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Introduction

In precision agriculture, the diagnosis of the nitrogen (N) nutrition status based on the plant phenotype, combined effects of soil types, various agricultural practices, and environmental factors which are essential for plant N accumulation. It helps to assess the N supply for plants at the right time and optimal amount to ensure high N use efficiency thereby reducing the N fertilizer applications to minimize environmental pollution. For this purpose, three different experiments were performed.



Methods

A critical N content (Nc) model was constructed based on cumulative photothermal effect (LTF), Napplications, and cultivation systems on yield and N uptake in pakchoi.



Results and discussion

According to the model, aboveground dry biomass (DW) accumulation was found equal or below to 1.5 t/ha, and the Nc value was observed at a constant of 4.78%. However, when DW accumulation exceeded 1.5 t/ha, Nc declined with the increase in DW accumulation, and the relationship between Nc and DW accumulation developed with the function Nc %=4.78 x DW-0.33. An N demand model was established based on the multi-information fusion method, which integrated multiple factors, including Nc, phenotypical indexes, temperature during the growth period, photosynthetically active radiation, and N applications. Furthermore, the model’s accuracy was verified, and the predicted N contents were found consistent with the measured values (R2 = 0.948 and RMSE = 1.96 mg/plant). At the same time, an N demand model based on N use efficiency was proposed.



Conclusions

This study can provide theoretical and technical support for precise N management in pakchoi production.
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Introduction

Nitrogen (N) is an essential macronutrient for plant growth and development. N is used as a large quantity of chemical fertilizers in agricultural production including horticultural crops ranging from 40 to 350 kg N ha-1, and it is one of the leading environmental concerns worldwide because of its potential losses to the environment (Reis et al., 2016; Valenciana, 2017). China is the largest user of N fertilizers in the world (Yan et al., 2014). The average annual consumption of N (on an elemental basis) in China has been reported approximately 29 million tonnes (t) between 2009 and 2020, which accounted for more than 25% of the world’s annual N consumption (FAOSTAT, 2022). Excessive use of N fertilizers for optimizing crop production has resulted in a series of environmental problems (Wei et al., 2018). Furthermore, 30%–35% low N use efficiency due to excessive N applications in most cropping systems has been reported (Zhang et al., 2018). To further improve N use efficiency in different cropping systems, a rapid and accurate demand of the N status in crops is required in order to improve the N management and to achieve sustainable agricultural development goals across the world including China. Improving N use efficiency by determining the N demand status in crops is one of the most effective means of increasing crop productivity while decreasing environmental degradation caused by excessive N fertilizer use in agricultural production.

Recently, many studies have tried to enhance vegetable production and minimize environmental pollution through the N demand status in plants (Sassenrath et al., 2013; Abdallah et al., 2016; Saki et al., 2019; Du et al., 2020; Tei et al., 2020; de Paz et al., 2022). According to Min et al. (2012), the amount of N application in vegetable production is minimized by 40%, and nitrate leaching is reduced by 39.6% without changing the plant yield by optimizing the N demand in plants. N fertilization reduction  from 1,200 to 600 kg N ha-1 in tomatoes, and ammonia volatilization is reduced by 37.2% without affecting the yield of tomatoes  (Li et al., 2015). Different studies revealed that excessive N fertilizer applications imbalance the plant production while optimizing N demand in plants increases plant productions under different management practices in various soil and climatic conditions (Sinclair and Rufty, 2012; Sadras and Lawson, 2013; Haegele et al., 2013). The overuse of N fertilizers can be reduced by improving the N demand status model in crops. Different climatic conditions like light and temperature influence plant growth and N requirement. Thus, developing a model based on light and temperature with N applications is essential to predict the N demand status accurately in plants.

Green leafy vegetables such as pakchoi (Brassica campestris ssp. Chinensis L.) are rich source of vitamins, carotene, iron, and calcium (Hanson et al., 2009; Gupta et al., 2013). Owning to nutritional value, pakchoi has become quite popular among consumers with the rise in living standards worldwide including China (Fahey, 2015; Frede et al., 2018). Taking Shanghai as an example, the daily supply of pakchoi is over 4,000 kg, occupying a high proportion (30%–40%) of total green leafy vegetables in China (Zhu et al., 2013). Fulfilling the daily requirement of the consumers without identifying the critical N demand status in plants is considered as minimum chances due to the short growth period and complex agronomic practices like fertilization, planting season, irrigation, cultivation systems, and crop varieties (Foulkes et al., 1998; Fatemi et al., 2020; Xie et al., 2020; Hameed et al., 2022). A few studies about fertilizer and water diagnoses and simulation-based model–related strategies are conducted on green leafy vegetables (Durand et al., 2010; Errecart et al., 2014). The stimulation-based model with N fertilizer is required to identify the critical N demand status in green leafy vegetables, especially in pakchoi.

N plays a key role in dry biomass (DW) accumulation and crop yields. A suitable amount of N application is important to increase the crop yield and aboveground DW accumulation in plants (Lemaire et al., 2007; Lemaire et al., 2008; He et al., 2017; Qiang et al., 2019). Crop critical N content decreases gradually with the increase of aboveground DW accumulation (Greenwood et al., 1990; Zhao et al., 2016; Zhao et al., 2017). The relationship between the DW (t/ha) and critical N content (Nc, %) is represented by the following allometric equation, also called as the critical N dilution curve, which is described by Lemaire and Salette (1984) for forage grasses:

 

where a represents the Nc when aboveground DW accumulation equals 1 t/ha; b represents the declining rate of Nc with DW accumulation in the plants.

