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Introduction


Foliar nutrient diagnosis can facilitate an understanding of plant nutrient status,  enabling the implementation of precise fertilization programs. As an emerging woody oil crop, Paeonia ostii, requires pressing research efforts to address the key agricultural challenge of achieving high-yield and high-efficiency cultivation.







Methods


In this study, the leaves were collected at the fruit expansion stage. The test materials were categorized into high- and low-yielding groups based on single plant yields, as determined by the Compositional Nutrient Diagnosis Inflection Point method. Finally, the low-yielding group was subjected to nutritional diagnosis using the Diagnosis and Recommendation Integrated System (DRIS) method.







Results


A significant difference in yield was observed between the two groups, with average yields of 123.2 and 55.3 g·plant-1. Appropriate nutrient ranges were established by the Range of Normality method. In the low-yielding group, Cu and Mn levels exceeded the optimal values, while the concentrations of other elements fell within the appropriate range. Through the DRIS method, it showed that the low-yielding group exhibited an excess of Cu and Mn, with elemental deficiencies ranked as follows: Ca > K > Mg > N > Zn > Fe > P. The combined DRIS Nutritional Imbalance Index (NBIm) values indicated that Ca deficiency was the most severe. 







Discussion


The primary factors contributing to the reduced yield of P. ostii were the excesses of Cu and Mn and the deficiencies of Ca. In the future, greater attention should be paid to the issues of Ca supplementation and the management of localized heavy metals, with the aim of optimizing the production of P. ostii.
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1 Introduction


The rise in income levels in China has caused a notable increase in consumer demand for premium quality edible oils. This shift in preference is evident in changing consumption patterns, with consumers prioritizing quality and nutritional attributes over quantity. Consequently, the market for premium and mid-grade edible oils has expanded. Tree peony seed oil, rich in α-linolenic acid and characterized by a favorable ω-6 to ω-3 fatty acid ratio of less than 1.0, is considered a premium edible oil (Yu et al., 2016). In 2011, the Chinese Ministry of Health recognized tree peony seed oil as a novel food resource (NHFPCC, 2011). Paeonia ostii seed oil contains up to 90% unsaturated fatty acids, more than 40% of which is α-linolenic acid that cannot be synthesized by the human body (Deng et al., 2022; Xin et al., 2022). Alternatively, α-linolenic acid is metabolized to docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which have been associated with improved cognitive function and cardiovascular health benefits (Murumalla et al., 2012; Mora-Plazas et al., 2015). In addition, recent studies have identified valuable bioactive compounds in tree peony fruits and roots that provide significant antioxidant and antimicrobial benefits (Bai et al., 2021; Yan et al., 2021), indicating broad industrial applications spanning ornamental, medical and food uses. In light of this potential, both national and local governments have prioritized the development of the tree peony industry, resulting in rapid growth in recent years. Despite its long cultivation history in China, spanning over two millennia, the tree peony industry remains in its nascent stages. There is a paucity of systematic research on the cultivation and management technology of P. ostii, particularly regarding the issue of irrational fertilization. Since fertilizer application has a significant influence on P. ostii yield (Peng et al., 2019; Liu et al., 2020), a comprehensive nutritional evaluation is essential for developing an optimal fertilization strategy.


The diagnosis of leaf nutrient status is a valuable tool for understanding nutrient excesses and deficiencies in plants, which is essential for achieving precise fertilization. At present, four main methods are used for the diagnosis of foliar nutrient status, including the Range of Normality (RN), the Diagnosis and Recommendation Integrated System (DRIS) (Beautifils, 1973), the Deviation from Optimum Percentage (DOP) (Montañés et al., 1993), and the Compositional Nutrient Diagnosis (CND) (Parent and Dafir, 1992). Among these, the RN method remains frequently used to determine the nutritional range conducive to plant growth (Ferrández-Cámara et al., 2021). The DRIS method is founded upon the concept of nutrient balance, which encompasses the interrelationships among nutrients. Its diagnostic outcomes are not influenced by factors such as leaf age, leaf position, and species, allowing it to diagnose both nutrient abundance and deficiency and determine the plant’s nutrient demand pattern. For these reasons, the DRIS method has been widely employed in the assessment of woody plants (Sun et al., 2023). The DOP method compares nutrient concentration relative to the norms, similar to the DRIS method, but expresses the results as a percentage (Monge et al., 1995; Lucena, 1997; Martín et al., 2016). The CND technique has been widely applied in the nutritional diagnosis of various crops, including soybeans (Urano et al., 2006), Aloe vera (García-Hernández et al., 2006), and tomato (Nowaki et al., 2017). Many studies have employed the CND inflection point method to classify high- and low- yielding groups, followed by diagnosing the low-yielding group using additional diagnostic methods (García et al., 2005; Rozane et al., 2020). However, as evidenced by previous research, each nutritional diagnostic method has inherent limitations (Morais et al., 2019; de Lima Neto et al., 2022). Therefore, an effective approach to leaf nutritional diagnosis necessitates the integration of the strengths of diverse diagnostic techniques to yield more accurate and reliable results.


