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High N Storage but Low N Recovery After Long-Term N-Fertilization in a Subtropical Cunninghamia lanceolata Plantation Ecosystem: A 14-Year Case Study









 


	
	
ORIGINAL RESEARCH
 published: 15 June 2022
 doi: 10.3389/fpls.2022.914176






[image: image2]

High N Storage but Low N Recovery After Long-Term N-Fertilization in a Subtropical Cunninghamia lanceolata Plantation Ecosystem: A 14-Year Case Study

Fangfang Shen1,2, Wenfei Liu1, Honglang Duan3, Jianping Wu4,5*, Chunsheng Wu1, Yingchun Liao1, Yinghong Yuan1 and Houbao Fan1*


1Jiangxi Provincial Key Laboratory for Restoration of Degraded Ecosystems and Watershed Ecohydrology, Nanchang Institute of Technology, Nanchang, China

2Jiangxi Provincial Key Laboratory of Soil Erosion and Prevention, Jiangxi Academy of Water Science and Engineering, Nanchang, China

3Institute for Forest Resources and Environment of Guizhou, Key Laboratory of Forest Cultivation in Plateau Mountain of Guizhou Province, College of Forestry, Guizhou University, Guiyang, China

4Yunnan Key Laboratory of Plant Reproductive Adaptation and Evolutionary Ecology, Yunnan University, Kunming, China

5Key Laboratory of Soil Ecology and Health in Universities of Yunnan Province, School of Ecology and Environmental Sciences, Yunnan University, Kunming, China

Edited by:
 Qing-Lai Dang, Lakehead University, Canada

Reviewed by:
 Dong Wang, Henan University, China
 Min Wang, Zhongkai University of Agriculture and Engineering, China

*Correspondence: Jianping Wu, jianping.wu@ynu.edu.cn 
 Houbao Fan, hbfan@nit.edu.cn

Specialty section: This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science

Received: 06 April 2022
 Accepted: 06 May 2022
 Published: 15 June 2022

Citation: Shen F, Liu W, Duan H, Wu J, Wu C, Liao Y, Yuan Y and Fan H (2022) High N Storage but Low N Recovery After Long-Term N-Fertilization in a Subtropical Cunninghamia lanceolata Plantation Ecosystem: A 14-Year Case Study. Front. Plant Sci. 13:914176. doi: 10.3389/fpls.2022.914176
 

Forests are among the most important N pools of all terrestrial ecosystems. Elevated atmospheric N deposition in recent decades has led to increased interest in the influences of N application on forest N cycles. However, accurate assessments of N storage in forest ecosystems remain elusive. We used a 14-year experiment of a Chinese fir [Cunninghamia lanceolata (Lamb.) Hook] plantation to explore how long-term N fertilization affected N storage and recovery rates. Our study plots were located in a field that had been continuously fertilized over 14 years (2004–2017) with urea at rates of 0 (N0, control), 60 (N60, low-N), 120 (N120, medium-N), and 240 (N240, high-N) kg N hm−2a−1. Data were collected that included N content and biomass in the understory, litter, and various plant organs (i.e., leaves, branches, stems, roots, and bark), as well as soil N content and density at different depths. Results showed that the total ecosystem N storage in the N-fertilized plots was 1.1–1.4 times higher than that in the control plots. About 12.36% of the total ecosystem N was stored in vegetation (plant organs, litter, and understory) and 87.64% was stored in soil (0–60 cm). Plant organs, litter, and soil had higher N storage than the understory layer. Significantly higher plant N uptake was found in the medium-N (1.2 times) and high-N (1.4 times) treatments relative to the control. The N recovery rate of the understory layer in the N-fertilized treatments was negative and less than that in the control. Application of long-term N fertilizer to this stand led to a low N recovery rate (average 11.39%) and high loss of N (average 91.86%), which indicate low N use efficiency in the Chinese fir plantation ecosystem. Our findings further clarify the distribution of N in an important terrestrial ecosystem and improve our understanding of regional N cycles.
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INTRODUCTION

Nitrogen (N) is a fundamental constituent of many biomolecules, including proteins and nucleic acids, and therefore one of the most limiting factors on plant growth and productivity (Nadelhoffer, 2008; Xu et al., 2020; Qubain et al., 2021). N concentration in terrestrial ecosystems is particularly sensitive to anthropogenic disturbance, including N fertilization (Bouwman et al., 2002; Tian et al., 2006; Etzold et al., 2020; Verma and Sagar, 2020). Unfortunately, human activity has led to ubiquitous excessive and inappropriate application of N fertilizers that may influence the global N cycle (Lu et al., 2011), upsetting the balance of N uptake among forest plants (Liu et al., 2020 and references therein), alter forest ecosystem structure and function, and inhibit ecosystem productivity by tipping nutrient balances (Nadelhoffer, 2008; Tian et al., 2018; Li et al., 2019). N fertilization also reduces ecosystem biodiversity through soil acidification and ammonium toxification (Talhelm et al., 2013; Zhang et al., 2014; Midolo et al., 2019; Wu et al., 2021), and can decrease ecosystem stability via altered dominant species abundance and plant functional group composition (Wu et al., 2020).

Forests are the largest N pools of terrestrial ecosystems and account for 35.86% of the total N storage in China (Xu et al., 2020). Changes in forest N pools caused by N application can alter global N cycle processes (Fenn et al., 2020; Xu and He, 2020; Zhang et al., 2020). “Closed” N cycles are formed in the soil-litter-plant continuum found in forest ecosystems, which are sensitive to N deposition (Nadelhoffer, 2008; Liu and Wang, 2021; Qubain et al., 2021). In this closed N cycle, annual plant N uptake per unit area is balanced by annual N return to litter and soil (Nadelhoffer, 2008). Several studies have demonstrated that the mass balance of N in a forest ecosystem is generally characterized by the difference between N inputs, vegetation and soil N sinks, N leaching, and gaseous loss (Lovett and Goodale, 2011; Gurmesa et al., 2016). In forest ecosystems, external N inputs, especially soil fertilizers, are first applied to the soil and then absorbed and used by plants (Qubain et al., 2021). Most N is retained by litter and soil, and only a small fraction is taken up and retained by plants (Nordin et al., 2001; Gurmesa et al., 2016; Wang et al., 2018; Li et al., 2019). The N uptake capacity of soils and vegetation may be a major factor determining tree growth and mortality in response to N addition (Wallace et al., 2007; Lovett and Goodale, 2011). The N recovery rate is often used as an indicator of N use efficiency (Ju and Zhang, 2003; Tian et al., 2011; Congreves et al., 2021). Even small fluctuations in the forest N pool can dramatically influence global N cycles (Xu and He, 2020). For example, external fluctuations of N inputs decreased main ecosystem compartments recovery to different degree in “N-rich” tropical forest (Gurmesa et al., 2016). Mapping the distribution of fertilized N in forest ecosystem components therefore represents the importance of N storage and N recovery to forest ecosystems N cycles.

Although numerous studies have focused on how N fertilization affects forest ecosystems, it is widely concerned that the response of ecosystem N cycle to N fertilization various in short-term and long-term N application, because the responses of forest ecosystems to N fertilization cannot completely reveal in a short time (Zhu et al., 2015). Previous studies have been reported that N application tended to have positive effect on litter N pool and soil N cycle processes (i.e., accelerating soil N mineralization rate) in short-term fertilization experiment (Lu et al., 2011; Zhu et al., 2015), but had negative effects when forest reached N saturation in long-term N fertilization experiments, such as reduced soil microbial biomass and respiration (Zhu et al., 2015; Zhang T. A. et al., 2018). However, N-induced changes in the aboveground plant N pool did not show any significant correlations with experimental duration (Lu et al., 2011). The effects of fertilized N depend greatly on the fate of fertilized N (Gurmesa et al., 2016); thus, empirical studies that follow N over long time scales are critically needed to better understand how N fertilization influences ecosystem N cycle.

