the main stem node number (node day−1) depends on the temperature. The main stem length is closely related to the number of main stem nodes [8,9]. It is likely that the main stem length can also be predicted as a function of temperature. Furthermore, the main stem length is also affected by the light environment and is higher under shading conditions and with relatively low daylight hours [10,11,12]. Therefore, the prediction of the main stem length should also take daylight into account. However, to date, there have been no studies on main stem elongation models, and there are no methods for predicting lodging through the prediction of main stem elongation that has yet been established.



Soybean growth differences are affected by soil physicochemical properties [13]. Differences in soil physicochemical properties have been found, including within the same field [14]. Yamamoto et al. investigated soybean SPAD values (an index of relative chlorophyll content; the name comes from the Soil and Plant Analyzer Development project [15]; the values measured with Konica Minolta’s SPAD-502 plus, Konica Minolta Japan, Inc., Tokyo, Japan) at 80 locations within a 5-ha farmer’s field and reported within-field differences [16]. This suggests that it is difficult to predict lodging at the field scale only using a growth model. Therefore, remote sensing is expected to be used as a diagnostic method for areal field growth. Yamamoto et al. conducted UAV remote sensing simultaneously with leaf color value research and found a significant relationship between leaf color values and GNDVI (Green Normalized Difference Vegetation Index) [16,17]. Tambo et al. also highlighted the potential of using GNDVI to estimate the nitrogen content and above-ground dry matter weight of soybean [18].



However, Kamaki et al. found that a single regression using the NDVI (Normalized Difference Vegetation Index) could not be used to estimate the above-ground dry matter weight with sufficient accuracy [19]. They attributed this to the effect of reflections from the soil surface. If the amount of growth in the early stages of growth can be estimated when the inter-row spaces are exposed, as in this study, it is important to use a vegetation index that suppresses the influence of reflections from the soil surface. SAVI (Soil-Adjusted Vegetation Index) and MSAVI (Modified Soil-Adjusted Vegetation Index) have been developed as vegetation indices that consider the effect of soil [20,21]. These vegetation indices incorporate a soil adjustment term (L) into the equation to reduce the influence of reflections from the soil surface. The soil adjustment term (L) is calculated as a constant of 0.50. However, the soil adjustment term (L) is inversely related to the vegetation cover, and the soil adjustment term (L) should be adjusted according to the vegetation cover [20]. However, to date, a soil-adjusted vegetation index that takes the vegetation cover into account has not yet been reported. Furthermore, previous studies on soybean growth and the vegetation index have predominantly focused on the above-ground dry matter weight and nitrogen content, and none of them have shown a relationship with the main stem length, which is the measurement target of this study.



Therefore, the following analyses were conducted in this study to establish an areal lodging prediction method.



	
Creation of a main stem elongation model using the main stem node number model of Nakano et al. [7]



	
Creation of an areal main stem length estimation method using a soil-adjusted vegetation index that takes vegetation cover into account using UAV remote sensing



	
Creation of an areal lodging prediction method by combining the main stem elongation model and the soil-adjusted vegetation index






The accuracy of the developed areal lodging prediction method was verified using test data.




2. Materials and Methods


The soybean cultivar ‘Miyagishirome’ was used in this study. ‘Miyagishirome’ was bred in the Miyagi Prefecture in 1961 through pure line selection from native varieties, and it is characterized by its large grain size and excellent quality of appearance. However, it is prone to lodging [22,23]. This is the main variety that is grown in 44% of the fields in Miyagi Prefecture.



2.1. Main Stem Elongation Modeling


2.1.1. Main Stem Elongation Model from Emergence Date to Blooming Stage (R1)


The main stem elongation model from emergence date to blooming stage (R1) ([24], and similarly for subsequent reproductive growth stages) used the temperature function f (Ti) (1) in the main stem node number model by Nakano et al. [7]. Given that the main stem length is affected by daylight hours, a temperature and daylight hours function f (Ti, Di) (2) was created by adding a daylight hours term to function (1). The term including daylight hours (Di) was set to 1 < {1 + exp (−a × Di)} < 2. This means that the maximum daily main stem growth (cm day−1) doubles when daylight hours are low. A logistic regression (3) with the daily accumulated value of this function (2) as the explanatory variable was used as the main stem elongation model.


  f     T   i     =      0      if      T   i   ≤ T   N   b      or      T   i   > T   N   c           T   i   − T   N   b     T   N   p 1   − T   N   b          if    T   N   b   <   T   i   ≤ T   N   p 1       1      if    T   N   p 1   <   T   i   ≤ T   N   p 2         T   N   c   −   T   i     T   N   c   − T   N   p 2          if    T   N   p 2   <   T   i   ≤ T   N   c         



(1)






  f (   T   i   ,     D   i   ) = f (   T   i   ) ×   1 + e x p   −   a   1   ×   D   i        



(2)






    M S L   D A E   =   c   1 + e x p   −   a   2   ×     ∑  i = 1   D A E    f     T   i   ,   D   i       − b        



(3)







Ti and Di in functions (1) and (2), and the main stem elongation model (3) denote mean daily temperature (°C) and daylight hours (h day−1), respectively. TNb, TNp1, TNp2, and TNc in function (1) indicate the lower, optimum, upper, and upper-temperature limits of the main stem node increase; 10.0 °C, 30.0 °C, 35.0 °C, and 45.0 °C were used for TNb, TNp1, TNp2, and TNc based on Nakano et al. [7]. MSLDAE in the main stem elongation model (3) represents the main stem length at days after emergence (DAE). a1, a2, b, and c in function (2), and the main stem elongation model (3) are parameters. a1 is the coefficient of daylight hours (Di). a2, b, and c are the rate of increase of main stem length, inflection point, and asymptote line.



