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Abstract

:

To study the effect of N-P-K fertilization on Phoebe bournei seedlings’ organs dry biomass, and nutrients accumulation and allocation, and to further uncover how nutrients regulating dry biomass formation through fertilization, we utilized the “3414” experiment design. The results showed that N, P, and K fertilizer promoted dry biomass accumulation, and root, stem, and total plant N, P, and K content and accumulation in seedlings. The dry biomass accumulations of root, stem, and total plant increased first and then decreased with the increase of N, P, and K application rates, which was basically consistent with the change in dry biomass allocations and N, P, and K contents, accumulations, and allocations. Root N accumulation, root P accumulation, and total plant K accumulation were the key indicators for seedlings growth. N fertilizer had the greatest effect on total dry biomass and root N accumulation, was the most important fertilizer for the growth of Phoebe bournei seedlings, can regulate the growth of root and leaves, is beneficial to root growth at medium-low N fertilizer levels (N: 0.266–0.532 g·plant−1), and leaves growth at high N fertilizer level (N: 0.798 g·plant−1). P fertilizer rate can regulate the seedling stem growth, reaching the maximum at the medium level P application (P2O5: 0.1332 g·plant−1). K fertilizer had the greatest effect on the root P accumulation and total K accumulation, promoting K transport from leaves to root, improved root and stem growth, and inhibited leaves growth. The N, P, and K fertilizer three-factor application can better promote nutrient uptake than double-factor and single-factor fertilization, with highest dry biomass accumulation at the medium level of N, P, K fertilizer (N: 0.532 g·plant−1; P2O5: 0.1232 g·plant−1; K2O: 0.356 g·plant−1). In conclusion, N, P, and K fertilization promoted the N, P, and K absorption, increased root, stem, and leaves N, P, and K content and accumulation, and promoted the seedling dry biomass accumulation, but reversed under excessive application of N, P, and K fertilizer; and N fertilizer was beneficial to root and leaves growth, P fertilizer to stem growth, and K fertilizer to material transfer, which provided a theoretical basis for robust Phoebe bournei seedling cultivation.
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1. Introduction


Nitrogen (N), phosphorus (P), and potassium (K) are essential nutrients for plant growth and development, act as components of important organic compounds, and play significant roles in various physiological and metabolic processes [1,2,3]. N, P, and K fertilization improve seedling quality and stress resistance through promoting their growth and biomass accumulation [4,5,6,7], but their types and concentrations can restrict seedling growth state and rate [8,9].



Nutrient accumulation and allocation in plants reflect their demand and specific nutrient elements absorption capacity under certain ecological conditions as well as plant–environment interaction [10,11]. Fertilization changes soil ecological condition, significantly affecting plants nutrient content, accumulation, and allocation in plant organs [12,13,14]. N, P, and K fertilization showed different nutrient elements enrichment, appropriate N, P, and K fertilization increased contents and accumulations of seedlings in different organs [5,15,16]. Too little or excessive fertilization was not conducive to nutrient element absorption, with antagonism between nutrient elements [17,18,19]. Plant biomass accumulation has been proven to be closely related to nutrients accumulation [20]. Furthermore, the effect of fertilization on plants’ growth, development, and biomass is largely dependent on the coordination of nutrients uptake, assimilation, and allocation in plant organs [21,22]. Therefore, fertilization plays an important role in promoting good seedling quality. At present, most fertilization studies focused on plants nutrient content, accumulation, and allocation in plant organs under single or two fertilization conditions of N, P, and K fertilizers, while there are few studies on the combined effect of N, P, and K fertilizer. Second, what kind of fertilization method and rate is most conducive to nutrient absorption and the growth of roots, stems, and leaves was rarely reported. At the same time, how N, P, and K combined fertilization affecting the content, accumulation, and allocation of macro-elements in plant organs, and their relationship with the growth of seedlings were also poorly understood.



However, different species perform differently under different fertilization conditions [5,15,16]. Phoebe bournei (Hemsl.) Yang is an endangered and rare tree species in China, whose wood has unique attributes and high economic value, leading to increase market demand [23,24]. Additionally, the production of robust seedlings is essential for meeting P. bournei planting demands [25]. At present, extensive studies on P. bournei seedling biology, ecophysiology, afforestation technology, and seedling cultivation have been conducted [26,27,28]. Recently, the emphasis of research on the cultivation of robust P. bournei seedlings was the effects of fertilization time, rate, and type [29,30]; however, studies on nutrient absorption, biomass, and nutrient accumulation and allocation as affected by fertilization, and which kind of fertilization method and rate is conducive to the growth of roots, stems, and leaves in P. bournei seedling have been rare.



Compared with other fertilization methods, the “3414” fertilization concept utilizes the incomplete orthogonal regression design as a three-factor and four-level fertilizer test, which has advantages of complete factors, multiple levels, simple operation, and convenient analysis, and meets the professional requirements of fertilizer decision [31]. Therefore, this study used “3414” field experiment, to assess the characteristics of dry biomass, nutrients accumulation, and allocation, to uncover the regulatory effects of fertilization on dry biomass, and nutrient accumulation and allocation, to reveal biomass and nutrient relationships, and to obtain the fertilization method and rates that are most conducive to the growth of roots, stems, and leaves, which can provide the theoretical basis for rational fertilization, and high-quality and efficiency propagation of P. bournei seedlings.




2. Materials and Methods


2.1. Site Description


The experiment was conducted at the Fujian Agriculture and Forestry University, Fuzhou, Fujian Province, China (119°23′ E, 26°09′ N) field nursery in 2018. This area belongs to subtropical marine climate. The annual average temperature is 19.6 °C, with an extreme minimum temperature of −2.5 °C, and an extreme maximum of 42.3 °C. The number of annual sunshine hours is 1848 h. The effective accumulated temperature ≥10 °C was 5880 °C, with 326 day >0 °C. The annual precipitation is 1490 mm, with the annual average humidity of 77% [32].




2.2. Materials


One-year-old P. bournei bareroot seedlings were provided by the Fujian Academy of Forestry. In March 2018, well-grown seedlings with similar height (20.2 ± 0.9 cm) and diameter (2.3 ± 1.0 mm) with well-developed buds, were selected for the experimental population. These seedlings had, respectively, total N, P, and K contents of 1.219, 1.555, and 14.022 g·kg−1 at the start of the experiment.



The soil substrate used was a mixture of red laterite soil, vermiculite, and sand (6:2:2 by volume). The soil mixture was characterized as having 5.78 g·kg−1 organic matter, pH 5.30, and effective N-P-K content of 17.0, 15.6, and 239.1 mg·kg−1, respectively. Seedlings were grown in plastic pots (diameter × height, 25 × 25 cm), and the dry soil weight of each pot was 6.0 kg. The fertilizers used were urea (N, 46%), superphosphate (P2O5, 12%), and potassium chloride (K2O, 60%) for the experiment [32].




2.3. Experimental Design


The test followed the “3414” fertilizers experimental design [31], which was set as three factors with N, P, and K. Every factor had four fertilization levels (0, 1, 2, 3): 0 as control (no fertilizer), the common fertilizer rates as level 2 (medium fertilizer), 0.5-times of level 2 as level 1 (low fertilizer), and 1.5-times of level 2 as level 3 (high fertilizer), respectively. The common fertilizer rates in the test were 0.532, 0.133, and 0.356 g·plant−1 for N, P2O5, and K2O, respectively [28,30]. The specific rates of fertilizer applied to each treatment are shown in Table 1, calculated in terms of N, P2O5, and K2O. This study utilized 1260 seedlings, and each treatment was replicated three times, with 30 plants at each treatment replication [32]. The field fertilizer experiment replications were randomly arranged (complete randomized design) to minimize any environmental effects as well as avoiding clustering of a specific treatment.




