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Abstract

:

Understanding the effects of nitrogen (N) deposition on plant functional traits can provide insights into their adaptation strategies. We conducted an N application experiment (0, 5, 10, 15 g N m−2) with potted saplings of the endangered species Davidia involucrata and examined 24 functional traits of both leaves and roots. We found that N application increased the leaf morphological traits, except for a significant decrease (by 19.2%–27.0%) in specific leaf area (SLA). Compared to the control treatment, N application significantly increased the specific root surface area (SRA), specific root length (SRL), and root tissue density (RTD) by 9.2%–20.1%, 20.2%–47.9%, and 30.8%–46.4%, respectively, while root diameter was conservative and insensitive to N application. Additionally, N application had contrasting effects between leaf and root carbon, N, and phosphorus contents and their stoichiometry. SRL, SRA, and RTD were positively correlated with most leaf photosynthetic traits, but negatively correlated with SLA. Moreover, root biomass and root chemical traits were also tightly correlated with leaf photosynthetic traits and chemical traits. These results suggest that N application may trigger a resource-conservative strategy for leaves but a nutrient-acquisitive strategy for roots. Future N deposition combined with other practices, such as simultaneous P fertilizer application, can be effective for the scientific conservation of D. involucrata populations in their natural habitats.
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1. Introduction


Nitrogen (N) is an essential macronutrient that limits plant growth in terrestrial ecosystems [1]. However, anthropogenic activities such as deforestation, fertilizer application, and energy consumption have increased atmospheric N deposition rates in China’s forests over a few decades [2,3]. As a result, plants must adjust their survival strategy and resource allocation (manifested in leaf and root functional traits) to adapt to changes in soil N nutrient status caused by N deposition [4]. Despite numerous studies focusing on the effects of N deposition on common species [5,6], the responses of endangered species, such as Davidia involucrata (a rare and endangered plant species that only occurs naturally in Southwest China), have been overlooked. To better conserve these endangered species, it is crucial to explore the effects of N deposition on their leaf and root functional traits, their inherent linkages, and their ecological adaption strategies in a changing world.



Certain morphological traits of leaves and roots have been identified as the key indicators of plant growth and nutrient acquisition strategy, and they are highly sensitive to N deposition [7,8]. N addition experiments on common plant species have revealed that N addition has positive effects on aboveground biomass and specific leaf area (SLA) [9,10]. Meanwhile, some other studies found that N addition can reduce belowground investment by decreasing root biomass [11], specific surface area of roots (SRA) [12], and specific root length (SRL) [13] while increasing root diameter (RD) [14]. However, the effects of N addition on plant morphological traits can vary greatly in forest ecosystems due to differences in the form, dose, and duration of N fertilizer, as well as the extent of nutrient limitation, tree species, and other biotic and abiotic environmental conditions, which show a positive, negative, or neutral response [15,16,17,18]. Therefore, it appears that the effects of N addition on the morphological traits of plant leaves and roots are influenced by multiple factors.



Changes in soil N availability caused by N deposition can significantly affect the chemical traits of plant leaves and roots, such as tissue carbon (C), N, and phosphorus (P) contents, as well as their stoichiometry [19]. For instance, N addition can increase C investment in plant leaves and roots and increase N and P contents in leaves and roots, along with corresponding changes in stoichiometry (such as an increase in N:P ratio) in natural forests [13,20,21]. However, contrasting effects of N addition on nutrient contents of leaves and roots have also been reported in other N addition studies and meta-analyses, which revealed that the negative [22] or neutral [23,24] effects of N addition varied with tree species. Increasing N supply can also alter the availability of P and other nutrients in soils, changing the allocation of N and P in leaves and roots [25,26]. These factors can jointly induce complex results in the responses of plant chemical traits to N deposition.



Furthermore, it is worth noting that previous studies on the effects of N deposition on plant functional traits have mostly focused on either leaves or roots, with little attention paid to their interactions [8,25,26,27]. This knowledge gap severely limits our understanding of how plants simultaneously respond above- and below-ground to N deposition. Therefore, exploring the responses of plant leaf and root functional traits and their inherent linkages to N deposition is essential for understanding the resource acquisition and ecological adaption strategies of plants in the face of changing N availability. This is especially critical for rare and endangered plant species, where conservation efforts urgently require a better understanding of their responses to environmental changes.