It is widely accepted that excessive N fertilization enhances the leaching of ecosystem nutrients (Wilson and Tiley, 1998), especially in N-saturated forests (Gurmesa et al., 2016). In a review of studies across China, Tian et al. (2018) found that an N application rate exceeding 80 kg N hm−2a−1 can be regarded as an extremely high level of N in forests. Further, rates higher than 90 kg N hm−2a−1 can lead to negative feedbacks between soil N availability and transformation (Verma and Sagar, 2020). High levels of N input can cause forest decline (Wilson and Tiley, 1998). For example, one study found that N fertilization at 150 kg N hm−2a−1 over 15 years induced high tree mortality (Högberg et al., 2006). Two common symptoms of N-induced damage are nutrient deficiencies caused by accelerated plant growth and a loss of soil base cations and species by soil acidification (Högberg et al., 2006; Zhang Y. Q. et al., 2018). N leaching loss can range from 2% to 20%, with higher N dosages leading to higher losses (Tian et al., 2018). While several studies have addressed the effects of N fertilization on plant growth and nutrient cycles in forest ecosystems over short time spans, they provided limited information on the long-term effects of high N fertilization on forest N uptake and N storage, particularly with respect to N recovery rate.

The average rate of N deposition in China has increased by approximately 60% over the past three decades (Yu et al., 2019), up to 150 kg N hm−2a−1 in some areas (Zhang et al., 2014). Higher leaf, aboveground plant and litter N pools were observed when N application rate from 0–50 to 50–100 kg N hm−2a−1, but no more increase from 50–100 to 100–150 kg N hm−2a−1 (Lu et al., 2011). While rapid plant species loss in long-term low frequency of N application showed the same results with the high rates (Zhang et al., 2014). The rate of N application in this study is much higher than the atmospheric N deposition rate (33.2 kg N hm−2a−1 on average) across this region (Xu et al., 2018). In previous work we showed that our current study site is N-saturated (Wu et al., 2017, 2021); thus, an extremely high dose of N fertilizers (i.e., 120 and 240 kg N hm−2a−1) provides a unique opportunity for studying the effects of high N inputs on forest ecosystems.

Forests cover about 220 million ha in China, which is 22.96% of the global terrestrial ecosystem (FAO, 2015; FRA, 2020). China’s plantation forests are the largest in the world, accounting for 27% of the total global area of planted forests (FAO, 2015). Chinese fir [Cunninghamia lanceolata (Lamb.) Hook] is an economically important species in China (Zhang et al., 2020), covers an area of 8.93 million ha (Nation Forestry and Grassland Adminstration, 2019). Cunninghamia lanceolata does not fix N2 and therefore depends upon combined or fixed forms of mineral N (Tian et al., 2018). The objective of our study was to accurately estimate the N storage of C. lanceolata plantation ecosystem after 14 years N fertilization. Since 2004, we carried out an N deposition experiment in subtropical region with four urea-N fertilization rates (0, 60, 120, and 240 kg N hm−2a−1), with the aim to assess the allocation of N amongst plant organs (i.e., leaves, branches, bark, stems, and roots) and ecosystem components (plants, understory, litter, and soil), as well as N recovery rate. We hypothesized that: (1) N storage of both C. lanceolata and the total ecosystem would increase with fertilization rate under long-term N fertilization and (2) N recovery rate would decrease with N fertilization rate.



MATERIALS AND METHODS


Study Site

Our experiments site is located in Guanzhuang National Forest Farm (117°43′E, 26°30’N), Sanming City, Fujian Province in southeastern China, at an altitude of approximately 200 m. This area has a mid-subtropical monsoon climate with abundant rainfall, characterized by an average annual temperature of 20.1 ± 1.96°C, precipitation of 2,777 ± 40.2 mm a−1 (>80% of which falls from May–October, Supplementary Figure 1), and a frost-free period of 271 days (climatology based on measurements from 2004 to 2017).

The Chinese fir plantation was planted in 1992 over an area of 6 hm2 at a density of 1,660 individual trees per hectare. There were no legumes in this area, and it had received no fertilizer prior to this experiment. In December 2003, 12 plots (20 m × 20 m each and with a 15 m × 15 m central area) were randomly selected within the forest with a minimum distance between plots of 10 m. The average tree height of the entire plantation was 12 m, and the mean diameter at breast height (DBH, 1.3 m from the ground) was 16.1 cm. A background investigation conducted in 2003 revealed that the understory was sparse, with coverage between 3% and 5%; dominant understory species included Miscanthus floridulus, Dicranopteris olichotoma, and Pteridium aquilinum var. Latiusculum (Wu et al., 2013; Shen et al., 2019a). We also measured soil physical and chemical properties; the soil was acidic (pH = 4.67) with an organic carbon content of 18.39 g kg−1, a total N content of 0.79 g kg−1, and was classified as an Acrisol (Fan et al., 2014; Shen et al., 2019a; Wu et al., 2021).



Experimental Design

This N fertilization experiment started on January 1, 2004. There were four rates of ureas-N fertilization, 0, 60, 120, and 240 kg N hm−2a−1, referred to as N0 (control), N60 (low-N), N120 (medium-N), and N240 (high-N), respectively. Each treatment was applied to three replicate plots on the same mountain slope. The N-plots were fertilized monthly and continued to 2017 [14 years prior to Shen et al. (2019a)]. According to the N concentration of each treatment, urea fertilizer was weighed and then dissolved in 20 L of water; and the solution was sprinkled evenly with a backpack sprayer to the forest floor of each plot. The control plots received the equivalent 20 L of water alone.



Field Sampling

Sampling was conducted on 15 December 2017. Following a per-wood inspection, DBH statistical analysis over the treatment period (2004–2017), and the map of all Chinese firs in plots, we selected a standard tree (normal growth, no pests or diseases, and few scars) in each plot for wood tests, for a total of 12 standard trees subjected to biomass measurements. We determined the orientation of the selected trees with a compass. Before felling, we marked the orientation of the stem at breast height. The central cross-sectional differentiation quadrature method was used to intercept the stem disc (5 cm thick) at the midpoint of each zone segment (every 2 m of the whole tree beginning at the coarse roots). After felling, plant organs (i.e., leaves, branches, stems, bark, and roots) samples were collected from various points and locations in the field per standard tree per plot and weighed. Briefly, leaves were taken from various direction and composite to one sample; branch, bark, and stem samples were taken from various points and locations. The root system biomass was measured following total root excavation (Niiyama et al., 2010). Root samples were divided into coarse roots (>10 mm) and fine roots (<2, 2–5, and 5–10 mm) and were cleaned with deionized water and weighed. Then all subsamples (5 kg of each fresh mass) were transported to the laboratory.

Forest litter was sampled using a 1 m × 1 m frame (three random samples per plot); the samples were separated into an undecomposed layer (L layer) and a semidecomposed layer (F layer), and the layers were then evenly mixed into composite samples, in total, 12 plots × 2 layers × 3 replicate = 72 composite litter samples. The L layer was distinguished by litter with leaves still maintaining their original shape, color, and without superficial evidence of decomposition; by contrast, the leaves of the F layer were crushed with degraded outlines and mostly decomposed mesophyll. All litter samples were brought back to the laboratory to measure water content, total N content.

