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Nitrogen (N) deposition tends to accompany precipitation in temperate forests, and vegetation productivity is mostly controlled by water and N availability. Many studies showed that tree species response to precipitation or N deposition alone influences, while the N deposition and precipitation interactive effects on the traits of tree physiology, especially in non-structural carbohydrates (NSCs) and long-term water use efficiency (WUE), are still unclear. In this study, we measured carbon stable isotope (δ13C), total soluble sugar and starch content, total phenols, and other physiological traits (e.g., leaf C:N:P stoichiometry, lignin, and cellulose content) of two dominant tree species (Quercus variabilis Blume and Liquidambar formosana Hance) under canopy-simulated N deposition and precipitation addition to analyze the changes of long-term WUE and NSC contents and to explain the response strategies of dominant trees to abiotic environmental changes. This study showed that N deposition decreased the root NSC concentrations of L. formosana and the leaf lignin content of Q. variabilis. The increased precipitation showed a negative effect on specific leaf area (SLA) and a positive effect on leaf WUE of Q. variabilis, while it increased the leaf C and N content and decreased the leaf cellulose content of L. formosana. The nitrogen–water interaction reduced the leaf lignin and total phenol content of Q. variabilis and decreased the leaf total phenol content of L. formosana, but it increased the leaf C and N content of L. formosana. Moreover, the response of L. formosana to the nitrogen–water interaction was greater than that of Q. variabilis, highlighting the differences between the two dominant tree species. The results showed that N deposition and precipitation obviously affected the tree growth strategies by affecting the NSC contents and long-term WUE. Canopy-simulated N deposition and precipitation provide a new insight into the effect of the nitrogen–water interaction on tree growth traits in a temperate forest ecosystem, enabling a better prediction of the response of dominant tree species to global change.
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Introduction

Atmospheric nitrogen (N) deposition, an important threat to plant biodiversity, is mainly derived from natural processes and anthropogenic activities (Sala et al., 2000; Payne et al., 2017). Galloway (2004) predicted that, by 2050, global N deposition would double that of the early 1990s (Galloway et al., 2004). A modest rate of N deposition boosts forest abundance and foliar growth (Mao et al., 2018). However, excessive N deposition can lessen the diversity of plant species (Stevens, 2004; Schrijver et al., 2011; Payne et al., 2017), threaten plant growth (Galloway et al., 2008; Mao et al., 2018), weaken plant resistance (Bobbink et al., 2010), and even change the community structure of forests (Song et al., 2017). Additionally, temperate forests are regarded as N-limited, and N deposition affects the carbon (C): N: phosphorus (P) balance of forest vegetation and the C cycle process (Thomas et al., 2010). Generally, N deposition and precipitation occur simultaneously under natural conditions (Jia et al., 2014). Thus, the research of N-precipitation interaction is more accord with natural status. Precipitation affects the changes in belowground and aboveground communities, and its intensity is a critical factor in habitat alteration—for example, increasing water can increase vegetation production (Fu et al., 2018) and decrease the conductance of leaves (Sellin et al., 2019).

The long-term water use efficiency (WUE), which can be regarded as a comprehensive index of plant growth suitability under water stress, is generally expressed by the ratio of photosynthesis and stomatal conductance (Eamus, 1991; Jennings et al., 2016). Previous studies have shown that WUE is related to average precipitation, the length of plant growing seasons, and the specific leaf area (SLA) (Wright et al., 1994; Xiao et al., 2013; Easlon et al., 2014). N application can promote plant WUE (Martin et al., 2010; Zhang et al., 2018; Hu et al., 2019). The impact of rainfall on WUE is complex, and there are differences in WUE among various plant species (Xiao et al., 2013). Some studies have shown that WUE increases with water deficit (Ying et al., 2015) and decreases with increasing precipitation (Niu et al., 2011; Huang et al., 2017). Moreover, the WUE has been used to describe the coupling relationship between vegetation productivity and carbon supply and water consumption, which is an important part of the coupling cycles of carbon–nitrogen–water (Felzer et al., 2011; Yu et al., 2014).

Non-structural carbohydrates (NSCs) are crucial substrates for plants’ growth and metabolism, which consist of total soluble sugar and starch, and both are from photosynthesis (Hartmann and Trumbore, 2016; Hao et al., 2021). They participate in many important metabolic processes (e.g., photosynthesis and respiration), while non-metabolic processes include osmotic regulation, vascular transport, and cold tolerance (Sala et al., 2012; Dietze et al., 2014). Plant carbon dynamics can be inferred via quantifying the changes in NSC concentrations (Mitchell et al., 2013). When plant carbon demand exceeds supply, the starch in plant organs decomposes into soluble sugars, providing energy for and maintaining the growth of plants (Dietze et al., 2014; Hartmann and Trumbore, 2016). When carbon supply is over demand, more NSCs are stored for later use (Hoch et al., 2003; Würth et al., 2005; Smith and Stitt, 2007). Soluble sugars are indispensable for the metabolism, osmotic regulation, and energy conversion of plants. The soluble sugar content would increase for osmotic regulation to relieve stress under external stress (Dietze et al., 2014; Hao et al., 2021). Starch is an effective and relatively stable storage molecule that not only provides energy and sugar but also promotes plant growth (Dietze et al., 2014; Schiestl-Aalto et al., 2019). The NSC concentration reflects the adaptability of plants to a changeable environment (Hoch et al., 2003; Mo et al., 2020). When the NSC content is depleted, plants would face death (Hartmann and Trumbore, 2016; Santos et al., 2021). When the external environment changes, such as N deposition and increasing precipitation, the content of NSCs would change (Li et al., 2018; Du et al., 2020). N application reduces the soluble sugar concentration in leaves and roots (Wang et al., 2019) and decreases the starch and NSC concentrations in roots under high N deposition (Li et al., 2018).

WUE reflects the carbon–water relationship (i.e., photosynthesis and respiration), and NSCs reflect the balance between carbon demand and carbon supply (Smith and Stitt, 2007). The carbon stable isotope (δ13C) is the most common method for determining the long-term WUE (Farquhar and Richards, 1984; Farquhar et al., 1989; Livingston et al., 1999; Saurer et al., 2004; Easlon et al., 2014; Wang et al., 2018). The amount of C, N, and P in leaves represents the amount of nutrients that were accessible to plants and had a significant effect on plant growth (Li et al., 2008). The stoichiometric ratios of C, N, and P reflect the interaction between plants and the environment (Gruber and Galloway, 2008), which are important ways to know the reason of change of NSCs and WUE. In addition, N and P contents were the main limiting factors for plant growth, which not only affected species richness but also influenced biochemical cycles. Moreover, leaf NSC variables and C:N:P stoichiometric variables exhibit a substantial association (Xie et al., 2018). NSCs are the product of photosynthesis, and WUE is the ratio of photosynthetic rate to stomatal conductance, both of which reflect plant photosynthetic capacity. Although there have been many studies on the response of NSCs and WUE to external environmental disturbances, relatively few studies have been conducted on how NSCs and WUE respond to canopy N–water interaction.

The traditional method is mainly to add N directly to the understory, but this ignores the N interception effect of the forest canopy (Tian et al., 2019; Tang et al., 2020). In this experiment, we selected two dominant tree species in a temperate forest to conduct multi-year canopy N addition and precipitation enhancement, and we determined the effect of N and water addition on NSCs and leaf long-term WUE in the dominant tree species in the growing season. We hypothesized that (1) increasing the precipitation and N addition alone would decrease the leaf WUE (1-year period) of Q. variabilis and L. formosana, and the N–water interaction would have no significant effect on leaf WUE; (2) N addition has different effects on leaf NSCs and root NSCs of the same tree species; and (3) increasing the precipitation could alleviate the effects of N deposition on leaf WUE and NSCs.