The fruit expansion stage has been widely recognized as a critical period influencing final yield in various fruit crops (Niu et al., 2021; Baldi and Toselli, 2021). In the context of local P. ostii cultivation, fertilization is conventionally implemented at three pivotal stages: prior to leaf expansion, concurrent with fruit expansion, and during the phase of root growth. Notably, empirical evidence has also confirmed that the nutrient status during the fruit expansion stage exert a pivotal influence on final fruit development in P. ostii (Jiang et al., 2022). Furthermore, the elemental alterations occurring during this stage are relatively stable, rendering it an optimal period for nutritional diagnosis (Ferrández-Cámara et al., 2021). Accordingly, the present study focused on evaluating leaf nutrient concentrations during the fruit expansion stage, using yield data to classify high- and low-yielding individuals. Nutritional diagnosis employed to identify the factors contributing to yield limitation. In order to establish a more robust framework for the evaluation of nutrients and the implementation of precision fertilization, three diagnostic approaches—CND, RN, and DRIS—were integrated. It is posited that the resulting strategy may also serve as a reference for future nutrient management and sustainable P. ostii cultivation.






2 Materials and methods





2.1 Site conditions


The experiment was carried out in 2023 at the Baima Teaching and Scientific Research Base of Nanjing Forestry University (31°59′N, 119°18′E). The study area was in Baima Town, Nanjing City, Jiangsu Province, China, which has a subtropical monsoon climate with four distinct seasons. The soils are classified as Yellow-Brown Earths (Hapludalfs, USDA Soil Taxonomy) characterized by acidic pH (5.85) and moderate fertility status, as evidenced by the following key parameters: total nitrogen 0.64 g/kg, available phosphorus 7.91 mg/kg, and exchangeable potassium 0.12 g/kg. The soil physical properties showed a bulk density of 1.43 g/cm³ with 37.83% porosity, indicating favorable aeration conditions for root development. During the 2023 experimental period, the site recorded an average temperature range of 12–22°C, 76% relative humidity, and 1,160 mm annual precipitation distributed over 100 rainy days.






2.2 Plant material


Plants of P. ostii used in this study were 8 years old and were growing in an experimental garden at the Baima Teaching and Scientific Research Base of Nanjing Forestry University. The plants in this garden are owned by ourselves, allowing us unrestricted use. The plants were identified by Professor Zengfang Yin from the College of Life Sciences, Nanjing Forestry University. A total of 42 P. ostii plants, with an average height of 90 cm and a canopy spread of approximately 100 cm, were utilized in the experiment. Each plant exhibited a minimum of seven fruiting branches.


To establish distinct nutritional element gradients essential for comparative nutritional diagnosis, a series of fertilization treatments were systematically implemented across P. ostii populations. The experimental design comprised two treatment groups: Group 1 received Stanley™ compound fertilizer (N-P2O5-K2O: 17-17-17, granular formulation; Stanley Agriculture Group Co., Ltd., Shandong, China) at four annual dosage gradients: 30, 45, 60, and 75 g·plant−¹. Group 2 combined compound fertilizer with organic basal amendment, where compound fertilizer was applied at 30, 45, and 60 g·plant−¹ respectively, supplemented with 200 g·plant−¹ rapeseed cake.


Both basal and compound fertilizers were applied via spot hole application. The timing of the fertilizer application was determined based on the growth pattern of P. ostii (Jiang et al., 2022). The basal fertilizer was applied in October 2022, while the compound fertilizer was applied on three occasions: the first in early October 2022 (during the root growth period), the second in early March 2023 (before leaf development), and the third in early May 2023 (the early stage of fruit set). The three applications were made at 40%, 30%, and 30% of the total amount of fertilizer, respectively.






2.3 Collection and processing of leaf samples


Leaf material was collected on 15 June 2023 during the fruit expansion period (BBCH 71–79) in preparation for this study. During the leaf sampling, the second pair of leaflets of the second compound leaf from top to bottom was selected from the four different directions and mixed as one sample (
Figure 1
).