The data used to create the model were the “main stem length” up to three days after the blooming stage, the average daily temperature (°C), and daylight hours (h day−1) from the 2005 to 2021 cropping pattern analysis test reported by Organization Miyagi Prefectural Furukawa Agricultural Experiment Station (n = 36, n indicates the number of data.) (Table 1) [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. The emergence date, which is the starting point of the model, was also obtained from the crop analysis test. Meteorological data were obtained from the nearest AMeDAS (Japan Meteorological Agency) in the study area [42]. Parameters were obtained using a solver in Microsoft Excel 2019 (Microsoft) to minimize the RMSE between the estimated and measured main stem length.




2.1.2. Main Stem Elongation Model from Blooming Stage (R1) to Peak Main Stem Length


The model predicted the peak main stem length from the main stem length at R1. The peak main stem length was reported by Konno and Homma to be at the beginning pod stage (R3) [6]. The main stem length remained flat from R3 to the full maturity stage (R8). Therefore, a model of peak main stem length was created using a single regression analysis with the main stem length at R1 as the explanatory variable and the main stem length after R3 as the objective variable. The main stem length was assumed to have a length that remained constant after the peak.



The data used to create the model were the main stem length data (n = 5) from the 60- and 80-day post-sowing research in the same cropping pattern analysis test as in (1) for the years when the difference in days between the research date and the R1 calendar date ranged from −1 to 5 days. The following main stem elongation model (4) was created assuming that this data was the R1 data and the 100 days after sowing research data was the peak main stem length data. Microsoft Excel 2019 and JMP14 (SAS Institute, Tokyo, Japan) were used to create the regression equations.


    M S L   p e a k   =   a   3   ×   M S L   R 1   +   b   2    



(4)







In the main stem elongation model (4), MSLpeak indicates the peak main stem length, MSLR1 indicates the main stem length of R1, and a3 and b2 are parameters. The main stem elongation models (3) and (4) were synthesized to obtain a main stem elongation model that can be adapted from post-emergence to R8.




2.1.3. Accuracy Verification of the Main Stem Elongation Model


The accuracy of the main stem elongation model was verified using main stem length data obtained in Osaki City and Kurihara City, Miyagi Prefecture, in 2022. Research plots were selected by visual inspection at moderate-growth sites (1.5 m−2), and research was conducted on moderate-growth individuals sampled from the vicinity of the experimental plots. Data for Osaki City was the average of two fields. Eight individuals were researched at the 4th leaf stage (V4), 6th leaf stage (V6), 8th leaf stage (V8), R1, R3, and full seed stage (R6) in Osaki City. In Kurihara City, eight to 12 individuals per field were researched at V4, the 7th leaf stage (V7), R1, R3, and R6. The main stem length was defined as the length from the beginning of the cotyledon to the highest node.



Sowing dates, emergence dates, and blooming stages (R1) were 25 May and 6 July (sowing dates), 15 June and 16 July (emergence dates), 1 August and 18 August (R1) in Osaki City, and 23 June (sowing date), 30 June (emergence date), and 9 August (R1) in Kurihara City.





2.2. Leaf Age Modeling


In line with the main stem elongation model (3), a leaf age model (5) was created using the temperature function f (Ti) (1) of the main stem node number model by Nakano et al. [7].


  L N =     c   2     1 + e x p   −   a   4   ×     ∑  i = 1   D A E    f     T   i       −   b   3         − 2.5  



(5)







The main stem node number model of Nakano et al. is an accumulated value of a × f(Ti) [7]. In this study, leaf age was defined as the value obtained by subtracting 2.5 from the logistic regression applying the main stem node number model of Nakano et al. (2019) [7]. Assuming that the nth leaf develops during the extraction of the n + 1st node, leaf age (LN) was determined by subtracting 2.5, which was the number of the cotyledon node, primary leaf node, and the n + 1st node during extraction. In the leaf age model (5), a4, b3, and c2 are parameters indicating the rate of increase in the number of main stem nodes, inflection point, and asymptote line, respectively.



The data used to create the leaf age model (5) were the results of the cropping pattern analysis test from 2005 to 2021 (n = 53) (Table 2), as well as the data used to create the main stem elongation model (3) [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. The leaf age model (5) used data at 40, 60, and 80 days after sowing. JMP14 was used to calculate the parameters.



The leaf age model (5) was tested using the data obtained by the same research as in Section 2.1.3 in 2022 and the data sowing on 25 May and 24 June 2021 in Osaki City, in which only leaf age was studied (n = 21). Research on leaf age was conducted from 2nd leaf stage (V2) to V6 in 2021 and from V4 to R1 in 2022.




2.3. Method for Estimating Main Stem Length Using a Soil-Adjusted Vegetation Index That Takes Vegetation Cover into Account


2.3.1. Outline of the Experimental Plots


Data obtained in V6 and R1 in 2018, 2020, and 2021 in Osaki City, Miyagi Prefecture, were used for the analysis. The data were obtained from experimental plots with different cultivation management, and the data before full vegetation cover were analyzed (n = 55) (Table 3).



The experimental plots were selected using visual inspection at 1.5 m2 of moderately growing area. Individuals with moderate growth were selected from these areas for research on the main stem length. In 2018, seven experimental plots with different fields, population densities, and N fertilizer levels were established with two or three replications. In 2020, research was conducted on 21 experimental plots with different fields, sowing times, and Mg soil amendment applications. In 2021, research was undertaken on four experimental plots with different fields and sowing times. A total of 32 experimental plots were established over three years. In all three years, the distance between the rows was 75 cm, and the soil was ridged twice, that is, once in the second and third leaf stage and again in the sixth and seventh leaf stage.




2.3.2. UAV Remote Sensing


UAV remote sensing was performed using aerial photography with a Mavic Pro Platinum (DJI) equipped with a Sequoia + (Parrot). Red (660 nm) and NIR (790 nm) wavelength images acquired during the aerial photography were used to calculate the vegetation index, with the protocol used being described later.