Nc is defined as the minimal total N contents in plants that produce maximum DW production, which is also an ideal N content throughout the plant growth period (Shan-Chao et al., 2014). The critical N dilution curves are used to determine plants" N requirements and to calculate the N nutrition index (NNI) that quantifies the N status in the plants (Zhao et al., 2016; Zhao et al., 2017; Qiang et al., 2019; Ciampitti et al., 2022). The NNI is used as a quantifier in dynamic models to access the N fertilizers" efficiency on growth and yield (Zhao et al., 2016; Zhao et al., 2017; Ciampitti et al., 2022). Previously, critical N dilution curve models are constructed for different crops including melons (Fogaça et al., 2008), tomatoes (Wang et al., 2013), rice (He et al., 2017), barley (Sedlář et al., 2017), maize (Zhao et al., 2017), wheat (Yin et al., 2018), and carrots (Shlevin et al., 2018), among other crops. According to the critical N dilution curves of crops, the NNI is defined as the ratio of actual N content to the Nc of the aboveground crop part, which is used for quantifying the N status in plants. According to Justes et al. (1997), the NNI equation is as follows:

 

where %Na represents the actual N content and %Nc represents the critical N content corresponding to the actual biomass of the crop. The crop N nutrition status is optimal if the NNI is equal to 1; if it is <1 and >1, then it is in excess and deficient, respectively (Lemaire et al., 2008). The NNI is used to evaluate the crop N status based on critical N dilution curves and yields in growing crops.

For high plant yield, the use efficiency of the N fertilizer is required to increase the growth and productivity of the crops in the growing season (Zhao et al., 2017). In N fertilizer management practices, it is a big challenge to balance the demand and supply of N due to the complexity of the N cycle in the soil for plant growth and production under different growing and climatic conditions. Effective N regulation/management during crop growth is a key for efficient crop production, improving crop yield and quality (Zhao et al., 2017).

Different sensor technologies and corresponding models are used to calculate the actual supply and utilization of N in the real-time crop N status under different soil types and agricultural practices for various crops (Zhao et al., 2005; Zhao et al., 2016; Ye et al., 2021; Yu et al., 2022). Additionally, the N fertilizer is a macronutrient to be applied in a specific amount and rate and according to the requirements of the plants in conventional practices (Tei et al., 2020). Furthermore, high N fertilizer use efficiency can be increased by applying N fertilizers efficiently to fulfill the demand for crops (Yousaf et al., 2017). N demand in crops is based on the crop types; DW production; phenotypical traits of crops (Xiong et al., 2019); effects of soil types; management practices; and environmental factors such as temperature, photosynthetically active radiation, and water (Zhao et al., 2005; Zhou et al., 2019; Chang et al., 2021). In most cases, the effect of different fertilizer applications on plant biomass and field crop production has been evaluated. However, an effective method for quantifying the N demand status in vegetables, specifically pakchoi, has not yet been developed. The development of a plant-based diagnostic tool is required for a better understanding of the pakchoi N demand status under different growing conditions. The objective of this study was to determine the critical N dilution curve for pakchoi during growth in different soil types based on Nc and the phenological characteristics of pakchoi and to validate it in different climatic conditions.

In this study, we conducted different experiments with different N levels to assess the growth status (phenotypic characteristics and biomass accumulation) and N nutrition status of pakchoi under different soil types and photothermal environmental factors.



Material and methods

Three experiments were conducted based on different phenotypic characteristics, soil, and climatic conditions under different N levels in a greenhouse at the Agricultural Engineering Training Center, Shanghai Jiao Tong University, Shanghai, China. The pakchoi cultivar “Huawang” was chosen for the experiments. An overview of pakchoi growing experiments in a greenhouse is shown in Supplementary Figure S1.


Experiment 1

The experiment was conducted from September to October 2016. Each experimental pot contained dimensions of 13.5 cm length × 11 cm width × 8.9 cm height. Each pot was filled with 500 g of dry fluvoaquic soil. The physicochemical characteristics of fluvoaquic soil were as follows: an organic matter of 39.73 g/kg, total N 1.43 g/kg, available phosphorus (P) 23.31 g/kg, available potassium (K) 136 mg/kg, nitrate-N 13.3 mg/kg, ammonium-N 8.5 mg/kg, and a soil pH of 8.29. Four different N levels were used as follows: 0 (no urea applied, N0), 0.05 g N/kg soil (54 mg urea in a pot, N0.05), 0.1 g N/kg soil (107 mg urea in a pot, N0.1), and 0.2 g N/kg soil (214 mg urea in a pot, N0.2). In total, 180 pots were prepared for the experiment, and 45 pots were used for each treatment. A total of 0.3291 g of KH2PO4 was used as K and P sources in each pot, which contained K = 0.189 g/kg and P = 0.15 g/kg. Urea and KH2PO4 fertilizers were used at the sowing time as a basal dose. There were 10 healthy seeds sown in each pot and thinned to one healthy plant at the two-leaf stage. Soil moisture was maintained at 75% ± 5% through weighting. Plants were harvested on the 11th, 18th, 31st, 38th, and 45th days after sowing. At each sampling time from each treatment, nine uniform plants were chosen for fresh biomass (FW), DW, and N content evaluation.