[image: A plant stem with green leaves arranged in pairs, highlighted by a red dashed rectangle around the top section. The background is black, drawing focus to the plant.]
Figure 1 | 
The schematic diagram of leaf samping. The red dotted box indicates the sampled leaf positions.




In the laboratory, the leaves underwent a thorough rinsing process with distilled water for two minutes to eliminate surface contaminants, followed by a gentle blotting procedure with paper towels to remove residual moisture. The primary leaf veins were excised and placed into paper envelopes. Subsequently, the envelopes were subjected to an initial drying phase in an oven maintained at a consistent temperature of 105°C for 30 minutes. Subsequently, the samples were subjected to a further drying process at a reduced temperature of 65°C until a stable weight was achieved. The dried veins were then finely ground using a stainless-steel mill, sieved through a 0.15 mm (100 mesh) screen to ensure uniformity, and preserved in a desiccated container for future analysis.






2.4 Determination of nutrient element content


The N content was determined using the Kjeldahl digestion method according to LY/T 1269-1999. The specific procedure was as follows: 0.2 g of the finely ground dried leaf sample was soaked in 5 mL of concentrated sulfuric acid for a period of 24 hours. Subsequently, the sample was subjected to high-temperature digestion in a furnace until it turned brown. Then, 1 mL of 30% hydrogen peroxide was tadded, and the digestion continued for 20 minutes. This procedure was repeated three times. In the final step, hydrogen peroxide was added incrementally until the digestate became clear and transparent. Thereafter, the digestate was removed and analyzed using a Kjeldahl nitrogen analyzer (ATN-300, HongJi).


The concentrations of P, K, Ca, Mg, Fe, Cu, Zn, and Mn were determined using the nitric acid-perchloric acid digestion method according to LY/T 1270-1999. The specific procedure was as follows: 1.0 g of the dried and finely ground leaf sample was soaked overnight in a mixture of 30 mL of concentrated nitric acid and perchloric acid in a 5:1 ratio. Subsequently, the sample was digested in a high-temperature digestion in a furnace until the digestate became clear and transparent. The digestate was then removed and measured. The P content was determined using the molybdenum-antimony anti spectrophotometric colorimetry method, while the contents of K, Ca, Mg, Fe, Cu, Zn, and Mn were determined using an atomic absorption spectrometer (AA900T, PerkinElmer).






2.5 Seed collection and yield determination


In mid-July 2023, the fruit pods were covered with a mesh pocket to prevent them from cracking and losing seeds. On 31st July, the seeds reached maturity, and the pods were harvested from the individual plants and transported to the laboratory for analysis. Once the pods had dried naturally, the seeds were removed and weighed on an analytical balance to determine their dry weights, which were then taken as the yield of the plant.






2.6 Partition of into high- and low-yielding subpopulations


The present study uses the CND inflection point to determine the high-yielding inflection value of P. ostii. The specific steps (Equations 1-1–1-3) are as follows (Zheng et al., 2018):
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In the formula, R represents the introduction value; N, P, K, etc. denote the elements of the nutrient, which are calculated based on their percentage content in the leaves; G is the geometric mean of the content of the nutrient in the dry matter; d is the number of elements. VN, VP, … VR represent the analytical parameters which will be replaced by VX in the following context.


In accordance with the analytical parameter VX, an additional analytical parameter, designated as fi (Vx) (Equation 1-4), was calculated through the utilization of the Cate-Nelson cycle (Peck et al., 1977):
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In the formula: n represents the total number of samples, n1 is the number of samples with the highest yield in each cycle, and n2 is the number of remaining samples, satisfying the condition n=n1+n2. s2Vxn1 is the variance of the analytical parameter in n1 samples, and s2Vxn2 is the variance of the analytical parameter in n2 samples. In the first cycle, n1 = 2, n2=n−2; in subsequent cycles, n1 increases by 1 and n2 decreases by 1, until n2 = 2, at which point the cycle is terminated.


The cumulative variance function parameter FCi(Vx) (Equation 1-5) was calculated using the following equation: where the numerator represents the sum of the analyzed parameter fi(Vx) in the first n1–1 samples, and the denominator represents the sum of the analyzed parameter fi(Vx) in all samples:
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A polynomial functional relationship was established between the parameters of the resulting cumulative variance function for each nutrient element FCi(Vx) (Equation 1–6) and the yield (Equation 1–7):
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In the formula, Y represents the high-yielding turning point value, which is selected as the critical value for high-yielding level within the range of yield (Jiang et al., 2022). Specifically, the samples with yield above the critical value are categorized as the high-yielding group, while those with yield below the critical value are categorized as the low-yielding group.






