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Abstract

:

The timely and precise estimation of stem biomass is critical for monitoring the crop growing status. Optical remote sensing is limited by the penetration of sunlight into the canopy depth, and thus directly estimating winter wheat stem biomass via canopy spectra remains a difficult task. There is a stable linear relationship between the stem dry biomass (SDB) and leaf dry biomass (LDB) of winter wheat during the entire growth stage. Therefore, this study comprehensively considered remote sensing and crop phenology, as well as biomass allocation laws, to establish a novel two-component (LDB, SDB) and two-parameter (phenological variables, spectral vegetation indices) stratified model (Tc/Tp-SDB) to estimate SDB across the growth stages of winter wheat. The core of the Tc/Tp-SDB model employed phenological variables (e.g., effective accumulative temperature, EAT) to correct the SDB estimations determined from the LDB. In particular, LDB was estimated using spectral vegetation indices (e.g., red-edge chlorophyll index, CIred edge). The results revealed that the coefficient values (β0 and β1) of ordinary least squares regression (OLSR) of SDB with LDB had a strong relationship with phenological variables. These coefficient (β0 and β1) relationships were used to correct the OLSR model parameters based on the calculated phenological variables. The EAT and CIred edge were determined as the optimal parameters for predicting SDB with the novel Tc/Tp-SDB model, with r, RMSE, MAE, and distance between indices of simulation and observation (DISO) values of 0.85, 1.28 t/ha, 0.95 t/ha, and 0.31, respectively. The estimation error of SDB showed an increasing trend from the jointing to flowering stages. Moreover, the proposed model showed good potential for estimating SDB from UAV hyperspectral imagery. This study demonstrates the ability of the Tc/Tp-SDB model to accurately estimate SDB across different growing seasons and growth stages of winter wheat.
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1. Introduction


Winter wheat is the most important food crop in the world, and its planting and production are essential to ensure national food security and social stability [1,2,3]. Above-ground biomass (AGB) is an important indicator of crop yield and is often used to diagnose the health of crops. AGB includes the biomass of crop leaves, stems, grains and other organs.



A key component of AGB is stem dry biomass (SDB), an important agronomic trait for the efficient transportation of water and nutrients. In general, healthy stems can be converted into good-quality silage, which can be used as fodder for livestock [4]. Stem biomass estimations can help farmers make more accurate decisions regarding whether to return crop residue to the field [5]. Moreover, stem biomass is also a key parameter in research on the global carbon cycle [6,7].



Stem biomass is traditionally estimated using destructive sampling, which is laborious, time-consuming, and cannot be easily extended to large areas [8,9]. Due to advantages such as non-destructive and rapid measurements, remote sensing technology has been widely used in biomass monitoring on scales ranging from individual fields to entire nations. Numerous advanced remote sensing sensors have been used to acquire vegetation canopy information, such as multispectral [10,11,12], hyperspectral [13,14,15], light detection and ranging (LiDAR) [16,17], and synthetic aperture radar (SAR) sensors [18,19]. Among these sensor technologies, hyperspectral sensors can obtain comprehensive spectral information from visible to near-infrared wavelengths [15,20]. This technology has shown great potential for dynamic crop growth monitoring.



However, due to the limited penetration capability of optical remote sensing techniques, the contribution of crop stems to the canopy spectrum is far less than that of leaves under vertical observation conditions in cases of high canopy coverage [21,22]. As a consequence, the canopy spectrum is mainly derived from the contribution of the canopy leaf [23]. In general, leaf dry biomass (LDB) is defined as the product of the leaf dry matter content and the leaf area index. Wang et al. explored the potential of the normalized dry matter index (NDMI) to estimate LDB in green canopies [24]. Moreover, Zhao et al. used the red-edge chlorophyll index (CIred edge) to establish an empirical regression model to estimate the LDB of winter wheat based on vertical observations [25]. However, the canopy spectra used in the aforementioned studies were obtained under vertical observation conditions. Due to the low exposure of standing stems to the sensor, such methods of estimating LDB may not accurately estimate stem biomass.



According to the partitioning law of above-ground dry matter, there is a stable linear relationship between stem dry biomass and leaf dry biomass in a single growth stage. Therefore, when only limited canopy stem information is available through remote sensing, stem biomass may be accurately estimated based on leaf biomass. Yue et al. found that the slope coefficients of linear regression models between LDB and SDB tend to increase linearly as the growth stage progresses [26]. Similarly, Cheng et al. found comparable biomass partitioning patterns of stem and leaf in paddy rice [27]. Therefore, the change in the relationship between LDB and SDB with growth phase can be attributed to allometric-based regulation [28,29,30]. Given that the partition of crop organ biomass is related to the growth stage, it is obviously unrealistic to apply a single regression model to the entire growth period.



Phenology has direct and indirect effects on crop growth, development, and biomass allocation [31,32]. The Zadok scale was developed to describe cereal growth stages and is widely used in wheat research [33,34]. Han et al. integrated the Zadok scale into the RFR model to accurately estimate AGB for winter wheat [35]. However, the Zadok scale requires field observations as an input. Indicators related to thermal metrics or time, such as growing degree-days (GDD) and days after sowing (DAS), which are more readily available, are also used to indicate phenological growth stages [36]. Therefore, we hypothesized that phenological indicators could characterize the evolving relationship between stem biomass estimation models at different growth stages.