D. involucrata, also known as the dove tree, is an endangered relict species from the Tertiary period, endemic to Southwest China [28]. It is classified as a national Grade I endangered plant and is under key protection [29]. Due to its high environmental requirements, there are fewer seedlings and the reproduction and self-renewal of natural populations are more difficult, with a long period of dormancy and a high rate of seed abortion [30,31]. Moreover, the narrow natural habitats of D. involucrata are experiencing significant amounts of atmospheric N deposition, which may affect seedling growth and community development [32]. Although some studies have focused on the effects of environmental changes on D. involucrata populations, including physiological responses [33,34], biological conservation [35,36] and distribution forecasting [37], there are fewer studies estimating the responses of plant functional traits to N deposition. Therefore, a clear understanding of the effects of N deposition on the functional traits of D. involucrata is necessary to reveal its adaptation strategy and facilitate conservation efforts for this rare and endangered species.



Here, we conducted a pot experiment using D. involucrata saplings and various N application treatments to investigate the effects of N addition on 13 leaf and 11 root functional traits. We aimed to determine how N application affects these traits and their inherent linkages. We hypothesized that medium N application would improve the adaptation traits of leaves and roots by providing a moderate increase in soil available N. This study fills a gap in our understanding of the response of D. involucrata to increasing N deposition in its natural habitats and provides valuable insights for the scientific conservation of this rare and endangered species.




2. Materials and Methods


2.1. Pot Experiment


The pot experiment was conducted at China West Normal University, Sichuan Province, China (103°3′ E, 30°48′ N, altitude 276 m) from early March to late July in 2021 using 2-year-old D. involucrata saplings obtained from Shifang Nursery, Mianyang, Sichuan Province. The average height and basal diameter of the saplings were 50.53 cm and 8.86 mm, respectively. Each sapling was planted separately in a plastic pot with a diameter of 25 cm and a depth of 35 cm. The soil substrates used for the pot experiment were obtained by sieving topsoil (0–30 cm) from an area of broadleaved forest in Shifang Forest Farm, Mianyang, Sichuan Province, which is within the natural distribution range of D. involucrata. The soil substrate used in this study was classified as brown earth, and the initial organic C content, total N content, total P content, bulk density, and pH were 90.3 g kg−1, 3.6 g kg−1 and 0.4 g kg−1, 0.8 g cm−3, and 6.5. Weeds in the pots were removed manually if they germinated.




2.2. N Application


After a one-month acclimation period, N application treatments were initiated. The N doses were based on the background level of regional N deposition (approximately 10~15 g N m−2 year−1) [3] and N application treatments were added as 200 mL liquid urea (CO(NH2)2, dissolved in tap water) with concentrations of 0.075, 0.150, and 0.225 g (200 mL)−1, respectively, applied once every two weeks. The low (LN), medium (MN), and high N treatments (HN) received a total of 5, 10, and 15 g N m−2, respectively. The control treatments (CK) were given 200 mL of tap water at each application time. The N application lasted from mid-April (17 April) to early July (10 July). We performed a total of seven N applications throughout the experimental period. There were ten repeated pots for each N application treatment, resulting in a total of forty pots for this experiment distributed randomly in ten plots. To ensure uniform solar radiation exposure, we rotated the pots every five days. The distance between pots within the same N treatment was 50 cm and between the adjacent plots was 80 cm. In addition, during the experiment period, we watered all pots with tap water to maintain a relative stable soil water content of 70% of the field water holding capacity by measuring the soil volumetric water content of each pot using time-domain reflectometry (TDR) probes with Mini Trase (6050X 3KI, Soil Moisture Equipment Corp., Goleta, CA, USA) every three days. Throughout the experiment, we did not observe any significant disease or pest problems affecting the growth of the D. involucrata saplings, and the survival rates of the D. involucrata saplings were unaffected by the N application treatments.




