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Abstract

:

The escalation of global nitrogen deposition levels has heightened the inhibitory impact of phosphorus limitation on plant growth in subtropical forests. Plant roots area particularly sensitive tissue to nitrogen and phosphorus elements. Changes in the morphological characteristics of plant roots signify alterations in adaptive strategies. However, our understanding of resource-use strategies of roots in this environment remains limited. In this study, we conducted a 10-month experiment at the Castanopsis kawakamii Nature Reserve to evaluate the response of traits of seedling roots (such as specific root length, average diameter, nitrogen content, and phosphorus content) to nitrogen and phosphorus addition. The aim was to reveal the adaptation strategies of roots in different nitrogen and phosphorus addition concentrations. The results showed that: (1) The single phosphorus and nitrogen–phosphorus interaction addition increased the specific root length, surface area, and root phosphorus content. In addition, single nitrogen addition promotes an increase in the average root diameter. (2) Non-nitrogen phosphorus addition and single nitrogen addition tended to adopt a conservative resource-use strategy to maintain growth under low phosphorus conditions. (3) Under the single phosphorus addition and interactive addition of phosphorus and nitrogen, the roots adopted an acquisitive resource-use strategy to obtain more available phosphorus resources. Accordingly, the adaptation strategy of seedling roots can be regulated by adding appropriate concentrations of nitrogen or phosphorus, thereby promoting the natural regeneration of subtropical forests.
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1. Introduction


Seedling is a critical stage in the natural regeneration process of forests and the most sensitive period to external environmental factors [1]. The successful settlement of seedlings during this stage significantly impact the natural regeneration and community succession of forests [2]. Plant roots are an important organ for seedlings to absorb nutrients and water resources, and their strong ecological plasticity provides significant support for plants to adapt to soil environments and withstand potential stresses [3]. Research has demonstrated that soil factors exert a significant influence on the root turnover process, encompassing growth and eventual death [4]. In response to changes in the soil environment, plants dynamically adjust their morphological structure and physiological activities, as evidenced by studies conducted by Kou et al. [5] and Adams et al. [6]. However, there are still many unresolved mysteries regarding how plant roots perceive and respond to changes under different soil nutrient conditions [7]. Therefore, further investigation is needed to elucidate the specific mechanisms and factors that influence this adjustment process.



The root economic spectrum (RES) describes a trade-off relationship among root traits, studying a shift of plant strategies from conservative and acquisitive resource-use strategies in response to environmental conditions [8,9,10,11,12,13]. For instance, plant species with acquisitive resource-use strategies usually enhance root length and root nitrogen content, which inevitably decreases root diameter [8,9,10]. On the other hand, plants with conservative resource strategies tend to increase the average diameter of their roots while decreasing the specific root length, focusing more on nutrient storage and transport [10,12]. Therefore, the functional traits composed of the morphological structure and physiological–biochemical characteristics of root tissue express the trade-off relationship between maximizing resource acquisition and minimizing construction costs in plants [14,15]. Additionally, underground traits (such as the roots) may be coordinated with aboveground traits (leaves and stems) in multiple dimensions, collectively influencing plant growth [16]. However, compared to the aboveground traits, the resource-use strategy for root tissue is more covert and complex [17]. The concealment and complexity associated with this phenomenon present significant challenges to our understanding of how root tissues adapt to soil nutrients. Thus, the elucidation of resource-use strategies employed by plant roots in diverse environments holds great significance in comprehending the adaptive mechanisms of plant growth.



Nitrogen (N) and phosphorus (P) are essential nutrient elements for plant growth, and individually or collectively limit the survival and regeneration of plant seedlings in terrestrial ecosystems. In recent years, global nitrogen deposition has led to continuous soil acidification in forests and nutrient imbalance, thereby reducing the absorption of plants for insoluble salts and exacerbating the limitation of soil phosphorus on plant growth [18,19,20]. With the intensification of nitrogen deposition, the accumulation of nitrogen elements in the soil can cause nitrogen-favoring species to grow rapidly in communities, enhancing their relative competitive advantage over other species and leading to changes in community structure [21]. Additionally, the long-term negative effect of reduced nitrogen forms (ammonia and ammonium) hinders the development of roots and buds. The soil-mediated acidification effect increases the loss of alkaline ions, increases the concentration of potentially toxic metals (such as AI3+), and reduces nitrification, leading to the accumulation of litter. The secondary stress and interference factors generated from this can also reduce individual vitality and increase herbivorous activity [22]. In summary, these factors may collectively lead to a decrease in community species diversity. Therefore, excessive nitrogen input exacerbates the inhibitory effect of soil phosphorus limitation on root growth, which is unfavorable for roots to acquire soil resources [23]. Sprengel and Justus von Liebig’s law of the minimum has indicated that plant growth will be determined by the scarcest resources (limiting factors) [24]. According to this law, excessive nitrogen input leads to a scarcity of phosphorus, which becomes a bottleneck for plant growth. However, plants have also evolved corresponding strategies through long-term adaptation. For example, in forest soils with low nitrogen content, plants promote nitrogen uptake by increasing the root surface area [25]. Additionally, plants with higher specific root lengths can enhance nutrient uptake capacity, while a higher root tissue density improves stress resistance, thus maintaining the high growth demands of plants [8]. The study by Schleuss et al. [26] found that nitrogen addition alleviates the limitation of phosphorus on plant growth in forests, and the interaction between nitrogen and phosphorus determines the survival strategies of plants in acquiring nutrients from forest soil. Moderate proportions of nitrogen and phosphorus additions can regulate the allocation of aboveground and belowground resources in seedlings and improve their stress resistance by enhancing the plasticity of plant root and leaf traits [27]. It has been shown that fine root biomass and root branching number decrease with the increase of soil nitrogen availability [28,29], and different plant species with different life habits also respond differently to nitrogen and phosphorus nutrient additions [29,30]. Therefore, a thorough understanding of the response characteristics of seedling roots to nitrogen and phosphorus nutrients is an important way to explain species resource-use strategies [31].



The subtropical region of China has long been affected by nitrogen deposition, resulting in soil nitrogen enrichment and phosphorus deficiency, which has become a major limiting factor for plant growth and development in subtropical forests [32,33]. At the same time, the imbalance of soil’s nitrogen-to-phosphorus ratio directly affects the phosphorus cycle in forest ecosystems, indirectly altering the ecosystem structure and function [23]. The Castanopsis kawakamii Nature Reserve in Sanming City, Fujian Province, China, has rich species diversity and exhibits the typical appearance of subtropical evergreen broad-leaved forests [34]. Currently, the diversity of plant communities in the region expresses a decreasing trend due to the limitation of phosphorus in forest soil, but whether seedlings have the same sensitivity to soil nitrogen and phosphorus elements remains poorly understood. As previously mentioned, nitrogen deposition can induce a series of processes that can result in a decline in the diversity of community species [22]. This effect is particularly noteworthy in acidic soils in subtropical regions of China [3]. In such soils, phosphorus tends to persist in an insoluble form through adsorption and fixation with substances like iron, aluminum, and soil clay [5]. Consequently, the conversion of inorganic phosphorus into insoluble phosphorus exacerbates the restriction of soil phosphorus on plant growth [3,5]. As a dominant tree species in this region, C. kawakamii is also a rare and endangered evergreen broad-leaved tall tree unique to the southern edge of China’s central subtropical region, with a narrow natural distribution range [35]. The uncertainty of seedling regeneration currently leads to a decrease in the conversion rate to saplings, and under conditions of limited resources, they exhibit weaker competitive ability [36]. Therefore, how to protect rare tree species within the protected area has become a concerning problem.