Based on the results obtained in the analysis described above, we proposed a novel method for the estimation of crop stem biomass using two components (LDB, SDB) and two parameters (VI, PV), designated as the Tc/Tp-SDB model. The main objectives of this study are to: (a) evaluate the performance of dry matter indices and chlorophyll indices for the estimation of leaf biomass in winter wheat; (b) explore the dynamic mechanisms underlying the relationships between winter wheat dry biomass components and growth stages; (c) establish a two-component and two-parameter stratified model (Tc/Tp-SDB) for SDB estimations using proximal remote sensing and phenological variables.




2. Materials and Methods


2.1. Study Area and Experimental Design


Four winter wheat field experiments were conducted at the Xiao Tangshan National Precision Agriculture Research Center (116°26′36″E, 40°10′44″N) in Changping District, Beijing City, China (Figure 1a,b). The winter wheat in the study region is typically planted in late September or early October each year and harvested in mid-to-early June of the following year. The experiments included different nitrogen treatments, irrigation rates, and winter wheat cultivars across various years (Table 1).



Experiments 1 (Exp. 1) and 2 (Exp. 2) (Figure 1c) were conducted from 2013 to 2015, with a field size of 32 m × 32 m. Exp. 1 and 2 adopted a completely randomized experimental design with two winter wheat varieties, three irrigation rates, and four nitrogen fertilizer application rates, without repeated experiments. Experiments 3 (Exp. 3) and 4 (Exp. 4) (Figure 1d) were conducted in 32 randomly selected plots using four nitrogen rates and four repeated experiments for two cultivars, with only one variety used in 2019–2020. The field size of Exp. 3 and 4 was 100 m × 60 m. Data were collected over four years, mainly during the jointing stage (S1), flag-picking stage (S2), flowering stage (S3), and filling stage (S4) of winter wheat. Data from Exp. 1 and Exp. 4 were used to calibrate the model, while data from Exp. 2 and Exp. 3 were used for model validation. Note that data with potential quality issues were eliminated prior to the modeling process.




2.2. Data Acquisition


2.2.1. Field Canopy Hyperspectral Reflectance Measurements


The field canopy spectra of all four winter wheat experiments were measured using an ASD Fieldspec Handheld Spectrometer (Analytical Spectral Devices, Boulder, CO, USA), with a view angle and spectral range of 25° and 350–2500 nm, respectively. The spectral resolution of the spectrometer was 3 nm@700 nm and 10 nm@1400 nm/2100 nm. The collected canopy reflectance data were resampled to 1 nm resolution (2151 bands in total from 350 to 2500 nm). The canopy spectral reflectance was measured between 11:00 a.m. and 2:00 p.m. under cloud-free conditions. The instrument was calibrated using a white reference panel (BaSO4) before each measurement to minimize the effect of natural light variations. The probe was held ~1 m above the winter wheat canopy during measurements and kept horizontal. A total of 20 canopy reflectance spectra were collected at the center of each plot, and the average spectrum was calculated for each plot to reduce the effect of environmental variation using ViewSpecPro version 5.0 (Analytical Spectral Devices, Boulder, CO, USA). It is worth noting that before calculating the average spectral reflectance, we need to eliminate the spectral curves of non-vegetation.




2.2.2. UAV Hyperspectral Image Acquisition


We obtained UAV hyperspectral images on 26 April and 13 May 2015. The images were collected using a UHD 185 Firefly Sensor (Cubert GmbH, Ulm, Germany) mounted on a DJI S1000 UAV with eight rotors (SZ DJI Technology Co., Ltd., Shenzhen, China). The sensor captured 125 spectral bands between 450–950 nm, with a spectral resolution of 8 nm and spectral resampling at 4 nm. Data were collected at a flight altitude of 50 m above the ground at a fixed speed of 5 m/s. Cubert Cube-Pilot version 1.4 (Cubert GmbH, Ulm, Germany), Agisoft PhotoScan Professional version 1.1.6 (Agisoft LLC, St. Petersburg, Russia), and ENVI version 5.3 (HARRIS geospatial, Wokingham, UK) were used for image stitching and geometric and radiometric correction. Further details of the data collection and processing flows can be found in Yue et al. [37]. In addition, we used the average interpolation method to spectrally resample the UAV hyperspectral image so that its resolution is consistent with the field spectral resolution.




2.2.3. Field Experiment Data Acquisition


A total of 20 winter wheat plants were collected from the field through destructive sampling and transferred to the laboratory. Several agronomic traits (LDB, SDB) were determined sequentially after completing stem and leaf separation. All samples (20 tillers) were dried in an oven before determining leaf, stem, and spike biomass using electronic scales (±0.01 g). SDB and LDB were calculated individually according to the dry sample weight and plant density in the plot. Winter wheat dry biomass was calculated using Equation (1):


  LDB =    DML × T   20 × A    ×   10   − 2    



(1)






  SDB =    DMS × T   20 × A    ×   10   − 2    



(2)




where DWL (g) is the dry biomass of the winter wheat leaf sample, DWS (g) is the dry biomass of the winter wheat stem sample, T is the number of counted tillers in the sample area, A (m2) is the sample area, and a conversion factor of 10−2 is used to convert g/m2 to t/ha.