Aerial photography conditions were an 80% overlap rate, 80% sidelap rate, and an altitude of 50 to 100 m. During the aerial photography, buildings (switchboards and manholes) with positional information that did not change were used as the ground control points (GCPs). A standard reflector (Parrot) was photographed before the aerial photography, and the reflectance of the aerial images was corrected using the images of the standard reflector during image processing.



Aerial images at each wavelength were processed for ortho-mosaic using Metashape Professional (Agisoft). To obtain the reflectance within the experimental plots in the ortho-mosaic images, a shapefile for each experimental plot was created using QGIS ver. 3.10.6. The average reflectance of Red and NIR wavelengths within the experimental plots was obtained using the zone statistics tool.



The vegetation indices used in this study were NDVI, SAVI, MSAVI, and the soil-adjusted vegetation index considering vegetation cover (SAVIvc) for soybean proposed in this study. The specific calculation formulas are as follows: Equation (6) [43], Equation (7) [20], Equation (8) [21], and Equation (9) (This study 2023).


  NDVI =     N I R − R e d    /    N I R + R e d      



(6)






  SAVI =       N I R − R e d    /    N I R + R e d + L       ×   1 + L    



(7)






  MSAVI =     2 N I R + 1 −      2 N I R + 1     2   − 8   N I R − R e d        2    



(8)






   SAVI vc  =       N I R − R e d    /    N I R + R e d +   L   v c         ×   1 +   L   v c      



(9)







NIR and Red are the reflectances at each wavelength. In SAVI (Formula (7)), L = 0.50. Lvc in SAVIvc (Formula (9)) is one minus vegetation cover. The vegetation cover was determined using Otsu’s binarization method for the NIR image to determine the threshold between vegetation and bare ground [44]. This was calculated using the zone statistics tool in QGIS ver. 3.10.6.




2.3.3. Main Stem Length Research


Research individuals for the main stem length were selected by visually selecting individuals whose growth was equivalent to that of the experimental plots from the vicinity of the experimental plots. The main stem length was defined as the length from the beginning of the cotyledon to the highest node. In 2018, standing soybeans were researched, including individuals within an area of 1 m × 1 ridge. The number of individuals researched per experimental plot ranged from 13 to 33. In 2020 and 2021, soybeans cut from the cotyledon were included in the research. The number of individuals surveyed per experimental plot was six in 2020 and eight in 2021.




2.3.4. Statistical Analysis


The accuracy of the estimation of the main stem length using each vegetation index was evaluated using the coefficient of determination (R2) of the regression formula obtained using Microsoft Excel 2019 and JMP14 and the standard error and 95% confidence interval of the parameters.





2.4. Creation of an Areal Lodging Prediction Method by Combining a Main Stem Elongation Model and a Soil-Adjusted Vegetation Index


2.4.1. Prediction Model for Lodging


The following lodging model (10) in “late lodging” reported by Konno and Homma was used in this study [6]. Konno and Homma also presented a model that included wind speed [6]. However, because of the difficulty in predicting future wind speed, only the main stem length was used as an explanatory variable in this study.


    L o g i t θ   L   = 0.04 M S E + 0.03 M S L − 4.77  



(10)







LogitθL is the Logit transformed value of the lodging angle, MSE is the main stem elongation from V6 to R1, and MSL is the main stem length at R6.




2.4.2. Areal Lodging Prediction Method


Given that the optimum time for pinching in ‘Miyagishirome’ is V8, V6 was used as the starting point for prediction [45]. The following procedure was used for areal lodging prediction (Figure 1):




	
The calendar day of V6 was predicted using the leaf age model (5).



	
The main stem length at V6 was estimated areally using the vegetation index calculated by UAV remote sensing at V6.



	
The main stem length at R1 was predicted by the main stem elongation model (3), and the main stem elongation from V6 to R1 was predicted areally from the difference, with the main stem length at V6 estimated in 1.



	
The main stem length at R6 was predicted by substituting the main stem length of R1 predicted in 3 into the main stem elongation model (4).



	
The lodging was predicted areally by substituting the main stem elongation from V6 to R1 predicted in 3 and the main stem length at R6 predicted in 4 into the lodging model (10).








The calendar date of the blooming stage (R1) also needed to be predicted to predict the main stem length at R1. The calendar date of R1 was predicted based on the DVR model (11) by Nakano et al. [46].


  D V R =   1   G   ×   1 − e x p   B ×   L −   L   c         1 + e x p   − A ×   T −   T   h               ( RMSE = 1.1 )  



(11)







In the DVR model (11), T is the mean of the daily maximum and minimum temperatures (°C), and L is the daylength time (h). Parameter G is the minimum number of days between the emergence and blooming stages (d). Th is the temperature at which the DVR is halved under a certain day length (°C), Lc is the critical day length at which development proceeds (h), and A and B are coefficients for temperature and day length.



The parameters of model (11) were obtained using data from the cropping pattern analysis test reported by the Organization Miyagi Prefectural Furukawa Agricultural Experiment Station. The parameters of the DVR model (11) were obtained using the “emergence date”, “blooming stage”, “daily maximum temperature”, “daily minimum temperature”, and “daylength time” at the test site from 2001 to 2021 (n = 22). The parameters were calculated using a solver in Microsoft Excel 2019. The parameters of the soybean varieties ‘Ryuho’, ‘Enrei’, and ‘Fukuyutaka’, as reported by Nakano et al., were used as the initial values for the parameters [46]. The one with the lowest RMSE between the estimated and measured values was used as the parameter for ‘Miyagishirome’. In the DVR model (12), G = 23.38, Th = 19.51, Lc = 15.51, A = 0.372, B = 1.075, and the RMSE of the test data (n = 12) was 1.1 days.



