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Abstract

:

Understory vegetation plays a crucial role in nutrient turnover and cycling in plantations, but it also competes for nutrients with crop trees when only a single species is present due to its specific nutrient requirements. However, it remains unclear whether this competition can be alleviated when the species richness of understory vegetation increases. In this study, we tested different gradients of understory vegetation species richness, including understory vegetation removal (UR), the retention of a single main understory vegetation species (RS), and the retention of natural diverse understory vegetation (RD) as part of a poplar (Populus deltoides ‘Nanlin-3804′) plantation, to study their effects on poplar growth, and to evaluate nitrogen (N) usage and how this was affected by the interactions between the poplar and understory vegetation. The results showed a generally lower periodic growth, and a significant decline in the foliar chlorophyll content and glutamine synthetase activity of poplar under treatment with RS and RD compared to those under UR treatment conducted in July 2019, which clearly indicated N competition between the understory vegetation and poplar trees. However, no significant difference was detected in the foliar chlorophyll content and glutamine synthetase activity of poplar under RD and RS treatment; only the nitrate reductase activity in poplar leaves under RD treatment declined significantly, by 22.25%, in June 2019. On the contrary, the diameter at breast height (DBH) of the poplar under RD treatment showed an increase of 34.69% from July to August 2019, compared with that under RS treatment. Furthermore, the increase in the species richness of understory vegetation resulted in an increase in the δ15N values in the poplar leaves, which was strongly regulated by the NH4+-N pool in the 10–20 cm soil layer, indicating the effective coordination of N utilization between poplar and understory vegetation when diversified understory plant species were present. These findings demonstrate the essential role of understory vegetation species diversity in alleviating N competition with crop trees, and provide guidance for understory vegetation management in poplar plantations.
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1. Introduction


Understory vegetation is a natural and essential component of the plantation ecosystem [1,2]. Gilliam [3] reviewed the ecological significance of understory vegetation, emphasizing the function of understory vegetation in maintaining the biodiversity of forest ecosystems, and also demonstrated that understory vegetation competes with overstory trees for water and nutrients. Therefore, understory vegetation is traditionally removed from or controlled in plantations to eliminate competition [4,5,6] and to facilitate the growth of the crop trees, especially in the early stages [7,8]. However, recent research has revealed that understory vegetation plays crucial roles in the productivity and sustainability of plantation ecosystems by promoting the decomposition of litterfall and nutrient cycling [9,10].



In the last few decades, attention has been directed toward the relationship between biodiversity and ecosystem functions [11,12]. It is hypothesized that species diversity affects the ecosystem function through the “mass effect” and the “diversity effect” [13,14,15,16]. In terms of plantations, studies have paid more attention to the upper crop trees [17,18,19,20] than to the understory vegetation. Under natural conditions, understory vegetation in plantations generally contains diverse plant species, greatly contributing to the maintenance of biodiversity [16,21]. However, few studies have addressed the role of understory vegetation diversity in terms of its nutrient effects. Several recent studies have indicated that diverse understory vegetation can produce diverse litter, thus promoting the litter decomposition process and accordingly increasing the nutrient supply [22,23]. Some research has also shown that diverse understory species could enhance the resilience and stability of forest ecosystems [24,25]. Generally, different understory plants have specific nutrient, water, and space requirements [26,27]. Therefore, compared with an understory comprising a single plant species, diverse understory vegetation should somewhat reduce competition with crop trees [28,29]. Moreover, diverse understory vegetation, given the variety of growth periods associated with its different individual species, should theoretically be able to intercept excess nutrients and store them in biomass over an extended period [30,31], subsequently releasing them upon plant death and decomposition for utilization by trees in the next growing season [32]. However, research on this matter is insufficient, and clarification of the mechanisms of understory vegetation species diversity in plantations awaits.