2.4. Experimental Management


This field experiment was performed under semi-controlled conditions (i.e., ambient conditions) that lasted for 10 months from March to December in 2018. P was used as the base fertilizer, while N and K were applied in different stages according to the seedling annual growth characteristics [32]. The applied fertilization regime varied over time (April: 25% N and 20% K, June: 35% N and 25% K, August: 25% N and 35% K, and October: 15% N and 20% K) through liquid application of fertilizer (concentration 0.05%). With P. bournei seedlings as shade plant, the nursery is equipped with a 2.7 m high shed providing light intensity equivalent to 75% natural light. Seedlings were watered on a varying schedule based on maintaining the desired soil water status of ~75% field capacity (i.e., determined by the empirical method of topsoil coloration resulting in watering at ~7 days during March to April, ~15 days during May to July, not watered in August, ~10 days during September to November, ~15 days in December) [32].




2.5. Seedling Measurement Parameters


In December 2018, after growth cessation, a random sample of three replications of three seedlings per treatment (total of nine seedlings) were harvested to measure their biomass (Figure 1). Seedlings were washed with water, divided into three parts (roots, stems, and leaves), fixed at 105 °C for 15 min, and then dried at 75 °C for ~12 h to achieve a stable weight. Samples’ dry weights were measured with 0.001 g accuracy by electronic scales (AL204, Metiler-Toledo, Melbourne, Australia). The dry biomass accumulation of P. bournei seedlings under different N-P-K fertilization is presented in Table 2.



T6 had the greatest biomass accumulation for total plant, leaf, stem, and root. P and K increased all organs biomass accumulation, N increasing total plant, stem and root biomass at low-medium level. N, P, and K firstly increased root, stem, leaves, and total dry biomass accumulation, followed by a decrease, reaching the maximum value at medium level with increasing the concentration [32].



Roots, stems, and leaves were made into analytical samples by grinding with a plant crusher, and then processing through a 0.5 mm plastic sieve. Samples were put into a self-sealing bag for the determination of total N, P, and K. Samples of 0.30 g were prepared by the elimination method to produce the test solution, N, P, and K contents were determined by Kjeldahl method (ATN-300, Hongji, Shanghai, China) [33], molybdenum-antimony colorimetric method (UV-2600A, Unicom, Shanghai, China) [34], FP640 flame photometry (Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China) [35], respectively. Each indicator was repeated three times.




2.6. Data Processing and Analysis


2.6.1. Calculation of Comprehensive Index


Based on the seedling dry biomass (root, stem, and leaves) and N, P, K content data, the following parameters and indices were calculated:



Accumulation of N (P, K) in each organ of seedling (root, stem, and leaves) (mg·plant−1) = dry biomass (g·plant−1) in each organ (root, stem, and leaves) × N (P, K) content in each organ (root, stem, and leaves) (g·kg−1),



Total seedling N (P, K) accumulation (mg·plant−1) = root N (P, K) accumulation + stem N (P, K) accumulation + leaves N (P, K) accumulation,



Dry biomass or N (P, K) allocation rate of each organ = dry biomass mass or N (P, K) accumulation in each organ / total seedling dry biomass mass or N (P, K) accumulation × 100%




2.6.2. Data Analysis


The “3414” fertilizers experiment can analyze the single factor, two-factor, and three-factor interaction effects of N, P, and K fertilization with 14 treatment combinations. In the single-factor effect treatments, when the “2” level is fixed by P and K fertilizers, four levels of N fertilizer were T2 (0 level), T3 (low level), T6 (medium level), and T11 (high level). When the “2” level is fixed by N and K fertilizers, four levels of P fertilizer were T4 (0 level), T5 (low level), T6 (medium level), T7 (high level). When the “2” level is fixed by N and K fertilizers, four levels of K fertilizer were T8 (0 level), T9 (low level), T6 (medium level), T10 (high level). The three-factor interaction experiment of N × P × K was set at T1–14 treatments [31,32].



We used Excel 2010 and SPSS 22.0 (Chicago, IL, USA) to conduct the range analyses which was the difference between the maximum value and the minimum at different levels, and to analyze average values for signal-factor effects of N, P, and K fertilizer factors. A factorial analysis of variance (ANOVA), the Duncan’s multiple comparisons (α = 0.05), stepwise regression analysis, path analysis, and correlation analysis were performed by SPSS 22.0 (Chicago, IL, USA) for three-factor interaction effect of N, P, and K fertilizer. Graphs were constructed with GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) software.






3. Results


3.1. Seedlings Dry Biomass Allocation under Different N-P-K Fertilization


The different fertilizer application ratios significantly affected P. bournei seedlings leaves, stem, and root dry biomass contribution rate (Table 3). Leaves dry biomass allocation rate was highest, followed by root and stem under all N, P, and K fertilization application rates. The greatest biomass contribution rate was observed for leaves at T11 and T2, stem at T13, and root at T6. Some of biomass allocation rates were lower than T1 (the control) for all treatments (leaves of T7, T5, and T6, stem exception of T13, T8, and T6, and root T8, T11, T13, T2, T10, T3, and T14).



In the single-factor effect treatments, different N, P and K fertilization levels influenced the dry biomass contribution rate (Figure 2A–C); the root biomass allocation rate firstly increased, then decreased, reaching the maximum value at a medium level; the leaves biomass allocation rate was the opposite of the root biomass allocation; the stems biomass allocation rate changed course with increase in the application of N, P and K fertilizer.




3.2. Seedling N Accumulation and Allocation under Different N-P-K Fertilization


The different fertilizer application ratios significantly affected P. bournei seedlings total plant, leaves, stem, and root N content and accumulation (Table 4). T6 had the greatest N accumulation for total plant, leaves, stem, and root, while T9 had the greatest N content for leaves, stem, and root. Root, stem, and leaves N, P, and K content and accumulation were all higher than T1 with the exception of stem T2. The different fertilizer application ratios significantly affected P. bournei seedlings leaves, stem, and root N contribution rate (Table 3). Leaves N allocation rate was highest, followed by root and stem under all N, P, and K fertilization application rates. The greatest N contribution rate was observed for leaves (T2), stem (T6), and root (T6). N allocation rates of some treatments were lower than T1 (root exception of T2, stem of T2, T3, T11, T8, and T10, and leaves of T2, T3).



In the single-factor effect treatments, different N, P, and K fertilization level influenced N content and accumulation (Figure 3). N content increased with the increase of N application rate, and root, stem and leaves, and total plant N accumulation increased then decreased, reaching the maximum value at medium level. With the increase of P and K fertilization, root, stem, and leaves, and total plant N content and accumulation increased then decreased, accumulation reaching the maximum value at medium level. Different N, P, and K fertilization level influenced N allocation rates (Figure 2D–F). With the increase of N, P, and K fertilizer application, root and stem N allocation rate first increased then decreased, reaching the maximum value at medium level, while leaves produced the opposite trend.




3.3. Seedling P Accumulation and Allocation under Different N-P-K Fertilization


The different fertilizer application ratios significantly affected P. bournei seedlings total plant, leaves, stem, and root P content and accumulation (Table 5). The greatest P accumulation was observed for total plant, stem, and root at T6, and leaf at T13; while the greatest P content was observed for leaf at T13, stem at T2 and T5, and root at T11. Leaves (T2 and T11), stem, and root P contents were higher than T1, and root, stem, leaf and total plant P accumulation of all treatments were higher than T1 exception for leaf of T10 and T4.



In the single-factor effect treatments, different N, P, and K fertilization levels influenced P contents and accumulation (Figure 4). With the increase of N fertilizer application leaves and stem P content first decreased then increased, and root changed with inflection; and with the increase of P, K fertilizer application, root, leaves, and stem P content first increased then decreased, except root P content increased with P fertilizer application. With the increase of N, P, and K fertilizer application, root, stem leaves and total plant P accumulation first increased then decreased, except leaf P accumulation first decreased then increased with the increase of N fertilizer application, reaching the maximum value at medium level.



The different fertilizer application ratios significantly affected P. bournei seedlings leaves, stem, and root P contribution rate (Table 6). Leaves P allocation rate was highest, followed by root and stem under P, K, and N-P-K fertilization application rates, and root P allocation rate was highest, followed by leaves and stem under P fertilization application rates. The greatest P contribution rate was observed for leaves at T1, and T13, stem at T4, T3, T6, and T5, and root at T7 and T6. P allocation rates higher than T1 were observed for leaves (no treatment), for stem (exception of T12), and for root (exception of T8, T2, and T13).