Experiment 2

The experiment was carried out from December 2017 to February 2018. Each pot was 14.5 cm × 10.5 cm × 12.0 cm in size and contained 1.5 L of cultivation substrates. The chemical properties of the substrate contained organic matter 270.3 g/kg, total N 5.3 g/kg, available P 1.24 mg/kg, available K 118 mg/kg, and available N 332 mg/kg, and pH was 6.77. The seeds were sown in a plug tray and transplanted to the pots at the two-leaves stage. Each pot contained one plant. N treatments were applied to the seedlings 1 week later. N treatments were applied as follows: 0 (N0), 0.134 (N1), 0.163 (N2), and 0.191 (N3) g N/pot. Urea was used as an N source and applied in six split doses. A total of 0.461 g of KH2PO4 is used as K and P sources, containing 0.189 and 0.15 g, respectively, in each pot and applied once at the beginning of N treatments. Each treatment contained 60 plants, and 240 plants were sown in total. The experiment was continued for 42 days. After N treatments, 12 uniform plants were collected every 7th day from each treatment for data analysis.



Experiment 3

The experiment was conducted from October to December 2018. Each experimental pot was 12.0 cm × 8.8 cm × 10.8 cm in size and contained 1.5 L of cultivation substrates. The pH of the substrate was 6.46 and contained available N of 163 mg/kg, available P of 99 mg/kg, and available K of 125 mg/kg. A similar methodology as mentioned in experiment 2 was followed for seeds grown and transferred to the pots. Urea (0.15 g N kg-1 in the substrate) and KH2PO4 (P = 0.15 g kg-1 in the substrate and K = 0.189 g kg-1 in the substrate) were applied along with irrigation. One-third of the fertilizers were applied after the 5th day of transplanting, and two-thirds were applied after the 10th day. After N treatments, 20 plants were used to take image analysis data, and 9 plants were used to measure N content every 5th day. Image acquisition and analysis were determined as described by Xiong et al. (2019) and Chang et al. (2021).

Both experiments (1 and 2) were conducted to estimate the relationship between DW and Nc with a relative growth rate (day-1) under different N applications. Experiment 3 was used to estimate the relationship between phenotypic characteristics with Nc. The results of all three experiments were used together to estimate the Nc with DW under N application as predicted by experiment 3 and developed a model based on the results of all three experiments.



Measurement of plant fresh, dry biomass, and nitrogen content

The electronic balance was used to determine the FW and DW of plants. The samples were put at 80°C for 24 h to obtain the plants DW. A 60-mm sieve was used to grind and filter the dried plants. A 5 g ground sample was taken for N content (g kg-1) measurement with Vario ELIII (Elementar, Germany) (Justes et al., 1994).



Environmental factors

In all three experiments, temperature and photosynthetically active radiation in the greenhouse were recorded every 5 min with a portable automatic weather station (HOBO-U30, Onset, Bourne, MA, USA) for the whole growing season. The average environmental factor value of every 1 h was recorded. The average meteorological data were measured by taking the average values of 24 h and used as average data for 1 day (Supplementary Figure S2). The same procedure was repeated for the whole growing season of all three experiments to obtain the average value of meteorological data (Supplementary Table 1).



Calculation of photothermal effect

As explained by Zhou et al. (2019) and Justes et al. (1994), the photothermal effect (LTF) was used to evaluate the effects of temperature and radiation on yield, DW accumulation, and N content in the aboveground parts of pakchoi.



Nitrogen content model

The cropping systems simulation (CropSyst) model is a general crop growth model and employs the indexes of maximum N content (Nmax), critical N content (Nc), and a minimum of N content (Nmin) in the N content curve (Stöckle et al., 2003; Nunn et al., 2017). In addition, the Nmax is added at the early growth stage (Stockle et al., 1994; Stockle and Debaeke, 1997; Ekbladh and Witter, 2010). The following three characteristics of N content curves can be obtained by the following equations for pakchoi:

 

 

 

where DW (t/ha) represents the biomass of crops under suitable environments by using Equation 1 (Lemaire et al., 2008), the coefficient ‘a’ is the value of Nc when DW value is 1 t ha-1, and the exponent ‘b’ determines the rate of decline in Nc such as the slope of the relationship between ln(Nc) and ln(DW) in Supplementary Figure S3 (Stockle and Nelson, 1996). The following parameters were determined as described by Ekbladh and Witter (2010): amax= Nmax/(2-b), ac = 0.7 × . Nx/1.5-b, amin= 0.4 × . Nx/0.5-b, and b = 0.33 was used for pakchoi.