Poplar (Populus spp.) is an important timber forest species in China; however, severe site degradation and productivity decline, due to short-term harvest rotation and whole-tree harvesting in poplar plantations, have been recently reported [33]. Nitrogen (N) is the most essential nutrient for poplar growth, and its supply is closely related to soil quality and site productivity [34,35]. Accordingly, in poplar plantations, the existence of understory vegetation can improve the soil quality and nutrient supply by promoting nutrient cycling, and its species richness can facilitate the alleviation of nutrient competition between poplar and understory vegetation. However, few studies have evaluated the effects of an increase in the species richness of understory vegetation on the N utilization of crop trees in plantations. Theoretically, the utilization of N varies considerably among co-existent plants due to differences in root distribution and preferences for specific N forms [36,37], which can be somewhat distinguished through the fractionation of natural N isotopes according to abundance [38,39,40]. Therefore, we established a gradient of understory vegetation species richness (UVSR) in a poplar plantation to determine its effect on the growth and N metabolism of poplar trees, as well as the N competition between poplar trees and understory vegetation. Specifically, we attempted to answer the following two questions:




	(1)

	
How does the presence of understory vegetation affect the growth and N utilization of poplar trees?




	(2)

	
Does an increase in UVSR alleviate N competition with poplar trees and maintain poplar growth?









We attempt to devise an appropriate and relevant approach to understory vegetation management so as to ensure the sustainability of the poplar plantation.




2. Materials and Methods


2.1. Study Site Description and Experimental Design


The study site was Malanghu Forest Farm, Sihong County, Jiangsu Province, China (33°32′ N, 118°36′ E). The mean annual air temperature and precipitation are 14.6 °C and 893.9 mm, respectively. The soil at this site is a clay loam derived from lacustrine fine sediments of Hongze Lake. The site has moderate soil fertility and quality with a pH value of 7.03, bulk density of 1.33 g cm−3, and organic carbon and total N contents of 20.23 g kg−1 and 2.03 g kg−1, respectively, in the 0–10 cm soil layer.



The studied poplar plantations were set up in March 2016 using one-year-old rooted cuttings of poplar clone ‘Nanlin-3804′ (P. deltoides ‘Nanlin-3804′). Clone ‘Nanlin-3804′ is the fast-growing male poplar clone, with good wood quality for plywood and pulp production. The planting spacing was 6 m × 6 m. According to a previous investigation of the plantation in August 2017, the mean tree height and diameter at breast height (DBH) of the poplar trees are 7.59 ± 0.43 m and 9.33 ± 0.12 cm, respectively, and the main understory plant species are barnyard grass (Echinochloa crusgalli), Setcreasea purpurea, Rhizoma cyperi, and Ammannia coccinea, representing approximately 60%, 20%, 10%, and 10% of the total biomass of the understory vegetation, respectively.



A gradient of UVSR was set up in August 2017 based on the previous investigation. The following three forms of understory species richness treatment were designed: understory vegetation removal (UR), retention of a single main understory plant species (RS), and retention of naturally diverse understory vegetation (RD). A randomized block design was employed the experiments, with three rectangular blocks formed by three rows and 7 trees per row for each plot. For the UR treatment, after removing all the understory vegetation, the surface was covered with black weed barrier fabric to control the re-growth of the understory plants while ensuring air and water permeability. For the RS treatment, the dominant barnyard grass was retained by removing all the other understory species and appropriate reseeding was carried out to ensure its coverage. For the RD treatment, the understory vegetation was kept intact to remain its natural richness. The understory vegetation was subsequently managed monthly according to the design.




2.2. Tree Growth Monitoring


To avoid an edge effect, the five poplar trees in the center of each plot were used for measuring tree height and DBH growth. Tree height was measured via the trigonometric method using a Blume Leiss hypsometer every two months from June to October 2018 and from April to August 2019; DBH was measured monthly at breast height (1.3 m) using the dendrometer band method [41,42] during the same monitoring period.