In the single-factor effect treatments (Figure 5A–C), different N, P, and K fertilization levels influenced P allocation rates. With the increase of N and K fertilizer application, root P allocation rate first increased then decreased. With the increase of P fertilizer application, root P allocation rate increased. With the increase of N, P, and K fertilizer application, stem P allocation rate changed with inflection. With the increase of N and K fertilizer application, leaves P allocation rate first decreased then increased; with the increase of P fertilizer application, leaves P allocation rate changed inflection.




3.4. Seedling K Accumulation and Allocation under Different N-P-K Fertilization


The different fertilizer application ratios significantly affected P. bournei seedlings K content and accumulation (Table 7). T6 had the greatest K accumulation for total plant, leaves, stem, and root, while the greatest K contents was observed for leaf at T5 and T10, stem at T2 and T6, root at T2. Higher than K contents of T1 were observed for leaves (T5, T6, T9, T10, T11, T12, and T13), root, and stem (all treatments), root, stem, leaves, and total plant K accumulation of all treatments were higher than T1. The different fertilizer application ratios significantly affected P. bournei seedlings leaves, stem, and root K contribution rate (Table 6). Leaves K allocation rate was highest, followed by root and stem under N, P, and K fertilization application rates. The greatest K contribution rate was observed for leaves at T11 and T10, stem at T13, and root at T2 and T3. K allocation rates was observed for root (exception of T10, T13, T8, and T11), stem (exception of T3, T10, T14, and T5), and leaf (T11 and T10) higher than T1.



In the single-factor effect treatments, different N, P, and K fertilization levels influenced K content and accumulation (Figure 6). Root K content decreased with the increase of N fertilizer application, first increased then decreased with the increase of P fertilizer application, and increased with the increase of K fertilizer application. Stem K content changed inflection with the increase of N and P fertilizer application and increased then decreased with the increase of K fertilizer application. Leaves K content first increased then decreased with the increase of N and P fertilizer application and increased with the increase of K fertilizer application. Root K accumulation first increased then decreased with the increase of N, P, and K fertilizer application. Stem K accumulation changed inflection with the increase of N fertilizer application, and first increased then decreased with the increase of P and K fertilizer application. Additionally, leaves and total plant K accumulation first increased then decreased with the increase of N, P, and K fertilizer application. Root, stem, leaves, and total plant K accumulation reached the maximum value at medium level. Different N, P, and K fertilizer levels influenced K allocation rate (Figure 5D–F). Root K allocation rate decreased with the increase of N fertilizer application, first decreased then increased with the increase of P fertilizer application, first increased then decreased with the increase of K fertilizer application. Stem K allocation rate changed inflection with the increase of N, P, and K fertilizer application. Leaves K allocation rates were the opposite of root K allocation rates.




3.5. Seedling N, P, and K Element Absorption Balance under Different N-P-K Fertilization


The different fertilizer application ratios significantly affected P. bournei seedlings N/P, N/K, and P/K values (Table 8). The greatest values were observed for N/P (T10 and T14), N/K (T4), and P/K (T7), and the lowest values for N/K (T6) and P/K ((T10). Higher than T1 values were observed for N/P (exception of T2), N/K (T4, T7, T8, T9, T11, and T14), and P/K (T7).



In the single-factor effect treatments, different N, P, and K fertilizer levels influenced N/P, N/K, and P/K values (Figure 7). N/P value first increased then decreased with the increase of N and K fertilizer application, changed inflection with the increase of P fertilizer application. N/K value first decreased then increased with the increase of P and K fertilizer application, changed inflection with the increase of N fertilizer application. P/K value first decreased then increased with the increase of N and P fertilizer application, increased then decreased with the increase of K fertilizer application.




3.6. Stepwise Regression and Path Analysis of Various Indexes under Different N-P-K Fertilization


Considering total plant dry biomass accumulation of P. bournei seedlings as the dependent variable Y, 33 indexes of content, accumulation, and allocation of dry biomass and nutrients of P. bournei seedlings as independent variables were subjected to stepwise regression analysis, and the resulting regression equation of total dry biomass accumulation is Y = 3.388 + 0.294X1 + 0.0216X4 − 20.940X5 − 0.111X10 + 0.156X11 − 1.872X16 − 0.750X18 + 0.987X19 − 0.026X22 + 0.016X24 + 7.80X26 − 0.313X29 − 0.101X31 + 2.504X32 − 4.910X33 (The complex correlation coefficient R = 0.998, p < 0.01), showing that root N accumulation (X1), total N accumulation (X4), root N allocation rate (X5), leaves N content (X10), root P accumulation (X11), stem P allocation rate (X16), root P content (X18), stem P content (X19), stem K accumulation (X22), total K accumulation (X24), stem K allocation rate (X26), stem K content (X29), N/P (X31), N/K (X32), and P/K (X33) constituted important factors that affected total dry biomass accumulation of P. bournei seedlings. By the path analysis, results showed that total N accumulation, root N accumulation, root P accumulation, total K accumulation, and stem K accumulation had significant or highly significant and positively correlated with total dry biomass, and direct path coefficients greater than 0.250 were root N accumulation, total K accumulation, root P accumulation, stem K accumulation, stem K content (Table 9), indicating that root N accumulation, root P accumulation, and total K accumulation indicators were the key indicators for the growth of P. bournei seedlings.




3.7. Correlation Analysis between Dry Biomass Allocation Rate in Each Organ and Important Indexes of P. bournei Seedlings under N-P-K Fertilization


The root dry biomass allocation rate was highly significant and positively correlated to the total dry biomass, root N accumulation, total N accumulation, root P accumulation, and total K accumulation, and significant and positively correlated with stem K accumulation, and significantly negatively correlated with root P content and N/K ratio (Table 10). Leaves dry biomass allocation rate correlations with the important indicators of total dry biomass accumulation were exactly the opposite to the root. Stem dry biomass allocation rate was highly significant and positively correlated with total dry biomass, stem K accumulation, and stem K allocation rate, significantly positively correlated with total K accumulation, and significantly negatively correlated with leaves N content (Table 10).




3.8. Seedling Range Analysis of Important Indexes under N-P-K Fertilization


The effects of different fertilizers on the main indexes of P. bournei seedlings were analyzed using the range analysis (Table 11). By analysis of ordination of N, P, and K fertilizer, N fertilizer had the greatest influence on total dry biomass, root N accumulation, total N accumulation, root N allocation rate, root P content, and stem K accumulation. P fertilizer had the greatest effect on stem P allocation rate, stem K allocation rate, stem K content, N/P, N/K, and P/K. K fertilizer had the greatest effect on leaves N content, root P accumulation, and total K accumulation. The fertilizer affecting total dry biomass was N, K, and P fertilizer in order. The indicators that had the same order as effect of N, P, and K fertilizer on total dry biomass were root N accumulation, total N accumulation, and root P content.





4. Discussion


Different NPK fertilization treatment showed different effects on nutrients contents (N, P, and K), accumulations and allocations, and biomass accumulation and allocation of each organ in P. bournei seedlings. T2 had the greatest leaves N contribution rate, K root contribution rate, root K content, stem P and K content. T6 had the greatest root biomass contribution rate, stem, root and total plant N, P, and K accumulation, leaf N and K accumulation, stem K content, stem N and P contribution rate, root N, P contribution rate, and lowest N/K value. T9 had greatest leaves, stem, and root N content. T10 had the greatest leaves K content and contribution rate, N/P value, and lowest P/K value. T11 had the greatest leaves biomass and K contribution rate, root P content. T13 had the greatest stem biomass, leaves P content and accumulation, leaves P contribution rate, and stem K contribution rate. These findings showed that combination with N, P, and K fertilization affected N, P, and K uptake, each organ N, P, and K content and proportion, then each organ N, P, and K storage and allocation, thus changing the growth of organs and plants of P. bournei seedlings. When N, P, K fertilizer were T6 (N: 0.532 g·plant−1; P2O5: 0.123 g·plant−1; K2O: 0.356 g·plant−1), the dry biomass and nutrients accumulation, and contribution rate were the highest.