This study focused on C. kawakamii seedlings. Experiments were conducted with different nitrogen or phosphorus addition concentrations and nitrogen–phosphorus interactive addition concentrations to evaluate the response of seedling roots to these nutrient additions. Specifically, we addressed the following two questions: (1) Do the root traits of C. kawakamii seedlings conform to the theory of root economic spectrum (RES)? We hypothesized that the root economic spectrum is applicable to the changes in root traits of C. kawakamii seedlings, and that the roots of wild seedlings adopt a conservative resource-use strategy. (2) Has the addition of nitrogen and phosphorus changed the resource-use strategies of seedling roots? We hypothesized that phosphorus addition promotes a shift in root resource-use strategies from conservatism to acquisition, while nitrogen addition expresses a more conservative resource-use strategies.




2. Results


2.1. Root Morphology Traits in Response to Nitrogen and Phosphorus Addition


The interaction of nitrogen and phosphorus addition at different concentrations had significant differences in the effects on root traits (Figure 1 and Figure S1). Compared with the N0P0 treatment, the N0Pi treatment increased the specific root length (Figure 1a), whereas the root average diameter decreased (Figure 1b). The NiP0 promoted the accumulation of root biomass (Figure 1d), and root average diameter (Figure 1b), while decreasing the specific root length (Figure 1a). Overall, specific root length showed a decreasing trend with the increasing nitrogen or phosphorus concentration in the nitrogen–phosphorus interaction treatments, reaching the highest value in the N1P1 treatment (Figure 1a). Root average diameter expressed an increasing trend with the increasing nitrogen concentration in the nitrogen–phosphorus interaction treatments (Figure 1b), and showed a significant decreasing trend with the increasing phosphorus concentration in the N3Pi treatment. Root tissue density reached the maximum value in N3P2 treatment (Figure 1c). Root biomass showed an increasing trend with the increasing nitrogen concentration in the nitrogen–phosphorus interaction treatments, followed by a decreasing trend (Figure 1d). Furthermore, the root surface area and root branching number showed a similar trend to the specific root length (Figure S1a,b), and they had a very significant correlation with the specific root length (Figure S2).




2.2. Response of Root Nitrogen and Phosphorus Content to Nitrogen and Phosphorus Addition


Different nitrogen and phosphorus addition treatments significantly influenced the nitrogen and phosphorus content of seedling roots (Figure 2a,b). The root nitrogen content responded positively to single phosphorus addition, single nitrogen addition, and nitrogen–phosphorus interaction, and reached a maximum value in the N3P2 treatment (Figure 2a). The single nitrogen and phosphorus addition had a significant positive effect on the root phosphorus content, and a maximum value occurred in the N0P3 treatment (Figure 2b).




2.3. Resource-Use Strategies of Root Traits in Different Nitrogen and Phosphorus Addition


The principal component analysis (PCA) of the root traits of C. kawakamii seedlings (Figure 3) showed that Dim1 and Dim2 explained 29.8% and 18.8% of the overall indicator changes, respectively, and the total cumulative variance explained 48.6%. As the phosphorus concentration increases with a single application of phosphorus (N0Pi), the resource-use strategies of the root shift from conservative resource strategy (high root average diameter) to acquisitive resource-use strategies (high specific root length). On the other hand, as the nitrogen concentration of a single nitrogen application (NiP0) increases, the roots strategy shifts from an acquisitive resource-use strategy to a conservative strategy (Figure 3 and Figure S3f). In addition, under the interaction of nitrogen and phosphorus addition, as the phosphorus concentration increases, the root strategy of low nitrogen and phosphorus interaction and medium nitrogen and phosphorus interaction changes from conservative resource strategy to acquisitive resource-use strategies (Figure 3 and Figure S3f). However, the treatments with no nitrogen and phosphorus addition and high nitrogen phosphorus interaction are on the conservative side, and the resource-use strategy is relatively conservative (Figure 3 and Figure S3f). Furthermore, Figure S3 presents the principal component analysis of various root traits under different nitrogen and phosphorus addition treatments.




2.4. Comprehensive Evaluation of Nitrogen and Phosphorus Addition on Root Traits


Using Euclidean distance (K-means) to measure the differences in root traits of seedlings under different nitrogen and phosphorus concentrations, the shortest distance method was employed to cluster the 16 treatments based on the similarity of 8 root traits. Treatments with the highest similarity were clustered together, resulting in three groups (Figure 4). Among them, the roots of N2P1, N1P3, and N0P3 treatments exhibited higher specific root length, surface area, branch number, and lower average diameter, indicating the best promotion of root elongation and growth, and were thus classified into one group. The effects of N1P2, N2P2, N0P1, and N1P1 treatments on root traits were secondary to N2P1, N1P3, and N0P3 treatments, and were therefore classified into another group. The remaining treatments had the poorest impact on root growth and were classified into another group.





3. Discussion


3.1. Effects of Single Nitrogen and Phosphorus Addition on Root Traits


The nitrogen (N) and phosphorus (P) supply levels not only significantly affect the nitrogen and phosphorus content of the roots [37], but also result in different morphological responses as the nutrient gradient changes [38]. The results indicated that compared to no nitrogen and phosphorus addition, single phosphorus addition significantly increases the root nitrogen content and root phosphorus content (Figure 2a,b). With increasing phosphorus concentration, the root phosphorus content increases, while the root nitrogen content decreases. This indicates that phosphorus addition can enhance the nutrient content of the roots, which is consistent with the findings of Zhu et al. [39]. Moreover, the specific root length, root surface area, and root branching number also increase with increasing phosphorus concentration (Figure 1a and Figure S1a,b), while the root average diameter and root tissue density show a decreasing trend (Figure 1b,c). This may be attributed to phosphorus addition alleviating the pressure of low phosphorus stress on root growth by stimulating root elongation and growth, resulting in more branching and a larger surface area for better absorption of soil nutrients [40]. However, other studies have shown that phosphorus addition can increase root productivity and root diameter, but has no impact on specific root length and root tissue density [41]. These discrepancies in the response of root growth to nitrogen (N) and phosphorus (P) additions observed between different plant species can likely be attributed to variations in experimental conditions and soil types [7]. Our research area is characterized by subtropical evergreen broad-leaved forests, which are known to be relatively deficient in phosphorus [7,33,35]. In contrast, the study area of the latter’s research focuses on tropical lowland forests, which are typically more fertile in terms of phosphorus. Furthermore, the type of phosphorus fertilizer used in their study (superphosphate) differs from the one used in our research (sodium dihydrogen phosphate) [41]. These differences in soil composition and phosphorus fertilizer application can contribute to the varying responses observed in root growth between the two studies.