2.7 Determination of the appropriate nutrient range


The RN method was established by employing the appropriate periods for foliar sampling. Subsequently, the normally distributed data were classified according to the probability classification method, using the four points of 
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. These points represent the five levels: deficient, low, appropriate, high, and excessive, respectively. The method guarantees that the number of samples within the deficiency and excessive ranges, respectively, constitute 10% of the total number of samples. Similarly, the number of samples within the range of low and high values, respectively, constitutes 20% of the total number of samples. Consequently, the number of samples within the normal level range constitutes 40% of the total number of samples. The range of suitable values for the analytical values of leaf nutrient elements was determined to be between 
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. For elements not conforming to a normal distribution, the probability classification method was adjusted using the values of mineral content in leaves from high-yielding areas or the standard values from domestic and international sources. Subsequently, the range of suitable values was calculated.






2.8 Element diagnosis of Paeonia ostii in low-yielding group


The DRIS ratio function value, designated as f (X/A), is calculated in terms of the degree of deviation of the measured value from the optimum value (Mccray et al., 2010). In this context, X/A represents the ratio of the two mineral nutrient contents, while x/a represents the ratio of the two elements in the high-yielding samples. Therefore, the degree of deviation of X/A from x/a can be expressed as a function of f (X/A) (Equations 2-1–2-3). The formula is calculated as follows:
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In the equation, the coefficient of variation (CV) represents the standard deviation of elemental ratios within the high-yielding group. When the function f (X/A) is equal to zero, it is indicative of equilibrium between the two elements. When the function f (X/A) is greater than zero, it indicates that X is relatively excessive, and A is relatively deficient. A negative value of f(X/A) indicates that X is relatively deficient, and A is relatively excessive. The formula for the DRIS index (Equation 2-4) is as follows:
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In the case of the nutrient element DRIS index, it is taken as f(X/A) when the element under examination is X in X/A, and as –f (X/A) when the element under examination is A in X/A. In instances where the ratio of the two elements is tested by the F-value method, the parameter that reaches the significant level is deemed to be significant.


The DRIS Nutritional Imbalance Index is expressed as an NBIm (Equation 2-5). Its calculation formula is as follows:
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In the formula, the value of n represents the number of diagnosed elements. When the value of |DRIS index| is less than or equal to NBIm, it can be concluded that the level of element X is within the normal range. Conversely, when DRIS index is less than 0 and greater than NBIm, it can be inferred that element X is deficient. Similarly, when DRIS index is greater than 0 and greater than NBIm, it can be deduced that element X is excessive.






2.9 Statistical analysis


The experimental data was collected and calculated using Microsoft Excel 2018. SPSS 22.0 was employed for cluster analysis and multiple comparison analysis, while Origin 2022 software was used for the graphing.







3 Results





3.1 Determining high-yielding group


The results of the P. ostii division into high- and low-yielding groups, as determined by the CND method, are illustrated in 
Figure 2
. The initial step is to ascertain the parameter function of each nutrient and the yield function as a function of FCi(Vx), which is achieved through the utilization of Equation 1-6. Furthermore, the inflection point values for each nutrient were calculated according to Equation 1-7 (
Figure 2A
). In accordance for identifying the high-yielding inflection point value, the highest value within the actual range was selected as the inflection point value (García-Hernández et al., 2006; Rozane et al., 2020). For P. ostii, the YK inflection point value was excessively high, and the YZn high-yielding inflection point value was negative, which did not align with the actual situation. Consequently, these two data points were excluded from the subsequent analysis. The highest value among the high-yielding inflection points for the remaining seven elements was YFe. Accordingly, the theoretical high-yielding critical value of P. ostii was determined to be 80.7 g·plant-1. Subsequently, a total of 26 plants were identified within the high-yielding group (equal to 62 percent of total), with an average yield of 123.2 g·plant-1 (
Figure 2B
). The plants yielding below 80.7 g·plant-1 were classified as belonging to the low-yielding group (equal to 38 percent of total), which consisted of 16 plants with an average yield of 55.3 g·plant-1 (
Figure 2B
).


[image: (A) Nine scatter plots showing plant yield versus various nutrients (N, P, K, Ca, Mg, Fe, Cu, Zn, Mn) with polynomial trendlines, equations, and coefficients of determination (R²). Each plot indicates optimal yield values. (B) Box plot comparing low and high yield groups, with significant differences marked by asterisks.]
Figure 2 | 

(A) Leaf nutrient element analysis parameters as a function of yield and inflection point values; (B) The classification of high- and low-yielding group in Paeonia ostii. Yx was the inflection point value for each element.