2.3. Plant Sampling and Measurements


Two weeks after the last N application (25 July), we randomly selected five plants from each N treatment and chose fully expanded third leaves (from the top). Firstly, we measured the leaf thickness (LT) of each leaf with a vernier caliper by measuring three points around the main vein in the center of the leaf. Then, we used a leaf area meter (YMJ-B, Zhejiang Top Cloud-Agri Technology Co., Ltd., Hangzhou, Zhejiang, China) to measure the scanning leaf traits, such as leaf length (LL), leaf width (LW), and leaf area. The leaf volume was approximatively calculated by multiplying the leaf area by LT. Finally, we oven-dried the scanned leaves at 65 °C until they reached a constant weight and measured their dry weight. The specific leaf area (SLA) (cm2 g−1) was calculated as the ratio of leaf area to leaf dry weight, and the leaf tissue density (LTD) (mg mm−3) was calculated as the ratio of leaf dry weight to leaf volume.



Due to the limited root branching of D. involucrata saplings, we sampled the entire new-growing root system as a whole to analyze root functional traits. After leaf sampling, we carefully excavated and collected one intact root network from each selected pot. The root network samplings were then washed with running water to remove any remaining soil. The morphological traits of the roots, including root diameter (RD), length, volume and root surface area, were scanned and determined using WinRHIZO Version 2005c (Regent Instrument Inc., Nepean, ON, Canada). After scanning, the root network samplings were oven-dried at 65 °C to a constant weight to measure the dry weight. The specific root surface area (SRA) (cm2 g−1) was estimated as the ratio of root surface area to root dry weight. The specific root length (SRL) (cm g−1) was estimated as the ratio of root length to root dry weight. The root tissue density (RTD) (g cm−3) was estimated as the ratio of root dry weight to root volume.



It is common practice to harvest the remaining plant samples after the main samples have been collected to ensure sufficient materials for chemical analysis. In this study, the remaining leaf and root samples of each selected pot were harvested and oven-dried at 65 °C to calculate the leaf and root biomass. The scanned leaf and root samples were also incorporated into the leaf and root biomass, respectively. Then, the dried samples were homogenized using a mill, ground, and sieved through a 0.2 mm mesh. The C and N contents of the leaves and roots were determined using a C/N elemental analyzer (Multi-N/C 2100, Analytik Jena AG, Jena, Germany). The P contents of the leaves and roots were determined colorimetrically using the molybdate blue method after digestion in 5 mL H2SO4 with a catalyst (H2O2). The details of the measured traits can be found in Table 1.




2.4. Statistical Analysis


One-way ANOVA in conjunction with a least significant difference (LSD) test was used to examine the effects of N application on the leaf and root functional traits of D. involucrata saplings. Before ANOVA analysis, all data were examined for normality and homogeneous variance via a Kolmogorov–Smirnov test and a Leven test, respectively. The data were log-transformed to meet the assumptions of normality and homogeneity of variances when necessary. Pearson’s correlation analysis was used to examine the relationships between leaf and root functional traits under various N applications. In addition, principal component analysis (PCA) with all variables was used to evaluate the dose effect of N application on leaf and root functional traits by employing Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA). We also examined the N treatment effects on the PC1 and PC2 extracted from PCA by One-way ANOVA. We performed all the statistical analyses using SPSS software (Version 20.0 for Windows, IBM, Armonk, NY, USA), and the threshold for determining significance was set at p < 0.05.





3. Results


3.1. Effects of N Application on Leaf Functional Traits


N application had a significant effect on leaf morphology (Figure 1). When compared to the control treatment, LL significantly increased by 19.4%–64.1% with increasing N doses (p < 0.05, Figure 1a). In the MN and HN treatments, LW significantly increased by 59.0% and 50.1%, respectively, and LT significantly increased by 16.9% and 30.5%, respectively, compared to the control treatment (p < 0.05, Figure 1b,c). Across all N application treatments, LL:LW and LTD significantly increased by 32.6%−43.9% and 17.5%–18.6%, respectively (p < 0.05, Figure 1d,f), while SLA significantly decreased by 19.2%–27.0%, (p < 0.05, Figure 1e), compared with the control treatment.