Model construction and verification

Plant FW and the corresponding Nc were calculated according to the cumulative photothermal effect from the second experiment. The Nc was based on phenotypical parameters, and a random forest model was used for crop N demand (NDemand) prediction in all experimental data. The NDemand is defined as the necessary N amount for maintaining the maximum growth rate and the maximum biomass accumulation of a crop and depends on crop growth vigor and Nc (Greenwood et al., 1990; Qiang et al., 2019). Through destructive sampling, the FW, Nc, and Na contents were used to calculate the actual NDemand of crops. The root mean square error (RMSE) and the coefficient of determination (R2) were used to determine the N demand models in all experiments as described by Xiong et al. (2019).



Nitrogen demand and supply model

Based on dynamic management of the critical N curve and the plant phenotype, the real-time crop demand for nutrients was monitored, which was used as conducive for changing the current situation of all applied N fertilizers as basal doses and reducing the N losses to the environment. Theoretically, crop N demand refers to the N difference between Nc and Na (Bo et al., 2021). However, crop N accumulation also depends on environmental factors and agricultural practices other than N demand. When N supply is applied more than the demand, crops can absorb enough N from the soil. Therefore, N demand and supply models are shown in the following equations:

 

 

where NDemand (g) refers to crop demand for N; 0.39 is the crop coefficient; NSupply refers to the N amount (g) that was supplied; FW (g plant-1) represents aboveground FW; and Nc (%) is the critical N content, and Na (%) is the actual N content.

Yield (fresh biomass) model based on photothermal effect

 

where a = 0.2816 g plant-1, the aboveground FW of 18-day-old seedlings from the second experiment and b = 0.121; the maximum DW accumulation rate was changed with the LTF. The LTF was calculated as described by Zhou et al. (2019):

1) Temperature (thermal) effect

 

where fT is the relative temperature effect at T (°); T0 is the optimal growth temperature of 24°; Tb represents the minimum growth temperature (7°); Tm represents the maximum growth temperature (35°); and T (°) indicates the average temperature in the ith hour from the second experiment.

2) Light effect

 

where I (mmol·m-2·d-1) indicates relative daily photothermal product; α is the curvature of function, and the value is 0.001.

3) Cumulative photothermal effect (LTF) during crop growth

 

where fI(j) and fT(j) indicate the light and thermal effects, respectively, at the jth growth day for the second experiment.



Model development and validation

The data from experiment 2 was used to validate the LTF-based FW formation model, DW, and N accumulation model. The relative standard error (RE) is used as the evaluation factor for the degree of agreement between the simulated and measured values. The calculation method is shown in Equation 12. A linear regression equation was used to compare the simulated and measured values, and the coefficient of determination R2 of the linear regression equation was determined by the t-test.



Correlation significance test

 



Critical nitrogen content curve

The following equation was established based on the above experiments:

 

 

Where Nc . %epresents the critical N content, DW (g plant-1) and FW (g plant-1) indicate plant dry and fresh biomass (FW), respectively. If FW ≤ 38.64 t/ha, then Nc = 4.78%. If FW > 38.64 t/ha, then Nc declines with increasing FW in pakchoi.



Data analysis

The Nc contents were analyzed as described by Justes et al. (1994). The analysis of variance (ANOVA) was used to compare the aboveground DW under different N applications and the corresponding parameters at each sampling date and under LTF using the SPSS 26.0 version software (SPSS Inc., Chicago, IL, USA). Duncan’s 95% significance level test was used to evaluate the significance of the difference between the treatment means of each measured parameter in all experiments. Origin Pro 9.0 was used for data visualization.




Results


Critical nitrogen content model on the basis of dry biomass and aboveground nitrogen content

N application showed a significant effect on the aboveground DW of pakchoi throughout the growth period, ranging from the minimum value of 18.5 mg per plant for N0 to 937.23 mg per plant for N0.2 in experiment 1 (Figure 1A). The aboveground DW showed an increasing trend with changing N levels in all treatments at different intervals. However, N applications did not show a significant difference in the early growth days (11th day). Additionally, treatment N0.2 significantly increased the DW relative to other treatments on the 31st, 38th, and 45th days after sowing. However, there was no significant difference between N0 and N0.05 treatments for the DW of pakchoi at the 45th day. The DW in treatment N0.2 was approximately 23.68%, 35.51%, 39.43%, and 91.22% higher compared to N0.




Figure 1 | Effects of nitrogen (N) application on (A) plant dry biomass (DW) and (B) N contents under different intervals of time in pakchoi (Experiment 1). N0 = 0 g N kg-1 soil, N0.05 = 0.05 g N kg-1 soil, N0.1 = 0.1 g N kg-1 soil, and N0.2 = 0.2 g N kg-1 soil.



The aboveground N content of pakchoi on DW basis was shown within the range of 1.6%–7% during the whole growth period under all applied N applications in different growing days (Figure 1B). For a particular time, aboveground N content showed an increasing trend with the increase of N levels. The increasing trend in aboveground N content was found approximately 5.83%–6.75%, 0.18%–11.74%, 32.76%–142.24%, 28.81%–139.55%, and 1.88%–96.88% more in N applications (N0.05, N0.1, and N0.2) as compared to N0 on the 18th, 31st, 38th, and 45th days after transplanting, respectively. After the 31st day, the aboveground N content decreased with increasing pakchoi growth, and it decreased from 6.52% to1.60%, 6.93% to 1.63%, 6.96% to 2.33%, and 6.90% to 3.15% in N0, N0.05, N0.1, and N0.2, respectively.