3.2 Determine the appropriate nutrient range by RN method


The histograms of nutrients illustrate the frequency distribution of each element across various content ranges (
Figure 3
). The normal distribution of each nutrient was assessed, revealing that nitrogen N (16.70, 2.262), P (1.26, 0.112), Ca (5.90, 1.202), and Mg (8.42, 1.462), Fe (133.98, 38.492), Cu (5.31, 1.442), Zn (19.48, 3.732) conformed to normal distributions, whereas potassium (K) and manganese (Mn) exhibited skewed distributions.


[image: Eight bar charts labeled A to H display the frequency distribution of elemental content in leaves. A is for nitrogen, B is phosphorus, C is potassium, D is calcium, E is magnesium, F is iron, G is copper, and H is zinc. Each chart includes a blue dashed curve fit function overlay. Frequency (%) is on the y-axis and elemental content in varying units on the x-axis.]
Figure 3 | 
Histogram of Paeonia ostii leaf nutrient content distribution.




The nutrient elements were classified according to the probability grading method, with the third level of normal values presented in 
Table 1
. A comparison of the range of normal values obtained according to the third level of the probabilistic classification method with the average values of the high-yielding group revealed that the average values of each nutrient element in the high-yielding group of fell within the range of normal values, with the average values of the high-yielding group of each element being highly similar to the average values of the third level of the probability classification method. However, the distributions of K and Mn exhibited a skewed pattern. If these elements were treated directly according to the probability grading method, the samples of K would be concentrated in the second and fourth levels, with an uneven distribution of samples. Therefore, the mean value of the high-yielding group was used to rectify the probability grading method, which was then utilized to address the remaining elements. Following the application of the mean value of the high-yielding group as a corrective measure, the Mn element remains classified as deficient in the first level of samples. Consequently, the Mn element was stratified into five categories—very low (10%), low (20%), sufficient (40%), high (20%), and excessive (10%)—based on a normal distribution model, to ascertain the optimal range. Nevertheless, this classification may be subject to bias due to the limited sample size or the absence of empirical validation. Therefore, the combined the probability grading method and the corrected grading method of the high-yielding group yielded the content ranges of each nutrient element when they were in deficiency, low value, normal value, high value, and excess, respectively (
Figure 4
). This information was used to obtain the appropriate values of nutrient elements in the leaf blades of P. ostii. A comparison of the average values of each nutrient element in the low-yielding groups, as illustrated in 
Figure 4
, revealed that only the plants in the low-yielding group exhibited Cu and Mn levels above the appropriate values, while the remaining elements were within the appropriate range. The study’s findings revealed that the leaf concentrations should ideally fall within the following ranges: N 15.6 – 17.5 g·kg-1, P 1.2 – 1.4 g·kg-1, K 3.3 – 4.7 g·kg-1, Ca 5.3 – 6.5 g·kg-1, Mg 7.7 – 9.2 g·kg-1, Fe 113.8 – 154.2 mg·kg-1, Cu 4.6 – 6.1 mg·kg-1, Zn 16.9 – 21.4 mg·kg-1, and Mn 42.0 – 75.0 mg·kg-1.



Table 1 | 
The difference of normal value between the average value of high yield in Paeonia ostii and the third grade of standardized probability gradings (SPG).





	Nutrient element

	Average value of high yield

	Third grade of SPG

	Average value of the third grade by SPG






	Macroelements (g·kg-1)
	N
	16.42 ± 1.95
	15.51 ~ 17.89
	16.81 ± 0.68



	P
	1.23 ± 0.19
	1.15 ~ 1.37
	1.28 ± 0.05



	K
	4.16 ± 0.99
	3.56 ~ 4.58
	4.16 ± 0.33



	Ca
	5.99 ± 1.16
	5.27 ~ 6.53
	6.09 ± 0.38



	Mg
	8.45 ± 1.39
	7.65 ~ 9.19
	8.45 ± 0.46



	Microelements (mg·kg-1)
	Fe
	128.63 ± 33.92
	113.78 ~ 154.17
	136.93 ± 10.64



	Cu
	5.04 ± 1.24
	4.55 ~ 6.07
	5.23 ± 0.39



	Zn
	19.36 ± 5.91
	17.52 ~ 21.44
	19.64 ± 1.12



	Mn
	57.04 ± 35.24
	47.01 ~ 93.95
	60.74 ± 10.14










[image: Bar chart representing nutrient levels in soil for elements N, P, K, Ca, Mg, Fe, Cu, Zn, and Mn. Each bar is segmented into categories: Deficient, Low, Appropriate, High, and Excessive, with a marked Low Yield zone. Red triangles highlight low yield points for Cu and Mn.]
Figure 4 | 
Appropriate nutrient range for Paeonia ostii and diagnosing low yield. The red triangle marks the nutrient elements that are out of the appropriate range.