The application of N did not have an obvious dose effect on leaf chemical traits (Figure 2). However, compared to the control treatment, the leaf C and P contents in the N application treatments showed significant increases ranging from 23.0% to 25.4% and 7.3% to 22.9%, respectively (p < 0.05, Figure 2a,c). Meanwhile, the leaf N content significantly decreased by 27.8% to 32.0% (p < 0.05, Figure 2b). Compared to the control treatment, the leaf C:N in the N application treatments significantly increased by 72.8%–79.9% (p < 0.05, Figure 2d), but leaf N:P significantly decreased by 33.1%–43.8% (p < 0.05, Figure 2f). In the LN and MN treatments, the leaf C:P significantly increased by 14.9% and 16.0% (p < 0.05, Figure 2e). Notably, N application also resulted in a significant increase in leaf biomass by 32.4% to 93.3% with increasing N doses (p < 0.05, Figure 3a).




3.2. Effects of N Application on Root Functional Traits


N application did not significantly alter RD (p > 0.05, Figure 4a) while significantly increasing SRA, SRL, and RTD compared to the control treatment. At increasing N doses, SRA, SRL, and RTD significantly increased by 9.2%–20.1%, 20.2%–47.9% and 30.8%–46.4%, respectively (p < 0.05, Figure 4b–d).



Compared to the control treatment, N application had a significant effect on root chemical traits (Figure 5). The root C and P contents significantly decreased by 15.3%–47.6% and 11.4%–22.5%, respectively, with increasing N doses (p < 0.05, Figure 5a,c). However, the root N content significantly increased by 13.8% and 9.1% in the MN and HN treatments, respectively (p < 0.05, Figure 5b). The root C:N significantly decreased by 10.8%−52.0% with increasing N doses (p < 0.05, Figure 5d). Additionally, in the MN and HN treatments, the root C:P significantly decreased by 11.6% and 40.5%, respectively (p < 0.05, Figure 5e), while the root N:P significantly increased by 46.9% and 26.3%, respectively (p < 0.05, Figure 5f). Moreover, the N application caused a significant decrease in root biomass and the root:leaf biomass ratio by 21.5%–24.5% and 39.7%–60.3%, respectively, when compared to the control treatment (p < 0.05, Figure 3b,c).




3.3. Dose Effect of N Application on Leaf and Root Functional Traits


A principal component analysis revealed that the two first principal components (PC1 and PC2) accounted for 57.3% and 13.7% of the total variances in leaf and root functional traits, respectively (Figure 6), while significant differences in leaf and root functional traits were observed between the control treatment and the N application treatments, especially for MN and HN treatments (p < 0.001) (Figure 6, Table S2). Moreover, PC1 was significantly influenced by leaf and root C:N, C and N content, leaf N:P, leaf and root biomass, biomass ratio of leaf:root, LW, LT, SLA, LTD, SRL, SRA, and RTD (Table S1). PC2 was significantly influenced by leaf and root C:P and P content, root N:P, LL and LL:LW (Table S1). Although N application had significant effects on both PC1 and PC2 (p < 0.001) (Table S2), no dose effect of nitrogen was examined among the LN, MN, and HN treatments (Figure 6).




3.4. Correlations between the Leaf and Root Functional Traits


According to Pearson’s correlation analysis (Table 2), no significant correlation was found between RD and any leaf functional trait variables (Table 2). SRL, SRA, and RTD were positively correlated with most leaf photosynthetic traits, such as leaf biomass, LL, LW, LTD, and leaf C and P contents, but negatively correlated with SLA (Table 2). Root biomass and root C-related traits (root C content, C:N, and C:P) were positively correlated with SLA but negatively correlated with some leaf photosynthetic traits (leaf C and P contents and LW) (Table 2). Root N-related traits (root N content and N:P) were positively correlated with leaf biomass but negatively correlated with SLA (Table 2). Meanwhile, root P content showed negative relationships with leaf biomass and leaf C-related traits (leaf C content, C:N and C:P) but positive correlations with SLA and leaf N-related traits (leaf N content and N:P) (Table 2).





4. Discussion


4.1. Leaf Functional Traits Affected by N Application


Compared to the other plant organs, leaves with relatively larger contact area with surroundings are extremely sensitive to environmental changes. We found that N application has positive effects on the LL and LW of D. involucrata saplings, especially in the MN and HN treatments (Figure 1a,b). The increases in LL and LW contributed to larger leaf area, which allowed for more efficient resource captured by the leaves [38]. Similar results were also found by other N addition studies [39]. These changes resulted in increasing LL:LW in all N application treatments (Figure 1d), which effectively avoided mutual shading among leaves and enabled plants to better utilize the limited spatial resources.