2.3. Poplar Leaf, Understory Vegetation, and Soil Sampling and Preparation


The same five central poplar trees in each plot were used to determine foliar N metabolism and natural δ15N value. Leaf samples were collected monthly from the upper 30% of the crown of each tree at four locations from May to August 2019. The samples were transported in a cool box at 4 °C to the laboratory. The samples from all the trees in each plot were mixed in equal parts, and this mixed sample was then divided into two parts. One part was dried at 60 °C for 24 h, ground to fine powder, and then sieved through a 75-μm mesh for the analysis of total N and δ15N value. The other was stored at 4 °C before the determination of chlorophyll content and enzyme activities related to N metabolism.



Five 1 m × 1 m subplots were randomly established in each plot of the RS and RD treatments. All the aboveground understory vegetation in each subplot was harvested three times in April, June and August 2019. The harvested biomass was brought back to the laboratory, weighed after oven-drying, and ground for the analysis of total N content. Moreover, the biomass of the barnyard grass that was sampled in June and August 2019 was used for the analysis of δ15N value.



In June and August 2019, after harvesting all the aboveground understory vegetation, mineral soil samples from the 0–5, 5–10, and 10–20 cm soil layers were collected in each subplot. The samples were transported under cool conditions to the laboratory; after sieving through a 2-mm mesh, the soil samples were stored at 4 °C for the subsequent extraction of NH4+-N and NO3−-N and the analysis of the natural abundance of 15N.




2.4. Measurement of Poplar Leaf, Understory Vegetation, and Soil Variables


The total N contents of the poplar leaves and the understory vegetation were determined with an elemental analyzer (Vario MACRO Cube, Elementar Company, Langenselbold, Germany). The natural 15N abundance of poplar leaf and barnyard grass was determined using a stable isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientific, Waltham, MA, USA).



The chlorophyll of the poplar leaves was extracted by soaking the fresh leaf sample in 80% acetone in darkness for 24 h. Then, the absorbance of the extraction determined at 646 nm and 663 nm via a spectrophotometer (Analytik Jena AG, Jena, Germany) was used to calculate the chlorophyll content [43].



The activities of glutamine synthetase (GS) and nitrate reductase (NR) of the poplar leaf were analyzed to evaluate the relative importance of NH4+-N and NO3−-N in the poplar when undergoing different treatments. GS activity was determined via the method described by Aldarini et al. [44] and Ferreira et al. [45]. Fresh poplar leaf powder grounded in liquid nitrogen with quartz sand was extracted with Tris-HCl buffer (0.05 mol L−1, pH 7.4) for 1 h; after centrifugation at 3000 rpm for 25 min at 4 °C, the supernatant was incubated with the reaction solution (40 mmol L−1 ATP, 80 mmol L−1 MgSO4, 20 mmol L−1 sodium glutamate, 20 mmol L−1 cysteine, 2 mmol L−1 EGTA and 80 mmol L−1 hydroxylamine-HCl) for 30 min at 37 °C, then the stop solution (0.2 mol L−1 TCA, 0.4 mol L−1 FeCl3 and 0.6 mol L−1 HCl) was added to halt the reaction. The absorbance of the supernatant was determined at 540 nm via a spectrophotometer (Analytik Jena AG, Jena, Germany). A paired determination procedure with no hydroxylamine HCl in the reaction solution was used as the blank. The GS activity was calculated as the difference between the test and the blank, with A540 mg−1 protein h−1 as the unit.



The NR activity was determined in vivo according to the method of Radin [46], with minor modifications. The freshly chopped poplar leaf sample (~Ø 2.5 mm discs) was immersed in the reaction solution (0.1 mol L−1 KNO3, 0.1 mol L−1 KH2PO4 and 3% 1-propanol, adjusted to pH 7.5) via vacuum infiltration, and incubated for 1 h at 30 °C in the dark. Then, the reaction was stopped by the addition of 30% trichloroacetic acid solution. Nitrite (NO2−) was determined colorimetrically via diazotization and absorbance at 540 nm [47]. A paired determination procedure with no KNO3 in the reaction solution was used as the blank. The NR activity was calculated as the difference between the test and blank, with mg NO2− g−1 h−1 as the unit.