Materials and methods


Study site

This study was conducted at the Henan Dabieshan National Field Observation and Research Station of Forest Ecosystem (31°51′ N, 114°05′ E), which is a natural, deciduous, and broad-leaved mixed forest in Henan Province, China. The field station was located in the transitional zone between the subtropical and warm–temperate climates. The mean annual temperature is 15.2°C, and the mean annual precipitation is 1,119 mm; the background rate of N deposition in atmospheric precipitation is approximately 19.6 kg N ha-1 year-1 in this region (monitoring data from August 2010 to July 2011). Quercus variabilis Blume and Liquidambar formosana Hance are the dominant tree species of the forest ecosystem. The forest is about 45 years old and has yellow–brown loam soil (Zhang et al., 2015).



Experimental design

The setting of the experimental platform comprehensively considered all factors (e.g., vegetation and slope). We chose two dominant tree species in this forest: Q. variabilis and L. formosana. Both of them are dominant tree species in the temperate forest ecosystem and grow up to 30 m tall. Q. variabilis is shade tolerant with well-developed root systems, and L. formosana is modestly shade tolerant and drought resistant. This experiment was designed using random distribution within four blocks, and each block was set randomly with four different treatments, namely: (1) control treatment (CK, ambient environment and without N addition), (2) canopy N addition with 50 kg N ha-1 year-1 (CN), (3) canopy water addition with increasing 30% greater than local mean annual precipitation (CW), and (4) interaction of canopy N application (50 kg N ha-1 year-1) and water addition (30% of local annual precipitation) (CWN). The control (CK) plots were squares with a side length of 30 m, and the total area of each plot was about 900 m2. The canopy treatments (CN, CW, and CWN) were circular plots with a diameter of 34 m, and the total area of each plot was about 907 m2. A triangular iron tower with a height of 35 m was built in the center of each circular quadrat, about 5 m above the forest canopy, and a set of rocker nozzles was installed on top of the tower to drive the rocker nozzles to rotate 360° to ensure the uniformity and accuracy of spraying and accessibility (Zhang et al., 2015; Zhao et al., 2020; Supplementary Figure S1). The experiment began in April 2013, and the CN treatment was administered monthly from May to mid-October and repeated annually. The CW treatment was performed weekly at the same time. In August 2018, we randomly selected six healthy and sunny leaves of each dominant tree species from all treatments. Fine root samples (diameter <2 mm) of the two dominant tree species (Q. variabilis and L. formosana) in all plots were collected from branch roots and washed with purified water. The leaf and root samples were placed in labeled paper bags, dried in the oven at 70°C for 48 h, and analyzed in the laboratory. The basic soil properties of these four locations are shown in Supplementary Table S1.



Long-term water use efficiency analysis

δ13C was determined in the sample leaves collected from each treatment, and the samples were placed in an oven (70°C for 48 h) and ground into powder with a ball mill. The δ13C analysis was performed using 5 mg of sample leaves, which were burned in an elemental analyzer (Vario EL, Elementar, Hanau, Germany) and analyzed using an isotope ratio mass spectrometer (Finnigan Mat, typr Deltas). The relationship between carbon isotopic composition and WUE was determined using the equations in the following discussion.

Following Farquhar et al. (1989), the discrimination of isotopic composition was defined as:



where δ13Ca represents the isotopic composition of atmospheric CO2, δ13Cp is the CO2 isotope value of plant leaves, and discrimination expresses the discrepancy between the δ13C values of atmospheric CO2 and plants to some extent. Farquhar et al. (1989) illustrated the relationship between △ and Cp/Ca as follows:



where Cp/Ca is the ratio of intercellular to environment CO2 concentrations, a (=4.4‰) represents fractionation due to air diffusion, and b (=27‰) is net fractionation due to carboxylation. Equation (2) can be converted into equation (3) as follows:



W: WUE, the ratio of net photosynthesis A to stomatal conductance for water vapor gs, was used following Saurer et al. (2004):



where 1.6 is the ratio of the CO2 and water vapor diffusivity in the air. Equations (2) and (4) were combined to obtain the relationship between WUE, W, and isotopic discrimination, △:



The relevant items were determined according to this formula, and WUE was calculated using the carbon isotopic composition.



Determination of non-structural carbohydrate content in leaves and roots

NSC content was determined using the colorimetrical phenol−sulphuric acid method (Yemm and Willis, 1954; Dubois et al., 1956). In the study, the sum of total soluble sugar and starch was regarded as the total amount of NSCs. Briefly, the total soluble sugar content was determined by weighing 50 mg of dry fine power into centrifuge tubes, which was added with 5 ml of 80% ethanol, incubated in a water bath at 80°C for 30 min, and then centrifuged at 7,000 g for 5 min. The supernatants were transferred to centrifuge tubes. This procedure was repeated twice, and the supernatants were pooled together; then, colorimetric analysis was performed for measuring the soluble sugar. The residue was used for measuring the starch content. The solid residues left in tubes after total soluble sugar extraction were oven-dried at 80°C (24 h). Then, 2 ml water was added, and the samples were boiled in boiling water for 15 min. Subsequently, 2 ml of 9.2 M perchloric acid was added, and supernatants were collected after centrifuging at 7,000 g for 10 min. Then, the solution was used to measure the starch content.



Determination of C, N, and P content in leaves

A mesh with a pore size of 250 µm was used to crush the dried biomass of samples into fine powder. The dry powdered sample (0.5 g) was used to determine the C, N, and P content using fast dichromate oxidation, an elemental analyzer (Vario EL, Elementar, Hanau, Germany), and induced plasma emission spectroscopy (Hötscher and Hay, 1997), respectively. To calculate the C:N:P stoichiometry relationship, the elemental leaf C/N ratio and N/P ratio were calculated.



Determination of total phenols, lignin, and cellulose content in leaves

The total phenol content in the leaves was determined using the Folin–Ciocalteu reagent method as described by Khokhar and Magnusdottir, 2002 and Gundale et al. (2010), as the Folin-Ciocalteu reagent reacts with total phenol to produce a blue color that represents the total phenol content and can be determined spectrophotometrically. The leaf lignin and cellulose contents were measured according to the National Renewable Energy Experimental Procedures using two-step acid hydrolysis methods (Sluiter et al., 2008; Hou et al., 2020). A Muffle furnace (Neytech3-550; Lab-Pro Inc., Sunnyvale, CA, USA) and UV–vis spectroscopy TU-1901 (Purkinje General Instruments Ltd., Beijing, China) were used after the separation of leaf lignin into soluble and insoluble acids. Leaf cellulose was quantified using high-performance liquid chromatography Agilent-1260 (Agilent Technologies, Santa Clara, CA, USA).



Determination of specific leaf area

The SLA was determined by dividing the single-sided area of a single leaf by its dry weight using the leaf area analysis system to read the single-sided area of each leaf. The dry weight of a single leaf was measured after being placed in a drying box at 70°C for 48 h (Ramalho et al., 2013).



Determination of chlorophyll a and b content

The chlorophyll content was measured using spectrophotometry (Wang et al., 2015), following the protocol of Lichtenthaler (1987). Each sample (0.5 g) was extracted and ground into slurry, and 80% (v/v) acetone solution was used to extract the chlorophyll. Absorbance was measured using a spectrometer (Unicam UV-330, Unicam, Cambridge, UK) at a certain wavelength (Chl a at 663 nm and Chl b at 646 nm).



Data analyses

We used control variables and comparison methods to conduct experimental processing and conducted the model analysis to verify the hypotheses. The three-way analyses of variance (ANOVA) were used to evaluate the effects of species, N addition, and water addition on physiological properties. One-way ANOVA with the least significant difference (P< 0.05) was used to analyze the differences among CK, N addition, water addition, and N–water interaction treatments on the concentration of NSCs in leaves and roots, C:N:P stoichiometry, δ13C, and other indices. A correlation analysis was used to analyze the relationship between WUE and NSCs of Q. variabilis and L. formosana. Principal component analysis (PCA) of the two dominant trees’ physiological traits was used to show the most discriminatory changes under canopy N and water addition. Data analysis was performed in SPSS 26.0 (SPSS Inc., Chicago, IL, USA) and Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA).