SLA represents the light-capturing ability of leaves, which consists of two mutually exclusive components: the LT and LTD [40]. Our findings reveal that N application inequality increased the LT (higher) and LTD (lower) of D. involucrata saplings (Figure 1c,f). As a result, the SLA significantly decreased under N application treatments (Figure 1e), which indicated that N application promotes the accumulation of photosynthates in leaves, thus enhancing the relative growth rate of leaves. This could partially explain the significant increases in leaf biomass under N application treatments (Figure 3a). The increase in LT and decrease in SLA indicates that the leaves of D. involucrata saplings show a resource-conservative strategy for leaves in response to N application [10]. However, previous studies have reported some contrary results: that the effects of N application on SLA and corresponding parameters depend on plant species and soil moisture [18,41]. For example, N addition significantly increased SLA and leaf dry matter content (which is algebraically equivalent to LTD), while LT did not change in a grassland ecosystem [9]. Yu et al. [42] also reported that N addition increased LT (p < 0.05) and SLA (p > 0.05) when affected by soil drought. In our study, the soil water content was maintained at a relatively stable level, the growth of potted D. involucrata saplings was not limited by soil moisture, and the variations in soil moisture did not restrict the potential positive effects of N application on LT and LTD. These findings suggest that D. involucrata saplings tend to decrease SLA in response to N application through allometric increases in LT and LTD [43].



Previous studies have indicated that soil N availability typically increases leaf N content following N addition [44,45], which is contrary with our results. The inconsistency in response might be attributed to different forms of N supply [46]. Those studies utilized inorganic N forms, such as NO3−-N and NH4+-N, rather than urea, which is another organic N form commonly used in N fertilizer experiments [47] and in our current pot experiment. A meta-analysis also showed that the effects of ammonium nitrate (NH4NO3) fertilization on the leaf traits of woody species were larger than urea fertilization [45]. Our results imply that the leaf N content of D. involucrata saplings is not sensitive or even negatively responsive to urea application, indicating that urea application may restrict leaf N metabolism in pot conditions [48]. The increased leaf C content may be attributed to stimulated leaf photosynthetic rates [49], as indicated by the significant increases in LL, LW (Figure 1a,b), and accumulated leaf biomass (Figure 3a) under N application. In addition, N application may increase soil P availability, promoting leaf P absorption and further increasing leaf P content [50]. N application may also increase root phosphatase activity, thereby increasing the absorption and utilization of soil available P [51,52], leading to an increase in leaf P content. This shift in nutrient allocation results in significant changes in corresponding leaf stoichiometry, with no observable dose effect (Figure 2 and Figure 6). We observed a significant decrease in leaf N:P and significant increases in leaf C:N and C:P, with all leaf N:P < 14 (Figure 2d−f). These results further indicate that the supply of urea may strengthen leaf N limitation of D. involucrata saplings, while leaf P metabolism would profit from urea application.



Additionally, as our fertilizer experiment only lasted five months, the results of this short-term N application might differ from those of long-term N fertilization. Long-term N fertilization on common species generally increases leaf N content but decreases leaf P content and leaf N:P, leading to a shift in nutrient limitation from N limitation to P limitation or N and P co-limitation [53,54,55,56]. Therefore, more research is needed to determine leaf nutrient limitation of D. involucrata growth under future N deposition, considering long-term N application and diverse forms of N supply.




4.2. Root Functional Traits Affected by N application


Our results show consistent positive responses of the SRA and SRL of D. involucrata saplings to increasing N supply doses (Figure 4b,c), indicating that N application can increase the physiological activity and nutrient uptake rate of roots by modifying root morphological traits that are associated with nutrient foraging [57,58]. These results suggest that N application increases the absorption and competitive ability of D. involucrata saplings for soil available N and other nutrients. Therefore, D. involucrata is better equipped to grow in the face of future N deposition in its wild distribution ranges. Moreover, the RTD also significantly increased with increasing N doses. An increase in RTD indicates a longer root life span [59], and RTD is inherently linked to SRL [27,60]. The co-variations in RTD and SRL can contribute to enhancing root nutrient acquisition under N application and better adapting to N application [61,62,63]. However, RD was not affected by N application (Figure 4a), as observed in similar studies, suggesting that RD is a relatively conservative and insensitive trait to N application [17,64]. This stable RD will help to maintain a higher absorptive function of the roots while increasing SRL and SRA under N application [65]. Additionally, we found that N application significantly decreased root biomass and the ratio of root to leaf biomass (Figure 3b,c). These results suggest that D. involucrata saplings allocate less biomass to roots and more to leaves under N application conditions (Figure 3), which are in line with a recent global meta-analysis [66]. This response implies that D. involucrata saplings do not need to invest more biomass in roots under N application conditions, and increasing leaf biomass can enhance leaf photosynthetic rates and improve plant adaptation abilities to N application.