Six soil cores, 2.5 cm in diameter, down to 60 cm and divided the core into 0–20, 20–40, and 40–60 cm soil sample, and thoroughly composited the six cores from each plot to end up with three replicate soil samples from each depth, in total, 12 plots × 3 depths × 3 replicate = 108 composite soil samples, for soil water content and total N content analysis. The soil samples were transported to the laboratory, sieved through a 2-mm mesh to remove nonsoil materials, and then divided into two sub-samples. One sub-sample was oven-dried at 105°C until the weight remains constant for soil water content determination. The other sub-sample was air-dried then powdered to sieve through a 0.15-mm mesh for analysis of soil total N content. We took an additional 5 cm inner diameter core at each of the three replicate plots from the 0–20, 20–40, and 40–60 cm depths, taking care to collect the exact volume the core, for soil bulk density determination.

To capture the understory species diversity when more seasonal vegetation was visible, we investigated the diversity of the understory on 16 September 2017. Three 5 m × 5 m survey subplots were randomly set in each plot, and we recorded the identity, height, and crown width of species, as well as the number of small trees, lianas, herbs, and shrubs taller than 5 cm in each plot. The biomass of the understory layer was determined by harvesting; small trees and shrubs were collected from 2 m × 2 m sampling areas, and herbs were collected from 1 m × 1 m sampling areas. Whole understory plants were excavated and divided into above- and belowground components. The aboveground components consisted of leaves, branches, and stems of small trees, and leaves and branches of herbs, while the belowground components consisted of roots.

Stem disc samples were taken at breast height and air-dried in ventilated conditions. They were sanded with sandpaper until the annual rings were visible. The discs were then cross-dated to the tree core samples at each sample point and tree-ring width was determined using LinTab 6 (TSAP-Win, Germany).



Laboratory Analysis

After being returned to the laboratory, all fresh mass of each sample was measured, followed by determine water content, dry biomass, and N content. All fresh leaves were first washed with 10% dilute hydrochloric acid and then repeatedly washed with deionized water to completely remove dust and particulates adsorbed on the surface, then heat-killed at 105°C for 15 min and oven-dried at for 48 h (Liu and Wang, 2021). The branch and fine root samples were washed with clean water, heat-killed at 105°C for 15 min, and then dried at 75°C for 48 h to a constant weight (Liu and Wang, 2021). The bark and litter samples were dried at 85°C to a constant mass. The dry biomass of plant organs was calculated per unit area based on the water content. All vegetation subsamples (i.e., plant organs, understory, and litter samples) were crushed with a microplant crusher, passed through a 100-mesh sieve, and kept in a dry environment prior to analysis. The total N content of plant organs, litter, understory samples was determined through initial digestion with H2SO4–H2O2 followed by measurement with the micro-Kjeldahl method (Liu and Wang, 2021). The soil N content was determined by the Kjeldahl method after digestion with H2SO4 (Shen et al., 2019a). Soil bulk density cores were sieved to 4 mm and oven-dried (105°C for 48 h; Soong et al., 2020), and bulk density was estimated as the mass of the oven-dried soil divided by its volume.



Calculation


Basal Area Increment

We calculated the basal area increment (BAI, cm2) using the following equation:

[image: image]

where n is the number of tree rings and R
n is the radius of the nth ring (cm).



Soil N Storage

Soil N density (Nd, kg m−2) refers to the storage of N in the soil layer at a specific depth per unit area and was calculated using the following equation:

[image: image]

where 0.1 is the conversion factor, i represents the soil layer (cm), TNi represents the total soil N content in soil layer i (%), γ represents the soil bulk density (g cm−3), H represents the soil depth (cm), and δ indicates the percentage of gravel in soil with a diameter>2 mm (%).

Soil N storage (NS, t hm−2) was calculated as:

[image: image]

where A represents area (hm−2).



Plant N Uptake and Recovery Rate

We used the definition of fertilizer N recovery efficiency (REN) as the percentage of fertilizer N that is taken up by the plant, accounting for background soil N levels (Congreves et al., 2021). The definition is also sometimes referred to as the apparent recovery (Tian et al., 2011; Congreves et al., 2021), calculated as:
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where N (%) is the N content of major ecosystem components, PlantBiomass (t hm−2) is the plant biomass of a plot in this study, PlantNf (kg N hm−2) is the total plant N uptake measured in above- plus belowground biomass in a plot that received N dose (Fertilizer N; i.e., 0, 60, 120, or 240 kg N hm−2a−1), and PlantN0 is the total plant N uptake in unfertilized N plots (N0).




Statistical Analysis

We used two-way ANOVA with a post hoc Tukey test to detect the effects of N treatments and components (litter components, understory layers, and ecosystem components) on biomass, N content, and N uptake; the effect of N treatments and soil layers on density, N content, and N storage; and the effect of N treatments and DBH class on number of trees. One-way ANOVA with Dunnett’s post hoc LSD test was used to determine the effects of the N treatments on plant biomass, N content, N uptake, understory species, soil N content, and N storage. All values were given as means ± standard error (SE). Results were considered significant at p < 0.05. All analyses were conducted using SPSS 19.0 (SPSS, Inc., Chicago, IL, United States). Figures were created with SigmaPlot 13.0 (Sysat software Inc., San Jose, CA, United States).




RESULTS


Variation in Soil N Storage

N fertilization significantly increased soil N content and storage (F = 13.040, p = 0.002), which was maximal under the N120 treatment (Figure 1). There were significant effects of N fertilization on the N content of all three soil layers: 0–20 cm (p = 0.018), 20–40 cm (p = 0.048), and 40–60 cm (p = 0.003; Table 1; Figure 1A). Soil N storage showed significant differences in all three layers among the four N treatments [p = 0.024 (0–20 cm), p = 0.044 (20–40 cm), p = 0.014 (40–60 cm); Table 1; Figure 1B]. The N120 treatment increased soil N storage in the 0–20 cm layer by 32.53% compared to that in the N treatment but did not have an effect in the 20–40 or 40–60 cm layers.

[image: Figure 1]

FIGURE 1. Soil N content (A) and N storage in total (B) at three soil depths (0–20, 20–40, and 40–60 cm) under different N treatments. N0, control; N60, low-N; N120, medium-N; and N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.




TABLE 1. Two-way ANOVA of soil density, N content, and N storage in three soil layers under different N treatments.
[image: Table1]



Variation in DBH and BAI

The tree diameters were normally distributed (Figure 2), but there was no significant difference in average DBH among N treatments (Supplementary Figure 2). High-N fertilizer significantly decreased the number of trees with a DBH between 10 and 14 cm, but increased the number of trees with a DBH > 30 cm (Figure 2). Tree mortality was significantly lower in the N0 (2.98%) and N60 (2.55%) treatments compared to the N120 (8.76%) and N240 (7.32%) treatments, with medium-N significantly increased mortality. During the N treatment period (2004–2017), significant differences in BAI and annual BAI between N treatments occurred only in 2013 (p = 0.032) and 2014 (p = 0.031; Supplementary Figure 3).

[image: Figure 2]

FIGURE 2. Distribution of trees among DBH classes after 14-year N treatments. DBH classes were defined in 4 cm intervals from 10 cm to 38 cm (in total nine classes); dead trees are all placed in a tenth class as “mortality.” There were no trees with diameters less than 10 cm in the N240 treatment. Within each class, the values of F and p are shown based on one-way ANOVA. N0, control; N60, low-N; N120, medium-N; and N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.




Variation in Vegetation N Storage

The dry mass and N content of each plant organ were very similar but nonsignificant differences across N treatments (Table 2). N content of leaves and fine roots showed approximately two to four times higher than other organs. Total N uptake of plant organs in the N120 and N240 treatments increased by 27.61% and 39.16%, respectively, relative to that in N0. Significant differences were detected in total plant N uptake in 2017 (F = 7.906, p = 0.009) and over the study period from 2003 to 2017 (F = 60.257, p < 0.001) between N treatments (Figure 3; Supplementary Table 1).