4.1. Effect of N Fertilizer on Nutrients Accumulation and Allocation in P. bournei Seedlings


N fertilization increased root and stem N, P, and K content, leaf N content of P. bournei seedlings, and increased root, stem, leaves, and total N, P, and K accumulation, showing that N fertilizer could promote N, P, and K absorption of P. bournei seedlings, and was beneficial to N, P, and K accumulation. This result was consistent with the results such as wheat, cotton, and Camptotheca acuminate [15,36,37]. With the increase of N application rate, root and total N, P, and K accumulation first increased and then decreased, meaning it was possible that excessive N fertilizer would poison the roots of P. bournei seedlings and reduce the ability to absorb nutrients, resulting in N, P, K accumulation decrease [38,39]. With the increase of N application rate, leaves N and P allocation rate first decreased and then increased (opposition to root and stem), indicating that low-medium level N fertilization is more beneficial to root and stem growth, and high-level N fertilization is more beneficial to leaves growth. At the same time, due to the effect of growth dilution, the P. bournei seedlings improved leaves P content at high level [40]. Low level N fertilization improved the root growth, enhancing root absorptive capacity, root increasing the demand for K+ as a transport element [41]. With the increase of N application rate, plant N content increased (especially leaves), enhancing photosynthetic capacity. Then, the outward transport of photosynthetic products increased, increasing correspondingly leaves K allocation rate, and decreasing root K allocation rate, leading to inflectional change in the K content, accumulation, and allocation rate of the stem [42].




4.2. Effect of P Fertilizer on Nutrients Accumulation and Allocation in P. bournei Seedlings


P fertilization increased root, stem, leaves, and total N, P, and K accumulation, and increased root, stems and leaves N and P contents, and root and stems K content, indicating that P fertilizer promoted N, P, and K absorption of P. bournei seedlings, beneficial to N, P, and K nutrients accumulation. P deficiency to reduce nutrients absorption, appropriate P fertilizer rate to promote nutrients absorption, and excessive P fertilizer to cause nutrients losses of plants [43,44], which is consistent with root, stem, leaves, and total N, P, and K accumulation of P. bournei seedlings. This study showed each organ of P. bournei seedlings N, P, and K accumulation increased first and then decreased with the increase of P application rate and reaching the maximum at medium level. P fertilization can promote the transport of photosynthetic products from the aboveground to the root system, change the allocation pattern of P. bournei seedlings, and transfer the growth center from leaves to root [45]. Therefore, P fertilizer increased root N, P, and K, stem N and P allocation rate, and reduced leaves N, P, and K allocation rate, with root allocation rate higher than leaves and stem of P. bournei seedlings. The root P allocation rate increased correspondingly with the increase of P application, increased root N (growth element) allocation rate, reduced N and P transport to the aboveground, and reduced root K (the transport element) allocation rate, falling leaves N and P allocation rate accordingly [41,46]. When P application rate reached medium level, the root growth reached the maximum value, then N and K allocation of various organs were in the opposite development direction, which was more conducive to the growth of leaves.




4.3. Effect of K Fertilizer on Nutrients Accumulation and Allocation in P. bournei Seedlings


K fertilizer increased root, stem, and total plant N, P, and K accumulation and leaf N and K accumulation, and root and stem N, P, K content, and leaf N and P content. It showed that K fertilizer promoted root, stem, and leaf N, P, and K absorption and increased N, P, and K accumulation of P. bournei seedlings, consistent with some research results [17,47,48]. With the increase of K fertilizer rate, root, stem, and leaf N and P contents, and root, stem, leaf and total N, and P accumulation increased first and then decreased, indicating that excessive K fertilization may cause poisoning to the root system of P. bournei seedlings, reducing N and P absorption [49]. K fertilization can increase the K+ concentration in the soil solution with the K+ concentration difference between the soil and the root surface, increase the deficit intensity and range, expand K supply effective space, and increase K absorbed by plants [50,51], increasing the root, stem, leaf and total K accumulation, root and stem K content of P. bournei seedlings. Leaves are an important nutrient storage organ for seedlings. With the increase of K fertilizer application, leaf K content was increased first, then leaf K unstable compounds with N and P were transferred to the root and stem. This can increase root N and P, and stem P allocation rate, decrease leaf N, P, and K allocation rate, increase root and stem K content, and root and stem N, P, and K allocation rate correspondingly. Therefore, K fertilizer promoted K transport from leaf to root with photosynthetic products, improving root and stem growth and inhibiting leaf growth [52,53,54].




4.4. N, P, and K Fertilizer Regulate Dry Biomass Accumulation and Allocation of P. bournei Seedlings


Plant dry biomass accumulation is closely related to the absorption and allocation of nutrient elements, which are the important basis for rational fertilization [55,56]. Root, stem, and total dry biomass accumulation of P. bournei seedlings increased first and then decreased with the increase of N, P, and K fertilization, basically consistent with N, P, and K accumulation trends. Stepwise regression and path analysis showed root N, root P, and total K accumulation were the key indicators of P. bournei seedlings growth. This indicated that root N and P accumulation promoted root growth, increased root N, P, and K uptake, allocated N, P, and assimilation substances by K element to promote P. bournei seedlings growth [52]. N fertilizer had the greatest effect on total dry biomass and root N accumulation, and K fertilizer on the root P and total K accumulation, showing that N and K fertilizer could regulate organ dry biomass accumulation and seedling growth of P. bournei seedlings.



Fertilization not only promotes the seedling growth, but also regulates the growth pattern by changing the dry biomass allocation rate in each organ of the seedling [57,58]. Correlation analysis showed that root dry biomass allocation rate was extremely significantly positively correlated with total dry biomass, root N, total N, root P, and total K accumulation. Root dry biomass allocation rate was significantly positively correlated with stem K accumulation, and significantly negative with root P content and N/K value. The correlation analysis results of the root dry biomass allocation rate were exactly opposite to leaves dry biomass allocation rate. Except total dry biomass, the correlation between root and leaves dry biomass allocation rate and root P content had the largest absolute coefficient value. N fertilizer most affected root P content of P. bournei seedlings. Medium-level N fertilization increased root dry biomass allocation rate of P. bournei seedlings, and high-level N fertilization increased leaves showed that with the combination of P and K, adjusting N fertilizer rate can regulate root and leaves growth of P. bournei seedlings, beneficial to root growth at medium and low levels, and to leaves growth at high level. The stem dry biomass allocation rate was extremely significantly positively correlated with total dry biomass, stem K accumulation, and stem K allocation rate, and was significantly positively correlated with total K accumulation. In these four indexes, only stem K allocation rate was not significantly related to root and leaf, indicating that stem K allocation could characterize the stem growth of P. bournei seedlings. P fertilization had the greatest effect on stem K allocation rate, increasing stem K allocation rate. Stem K allocation rate increased first and then decreased with the increase P fertilizer application rate, reaching the maximum value at medium level. Therefore, with the combination of N and K, adjusting P fertilizer rate can regulate the stem growth of P. bournei.