In contrast to leaf chemistry, N application tended to increase the root N content (Figure 5b), which can be attributed to N application improving the availability of soil N, which allows for more N absorption and storage in the root tissues [67]. The negative effects of N application on root P content might be due to N application promoting root P absorption, but more P was allocated to aboveground leaves, as indicated by the positive correlations between SRL and SRA and leaf P content (Table 2) [27,68], while the natural soil substrates’ P deficiency was insufficient to balance the increasing P requirements under N application, also leading to the decrease in root P content [34,69]. The decrease in root C content might be closely associated with decreasing root biomass in response to N application (Figure 3a and Figure 5a). The tight correlations between root C content and root biomass under N addition were also detected in other studies [8,70]. Although root N:P is not as accurate as leaf N:P in indicating nutrient limitation, it can also provide indicative information for root nutrient metabolism [71,72]. We found that N application significantly increased root N:P, especially for MN and HN treatments, and the mean values for root N:P in all treatments ranged from 1.60 to 2.35 (Figure 5f), which is far lower than the global root N:P (11.5) [73]. This indicates that the root growth of D. involucrata saplings is still limited by soil available N, and such a N dose (5–15 g N m−2) supply was insufficient to alleviate or relieve root N limitation [27]. Moreover, the increased root N:P suggests that P limitation of the root growth of D. involucrata saplings might occur or even be aggravated under N application [8]. Collectively, based on the responses of root morphology and chemistry, the roots of D. involucrata saplings showed a resource-acquisitive strategy in response to N application.



Overall, our findings do not support the hypothesis that MN application would be more beneficial for the leaf and root adaptation traits of D. involucrata saplings than LN and HN applications. Despite the observed differences in leaf and root functional traits among N applications, we did not detect a clear dose effect of N supply (Figure 6). An N supply of 5~15 g N m−2 may not exceed the N tolerance threshold, indicating that D. involucrata saplings can tolerate this level of N application and can even benefit from it [74]. These results suggest that increased N deposition in the future may stimulate the growth of D. involucrata and facilitate the recovery and expansion of its populations within its natural habitats.




4.3. Correlations between Leaf and Root Functional Traits Affected by N Application


There have been few studies examining the relationship between leaf and root functional traits in response to N application [75]. To date, it remains unclear whether plants adopt similar strategies in their leaves and roots under N deposition [10]. In our study, we found that RD, the only measured root functional trait, was not strongly correlated with any leaf functional trait (Figure 6 and Table 2), further indicating that RD is conservative and insensitive to N application, while SRL, SRA, and RTD were positively correlated with most of the leaf photosynthetic traits, such as leaf biomass, LL, LW, LTD, and leaf C and P contents. This suggests that the leaves and roots of D. involucrata saplings are highly synergistic in resource utilization. However, negative correlations between these root morphological traits and SLA suggest that nutrient acquisition in leaves and roots is relatively independent [75]. Root biomass mainly derives from aboveground leaf photosynthates. Decreased root biomass may be related to a decrease in SLA under N application, which causes a higher allocation proportion of photosynthates to leaves [76]. Thus, there is a positive correlation between root biomass and SLA, but a negative correlation with leaf photosynthetic traits, such as leaf C and P contents, as well as LW (Table 2). Similar correlations were also observed between the root C-related traits (root C content, root C:N and C:P) and leaf photosynthetic traits (Table 2). However, the root N-related traits (root N content and root N:P) were positively correlated with leaf biomass but negatively correlated with SLA (Table 2). This indicates that increased root N content combined with larger SRA and SRL can sustain root nutrient foraging ability and further favor higher leaf photosynthesis, resulting in larger leaf biomass (Figure 3b) and lower SLA (Figure 2e) under N application. Root P content showed negative correlations with leaf biomass and leaf C-related traits (leaf C content, leaf C:N, and C:P), but positive correlations with SLA and leaf N-related traits (leaf N content and leaf N:P) (Table 2). This may be related to the enhanced P limitation of roots under N application. Decreased root P content may restrict leaf biomass and leaf C-related traits, which may be closely related to decreases in SLA and leaf N-related traits. In addition, we found no obvious correlation between the paired leaf and root chemical traits, except for a negative correlation between leaf and root C contents. This suggests that leaf and root chemistry and stoichiometry are not coordinated in response to N application [77].