3.3 Nutrient diagnosis for low-yielding group by DRIS methods





3.3.1 Establishment of DRIS model parameters


The selection of relevant parameters is closely associated with the diagnostic outcomes, thus necessitating their screening and incorporation into the DRIS and CND nutritional diagnostic models. Firstly, the parameters of, including N, P, K, Ca, Mg, Fe, Cu, Zn, and Mn, were constructed according to the ratio between the contents of two elements. For illustrative purposes, the N and P elements were taken as an example, and a group of parameters was expressed as N/P and P/N, resulting in a total of 72 different parameter expressions. The mean, standard deviation and coefficient of variation of the parameters in the high-yielding group and the low-yielding group were calculated, and the variance ratio F(VH/VL) was calculated for the high-yielding group and the low-yielding group. The parameter with the larger variance ratio was selected for each group. For example, if F(VN/VP) was found to be greater than F(VP/VN), then F(VN/VP) was selected, and vice versa. Following a comparative screening process, a total of 36 parameters were identified following a comparative screening process. The 36 parameters were subjected to an F-value test, and those that reached the significant level were selected as important parameters, resulting in a total of 20 (
Table 2
). The standard parameters of leaf nutrient content were subjected to screening, including N/Mn, P/Mn, K/Ca, K/Mg, K/Fe, K/Zn, K/Mn, Ca/P, and so forth. Among the parameters, those pertaining to N/Mn, K/Fe, K/Zn, Ca/P, Cu/N, Cu/K, Cu/Ca, Cu/Mg, Cu/Zn, Cu/Mn, and Zn/P reached the significant level. The P/Mn, K/Ca, K/Mg, K/Mn, Ca/Mn, Mg/P, Mg/Mn, Fe/Mn, and Zn/Mn ratios reached highly significant levels.



Table 2 | 
The nutrient ratio parameters of fruit expanding period in Paeonia ostii leaf.





	Parameter

	Low yield subpopulation

	High yield subpopulation

	VH/VL





	Mean

	SD

	CV(%)

	Mean

	SD

	CV(%)






	N/Mn (10-1)
	2.43
	1.21
	49.73
	3.94
	2.16
	54.96
	3.21*




	K/Fe (10-2)
	3.20
	1.84
	57.66
	3.45
	1.26
	36.41
	2.15*




	K/Zn (10-1)
	2.17
	0.61
	28.26
	2.33
	0.93
	39.99
	2.32*




	Ca/P
	4.56
	0.77
	16.81
	5.00
	1.27
	25.32
	2.73*




	Cu/N (10-1)
	3.64
	1.13
	31.13
	3.08
	0.74
	24.01
	2.35*




	Cu/K
	1.56
	0.51
	32.82
	1.25
	0.32
	25.50
	2.58*




	Cu/Ca (10-1)
	10.47
	2.83
	27.00
	8.48
	1.69
	19.91
	2.80*




	Cu/Mg (10-1)
	7.26
	2.36
	32.51
	6.06
	1.61
	26.50
	2.16*




	Cu/Zn (10-1)
	3.32
	1.42
	42.78
	2.76
	0.88
	31.91
	2.59*




	Cu/Mn (10-2)
	8.09
	3.68
	45.46
	11.73
	6.17
	52.59
	2.82*




	Zn/P
	15.24
	0.03
	19.86
	16.02
	5.02
	31.36
	2.75*




	P/Mn (10-2)
	1.82
	0.88
	48.34
	2.98
	1.78
	59.80
	4.08**




	K/Ca (10-1)
	7.27
	2.58
	35.52
	7.04
	1.49
	21.11
	3.02**




	K/Mg (10-1)
	5.06
	2.18
	43.14
	5.02
	1.28
	25.60
	2.89**




	K/Mn (10-2)
	5.62
	2.55
	45.44
	9.88
	6.17
	62.50
	5.85**




	Ca/Mn (10-2)
	8.18
	4.39
	53.60
	14.12
	8.13
	57.57
	3.43**




	Mg/P
	6.60
	0.82
	12.48
	7.07
	1.70
	24.13
	4.28**




	Mg/Mn (10-1)
	1.21
	0.65
	54.18
	2.05
	1.28
	62.09
	3.80**




	Fe/Mn
	2.00
	1.00
	50.20
	3.19
	2.14
	66.96
	4.55**




	Zn/Mn (10-1)
	2.78
	1.43
	51.52
	4.76
	3.76
	79.10
	6.92**








*indicates that the F-value reaches a significant level (P< 0.05), **indicates that the F-value reaches a highly significant level (P< 0.01), VH denotes values with higher variance and VL denotes values with lower variance.