5. Conclusions


The application of N, P, and K fertilizer promoted the dry biomass accumulation, increased the contents and accumulations of N, P, and K in root, stem and total plant, but the effects on leaves were varied greatly and irregularly. Root N accumulation, root P accumulation, and total plant K accumulation were the key indexes for P. bournei seedlings growth. The dry biomass accumulations of root, stem, and total plant increased first and then decreased with the increase of N, P, and K application rates, which was basically consistent with the change trends of dry biomass allocations, N, P, and K contents, accumulations and allocations. Fertilization changed the allocation of nutrient elements and dry biomass in plant organs. Application of N, P, and K fertilizer increased the root N, P, and K allocation rates and stem P allocation rate, decreased the leaves P and K allocation rates of P. bournei seedlings, and increased the stem N allocation rate at medium application of N, P, and K. Although N fertilizer was an important fertilizer for the growth of P. bournei seedlings among the three kinds of N, P, and K fertilizers, the combination of three kinds of fertilizers was the best application, which can promote nutrient absorption. When the application rates of N, P, and K fertilizer were at medium levels, the plant dry biomass accumulation was the largest. Under the combination of P and K fertilizer, roots and leaves growth could be regulated by adjusting the rate of N fertilizer, with beneficial root growth at middle-low level, and leaves growth at high level of N application. Under the combination of N and K fertilizer, the seedling diameter growth could be regulated by adjusting the rate of P fertilizer, reaching the maximum at medium level of P fertilizer.
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Figure 1. P. bournei seedlings growth under different N-P-K fertilization (T1–T14). 
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Figure 2. Changes of dry biomass and N allocation rate in P. bournei seedlings under the single-factor of N, P, and K fertilizer. ((A,D): the single-factor of N fertilizer; (B,E): the single-factor of P fertilizer; (C,F): the single-factor of K fertilizer). In the X axis label, N, P and K refer to N fertilizer, P fertilizer and K fertilizer, respectively, and numbers 0, 1, 2, and 3, respectively, represent no, low, medium, and high levels of fertilization. Figures 3–7 were the same. 
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Figure 3. Changes of N content and accumulation in P. bournei seedlings under the single-factor N, P, and K fertilizer. (A,D): the single-factor of N fertilizer; (B,E): the single-factor of P fertilizer; (C,F): the single-factor of K fertilizer. 
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Figure 4. Changes of P content and accumulation in P. bournei seedlings under the single-factor of N, P, and K fertilizer. (A,D): the single-factor of N fertilizer; (B,E): the single-factor of P fertilizer; (C,F): the single-factor of K fertilizer. 
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Figure 5. Changes of P and K allocation rate in P. bournei seedlings under the single-factor of N, P, and K fertilizer. (A,D): the single-factor of N fertilizer; (B,E): the single-factor of P fertilizer; (C,F): the single-factor of K fertilizer. 
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Figure 6. Changes of K content and accumulation in P. bournei seedlings under the single-factor of N, P, and K fertilizer. (A,D): the single-factor of N fertilizer; (B,E): the single-factor of P fertilizer; (C,F): the single-factor of K fertilizer. 
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Figure 7. Changes of N, P, and K element absorption balance in P. bournei seedlings under the single-factor of N, P, and K fertilizer. (A): the single-factor of N fertilizer; (B): the single-factor of P fertilizer; (C): the single-factor of K fertilizer. 
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Table 1. Fertilizer rates used in the “3414” fertilization experiment (Reprinted from ref. [32].)
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	No.
	Treatment 1
	N (g·plant−1) 1
	P2O5 (g·plant−1) 1
	KO2 (g·plant−1) 1





	T1
	N0P0K0
	0 (0)
	0 (0)
	0 (0)



	T2
	N0P2K2
	0 (0)
	2 (0.1332)
	2 (0.356)



	T3
	N1P2K2
	1 (0.266)
	2 (0.1332)
	2 (0.356)



	T4
	N2P0K2
	2 (0.532)
	0 (0)
	2 (0.356)



	T5
	N2P1K2
	2 (0.532)
	1 (0.0666)
	2 (0.356)



	T6
	N2P2K2
	2 (0.532)
	2 (0.1332)
	2 (0.356)



	T7
	N2P3K2
	2 (0.532)
	3 (0.1998)
	2 (0.356)



	T8
	N2P2K0
	2 (0.532)
	2 (0.1332)
	0 (0)



	T9
	N2P2K1
	2 (0.532)
	2 (0.1332)
	1 (0.178)



	T10
	N2P2K3
	2 (0.532)
	2 (0.1332)
	3 (0.534)



	T11
	N3P2K2
	3 (0.798)
	2 (0.1332)
	2 (0.356)



	T12
	N1P1K2
	1 (0.266)
	1 (0.0666)
	2 (0.356)



	T13
	N1P2K1
	1 (0.266)
	2 (0.1332)
	1 (0.178)



	T14
	N2P1K1
	2 (0.532)
	1 (0.0666)
	1 (0.178)







1 0, 1, 2 and 3 numbers, respectively, represent no, low, medium, and high levels fertilization (T1–T14). The values in parentheses represent the specific rate of fertilization.
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Table 2. Dry biomass accumulation of P. bournei seedlings under different N-P-K fertilization (Reprinted from ref. [32].)
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	No.
	Root/g·plant−1
	Stem/g·plant−1
	Leaf/g·plant−1
	Total Plant/g·plant−1





	T1
	0.83 ± 0.05 f
	0.80 ± 0.09 g
	1.26 ± 0.09 g
	2.89 ± 0.23 e



	T2
	0.68 ± 0.06 g
	0.62 ± 0.04 h
	1.43 ± 0.12 g
	2.73 ± 0.27 e



	T3
	1.08 ± 0.09 e
	1.06 ± 0.09 de
	1.86 ± 0.13 de
	4.01 ± 0.32 c



	T4
	1.56 ± 0.06 b
	1.35 ± 0.04 b
	2.06 ± 0.04 bcd
	4.97 ± 0.14 b



	T5
	1.21 ± 0.02 d
	0.99 ± 0.03 ef
	1.90 ± 0.03 cde
	4.10 ± 0.07 c



	T6
	2.52 ± 0.04 a
	2.06 ± 0.14 a
	2.70 ± 0.20 a
	7.27 ± 0.41 a



	T7
	1.45 ± 0.05 c
	1.21 ± 0.03 c
	2.05 ± 0.16 bcd
	4.71 ± 0.34 b



	T8
	0.85 ± 0.01 f
	1.15 ± 0.01 cd
	1.95 ± 0.02 cde
	3.95 ± 0.14 c



	T9
	1.22 ± 0.07 d
	0.98 ± 0.06 ef
	1.78 ± 0.06 ef
	3.97 ± 0.20 c



	T10
	0.89 ± 0.05 f
	0.79 ± 0.03 g
	1.62 ± 0.15 f
	3.30 ± 0.12 d



	T11
	0.62 ± 0.04 g
	0.68 ± 0.05 h
	1.44 ± 0.12 g
	2.73 ± 0.16 e



	T12
	1.52 ± 0.11 bc
	1.10 ± 0.02 cd
	2.03 ± 0.01 bcd
	4.65 ± 0.32 b



	T13
	1.09 ± 0.09 e
	1.40 ± 0.04 b
	2.20 ± 0.07 b
	4.69 ± 0.12 b



	T14
	1.19 ± 0.03 de
	0.95 ± 0.03 f
	2.06 ± 0.06 bc
	4.20 ± 0.12 c







Different letters indicate significant differences between the 14 treatments as determined by Duncan’s multiple range test (p < 0.05). Tables 3–8.
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Table 3. Dry biomass and N allocation rate of P. bournei seedlings under different N-P-K fertilization.






Table 3. Dry biomass and N allocation rate of P. bournei seedlings under different N-P-K fertilization.





	
No.

	
Dry Biomass Allocation Rate (%)

	
N Allocation Rate (%)