Numerous studies have shown that changes in soil nutrient availability caused by N deposition are closely related to variations in plant functional traits [27,55]. However, in this study, we did not examine the effects of N application on soil available nutrients during the pot experiment period. As a result, we could not explore the correlations among the leaf and root functional traits of D. involucrata saplings and soil available nutrients. Although we tried to avoid the impacts of changes in soil available nutrients on potted D. involucrata sapling growth by cultivating them using uniform soil substrates collected from a broadleaved forest floor where the wild D. involucrata populations grew, a supplementary understanding of how variations in soil available nutrients affect leaf and root functional traits can help us understand the adaptation strategies of D. involucrata populations and better conserve them under increasing N deposition.





5. Conclusions


N application had a significant impact on the leaf and root functional traits of D. involucrata saplings and their interrelationships, resulting in a resource-conserving strategy for leaves and a nutrient-acquisitive strategy for roots. Specifically, we observed that N application led to a decrease in SLA and an increase in LL, LW, LT, LTD, and leaf biomass, while SRL, SRA, and RTD increased with increasing N doses and were positively correlated with most of the leaf photosynthetic traits, except RD, which had a more conservative response to N application. However, leaf and root chemical traits had contrasting responses to N application, which suggests that the doses of N applied (5~15 g N m−2) could not alleviate or relieve N limitation, but instead worsened P limitation of D. involucrata sapling growth. These results indicate that future N deposition could promote the growth of D. involucrata saplings to some extent, while additional practices such as simultaneous P fertilizer application would be helpful for better conservation of D. involucrata and facilitating population recovery in its wild distribution ranges.
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Figure 1. Effects of N application on leaf morphological traits of D. involucrata saplings. (a) LL: leaf length; (b) LW: leaf width; (c) LT: leaf thickness; (d) LL:LW: ratio of leaf length:leaf width; (e) SLA: specific leaf area; (f) LTD: leaf tissue density. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. Different lowercase letters indicate the significant differences between the different N application treatments (p < 0.05). Values are presented as means ± SD (n = 5). 
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Figure 2. Effects of N application on leaf chemical traits of D. involucrata saplings. (a) Leaf C content; (b) leaf N content; (c) leaf P content; (d) leaf C:N; (e) leaf C:P; (f) leaf N:P. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. Different lowercase letters indicate the significant differences between the different N application treatments (p < 0.05). Values are presented as means ± SD (n = 5). 
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Figure 3. Effects of N application on leaf (a) and root (b) biomass and biomass ratio of root:leaf (c) of D. involucrata saplings. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. Different lowercase letters indicate the significant differences between the different N application treatments (p < 0.05). Values are the means ± SD (n = 5). 
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Figure 4. Effects of N application on root morphological traits of D. involucrata saplings. (a) RD: root diameter; (b) SRA: specific root surface area; (c) SRL: specific root length; (d) RTD: root tissue density. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. Different lowercase letters indicate significant differences between the different N application treatments (p < 0.05). Values are the means ± SD (n = 5). 
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Figure 5. Effects of N application on root chemical traits of D. involucrata saplings. (a) Root C content; (b) root N content; (c) root P content; (d) root C:N; (e) root C:P; (f) root N:P. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. Different lowercase letters indicate the significant differences between the different N application treatments (p < 0.05). Values are the means ± SD (n = 5). 
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Figure 6. Score plot of principal component analysis for the effects of N application on leaf and root functional traits of D. involucrata saplings. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. LL: leaf length; LW, leaf width; LT: leaf thickness; LL:LW: ratio of leaf length:leaf width; SLA: specific leaf area; LTD: leaf tissue density; RD: root diameter; SRA: specific root surface area; SRL: specific root length; RTD: root tissue density. The blue vectors and fonts refer to leaf functional traits; the red vectors and fonts refer to root functional traits. The arrows represent loadings. 