Results


Changes in leaf C:N:P stoichiometry under N and water additions

C:N:P stoichiometry in leaves was affected by the treatments and species (Table 1). Leaf C, N, and P content and their stoichiometry showed no significant change across the treatments in Q. variabilis. For L. formosana, canopy N addition (CN) increased the leaf C/N ratio. The leaf C and N content of L. formosana was significantly increased, but the leaf C/N ratio was decreased under canopy water addition (CW) and water–nitrogen interaction (CWN) treatments. There was no difference in leaf P content and C/P ratio between the two species under CK treatment however, which showed an opposite trend between Q. variabilis and L. formosana under the treatments. The responses of leaf C, N, and P to N addition and rainfall enhancement were different, and the differences in leaf C:N:P stoichiometry of the two tree species showed different strategies of resource utilization.


Table 1 | Changes in leaf C, N, and P content and C:N:P stoichiometry of Q. variabilis and L. formosana under canopy N application and water addition conditions.





Changes in long-term WUE under N and water additions

The response trends of the WUE of the tree species to N and water addition were consistent (Figure 1). CN significantly decreased the WUE and δ13C of L. formosana and reduced the WUE of Q. variabilis. The WUE and δ13C of Q. variabilis significantly increased in CW (Figures 1A, B). Compared with L. formosana, the WUE of Q. variabilis was more impressionable under CW condition. The WUE of the two trees showed no obvious differences under CWN (Figure 1A).




Figure 1 | Response of long-term water use efficiency (A) and stable isotope carbon (B) of two tree species under canopy N and water additions. Values are means ± SE (n=4). Different letters indicate that the differences in means among the treatments are significant (P < 0.05).





Changes in non-structural carbohydrates under N and water additions

The leaf NSCs of tree species had no change among the four treatments but showed differences between leaf and root responses to all treatments. CN had a significantly negative effect on the root NSCs, starch, and total sugar of L. formosana (Figures 2B, D, F). The leaf NSCs, starch, total sugar, and root NSCs of the two tree species were not significantly affected by CW and CWN (Figures 2 A, C, E, F). Compared with CK, the leaf and root starch content decreased in CW for Q. variabilis. The root starch and total sugar contents of L. formosana were lower in CN, CW, and CWN treatments than in CK (Figure 2). N application and increased rainfall affected the total sugar and starch in the leaves and roots, but the total NSCs remained relatively stable.




Figure 2 | Changes in leaf and root starch (A, B), leaf and root total soluble sugar (C, D), leaf and root NSCs (E, F) concentration of two tree species under canopy N and water additions. Values are means ± SE (n=4). Different letters indicate that the differences in means among the treatments are significant (P < 0.05).





Changes in leaf chlorophyll a and b under N and water additions

The N and water interaction obviously affected the leaf chlorophyll a and b of Q. variabilis and L. formosana (Figures 3A–D). CN did not affect the leaf total chlorophyll (Chl a + b) content of the two trees species, but CW decreased the leaf total chlorophyll content of Q. variabilis (Figure 3D). In contrast to CK, the leaf total chlorophyll content of the two tree species was higher under CWN treatment. CWN had the greatest leaf total chlorophyll content than that in CK, CN, and CW treatments, and the total chlorophyll content of Q. variabilis was higher than that of L. formosana (Figure 3D). The leaf chlorophyll b content of the trees was lower than that of chlorophyll a in all treatments (Figures 3A, B).




Figure 3 | Effects of leaf chlorophyll a (A), chlorophyll a/b (B), chlorophyll b (C), and total chlorophyll (D) of two tree species under canopy N and water additions. Values are means ± SE (n=4). Different letters indicate that the differences in means among the treatments are significant (P < 0.05).





Changes in specific leaf area and total phenol, lignin, and cellulose content

The SLA of the two tree species was lower under CW than that of CK treatments, and CW significantly decreased the SLA of Q. variabilis (Figure 4A). CN and CWN significantly reduced the leaf lignin content of Q. variabilis. The leaf lignin content of L. formosana differed between CW and CWN (Figure 4B). CW obviously decreased the leaf cellulose of L. formosana, and the leaf cellulose content of the two trees was lower in CW treatment than in CWN (Figure 4C). The leaf total phenol content was significantly decreased under CWN compared with CK treatment (Figure 4D). The leaf lignin and cellulose contents of L. formosana were higher than those of Q. variabilis, while the total phenol content of leaves was lower than that of Q. variabilis. The interactive effects of nitrogen and water additions significantly affected specific leaf area, total phenols, lignin, and cellulose contents (Table 2).


Table 2 | Effects of species, nitrogen, water, and their interactions on non-structural carbohydrates, water use efficiency, and other physiological properties using three-way ANOVA.






Figure 4 | Effects of specific leaf area (A), lignin (B), cellulose (C), and total phenol content (D) of two tree species under canopy N and water additions. Values are means ± SE (n = 4). Different letters indicate that the differences in means among the treatments are significant (P< 0.05).





Principal component analysis

The PCA showed the relationship between leaf physiological traits and the adaptability of trees to changes in N and water addition in Q. variabilis and L. formosana. Each treatment of both Q. variabilis and L. formosana was scattered (Figure 5), and the PCA for the two tree species alone is shown in the appendix (Supplementary Figures S2, S3). The PCA model with two components explained 45.31% of the observed total variance. PC1 was strongly influenced by leaf total soluble sugar, starch, NSCs, leaf C and N content, chlorophyll a, C/N ratio, root NSCs, starch, and total soluble sugar. PC2 was strongly influenced by leaf P content, C/P and N/P ratios, δ13C, lignin, total phenol, SLA, cellulose, and chlorophyll b (Figure 5). In addition, leaf N content showed a positive correlation with NSCs in leaves and roots and leaf WUE, whereas negative correlations were observed with the C/N ratio, SLA, lignin, and cellulose content.




Figure 5 | Principal component analysis based on the physiological traits of both Q. variabilis and L. formosana under canopy N and water additions. CK, control group; CN, canopy N addition; CW, canopy water addition; CWN, canopy N and water interaction; white circle, CK with Q. variabilis; white inverse triangle, CN with Q. variabilis; white diamond, CW with Q. variabilis; white square, CWN with Q. variabilis; black circle, CK with L. formosana; black inverse triangle, CN with L. formosana; black diamond, CW with L. formosana; black square, CWN with L. formosana; Chl a, chlorophyll a; Chl b, chlorophyll b; SLA, specific leaf area; NSCs, non-structural carbohydrates.






Discussion


Long-term water use efficiency response to N and water additions

WUE is an indicator closely related to plant growth under water deficit conditions (Monclus et al., 2006), and water stress increases the WUE of plants (Rahimi et al., 2013; Liu et al., 2015; Yang et al., 2016; Wang et al., 2018). In general, enhanced precipitation increases ambient humidity (Fu et al., 2018) and reduces the WUE (Niu et al., 2011). In this study, increasing precipitation elevated the WUE of Q. variabilis, while it did not have a significant effect on L. formosana, indicating that different tree species have different water use strategies under precipitation change. An increase in WUE may be related to a drop in SLA or total chlorophyll under increased precipitation. The SLA reflects the ability of the leaf to intercept light, and WUE is negatively correlated with SLA (Wright et al., 1994). In addition, the response of WUE to precipitation is primarily controlled by carbon rather than hydraulic processes (Niu et al., 2011). N is an important component involved in photosynthesis and chlorophyll synthase (Savitch et al., 2002), and the increased content of leaf N implies the enhancement of photosynthesis (Bauer et al., 2004). In this study, canopy N deposition decreased the WUE of the two dominant tree species, and N deposition and increased precipitation had no significant effect on WUE, which was partly consistent with the first and third hypotheses. This suggested that increasing precipitation and N deposition can affect the response of WUE. In the results, N deposition or increasing precipitation had no obvious effect on leaf N content, and there was also no direct association between leaf N and WUE, which suggested that WUE was driven more by abiotic environmental changes than by plant nutrients (Wang et al., 2016).