In experiment 2, the accumulation of FW, DW, and N content in the shoots of the pakchoi was measured (Figure 2). The aboveground FW of pakchoi significantly improved by all applied N levels as compared to control (Figure 2A). The FW increased continuously with N application in the whole growth period of pakchoi. The maximum aboveground FW of pakchoi was found by N1 (31.36 g per plant) as compared to other applied N levels after 42 days. There was no difference in the FW of pakchoi by applied N treatments in the early stage (7–21 days). On the 35th day, N1 showed a significant difference in the FW of pakchoi as compared to other applied N applications. However, all applied N treatments showed a significant difference in the FW of pakchoi as compared to control from the 14th to 42nd days. However, pakchoi contained low FW with a higher N level in N3 as compared to other applied N levels.




Figure 2 | Effects of N application on (A) plant fresh biomass (FW), (B) plant DW, and (C) N contents under different intervals of time in pakchoi (Experiment 2). N0 = 0 g N pot-1, N1 = 0.134 g N pot-1, N2 = 0.163 g N pot-1, and N3 = 0.191 g N pot-1.



The aboveground DW of pakchoi did not show a significant difference in early growth (7th and 14th days). However, at a later stage, treatment N3 (1.43 g per plant) showed a significant difference in the aboveground DW of pakchoi as compared to other applied treatments after the 42nd day. The DW increased continuously with increasing the plant growth cycle. However, DW was regulated with applied N levels. During the 7th–28th day after treatments, the N3-treated pakchoi accumulated the highest DW (1.43 g per plant). All applied N treatments showed a significant difference as compared to N0 (Figure 2B).

The response of the plant aboveground N content under different N applications was observed after the seventh day in experiment 2 (Figure 2C). However, the aboveground N content did not exhibit a significant difference among the applied N treatments except N0 until the 28th day, and it was found higher in the whole growing season as compared to N0. On the 28th day, the aboveground N content was positively associated with the N application rate. On the 35th and 42nd days after transplanting, the aboveground N content did not show a significant difference between N1 and N2. However, it showed higher N contents as compared to N3.

All the aboveground FW and DW of pakchoi were affected by LTF in all experiments (Figures 3A, B). Aboveground FW and DW exponentially increased with increasing LTF. In experiment 2, the aboveground FW (59.00 g) was influenced more than experiment 1 and 3 (Figure 3A). However, aboveground DW were found more influence and the maximum value was observed (2.67 g plant-1) in experiment 3 as compared to experiment 1 (2.22 g) and experiment 2 (2.59 g) along with LTF under all applied N treatments (Figure 3B). Maximum N contents were observed in experiment 2 (159.42 g kg-1) and experiment 3 (156.31 g kg-1) as compared to experiment 1 (32.82 g kg-1), under changing the LTF values in the pakchoi- growing season (Figure 3C).




Figure 3 | The changes of (A) plant FW, (B) plant DW, and (C) N contents with changing LTF in pakchoi under different N applications in three experiments.





Aboveground nitrogen content


Photothermal effect

From the meteorological data in each experimental pakchoi growth period (Supplementary data Table 1), it showed that the meteorological conditions of the 1st and 3rd experiments were found similar to each other. The temperature and photosynthetically active radiation were found higher in the second experiment, ranging from 19°C to 31°C (Supplementary Figure S2A). The daily average air temperature of all three experimental periods was shown (Supplementary Figure S2). The variation in average temperature was found relatively high in experiment 2, and the maximum differences in temperature were observed 10.1°C, 11.2°C, and 9.2°C in experiment 1, 2, and 3, respectively. Similar daily average temperature values of the first and third experiment was found. Sometimes, temperature fluctuated at 13°C–23°C, and the average temperature value during the growth period was observed approximately 19°C. The low value of daily average temperature was found, which was not conducive to pakchoi growth. The average daily temperature value in the second experiment was found between 19°C–31°C, which showed the optimum growth rate for pakchoi. Within the temperature range, the average temperature value during the growth period was observed 26.3°C, slightly higher as compared to the first experimental period. Effective sunlight radiation measurements during all three experiments (Supplementary Figure S2) showed that the effective sunlight radiation fluctuated widely in all three growing seasons. The maximum variation in values was found approximately 9.4, 14.8, and 9.3 mol/m2 in experiments 1, 2, and 3, respectively. The mean value of solar radiation in the first and third experiments was found approximately 5.3 mol/m2, which was observed significantly lower than the value of effective sunlight radiation in the second experiment (9.5 mol/m2) (Supplementary Figure S2B).

The temperature and photosynthetically active radiation data in the glass greenhouse were used in three experiments to estimate the total growth of pakchoi. The LTF of pakchoi was compared with the yield, DW, and N uptake in three experiments (Figure 3). The model was fitted to determine the model yield and DW content of pakchoi under different N applications in experiment 2 and the N accumulation and LTF to determine the relationship between N applications and model parameters were shown (Figure 4). The FW, DW, and N contents of pakchoi within the model under different N applications and LTF were used to evaluate the data validation of all experiments (Figure 5).