	
Root

	
Stem

	
Leaves

	
Root

	
Stem

	
Leaves






	
T1

	
28.67 ± 0.65 ef 1

	
27.66 ± 0.97 cd

	
43.67 ± 0.32 de

	
4.54 ± 0.25 g

	
4.69 ± 0.23 bc

	
90.77 ± 0.41 bc




	
T2

	
24.92 ± 0.26 h

	
22.76 ± 0.36 i

	
52.32 ± 0.11 a

	
3.90 ± 0.10 h

	
3.08 ± 0.24 e

	
93.02 ± 0.19 a




	
T3

	
27.03 ± 0.19 g

	
26.53 ± 0.23 e

	
46.44 ± 0.42 c

	
5.21 ± 0.16 f

	
3.71 ± 0.08 de

	
91.08 ± 0.15 b




	
T4

	
29.59 ± 0.05 de

	
24.14 ± 0.21 gh

	
46.26 ± 0.16 c

	
5.15 ± 0.21 fg

	
4.98 ± 0.62 bc

	
89.87 ± 0.71 bcd




	
T5

	
31.47 ± 0.32 c

	
27.11 ± 0.12 de

	
41.42 ± 0.44 f

	
5.63 ± 0.03 ef

	
5.05 ± 0.10 bc

	
89.32 ± 0.10 cde




	
T6

	
34.64 ± 1.24 a

	
28.26 ± 0.41 bc

	
37.09 ± 0.83 g

	
10.28 ± 0.46 a

	
6.27 ± 0.89 a

	
83.45 ± 1.10 h




	
T7

	
30.89 ± 0.46 c

	
25.66 ± 0.69 f

	
43.44 ± 1.14 e

	
7.45 ± 0.42 c

	
5.02 ± 0.41 bc

	
87.52 ± 0.83 fg




	
T8

	
21.58 ± 0.06 j

	
29.01 ± 0.02 b

	
49.41 ± 0.04 b

	
6.01 ± 0.07 de

	
4.39 ± 0.08 bcd

	
89.61 ± 0.14 cde




	
T9

	
30.61 ± 0.29 cd

	
24.65 ± 0.39 g

	
44.74 ± 0.68 d

	
8.40 ± 0.86 b

	
5.30 ± 0.10 b

	
86.31 ± 0.84 g




	
T10

	
26.98 ± 0.26 g

	
24.08 ± 0.82 gh

	
48.94 ± 1.08 b

	
6.18 ± 0.47 de

	
4.43 ± 0.25 bcd

	
89.39 ± 0.68 cde




	
T11

	
22.70 ± 0.39 i

	
24.76 ± 0.06 g

	
52.54 ± 0.44 a

	
5.10 ± 0.12 fg

	
4.23 ± 0.18 cd

	
90.67 ± 0.18 bc




	
T12

	
32.64 ± 1.28 b

	
23.64 ± 0.25 h

	
43.72 ± 1.04 de

	
6.02 ± 0.35 de

	
4.95 ± 0.11 bc

	
89.04 ± 0.35 de




	
T13

	
23.16 ± 0.96 i

	
29.88 ± 0.35 a

	
46.96 ± 0.61 c

	
5.19 ± 0.37 fg

	
5.27 ± 1.03 b

	
89.54 ± 1.24 cde




	
T14

	
28.26 ± 0.07 f

	
22.62 ± 0.13 i

	
49.13 ± 0.05 b

	
6.63 ± 0.25 d

	
5.08 ± 0.84 bc

	
88.29 ± 2.25 ef








1 See Table 2 for code explanation.
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Table 4. N content and accumulation of P. bournei seedlings under different NPK fertilization.






Table 4. N content and accumulation of P. bournei seedlings under different NPK fertilization.





	
No.

	
N Content/g·kg −1

	
N Accumulation/mg·plant−1




	
Root

	
Stem

	
Leaves

	
Root

	
Stem

	
Leaves

	
Total






	
T1

	
1.72 ± 0.08 j 1

	
1.85 ± 0.01 e

	
22.65 ± 0.48 g

	
1.43 ± 0.13 i

	
1.48 ± 0.16 ef

	
28.52 ± 1.80 h

	
31.43 ± 2.05 g




	
T2

	
2.31 ± 0.08 hi

	
1.93 ± 0.01 e

	
26.25 ± 0.40 d

	
1.57 ± 0.18 i

	
1.24 ± 0.04 f

	
37.47 ± 3.53 g

	
39.87 ± 4.31 f




	
T3

	
2.67 ± 0.07 g

	
1.94 ± 0.03 e

	
27.17 ± 0.24 c

	
2.89 ± 0.22 g

	
2.06 ± 0.20 def

	
50.55 ± 3.84 de

	
55.50 ± 4.24 d




	
T4

	
2.07 ± 0.06 i

	
2.32 ± 0.31 de

	
27.40 ± 0.04 c

	
3.23 ± 0.20 f

	
3.12 ± 0.41 bc

	
56.36 ± 0.94 bc

	
62.71 ± 1.22 bc




	
T5

	
3.01 ± 0.02 f

	
3.31 ± 0.04 abc

	
30.59 ± 0.05 b

	
3.66 ± 0.05 de

	
3.28 ± 0.11 bc

	
58.02 ± 0.69 b

	
64.96 ± 0.84 b




	
T6

	
3.36 ± 0.01 de

	
2.52 ± 0.41 bcde

	
25.50 ± 0.31 e

	
8.46 ± 0.14 a

	
5.16 ± 0.72 a

	
68.83 ± 4.73 a

	
82.45 ± 4.85 a




	
T7

	
3.01 ± 0.06 f

	
2.44 ± 0.10 cde

	
25.16 ± 0.33 ef

	
4.37 ± 0.14 c

	
2.94 ± 0.11 bcd

	
51.53 ± 4.71 cde

	
58.85 ± 4.84 cd




	
T8

	
3.83 ± 0.04 bc

	
2.08 ± 0.04 de

	
24.95 ± 0.01 ef

	
3.27 ± 0.07 f

	
2.39 ± 0.07 cde

	
48.74 ± 0.57 e

	
54.39 ± 0.70 d




	
T9

	
4.49 ± 0.60 a

	
3.51 ± 0.15 a

	
31.49 ± 0.33 a

	
5.43 ± 0.40 b

	
3.44 ± 0.15 b

	
55.96 ± 2.28 bcd

	
64.83 ± 2.05 bc




	
T10

	
3.09 ± 0.06 ef

	
2.49 ± 0.09 cde

	
24.71 ± 1.14 f

	
2.75 ± 0.15 gh

	
1.97 ± 0.12 def

	
40.00 ± 4.95 fg

	
44.73 ± 5.19 ef




	
T11

	
3.92 ± 0.05 b

	
2.98 ± 0.11 abcd

	
30.13 ± 0.37 b

	
2.43 ± 0.14 h

	
2.02 ± 0.20 def

	
43.28 ± 3.49 f

	
47.73 ± 3.81 e




	
T12

	
2.47 ± 0.02 gh

	
2.81 ± 0.09 abcde

	
27.35 ± 0.24 c

	
3.76 ± 0.28 d

	
3.09 ± 0.10 bc

	
55.61 ± 0.73 bcd

	
62.46 ± 1.05 bc




	
T13

	
3.15 ± 0.25 ef

	
2.48 ± 0.51 cde

	
26.75 ± 0.35 cd

	
3.41 ± 0.27 ef

	
3.49 ± 0.81 b

	
58.87 ± 2.25 b

	
65.76 ± 3.05 b




	
T14

	
3.58 ± 0.11 cd

	
3.44 ± 1.73 ab

	
27.40 ± 0.38 c

	
4.24 ± 0.12 c

	
3.26 ± 1.61 bc

	
56.54 ± 1.37 bc

	
64.04 ± 1.24 bc








1 See Table 2 for code explanation.
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Table 5. P content and accumulation of P. bournei seedlings under different N-P-K fertilization.






Table 5. P content and accumulation of P. bournei seedlings under different N-P-K fertilization.





	
No.