In addition, single nitrogen addition increased root average diameter, root biomass, root nitrogen content, and root phosphorus content (Figure 1b,d and Figure 2a,b). Previous studies have shown that nitrogen addition significantly increases the acquisition of N and P, enhances photosynthesis in plant leaves, and leads to plants allocating more photosynthetic products to the roots to obtain more phosphorus to balance the relatively high nitrogen in the plant [42,43]. Our findings align with those of previous studies, which demonstrate that the addition of nitrogen facilitates passive absorption by the root system. This process leads to an increase in root diameter, allowing for greater nutrient storage to meet the demands of passive absorption [43,44]. In contrast, when nitrogen was applied as a single dose, it resulted in a decrease in specific root length and the number of root branches (Figure 1a and Figure S1b). This could be attributed to alterations in root allocation strategies triggered by excessive nitrogen saturation [43]. Previous research has demonstrated that an increase in soil nutrient availability often prompts plants to reduce their investment in root nutrient uptake and allocate more resources towards above-ground growth [44]. These findings suggest that the proliferation and growth of the root system can be regulated by manipulating nutrient inputs, but the precise mechanisms underlying this regulation require further investigation [7].



Most studies have indicated that nitrogen deposition-induced soil acidification has negative effects on root health and nutrient uptake [45,46]. Although nitrogen addition increased root nitrogen content, root phosphorus content, and root biomass, the lower specific root length would to some extent reduce the ability of the roots to actively obtain soil resources [44]. This is possibly due to the severe nitrogen–phosphorus imbalance in the subtropical region, where phosphorus is already deficient [47], and nitrogen addition exacerbates the restriction of low phosphorus stress on root growth, which hinders the acquisition of soil resources [8]. In summary, single phosphorus addition plays an important role in alleviating low phosphorus stress in subtropical soils and promoting rapid acquisition of soil resources by seedlings [14,48]. The inhibitory effect of nitrogen addition on the root growth of seedlings contrasts strongly with the promoting effect of phosphorus addition [32,33], which supports our first hypothesis.




3.2. Effects of Nitrogen and Phosphorus Interactive Addition on Root Traits


Compared to the single addition of nitrogen or phosphorus, the combined effect of nitrogen and phosphorus stimulating root growth may be better than the separate addition of nitrogen or phosphorus [42,48]. The results indicated that compared to the nitrogen–phosphorus addition, the nitrogen–phosphorus interaction treatment significantly increased the specific root length, root nitrogen content, root phosphorus content, root surface area, and root branching number (Figure 1a, Figure 2a,b, and Figure S1a,b), but decreased root average diameter and root tissue density (Figure 1b,c). Moreover, at the same concentration level, the nitrogen–phosphorus interaction resulted in higher root surface area and specific root length compared to single nitrogen or phosphorus additions, while the opposite was observed for root average diameter and root tissue density. This indicates that nitrogen–phosphorus interaction not only significantly promotes the growth, elongation, and branching differentiation of seedling roots but also has a greater promoting effect compared to the same level of single nitrogen or phosphorus addition. This finding, namely the synergistic effect resulting from the combined addition of nitrogen and phosphorus, has been supported by previous studies [26,43]. However, the precise mechanisms underlying these synergistic effects remain poorly understood. Schleiss et al. [26] propose that this mechanism can be explained by the enhanced accumulation of organic phosphorus in the soil due to the combination of nitrogen and phosphorus, as well as the stimulation of organic phosphorus hydrolysis through an increase in phosphatase activity. Furthermore, the combined addition of nitrogen and phosphorus has been shown to increase the relative abundance of arbuscular mycorrhizal fungi (AMF) genes and enhance phosphorus uptake [26].



Furthermore, the specific root length, root surface area, root branching number, and root biomass showed an initial increase and then a decreasing trend with increasing phosphorus concentrations under the nitrogen–phosphorus interaction treatment, and the decreasing trend was more pronounced in the high nitrogen and phosphorus interaction (Figure 1a,d and Figure S1a,b). This suggests that the nitrogen–phosphorus interaction promotes root morphological growth [43,49]. In addition, the roots under the high nitrogen and phosphorus interaction treatment had higher root nitrogen content (Figure 2a), and the specific root length and root surface area showed a decreasing trend with the increasing phosphorus concentration (Figure 1a and Figure S1a). This may be because the excessive nitrogen addition increases the available nitrogen content in the soil, enhances the nitrogen acquisition of roots, and thus increases the root nitrogen content [43,50]. To balance the higher nitrogen content in the roots, plants need to acquire more phosphorus to meet the demand. Therefore, excessive nitrogen can lead to an increased demand for phosphorus [51], and the higher nitrogen content in the roots can enhance phosphorus acquisition by increasing specific root length and root surface area [52]. However, with the increase in phosphorus concentration, this effect is to some extent alleviated. Hence, the smaller specific root length and root surface area can meet the requirements of root phosphorus [53].




3.3. Trade-Off Strategies of Root in Response to Nitrogen and Phosphorus Addition


To improve nutrient use efficiency and optimize growth, plants enhance the adjustment of root morphology as an important adaptive strategy [41,54]. The root economic spectrum (RES) provides a clear path for explaining the underground trade-off strategies of root traits [55]. With further research, it has expanded from the one-dimensional root economic spectrum (usually represented by the negative correlation between root nitrogen content and root tissue density [9,12]) to the multidimensional root economic spectrum (where the first dimension is primarily represented by root diameter and specific root length, and the second dimension represents the coordinated variations of root nutrients (i.e., N, P) and root tissue density [10,15]. These diverse combinations of root strategies can better explain the adaptive strategies of plants in more heterogeneous soil environments [11,12,13].