To test the applicability of this prediction method, we used data from research conducted in Osaki City in 2019 and in Osaki City and Kurihara City in 2022. The research fields in 2019 were on two levels (fields A and D in Table 3), and the sowing dates were 27 May, 6 June, and 17 June. The number of research sites at each sowing time was two for both fields A and D on 27 May, two for field A and four for field D on 6 June, and two for fields A and D on 17 June. The area of each site was 24 m2 (3.0 m × 8.0 m) or 48 m2 (6.0 m × 8.0 m). In 2022, the research fields in Osaki City were set at three levels (fields A, E, and F). The sowing dates were 25 May and 6 July in Osaki City and 23 June in Kurihara City. The number of research sites was three in Osaki City and six in Kurihara City. The area of each site ranged from 9.0 m2 (3.0 m × 3.0 m) to 16 m2 (4.0 m × 4.0 m) in Osaki City and 9.0 m2 (3.0 m × 3.0 m) in Kurihara City. The average of the research sites in each field was used as the data for the analysis.



UAV remote sensing was conducted in 2019 on 13 July (at the site sowed on 27 May), 19 July (at the site sowed on 6 June), and 26 July (at the site sowed on 17 June). In 2022, the survey was conducted in Osaki City on 11 July (at the site sowed on 25 May) and 9 August (at the site sowed on 6 July) and in Kurihara City on 19 July. UAV remote sensing and image analysis were conducted in the same way as described in Section 2.3.2. In Kurihara City, the date of the UAV remote sensing did not match the stage of V6. Therefore, the calendar date for V6 was determined by the leaf age model (5). The main stem length between the date of UAV remote sensing and V6 was calculated using the main stem elongation model (3) was used as a correction value. This correction value was then added to the main stem length estimated using UAV remote sensing.



The lodging angle was measured on R8 according to the method of triangular function, as reported by Konno and Homma [6]. We selected 1.5 m2 for a site area of 9.0, 16, and 24 m2 or 3.0 m2 for a site area of 48 m2 in areas with moderate growth and conducted research on three or six soybeans, respectively. The adaptability of the prediction method in this study was evaluated by comparing the lodging determinations measured with those made using the prediction method in this study. The meteorological data necessary for the various models were obtained from the Furukawa AMeDAS data station.






3. Results


3.1. Creation and Verification of Accuracy of Main Stem Elongation Model


A logistic regression (main stem elongation model (3) from emergence date to R1) using the integral of the temperature and daylight hour function f (Ti, Di) or the integral of temperature function f (Ti) was used as explanatory variables, which is shown in Figure 2. The temperature and daylight hour function f (Ti, Di) had an R2 of 0.94 (p < 0.001) and an RMSE of 4.2. The temperature function f (Ti) had an R2 of 0.88 (p < 0.001) and an RMSE of 5.7. In relation to the main stem length, the accumulated temperature and daylight hour function f (Ti, Di) had a higher R2 and lower RMSE and a stronger fit with the main stem length. The parameters of the main stem elongation model (3) with the temperature and daylight hours functions f (Ti, Di) as explanatory variables were a1 = 2.603, a2 = 0.085, b = 37.02, and c = 133.3. The parameters of the main stem elongation model for the temperature function f (Ti) were a2 = 0.133, b = 26.22, and c = 121.6. Comparing the parameters, a2 (rate of increase) was smaller, b (inflection point) was larger, and c (asymptote) was larger in the main stem elongation model (3).



The relationship between the main stem length at R1 and the main stem length peak was 0.95 (p < 0.001) for R2. This indicated that the main stem length peak could be estimated from the main stem length at R1 (Figure 3). The parameters of the main stem elongation model (4) were a3 = 0.83 and b2 = 31.8.



The accuracy verification of the main stem elongation model, which is a synthesis of the main stem elongation models (3) and (4) using test data, is shown in Figure 4. The RMSE between the predicted and measured values was 2.6 for the 25 May sowing in Osaki City, 9.1 for the 6 July sowing, and 4.3 in Kurihara City, with an average of 5.4 across the three plots.



Figure 5 shows the accumulated air temperature and accumulated daylight hours for the years and regions for which the test data were obtained. Each test data set showed a different trend of accumulated air temperature and accumulated daylight hours. Accumulated temperatures were similar in all three plots until V8, after which the 25 May sowing in Osaki City had the highest accumulated temperatures. The 6 July sowing in Osaki City had lower accumulated temperatures from V8 to R1 than the other two plots, and the accumulated temperature at R6 was also lower. Kurihara City was in the middle of the other two plots until R3, but the difference with Osaki City’s 6 July sowing became smaller at R6. The accumulated daylight hours from V4 to R6 were highest for the 25 May sowing in Osaki City. Sowing on 6 July in Osaki City had the least accumulated daylight hours from V8 to R1 and the least accumulated daylight hours to R3, but at R6, the accumulated daylight hours were equal to those in Kurihara City.




3.2. Creation and Accuracy Verification of the Leaf Age Model


For the main stem node number model within the leaf age model (5), the R2 of the logistic regression using the accumulated values of the temperature function f (Ti) as explanatory variables was 0.96 (p < 0.001), and the RSME was 0.90 (Figure 6). The parameters of the main stem node number model were a4 = 0.094, b3 = 21.90, and c2 = 21.06. The accuracy of the leaf age model (5), which subtracted 2.5 from the main stem node number model, was verified using test data, and the RMSE between predicted and measured values was 0.6 (Figure 7).