Soil inorganic N (NH4+-N and NO3−-N) was extracted from the fresh soil with a 2 mol L−1 KCl solution at a 1:5 (w/v) soil-to-solution ratio by shaking for 1 h (180 r min−1). After suction filtration, the NH4+-N concentration was determined via the indophenol blue method [48] and the NO3−-N concentration was determined via the dual-wavelength ultraviolet spectrophotometry method [49].



The δ15N values of soil inorganic N were measured using a modified ammonia diffusion protocol [50]. The soil extract with inorganic N (50 mL) was transferred into a glass media bottle (250 mL). An acidified GF/D filter disk (Whatman # 1823010, Sigma-Aldrich, St. Louis, MO, USA) enclosed in a 10-μm pore-size polytetrafluoroethylene (PTFE) membrane (Millipore LCWP 02500, Merck Millipore, Burlington, MS, USA) was floated on the solution as an ammonia trap. The bottle was closed tightly after approximately 0.1 g of MgO was added to adjust the pH of the solution to 11, and it was then shaken on a thermostat bath oscillator (30–35 °C) for 5 days to ensure the complete diffusion of NH3 into the acidified trap. The end of NH3 diffusion was confirmed via an ammonia nitrogen test. The filter pack was removed from the diffusion bottle and placed in a desiccator with silica gel and an open container of concentrated sulfuric acid to dry for 2–3 days. Then, a new trap and approximately 1.5 g of Devarda’s alloy were added to the bottle, and the bottle was immediately closed and shaken for another 5 days to convert NO3−-N to NH4+-N, which then diffused into the acidified trap. After drying, the PTFE membrane was separated, and the acidified filter disk was sent for consequent analysis of δ15N. δ15N isotopic analysis was carried out using a stable isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientific, USA).




2.5. Statistical Analyses


All values reported in this paper are presented as arithmetic mean ± standard error. One-way analysis of variance (ANOVA) of the SPSS 21.0 statistical software program (SPSS, Chicago, IL, USA) was used to assess the differences among understory vegetation treatments. Duncan’s test was used to differentiate means. Stepwise multiple linear regression analyses were adopted to elucidate the N utilization strategy of poplar and barnyard grass for different inorganic N forms and soil layers using the SPSS 21.0 statistical software program. All the figures were drawn via SigmaPlot 14 software (Systat Software, Chicago, IL, USA).





3. Results


3.1. Impact of UVSR on Poplar Growth


The increments in the tree height and DBH of the poplar were generally lower under the RS and RD treatments than under the UR treatment (Figure 1). From June to August, the poplar tree height increment was 20.29% to 36.30% lower, and the DBH increment was 13.89% to 28.70% lower under the RS and RD treatment compared to the UR treatment (p < 0.05), in 2018 and 2019, respectively; however, when comparing the RD and RS treatments, there was no significant difference in the periodic increments in the poplar tree height and the DBH, except for a significant increase in the DBH of 34.69% during the period from July to August 2019 (Figure 1). In general, the annual increments in poplar tree height and DBH showed no significant differences between the three understory vegetation treatments (Figure 1).




3.2. Impact of UVSR on Poplar Foliar N and Chlorophyll Content and Enzyme Activity


The foliar N and chlorophyll contents of the poplar showed no significant differences between the three understory treatments in different growth periods, except for the chlorophyll content in July (Figure 2). In July, the foliar chlorophyll content was 12.96% and 18.62% lower under the RS and RD treatments than under the UR treatment (p < 0.05), respectively; however, there was no significant difference between the RS and RD treatments (Figure 2b).



The activities of GS and NR in poplar leaves increased most significantly after May 2019, at which point significant differences among the three understory treatments began to appear (Figure 3). Significant decreases in GS activity were detected in July and August 2019; this activity was 16.86% to 22.27% lower under RS and RD treatments, respectively, than under UR treatment (p < 0.05). However, no significant difference was found between the RS and RD treatments (Figure 3a), while for NR activity, a significant difference was only found in June 2019, with decreases of 27.68% and 22.25% under the RD treatment compared to the UR and RS treatments, respectively (Figure 3b).