2.2.4. Meteorological Data Collection and Calculation of Thermal Metric-Related Phenological Variables


ERA5, the fifth-generation reanalysis data product of the European Center for Medium-Range Weather Forecasting (ECWF), was used to calculate phenological variables related to thermal metrics. The daily minimum and maximum air temperatures at a height of 2 m were collected via the Climate Data Store Toolbox (CDS Toolbox, https://cds.climate.copernicus.eu/, accessed on 25 May 2023). ERA5 employs Coordinated Universal Time (UTC), which was converted to China Standard Time (CST) to ensure consistency with the rest of the datasets in the study. The daily average temperature (Figure 2), the base indicator for calculating phenological variables related to thermal metrics, was calculated by averaging the maximum and minimum temperatures. The variations in daily minimum, maximum, and average temperatures were minimal across growing seasons. The phenological variables GDD and effective accumulative temperature (EAT) [38], were calculated as follows:


  GDD =  ∑  DOY = 1   DOY         T  max   +  T  min      2   −  T  base    



(3)






  EAT =  ∑  DAS = 1   DAS         T  max   +  T  min      2    



(4)




where Tmax and Tmin are the daily maximum and minimum temperatures (°C), respectively; Tbase is the base temperature for winter wheat, set at 0 °C; DOY is the day of the year; and DAS is days after sowing. Note that a DOY value of 1 corresponds to 1 January, while DAS = 0 denotes the sowing day.




2.2.5. Spectral Vegetation Indices


Two groups of six vegetation indices (VIs) were calculated using the hyperspectral data (Table 2). One was the group of vegetation indices related to chlorophyll indices (CIs), including the Normalized Difference Vegetation Index (NDVI), the Red-edge Chlorophyll Index (CIred edge), and the Simple Ratio 705 (SR705). These CIs are widely used for estimating LAI and chlorophyll content. Moreover, they represent the red-edge-based index, ratio vegetation index, and the most commonly used normalized difference vegetation index. The other group consisted dry matter indices (DMIs), including the Normalized Difference index for the Leaf Mass per Area (NDLMA), the Normalized Difference Lignin Index (NDLI), and the Normalized Difference Index for leaf canopy biomass (NDBleaf). The DMIs were less commonly used in the community due to the use of short-wavelength infrared (SWIR) bands. Moreover, the UHD 185 Firefly Sensor can not collect winter wheat canopy SWIR spectra. Thus, only the chlorophyll indices were used for winter wheat LDB estimation.





2.3. Cross-Validation for the Selection of the Optimal Vegetation Index


We attempted to select the optimal VI for LDB estimations from the two group of VIs in Table 2. This could help us select a vegetation index more suitable for LDB estimation. The distributions of the measured LDB and SDB from the calibration and validation datasets are shown in Figure 3. We observed differences in the distribution ranges of the two datasets, particularly for LDB, suggesting that the optimal VI selected using the calibration data could perform poorly when validating the datasets. To overcome this limitation, we used k-fold cross-validation to select the optimal VI [45], fully accounting for the calibration and validation datasets and addressing the problem posed by the limited number of samples. Here, we adopted 5-fold cross-validation for the model. First, all experimental data (n = 378) were randomly divided into five subsamples of the same size (m = 75). Next, four subsamples were cyclically utilized to calibrate the training model, while the remaining subsamples were employed as test data for performance evaluation. We then calculated the average test accuracy value to determine the optimal vegetation index for the VI-LDB method.




2.4. Estimation Model of Winter Wheat Stem Dry Biomass (Tc/Tp-SDB)


In this study, we proposed the Tc/Tp-SDB model, which spans different growth stages and employs phenological variables as constraints, to address two critical questions (Figure 4). The model was established using a stepwise procedure with two key steps.



In step 1, we explored the change law of different dry biomass components as growth stages progress to aid understanding of the dynamic changes in their relationships in the context of winter wheat phenology. It has been established that the effect of phenology is not necessarily required when estimating LDB [25]. Accordingly, the VI-LDB method was used to estimate LDB across growth stages. SDB was found to be greatly affected by phenology; thus, the effect of phenology must be considered when establishing an SDB estimation model.



For step 2, the theoretical structure of the Tc/Tp-SDB model was proposed as a two-level stratified model. A stratified model was introduced to calculate the phenological correction [25,46,47]. At level 1 (two-component level, Equation (5)), an ordinary least squares regression (OLSR) model of LDB and SDB was established for different growth periods. Due to the influence of phenology, the coefficients (β0 and β1) of the first level varied greatly with the growth stage. At level 2 (two-parameter level, Equations (6) and (7)), the phenological variable with the strongest correlations with the temporal (DOY and DAS) and thermal metrics (GDD and EAT) was used to correct the coefficients of the first level. In particular, LDB was estimated using the VI-LDB method, which was suitable for all growth stages. The regression form of VI-LDB can be linear, exponential or logarithmic.


  Level   1 :   S D B =  β 0  × L D B +  β 1   



(5)






  Level   2 :   L D B = f ( V I )  



(6)






   β j  =  γ  m 0   × P V +  γ  m 1    



(7)




where β0 and β1 are the slope and intercept of the linear model at different growth stages at level 1, respectively; βj corresponds to β0 and β1 from level 1; γm0 and γm1 are the slope of PV and the intercept at level 2, respectively; and PV is a set of phenological variables. In this study, DAS, DOY, GDD, and EAT were selected to assess phenological progress. In addition, we analyzed the applicability of UAV platforms to evaluate their potential and stability.