3.3. Estimation of Main Stem Length Using a Soil-Adjusted Vegetation Index That Takes Vegetation Coverage into Account


The minimum value of the measured main stem length was 24.9 cm, the maximum value was 69.4 cm, and the mean value was 45.0 cm (Figure 8). The minimum value for vegetation cover was 0.38, the maximum value was 0.85, and the mean value was 0.60. The minimum value for each vegetation index was 0.13 for SAVIvc, 0.60 for NDVI, 0.13 for SAVI, and 0.10 for MSAVI. The maximum values were 0.75 for SAVIvc, 0.93 for NDVI, 0.68 for SAVI, and 0.77 for MSAVI. The mean values were 0.44 for SAVIvc, 0.80 for NDVI, 0.41 for SAVI, and 0.39 for MSAVI. The maximum and minimum vegetation index values were higher for NDVI than for the soil-adjusted vegetation indices SAVIvc, SAVI, and MSAVI. When compared among the soil-adjusted vegetation indices, SAVI had the lowest maximum value, and the distribution of MSAVI tended to be skewed toward the lower values.



The relationship between each vegetation index and main stem length is shown in Table 4 and Figure 9. The vegetation index with the highest R2 was SAVIvc (R2 = 0.78, p < 0.001) proposed in this study. NDVI (R2 = 0.69, p < 0.001), SAVI (R2 = 0.62, p < 0.001), and MSAVI (R2 = 0.60, p < 0.001) were the next highest. Comparing the slope of the regression formula for SAVIvc and NDVI, the slope was 69.5 for SAVIvc and 120.7 for NDVI, with SAVIvc being smaller. The standard errors were 5.1 for SAVIvc and 11.1 for NDVI, with 95% confidence intervals ranging from 59.2 to 79.9 for SAVIvc and 98.4 to 143.0 for NDVI. The estimation error for SAVIvc was smaller.




3.4. Areal Lodging Prediction Method Combining Main Stem Elongation Model and Soil-Adjusted Vegetation Index


The predicted lodging angles by the main stem elongation models (3) and (4) in combination with the soil-adjusted vegetation index SAVIvc are shown in Table 5 and Figure 10. The leaf age model (5) predicted the calendar date of V6 to be 13 July for the 27 May sowing, 20 July for the 6 June sowing, and 27 July for the 17 June sowing in 2019. The model also predicted that to be 11 July for the 25 May sowing, 9 August for the 6 July sowing in Osaki City and 26 July for the sowing on 23 June in Kurihara City in 2022.



The DVR model (12) predicted the calendar dates of R1 to be 5 August for the 27 May sowing, 8 August for the 6 June sowing, and 11 August for the 17 June sowing in 2019. The model also predicted that to be 1 August for the 25 May sowing, 20 August for the 6 July sowing in Osaki City and 10 August for the 23 June sowing in Kurihara City in 2022.



The main stem lengths at V6 (a in Table 5) estimated by SAVIvc were 21.6 to 23.9 cm for the 27 May sowing, 25.7 to 27.7 cm for the 6 June sowing and 35.8 to 43.9 cm for the 17 June sowing in 2019; in 2022, were 34.2 to 37.5 cm for the 25 May sowing, 30.5 to 30.8 cm for the 6 July sowing in Osaki City and 36.4 cm for the 23 June sowing in Kurihara City.



The main stem lengths at R1 (b in Table 5) predicted by the main stem elongation model (3) were 83.5 cm for the 27 May sowing, 77.2 cm for the 6 June sowing, and 63.2 cm for the 17 June sowing in 2019; in 2022, were 74.9 cm for the 25 May sowing, 46.4 cm for the 6 June sowing in Osaki City and 64.9 cm for the 23 June sowing in Kurihara City.



The main stem elongation from V6 to R1 calculated from the main stem lengths at V6 estimated by SAVIvc and the main stem lengths at R1 predicted by the main stem elongation model (3) was the highest at 59.7 to 62.0 cm for the 27 May sowing in 2019 and the lowest at 15.6 to 15.9 cm for the 6 June sowing in 2022.



The main stem lengths at R6 predicted by the main stem elongation model (4) were 100.9 cm for the 27 May sowing, 95.6 cm for the 6 June sowing, and 84.1 cm for the 17 June sowing in 2019; in 2022, were 93.7 cm for the 25 May sowing, 70.2 cm for the 6 June sowing in Osaki City and 85.5 cm for the 23 June sowing in Kurihara City.



In the 27 May sowing in 2019, when the highest main stem elongation from V6 to R1 and the highest main stem length at R6 main stem were predicted, the lodging angle was 59.0 to 60.8° and was predicted to be the largest. In the 6 June sowing in 2022, when the main stem elongation from V6 to R1 was predicted to be the lowest, and the main stem length at R6 was predicted to be the lowest, the lodging angle was 10.4 to 10.5° and no lodging was predicted to occur.



The RMSE between the predicted and measured lodging angles was 8.8 (Figure 11). The prediction error was greater in the 17 June sowing in 2019, but the error between prediction and measurement was smaller in the other plots.





4. Discussion


4.1. Modeling of the Main Stem Length and Leaf Age


The temperature and daylight hours were considered in the modeling of the main stem length from V6 to R1. The inclusion of daylight hours in the model resulted in a higher R2 and lower RMSE and a better fit with the main stem length compared to only temperature. The peak main stem length could be estimated from the main stem length at R1. The accuracy of the composite model of main stem elongation models (3) and (4) was verified using test data from different years and regions. The RMSE was 5.3, which indicated that the models were generally accurate, including under different climatic conditions during the growing season. The RMSE of the leaf age model, which subtracted 2.5 from the number of main stem nodes, was 0.6 and was generally estimated with a relatively high level of accuracy.