3.3. Biomass and N Accumulation in Understory Vegetation


No understory vegetation was found throughout the whole investigation period when using the UR treatment (Figure 4a). Furthermore, no understory vegetation was found in April under the RS treatment, while appreciable levels of biomass and N accumulation were found during this period under the RD treatment (Figure 4). Moreover, the levels of biomass and N accumulation in the understory vegetation were significantly higher under the RD treatment than under the RS treatment in June and August (p < 0.05), with an increase of 28.78% and 34.63% in biomass, and 64.47% and 89.84% in N accumulation (Figure 4).




3.4. Linking δ15N of Plants and Soil Inorganic N Pool in Response to UVSR


The UVSR showed a significant impact on the δ15N value of the poplar leaves (Figure 5). The value of poplar foliar δ15N displayed no significant differences when under the RS treatment compared to RD, while both of these values were significantly higher than when under the UR treatment (p < 0.05) in August 2019. Apart from this, there was no significant difference in poplar foliar δ15N in June among the three understory treatments (Figure 5a). As for the δ15N values of barnyard grass, no significant differences were found between the RS and RD treatments between June and August 2019 (Figure 5b).



The soil inorganic N was dominated by NO3−-N in both June and August (Table 1). The soil NH4+-N content was generally higher under the RS and RD treatments than under the UR treatment, especially in June when the difference was significant (Table 1). Different patterns arose in the soil NO3−-N content, with no significant differences in the 0–5 cm soil layer among the three understory treatments in June and August, while significantly lower values arose in the 5–10 and 10–20 cm soil layers under both the RS and RD treatments compared to the UR treatment (Table 1). However, no significant difference was found between the RS and RD treatments, except for a significantly lower NH4+-N content in the 10–20 cm soil layer in June under the RD treatment compared to the RS treatment (Table 1).



The δ15N value of the soil inorganic N was higher in June than in August, and the δ15N value of the soil NH4+-N was higher than that of NO3−-N in both June and August (Table 1). The δ15N values of the soil NH4+-N in both the 0–5 and 5–10 cm soil layers were generally lower under the RS and RD treatments than under the UR treatment in June, but there was no significant difference among the three understory treatments in the three soil layers in August (Table 1). The δ15N values of the soil NO3−-N were generally lower under the RS and RD treatments than under the UR treatment in both the 0–5 and 5–10 cm soil layers in June, but they were higher under the RS and RD treatments than under the UR treatment in the 10–20 cm soil layer in August (Table 1). However, there was generally no significant difference between the RS and RD treatments, except for the significantly higher δ15N value of the soil NO3−-N in the 0–5 cm layer in June under the RD treatment compared to the RS treatment, and the significantly lower δ15N value of the soil NO3−-N in the 5–10 cm soil layer in June under the RD treatment compared to the RS treatment (p < 0.05).



Stepwise multiple linear regression was performed to evaluate the continuity in δ15N between the plants and soil inorganic N source. The results (Table 2) showed that, in June, the δ15N of the poplar under the UR treatment and that of the barnyard grass under the RS and RD treatment were strongly regulated by NO3−-N in the 10–20 cm soil layer, and then by NH4+-N in the 10–20 cm soil layer; the δ15N of the poplar under the RS treatment was regulated in a coordinated manner by both NH4+-N and NO3−-N in the 10–20 cm soil layer, while the δ15N of the poplar under the RD treatment was strongly regulated by NH4+-N, and then by NO3−-N in the 10–20 cm soil layer. As in August, the relationship showed obvious changes. The δ15N of the poplar under the UR treatment and that of the barnyard grass under the RS and RD treatment were primarily regulated by NO3−-N in the 10–20 cm soil layer, while the δ15N of the poplar under the RS and RD treatment was primarily regulated by NH4+-N in the 10–20 and in 0–5 cm soil layers, respectively.