Figure 4 | The relationship between parameter b and N application rate for (A) FW, (B) Dry DW and (C) Nitrogen contents in pakxhoi with the following formula Nc(%)=a×DW−b.






Figure 5 | The changes of (A) FW, (B) DW, and (C) N contents with changing LTF under different N application rates. N0 = 0, N1 = 0.05, N2 = 0.1, N3 = 0.134, N4 = 0.15, N5 = 0.163, N6 = 0.191, and N7 = 0.2 g pot-1.






Model description

In all three experiments, after transplanting the FW, DW, and N contents increased in pakchoi under different N applications with LTF (Figure 3). The biomass accumulation rate and N uptake were also increased due to variation in climatic conditions. DW accumulation (Figure 3B) and N uptake (Figure 3C) in experiment 3 were consistent throughout the growth period with LTF. Experiment 2 showed higher DW accumulation as compared to other experiments. Experiment 3 did not show a significant difference until the harvest day in FW accumulation (Figure 3A). However, all experiments showed better results with LTF for FW, DW, and N accumulation under different N applications.

All parameters were exponentially related to the LTF: Y = a × EXP(b × LTF), where LTF is the cumulative photothermal effect. Parameter a is the FW of the plant at the time of transplanting (g plant-1), DW (g plant-1), and N uptake value (mg plant-1), while parameter b represents FW, DW, and N contents with LTF. The F values ​​of the three models for FW, DW, and N contents under different N applications were shown to be significantly different, and the R2 was higher than 0.9 (Table 1).


Table 1 | Relationship between fresh biomass, dry biomass, nitrogen (N) contents, and the cumulative photothermal effect in experiments 1, 2, and 3 under N application rates in pakchoi.



The amount of N application rates significantly affected the FW, DW, and N contents of pakchoi under different N levels. The FW, DW, and N uptake with LTF still fit an exponential function (Figure 3). When LTF is less than 38, aboveground FW, DW, and N contents all increased with the increase of N application rate when it was greater than 38. N1, N2, and N3 did not show a significant difference in the FW and DW of pakchoi among the three treatments from the first and second experiments. However, the N accumulation in the pakchoi increased continuously. In addition, the FW, DW, and N contents of pakchoi under different N application levels were established, respectively.

The cumulative model of thermal effect and the relationship between model parameter b and N application rates were analyzed. The results showed that, at the tested N levels, the parameters b of the FW, DW, and N contents model all increased and then decreased with the increase of the N application rates (Figures 4, 5). In the model, the parameter b was significantly affected by the amount of N applied and had a quadratic function (F) relationship with the amount of N applied (g/kg): FW model parameter b=0.0665+0.4749F-1.0323F2, R2 =0.9649; DW model parameter b=0.0729+0.2052F-0.3986F2, R2 =0.9026; N content model parameter b=0.0599+0.4114F-0.8141F2, R2 =0.8588. The amount of N applied was found at 0.2 g/kg; the three models’ parameter b reached the maximum value; and the FW, DW, and N content models showed a maximum value. The maximum values ​​of parameter b were found approximately 0.121, 0.099, and 0.112 in FW, DW, and N contents in experiments 1, 2, and 3, respectively. The cumulative rate of the FW and DW of pakchoi and N content was first increased and then decreased with the increase of the N application rate. The N application rate was 0.2 g N kg-1 in the substrate; pakchoi showed the highest growth rate and N contents (Figure 5).

The simulated values of aboveground FW, DW, and N contents in pakchoi from the data of experiment 3 were exponentially increased with increase in the pakchoi growth period (Figure 6). The data from experiment 2 were used to verify the yield, DW accumulation, and N contents for the simulation model; the 1:1 linear relationship between the simulated values and the observed values were shown (Figure 6A–C). The relationship between simulated and measured values for FW was found approximately r=0.946, R2 = 0.965 and RE = 15.94%, for DW was found about r=0.940, R2 = 0.966 and RE = 14.74%, and for N contents was found about r=0.970, R2 = 0.965 and RE = 19.78%, respectively (Figure 6). It showed that the pakchoi production based on the photothermal effect on the aboveground FW, DW, and N uptake was predicted more accurately by the model of biomass accumulation and N uptake.




Figure 6 | The relationship between measured values (x-axis) and simulated values (y-axis) for (A) FW (B) DW and (C) N contents under different N application rates in pakchoi. R2= the correlation coefficient of simulated and measured values and RE = relative standard error for simulated and measured values (Equation 12).





Critical nitrogen content

The aboveground N content from experiment 1 was approximately 6.52%–6.96% on the 11th day after sowing when the two cotyledons of pakchoi were fully expanded. Taking the average N content (6.83%) of the four different N applications on the 11th day after sowing as the maximum content (Nmax), the N content curve was established based on the CropSyst model (Figures 7, 8). DW was below 1.5 t/ha; the critical aboveground N content was constant at 4.78% (Figure 8). However, DW was observed above 1.5 t/ha; the critical aboveground N contents began to decline by following the equation   Nc %=4.78×DW−0.33 .he N supply satisfied the Nc of crops throughout the whole growth period, and the crop grew at the highest rate. In our study, the aboveground N content was found 5.45% for N0 on the 18th day of old seedlings, which was observed higher than the critical N content. In comparison, it was observed approximately 2.32% on the 31st day of old seedlings (three-leaf stage), which was found significantly lower than the Nc. The results revealed that soil N applications were found adequate for the growth of pakchoi before the three-leaf stage, and the N fertilizer should be applied later.