The results indicate that under the treatment of no nitrogen and phosphorus addition, single nitrogen addition, and high nitrogen and phosphorus interactive addition (N0P0, NiP0, and N3Pi), a conservative resource strategy was adopted by the roots (Figure 3). This suggests that root growth is restricted and not conducive to the acquisition of soil resources in these two situations. However, with the increase in phosphorus concentration under the treatment of high nitrogen and phosphorus interactive addition, the growth pressure on the roots was somewhat relieved [50]. In contrast, under the treatment of single phosphorus addition, low nitrogen and medium nitrogen, and phosphorus interactive addition (N0Pi, N1Pi, and N2Pi), the root morphology and growth status exhibited a more positive acquisition strategy for resources (Figure 3), which supported our second hypothesis. This may be related to the species habits of C. kawakamii seedlings in a long-term adaptation to the high nitrogen and low phosphorus soil environment in subtropical forests. Additionally, C. kawakamii seedlings are a shade-tolerant and ectomycorrhizal (EM) plant species. EM fungi can produce extracellular enzymes that decompose organic matter, thus effectively utilizing organic forms of nitrogen (N) and phosphorus (P) in the soil [56]. Excessive nitrogen input can alter the community composition of EM plant-dominated forest ecosystems’ soil fungi and reduce the relative abundance of EM plants [57,58]. This may also be one of the reasons why excessive nitrogen input is not conducive to nutrient absorption by C. kawakamii seedling roots. Furthermore, similar findings have been reported in studies investigating the impact of nitrogen addition on plant growth in subtropical regions, suggesting that excessive nitrogen addition encourages plants in these regions to adopt more conservative resource-use strategies [7,59]. However, a study focusing on the response of the dominant tree species Schima superba to nitrogen addition in subtropical evergreen broad-leaved forests yielded contrasting results with a focus on “conservative” [60]. The disparity observed in these studies may be attributed to variations in forest types, experimental conditions, and soil nutrients [7].



In general, root morphology and composition are adaptive traits of evolution that allow plants to overcome environmental limitations and obtain nutrients and water for their growth [50]. However, the response of root growth to nitrogen (N) and phosphorus (P) addition varies among different plant species, which is largely influenced by differences in root configuration, diameter, length, elemental content, and mycorrhizal type [61,62]. Based on previous studies, it is anticipated that conducting in-depth research on root morphology and composition will yield valuable insights into plant evolution and resource utilization in the future. Gaining an understanding of how different plant species respond to nitrogen and phosphorus addition will enhance our knowledge of plants’ capacity to adapt to environmental changes. The variations in root configuration, elemental composition, and mycorrhizal associations will remain critical aspects of future investigations. These studies contribute to unraveling the mechanisms by which plants cope with resource limitations through the modulation of root characteristics, and provide theoretical guidance for the conservation of natural ecosystems.





4. Materials and Methods


4.1. Materials Collection


Seedlings were collected from the C. kawakamii Natural Reserve located in Sanming City. Specifically, one-year-old C. kawakamii seedlings that displayed consistent growth and lacked branching were carefully chosen for further examination. The average height and average basal diameter of the seedlings were 18.4 ± 0.29 cm and 3.26 ± 0.059 mm, respectively. The soil used in the experiment was obtained from a depth of 0–50 cm in the reserve. The soil was screened to remove larger stones, plant roots, and other impurities. Then, the soil was uniformly mixed with carbendazim and disinfected, and fumigated by sunlight. The initial physicochemical properties of the soil are shown in Table S1 of the Supplementary Materials.



The seedling cultivation experiment was conducted in early February 2021 in the seedling nursery of the C. kawakamii Natural Reserve. The selected C. kawakamii seedlings were transplanted into seedling pots (24 cm × 16 cm × 24 cm) and placed under a shade net (shading rate: 80%) for acclimation for two months. Each pot was filled with 4.5 kg of soil, and watering of 200 mL per pot was performed every two days to ensure sufficient moisture supply during the seedling growth stage. After the acclimation period, the seedlings were labeled for subsequent nitrogen–phosphorus addition experiments.




4.2. Experimental Design


According to the nitrogen deposition level in Sanming City, Fujian Province (3.6 g m−2 a−1) [21,63], nitrogen addition concentrations were set using an arithmetic progression (1, 4, 7). The low nitrogen concentrations (N1), medium nitrogen concentrations (N2), and high nitrogen concentrations (N3) were set at 3.6 g m−2 a−1, 14.4 g m−2 a−1, and 25.2 g m−2 a−1, respectively. Based on the local soil nitrogen-to-phosphorus ratio (6:1) [36,64], we set the low phosphorus concentrations (P1) at 0.6 g m−2 a−1, medium phosphorus concentrations (P2) at 2.4 g m−2 a−1, and high phosphorus concentrations (P3) at 4.2 g m−2 a−1. A total of 16 interactive treatments were set based on the nitrogen–phosphorus addition concentrations (N0P0, N0P1, N0P2, N0P3, N1P0, N1P1, N1P2, N1P3, N2P0, N2P1, N2P2, N2P3, N3P0, N3P1, N3P2, and N3P3), with 3 replicates per treatment, resulting in a total of 48 pots. The N0P0 treatment (non-nitrogen phosphorus addition treatment) was regarded as the control group (Figure 5). To facilitate analysis, we abbreviated the single phosphorus addition treatment as N0Pi treatment (where i = 1, 2, 3), the single nitrogen addition as NiP0 treatment (where i = 1, 2, 3), the low nitrogen and phosphorus interactive addition as N1Pi treatment (where i = 1, 2, 3), and the medium and high nitrogen and phosphorus interactive addition were regarded as N2Pi and N3Pi, respectively. Ammonium chloride (NH4Cl) (analytical reagent, the relative molecular mass of N is 26.2%) was used for nitrogen addition, and sodium dihydrogen phosphate (NaH2PO4) (analytical reagent, the relative molecular mass of P is 25.82%) was used for phosphorus addition. The required mass of nitrogen and phosphorus addition was calculated based on the relative molecular masses of nitrogen and phosphorus nutrient samples and the diameter of the soil surface in the seedling pots (Table S2).



From April to August 2021, nitrogen and phosphorus addition experiments on seedlings were conducted. Before each addition of nitrogen and phosphorus elements, the samples were dissolved in water and then added to the seedling pots. To prevent damage to the roots of seedlings caused by excessive nitrogen and phosphorus concentrations, the nitrogen and phosphorus nutrient samples dissolved in water were divided into six equal parts and added every 20 days. Before each nitrogen and phosphorus addition experiment, weeds in and around the seedling pots were removed. The positions of seedling pots were moved monthly to ensure consistent light conditions during the seedling growth period. After the nitrogen and phosphorus addition experiments, an additional buffer period of two months was allowed to ensure the sufficient absorption of nitrogen and phosphorus nutrients by the seedlings.