2.5. Model Evaluation


The Pearson correlation coefficient (r) was used to analyze the linear relationship between different parameters in this study. The root mean square error (RMSE), Mean Absolute Error (MAE) and distance between indices of simulation and observation (DISO) were used to evaluate the general performance of the model [48]. DISO is a recently developed statistical index that describes the comprehensive performance of a model. Smaller values of MAE, DISO, and RMSE generally indicate greater accuracy and better performance of the model. These statistical indices were calculated as follows:


  r =      ∑  i = 1  n      y i  −  y ¯       x i  −  x ¯            ∑  i = 1  n        y i  −  y ¯     2      ∑  i = 1  n        x i  −  x ¯     2          



(8)






  R M S E =        ∑  i = 1  n        y i  −  x i     2     n      



(9)






  M A E =      ∑  i = 1  n      y i  −  x i       n    



(10)






  D I S O =       r − 1    2  +        R M S E   x ¯       2  +        A E   x ¯       2     



(11)




where     x   i     and     y   i     are the measured and estimated values, respectively;     x  ¯    and     y  ¯    are the average measured and estimated values, respectively; n is the total number of samples; and AE is the average error.





3. Results


3.1. Dry Biomass Statistics and Their Relationship with VIs


3.1.1. Dry Biomass Statistics


Figure 5 summarizes the changes in dry biomass for the four experiments. The results reveal that SDB exhibited an increasing trend from the jointing to flowering stages. From the jointing to filling stages, SDB stabilized or even decreased, perhaps due to plant senescence and the transfer of crop dry matter to the reproductive growth organ during the later growth stages of winter wheat. Furthermore, the range of LDB changes was relatively small during the four growing stages compared with SDB. This indicates that LDB may not be affected by crop stage development. Leaf biomass typically peaks during the flag-picking or flowering stage.




3.1.2. Relationship Between Different Types of VIs and PV and Dry Biomass


This study aims to construct a new two-component, two-parameter stratified estimate model for SDB that is suitable for all growth stages. Therefore, we analyzed the relationship between different typical vegetation indices (e.g., CIred edge and NDLMA) and dry biomass at different growth stages (Figure 6). Data from the 2019–2020 growing season were used for the analysis, involving a single species with no irrigation gradient treatment (Figure 1d). All VIs were generally highly correlated with SDB and LDB (r > 0.5) at different growth stages. Compared with dry matter indices, chlorophyll indices showed a higher correlation with dry biomass at different growth stages, suggesting that these vegetation indices are a better choice for biomass estimation.



For LDB, leaf biomass was less affected by phenological growth stages (r(S1−S4) > 0.65). Thus, it was not necessary to consider the effect of phenology when constructing the VI-LDB method. In addition, SDB exhibited a linear relationship with the VIs at different growth stages. Consequently, the influence of phenology was considered when using remote sensing technology to estimate SDB. The measurements were made vertically, and thus the contribution of the winter wheat stem components to the overall canopy spectrum was small. For SDB, this high indirect correlation between VI and stem dry biomass was principally caused by the strong correlation between SDB and LDB at the canopy scale (Figure 7). Moreover, compared with the correlation between the vegetation index and SDB (Figure 6a), the correlation between SDB and LDB (Figure 7c) was higher. Therefore, directly using VIs determined from spectra measured in the vertical direction may not accurately estimate the canopy stem dry biomass. These results reveal the ability of the stratified model established using PV and LDB to accurately predict SDB. Moreover, we used an extended Fourier amplitude sensitivity test (EFAST) to estimate the contribution of CIred edge and EAT to dry biomass. Further details of the data calculation can be found in Zhao et al. and Feng et al. [25,49]. The results (Table 3) show that the sensitivity indices of the EAT to SDB are greater than those of CIred edge. Therefore, the influence of phenology cannot be ignored when estimating winter wheat stem biomass.




3.1.3. Relationship Between LDB and SDB Changes with Phenology


To further understand the relationship between LDB and SDB, we determined their correlation at different growth stages during the four growing seasons (Figure 7). Strong and stable linear correlations (r > 0.60) were observed between LDB and SDB under different growth stages in all the experiments. For example, the correlations between LDB and SDB were significant (p < 0.01, r = 0.96, 0.93, 0.92, and 0.89) at different growth stages in the 2014–2015 growing season. However, the linear relationship between LDB and SDB in a specific growth stage could not accurately estimate SDB in other growth stages. As the growth stages progressed, the coefficients β0 and β1 in Equation (4) showed an increasing trend. This proves that the relationship between stem biomass and leaf biomass is highly related to phenology. Therefore, it is key and a base for establishing a phenologically constrained hierarchical model to explore the relationship between coefficients and PV across different experiments.





3.2. Results of Leaf Dry Biomass Estimation


Next, LDB-sensitive VIs were selected by 5-fold cross-validation for all growth stages across four planting seasons. We calculated the average (μ) and standard deviation (σ) of the r, RMSE, MAE, and DISO from the test datasets of the six vegetation indices. In general, vegetation indices related to chlorophyll performed better than those related to dry matter for LDB estimation. This indicates that chlorophyll indices are more suitable for estimating leaf biomass. Moreover, the results (Figure 8) show that the LDB estimated with CIred edge (r = 0.81 ± 0.03, RMSE = 0.33 ± 0.06 t/ha, MAE = 0.25 ± 0.02 t/ha, DISO = 0.31 ± 0.03) was more accurate than that estimated by other vegetation indices. Therefore, CIred edge was used for subsequent modeling.