In this study, the temperature function f (Ti) in the main stem elongation model of Nakano et al. was used for the main stem elongation model (3) from V6 to R1 [7]. Egli reported that individuals with higher main stem lengths had more main stem nodes [9]. Umezaki and Matsumoto also stated that the elongation pattern between each node follows an S-shaped curve [8]. This demonstrates the robustness of our model, which assumes an S-shaped increase in the main stem length as the number of main stem nodes increases. The estimation accuracy was improved by the main stem elongation model using the temperature and daylight hour function f (Ti, Di), which incorporates the daylight hours (Di) into the temperature function f (Ti) of Nakano et al. [7]. Regarding the relationship between daylight and the main stem length, the main stem length is higher under shading conditions and fewer daylight hours [10,11,12]. Morishita et al. reported that the formula for the relationship between daylight hours 15 days before the blooming stage and the main stem length was y = 94.3 − 0.224x (r = −0.553, p < 0.01) [10]. Comparing the main stem length (94.3 cm) when there were 0 daylight hours 15 days before the blooming stage with the main stem length (54.0 cm) when there were 180 daylight hours (12 h from 6:00 to 18:00 × 15 days), it was calculated that the main stem length was 1.8 times higher when daylight hours were 0 h. The term {1 + exp(−a1 × Di)} including daylight hours (Di) in the temperature and daylight hour function f (Ti, Di) in this study is 2.0 when daylight hour is 0. This indicates a twofold increase in main stem elongation, which is generally consistent with the report by Morishita et al. [10].



In terms of the main stem elongation model (4), the relationship between the main stem length at R1 and the main stem length of the peak has been shown to be similar. Heatherly and Smith (2004) reported that the main stem length elongated from R1 to stem termination (ST) in the finite elongation types tested [47]. There was a significant positive relationship between the main stem length at R1 and ST. ‘Miyagishirome’ was also a determinate type, and their report was consistent with the main stem elongation model (4) in this study. As shown in the results of Konno and Homma, the main stem length elongation from emergence to R1 was the largest, and the main stem length elongation from R1 to the peak was relatively small [6]. This suggests that individuals with higher main stem lengths at R1 would also have higher final main stem lengths.



For the leaf age model (5) in this study, the development of the nth leaf was assumed to occur when the n + 1 node was under extraction. Fehr has provided the criterion that the number of main stem nodes is based on counting the nodes where the leaves have developed [24]. At the time the nth leaf unfolds, the n + 1 node is not counted because the n + 1 leaf has not yet unfolded and is still under extraction. The leaf age model (5) in which leaf age is calculated by subtracting a total of 2.5 nodes, namely the cotyledonary node, primary leaf node, and the n + 1 node in the middle of extraction from the number of main stem nodes, was considered to be a model reflecting Fehr’s criteria [22].




4.2. Estimation of the Main Stem Length by Soil-Adjusted Vegetation Index Considering Vegetation Cover


This study showed that as a soil-adjusted vegetation index that takes vegetation cover into account, SAVIvc could be used to estimate main stem length with higher estimation accuracy than previous vegetation indices. A range of methods has been reported for estimating the above-ground dry matter weight using vegetation indices. As reported by Fehr, soybean growth proceeds by leaf unfolding at the main stem node [24]. Branching occurs as the number of main stem nodes increases [48]. These indicate that above-ground dry matter weight increases as the number of main stem nodes increases. The estimation of above-ground dry matter weight by the vegetation index reflects the variation in the number of main stem nodes. There is a positive relationship between the number of main stem nodes and the main stem length, suggesting that the vegetation index could be used to estimate the main stem length [9].



As highlighted by Huete, varying the soil adjustment term (L) in the soil-adjusted vegetation index with vegetation cover improved the accuracy of the growth rate estimates [20]. The poor accuracy of the estimation of SAVI and MSAVI, the previously reported soil-adjusted vegetation indices, may be due to the substantial variability in vegetation cover until the soybean reaches full vegetation cover. In this study, vegetation cover varied from 0.38 to 0.85. Therefore, the SAVI, in which L was set with a constant of 0.5, was considered less accurate than SAVIvc. This is because it was undercounted when vegetation cover was relatively low and overcounted when vegetation cover was relatively high. The poor relationship between SAVI and vegetation coverage was also reported at near-saturated vegetation coverage [49]. MSAVI is a modified version of SAVI: L of MSAVI is optimized by iterative calculation [21]. In the optimization, L was started from 1–SAVI, and the present equation was obtained after repeated calculation. Consequently, L in MSAVI is not obtained from actual measurements of vegetation coverage. On the other hand, SAVIvc in this study requires s the quantification of Lvc by binarizing the NIR images for each observation. Since binarization clearly separates vegetation and soil, SAVIvc is a better index to estimate the growth rate of soybean. Regarding L, Ren et al. reported that the highest accuracy was obtained in estimating above-ground living biomass in arid grasslands at a negative L [50]. They suggested that the negative value reduced the effect of soil noise ascribable to the width of a global soil line in sparse vegetation conditions. However, the condition in this study was soybean with uniform vegetation. Accordingly, we applied Lvc, ranging from 0 to 1.



NDVI without the soil adjustment term (L) was considered less accurate than SAVIvc because of reflections from the soil surface, as highlighted by Kamaki et al. [19]. The NDVI estimated the growth rate within a relatively narrow range because the baseline was higher than the soil-adjusted vegetation index due to reflections from the soil surface. Therefore, the larger slope of the regression formula was considered to have increased the standard error and 95% confidence interval, which decreased the accuracy of the estimation. The SAVIvc had the highest accuracy in estimating the main stem length because it reduced the challenges of the previously reported soil-adjusted vegetation indices (SAVI, MSAVI) and vegetation indices (NDVI).