4.3. Determination of Seedling Root Traits


The seedlings were harvested in October 2021. We selected three C. kawakamii seedlings with consistent growth and healthy leaves from each treatment, and quickly separated the root tissue of the seedlings. The roots were cleaned of debris and soil particles and placed in a sealed plastic bag, which was then stored in a fresh-keeping box (4 °C) and transported to the laboratory. We cleaned the roots with deionized water, and wiped off the surface water of root tissue using filter paper. Furthermore, we measured the fresh weight of roots using an electronic balance (accuracy 0.0001 g). Then, the roots were scanned using an EPSON root scanner, and the root morphology was quantitatively analyzed using root image analysis software (Win Rhizo Pro 2007, Regent Instruments Inc., Quebec City, QC, Canada) to record the total root length, root surface area, root volume, root average diameter, and root branching number. Next, the scanned roots were oven-dried at 105 °C for 30 min and then dried at 65 °C to a constant weight. The root biomass was weighed using an electronic balance (accuracy 0.0001 g). The specific root length was calculated as the total root length divided by the root biomass, and the root tissue density was calculated as the root biomass divided by the root volume. The dried roots were crushed by mortar and sieved through 0.15 mm mesh. Root nitrogen content was measured using an automatic element analyzer (Vario Macro Cube, Elementar, Hanau, Germany). Root phosphorus content was determined using an inductively coupled plasma optical emission spectrometer (ICP-OES, PEOPTIMA 8000, PerkinElmer, Waltham, MA, USA).




4.4. Data Analysis


For all measured variables, a normality test (Shapiro–Wilk test, α = 0.05) was conducted to assess the distribution of values, and log transforms were applied if necessary. A one-way analysis of variance (ANOVA) was performed to test the effects of different nitrogen and phosphorus additions on various traits of seedling roots. Pearson correlation coefficients were used to evaluate the bivariate correlations among root indicators. To assess the adaptive strategies of roots under different nitrogen and phosphorus additions, principal component analysis (PCA) was conducted using the “FactoMineR”, “corrplot”, and “factoextra” packages. To better differentiate the effects of different levels of nitrogen and phosphorus additions on the 16 roots characteristics, hierarchical cluster analysis was performed using the packages “Cluster”, “factoextra”, and “Stats” based on the similarities of root features. All statistical analyses were carried out using R version 4.3.2, and data plots were generated using the “ggplot2” package. A significance level of p < 0.05 was considered for all analyses.





5. Conclusions


Assessing the response of root traits of seedlings to nitrogen and phosphorus concentrations is of great significance in understanding the adaptive strategies of plants in severely phosphorus-deficient soils in the subtropical forests. The results indicated significant differences in the effects of nitrogen and phosphorus additions on seedling root traits. Under conditions of single phosphorus addition, low nitrogen and phosphorus interaction, and medium nitrogen and phosphorus interaction, the roots tend to adopt a strategy of rapid soil resource acquisition. However, under conditions of no nitrogen and phosphorus addition and single nitrogen addition, the roots tend to adopt a conservative resource-use strategy. In higher nitrogen addition concentrations, seedlings appear to adopt conservative resource-use strategies of roots. These findings reveal that seedling roots adopt a more conservative resource-use strategy in high nitrogen and low phosphorus soils, while the addition of nitrogen and phosphorus alters the resource-use strategies of seedling roots. To further protect the rare tree species within the protected area, more attention needs to be given to the underground adaptive strategies of plants and their responses to different nitrogen and phosphorus additions.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants13040536/s1, Figure S1. Effect of nitrogen and phosphorus addition on root traits of Castanopsis kawakamii seedlings; Figure S2. Correlation between root traits of Castanopsis kawakamii seedlings; Figure S3. Principal component analysis (PCA) of root traits under different nitrogen and phosphorus addition treatments; Table S1. Soil physical and chemical properties under different nitrogen and phosphorus addition treatments; Table S2. Level of nitrogen and phosphorus addition.





Author Contributions


Conceptualization, X.J., J.Z., X.W. and Q.X.; methodology, X.J., J.Z. and Q.X.; formal analysis, J.Z., L.J., J.L. and Z.H.; investigation, X.J., J.Z., X.W., Q.X. and J.X.; resources, J.L. and Z.H.; data curation, X.J., J.Z., X.W. and Q.X.; writing—original draft preparation, X.J. and J.Z.; writing—review and editing, J.Z., J.L. and Z.H.; supervision, L.J., J.L., C.S., D.X. and Z.H.; project administration, J.L., D.X. and Z.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was sponsored by the National Natural Science Foundation of China (NSFC) (grant numbers 31700550 and 31770678) and the Fujian Province Forestry Science and Technology Project of China (grant numbers 2021FKJ10 and 2022FKJ21).




Data Availability Statement


Data will be made available on request.




Acknowledgments


We appreciate the saplings provided by the Castanopsis kawakamii Nature Reserve. We also thank Meihua Jia and Qingrong Huang for their help with the experiment, as well as all the staff in the protected area for their support of the project.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Zhang, J.F.; Yan, X.J.; Dayananda, B.; Luo, Y.L.; Li, J.Q. Frequency-dependent predation and seedling fate: Effect of forest litter on regeneration of the Quercus wutaishanica seedling. Glob. Ecol. Conserv. 2022, 38, e02233. [Google Scholar] [CrossRef]

	



Wang, B.; Gu, Z.; Shu, L.F.; Shi, C.M.; Chen, F.; Bai, Y.; Liu, X.D. The characteristics of seedling regeneration and its influencing factors of Pinus tabuliformis under different wildfire severity of Liaoheyuan Nature Reserve. Nat. Hazards 2021, 1, 126–133. [Google Scholar] [CrossRef]

	



Kong, D.L.; Ma, C.G.; Zhang, Q.; Li, L.; Chen, X.Y.; Zeng, H.; Guo, D.L. Leading dimensions in absorptive root trait variation across 96 subtropical forest species. New Phytol. 2014, 203, 863–872. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.S.; Hobbie, S.E.; Reich, P.B.; Yang, Y.S.; Robinson, D. Allometry of fine roots in forest ecosystems. Ecol. Lett. 2019, 22, 322–331. [Google Scholar] [CrossRef]

	



Kou, L.; Chen, W.W.; Gao, W.L.; Yang, H.; Wang, H.M.; Li, S.G. Effects of mixture of branch order-based roots and nitrogen addition on root decay in a subtropical pine plantation. Biol. Fertil. Soils 2015, 51, 947–957. [Google Scholar] [CrossRef]

	



Adams, T.S.; McCormack, M.L.; Eissenstat, D.M. Foraging strategies in trees of different root morphology: The role of root lifespan. Tree Physiol. 2013, 33, 940–948. [Google Scholar] [CrossRef]

	



Zhao, C.T.; Lin, Q.H.; Tian, D.; Ji, C.J.; Shen, H.H.; Fan, D.Y.; Wang, X.P.; Fang, J.Y. Nitrogen addition promotes conservative resource-use strategies via aggravating phosphorus limitation of evergreen trees in subtropical forest. Sci. Total Environ. 2023, 889, 164047. [Google Scholar] [CrossRef]

	



Reich, P.B. The world-wide ‘fast-slow’ plant economics spectrum: A traits manifesto. J. Ecol. 2014, 102, 275–301. [Google Scholar] [CrossRef]

	