3.3.2 DRIS indexes and nutrient requirements for Paeonia ostii in low-yielding group


The DRIS index is a quantitative measure that indicates the intensity of crop demand for a given element. When the index was equal to or close to 0, it indicated that the element was in relative equilibrium with other elements. When the value of the indicator exceeds zero, it indicates that the provision of the element is adequate. Furthermore, higher values indicate a greater adequacy. Conversely, a value less than 0 indicated that the plant requires the element in question. The greater the absolute value of the negative index, the more pronounced the degree of need. This indicates that the plants were deficient in N, P, K, Ca, Mg, Fe, and Zn, while Mn and Cu were in excess during the fruit expansion period (
Figure 5
). This resulted in the following order of fertilizer requirement during fruit expansion in the P. ostii low-yielding group as Ca > K > Mg > N > Zn > Fe > P.


[image: Bar chart comparing DRIS index and NBIm values for nutrients. Negative DRIS indices: N (-2.36), P (-0.28), K (-3.02), Ca (-3.71), Mg (-2.74), Fe (-0.85), Zn (-1.88). Positive DRIS indices: Cu (4.28), Mn (10.56). NBIm value: 3.3.]
Figure 5 | 
The DRIS index in the low-yielding group of Paeonia ostii. When the value of |DRIS indexes| is less than or equal to NBIm, it can be concluded that the level of element X is within the normal range. Conversely, when DRIS index is less than 0 and greater than NBIm, it can be inferred that element X is deficient. Similarly, when DRIS index is greater than 0 and greater than NBIm, it can be deduced that element X is excessive.




According to Equation 2-5, the value of NBIm is 3.3. The elements with a DRIS index greater than 0 and exceeding 3.3 were Cu and Mn, which were classified as excess elements. The element whose DRIS index was less than zero and whose absolute value was greater than 3.3 was Ca, which was identified as the deficient element.








4 Discussion


In comparison to conventional techniques such as analysis of variance, the CND inflection point method provides a more straightforward and adaptable approach to discerning yield disparities (Xu et al., 2015; Mostashari et al., 2021; Traspadini et al., 2024). In this study, the inflection points for classifying high and low yields of P. ostii were determined to be 80.7 g·plant-1 using the CND methods. The mean yields for the high- and low- yielding groups of P. ostii were 123.2 and 55.3 g·plant-1, respectively. In conjunction with the RN method for analyzing nutrients in the high-yielding group (Ferrández-Cámara et al., 2021), we established a preliminary set of optimal nutrient levels for P. ostii during the fruit expansion phase. In the low-yielding group of P. ostii, the mean values of Cu and Mn in the leaves were found to exceed the optimal nutrient levels, while the remaining elements were within the optimal nutrient levels. Given the limited research on the RN methods for P. ostii, the standardized values obtained in this study may be subject to bias. Consequently, although RN methods are straightforward and user-friendly, it is susceptible to the influence of the plant itself and is gradually being replaced by more sophisticated methods (Ferrández-Cámara et al., 2021).


The DRIS method represents a diagnostic method approach that integrates the interactions between plant nutrients, enabling the assessment of a crop’s nutritional status by evaluating the relative abundance and appropriate proportions of each nutrient. As stated by Bataglia et al., the advantage of employing ratios derived from the DRIS method is that they are less susceptible to fluctuations resulting from variations in plant age and the impact of concentration or dilution relative to phytomass production (Bataglia et al., 2008). In this study, we employed the DRIS method for the purpose of diagnosing the nutritional status of the low-yielding group. The DRIS model parameters were initially established, and the DRIS index was subsequently calculated using these parameters to diagnose the nutritional status of P. ostii in the low-yielding group. The usual method that is used for the interpretation of DRIS index is the ordering of the values of the indices, the ordering is more limiting disabilities by the most limiting excess (Serra et al., 2013). The results of the diagnosis of the low-yielding group of P. ostii indicated that the nutrients in descending order of deficiency were Ca, K, Mg, N, Zn, Fe, P. Conversely, the excess nutrients were Cu and Mn. In conjunction with the NBIm, it is evident that Ca deficiency represents the most significant and limiting factor for the yield of P. ostii.