In addition, the interception of N deposition by the canopy leaves and stems can cause more canopy N accumulation and reduce the N input in soil. N trapped by the canopy is retained or assimilated through the leaf and bark surface (Gaige et al., 2007). Studies have shown that the retention N rate of the plant canopy is 44% at the same N concentration (Liu et al., 2020), and an excessively high N supply reduces a plant’s photosynthetic capacity, which may reduce the plant WUE (Bauer et al., 2004; Rahimi et al., 2013). Previous research has verified that canopy N addition does not affect the carbon assimilation rate of L. formosana and Q. variabilis (Hu et al., 2021). Moreover, different N forms are absorbed differently by tree leaves with various N uptake strategies—for example, deciduous trees absorbed more ammonium N content than nitrate N in the winter (Ma et al., 2021). In this study, we found that N deposition significantly reduced the soil pH, which affected the soil chemical properties and soil microbes, and reduced the leaf WUE. However, soil pH value had no obvious change under N and water interaction (Supplementary Table S1). Shi et al. (2018) indicated that increased precipitation exacerbated the effect of N deposition. The inconsistency with previous studies could be due to differences in latitude region, studied species, and local climate feature.



Non-structural carbohydrate response to N and water additions

In this study, leaf NSCs, starch, and total soluble sugar concentrations showed less variation with treatments (Figure 2), which was consistent with the findings of other studies (Li et al., 2018; Mo et al., 2020; Tang et al., 2020). Previous studies have implied that the N and P levels in leaves can influence the production of NSCs (Xie et al., 2018). Interestingly, only the N addition treatment had an obviously negative effect on the starch, total soluble sugar, and NSC content of the roots of L. formosana, which suggested that the response of tree root NSCs to N application was related to tree species (Li et al., 2018). Moreover, the leaf starch of Q. variabilis had a negative relationship with the leaf WUE. On the contrary, the leaf total sugar of L. formosana was positively related with leaf WUE (Table 3). Previous research has shown that fine-root non-structural carbohydrates decrease with increasing N application (Zhu et al., 2021). When plants were under stress, the starch content decreased and total soluble sugar content increased to maintain osmotic changes (Dietze et al., 2014; Hartmann and Trumbore, 2016). In the present study, both root starch and total soluble sugar content decreased. This indicates that plants consume NSC content to promote plant growth based on increased leaf C/N and root respiration, as NSCs have a connection to the respiration of fine roots and can supply energy for the emergence of new roots and nutrient uptake (Zhu et al., 2021). Huttunen et al. (2013) showed that N fertilization reduced the leaf and root NSC concentrations. A meta-analysis showed that N fertilization significantly reduced the total root NSCs but did not affect the leaf NSC content (Mo et al., 2020), revealing that plants distribute large amounts of carbon to organs with the most limited resources (Poorter et al., 2012). Plants allocate more carbon to grow aboveground than belowground, which is driven by carbon allocation patterns when the nutrients are sufficient (Liu and Greaver, 2010; Li et al., 2018). In addition, the decrease in root NSCs may be due to the competition for nutrients between the roots and the microorganisms, as nitrogen fertilization increases soil microbial carbon and soil organic matter (Shi et al., 2018). CWN did not obviously affect the leaf and root NSCs in our study. This suggests that, by altering the retention and absorption of N and water, canopy processes have an impact on the effects of simultaneous N deposition and enhanced precipitation on NSCs.


Table 3 | Correlation coefficients of long-term WUE and NSC values for Q. variabilis and L. formosana.



Furthermore, the effect of N addition on tree species NSCs in trees might be related to changes in the content of defense structures (Koricheva et al., 1998; De Long et al., 2015). In this study, N deposition reduced the leaf lignin content of Q. variabilis, which would be linked to the higher allocation of C to plant growth rather than structural carbohydrates. N addition reduces the total phenol content in plants, thus affecting plant growth (Lu et al., 2008). CWN did not affect the leaf and root NSCs in our study (Figure 4). This suggests that, by altering the retention and absorption of N and water, canopy processes have an impact on the effects of simultaneous N deposition and enhanced precipitation on NSCs. In this study, CWN decreased the total phenol content of the two tree species (Figure 4D). The leaf N/P ratio of Q. variabilis was above 16 under N application and increased precipitation, which indicates P-limited biomass. Then, N and water interaction affected tree defense by changing the leaf nutrient limit, as reduced plant nutrient limitation leads to a lower C allocation to secondary metabolite production (Bryant et al., 1983). Factors such as tree taxonomic type, leaf habit, and tree ages can affect plant responses to the driver of external factors (Ramírez-Briones et al., 2017; Mo et al., 2020; Tixier et al., 2020). Moreover, the root NSCs of the two dominant tree species had no significant change under CWN treatment, indicating that increasing precipitation can alleviate the effect of N addition on root NSCs. This finding supported our hypotheses, which stated that N addition decreases the root NSC concentration of tree species, while increased precipitation mitigates the effect of N deposition. The physiological characteristics of the two dominant tree species had different responses to the nitrogen–water interaction, which could be due to their growth strategies to external disturbances.




Conclusion

The leaf WUE and NSCs of two dominant tree species showed different responses to canopy N deposition and water addition in a warm temperate forest. Elevated N deposition reduced the root NSC (total soluble sugar and starch) concentration of L. formosana, while it did not obviously change the leaf NSCs of the two dominant tree species. N deposition decreased the leaf WUE of Q. variabilis and L. formosana. Increased precipitation showed a positive effect on the leaf WUE of Q. variabilis. However, the N–water interaction did not obviously affect the leaf WUE and NSC contents of the two dominant tree species. This presented the dominant tree species regulated growth traits when faced with changes in external factors, such as enhanced tree adaptability by altering the tree NSCs and long-term WUE. Additionally, the leaf WUE was affected by changes of the abiotic environment rather than leaf nutrients. When examining the impacts of N deposition on the physiological responses of the dominant tree species, it is crucial to consider the canopy nitrogen and water interactive effects, as the two natural processes frequently occur at the same time. The simulated canopy N deposition and precipitation addition provided a new method for researching the physiological responses of dominant tree species to global change.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author contributions

XJ and MS had the main responsibility for data collection, analysis, and writing. YQ, ML, and LM contributed to data and manuscript preparation. MS and SF (the corresponding authors) had the overall responsibility for experimental design and project management. All authors contributed to the article and approved the submitted version.