Figure 6. Score plot of principal component analysis for the effects of N application on leaf and root functional traits of D. involucrata saplings. CK: control, 0 g N m−2; LN: low N application, 5 g N m−2; MN: medium N application, 10 g N m−2; HN: high N application, 15 g N m−2. LL: leaf length; LW, leaf width; LT: leaf thickness; LL:LW: ratio of leaf length:leaf width; SLA: specific leaf area; LTD: leaf tissue density; RD: root diameter; SRA: specific root surface area; SRL: specific root length; RTD: root tissue density. The blue vectors and fonts refer to leaf functional traits; the red vectors and fonts refer to root functional traits. The arrows represent loadings.
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Table 1. The leaf and root morphological and chemical traits and their abbreviations.






Table 1. The leaf and root morphological and chemical traits and their abbreviations.





	
Leaf Functional Traits

	
Root Functional Traits






	
LL

	
Leaf length (mm)

	
RD

	
Root diameter (mm)




	
LW

	
Leaf width (mm)

	
SRA

	
Specific root surface area (cm2 g−1)




	
LT

	
Leaf thickness (mm)

	
SRL

	
Specific root length (cm g−1)




	
LL:LW

	
Ratio of leaf length: leaf width

	
RTD

	
Root tissue density (g cm−3)




	
SLA

	
Specific leaf area (cm2 g−1)

	
Root C content

	
Root carbon content (g kg−1)




	
LTD

	
Leaf tissue density (mg mm−3)

	
Root N content

	
Root nitrogen content (g kg−1)




	
Leaf C content

	
Leaf carbon content (g kg−1)

	
Root P content

	
Root phosphorus content (g kg−1)




	
Leaf N content

	
Leaf nitrogen content (g kg−1)

	
Root C:N

	
Ratio of root carbon:nitrogen




	
Leaf P content

	
Leaf phosphorus content (g kg−1)

	
Root C:P

	
Ratio of root carbon:phosphorus




	
Leaf C:N

	
Ratio of leaf carbon:nitrogen

	
Root N:P

	
Ratio of root nitrogen:phosphorus




	
Leaf C:P

	
Ratio of leaf carbon:phosphorus

	

	




	
Leaf N:P

	
Ratio of leaf nitrogen:phosphorus

	

	











 





Table 2. Pearson’s correlation coefficients for the relationships between the leaf and root functional traits.
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	Plant Functional Traits
	Root Biomas
	RD
	SRA
	SRL
	RTD
	Root C Content
	Root N Content
	Root P Content
	Root C:N
	Root C:P
	Root N:P





	Leaf biomass
	−0.414
	−0.059
	0.533 *
	0.458 *
	0.672 **
	−0.829 **
	0.599 **
	−0.707 **
	−0.843 **
	−0.580 **
	0.728 **



	LL
	−0.383
	−0.156
	0.506 *
	0.846 **
	0.662 **
	−0.896 **
	0.380
	−0.330
	−0.829 **
	−0.878 **
	0.351



	LW
	−0.507 *
	−0.016
	0.553 *
	0.529 *
	0.458 *
	−0.804 **
	0.758 **
	−0.731 **
	−0.870 **
	−0.535 *
	0.829 **



	LT
	−0.360
	0.089
	0.398
	0.675 **
	0.624 **
	−0.867 **
	0.544 *
	−0.342
	−0.860 **
	−0.823 **
	0.460 *



	LL:LW
	0.143
	−0.136
	−0.078
	0.243
	0.230
	0.003
	−0.529 *
	0.506 *
	0.167
	−0.292
	−0.618 **



	SLA
	0.452 *
	0.115
	−0.517 *
	−0.691 **
	−0.720 **
	0.800 **
	−0.487 *
	0.751 **
	0.785 **
	0.512 *
	−0.688 **



	LTD
	−0.424
	−0.313
	0.575 **
	0.661 **
	0