	
P Content/g·kg−1

	
P Accumulation/mg·plant−1




	
Root

	
Stem

	
Leaves

	
Root

	
Stem

	
Leaves

	
Total






	
T1

	
0.35 ± 0.03 g 1

	
0.19 ± 0.00 i

	
0.37 ± 0.02 b

	
2.87 ± 0.07 h

	
1.54 ± 0.19 e

	
4.72 ± 0.44 de

	
9.14 ± 0.56 g




	
T2

	
0.49 ± 0.01 c

	
0.45 ± 0.01 a

	
0.39 ± 0.04 ab

	
3.35 ± 0.28 gh

	
2.79 ± 0.16 cd

	
5.66 ± 1.02 cd

	
11.80 ± 1.39 ef




	
T3

	
0.54 ± 0.00 b

	
0.39 ± 0.00 b

	
0.27 ± 0.03 cd

	
5.87 ± 0.54 d

	
4.18 ± 0.39 b

	
4.93 ± 0.42 de

	
14.98 ± 0.32 d




	
T4

	
0.39 ± 0.03 f

	
0.27 ± 0.02 ef

	
0.21 ± 0.00 d

	
4.68 ± 0.25 ef

	
3.69 ± 0.16 bc

	
4.35 ± 0.14 e

	
12.72 ± 0.22 e




	
T5

	
0.41 ± 0.03 def

	
0.43 ± 0.02 a

	
0.30 ± 0.06 c

	
6.37 ± 0.54 cd

	
4.23 ± 2.13 b

	
5.66 ± 1.15 cd

	
16.27 ± 3.25 cd




	
T6

	
0.43 ± 0.00 d

	
0.32 ± 0.01 d

	
0.27 ± 0.01 cd

	
10.86 ± 0.11 a

	
6.60 ± 0.62 a

	
7.22 ± 0.47 b

	
24.68 ± 0.97 a




	
T7

	
0.52 ± 0.01 bc

	
0.23 ± 0.01 h

	
0.26 ± 0.01 cd

	
7.50 ± 0.38 b

	
2.79 ± 0.07 cd

	
5.39 ± 0.40 cd

	
15.69 ± 0.75 cd




	
T8

	
0.39 ± 0.03 ef

	
0.24 ± 0.02 gh

	
0.26 ± 0.00 cd

	
3.21 ± 0.08 h

	
2.74 ± 0.24 cd

	
5.13 ± 0.09 cde

	
11.08 ± 0.38 ef




	
T9

	
0.54 ± 0.03 b

	
0.40 ± 0.01 b

	
0.32 ± 0.03 c

	
6.56 ± 0.17 c

	
3.90 ± 0.29 b

	
5.63 ± 0.41 cd

	
16.09 ± 0.18 cd




	
T10

	
0.42 ± 0.01 de

	
0.29 ± 0.02 e

	
0.27 ± 0.04 c

	
3.76 ± 0.31 g

	
2.26 ± 0.09 de

	
4.38 ± 0.31 e

	
10.40 ± 0.38 fg




	
T11

	
0.71 ± 0.03 a

	
0.35 ± 0.02 c

	
0.42 ± 0.02 ab

	
4.40 ± 0.08 f

	
2.40 ± 0.32 de

	
6.00 ± 0.50 c

	
12.79 ± 0.79 e




	
T12

	
0.42 ± 0.00 de

	
0.25 ± 0.00 fgh

	
0.39 ± 0.03 ab

	
6.45 ± 0.45 c

	
2.78 ± 0.08 cd

	
7.84 ± 0.57 b

	
17.07 ± 0.48 bc




	
T13

	
0.49 ± 0.01 c

	
0.29 ± 0.02 e

	
0.44 ± 0.02 a

	
5.12 ± 0.29 e

	
4.06 ± 0.38 b

	
9.60 ± 0.44 a

	
18.78 ± 0.99 b




	
T14

	
0.38 ± 0.02 fg

	
0.27 ± 0.03 efg

	
0.27 ± 0.04 cd

	
4.52 ± 0.18 f

	
2.52 ± 0.33 de

	
5.47 ± 0.86 cd

	
12.52 ± 1.13 e








1 See Table 2 for code explanation.
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Table 6. P and K allocation rate of P. bournei seedlings under different N-P-K fertilization.






Table 6. P and K allocation rate of P. bournei seedlings under different N-P-K fertilization.





	
No.

	
P Allocation Rate (%)

	
K Allocation Rate (%)




	
Root

	
Stem

	
Leaves

	
Root

	
Stem

	
Leaves






	
T1

	
31.54 ± 2.41 ef 1

	
16.87 ± 1.24 f

	
51.59 ± 1.61 a

	
21.87 ± 2.35 d

	
17.89 ± 1.25 e

	
60.24 ± 3.57 b




	
T2

	
28.49 ± 1.45 f

	
23.78 ± 2.69 bcd

	
47.73 ± 2.11 b

	
41.25 ± 4.98 a

	
21.66 ± 2.49 d

	
37.08 ± 5.42 f




	
T3

	
39.17 ± 2.81 c

	
27.94 ± 3.08 ab

	
32.89 ± 3.72 e

	
40.43 ± 2.66 ab

	
16.04 ± 3.67 f

	
43.53 ± 4.21 e




	
T4

	
36.78 ± 1.77 cd

	
28.98 ± 4.87 a

	
34.24 ± 4.42 e

	
30.77 ± 0.97 c

	
19.34 ± 4.33 e

	
49.89 ± 0.65 c




	
T5

	
40.07 ± 7.52 bc

	
25.12 ± 5.47 abc

	
34.80 ± 5.21 e

	
28.17 ± 3.59 c

	
13.49 ± 5.77 g

	
58.34 ± 2.94 b




	
T6

	
44.05 ± 1.93 ab

	
26.71 ± 6.53 ab

	
29.24 ± 6.10 f

	
27.60 ± 1.12 c

	
27.87 ± 6.04 b

	
44.54 ± 0.81 de




	
T7

	
47.81 ± 0.70 a

	
17.84 ± 7.79 ef

	
34.35 ± 7.28 e

	
37.23 ± 0.73 b

	
18.33 ± 7.53 e

	
44.44 ± 1.25 de




	
T8

	
29.00 ± 0.27 f

	
24.73 ± 8.31 bc

	
46.27 ± 8.08 bc

	
19.82 ± 0.93 d

	
24.24 ± 8.83 c

	
55.94 ± 1.48 b




	
T9

	
40.77 ± 1.43 bc

	
24.25 ± 9.68 bcd

	
34.98 ± 9.41 e

	
27.63 ± 0.57 c

	
23.14 ± 9.77 c

	
49.23 ± 0.36 c




	
T10

	
36.18 ± 2.79 cde

	
21.73 ± 10.58 cde

	
42.09 ± 10.28 d

	
20.51 ± 0.31 d

	
13.97 ± 10.53 g

	
65.53 ± 0.74 a




	
T11

	
34.46 ± 2.22 de

	
18.69 ± 11.52 ef

	
46.85 ± 11.08 bc

	
15.37 ± 0.36 e

	
18.86 ± 11.94 e

	
65.77 ± 1.21 a




	
T12

	
37.77 ± 2.51 cd

	
16.31 ± 12.39 f

	
45.93 ± 12.88 bc

	
30.86 ± 1.65 c

	
19.04 ± 12.14 e

	
50.10 ± 1.76 c




	
T13

	
27.27 ± 1.27 f

	
21.60 ± 13.97 cde

	
51.13 ± 13.83 a

	
20.40 ± 1.43 d

	
30.99 ± 13.90 a

	
48.61 ± 1.72 cd




	
T14

	
36.26 ± 2.30 cd

	
20.20 ± 14.38 def

	
43.54 ± 14.07 cd

	
28.72 ± 2.31 c

	
13.61 ± 14.59 g

	
57.67 ± 1.74 b








1 See Table 2 for code explanation.













[image: Table] 





Table 7. K content and accumulation of P. bournei seedlings under different N-P-K fertilization.






Table 7. K content and accumulation of P. bournei seedlings under different N-P-K fertilization.





	
No.