Roumet, C.; Birouste, M.; Picon-Cochard, C.; Ghestem, M.; Osman, N.; Vrignon-Brenas, S.; Cao, K.; Stokes, A. Root structure–function relationships in 74 species: Evidence of a root economics spectrum related to carbon economy. New Phytol. 2016, 210, 815–826. [Google Scholar] [CrossRef]

	



Ding, J.X.; Kong, D.L.; Zhang, Z.L.; Cai, Q.X.; Xiao, J.; Liu, Q.; Yin, H.J. Climate and soil nutrients differentially drive multidimensional fine root traits in ectomycorrhizal-dominated alpine coniferous forests. J. Ecol. 2020, 180, 2544–2556. [Google Scholar] [CrossRef]

	



Díaz, S.; Kattge, J.; Cornelissen, J.H.C.; Wright, I.J.; Lavorel, S.; Dray, S.; Reu, B.; Kleyer, M.; Wirth, C.; Colin Prentice, I.; et al. The global spectrum of plant form and function. Nature 2016, 529, 167–171. [Google Scholar] [CrossRef] [PubMed]

	



Kramer-Walter, K.R.; Bellingham, P.J.; Millar, T.R.; Smissen, R.D.; Richardson, S.J.; Laughlin, D.C. Root traits are multidimensional: Specific root length is independent from root tissue density and the plant economic spectrum. J. Ecol. 2016, 104, 1299–1310. [Google Scholar] [CrossRef]

	



Wang, R.L.; Wang, Q.F.; Zhao, N.; Xu, Z.W.; Zhu, X.J.; Jiao, C.C.; Yu, G.R.; He, N.P. Different phylogenetic and environmental controls of first-order root morphological and nutrient traits: Evidence of multidimensional root traits. Funct. Ecol. 2018, 32, 29–39. [Google Scholar] [CrossRef]

	



Razaq, M.; Salahuddin; Shen, H.; Sher, H.; Zhang, P. Influence of biochar and nitrogen on fine root morphology, physiology, and chemistry of Acer mono. Sci. Rep. 2017, 7, 5367. [Google Scholar] [CrossRef] [PubMed]

	



Valverde-Barrantes, O.J.; Smemo, K.A.; Blackwood, C.B. Fine root morphology is phylogenetically structured, but nitrogen is related to the plant economics spectrum in temperate trees. Funct. Ecol. 2015, 29, 796–807. [Google Scholar] [CrossRef]

	



Shen, Y.; Umaña, M.N.; Li, W.B.; Miao, F.; Chen, Y.X.; Lu, H.; Yu, S.S. Coordination of leaf, stem and root traits in determining seedling mortality in a subtropical forest. For. Ecol. Manag. 2019, 446, 285–292. [Google Scholar] [CrossRef]

	



Bardgett, R.D.; Mommer, L.; Vries, F.T.D. Going underground: Root traits as drivers of ecosystem processes. Trends Ecol. Evol. 2014, 29, 692–699. [Google Scholar] [CrossRef]

	



Oldroyd, G.E.D.; Leyser, O. A plant’s diet, surviving in a variable nutrient environment. Science 2020, 368, 6486. [Google Scholar] [CrossRef]

	



Peñuelas, J.; Sardans, J.; Rivas-ubach, A.; Janssens, I.A. The human-induced imbalance between C, N and P in Earth’s life system. Glob. Chang. Biol. 2012, 18, 3–6. [Google Scholar] [CrossRef]

	



Huang, J.Y.; Yu, H.L.; Lin, H.; Zhang, Y.; Searle, E.B.; Yuan, Z.Q. Phosphorus amendment mitigates nitrogen addition-induced phosphorus limitation in two plant species in a desert steppe, China. Plant Soil 2016, 399, 221–232. [Google Scholar] [CrossRef]

	



Sun, Y.; Wang, C.T.; Chen, H.Y.H.; Ruan, H.H. Responses of C: N stoichiometry in plants, soil, and microorganisms to nitrogen addition. Plant Soil 2020, 456, 277–287. [Google Scholar] [CrossRef]

	



Bobbink, R.; Hicks, K.; Galloway, J.; Spranger, T.; Alkemade, R.; Ashmore, M.; Busta-mante, M.; Cinderby, S.; Davidson, E.; Dentener, F.; et al. Global assessment of nitrogen deposition effects on terrestrial plant diversity: A synthesis. Ecol. Appl. 2010, 20, 30–59. [Google Scholar] [CrossRef] [PubMed]

	



Du, E.; Terrer, C.; Pellegrini, A.F.A.; Ahlström, A.; van Lissa, C.J.; Zhao, X.; Xia, N.; Wu, X.H.; Jackson, R.B. Global patterns of terrestrial nitrogen and phosphorus limitation. Nat. Geosci. 2020, 13, 221–226. [Google Scholar] [CrossRef]

	



Tang, J.; Riley, W.J. Finding Liebig’s law of the minimum. Ecol. Appl. 2021, 31, e0245. [Google Scholar] [CrossRef] [PubMed]

	



Ostonen, I.; Lohmus, K.; Helmisaari, H.; Truu, J.; Meel, S. Fine root morphological adaptations in Scots pine, Norway spruce and silver birch along a latitudinal gradient in boreal forests. Tree Physiol. 2007, 27, 1627–1634. [Google Scholar] [CrossRef] [PubMed]

	



Schleuss, P.; Widdig, M.; Heintz-Buschart, A.; Kirkman, K.; Spohn, M. Interactions of nitrogen and phosphorus cycling promote P acquisition and explain synergistic plant-growth responses. Ecology 2020, 105, e03003. [Google Scholar] [CrossRef]

	



Wei, H.X.; Xu, C.Y.; Ma, L.Y.; Duan, J.; Jiang, L.N.; Ren, J.H. Effect of late-season fertilization on nutrient reserves and carbohydrate accumulation in bareroot Larix olgensis seedlings. J. Plant Nutr. 2014, 37, 279–293. [Google Scholar] [CrossRef]

	



Wang, G.L.; Fahey, T.J.; Xue, S.; Liu, F. Root morphology and architecture respond to N addition in Pinus tabuliformis, west China. Oecologia 2013, 171, 583–590. [Google Scholar] [CrossRef]

	



Yuan, Z.Y.; Chen, H.Y.H. Fine root biomass, production, turnover rates, and nutrient contents in boreal forest ecosystems in relation to species, climate, fertility, and stand age: Literature review and meta-analyses. CRC Crit. Rev. Plant Sci. 2010, 29, 204–221. [Google Scholar] [CrossRef]

	



Liu, L.L.; Greaver, T.L. A global perspective on belowground carbon dynamics under nitrogen enrichment. Ecol. Lett. 2010, 13, 819–828. [Google Scholar] [CrossRef]

	