Acknowledgments

This work was supported by the National Natural Science Foundation of China (no. 31800369 and no. U1904204), the State Scholarship Fund of China, and the Innovation Scientists and Technicians Troop Construction Projects of Henan Province (no. 182101510005). We are also grateful to the Henan Dabieshan National Field Observation and Research Station of Forest Ecosystem for supporting the fieldwork.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1025162/full#supplementary-material



References

 Bauer, G. A., Bazzaz, F. A., Minocha, R., Long, S., Magill, A., Aber, J., et al. (2004). Effects of chronic n additions on tissue chemistry, photosynthetic capacity, and carbon sequestration potential of a red pine (Pinus resinosa ait.) stand in the NE united states. For. Ecol. Manage. 196, 173–186. doi: 10.1016/j.foreco.2004.03.032

 Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., et al. (2010). Global assessment of nitrogen deposition effects on terrestrial plant diversity: a synthesis. Ecol. Appl. 20, 30–59. doi: 10.1890/08-1140.1

 Bryant, J. P., Chapin, F. S., and Klein, D. R. (1983). Carbon/nutrient balance of boreal plants in relation to vertebrate herbivory. Oikos 40, 357. doi: 10.2307/3544308

 De Long, J. R., Sundqvist, M. K., Gundale, M. J., Giesler, R., and Wardle, D. A. (2015). Effects of elevation and nitrogen and phosphorus fertilization on plant defence compounds in subarctic tundra heath vegetation. Funct. Ecol. 30, 314–325. doi: 10.1111/1365-2435.12493

 Dietze, M. C., Sala, A., Carbone, M. S., Czimczik, C. I., Mantooth, J. A., Richardson, A. D., et al. (2014). Nonstructural carbon in woody plants. Annu. Rev. Plant Biol. 65, 667–687. doi: 10.1146/annurev-arplant-050213-040054

 Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. T., and Smith, F. (1956). Colorimetric method for determination of sugars and related substances. Anal. Chem. 28, 350–356. doi: 10.1021/ac60111a017

 Du, Y., Lu, R. L., and Xia, J. Y. (2020). Impacts of global environmental change drivers on non-structural carbohydrates in terrestrial plants. Funct. Ecol. 34, 1525–1536. doi: 10.1111/1365-2435.13577

 Eamus, D. (1991). The interaction of rising CO2 and temperatures with water use efficiency. Plant Cell Environ. 14, 843–852. doi: 10.1111/j.1365-3040.1991.tb01447.x

 Easlon, H. M., Nemali, K. S., Richards, J. H., Hanson, D. T., Juenger, T. E., and McKay, J. K. (2014). The physiological basis for genetic variation in water use efficiency and carbon isotope composition in arabidopsis thaliana. Photosynth. Res. 119, 119–129. doi: 10.1007/s11120-013-9891-5

 Farquhar, G. D., Hubick, K. T., Condon, A. G., and Richards, R. A. (1989). Carbon isotope fractionation and plant water-use efficiency. Ecol. Stud. 68, 21–40. doi: 10.1007/978-1-4612-3498-2_2

 Farquhar, G. D., and Richards, R. A. (1984). Isotopic composition of plant carbon correlates with water-use efficiency of wheat genotypes. Funct. Plant Biol. 11, 539–552. doi: 10.1071/PP9840539

 Felzer, B. S., Cronin, T. W., Melillo, J. M., Kicklighter, D. W., Schlosser, C. A., and Dangal, S. R. (2011). Nitrogen effect on carbon-water coupling in forests, grasslands, and shrublands in the arid western united states. J. Geophys. Res. 116, G03023. doi: 10.1029/2010JG001621

 Fu, G., Shen, Z. X., and Zhang, X. Z. (2018). Increased precipitation has stronger effects on plant production of an alpine meadow than does experimental warming in the northern Tibetan plateau. Agr. For. Meteorol. 249, 11–21. doi: 10.1016/j.agrformet.2017.11.017

 Gaige, E., Dail, D. B., Hollinger, D. Y., Davidson, E. A., Fernandez, I. J., Sievering, H., et al. (2007). Changes in canopy processes following whole-forest canopy nitrogen fertilization of a mature spruce-hemlock forest. Ecosystems 10, 1133–1147. doi: 10.1007/s10021-007-9081-4

 Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P., et al. (2004). Nitrogen cycles: past, present, and future. Biogeochemistry 70, 153–226. doi: 10.1007/s10533-004-0370-0

 Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z. C., Freney, J. R., et al. (2008). Transformation of the nitrogen cycle: Recent trends, questions, and potential solutions. Science 320, 889–892. doi: 10.1126/science.1136674

 Gruber, N., and Galloway, J. N. (2008). An earth-system perspective of the global nitrogen cycle. Nature 451, 293–296. doi: 10.1038/nature06592

 Gundale, M. J., Sverker, J., Albrectsen, B. R., Nilsson, M. C., and Wardle, D. A. (2010). Variation in protein complexation capacity among and within six plant species across a boreal forest chronosequence. Plant Ecol. 211, 253–266. doi: 10.1007/s11258-010-9787-9

 Hao, B. Y., Hartmann, H., Li, Y. Q., Liu, H. Y., Shi, F. G., Yu, K. L., et al. (2021). Precipitation gradient drives divergent relationship between non-structural carbohydrates and water availability in pinus tabulaeformis of northern China. Forests 12, 133. doi: 10.3390/f12020133

 Hartmann, H., and Trumbore, S. (2016). Understanding the roles of nonstructural carbohydrates in forest trees–from what we can measure to what we want to know. New Phytol. 211, 386–403. doi: 10.1111/nph.13955

 Hoch, G., Richter, A., and Körner, C. (2003). Non-structural carbon compounds in temperate forest trees. Plant Cell Environ. 26, 1067–1081. doi: 10.1046/j.0016-8025.2003.01032.x

 Hötscher, M., and Hay, M. J. M. (1997). Genotypic differences in physiological integration, morphological plasticity and utilization of phosphorus induced by variation in phosphate supply in trifolium repens. J. Ecol. 85, 341–350. doi: 10.2307/2960506

 Hou, S. L., Hättenschwiler, S., Yang, J. J., Sistla, S. A., Wei, H. W., Zhang, Z. W., et al. (2020). Increasing rates of long-term nitrogen deposition consistently increased litter decomposition in a semi-arid grassland. New Phytol. 229, 296–307. doi: 10.1111/nph.16854

 Huang, G., Li, Y., Mu, X. H., Zhao, H. M., and Gao, Y. F. (2017). Water-use efficiency in response to simulated increasing precipitation in a temperate desert ecosystem of xinjiang, China. J. Arid Land 9, 823–836. doi: 10.1007/s40333-017-0021-7

 Hu, Y. T., Schäfer, K., Zhu, L. W., Zhao, P., Zhao, X. H., Ni, G. Y., et al. (2019). Responses of sap flux and intrinsic water use efficiency to canopy and understory nitrogen addition in a temperate broadleaved deciduous forest. Sci. Total Environ. 648, 325–336. doi: 10.1016/j.scitotenv.2018.08.158

 Hu, Y., Schäfer, K. V., Zhu, L., Zhao, P., Zhao, X., Ni, G., et al. (2021). Impacts of canopy and understory nitrogen additions on stomatal conductance and carbon assimilation of dominant tree species in a temperate broadleaved deciduous forest. Ecosystems 24, 1468–1484. doi: 10.1007/s10021-020-00595-4

 Huttunen, L., Saravesi, K., Markkola, A., and Niemelä, P. (2013). Do elevations in temperature, CO2, and nutrient availability modify belowground carbon gain and root morphology in artificially defoliated silver birch seedlings? Ecol. Evol. 3, 2783–2794. doi: 10.1002/ece3.665

 Jennings, K. A., Guerrieri, R., Vadeboncoeur, M. A., and Asbjornsen, H. (2016). Response of quercus velutina growth and water use efficiency to climate variability and nitrogen fertilization in a temperate deciduous forest in the northeastern USA. Tree Physiol. 36, 428–443. doi: 10.1093/treephys/tpw003

 Jia, Y. L., Yu, G. R., He, N. P., Zhan, X. Y., Fang, H. J., Sheng, W. P., et al. (2014). Spatial and decadal variations in inorganic nitrogen wet deposition in China induced by human activity. Sci. Rep-uk. 4, 3763. doi: 10.1038/srep03763

 Khokhar, S., and Magnusdottir, S. G. M. (2002). Total phenol, catechin, and caffeine contents of teas commonly consumed in the united kingdom. J. Agr. Food Chem. 50, 565–570. doi: 10.1021/jf010153l

 Koricheva, J., Larsson, S., Haukioja, E., and Keinänen, M. (1998). Regulation of woody plant secondary metabolism by resource availability: hypothesis testing by means of meta-analysis. Oikos 83, 212–226. doi: 10.2307/3546833

 Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Method. Enzymol. 148, 350–382. doi: 10.1016/0076-6879(87)48036-1