TABLE 2. Dry mass and N content of Chinese fir plant organs under different N fertilizer treatments in 2017.
[image: Table2]
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FIGURE 3. Plant N uptake under different N fertilization rates in 2003 (blue bars), 2017 (red bars), and their differences from 2003 to 2017 (gray bars). Plant N uptake means the sum of N uptake in plant organs (i.e., leaves, branches, bark, stems, and roots). N0, control; N60, low-N; N120, medium-N; and N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05.


The understory diversity decreased with increasing N fertilization rates, with species counts of 50, 33, 28, and 16 in N0, N60, N120, and N240, respectively (Supplementary Figure 4A). The abundance of small trees and lianas decreased sharply (approximately 4-fold) in N120 and N240 (P<0.05) compared to that in N0. Similarly, the total, above- and belowground understory biomass in the N-fertilized treatments were significantly lower than those in control (p < 0.05; Supplementary Figure 4B). Understory layer N content showed no difference (Figure 4A), but N uptake significantly decreased with increasing N fertilization rates (p < 0.05) and aboveground N uptake contributed an average of 64.69% of the total understory N uptake (Figure 4B).

[image: Figure 4]

FIGURE 4. Changes in understory layer N content (A) and N uptake (B) under different N treatments. N0, control; N60, low-N; N120, medium-N; N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.


Significant differences were detected in total litter biomass among N treatments (Figure 5; Table 3). The total litter biomass in N60 (5.23 t hm−2) was higher than that in N0 (2.55 t hm−2; 104.81% increase; p < 0.05; Supplementary Figure 5A). The biomass of F-leaf and F-branch in N60 was 1.5 and 4.5 times higher, respectively, than that in N0 (Supplementary Figure 5B). N fertilization had significant effects on the N content on both leaf litter (F = 15.577, p < 0.001) and branch litter (F = 25.026, p < 0.001), especially in the N120 treatment (Figure 5A; Table 3). The greatest increase in N uptake was observed in N120 for the total litter and litter components (Figure 5B; Table 3). Leaf litter contributed more to total litter N uptake (up to 79.41%) than branch litter. The branch N uptake in N120 was more than 4.5 times higher than that in N0.

[image: Figure 5]

FIGURE 5. Total litter N content (A) and N uptake in total, leaves, and branches (B) under different N fertilization treatments. N0, control; N60, low-N; N120, medium-N; and N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.




TABLE 3. Two-way ANOVA of biomass, N content, and N uptake under different N treatments and in different litter components.
[image: Table3]



Variation in Ecosystem N Recovery Rate

Among the major components of C. lanceolata ecosystem, only the N content of litter and soil differed significantly between N treatments (Figure 6). N fertilization increased total ecosystem N storage (Table 4), with average N storage of 12.10% in vegetation and 87.9% in soil in the N treatments and 13.46% in vegetation and 86.54% in soil in the control.

[image: Figure 6]

FIGURE 6. N content of major components of the Cunninghamia lanceolata plantation ecosystem under different N fertilizer treatments. Plant: the sum of leaf, branch, stem, bark, fine root, and coarse roots of C. lanceolata. N0, control; N60, low-N; N120, medium-N; and N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.




TABLE 4. N storage distribution in the Chinese fir plantation ecosystem under different fertilization treatments (t N hm−2).
[image: Table4]

The plant N recovery rate in N120 was much higher than that in N60 and N240; the N recovery rates in vegetation were 2.41%, 19.11%, and 12.67% in N60, N120, and N240, respectively, relative to the control; the N recovery rates of the understory layers in the N fertilizer treatments were lower than in the control (Table 5). The N recovery rates of the plant and litter were all positive among N fertilizer treatments, and the N recovery rate was highest in N120 (20.98% in plants and 3.00% in litter). The N storage of vegetation was 14.44, 229.27, and 304.07 kg N hm−2 higher in N60, N120, and N240, respectively, relative to N0 (Supplementary Table 2). When N storage in vegetation was compared with the total amount of N fertilizer from 2004 to 2017, the loss of N was estimated to be 825.56 (98.28%), 1450.73 (86.25%), and 3055.9 (90.95%) kg hm−2 in N60, N120, and N240, respectively (Supplementary Table 2). Together, our results suggest that long-term N fertilization might induce low ecosystem N use efficiency.



TABLE 5. Recovery rate of N (%) by vegetation from N fertilizer of the 60, 120, and 240 kg hm−2a−1 treatments relative to the control.
[image: Table5]




DISCUSSION


Tree Growth and Mortality

Although tree mortality rate in the studied forest (2004–2017) was generally low (average 6.21%), it is noteworthy that tree mortality was higher in the treatments with N fertilization. This is consistent with findings of significantly increased mortality after 18 years of N deposition (30 kg N hm−2a−1; Talhelm et al., 2013). Tree mortality was sensitive to N deposition, especially at high levels of nitrate deposition, which led to increased tree mortality due to N saturation (Midolo et al., 2019) and soil acidification (Dietze and Moorcroft, 2011; Lovett and Goodale, 2011). Some researchers have attributed this phenomenon to a decrease in the Ca:Al and Mg:N ratios in the foliage and organic soil layer (Aber et al., 1998; Wallace et al., 2007; Lovett and Goodale, 2011). In addition, Fenn et al. (2020) identified a small but significant effect whereby N deposition increased mortality due to crown damage, and Tian et al. (2018) proposed that this increase in tree mortality may indirectly relate to increases in plant disease, changes in soil microbial communities, and greater susceptibility to insect and fungal pathogens. Our finding of increased tree mortality suggests that high N fertilization rates negatively affect trees.

Uniquely, we observed increases in BAI and annual BAI after 10–11 years N treatment, which confirms that N fertilization leads to an increase in relative tree growth (Wallace et al., 2007). The co-occurrence of increased mortality and growth in surviving trees is considered a “threshold” phenomenon in N-saturation forest. The inherent susceptibility of the study site to nitrate leaching and soil acidification in response to N addition, which is mainly regulated by soil and vegetation N uptake capacity, may be the main factor determining tree growth and mortality (Wallace et al., 2007). Enhanced tree growth by N fertilization in this study is inconsistent with results reported by Tian et al. (2018) and Midolo et al. (2019). It has been reported that elevated N deposition had minor effect on forest growth in N-rich forest ecosystems through enhancing transpiration and maintaining nutrient balance (Lu et al., 2018).



N Storage in the Ecosystem

The N contents differed significantly in the soil and litter between N treatments, but did not vary in plant organs or understory. The neutral response to N fertilization on plant organs might be C. lanceolata is a non-N2 fixing species (Tian et al., 2018 and references therein). We observed significant increases in soil N content with N fertilization up to a threshold (N120, 120 kg N hm−2a−1), above which no further increase was observed. The soil N content in N120 was increased by 19.24%–51.49% compared with the control after N fertilization, while results of a meta-analysis by Tian et al. (2018) suggested an increase of soil N content in subtropical (5.4%) and up to 26.9% in tropical forests.

As expected, we found consistently negative effects of high N fertilization rates on understory layer species diversity, biomass, N uptake, and N recovery rate. This supports findings that plant total N uptake controls species dominance (Tian et al., 2018) and that high levels of N fertilization decrease understory layer diversity (Gilliam et al., 2019). Results of Wu et al. (2021) at the same study site found that, over 13 years N addition, understory plant communities significantly decreased. N addition has previously been reported to reduce understory layer biomass and result in the replacement of dominant understory species, which Talhelm et al. (2013) and Midolo et al. (2019) attributed primarily to different N sensitivities and tolerances.