	
K Content/g·kg−1

	
K Accumulation/mg·plant−1




	
Root

	
Stem

	
Leaves

	
Root

	
Stem

	
Leaves

	
Total






	
T1

	
2.06 ± 0.20 i 1

	
1.75 ± 0.16 f

	
3.77 ± 0.72 d

	
17.08 ± 2.25 g

	
13.97 ± 1.46 i

	
47.32 ± 8.22 i

	
78.36 ± 10.72 i




	
T2

	
7.98 ± 0.06 a

	
4.62 ± 0.42 a

	
3.49 ± 0.87 de

	
54.25 ± 4.84 d

	
28.60 ± 2.35 e

	
49.22 ± 10.23 hi

	
132.07 ± 11.24 fg




	
T3

	
5.93 ± 0.39 b

	
2.39 ± 0.09 e

	
3.74 ± 0.61 d

	
64.09 ± 4.99 b

	
25.42 ± 3.69 efg

	
68.95 ± 6.29 f

	
158.46 ± 3.14 de




	
T4

	
2.92 ± 0.13 fg

	
2.25 ± 0.01 e

	
2.79 ± 0.02 f

	
35.41 ± 1.19 f

	
22.26 ± 4.48 fgh

	
57.41 ± 1.22 gh

	
115.07 ± 1.71 h




	
T5

	
4.00 ± 0.72 c

	
2.21 ± 0.01 e

	
6.78 ± 0.10 a

	
62.42 ± 10.72 bc

	
29.72 ± 5.03 de

	
128.50 ± 0.10 b

	
220.64 ± 10.78 b




	
T6

	
3.55 ± 0.08 de

	
4.39 ± 0.04 a

	
5.35 ± 0.24 b

	
89.28 ± 1.79 a

	
90.31 ± 6.74 a

	
144.32 ± 9.28 a

	
323.91 ± 16.26 a




	
T7

	
3.09 ± 0.01 fg

	
1.83 ± 0.01 f

	
2.62 ± 0.14 f

	
44.83 ± 1.55 e

	
22.06 ± 7.62 fgh

	
53.57 ± 3.70 ghi

	
120.47 ± 5.48 gh




	
T8

	
2.47 ± 0.17 hi

	
2.24 ± 0.11 e

	
3.06 ± 0.05 ef

	
21.07 ± 1.70 g

	
25.75 ± 8.59 ef

	
59.36 ± 0.60 g

	
91.79 ± 11.29 i




	
T9

	
3.32 ± 0.25 ef

	
3.45 ± 0.19 c

	
3.81 ± 0.28 cd

	
40.26 ± 0.86 ef

	
33.71 ± 9.06 cd

	
71.74 ± 0.89 f

	
145.80 ± 0.75 ef




	
T10

	
3.86 ± 0.04 cd

	
2.95 ± 0.12 d

	
6.80 ± 0.34 a

	
34.33 ± 2.09 f

	
23.37 ± 10.38 fg

	
109.64 ± 4.97 c

	
167.34 ± 7.97 cd




	
T11

	
2.76 ± 0.08 gh

	
3.10 ± 0.20 d

	
5.10 ± 0.25 b

	
17.10 ± 1.38 g

	
20.99 ± 11.14 gh

	
73.02 ± 2.96 f

	
111.10 ± 6.32 h




	
T12

	
3.66 ± 0.03 cde

	
3.12 ± 0.02 d

	
4.44 ± 0.13 c

	
55.63 ± 3.61 cd

	
34.32 ± 12.59 c

	
90.25 ± 2.14 d

	
180.19 ± 2.11 c




	
T13

	
3.30 ± 0.15 ef

	
3.89 ± 0.21 b

	
3.88 ± 0.09 cd

	
35.92 ± 3.82 f

	
54.48 ± 13.31 b

	
85.36 ± 0.62 de

	
175.76 ± 7.18 c




	
T14

	
3.24 ± 0.38 ef

	
1.91 ± 0.03 f

	
3.74 ± 0.09 d

	
38.47 ± 4.55 ef

	
18.19 ± 14.84 h

	
77.10 ± 3.86 ef

	
133.77 ± 7.29 fg








1 See Table 2 for code explanation.
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Table 8. N, P, K element absorption balance of P. bournei seedlings under different N-P-K fertilization.






Table 8. N, P, K element absorption balance of P. bournei seedlings under different N-P-K fertilization.





	Number
	Treatment
	N/P
	N/K
	P/K





	T1
	N0P0K0
	3.44 ± 0.18 c 1
	0.40 ± 0.05 ef
	0.12 ± 0.02 ab



	T2
	N0P2K2
	3.38 ± 0.04 c
	0.30 ± 0.04 h
	0.09 ± 0.01 cde



	T3
	N1P2K2
	4.22 ± 0.99 abc
	0.35 ± 0.03 g
	0.09 ± 0.02 cde



	T4
	N2P0K2
	4.93 ± 0.16 ab
	0.55 ± 0.01 a
	0.11 ± 0.00 abc



	T5
	N2P1K2
	4.10 ± 0.80 abc
	0.29 ± 0.02 h
	0.07 ± 0.01 def



	T6
	N2P2K2
	4.22 ± 1.58 abc
	0.25 ± 0.00 i
	0.07 ± 0.02 ef



	T7
	N2P3K2
	3.75 ± 0.13 bc
	0.49 ± 0.02 b
	0.13 ± 0.00 a



	T8
	N2P2K0
	4.91 ± 0.20 ab
	0.51 ± 0.01 ab
	0.10 ± 0.01 bc



	T9
	N2P2K1
	4.03 ± 0.14 abc
	0.44 ± 0.01 cd
	0.11 ± 0.00 abc



	T10
	N2P2K3
	5.16 ± 1.52 a
	0.27 ± 0.02 hi
	0.05 ± 0.02 f



	T11
	N3P2K2
	4.33 ± 0.97 abc
	0.43 ± 0.02 de
	0.10 ± 0.02 bc



	T12
	N1P1K2
	3.66 ± 0.07 bc
	0.35 ± 0.00 g
	0.09 ± 0.00 bcd



	T13
	N1P2K1
	3.96 ± 0.92 abc
	0.37 ± 0.01 fg
	0.10 ± 0.02 bcd



	T14
	N2P1K1
	5.14 ± 0.48 a
	0.48 ± 0.03 bc
	0.09 ± 0.00 bcd







1 See Table 2 for code explanation.
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Table 9. Path coefficients between main indices and total dry biomass of P. bournei seedlings under N-P-K fertilization.






Table 9. Path coefficients between main indices and total dry biomass of P. bournei seedlings under N-P-K fertilization.





	Main Index
	Correlation Coefficient
	Direct Path Coefficient





	Total N accumulation
	0.836 **
	0.24



	Root N accumulation
	0.880 **
	0.437



	Leaves N content
	0.028
	−0.233



	Total K accumulation
	0.837 **
	0.806



	Root P accumulation
	0.875 **
	0.282



	Stem K accumulation
	0.811 **
	−0.432



	Stem K content
	0.195
	−0.252



	Root P content
	−0.239
	−0.061



	Stem P content
	−0.045
	0.068



	N/P
	0.047
	−0.077



	P/K
	−0.252
	−0.097







** Highly significant correlation at p < 0.01.













[image: Table] 





Table 10. Correlation analysis of dry biomass content and accumulation in each organ and main indices of P. bournei seedlings under fertilization.






Table 10. Correlation analysis of dry biomass content and accumulation in each organ and main indices of P. bournei seedlings under fertilization.





	Main Index
	Root
	Stem
	Leaves





	Total dry biomass
	0.62 **
	0.39 **
	−0.79 **



	Total N accumulation
	0.46 **
	0.23
	−0.55 **



	Root N accumulation
	0.61 **
	0.19
	−0.68 **



	Leaves N content
	0.09
	−0.26 *
	0.07



	Total K accumulation
	0.54 **
	0.25 *
	−0.64 **



	Stem K accumulation
	0.34 *
	0.44 **
	−0.56 **



	Stem K content
	−0.04
	0.00
	0.04



	Root P accumulation
	0.72 **
	0.19
	−0.77 **



	Root P content
	−0.32 *
	−0.12
	0.36 *



	Stem P content
	−0.02
	−0.19
	0.12



	N/P
	−0.13
	−0.09
	0.17



	N/K
	−0.25 *
	−0.08
	0.27 *



	P/K
	−0.12
	0.02
	0.10







* Significant correlation at p < 0.05; ** highly significant correlation at p < 0.01.
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Table 11. Range analysis of effect of N-P-K fertilization on main indexes of P. bournei seedlings.






Table 11. Range analysis of effect of N-P-K fertilization on main indexes of P. bournei seedlings.





	
Main Index

	
Rang Value

	
Fertilizer Effect

Ordination




	
N

	
P

	
K






	
The total dry biomass

	
4.54

	
3.17

	
3.97

	
N > K > P




	
Root N accumulation

	
6.89

	
5.23

	
6.03

	
N > K > P




	
The total N accumulation

	
42.58

	
28.06

	
37.72

	
N > K > P




	
Root N allocation rate

	
6.39

	
5.13

	
4.27

	
N > P > K




	
Leaves N content

	
4.63

	
5.43

	
6.54

	
K > P > N




	
Root P accumulation

	
7.51

	
6.18

	
7.65

	
K > N > P




	
Stem P allocation rate

	
9.25

	
11.14

	
4.98

	
P > N > K




	
Root P content

	
0.28

	
0.13

	
0.15

	
N > K > P




	
Stem P content

	
0.13

	
0.2

	
0.16

	
P > K > N




	
Stem K accumulation

	
69.32

	
68.05

	
66.94

	
N > P > K




	
The total K accumulation

	
212.81

	
208.84

	
232.12

	
K > N > P




	
Stem K allocation rate

	
11.83

	
14.38

	
13.9

	
P > K > N
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