CIred edge was used to develop the VI-LDB method in this study (Figure 9). Data from Exp. 1 and Exp. 4 were employed to calibrate the model, while the datasets from Exp. 2 and Exp. 3 were used to estimate model accuracy. The results of these calculations demonstrate the performance of the CIred edge-LDB method on the calibration (r = 0.86, RMSE = 0.28 t/ha, MAE = 0.21 t/ha, DISO = 0.25) and validation (r = 0.83, RMSE = 0.42 t/ha, MAE = 0.30 t/ha, DISO = 0.36) datasets. In general, the estimated accuracy of leaf biomass fluctuates slightly in calibration and validation (Table 4). Notably, LDB was underestimated when the measured LDB exceeded 2.00 t/ha (Figure 9a,b). A similar conclusion can be obtained by analyzing the residual distribution plot (Figure 9c,d). The larger residuals (μ = 0.58 and σ = 0.38) generally occurred when the measured LDB was greater than 2.00 t/ha. Therefore, the phenomenon of LDB underestimation may be attributed to the impact of the vegetation index and the limited number of calibrated samples with measured LDB greater than 2.00 t/ha. These factors may increase the magnitude of fluctuations in estimates obtained by the CIred edge-LDB method.




3.3. Stem Dry Biomass Estimations with the Tc/Tp-SDB Model


3.3.1. Estimated SDB with Different PVs


The results in Section 3.1.3 showed that the correlation coefficient between SDB and LDB strengthened as the growth stage progressed. To accurately establish the Tc/Tp-SDB model, we analyzed the relationship between coefficients β0 and β1 and phenological variables using the calibration datasets. For this analysis, the LDB was estimated with the CIred edge-LDB method. Table 5 shows the linear relationships between the coefficients and phenological variables, which aided in estimating SDB using remote sensing-based approaches. The r values between coefficient β0 and different PVs were all greater than 0.80 and highly significant (p < 0.01). In addition, all PV values were significantly correlated with β1, particularly DOY and DAS, with r values greater than 0.50. These served as a theoretical basis for the development of the Tc/Tp-SDB model. Accordingly, we constructed the Tc/Tp-SDB model for different growth stages to estimate SDB using different PV values as constraints.



The Tc/Tp-SDB models were divided into temporal (DOY, DAS) and thermal (GDD, EAT) models based on constraint types, and the calibration datasets were used to test the performance of these models (Figure 10). EAT and DAS can be calculated as DAS and DOY plus fixed values, respectively. However, there were differences in the performance of the two model types on the calibration datasets. Therefore, we selected the optimal modeling methods for each type. For the temporal metrics, Tc/Tp-SDB-EAT (r = 0.92, RMSE = 0.82 t/ha, MAE = 0.64 t/ha, DISO = 0.22) performed better than Tc/Tp-SDB-GDD (r = 0.91, RMSE = 0.86 t/ha, MAE = 0.68 t/ha, DISO = 0.23). For the thermal metrics, Tc/Tp-SDB, Tc/Tp-SDB-DOY (r = 0.90, RMSE = 0.92 t/ha, MAE = 0.69 t/ha, DISO = 0.25) performed better than Tc/Tp-SDB-DAS (r = 0.87, RMSE = 1.01 t/ha, MAE = 0.84 t/ha, DISO = 0.30). Based on these results, EAT and DOY were selected as the constraint variables to establish the Tc/Tp-SDB-EAT and Tc/Tp-SDB-DOY models, respectively.




3.3.2. Validation of the Tc/Tp-SDB Model Based on the Optimal PV


Figure 11a,b presents the relationship between the measured and estimated SDB using the validation datasets for Tc/Tp-SDB-EAT and Tc/Tp-SDB-DOY. Both models were established using the same calibration and validation datasets. Tc/Tp-SDB-EAT (r = 0.85, RMSE = 1.28 t/ha, MAE = 0.95 t/ha, DISO = 0.31) and Tc/Tp-SDB-DOY (r = 0.85, RMSE = 1.36 t/ha, MAE = 1.03 t/ha, DISO = 0.34) performed well with the validation datasets. Further analysis of the distributions of residual values (Figure 11c,d) revealed that both models exhibited the same trend regarding changes in estimates. Notably, SDB was significantly underestimated when the measured SDB was greater than 6.00 t/ha, especially for Tc/Tp-SDB-DOY. Moreover, we also calculated the error distribution of the different growth stages of the estimated SDB from the Tc/Tp-SDB-EAT model. During the entire growing season, stem biomass generally showed an increasing trend (Figure 5a). The estimation error (Table 6) of stem biomass also increased with the progress of the growth stages and reached the maximum (all datasets: RMSE = 1.36 t/ha, MAE = 1.08 t/ha) during the filling stage. Generally, RMSE and MAE values were also related to the range of datasets. In summary, these models accurately predicted the SDB at important growth stages of winter wheat using vegetation indices and phenological variables.




3.3.3. Validation of the Tc/Tp-SDB Model with UAV Hyperspectral Images


We subsequently applied the Tc/Tp-SDB-EAT model to UAV hyperspectral images and determined the spatial distribution maps of the predicted SDB (Figure 12). The visualization results reveal that the SDB of winter wheat exhibited an increasing trend, consistent with the distribution of the ground survey data (Figure 5a), indicating that the model is highly suitable for UAV platforms. Therefore, the analysis of UAV hyperspectral images may be a convenient and useful method for estimating the growth of winter wheat stems.