Figure 7 | (A) The relationship between FW and DW under different N application rates of three experiments in pakchoi and (B) measured (x-axis) and simulated (y-axis) values of aboveground pakchoi biomass for the validation of the N requirement model. R2 = the correlation coefficient of FW and the DW values and FW calculated by using Equation 13.






Figure 8 | An overview of the N demand status model based on three experiments under different N applications in pakchoi.





Nitrogen use efficiency

Using the critical Nc curve in Equation 13, N use efficiencies in substrate-grown and soil-grown pakchoi were found 38% and 17%, respectively.



Verification of nitrogen demand model

In the verification of the N demand model, the results showed that predicted N demand determined accurately with actual N content, with R2 = 0.948 and RMSE = 1.96 mg plant-1 (Figures 7A, B). The N demand model was developed based on multiparameter fusion including phenotypic traits to predict the crop N contents accurately (Supplementary Tables 2, 3). The validation of the N requirement model with simulated and measured pakchoi values was obtained (Figures 7B). An overview of the N demand model for pakchoi was established (Figures 8).




Discussion


Reasons for plant nitrogen dilution

Pakchoi is an important vegetable with great economic value. It has attained a pronounced attention of plant scientists to modulate for increasing productivity. The application of N fertilizers has shown a significant impact for increasing the growth and yield of pakchoi (Xiong et al., 2019). However, economical use of the N fertilizer is required for optimum plant growth under different agroclimatic conditions. The N fertilizer is dominant in crop growth and quality (Anas et al., 2020). N application increased DW ranging from 0.01 to 0.937, 0.08 to 1.43, and 0.25to 2.6 g plant-1 in experiments 1, 2, and 3 respectively. Taking into account all the data from three experiments in the present study, increasing the N applications increased the plant biomass production in pakchoi at a certain point. After that, it showed a decline in N contents and DW production with an increase in N supply and did not show more plant biomass accumulation in pakchoi (Figure 1). During deficiency, sufficient N application is used to improve the plant growth and yield (Min et al., 2012). Similar trends have been reported for white cabbage (Ekbladh and Witter, 2010) and wheat (Sinclair and Rufty, 2012). A suitable N level is beneficial to uptake the nutrients from soil solutions to improve the N contents and yield in plants (Bassirirad, 2000; Sun et al., 2020). In pakchoi, N applications have increased the N contents and the N dilution curve fits into the Michaeli–Menten equation (Xiaochuang et al., 2015). In our study, the FW, DW accumulation rate, and N uptake rate (b) were increased with the increase of the N application rate in the range of 0–0.2 g kg-1 soil. The results showed that N contents changed with changing the N application rates, which showed consistency with measured values in all experiments and based on this kinetic N ion uptake by pakchoi to predict the FW model in pakchoi. However, N supply was found up to 0.3 or 0.375 g kg-1 soil, and the FW, DW accumulation rate, and N uptake rate did not increase with increasing N application. Increasing N application decreases the N contents at a certain point and causes a decline in the yields of horticultural crops (Zhao et al., 2022).

Nc can be applied to the dynamic management of crop N. The daily demand for crop N is the amount of N applied per day to maintain the potential growth rate of the crop. N is provided according to the plant demands to meet the N uptake rate of the crop in the same manner as the rate of dry matter accumulation. Based on this, the dynamic N management method was initially applied to leafy plants, such as grass crops and alfalfa and later extended to wheat, corn, rapeseed, and other crops (He et al., 2017; Shlevin et al., 2018). However, the rate of accumulation and N uptake of crop dry matter is often not constant, which is affected by factors such as growth period, the cultivation medium, temperature, and light (Zhao et al., 2017; Yin et al., 2018). In our study, growth period and cultivation conditions significantly influenced DW and N contents in pakchoi under different N applications and increased DW at a certain limit. After that, it decreased with increasing the N application level in pakchoi for precision agriculture.

Crop growth models can provide evidence for the optimization and precise management of different crops under different cultivation conditions. The NNI has been calculated on the basis of the Nc dilution curve, which can be used for diagnosing the status of the crop nutrition, i.e., deficient, optimum, or maximum consumption of N nutrition (Supplementary Figure S3). The present study showed that the pakchoi yield was found greater than 38.4 t ha-1 in three experiments and significantly affected under the N applications, growing conditions, and plant development stages (Table 1). In the present study, experimental observations and simulation studies were combined, and the FW, DW, and N accumulation model of pakchoi was established based on the variation of the FW, DW, and N uptake of pakchoi. The results showed that the simulated model contained a good descriptive and predictive impact on FW, DW, accumulation and N contents in pakchoi. Stimulated and measured values correlated with each other based on N applications along with LTF for FW, DW production, and ultimate N contents in pakchoi. Different temperature and radiation-driven crop models have been constructed (Liu et al., 2016; Liu et al., 2017). The yield of pakchoi was found<38.4 t/ha and plant critical N content was less than 4.78%; then, N supply was found essential for pakchoi growth and development. Similar responses to the NNI have been reported for corn and wheat (Ziadi et al., 2008; Ziadi et al., 2010), and the NNI is used as a reference method for detecting N deficiency. In addition, the relationship between the NNI and Nc can be used to determine the requirement of further N fertilization directly in plants. The remote sensing technology has been reported in using the NNI and Nc as a diagnostic tool for determining the crop biomass and N uptake in plants (Wei et al., 2012). Non-destructive simulation based models are used to construct the N dilution curve using the NNI and Nc in tomatoes (Jing et al., 2020) and other crops like cucumber, zucchini, melon, and pepper (Gallardo et al., 2016) for the N demand status with the coefficient of determination (R2) values ranging from 92%–99% under different N applications.