The control plots in our study provide us with clear insights into the growth and N storage of C. lanceolata under natural N deposition. Under no added N fertilizer, growth of C. lanceolata over 14 years resulted in substantial N storage (7.48 t N hm−2), although N fertilization greatly promoted plant N storage. This effect was greatest in the N120 and N240 treatments, which had about 1.47x and 1.30x the N storage of the control treatment, respectively (Figure 3; Table 3). However, the highest N application was not associated with the highest ecosystem N storage, which only partially supports our first hypothesis. The positive effects of N fertilization on the forest ecosystem could be largely driven by the comprehensive effects of N cycles. However, the negative effects on N storage can result from extremely high N fertilization rates. High soil N storage in forest ecosystems and changes in labile soil N factors in response to extremely high N application rates are undeniable (Tian et al., 2011, 2018).



Higher N Storage After 14 Years of N Fertilization

N fertilizer applied to ecosystem can follow three major routes: absorption by plants, remain in the soil, or loss through several pathways (Ju and Zhang, 2003; Xu and He, 2020). Here, C. lanceolata accounted for over 90.55% of the total vegetation N storage and the soil (0–60 cm) stored an average of 87.64% of the total ecosystem stored N. When compared with the N stored in vegetation and the total amount of N fertilizer for 14 years, we found N loss was estimated to be over 86%. The N120 treatment showed the highest N recovery rate of all treatments, which did not support our second hypothesis. Although N recovery rate at extremely high doses of N fertilizer (240 kg N hm−2a−1) did not result in high N uptake, it is important to note the low N recovery rate (average 11.39%) and high loss of N (91.86% on average) after N fertilization, which indicate low plant N use efficiency. This is consistent with the hypothesis that increased atmospheric N deposition rates have led to lower plant N use efficiency (Liao et al., 2021).

Empirical evidence and meta-analysis indicate that N availability is a major factor determining plant growth (Kiba and Krapp, 2016; Liao et al., 2021). Plants can acquire N through their roots from soil inorganic (i.e., DON, NH4+-N and NO3−-N) and organic (e.g., urea and amino acids) compounds (Kiba and Krapp, 2016; Congreves et al., 2021). The balance of soil N nutrients affects the utilization of N (Aber et al., 1998; Nordin et al., 2001; Kiba and Krapp, 2016). For example, plant community-level N uptake rates can be affected by nitrogen availability (Dybzinski et al., 2021) and low N availability can increase plant N acquisition efficiency (Liao et al., 2021). Zhou et al. (2021) suggested that conifers use different soil N resources (i.e., nitrate and ammonium), and NO3−-N is a relatively large proportion (42%–52%) of total plant N uptake. Previous research from the same experimental site studied here showed that NH4+-N and NO3−-N concentration in C. lanceolata increase with N deposition rate after 12 years N fertilization, with stronger responses from NO3−-N (Shen et al., 2018), while medium-N and high-N significantly inhibited soil microbial biomass nitrogen with decreased percentage of 27.94%–29.50% (Shen et al., 2019b). However, there is not necessarily a significant association between N use efficiency and soil N availability, and soil P and plant P content can have strong effects on plant N use efficiency (Liao et al., 2021). We have an ongoing study to determine how changes in soil P and plant P content over time affect ecosystem N storage and N use efficiency after long-term N fertilization. The N recovery rate in this study is primarily based on natural N forms. The 15N tracing method provides a good approach to study the fate and retention of N inputs in forest ecosystems over long time scales (Brumme et al., 2009; Gurmesa et al., 2016; Congreves et al., 2021). For example, in an N saturated old-growth tropical forest, Gurmesa et al. (2016) used 15N tracer to estimate plant N recovery and total N retention in N-treatment plots.

Although we report several novel findings, there were limitations in our study design that could be addressed in future research. For example, calculating the N use efficiency without considering an increase or decrease in the soil N pool may lead to biased results (Tian et al., 2011). Vegetation as an important source of active N and changes in N storage in different vegetation types have high uncertainties (Xu et al., 2020). We focused only on C. lanceolata plantations, and studies of different tree species are needed to understand the generality of our findings, because plant community composition plays a key role in the use of different N sources (Nordin et al., 2001; Torre and Ávila, 2021). In addition, seasonal N cycling is important to forest N use (Li and Coleman, 2019); more vegetation samples should be collected during different growth seasons and parts (current-year, previous-year, or 2-year-old growth) to increase representation and generalization (Congreves et al., 2021). What’s more, detrital biomass, mainly from coarse woody debris, is a large N sink in forests (Wu et al., 2020), and it is necessary to determine how the mass loss from detritus biomass influences ecosystem N pools. Therefore, to assess the applicability of our findings beyond subtropical conifer plantation management, additional studies are needed covering a broad range of species, their N storage at different rates, and duration of N fertilization.




CONCLUSION

Our study highlights the importance of considering various plant organs and ecosystem components in accurately estimating ecosystem N storage. Our results partially support our first hypothesis—that N storage would increase with N fertilization—but do not support our second hypothesis, that N recovery rate would decrease with N fertilization. With increasing N application rate, C. lanceolata N storage increased but ecosystem N storage did not increase beyond a threshold of medium-N fertilization after 14 years. The total ecosystem N storage in fertilized plots was 1.1–1.4 times higher than that of control plots. Taken together, our results suggest that long-term N fertilization lowered N recovery rate and N use efficiency. These findings underscore the progress that has been made towards assessing N storage and regional N cycling.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

FS contributed to data curation, formal analysis, writing—original draft, visualization, conceptualization, and investigation. WL contributed to supervision, conceptualization, methodology, and resources. HD contributed to conceptualization, methodology, and writing—review and editing. JW contributed to supervision, methodology, project administration, software, and validation. CW contributed to writing—review and editing and investigation. YL contributed to writing—review and editing, validation, and funding acquisition. YY contributed to methodology, software, writing—review and editing, and funding acquisition. HF contributed to supervision, project administration, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This study was financially supported by the National Natural Science Foundation of China (grants nos. 31960308, 31760167, 31971497, and 32160361), the Xingdian Scholar Fund of Yunnan Province, and the Double Top University Fund of Yunnan University. We also received support from the Key Laboratory of Soil Erosion and Control of Jiangxi Province, 2020 Open Research Fund Project.



ACKNOWLEDGMENTS

We are grateful to Guanzhuang national forest farm for providing the experimental sites. We thank AJE (https://www.aje.com/) and Ian Gilman for their linguistic assistance during the preparation of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.914176/full#supplementary-material

Supplementary Figure 1 | Mean annual precipitation and mean annual temperature of the study site (climatology based on measurements over 14 years from 2004 to 2017).

Supplementary Figure 2 | Average DBH per treatment after 14 years N fertilization. N0, control; N60, low-N; N120, medium-N; N240, high-N. The values show means ± SE (n = 3).

Supplementary Figure 3 | Basal area increment (A) and annual basal area increment (B) from 1992-2017 under different N treatments. N0, control; N60, low-N; N120, medium-N; N240, high-N. The values show means ± SE (n = 3). “*” indicated differences at P<0.05 between different treatments.

Supplementary Figure 4 | Changes of understory layer species diversity (A) and biomass (B) under different N fertilization. N0, control; N60, low-N; N120, medium-N; N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.

Supplementary Figure 5 | Total litter input biomass (A) and leaf and branch biomass in L and F layers (B) under different N treatments. L-leaf: litter leaf of undecomposed layer; L-branch: litter branch of undecomposed layer; F-leaf: litter leaf of semi-decomposed layer; F-branch: branch of semi-decomposed layer. N0, control; N60, low-N; N120, medium-N; N240, high-N. The values show means ± SE (n = 3). Lowercase letters indicate significant differences at p < 0.05 between different treatments.