4. Discussion


4.1. Effect of LDB Estimation Accuracy on Tc/Tp-SDB Model Performance


LDB is a crucial intermediate variable in the Tc/Tp-SDB model. Accurate LDB estimation is a prerequisite for precise SDB estimation. Therefore, we examined the residual distribution of LDB and SDB at various growth stages, using EAT as input for the Tc/Tp-SDB model. The results show (Figure 13a) that the residuals of LDB remained relatively stable across all growth stages. This is likely due to the low sensitivity of leaf biomass to phenological changes. Our results support the findings of Zhao et al. and Yue et al. [25,26]. However, the residuals of the SDB exhibited a broader distribution at each stage, especially during the filling stage (Table 6). Since the SDB estimation model proposed in this study is based on LDB and phenological variables, this is evident from Equations (5)–(7). The two parameters, β0 and β1, derived from phenological regression analysis, can be interpreted as follows: β0 can be viewed as the ratio of SDB to LDB (SLR) (undoubtedly, SDB = SLR × LDB), whereas β1 may be construed as the error correction term for estimating SDB using LDB. From this perspective, inaccuracies in estimating LDB will lead to progressively increasing errors in estimating SDB as the crop’s SLR varies across different growth stages (Figure 13b). Therefore, considering this standpoint, improving the accuracy of LDB estimates, especially if it is greater than 2.0 t/ha (Figure 9c), is crucial for achieving high-precision estimation of SDB. From the perspective of Tc/Tp-SDB model error propagation, if the SDB estimation accuracy is better than 80% (for example, SLR = 5.0, SDB = 5.0 t/ha), that is, when the maximal error is about 1.0 t/ha, the LDB error is required to be no less than 20%, as same as the maximal error of LDB should be less than 0.2 t/ha. In addition, new observation modes should be considered to improve the accuracy of estimation. Zhu et al. showed that integrating canopy structure information from LiDAR with vegetation indices enhances the accuracy of canopy biomass predictions [17].




4.2. Effect of Phenological Variables and VIs on Estimated SDB


To explore the effect of phenological variables and vegetation indices on estimated SDB, we employed linear regression models using only CIred edge and EAT for the SDB estimations. In addition, we compared the Tc/Tp-SDB-EAT model with these models to evaluate its performance. The single-parameter regression method is also commonly used to estimate SDB [31,50]. We obtained similar conclusions to the sensitivity analysis (Table 3). Figure 14 shows that the model using only EAT (r = 0.71, RMSE = 1.62 t/ha, MAE = 1.26 t/ha, DISO = 0.45) outperformed the CIred edge-based model (r = 0.03, RMSE = 2.44 t/ha, MAE = 1.99 t/ha, DISO = 1.10) for the validation datasets. However, the performance of these models demonstrates that they are not the most suitable choice for actual agricultural production environments.



Crop biomass accumulation is closely related to phenology. In the early and middle stages of crop growth, biomass accumulation increased continuously [51,52]. Jungers et al. analyzed the relationship between intermediate wheatgrass biomass and GDD and established an empirical model to predict crop height and dry biomass [53]. In theory, there is a positive correlation between dry biomass and phenological variables during the same planting season. Notably, the phenological variables in our study are ordered and continuous parameters [49,54]. Due to the spatial resolution of ERA5, the experimental area had only one phenological variable for each growth stage. Therefore, the estimated SDB had only one estimation result for each growth stage. However, the estimated value could represent the average dry biomass of winter wheat. Moreover, we argue that it is possible to achieve accurate estimations for large-scale areas of SDB using only phenological variables.



VIs are strongly correlated with the crop canopy structure [55,56]. Consequently, VIs may also indicate the development process and demonstrate differences in experimental planting plots. The winter wheat growth represented by VIs does not typically change in a linear manner throughout the whole growth stage. For example, the NDVI curve of winter wheat typically exhibits two peaks and one valley [57,58]. The stem dry biomass measured in our experiment increased gradually, which differed from the change trends of the VIs. Therefore, the models considering only phenological variables outperformed VI-based models. Zhao et al. reported the difficulties in accurately predicting winter wheat AGB using only OSAVI without considering phenology as a constraint [25]. This also demonstrates the importance of meteorological factors for estimating biomass. In summary, combining VIs and phenological variables facilitates the accurate prediction of SDB.




4.3. Limitations and Future Prospects


The estimation of crop dry biomass using proximal hyperspectral data plays an important role in agricultural monitoring. The model developed in our study achieved promising results in estimating stem biomass for different years and growth stages. Moreover, our model exhibited excellent robustness and good applicability for UAV platforms. However, despite the progress made by this study, several issues require further exploration.



First, estimating leaf biomass using canopy spectra still faces significant challenges. Our results indicate that LDB estimations had a marked impact on the Tc/Tp-SDB model. The canopy structure changes greatly as the growth stage progresses. Soil background, spectral saturation, and the number of wheat ears all increase the uncertainty in LDB estimations [59]. Li et al. developed practical semi-empirical models based on optimal wavelet features to predict leaf water content from canopy hyperspectral reflectance data, demonstrating the application of canopy spectra to accurately estimate LDB [60]. Moreover, due to the ability of machine learning to utilize multiple spectral features, the effect of spectral saturation on biomass estimation can also be reduced using this method [61,62].