 Li, W. B., Hartmann, H., Adams, H. D., Zhang, H. X., Jin, C. J., Zhao, C. Y., et al. (2018). The sweet side of global change–dynamic responses of non-structural carbohydrates to drought, elevated CO2 and nitrogen fertilization in tree species. Tree Physiol. 38, 1706–1723. doi: 10.1093/treephys/tpy059

 Liu, L. L., and Greaver, T. L. (2010). A global perspective on belowground carbon dynamics under nitrogen enrichment. Ecol. Lett. 13, 819–828. doi: 10.1111/j.1461-0248.2010.01482.x

 Liu, T., Mao, P., Shi, L. L., Eisenhauer, N., Liu, S. J., Wang, X., et al. (2020). Forest canopy maintains the soil community composition under elevated nitrogen deposition. Soil Biol. Biochem. 143, 107733. doi: 10.1016/j.soilbio.2020.107733

 Liu, Y. B., Xiao, J. F., Ju, W. M., Zhou, Y. L., Wang, S. Q., and Wu, X. C. (2015). Water use efficiency of china’s terrestrial ecosystems and responses to drought. Sci. Rep-uk. 5, 1–12. doi: 10.1038/srep13799

 Livingston, N. J., Guy, R. D., Sun, Z. J., and Ethier, G. J. (1999). The effects of nitrogen stress on the stable carbon isotope composition, productivity and water use efficiency of white spruce (Picea glauca (Moench) Voss) seedlings. Plant Cell Environ. 22, 281–289. doi: 10.1046/j.1365-3040.1999.00400.x

 Li, M., Xiao, W., Wang, S., Cheng, G., Cherubini, P., Cai, X. H., et al. (2008). Mobile carbohydrates in Himalayan treeline trees i. evidence for carbon gain limitation but not for growth limitation. Tree Physiol. 28, 1287–1296. doi: 10.1093/treephys/28.8.1287

 Lu, G. L., Tang, L., and Chu, Y. O. (2008). Effect of nitrogen levels on the changes of phenol and flavonoid contents under rice monocropping and intercropping system. Plant Nutr. Fert. Sci. 14, 1064–1069.

 Mao, Q. G., Lu, X. K., Mo, H., Gundersen, P., and Mo, J. M. (2018). Effects of simulated n deposition on foliar nutrient status, n metabolism and photosynthetic capacity of three dominant understory plant species in a mature tropical forest. Sci. Total Environ. 610, 555–562. doi: 10.1016/j.scitotenv.2017.08.087

 Martin, K. C., Bruhn, D. A. N., Lovelock, C. E., Feller, I. C., Evans, J. R., and Ball, M. C. (2010). Nitrogen fertilization enhances water-use efficiency in a saline environment. Plant Cell Environ. 33, 344–357. doi: 10.1111/j.1365-3040.2009.02072.x

 Ma, L. N., Xu, X. F., Zhang, C. X., Lv, Y. X., Liu, G. F., Zhang, Q. B., et al. (2021). Strong non-growing season n uptake by deciduous trees in a temperate forest: A 15N isotopic experiment. J. Ecol. 109, 3752–3766. doi: 10.1111/1365-2745.13754

 Mitchell, P. J., O'Grady, A. P., Tissue, D. T., White, D. A., Ottenschlaeger, M. L., and Pinkard, E. A. (2013). Drought response strategies define the relative contributions of hydraulic dysfunction and carbohydrate depletion during tree mortality. New Phytol. 197, 862–872. doi: 10.1111/nph.12064

 Mo, Q. F., Chen, Y. Q., Yu, S. Q., Fan, Y. X., Peng, Z. T., Wang, W. J., et al. (2020). Leaf nonstructural carbohydrate concentrations of understory woody species regulated by soil phosphorus availability in a tropical forest. Ecol. Evol. 10, 8429–8438. doi: 10.1002/ece3.6549

 Monclus, R., Dreyer, E., Villar, M., Delmotte, F. M., Delay, D., Petit, J. M., et al. (2006). Impact of drought on productivity and water use efficiency in 29 genotypes of populus deltoids × populus nigra. New Phytol. 169, 765–777. doi: 10.1111/j.1469-8137.2005.01630.x

 Niu, S. L., Xing, X. R., Zhang, Z., Xia, J. Y., Zhou, X. H., Song, B., et al. (2011). Water-use efficiency in response to climate change: from leaf to ecosystem in a temperate steppe. Global Change Biol. 17, 1073–1082. doi: 10.1111/j.1365-2486.2010.02280.x

 Payne, R. J., Dise, N. B., Field, C., Dore, A., Caporn, S. J., and Stevens, C. J. (2017). Nitrogen deposition and plant biodiversity: Past, present, and future. Front. Ecol. Environ. 15, 431–436. doi: 10.1002/fee.1528

 Poorter, H., Niklas, K., Reich, P. B., Oleksyn, J., Poot, P., and Mommer, L. (2012). Biomass allocation to leaves, stems and roots: meta-analyses of interspecific variation and environmental control. New Phytol. 193, 30–50. doi: 10.1111/j.1469-8137.2011.03952.x

 Rahimi, A., Sayadi, F., Dashti, H., and Pour, A. T. (2013). Effects of water and nitrogen supply on growth, water-use efficiency and mucilage yield of isabgol (Plantago ovata forsk). J. Soil Sci. Plant Nutt. 13, 341–354. doi: 10.4067/S0718-95162013005000028

 Ramalho, J. C., Rodrigues, A. P., Semedo, J. N., Pais, I. P., Martins, L. D., Simões-Costa, M. C., et al. (2013). Sustained photosynthetic performance of coffea spp. under long-term enhanced [CO2]. PloS One 8, e82712. doi: 10.1371/journal.pone.0082712

 Ramírez-Briones, E., Rodríguez-Macías, R., Salcedo-Pérez, E., Martínez-Gallardo, N., Tiessen, A., Molina-Torres, J., et al. (2017). Seasonal variation in non-structural carbohydrates, sucrolytic activity and secondary metabolites in deciduous and perennial diospyros species sampled in Western Mexico. PloS One 12, e0187235. doi: 10.1371/journal.pone.0187235

 Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E. L., Bloomfield, J., Dirzo, R., et al. (2000). Global biodiversity scenarios for the year 2100. Sci. 287 5459, 1770–1774. doi: 10.1126/science.287.5459.1770

 Sala, A., Woodruff, D. R., and Meinzer, F. C. (2012). Carbon dynamics in trees: feast or famine? Tree Physiol. 32, 764–775. doi: 10.1093/treephys/tpr143

 Santos, M., Barros, V., Lima, L. L., Frosi, G., and Santos, M. G. (2021). Whole plant water status and non-structural carbohydrates under progressive drought in a caatinga deciduous woody species. Trees-struct. Funct. 35, 1–10. doi: 10.1007/s00468-021-02113-y

 Saurer, M., Siegwolf, R. T., and Schweingruber, F. H. (2004). Carbon isotope discrimination indicates improving water-use efficiency of trees in northern Eurasia over the last 100 years. Global Change Biol. 10, 2109–2120. doi: 10.1111/j.1365-2486.2004.00869.x

 Savitch, L. V., Leonardos, E. D., Król, M., Jansson, S., Grodzinski, B., Huner, N. P., et al. (2002). Two different strategies for light utilization in photosynthesis in relation to growth and cold acclimation. Plant Cell Environ. 25, 761–771. doi: 10.1046/j.1365-3040.2002.00861.x

 Schiestl-Aalto, P., Ryhti, K., Mäkelä, A., Peltoniemi, M., Bäck, J., and Kulmala, L. (2019). Analysis of the NSC storage dynamics in tree organs reveals the allocation to belowground symbionts in the framework of whole tree carbon balance. Front. For. Glob. Change 2, 17. doi: 10.3389/ffgc.2019.00017

 Schrijver, A. D., Frenne, P. D., Ampoorter, E., Nevel, L. V., Demey, A., Wuyts, K., et al. (2011). Cumulative nitrogen input drives species loss in terrestrial ecosystems. Global Ecol. Biogeogr. 20, 803–816. doi: 10.1111/j.1466-8238.2011.00652.x

 Sellin, A., Taneda, H., and Alber, M. (2019). Leaf structural and hydraulic adjustment with respect to air humidity and canopy position in silver birch (Betula pendula). J. Plant Res. 132, 369–381. doi: 10.1007/s10265-019-01106-w

 Shi, L. L., Zhang, H. Z., Liu, T., Mao, P., Zhang, W. X., Shao, Y. H., et al. (2018). An increase in precipitation exacerbates negative effects of nitrogen deposition on soil cations and soil microbial communities in a temperate forest. Environ. pollut. 235, 293–301. doi: 10.1016/j.envpol.2017.12.083

 Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., et al. (2008). Determination of structural carbohydrates and lignin in biomass. Lab. Analy Procedure. 1617, 1–16.