REFERENCES

 Aber, J., McDowell, W., Nadelhoffer, L., Magill, A., Berntson, G., Kamakea, M., et al. (1998). Nitrogen saturation in temperate forest ecosystem: hypotheses revisited. Bioscience 48, 921–934. doi: 10.2307/1313296

 Bouwman, A. F., Van Vuuren, D. P., Derwent, R. G., and Posch, M. (2002). A global analysis of acidifification and eutrophication of terrestrial ecosystems. Water Air Soil Pollut. 141, 349–382. doi: 10.1023/A:1021398008726

 Brumme, R., Wang, C. P., Priess, J. A., Raubuch, M., and Steinmetz, G. (2009). “Fate, transport, and retention of applied 15N labelled nitrogen in forest soils,” in Functioning and Management of European Beech Ecosystem. Ecological Studies. Vol. 208. eds. R. Brumme and P. K. Khanna (Berlin, Heidelberg: Springer), 253–263.

 Congreves, K. A., Otchere, O., Ferland, D., Farzadfar, S., Williams, S., and Arcand, M. M. (2021). Nitrogen use efficiency definitions of today and tomorrow. Front. Plant Sci. 12:637108. doi: 10.3389/fpls.2021.637108 

 Dietze, M. C., and Moorcroft, P. R. (2011). Tree mortality in the eastern and Central United States: patterns and drivers. Glob. Chang. Biol. 17, 3312–3326. doi: 10.1111/j.1365-2486.2011.02477.x

 Dybzinski, R., Kelvakis, A., McCabe, J., Panock, S., Anuchitlertchon, K., Vasarhelyi, L., et al. (2021). How are nitrogen availability, fine-root mass, and nitrogen uptake related empirically? Implications for models and theory. Glob. Chang. Biol. 25, 885–899. doi: 10.1111/gcb.14541 

 Etzold, S., Ferretii, M., Reinds, G. J., Solberg, S., Gessler, A., Walder, P., et al. (2020). Nitrogen deposition is the most important environmental driver of growth of pure, even-aged and managed European forests. For. Ecol. Manag. 458:117762. doi: 10.1016/j.foreco.2019.117762

 Fan, H. B., Wu, J. P., Liu, W. F., Yuan, Y. H., Huang, R. Z., Liao, Y. C., et al. (2014). Nitrogen deposition promotes ecosystem carbon accumulation by reducing soil carbon emission in a subtropical forest. Plant Soil 379, 361–371. doi: 10.1007/s11104-014-2076-y

 FAO (2015). Global Forest Resources Assessment 2015. FAO, Rome.

 Fenn, M. E., Presler, H. K., Fried, J. S., Bytnerowicz, A., Schilling, S. L., Jovan, S., et al. (2020). Evaluating the effects of nitrogen and sulfur deposition and ozone on tree growth and mortality in California using a spatially comprehensive forest inventory. For. Ecol. Manag. 465:118084. doi: 10.1016/j.foreco.2020.118084

 FRA (2020). Global Forest Resources Assessment 2020 Key Findings. FAO, Rome.

 Gilliam, F. S., Burns, D. A., Driscoll, C. T., Frey, S. D., Lovett, G. M., and Watmough, S. A. (2019). Decreased atmospheric nitrogen deposition in eastern north American predicted responses of forest ecosystems. Environ. Pollut. 244, 560–574. doi: 10.1016/j.envpol.2018.09.135 

 Gurmesa, G. A., Lu, X. K., Gundersen, P., Mao, Q. G., Zhou, K. J., Fang, Y. T., et al. (2016). High retention of 15N-labeled nitrogen deposition in a nitrogen saturated old-growth tropical forest. Glob. Chang. Biol. 22, 3608–3620. doi: 10.1111/gcb.13327 

 Högberg, P., Fan, H. B., Quist, M., Binkley, D., and Tamm, C. O. (2006). Tree growth and soil acidification in response to 30 years of experimental nitrogen loading on boreal forest. Glob. Chang. Biol. 12, 489–499. doi: 10.1111/j.1365-2486.2006.01102.x

 Ju, X. T., and Zhang, F. S. (2003). Thinking about nitrogen recovery rate. Ecol. Environ. 12, 192–197. doi: 10.16258/j.cnki.1674-5906.2003.02.018

 Kiba, T., and Krapp, A. (2016). Plant nitrogen acquisition under low availability: regulation of uptake and root architecture. Plant Cell Physiol. 57, 707–714. doi: 10.1093/pcp/pcw052 

 Li, G., and Coleman, G. D. (2019). Nitrogen storage and cycling in trees. Adv. Bot. Res. 89, 127–155. doi: 10.1016/bs.abr.2018.11.004

 Li, S. L., Gurmesa, G. A., Zhu, W. X., Gundersen, P., Zhang, S. S., Xi, S. H., et al. (2019). Fate of atmospherically deposited NH4+ and NO3− in two temperate forests in China: temporal pattern and redistribution. Ecol. Appl. 29:e01920. doi: 10.1002/eap.1920 

 Liao, J. Q., Li, Z. L., Wang, J. S., Tian, D. S., Tian, D., and Niu, S. L. (2021). Nitrogen use efficiency of terrestrial plants in China: geographic patterns, evolution, and determinants. Ecol. Process. 10:69. doi: 10.1186/s13717-021-00338-w

 Liu, R. S., and Wang, D. M. (2021). C:N:P stoichiometric characteristics and seasonal dynamics of leaf-root-litter-soil in plantation on the loess plateau. Ecol. Indic. 127:107772. doi: 10.1016/j.ecolind.2021.107772

 Liu, N., Zhang, S. K., Huang, Y., Wang, J. X., and Cai, H. Y. (2020). Canopy and understory additions of nitrogen change the chemical composition, construction cost, and payback time of dominant woody species in an evergreen broadleaved forest. Sci. Total Environ. 727:138738. doi: 10.1016/j.scitotenv.2020.138738

 Lovett, G. M., and Goodale, C. L. (2011). A new conceptual model of nitrogen saturation based on experimental nitrogen addition to an Oak forest. Ecosystems 14, 615–631. doi: 10.1007/s10021-011-9432-z

 Lu, X. K., Vitousek, P. M., Mao, Q. G., Gilliam, F. S., Luo, Y. Q., Zhou, G. Y., et al. (2018). Plant acclimation to long-term high nitrogen deposition in an N-rich tropical forest. PNAS 115, 5187–5192. doi: 10.1073/pnas.1720777115 

 Lu, M., Yang, Y. H., Luo, Y. Q., Fang, C. M., Zhou, X. M., Chen, J. K., et al. (2011). Responses of ecosystem nitrogen cycle to nitrogen addition: a meta-analysis. New Phytol. 189, 1040–1050. doi: 10.1111/j.1469-8137.2010.03563.x 

 Midolo, G., Alkemade, R., Schipper, A. M., Benítez-López, A., Perring, M., and De Vries, W. (2019). Impacts of nitrogen addition on plant species richness and abundance: A global meta-analysis. Glob. Ecol. Biogeogr. 28, 398–413. doi: 10.1111/geb.12856

 Nadelhoffer, K. J. (2008). “The impacts of nitrogen deposition on forest ecosystems,” in Nitrogen in the Environment Sources, Problems, and Management. 2nd Edn. Elsevier, 463–482.

 Nation Forestry and Grassland Adminstration (2019). Forest Resources Inventory Report of China (2014–2018). Beijing: China Forestry Publishing House.