4.3. Areal Lodging Prediction by Combining the Main Stem Elongation Model and Soil-Adjusted Vegetation Index


The areal lodging prediction method with the main stem elongation model and SAVIvc (areal main stem length estimation) was able to predict the lodging angle with an accuracy of RMSE = 8.8. This result demonstrates that there were no significant errors in the main stem length estimation by the main stem elongation models (3) and (4), the leaf age model (5), and SAVIvc in this study. However, there was a substantial error between the predicted and measured lodging angles for the 17 June sowing, shown in Figure 11. Konno and Homma indicated that the main stem elongation of V6 to R1 and the main stem length of R6 can explain the lodging angle [6]. However, they also noted that wind speed also affects the lodging angle. The maximum wind speed for R3 to R8 at the 17 June 2019 sowing used in the test data for this forecasting method was 7.3 m s−1, which is classified as a high wind speed in the Konno and Homma report [6]. The degree of lodging was predicted to be relatively small based on main stem elongation from V6 to R1 and R6 main stem length. However, the angle of lodging was larger than predicted because of the high wind speed conditions.





5. Conclusions


In this study, we predicted lodging on an areal basis by estimating the areal main stem length using a main stem elongation model and remote sensing. According to the lodging prediction model of Konno and Homma (Formula (10)), the main stem elongation model alone can predict lodging [6]. However, because the main stem elongation model is weather-dependent, the prediction results can only be shown as representative values. Therefore, areal main stem length estimation by SAVIvc was used at the starting point of lodging prediction. The method provides the prediction of lodging angles from an areal perspective by including the risk of lodging due to weather conditions during the growth. The areal perspective may also include differences in initial growth due to differences in soil physicochemical properties, etc. The purpose of lodging prediction is to determine the implementation of measures such as “pinching”. This prediction method, which visualizes lodging angles, facilitates the prioritization of measures in each field and within a field. It is hoped that the prediction method will enable farmers to evaluate the risk of lodging and take measures depending on cultivation management and field conditions.



Yamamoto et al. and Vieira et al. reported damage assessment methods for soybean using UAV remote sensing for red crown rot damage and dicamba damage, respectively [51,52], expecting the practical application of UAV to early pest control and breeding. These studies utilized machine learning for the assessment. For the lodging prediction, machine learning would be effective to in-corporates a variety of variables, such as wind speed and cultivar. Actually, the test data in this study included the effect of wind speed on lodging angle [6]. Given that it is difficult to predict wind speeds in the future, it is necessary to consider risk diversification by using not only native cultivars but also lodging-resistant cultivars in areas where wind speeds are high.
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Figure 1. Flowchart showing the protocol for the areal lodging prediction method. 
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Figure 2. Relationship between accumulated temperature and daylight hours functions f (Ti, Di) and temperature function f (Ti) and main stem length. Circles indicate the measured data and lines indicate logistic regressions. 
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Figure 3. Relationship between the main stem length at R1 and the peak main stem length. Circles indicate the measured data, and a line indicates the linear regression. 
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Figure 4. Verification of accuracy of the main stem elongation model. DAE indicates days after emergence. 
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Figure 5. Accumulated air temperature and accumulated daylight hours in the test data for the main stem elongation model. 
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Figure 6. Relationship between the accumulated temperature function f (Ti) and the number of main stem nodes. Circles indicate the measured data and a line indicates the logistic regression. 
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Figure 7. Verification of accuracy of the leaf age model. Circles indicate the measured data and a line indicates the 1:1 line. 
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Figure 8. Data used in the development of the method for estimating the main stem length using a soil-adjusted vegetation index that takes vegetation cover into account. × in the figure indicates the average value. 
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Figure 9. Relationship between vegetation index and the main stem length. Circles indicate the measured data, and lines indicate the linear regressions. 
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Figure 10. Results of lodging prediction using the areal lodging prediction method. This figure shows field A in 2019. The yellow box in the figure indicates research sites. 
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Figure 11. Relationship between the predicted and measured lodging angles. Alphabets beside the plots indicate field IDs. 
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Table 1. Statistics from data used to create the main stem elongation model from emergence date to R1.
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Main Stem Length

	
Accumulated Temperature

	
Accumulated Daylight Hours




	
(cm)

	
(°C)

	
(h)






	
Maximum

	
98.1

	
1430

	
373




	
The third quartile

	
67.5

	
1095

	
242




	
Median

	
41.0

	
885

	
171




	
The first quartile

	
26.6

	
660

	
138




	
Minimum

	
14.4

	
580

	
48




	
Average

	
47.8

	
891

	
189




	
Standard deviation

	
23.2

	
243

	
78




	
n

	
36

	
36

	
36
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Table 2. Statistics from data used to create the leaf age model.
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Main Stem

Node Number

	
Accumulated Temperature




	
(Plant−1)

	
(°C)






	
Maximum

	
19.6

	
1620




	
The third quartile

	
17.4

	
1435




	
Median

	
14.1

	
1092




	
The first quartile

	
8.4

	
690




	
Minimum

	
5.4

	
580




	
Average

	
13.1

	
1081




	
Standard deviation

	
4.3

	
346




	
n

	
53

	
53
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Table 3. Study areas used for developing the method used for estimating the main stem length using a soil-adjusted vegetation index considering vegetation cover.
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Year

	
Field

ID

	
Experimental

Area

(m−2)

	
Sowing

Date

	
Standing Crop

Density

(Plants m−2)

	
N Top-

Dressing

(g m−2)

	
Application

of MgO

(g m−2)