 Smith, A. M., and Stitt, M. (2007). Coordination of carbon supply and plant growth. Plant Cell Environ. 30, 1126–1149. doi: 10.1111/j.1365-3040.2007.01708.x

 Song, M. Y., Yu, L., Jiang, Y. L., Lei, Y. B., Helena, K., Ülo, N., et al. (2017). Nitrogen-controlled intra- and interspecific competition between populus purdomii and salix rehderiana drive primary succession in the gongga mountain glacier retreat area. Tree Physiol. 37, 799–814. doi: 10.1093/treephys/tpx017

 Stevens, C. J. (2004). Impact of nitrogen deposition on the species richness of grasslands. Science 303, 1876–1879. doi: 10.1126/science.1094678

 Tang, S. B., Zhang, L. L., Lambers, H., Ren, W. D., Lu, X. F., Hou, E. Q., et al. (2020). Addition of nitrogen to canopy versus understorey has different effects on leaf traits of understorey plants in a subtropical evergreen broad-leaved forest. J. Ecol. 109, 692–702. doi: 10.1111/1365-2745.13496

 Thomas, R. Q., Canham, C. D., Weathers, K. C., and Goodale, C. L. (2010). Increased tree carbon storage in response to nitrogen deposition in the US. Nat. Geosci. 3, 13–17. doi: 10.1038/ngeo721

 Tian, Y., Lu, H. F., Wang, J., Lin, Y. B., Campbell, D. E., and Jian, S. G. (2019). Effects of canopy and understory nitrogen addition on the structure and eco-exergy of a subtropical forest community. Ecol. Indic. 106, 105459. doi: 10.1016/j.ecolind.2019.105459

 Tixier, A., Guzmán-Delgado, P., Sperling, O., Amico Roxas, A., Laca, E. A., and Zwieniecki, M. A. (2020). Comparison of phenological traits, growth patterns, and seasonal dynamics of non-structural carbohydrate in Mediterranean tree crop species. Sci. Rep-uk. 10, 1–11. doi: 10.1038/s41598-019-57016-3

 Wang, F. C., Chen, F. S., Wang, G. G., Mao, R., Fang, X. M., Wang, H. M., et al. (2019). Effects of experimental nitrogen addition on nutrients and nonstructural carbohydrates of dominant understory plants in a Chinese fir plantation. Forests 10, 155. doi: 10.3390/f10020155

 Wang, C., Liu, D., Luo, W., Fang, Y., Wang, X., Lü, X., et al. (2016). Variations in leaf carbon isotope composition along an arid and semi-arid grassland transect in northern China. J. Plant Ecol. 9, 576–585. doi: 10.1093/jpe/rtw006

 Wang, Z. H., Skidmore, A. K., Darvishzadeh, R., Heiden, U., Heurich, M., and Wang, T. J. (2015). Leaf nitrogen content indirectly estimated by leaf traits derived from the PROSPECT model. IEEE J-Stars. 8, 3172–3182. doi: 10.1109/JSTARS.2015.2422734

 Wang, C., Wu, S. X., Tankari, M., Zhang, X. M., Li, L., Gong, D. Z., et al. (2018). Stomatal aperture rather than nitrogen nutrition determined water use efficiency of tomato plants under nitrogen fertigation. Agr. Water Manage. 209, 94–101. doi: 10.1016/j.agwat.2018.07.020

 Wright, G. C., Rao, R. C., and Farquhar, G. D. (1994). Water-use efficiency and carbon isotope discrimination in peanut under water deficit conditions. Crop Sci. 34, 92–97. doi: 10.2135/cropsci1994.0011183X003400010016x

 Würth, M. K., Pelaez-Riedl, S., Wright, S. J., and Körner, C. (2005). Non-structural carbohydrate pools in a tropical forest. Oecologia 143, 11–24. doi: 10.1007/s00442-004-1773-2

 Xiao, J. F., Sun, G., Chen, J. Q., Chen, H., Chen, S. P., Dong, G., et al. (2013). Carbon fluxes, evapotranspiration, and water use efficiency of terrestrial ecosystems in China. Agr. For. Meteorol. 182, 76–90. doi: 10.1016/j.agrformet.2013.08.007

 Xie, H., Yu, M., and Cheng, X. (2018). Leaf non-structural carbohydrate allocation and C:N:P stoichiometry in response to light acclimation in seedlings of two subtropical shade-tolerant tree species. Plant Physiol. Bioch. 124, 146–154. doi: 10.1016/j.plaphy.2018.01.013

 Yang, Y. T., Guan, H. D., Batelaan, O., McVicar, T. R., Long, D., Piao, S. L., et al. (2016). Contrasting responses of water use efficiency to drought across global terrestrial ecosystems. Sci. Rep-uk. 6, 23284. doi: 10.1038/srep23284

 Yemm, E. W., and Willis, A. J. (1954). The estimation of carbohydrates in plant extracts byanthrone. Biochem. J. 57, 508–514. doi: 10.1042/bj0570508

 Ying, Y. Q., Song, L. L., Jacobs, D. F., Mei, L., Liu, P., Jin, S. H., et al. (2015). Physiological response to drought stress in camptotheca acuminata seedlings from two provenances. Front. Plant Sci. 6, 361. doi: 10.3389/fpls.2015.00361

 Yu, G., Wang, Q., and Fang, H. (2014). Basic scientific issues, theoretical framework and research methods of the coupled cycle of carbon-nitrogen-water in terrestrial ecosystems. Quater Sci. 4, 683–698.

 Zhang, H. X., Li, W. B., Adams, H. D., Wang, A. Z., Wu, J. B., Jin, C. J., et al. (2018). Responses of woody plant functional traits to nitrogen addition: A meta-analysis of leaf economics, gas exchange, and hydraulic traits. Front. Plant Sci. 9, 683. doi: 10.3389/fpls.2018.00683

 Zhang, W., Shen, W. J., Zhu, S. D., Wan, S. Q., Luo, Y. Q., Yan, J. H., et al. (2015). CAN canopy addition of nitrogen better illustrate the effect of atmospheric nitrogen deposition on forest ecosystem? Sci. Rep-uk. 5, 1–12. doi: 10.1038/srep11245

 Zhao, A. H., Liu, L., Chen, B. D., Fu, W., Xie, W., Xu, T. L., et al. (2020). Soil fungal community is more sensitive to nitrogen deposition than increased rainfall in a mixed deciduous forest of China. Soil Ecol. Lett. 2, 20–32. doi: 10.1007/s42832-020-0026-6

 Zhu, H., Zhao, J., and Gong, L. (2021). The morphological and chemical properties of fine roots respond to nitrogen addition in a temperate schrenk’s spruce (Picea schrenkiana) forest. Sci. Rep-uk. 11, 3839. doi: 10.1038/s41598-021-83151-x



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jiang, Song, Qiao, Liu, Ma and Fu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M4.jpg
n