 Niiyama, K., Kajimoto, T., Matsuura, Y., Yamashita, T., Matsuo, N., Yashiro, Y., et al. (2010). Estimation of root biomass based on excavation of individual root systems in a primary dipterocarp forest in Pasoh Forest Reserve, Peninsular Malaysia. J. Trop. Ecol. 26, 271–284. doi: 10.1017/S0266467410000040

 Nordin, A., Högberg, P., and Nasholm, T. (2001). Soil nitrogen form and plant nitrogen uptake along a boreal forest productivity gradient. Oecologia 129, 125–132. doi: 10.1007/s004420100698 

 Qubain, C. A., Yano, Y., and Hu, J. (2021). Nitrogen acquistion strategies of mature Douglas-fir: a case study in the northern Rocky Mountains. Ecosphere 12:e03338. doi: 10.1002/ecs2.3338

 Shen, F. F., Wu, J. P., Fan, H. B., Guo, X. M., Lei, X. M., and Wo, Q. D. (2018). Litterfall ecological stoichiometry and soil available nutrients under long-term nitrogen deposition in a Chinese fir plantation. Acta Ecol. Sin. 38, 7477–7487. doi: 10.5846/stxb201711242095

 Shen, F. F., Wu, J. P., Fan, H. B., Liu, W. F., Guo, X. M., Duan, H. L., et al. (2019a). Soil N/P and C/P ratio regulate the responses of soil microbial community composition and enzyme activities in a long-term nitrogen loaded Chinese fir forest. Plant Soil 436, 91–107. doi: 10.1007/s11104-018-03912-y

 Shen, F. F., Xu, J., and Chen, G. P. (2019b). Response of soil microbial biomass and nicrobial community composition to long-term nitrogen deposition in Chinese fir plantation. J. Nanchang Inst. Technol. 38, 29–35. doi: 10.3969/j.issn.1006-4869.2019.01.007

 Soong, J. L., Janssens, I. A., Grau, O., Margalef, O., Stahl, C., Langehove, L. V., et al. (2020). Soil properties explain tree growth and mortality, but not biomaa, across phosphorus-depleted tropical forests. Sci. Rep. 10:2302. doi: 10.1038/s41598-020-58913-8 

 Talhelm, A. F., Burton, A. J., Pregitzer, K. S., and Campione, M. A. (2013). Chronic nitrogen deposition reduces the abundance of dominant forest understory and groundcover species. For. Ecol. Manag. 293, 39–48. doi: 10.1016/j.foreco.2012.12.020

 Tian, D., Du, E. Z., Jiang, L., Ma, S. H., Zeng, W. J., Zou, A. L., et al. (2018). Response of forest ecosystems to increasing N deposition in China: a critical review. Environ. Pollut. 243, 75–86. doi: 10.1016/j.envpol.2018.08.010 

 Tian, C. Y., Lin, Z. A., Zuo, Y. B., Sun, W. Y., Che, S. G., Cheng, M. F., et al. (2011). Review of several concepts on fertilizer nitrogen recovery rate and its calculation. Chin. J. Soil Sci. 42, 1530–1536. doi: 10.19336/j.cnki.trtb.2011.06.045

 Tian, H. Q., Wang, S. Q., Liu, J. Y., Pan, S. F., Chen, H., Zhang, C., et al. (2006). Patterns of soil nitrogen storage in China. Global Biogeochem. Cy. 20, 1–9. doi: 10.1029/2005GB002464

 Torre, F., and Ávila, C. (2021). Special issue editorial: plant nitrogen assimilation and metabolism. Plants 10:1278. doi: 10.3390/plants10071278 

 Verma, P., and Sagar, R. (2020). Effect of nitrogen deposition on soil N processes: a holistic approach. Sci. Rep. 10:10470. doi: 10.1038/s41598-020-67368-w 

 Wallace, Z. P., Lovett, G. M., Hart, J. E., and Machona, B. (2007). Effects of nitrogen saturation on tree growth and death in a mixed-oak forest. For. Ecol. Manag. 243, 210–218. doi: 10.1016/j.foreco.2007.02.015

 Wang, A., Zhu, W. X., Gundersen, P., Phillips, O. L., Chen, D. X., and Fang, Y. T. (2018). Fates of atmospheric deposited nitrogen in an Asian tropical primary forest. For. Ecol. Manag. 411, 213–222. doi: 10.1016/j.foreco.2018.01.029

 Wilson, E. J., and Tiley, C. (1998). Foliar uptake of wet-deposited nitrogen by Norway spruce: an experimental using 15N. Atmospheric Environ. 32, 513–518. doi: 10.1016/S1352-2310(97)00042-3

 Wu, J. P., Duan, H. L., Liu, W. F., Wei, X. H., Liao, Y. C., and Fan, H. B. (2017). Individual size but not additional nitrogen regulates tree carbon sequestration in a subtropical forest. Sci. Rep. 7:46293. doi: 10.1038/srep46293 

 Wu, J. P., Liu, W. F., Fan, H. B., Huang, G. M., Wan, S. Z., Yuan, Y. H., et al. (2013). Asynchronous responses of soil microbial community and understory plant community to simulated nitrogen deposition in a subtropical forest. Ecol. Evol. 3, 3895–3905. doi: 10.1002/ece3.750 

 Wu, J. P., Shen, F. F., Thompson, J., Liu, W. F., Duan, H. L., and Bardgett, R. D. (2021). Stoichiometric traits (N:P) of understory plants contribute to reductions in plant diversity following long-term nitrogen addition in subtropical forest. Ecol. Evol. 11, 4243–4251. doi: 10.1002/ece3.7319 

 Wu, C. S., Zhang, Z. J., Shu, C. J., Mo, Q. F., Wang, H. K., Kong, F. Q., et al. (2020). The response of coarse woody debris decomposition and microbial community to nutrient additions in a subtropical forest. For. Ecol. Manag. 460:117799. doi: 10.1016/j.foreco.2019.117799

 Xu, L., and He, N. P. (2020). Nitrogen storage and allocation in China’s forest ecosystems. Sci. China Earth Sci. 63, 1475–1484. doi: 10.1007/s11430-019-9600-5

 Xu, L., He, N. P., and Yu, G. Y. (2020). Nitrogen storage in China’s terrestrial ecosystems. Sci. Total Environ. 709:136201. doi: 10.1016/j.scitotenv.2019.136201 

 Xu, W., Zhao, Y., Liu, X., Dore, A. J., Zhang, L., Liu, L., et al. (2018). Atmospheric nitrogen deposition in the Yangtze River basin: spatial pattern and source attribution. Environ. Pollut. 232, 546–555. doi: 10.1016/j.envpol.2017.09.086 

 Yu, G. R., Jia, Y. L., He, N. P., Zhu, J. X., Chen, Z., Wang, Q. F., et al. (2019). Stabilization of atmospheric nitrogen deposition in China over the past decade. Nat. Geosci. 12, 424–429. doi: 10.1038/s41561-019-0352-4 

 Zhang, T. A., Chen, H. Y. H., and Ruan, H. H. (2018). Global negative effects of nitrogen deposition on soil microbes. ISME J. 12, 1817–1825. doi: 10.1038/s41396-018-0096-y 

 Zhang, Y. H., Lv, X. T., Isbell, F., Stevens, C., Han, X., He, N., et al. (2014). Rapid plant species loss at high rates and at low frequency of N addition in temperate steppe. Glob. Chang. Bio. 20, 3520–3529. doi: 10.1111/gcb.12611 

 Zhang, Y. Q., Mathur, R., Bash, J. O., Hogrefe, C., Xing, J., and Roselle, S. J. (2018). Long-term trends in total inorganic nitrogen and sulfur deposition in the US from 1990 to 2010. Atmospheric Chem. Phys. 18, 9091–9106. doi: 10.5194/acp-18-9091-2018 

 Zhang, Y., Yuan, J., You, C. M., Cao, R., Tan, B., Li, H., et al. (2020). Contributions of National Key Forestry Ecology Projects to the forest vegetation carbon storage in China. For. Ecol. Manag. 462:117981. doi: 10.1016/j.foreco.2020.117981

 Zhou, X. L., Wang, A., Hobbie, E. A., Zhu, F. F., Wang, X. Y., Li, Y. H., et al. (2021). Nitrogen uptake strategies of mature conifers in northeastern China, illustrated by the 15N natural abundance method. Ecol. Process. 10:36. doi: 10.1186/s13717-021-00306-4

 Zhu, X. M., Zhang, W., Chen, H., and Mo, J. M. (2015). Impacts of nitrogen deposition on soil nitrogen cycle in forest ecosystems: a review. Acta Ecol. Sin. 35, 35–43. doi: 10.1016/j.chnaes.2015.04.004


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.