Vitousek, P.M.; Porder, S.; Houlton, B.Z.; Chadwick, O.A. Terrestrial phosphorus limitation: Mechanisms, implications, and nitrogen–phosphorus interactions. Ecol. Appl. 2010, 20, 5–15. [Google Scholar] [CrossRef]

	



Chen, G.T.; Tu, L.H.; Peng, Y.; Hu, H.L.; Hu, T.X.; Xu, Z.F.; Liu, L.; Tang, Y. Effect of nitrogen additions on root morphology and chemistry in a subtropical bamboo forest. Plant Soil 2017, 412, 441–451. [Google Scholar] [CrossRef]

	



Liu, R.Q.; Huang, Z.Y.; Luke McCormack, M.; Zhou, X.H.; Wan, X.H.; Yu, Z.P.; Wang, M.H.; Zheng, L. Plasticity of fine-root functional traits in the litter layer in response to nitrogen addition in a subtropical forest plantation. Plant Soil 2017, 415, 317–330. [Google Scholar] [CrossRef]

	



Buajan, S.; Liu, J.F.; He, Z.S.; Feng, X. Effect of gap sizes on specific leaf area and chlorophyll contents at the Castanopsis kawakamii Natural Reserve Forest, China. Forests 2018, 9, 682. [Google Scholar] [CrossRef]

	



He, Z.S.; Wang, L.J.; Jiang, L.; Wang, Z.; Liu, J.F.; Xu, D.; Hong, W. Effect of microenvironment on species distribution patterns in the regeneration layer of forest gaps and non-gaps in a subtropical natural forest, China. Forests 2019, 10, 90. [Google Scholar] [CrossRef]

	



He, Z.S.; Liu, J.F.; Su, S.J.; Zheng, S.Q.; Xu, D.W.; Wu, Z.Y.; Hong, W.; Wang, L.M. Effects of forest gaps on soil Properties in Castanopsis kawakamii Nature Forest. PLoS ONE 2015, 10, e0141203. [Google Scholar] [CrossRef] [PubMed]

	



Song, Z.L.; Liu, H.Y.; Zhao, F.F.; Xu, C.Y. Ecological stoichiometry of N:P:Si in China’s grasslands. Plant Soil 2014, 380, 165–179. [Google Scholar] [CrossRef]

	



Finér, L.; Ohashi, M.; Noguchi, K.; Hirano, Y. Fine root production and turnover in forest ecosystems in relation to stand and environmental characteristics. For. Ecol. Manag. 2011, 262, 2008–2023. [Google Scholar] [CrossRef]

	



Zhu, F.F.; Yoh, M.; Gilliam, F.S.; Lu, X.K.; Mo, J.M. Nutrient limitation in three lowland tropical forests in southern China receiving high nitrogen deposition: Insights from fine root responses to nutrient additions. PLoS ONE 2013, 8, e82661. [Google Scholar] [CrossRef]

	



Kou, L.; Jiang, L.; Fu, X.; Dai, X.Q.; Wang, H.M.; Li, S.G. Nitrogen deposition increases root production and turnover but slows root decomposition in Pinus elliottii plantations. New Phytol. 2018, 218, 1450–1461. [Google Scholar] [CrossRef]

	



Lugli, L.F.; Rosa, J.S.; Andersen, K.M.; Ponzio, R.; Almeida, R.V.; Pires, M.; Cordeiro, A.L.; Cunha, H.F.V.; Martins, N.P.; Assis, R.L.; et al. Rapid responses of root traits and productivity to phosphorus and cation additions in a tropical lowland forest in Amazonia. New Phytol. 2021, 230, 116–128. [Google Scholar] [CrossRef] [PubMed]

	



Jing, J.; Rui, Y.; Zhang, F.; Rengel, Z.; Shen, J.B. Localized application of phosphorus and ammonium improves growth of maize seedlings by stimulating root proliferation and rhizosphere acidification. Field Crops Res. 2010, 119, 355–364. [Google Scholar] [CrossRef]

	



Shan, S.; Devens, H.; Fahey, T.J.; Yanai, R.D.; Fisk, M.C. Fine root growth increases in response to nitrogen addition in phosphorus-limited northern hardwood forests. Ecosystems 2022, 25, 1589–1600. [Google Scholar] [CrossRef]

	



Xiong, D.P.; Yang, Z.J.; Chen, G.S.; Liu, X.F.; Lin, W.X.; Huang, J.X.; Bowles, F.P.; Lin, C.F.; Xie, J.S.; Li, Y.P.; et al. Interactive effects of warming and nitrogen addition on fine root dynamics of a young subtropical plantation. Soil Biol. Biochem. 2018, 123, 180–189. [Google Scholar] [CrossRef]

	



Smithwick, E.A.H.; Eissenstat, D.M.; Lovett, G.M.; Bowden, R.D.; Rustad, L.E.; Driscoll, C.T. Root stress and nitrogen deposition: Consequences and research priorities. New Phytol. 2013, 197, 712–719. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.J.; Mo, Q.F.; Han, X.G.; Hui, D.F.; Shen, W. Fine root dynamics responses to nitrogen addition depend on root order, soil layer, and experimental duration in a subtropical forest. Biol. Fertil. Soils 2019, 55, 723–736. [Google Scholar] [CrossRef]

	



Liu, X.J.; Zhang, Y.; Han, W.X.; Tang, A.H.; Shen, J.L.; Cui, Z.L.; Vitousek, P.; Erisman, J.W.; Goulding, K.; Christie, P.; et al. Enhanced nitrogen deposition over China. Nature 2013, 494, 459–462. [Google Scholar] [CrossRef] [PubMed]

	



Ge, L.M.; Chen, C.; Li, T.; Bu, Z.J.; Wang, M. Contrasting effects of nitrogen and phosphorus additions on fine root production and morphological traits of different plant functional types in an ombrotrophic peatland. Plant Soil 2023, 490, 451–467. [Google Scholar] [CrossRef]

	



Wang, H.L.; Wang, J.; Teng, Z.; Fan, W.; Deng, P.; Wen, Z.; Zhou, K.; Xu, X. Nitrogen and phosphorus additions impact stability of soil organic carbon and nitrogen in subtropical evergreen broad-leaved forest. Eurasian Soil Sci. 2022, 55, 425–436. [Google Scholar] [CrossRef]

	



Fort, F.; Cruz, P.; Lecloux, E.; Bittencourt de Oliveira, L.; Stroia, C.; Theau, J.; Jouany, C. Grassland root functional parameters vary according to a community-level resource acquisition-conservation trade-off. J. Veg. Sci. 2016, 27, 749–758. [Google Scholar] [CrossRef]

	



Hu, B.; Chu, C.C. Nitrogen–phosphorus interplay: Old story with molecular tale. New Phytol. 2020, 225, 1455–1460. [Google Scholar] [CrossRef] [PubMed]

	