	
Number of

Examination Plots

	
n






	
2018

	
A

	
650

	
6.5

	
13

	
0.0

	
0.0

	
1

	
2




	
B

	
390

	
6.5

	
9

	
0.0

	
0.0

	
1

	
2




	
590

	
6.5

	
11

	
0.0

	
0.0

	
1

	
3




	
390

	
6.5

	
11

	
5.0

	
0.0

	
1

	
2




	
590

	
6.5

	
13

	
5.0

	
0.0

	
1

	
3




	
C

	
400

	
6.6

	
6

	
0.0

	
0.0

	
1

	
3




	
270

	
6.6

	
9

	
0.0

	
0.0

	
1

	
2




	
2020

	
A

	
140

	
5.26

	
13

	
0.0

	
0.0

	
2

	
1




	
70

	
5.26

	
13

	
0.0

	
59.4

	
1

	
1




	
140

	
6.15

	
13

	
0.0

	
0.0

	
2

	
1




	
70

	
6.15

	
13

	
0.0

	
59.4

	
1

	
1




	
D

	
210

	
5.26

	
13

	
0.0

	
0.0

	
2

	
1




	
100

	
5.26

	
13

	
0.0

	
59.4

	
1

	
1




	
210

	
6.15

	
13

	
0.0

	
0.0

	
2

	
1




	
100

	
6.15

	
13

	
0.0

	
59.4

	
1

	
1




	
210

	
6.25

	
13

	
0.0

	
0.0

	
2

	
1




	
100

	
6.25

	
13

	
0.0

	
59.4

	
1

	
1




	
E

	
70

	
6.15

	
13

	
0.0

	
0.0

	
2

	
1




	
30

	
6.15

	
13

	
0.0

	
59.4

	
1

	
1




	
F

	
70

	
6.15

	
13

	
0.0

	
0.0

	
2

	
1




	
30

	
6.15

	
13

	
0.0

	
59.4

	
1

	
1




	
2021

	
A

	
160

	
5.25

	
13

	
0.0

	
0.0

	
1

	
1




	
160

	
6.24

	
13

	
0.0

	
0.0

	
1

	
1




	
D

	
460

	
6.1

	
13

	
0.0

	
0.0

	
1

	
1




	
G

	
460

	
6.1

	
13

	
0.0

	
0.0

	
1

	
1








n indicates the number of iterations.
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Table 4. Regression formulas and parameters for the main stem length at each vegetation index.
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Main Stem Length of the Regression Line




	

	
R2

	
Slope

	
Intercept

	
Formula




	

	
Estimate ± SE

	
95% Confidence Interval

	
Estimate ± SE

	
95% Confidence Interval




	

	
Upper Limits

	
Lower Limits

	
Lower Limits

	
Upper Limits






	
SAVIvc

	
0.78

	
***

	
69.5

	
±

	
5.1

	
***

	
59.2

	
79.9

	
14.1

	
±

	
2.4

	
***

	
9.2

	
19.0

	
y = 69.5x +14.1




	
NDVI

	
0.69

	
***

	
120.7

	
±

	
11.1

	
***

	
98.4

	
143.0

	
−51.5

	
±

	
9.0

	
***

	
−69.4

	
−33.5

	
y = 120.7x − 51.5




	
SAVI

	
0.62

	
***

	
78.6

	
±

	
8.5

	
***

	
61.5

	
95.6

	
13.1

	
±

	
3.6

	
***

	
5.8

	
20.4

	
y = 78.6x +13.1




	
MSAVI

	
0.60

	
***

	
63.1

	
±

	
7.1

	
***

	
48.9

	
77.3

	
20.3

	
±

	
3.0

	
***

	
14.3

	
26.3

	
y = 63.1x +20.3








*** indicates significance at the 0.1% level.
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Table 5. Results of lodging prediction using the areal lodging prediction method.
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Year

	
Place

	
Field

	
Date

	
Main Stem Length (cm)

	
Lodging

Angle (°)




	
Sowing

	
Emergence

	
RS

Operation

	
Model

	
Model

	
RS

	
Model

	
RS and

Model

	
Model

	
Model




	
V6

	
R1

	
V6

	
R1

	
V6~R1

	
R6

	
R8




	

	

	
(a)

	
(b)

	
(b-a)

	

	






	
2019

	
Osaki

	
A

	
5/27

	
6/3

	
7/13

	
7/13

	
8/5

	
21.6

	
83.5

	
62.0

	
100.9

	
60.8




	

	

	
D

	
5/27

	
6/3

	
7/13

	
7/13

	
8/5

	
23.9

	
83.5

	
59.7

	
100.9

	
59.0




	

	

	
A

	
6/6

	
6/13

	
7/19

	
7/20

	
8/8

	
25.7

	
77.2

	
51.5

	
95.6

	
48.5




	

	

	
D

	
6/6

	
6/13

	
7/19

	
7/20

	
8/8

	
27.7

	
77.2

	
49.4

	
95.6

	
46.7




	

	

	
A

	
6/17

	
6/24

	
7/26

	
7/27

	
8/11

	
43.9

	
63.2

	
19.2

	
84.1

	
16.7




	

	

	
D

	
6/17

	
6/24

	
7/26

	
7/27

	
8/11

	
35.8

	
63.2

	
27.4

	
84.1

	
21.6




	
2022

	
Osaki

	
A

	
5/25

	
6/15

	
7/11

	
7/11

	
8/1

	
34.2

	
74.9

	
40.7

	
93.7

	
37.6




	

	

	
E

	
5/25

	
6/15

	
7/11

	
7/11

	
8/1

	
37.5

	
74.9

	
37.4

	
93.7

	
34.8




	

	

	
A

	
7/6

	
7/16

	
8/9

	
8/9

	
8/20

	
30.8

	
46.4

	
15.6

	
70.2

	
10.4




	

	

	
F

	
7/6

	
7/16

	
8/9

	
8/9

	
8/20

	
30.5

	
46.4

	
15.9

	
70.2

	
10.5




	

	
Kurihara

	
-

	
6/23

	
6/30

	
7/19

	
7/26

	
8/10

	
36.4

	
64.9

	
28.5

	
85.5

	
23.2








“RS” indicates values obtained from remote sensing, “Model” indicates values calculated from the model, and “RS and Model” indicates values calculated by a combination of remote sensing and the model.
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