The results of both the RN and DRIS methods indicated the presence of excess Cu and Mn in the low-yielding group. Both Cu and Mn are classified as heavy metals and have the potential to exert detrimental effects on plant growth and development when present in excess. The presence of excess Cu was observed to have a negative impact on root cell elongation and differentiation (Yuan et al., 2013). Additionally, elevated levels of growth hormones were identified within the elongation and meristematic zones, indicating that the redistribution of growth hormones may have been induced by excess Cu, which subsequently led to the inhibition of root cell proliferation. An excess of Cu has been demonstrated to result in a notable reduction in the levels of chlorophyll a and b present within leaves, accompanied by a decline in chlorophyll fluorescence (Lou et al., 2004). This ultimately impedes the process of photosynthesis in plants. It has been demonstrated that excessive Mn causes damage to cell membranes, increases the production of reactive oxygen species, reduces cell membrane permeability, and stimulates the activity of corresponding antioxidant enzymes. It is evident that Cu and Mn have a strong effect on the growth and fruiting of the plant, leading to a reduction in the yield of P. ostii. The pH level of the soil at the experimental site was measured at 5.85, which may be attributable to long-term fertilization practices that have contributed to soil acidification. The decrease in pH has been shown to increase the availability of Cu and Mn, resulting in an increased pool of plant-absorbable forms (Loland and Singh, 2004; Olaniran et al., 2013; Strawn, 2021; Ferrarezi et al., 2022). The presence of symptoms indicative of yield reduction has been observed in select plants, with these symptoms correlating to instances of toxicity associated with Cu and Mn. These findings underscore the significance of soil health monitoring and maintenance, particularly in the context of micronutrient management, in future cultivation practices.


Furthermore, the research revealed a deficiency of Ca in the low-yielding group. Many plants in the low-yielding group were not subjected to applications of rapeseed cake, which is a rich source of Ca. This may be a contributing factor to the observed Ca deficiency in the low-yielding plants. Furthermore, research has shown that the period between fruit development and seed maturity of P. ostii represents a crucial window for the absorption of macronutrients, with N and K absorption accounting for a substantial proportion of the total annual absorption (Liu et al., 2020). The findings of this study indicate that a considerable number of plants in the low-yielding group exhibited relatively low levels of fertilizer application. Therefore, it can be reasonably deduced that there is a high probability of P. ostii experiencing deficiencies in N and K at this developmental stage. The present study was conducted to investigate the nutritional status of P. ostii leaves in the Lishui District of Nanjing. However, previous studies have demonstrated that there are variations in the standard values of nutrient elements across different regions. It is therefore recommended that standard values for P. ostii be developed for different soil and climatic conditions to obtain nationwide standard values for nutrient elements.






5 Conclusion


The study indicated that the CND inflection point method was effectively employed for the classification of high- and low- yielding groups. Based on the nutritional status of the high-yielding group, the appropriate ranges of the different elements were determined by the RN method as follows: N 15.6 – 17.5 g·kg-1, P 1.2 – 1.4 g·kg-1, K 3.3 – 4.7 g·kg-1, Ca 5.3 – 6.5 g·kg-1, Mg 7.7 – 9.2 g·kg-1, Fe 113.8 – 154.2 mg·kg-1, Cu 4.6 – 6.1 mg·kg-1, Zn 16.9 – 21.4 mg·kg-1, and Mn 42.0 – 75.0 mg·kg-1. Nutrient analysis of the low-yielding group revealed that Cu and Mn were in excess of the optimal range. Based on the DRIS methods, it is recommended that nutrients be supplemented in the order Ca > K > Mg > N > Zn > Fe > P, with an emphasis on Ca, prior to the expected fruit expansion stage of the low-yielding P. ostii in this area. Furthermore, the DRIS method revealed the presence of excess Cu and Mn. Addressing excess copper (Cu) and manganese (Mn), as well as calcium (Ca) deficiency, in soils under P. ostii cultivation requires an integrated management strategy. These strategies include adjusting soil pH with lime to increase calcium availability, adding organic matter, and applying calcium fertilizers to reduce copper and manganese activity, alleviate their toxic effects, and correct calcium deficiency. However, further research is necessary to confirm the effectiveness of these combined measures in restoring soil nutrient balance, enhancing growing conditions, and promoting the healthy growth of P. ostii.
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