Wurzburger, N.; Wright, S.J. Fine-root responses to fertilization reveal multiple nutrient limitation in a lowland tropical forest. Ecology 2015, 96, 2137–2146. [Google Scholar] [CrossRef] [PubMed]

	



Jeffery, R.P.; Simpson, R.J.; Lambers, H.; Kidd, D.R.; Ryan, M.H. Root morphology acclimation to phosphorus supply by six cultivars of Trifolium subterraneum L. Plant Soil 2017, 412, 21–34. [Google Scholar] [CrossRef]

	



Iversen, C.M.; McCormack, M.L.; Powell, A.S.; Blackwood, C.B.; Freschet, G.T.; Kattge, J.; Roumet, C.; Stover, D.B.; Soudzilovskaia, N.A.; Valverde-Barrantes, O.J.; et al. A global fine-root ecology database to address below-ground challenges in plant ecology. New Phytol. 2017, 215, 15–26. [Google Scholar] [CrossRef] [PubMed]

	



Bergmann, J.; Weigelt, A.; van der Plas, F.; Laughlin, D.C.; Kuyper, T.W.; Guerrero-Ramirez, N.; Valverde-Barrantes, O.J.; Bruelheide, H.; Freschet, G.T.; Iversen, C.M.; et al. The fungal collaboration gradient dominates the root economics space in plants. Sci. Adv. 2020, 6, 27. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, R.P.; Brzostek, E.; Midgley, M.G. The mycorrhizal-associated nutrient economy: A new framework for predicting carbon–nutrient couplings in temperate forests. New Phytol. 2013, 199, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Averill, C.; Dietze, M.C.; Bhatnagar, J.M. Continental-scale nitrogen pollution is shifting forest mycorrhizal associations and soil carbon stocks. Glob. Chang. Biol. 2018, 24, 4544–4553. [Google Scholar] [CrossRef] [PubMed]

	



Midgley, M.G.; Phillips, R.P. Resource stoichiometry and the biogeochemical consequences of nitrogen deposition in a mixed deciduous forest. Ecology 2016, 97, 3369–3378. [Google Scholar] [CrossRef]

	



Zou, Y.; Li, B.; Peñuelas, J.; Sardans, J.; Yu, H.; Chen, X.; Deng, X.; Cheng, D.; Zhong, Q. Response of functional traits in Machilus pauhoi to nitrogen addition is influenced by differences of provenances. For. Ecol. Manag. 2022, 513, 120207. [Google Scholar] [CrossRef]

	



Ye, X.; Bu, W.; Hu, X.; Liu, B.; Liang, K.; Chen, F. Species divergence in seedling leaf traits and tree growth response to nitrogen and phosphorus additions in an evergreen broadleaved forest of subtropical China. J. For. Res. 2023, 34, 137–150. [Google Scholar] [CrossRef]

	



Báez, S.; Homeier, J. Functional traits determine tree growth and ecosystem productivity of a tropical montane forest: Insights from a long-term nutrient manipulation experiment. Glob. Chang. Biol. 2018, 24, 399–409. [Google Scholar] [CrossRef]

	



DeForest, J.L.; Snell, R.S. Tree growth response to shifting soil nutrient economy depends on mycorrhizal associations. New Phytol. 2020, 225, 2557–2566. [Google Scholar] [CrossRef]

	



Wu, A.P.; Hu, X.F.; Wang, F.C.; Guo, C.L.; Wang, H.M.; Chen, F.S. Nitrogen deposition and phosphorus addition alter mobility of trace elements in subtropical forests in China. Sci. Total Environ. 2021, 781, 146778. [Google Scholar] [CrossRef]

	



Tian, H.Q.; Chen, G.S.; Zhang, C.; Melillo, J.M.; Hall, C.A.S. Pattern and variation of C:N:P ratios in China’s soils: A synthesis of observational data. Biogeochemistry 2010, 98, 139–151. [Google Scholar] [CrossRef]








[image: Plants 13 00536 g001] 





Figure 1. Root morphological traits of C. kawakamii seedlings. Note: (a–d) represent the responses of specific root length, average root diameter, root tissue density, and root biomass to nitrogen and phosphorus addition, respectively. N0Pi: single phosphorus addition treatment, NiP0: single nitrogen addition treatment, N1Pi: low nitrogen and phosphorus interaction treatment, N2Pi: medium nitrogen and phosphorus interaction treatment, N3Pi: high nitrogen and phosphorus interaction treatment, where i = 1, 2, 3. Different lowercase letters indicate significant differences (p < 0.05). 
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Figure 2. Root nitrogen and phosphorus content of C. kawakamii seedling. Note: (a) The effect of different nitrogen and phosphorus additions on root nitrogen content; (b) the effect of different nitrogen and phosphorus additions on root phosphorus content. Different lowercase letters indicate significant differences (p < 0.05). 
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Figure 3. Principal component analysis (PCA) of root traits at different nitrogen and phosphorus treatments. Note: SRL, RSA, RBN, RAD, RTD, RB, RPC, and RNC represent the specific root length, root surface area, root branching number, root average diameter, root tissue density, root biomass, root phosphorus content, and root nitrogen content, respectively. N0P0 indicates a non-nitrogen phosphorus addition treatment, N0Pi indicates a single phosphorus addition treatment; NiP0 indicates a single nitrogen addition treatment; N1Pi indicates low nitrogen and phosphorus interactive addition treatment; N2Pi indicates interactive addition of medium nitrogen and phosphorus; N3Pi indicates high nitrogen and phosphorus interactive addition treatment, where i = 1, 2, 3. Different colors represent different treatments. The ellipse represents the distribution range (95% confidence interval) of each treatment. 
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Figure 4. Cluster analysis of different nitrogen and phosphorus treatments. Note: The nitrogen and phosphorus addition treatments contained in the boxes indicate that they have high similarity and are aggregated together. The three boxes represent the three groups of clustering analysis results. Different colors are only used to better distinguish the three groups. 
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Figure 5. A conceptual figure of experimental design. Note: The upper section of the diagram displays an interactive representation of nitrogen and phosphorus concentrations. The colors deepen gradually from left to right, indicating an incremental increase in the concentration of nitrogen or phosphorus. The lines connect the different combinations of nitrogen and phosphorus concentrations. Distinct colored lines are used to differentiate between combinations with the same nitrogen concentration but four different phosphorus concentrations, and vice versa. The lower section demonstrates the results of an orthogonal design experiment, with 16 combinations of nitrogen and phosphorus. The combination no nitrogen and phosphorus addition (N0P0) are displayed in the red box. The light blue box contains the three combinations (N1P0, N2P0, N3P0) with a single nitrogen addition. The blue box represents the three combinations (N0P1, N0P2, N0P3) with a single phosphorus addition. Within the dark red box, nine combinations (N1P1, N1P2, N1P3, N2P1, N2P2, N2P3, N3P1, N3P2, N3P3) demonstrate the interaction between nitrogen and phosphorus additions. 
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