~-C,)/16





OEBPS/Images/M2.jpg
+b-a)(G/GC)

(2)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Long-term water use efficiency and non-structural carbohydrates of dominant tree species in response to nitrogen and water additions in a warm temperate forest

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study site

          



          		

            Experimental design

          



          		

            Long-term water use efficiency analysis

          



          		

            Determination of non-structural carbohydrate content in leaves and roots

          



          		

            Determination of C, N, and P content in leaves

          



          		

            Determination of total phenols, lignin, and cellulose content in leaves

          



          		

            Determination of specific leaf area

          



          		

            Determination of chlorophyll a and b content

          



          		

            Data analyses

          



        



        



        		

          Results

        

          		

            Changes in leaf C:N:P stoichiometry under N and water additions

          



          		

            Changes in long-term WUE under N and water additions

          



          		

            Changes in non-structural carbohydrates under N and water additions

          



          		

            Changes in leaf chlorophyll a and b under N and water additions

          



          		

            Changes in specific leaf area and total phenol, lignin, and cellulose content

          



          		

            Principal component analysis

          



        



        



        		

          Discussion

        

          		

            Long-term water use efficiency response to N and water additions

          



          		

            Non-structural carbohydrate response to N and water additions

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1025162-g005.jpg
PC2 (19.78%) 1.1

-1.1

SLA Cellulose

ignin
Root starch

\V/
Leaf starch
Leaf NSCsme s 11

Root NSCs TS _
Leaftotal sugar '

Roﬁtotal sugar
O

013C

Totcg phenolig
Leaf N/P

| Leaf C/P

1.1 PC1 (25.53%)

1.1





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1025162_cover.jpg
& frontiers | Frontiers in Plant Science

Long-term water use efficiency
and non-structural carbohydrates
of dominant tree species in response
to nitrogen and water additions
in a warm temperate forest





OEBPS/Images/fpls-13-1025162-g001.jpg
cN I cw Il cwN

CK

L. formosana

Q. variabilis

313C (%o)

Q. variabilis L. formosana






OEBPS/Images/table2.jpg
Variable Fs Ex Fw Fs«n Fs xw Fnxw Fsxnxw

- C 0.010 <0.001 0.004 0.123 0.767 0.790 0.023
WUE 0.010 <0.001 0.004 0.124 0.770 0.793 0.023
Chl a 0.014 <0.001 0.936 0.984 0.456 <0.001 0.146
Chl b 0.603 <0.001 0.167 0.591 0.591 0.003 0.073
TChl 0.053 <0.001 0.682 0.830 0.460 0.001 0.103
Chl a/b 0.003 0.685 0.027 0.188 0.578 0.831 0.155
Leaf NSCs 0.674 0914 0.707 0.105 0.568 0.537 0.719
LTS 0.829 0.259 0.358 0.096 0.113 0.990 0.405
Leaf starch 0.239 0.074 0.605 0.281 0.280 0.205 0.671
Root NSCs 0.893 0.091 0.743 0.01 0.844 0.167 0.583
RTS 0.774 0.061 0.501 0.224 0.300 0.300 0.590
Root starch 0.637 0.391 0.901 0.005 0.210 0.241 0.732
Lignin <0.001 0.293 0.776 0.001 0.186 0.026 0319
Cellulose <0.001 0.003 0.754 0.931 0.541 0.003 0.275
Total phenol <0.001 <0.001 0.178 0.139 0.382 0.001 0.225
SLA <0.001 0.629 0.089 0.628 0.437 0.005 0.341

Significant (P < 0.05) effects are presented in bold.
8°C, carbon stable isotope; WUE, water use efficiency; Chl a, chlorophyll a; Chl b, chlorophyll bs TChl, chlorophyll a + b Chl a/b, chlorophyll a/b; NSCs, non-structural carbohydrates; LTS,
leaf total soluble sugar content; RTS, root total soluble sugar content; SLA, specific leaf area.
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Species

Q. variabilis Leaf NSCs
Leaf starch
Leaf TS
Root NSCs
Root starch
Root TS
WUE

L. formosana Leaf NSCs
Leaf starch
Leaf TS
Root NSCs
Root starch
Root TS
WUE

Leat NSCs

1.000
0.559*
0.885**
0.581*
0.703**
0212
-0.324
1.000
0.794**
0.812**
-0.047
0.424
0.182
0.450

Leaf starch

1.000

0.206
0.516*
0.767**

0.068
-0.603*

1.000
0.384
-0.428
0.097
0.012
0.199

Leat TS

1.000
0.502*
0.458

0.343
-0.027

1.000
0.255
0.508*
0.485
0.638**

Root NSCs

1.000
0.788**
0.732+*

0.072

1.000
-0.038
-0.165
0.120

Root starch

1.000
0.210
-0.282

1.000
0.430
0.410

Root TS

1.000
0.341

1.000
0.257

WUE

1.000

1.000

The single asterisk indicates a significant correlation at P< 0.05 level (bilateral), while the double asterisks indicate an extremely significant correlation at P< 0.01 level (bilateral).

Q. variabilis, Quercus variabilis Blume; L. formosana, Liquidambar formosana Hance; TS, total soluble sugar; NSCs, non-structural carbohydrates; WUE, water use efficiency.
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Species Treatments

Q. variabilis CN
cw
CNW
CK

L. formosana ~ CN
cw
CNW
CK
Fs
3%
Fy
Fsun
Fsww
Fnxw

Fsunxw

LTC (mg g~)

508.18 £ 9.70 abc
501.86 + 13.52 abc
512.30 £ 5.35 ab
497.39 + 8.77 abc
489.60 + 10.76 ¢
51572+ 13.64 a
513.87 £8.32a
493.56 + 11.40 bc

ns

ns

ns

ns

ns

LTN (mgg")

18.03 £0.92 a
17.75 £ 1.01 a

186+ 1.15a
17.65 +2.08 a
13.66 + 0.51 b
18.01 £0.92 a
17.70 £ 0.58 a
1527 £131b

ns

ns

ns

ns

LTP (mg g~)

1.44 +0.24 ab
117 £ 0.08 b
1.11 +0.09 b
1.22 +0.12 ab
1.08 + 0.06 b
1.44 +0.15 ab
1.65+0.17 a
1.36 + 0.20 ab

ns

ns

ns

onx

ns

ot

Leaf C/N ratio

2825+ 1.10 ¢
2833 +£0.88 ¢
27.65 + 1.56 ¢
2851 +2.75 ¢
3592+192a
28.68 +0.73 ¢
29.05 +0.71 ¢
3245+ 1.96 b

ns

ns

ns

Leaf C/P ratio

361.91 + 58.94 ab
431.98 + 32.92 ab
466.00 + 40.35 a
411.88 + 44.04 ab
455.35 + 25.56 a
360.95 + 37.64 ab
31438 £29.22 b
371.05 + 56.30 ab

ns

ns

ns

o

ns

o

Leaf N/P ratio

12.87 +2.34 be
1527 £ 1.35ab
1692 £1.79a
14.56 + 1.79 ab
1272 £ 1.11 be
12.58 + 1.20 be
10.83 £1.03 ¢
1146 £1.79 ¢

ns

ns

ns

ns

Values followed by the same letter in the same column are not significantly different at P< 0.05 according to least significant difference test. The values are expressed as means + SE (n = 4).
The significance values of the factorial analysis (ANOVA) are shown as follows: ns, not significant; *0.01< P < 0.05; **0.001< P < 0.01; ***P < 0.001.
CK, control group; CN, canopy N addition; CW, canopy water addition; CNW, canopy N and water addition; LTC, leaf total carbon; LTN, leaf total nitrogen, LTP, leaf total phosphorus; Fg,
species effect; Fy, nitrogen effect; Fyy, water effect; Fs « n, species x nitrogen effect; Fs » w, species x water effect; Fy « w, nitrogen x water effect; Fs x n x w» Species x nitrogen x water effect.
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