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 Shen, Liu, Duan, Wu, Wu, Liao, Yuan and Fan. 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.

OPS/images/fpls-13-914176-t002.jpg
Component

Leaves
Branches
Stems

Bark

Coarse roots
Fine roots
<2mm
2-5mm
5-10mm
Subtotal

NO

7.55(0.14)
19.13(0.50)
115.25(4.01)
16.87(0.45)
35.77(4.82)

057(0.07)

097(0.23)

0.79(0.16)
196,67

Values are means +SEs (1=3).

Dry mass (thm™)

NGO

7.36(0.13)
18.46(0.47)
109.71(3.67)
19.48(0.24)
34.17(2.41)

0530.22)

086(0.28)

067(0.14)
191.24

N120

7.67(0.14)
19.58(0.52)
118.90(4.23)
2291(0.78)

42.62(11.61)

032(0.10)

0.65(0.13)

0.66(0.35)
21331

N240

7.82(0.14)
20.10(0.51)
122.79(4.12)
18.55(0.36)
33.60(3.37)

037(0.05)
062(0.22)
086(0.18)

204.71

No

12.81(1.30)
6.94(0.31)
3.0000.35)
7.62(0.12)
4970.15)

13.87(0.48)
12.88(0.37)
11.980.43)

N content (gkg™)

N6O

13.31(1.08)
7.11(0.43)
3.48(0.40)
7.59(0.23)
5.29(0.21)

13.82(0.86)
12.65(0.48)
12.87(0.49)

N120

14.23(1.65)
7.73(0.54)
3.78(0.46)
)

)

5.76(0.27)
14.55(1.54)

12.47(1.42)
13.66(1.24)

N240

14.99(1.07)
7.97(1.18)
4.86(0.49)
8.18(0.07)
6.41(0.59)

15.36(1.28)
13.48(0.73)
14.44(1.47)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		High N Storage but Low N Recovery After Long-Term N-Fertilization in a Subtropical Cunninghamia lanceolata Plantation Ecosystem: A 14-Year Case Study



		Introduction



		Materials and Methods



		Study Site



		Experimental Design



		Field Sampling



		Laboratory Analysis



		Calculation



		Basal Area Increment



		Soil N Storage



		Plant N Uptake and Recovery Rate









		Statistical Analysis









		Results



		Variation in Soil N Storage



		Variation in DBH and BAI



		Variation in Vegetation N Storage



		Variation in Ecosystem N Recovery Rate









		Discussion



		Tree Growth and Mortality



		N Storage in the Ecosystem



		Higher N Storage After 14 Years of N Fertilization









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References



















OPS/images/fpls-13-914176-t001.jpg
Variables

Density (kgm?)
Treatment 2.898 0.056
Layer 11.948 <0.001
Treatment x layer 0.877 0.526

Values in bold are statistically significant at p <0.05.

F (P) value

N content (gkg")

18.711 <0.001
4.99 0.015
0.603 0.725

N storage (thm-?)

5.392

12.00
0.877

0.027

<0.001
0.527





OPS/images/fpls-13-914176-t004.jpg
N fertilizer rate Chinese fir plant Litter Understory layer Soil Total in ecosystem
(kgN hmZa-")

NO 091003 0.0199 + 0.0019 0.0752 + 0.0068 6.47 £0.46 7.48+0.26
NBO 0.97 +0.04 0.0318 + 0.0024 0.0219 + 0.0050 7.87 £0.15 8.90£0.10
N120 117:0.10 0.0559 + 0.0113 0.0167 + 0.0017 9.75£020 10.99 £0.15
N240 127 £0.06 0.0303 + 0.0028 0.0117 +0.0014 836054 9.67 £0.35

Chinese fir plant: leaves, branches, stems, bark, fine roots, and coarse roots of Chinese fi. Litter: ltter leaves and branches in both L and F layers. Understory layer: small trees,
janas, shrubs, and herbs. Soit total N storage of three soll layers (0-20cm, 20-40cm, and 40-60cm). Totalin ecosystem: the sum of Chinese fir plent, litter, understory layer, and
soil. NO, control; N6O, fow-N; N120, medium-N; N240, high-N.





OPS/images/fpls-13-914176-t003.jpg
Variables
Biomass (tm™?)
Treatment 5.367 0.003
Component 39.727 <0.001
Treatment x component 0505 0681

F (P) value

N content (gkg™)

14.865 <0.001
32.267 <0.001
0.903 0.461

Component: leaves and branches in litter. Treatment: N fertizer treatments, i, NO, N60, N120, and N240.

Values in bold are statistically significant at p <0.05.

N uptake (thm-?)

10.928

66213
0.590

<0.001

<0.001
0.625





OPS/images/fpls-13-914176-M5.jpg
FertilizerN

REy = PNy = PlaniNy

x100%





OPS/images/fpls-13-914176-M4.jpg
PlantN y = Plant giomags * N % (4)





OPS/images/cover.jpg
& frontiers | Frontiers in Pla

High N Storage but Low N Recovery
After Long-Term N-Fertilization in a
Subtropical Cunninghamia
lanceolata Plantation Ecosystem:
A 14-Year Case Study









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers Frontiers in Plant Science





OPS/images/fpls-13-914176-g005.jpg
N content (g kg™")

16
14
12
10

oN Ao

mmmm | eaf === Branch

2 a
a
b b a
b
c

Litter N uptake (t hm-2)

08
.07
06
.05
04
.03
02
01

F=6.791,P=0.002

NO N60 N120  N240

Treatment

0.00

NO N60 N120

Treatment

- Lcaf
[_Branch|

N240





OPS/images/fpls-13-914176-g006.jpg
Vegetation N content (g kg

N
&

N
3

&

3

o

|mmm Understory

NO

N60 N120
Treatment

N240

Soil N content (g kg™)





OPS/images/fpls-13-914176-g003.jpg
N uptake (t hm™2)

2.00
175
1.50
1.25
1.00
75
.50
25
0.00

Nuptake (thm?)

NO N60 N120 N240

Treatment






OPS/images/fpls-13-914176-g004.jpg
>
I
&

S 4. N
s & 8

N content (g kg™)

@

.09

NO

N60 N120

Treatment

N240

Understory N uptake (t hm'?)

08 1

NO

Avoveground [
Belowground

N60 N120  N240

Treatment





OPS/images/fpls-13-914176-M3.jpg
Ny =X (N x 4)

(3)





OPS/images/fpls-13-914176-M1.jpg
Bl = (R Ryt





OPS/images/fpls-13-914176-M2.jpg
N,/,:O.IXTN,xny,x[

100

%)

()





OPS/images/fpls-13-914176-g001.jpg
Soil N content (g kg™)

Sail N storage (t hm®)

N

3

3

020 WM | F=13.040, P=0.002

NO N80 N120  N240

Treatment

NO N60 N120  N240

Treatment





OPS/images/fpls-13-914176-g002.jpg
Number of trees (n.hm™2)

10

14

18 22 26 30 34
DBH class (cm)

38mortality






OPS/images/fpls-13-914176-t005.jpg
N fertilizer

ate (kg cmn;:: fir Lifter Um::r::ory
m-%a-) Pl y

NGO 931 198 -8.88
N120 2098 300 -4.88
N240 14.88 043 -2.65

Vegetation: the sum of all plant organs, litter, and understory layer.

Vegetation

241
19.11
12.67