Second, the easy access to phenological variables is key to the success of the model in large-scale SDB estimation. However, DAS heavily relies on manual recording, which is not conducive to large-scale remote sensing biomass estimation. Compared with DAS and EAT, DOY and GDD data are easier to obtain without the need for field observations and recordings. As core parameters of Tc/Tp-SDB, DOY or GDD could be used in large-scale applications. Moreover, Zhu et al. found that the relationship between LDB and SDB is affected by genotype, environment, and management [63]. Therefore, future work is likely to consider the construction of a comprehensive indicator to replace the phenological variables in our model.



Third, the proposed Tc/Tp-SDB model was only used for estimating winter wheat SDB. The robustness and compatibility of this model require further exploration with other crops, such as paddy rice and maize. Cheng et al. found that the relationship between paddy rice stems and leaves changes with growth stage, similar to that of winter wheat [27]. Therefore, the parameters need to be recalibrated when applying our model to other crops. Furthermore, stem biomass is the primary phenotype indicating the quality of silage crop varieties. Calibration of the model to estimate the stem biomass of silage crops is also a priority for future research.



Finally, the scale effects of the Tc/Tp-SDB model, a common problem in large-scale remote sensing applications of crop biomass, require further consideration. We demonstrated that Tc/Tp-SDB is suitable for data collected using proximal sensors. Large-scale study areas are a key issue for future research. Future work will focus on the extended application of the Tc/Tp-SDB model to estimate winter wheat dry and fresh stem biomass at the satellite scale, with the aim of further exploring the universality of the Tc/Tp-SDB model.





5. Conclusions


This study demonstrated the ability of the two-component and two-parameter stratified model (Tc/Tp-SDB) to accurately estimate winter wheat SDB across growth stages. Based on the results, the following conclusions were drawn: (1) With the advancement of the growth stage, the coefficients of the linear regression models between LDB and SDB exhibited an increasing trend. Moreover, the values of coefficients β0 and β1 exhibited a stable linear relationship with the PVs. (2) Vegetation index is one of the important parameters of the Tc/Tp-SDB model. Compared with dry matter indices, selecting vegetation indices related to chlorophyll as the input of the model yielded more accurate SDB estimations. (3) The Tc/Tp-SDB models were tested under different phenological constraints. The Tc/Tp-SDB-EAT model performed well for winter wheat SDB predictions, with r, RMSE, MAE, and DISO values of 0.85, 1.28 t/ha, 0.95 t/ha, and 0.31, respectively, for the validation datasets. Tc/Tp-SDB outperformed other empirical models for SDB estimation. Moreover, the proposed model showed good potential for estimating SDB from UAV hyperspectral imagery. In conclusion, the established Tc/Tp-SDB model can be used to accurately estimate winter wheat stem biomass, which has practical implications for local and global smart agricultural production employing ecological utilization of stalks, carbon cycle monitoring, and the assessment of biomass energy.
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Figure 1. Geographical location of the study area and winter wheat field experiment. (a) Location of all experiments; (b) the layout of the experimental plots during 2019–2020; (c) experimental designs conducted during 2013–2015 (Exp. 1 and Exp. 2); (d) experimental designs conducted during 2019–2020 and 2021–2022 (Exp. 3 and Exp. 4). 
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Figure 2. Daily average temperature during the four growing seasons of the study: (a) Exp. 1 (2013–2014); (b) Exp. 2 (2014–2015); (c) Exp. 3 (2019–2020); (d) Exp. 4 (2021–2022). Note: The sowing days (DAS = 0) of the four experiments were 1 October 2013, 7 October 2014, 27 September 2019, and 30 September 2021. 
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Figure 3. Distribution of the measured LDB (a) and SDB (b) for the calibration and validation datasets. The μ and σ represent average and standard deviation, respectively. 
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Figure 4. Flowchart of the approach used to develop and validate the Tc/Tp-SDB model. 
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Figure 5. Winter wheat data collected in this study at different growth stages during the four-year experiment: (a) SDB, (b) LDB. 
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Figure 6. Relationship between VIs and dry biomass variables at different stages of the 2019–2020 growing season. (a) SDB vs. CIred edge, (b) LDB vs. CIred edge, (c) SDB vs. NDLMA, (d) LDB vs. NDLMA. 
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Figure 7. Relationship between LDB and SDB at different stages during four growing seasons: (a) 2013–2014, (b) 2014–2015, (c) 2019–2020, (d) 2021–2022. 
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Figure 8. Average and standard deviation of the correlation coefficient r (a), RMSE (b), MAE (c), and DISO (d) using the test datasets from the 5-fold cross-validation. 
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Figure 9. Relationship (a,b) between measured and estimated LDB using the CIred edge-LDB method, and the residual distributions between different LDB levels (c,d). 
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Figure 10. Relationship between the measured and estimated SDB of winter wheat using the calibration datasets. (a) GDD; (b) EAT; (c) DOY; (d) DAS. 
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Figure 11. Relationship (a,b) between the measured and estimated SDB of winter wheat using the validation datasets, and the residual distribution for the Tc/Tp-SDB-EAT and Tc/Tp-SDB-DOY models under different SDB levels (c,d). 
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Figure 12. SDB maps determined from the Tc/Tp-SDB model with UAV hyperspectral images. (a) SDB during the flagging stage (26th April); (b) SDB during the flowering stage (13th May). 
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Figure 13. The distribution of the residuals of LDB and SDB in different growth stages (a), and the change of SLR with growth stage (b). Note: both (a,b) use all datasets. 
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Figure 14. Relationship between the measured and estimated SDB of winter wheat using the validation datasets with models using only (a) CIred edge, (b) EAT. 
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Table 1. Summary of field treatments adopted for the experiment.
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	Cultivar
	Plots
	Nitrogen Rate