In this study, the results showed an increasing trend in N contents in pakchoi and then declined after a certain N level and growing stage. The reason for N dilution in plants is that as they expand their canopy area, the plants’ lower parts cannot absorb light properly. Younger leaves cannot fully expand due to light shortages, leading to a decrease in leaf N content. The N uptake and photosynthetic rate per unit leaf area are higher for older leaves at the canopy top. The N elements present in older leaves are used for producing new leaves, which block the other leaves and decrease the N contents in plants (Prioul et al., 1980; Bahmani et al., 2000; Hikosaka, 2005; Liu et al., 2017). A decrease in N content in plants due to an imbalance in photothermal effects leads to the vertical distribution of N and a reduction in plant biomass (Trouwborst et al., 2010; Chen et al., 2018). There is no competition for light among plant growth and decline in the Nc content with biomass accumulation (Liu et al., 2017). Similar results were found in present studies; when LFT increased, FW, DW, and N accumulation increased in pakchoi under different N applications but decreased with the increase of N application after a certain level.



Nitrogen supply model of pakchoi based on multiparameter fusion method

The precise N supply in crops requires accurate N monitoring and demand prediction. Non-destructive remote sensing technology in agriculture is an emerging field for N diagnosis in plants (Xiong et al., 2019; Chang et al., 2021). Combining remote sensing technology with the N demand model to determine crop N requirement accurately is a new idea for determining the accurate N management in crops (Talaviya et al., 2020; Subeesh and Mehta, 2021). A critical N content model of pakchoi through analyzing the relationship between aboveground N content and biomass based on phenotypic image acquisition and machine learning technology to develop a relationship between the crop phenotype of non-heading cabbage and the N demand status in pakchoi (Xiong et al., 2019). A model based on N supply was constructed to develop a relationship between aboveground N content and biomass along with visible light images in pakchoi for the N prediction model. In the present study, the phenotypic features were used as input parameters. N demand models were developed to evaluate the NNI of pakchoi (Supplementary Tables 2, 3). The R2 values of the three models reached approximately 0.90, and the RMSE value was found lower than 0.1. The results revealed that phenotypic imaging combined with a machine learning algorithm could effectively evaluate plants’ NNI status. We assessed the NNI prediction models throughout the entire growth cycle of pakchoi. The precise prediction of the NNI at the seedling stage indicated that the prediction models can be used to guide N topdressing. The precise prediction of the NNI at the harvest stage is found beneficial for assessing the N uptake and calculating the N consumption by the pakchoi (Xiong et al., 2019). The machine learning models exhibited outstanding robustness and applicability under different scenarios and thus can be used in practice for the N demand status in pakchoi (Xiong et al., 2019). Different studies using machine learning techniques have been reported to determine the N demand status in rice (Islam et al., 2020; Iatrou et al., 2021). We also explored the effects of the photo effect and temperature on yield. Multiple factors such as phenotype, meteorology, and management practices were fused to construct the N demand model of pakchoi while considering N use efficiency and biomass to predict the model.

The N demand on Nc and machine learning techniques was based on the actual crop growth, with the advantages over other developed models: crop specific, precise, simple, and biologically sound. These diagnostic tools based on the Nc dilution curve for pakchoi can be utilized directly to assess the crop nutrition status and recommend further fertilization during different growing stages. However, further field studies are still required to validate NNI usage as a diagnostic tool with N fertilization for other regions under different growing and climatic conditions. The present study proposed an N supply model and designed an N supply decision-making framework system based on the critical Nc curve and phenotype characteristics.




Conclusion

In conclusion, the Nc dilution curve based on plant biomass for pakchoi were developed ( Nc%=4.78×DW−0.33 .)The results of this study revealed that as the DW of pakchoi was not higher than 1.5 t/ha, the critical Nc of the aboveground part was 4.78%, a constant value. However, when DW was over 1.5 t/ha, the critical N content began to decline. The yield of pakchoi was less than 38.4 t/ha and plant-critical N content was less than 4.78%. Then, N supply was found essential for pakchoi growth. We also established an N demand model based on the critical N content, phenotype, and biomass accumulation of pakchoi. Furthermore, we verified the model with separate experimental data. The results revealed that the prediction and actual value of crop N demand was above 90% and values were perfectly fitted to the model values (R2 = 0.948, RMSE = 1.96 mg plant-1). This study can provide a theoretical and technical basis for precise N management in pakchoi and other vegetable production.
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