(kg/ha)
	Irrigation Rate

(mm)
	Sampling Data





	Exp. 1

(2013–2014)
	Zhongmai175

Jing9843
	16
	N0 (0) N1 (90)

N2 (180) N3 (270)
	I0 (rainfall)

I1 (192) I2 (384)
	4.11; 4.21;

5.07; 5.20



	Exp. 2

(2014–2015)
	Zhongmai175

Jing9843
	16
	N0 (0) N1 (90)

N2 (180) N3 (270)
	I0 (rainfall)

I1 (192) I2 (384)
	4.14; 4.27;

5.12; 5.26



	Exp. 3

(2019–2020)
	Jingdong22
	32
	N0 (18) N1 (90)

N2 (180) N3 (270)
	Rainfall
	4.17; 4.28;

5.15; 6.01



	Exp. 4

(2021–2022)
	Jinghua11

Zhongmai1062
	32
	N0 (18) N1 (90)

N2 (180) N3 (270)
	Rainfall
	4.18; 4.29;

5.10; 5.30










 





Table 2. Summary of spectral vegetation indices used in the study.
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VI Type

	
VI

	
Formula

	
Reference






	
Chlorophyll indices

	
Normalized Difference

Vegetation Index

	
   (  R  800   −  R  670   ) / (  R  800   +  R  670   )   

	
[39]




	
Red-edge Chlorophyll Index

	
    R  800   /  R  720   − 1   

	
[40]




	
Simple Ratio 705

	
    R  750   /  R  705     

	
[41]




	
Dry matter indices

	
Normalized Difference index for the Leaf Mass per Area

	
   (  R  1368   −  R  1722   ) / (  R  1368   +  R  1722   )   

	
[42]




	
Normalized Difference Lignin Index

	
       log ( 1 /  R  1754   ) − log ( 1 /  R  1680   )   /       log ( 1 /  R  1754   ) + log ( 1 /  R  1680   )       

	
[43]




	
Normalized Difference Index for leaf canopy biomass

	
   (  R  1540   −  R  2160   ) / (  R  1540   +  R  2160   )   

	
[44]











 





Table 3. Sensitivity indices of CIred edge and EAT to SDB and LDB.
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Dry Biomass

	
Sensitivity Index




	
CIred edge

	
EAT

	
Interaction






	
LDB

	
0.9810

	
0.0148

	
0.0042




	
SDB

	
0.1970

	
0.7066

	
0.0964











 





Table 4. The accuracy indices summary of the different growth stages of the estimated LDB from the CIred edge-LDB method.
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Dataset

	
Indices (t/ha)

	
Growth Stages




	
S1

	
S2

	
S3

	
S4






	
Calibration

	
RMSE

	
0.32

	
0.25

	
0.31

	
0.20




	
MAE

	
0.25

	
0.19

	
0.25

	
0.17




	
Validation

	
RMSE

	
0.39

	
0.59

	
0.31

	
0.33




	
MAE

	
0.29

	
0.44

	
0.23

	
0.25




	
All datasets

	
RMSE

	
0.36

	
0.46

	
0.31

	
0.27




	
MAE

	
0.27

	
0.31

	
0.24

	
0.21











 





Table 5. Stem dry biomass stratified model constrained by different PV values. Note: ** represents a significant level at 0.01.
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Phenological Variables

	
Coefficient

	
Model

	
r






	
GDD

	
β0

	
β0 = 0.004GDD − 0.64

	
0.96 **




	
β1

	
β1 = 0.001GDD + 0.91

	
0.34 **




	
EAT

	
β0

	
β0 = 0.005EAT − 2.94

	
0.95 **




	
β1

	
β1 = 0.001EAT + 0.51

	
0.37 **




	
DOY

	
β0

	
β0 = 0.08DOY − 7.86

	
0.89 **




	
β1

	
β1 = 0.02DOY − 1.17

	
0.54 **




	
DAS

	
β0

	
β0 = 0.07DAS − 13.69

	
0.84 **




	
β1

	
β1 = 0.02DAS − 3.16

	
0.59 **











 





Table 6. The accuracy indices summary of the different growth stages of the estimated SDB from the Tc/Tp-SDB-EAT model.
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Dataset

	
Indices (t/ha)

	
Growth Stages




	
S1

	
S2

	
S3

	
S4






	
Calibration

	
RMSE

	
0.61

	
0.74

	
0.79

	
1.07




	
MAE

	
0.53

	
0.63

	
0.60

	
0.81




	
Validation

	
RMSE

	
0.48

	
1.55

	
1.17

	
1.61




	
MAE

	
0.40

	
1.21

	
0.89

	
1.37




	
All datasets

	
RMSE

	
0.55

	
1.21

	
1.00

	
1.36




	
MAE

	
0.46

	
0.92

	
0.74

	
1.08
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