4. Discussion


The slightly smaller increments in the poplar tree height and DBH, accompanying the reductions in the chlorophyll content and N-related enzyme activity in the poplar leaf under the RS and RD treatment compared to the UR treatment, especially during the main understory vegetation growing season, suggest N competition between understory vegetation and poplar trees. This finding is consistent with several previous reports [51,52], implying that understory vegetation influences crop tree growth and needs to be scientifically managed [53,54].



Our results have also revealed that the poplar growth under the RD treatment is comparable to that under the UR treatment, but is generally higher than under the RS treatment, indicating that UVSR could alleviate competition, as mentioned above, rather than only increasing the biodiversity in plantations [21,55]. Elliott et al. [16] reported that increases in herbaceous organic material could stimulate soil N mineralization and benefit the N condition for the overstory trees. The aboveground biomass of the understory vegetation was significantly higher under the RD treatment than under the RS treatment. The large biomass of the understory vegetation produces more plant litter, which, in turn, contributes to the increase in soil decomposers, litter decomposition, and nutrient cycling [56,57]. This might explain why UVSR alleviated N competition between the understory vegetation and crop trees. Moreover, many studies have confirmed that mixed litter from diverse plant species could increase the complexity of food resources for soil microorganisms and sustain diverse soil microflora, thus promoting microbial activity, and accelerating litter decomposition and nutrient release [58,59,60,61,62]. In our study, UVSR produced more diverse litter under the RD treatment than under the RS treatment, which could be conducive to litter decomposition and nutrient cycling in the poplar plantations. Besides this, given that different understory species displayed unique rhythms of annual growth and nutrient utilization under the RD treatment, excess nutrients in a certain season could be intercepted by and stored in the biomass of specific understory species, thereby reducing the extent of nutrient loss from the plantation system. As such, increases in UVSR could alleviate N competition and facilitate poplar growth to a certain extent in poplar plantations.



The δ15N value of the soil NH4+-N was generally higher than that of NO3−-N due to the fractionation of N isotopes with N transformational processes in the soil [63]. The poplar foliar δ15N values suggest that the existence and diversity of the understory vegetation might have changed the N utilization strategy of poplar. The NH4+-N in the shallower soil layer accounted for the greater variation in poplar leaf δ15N under the RD treatment compared to the RS treatment. The vertical fine root distribution in the diverse understory vegetation may be more complicated than that in the single species of understory vegetation [64,65]. In addition, different plants have varying preferences for different N species [66,67], meaning that the N in the shallow soil layer has a greater impact on poplar N utilization than that in the deep soil layer. Many studies have shown that the nutrient content, soil microbial activity and extracellular enzyme activity decrease with soil depth [68,69,70], while at the same time, the nutrients in the litter are primarily released into the surface soil [71,72]. Therefore, as compared with the RS treatment, the RD treatment can improve the N utilization of poplar trees.



Recently, more studies have reported the importance of understory vegetation in sustaining soil nutrient conditions in orchards [73] or plantations [74,75], and the effective management of understory vegetation has been studied in more detail [76,77]. However, in addition to the maintenance of biodiversity [78,79], the species richness of understory vegetation has received little attention for its benefits in alleviating nutrient competition and improving overstory tree growth. In order to verify this effect, though, corresponding experiments must be carried out in other plantations and for much longer periods. From the perspective of the diversity management of understory vegetation, several studies in grasslands have shown that proper mowing, such as mowing at intervals, could increase plant biodiversity [80,81,82]. Therefore, it would be worthwhile to study whether the diversity of understory vegetation could be increased by proper mowing, and whether this is beneficial to the nutrient conditions and tree growth in plantations. Such future studies could provide important information facilitating plantation owners in formulating understory vegetation management strategies to ensure better plantation productivity.




5. Conclusions


Understory vegetation removal has been previously shown to be beneficial to the growth and N utilization of poplars in early plantation stages when compared with understory vegetation retention. However, our results show that the growth values of the poplars under treatment with the retention of diverse understory vegetation were close to those for the poplars under treatment with understory vegetation removal. Although the retention of understory vegetation reduced the activities of the enzymes involved in N conversion in poplar leaves, the retention of diverse understory vegetation gave rise to an effective coordination pattern of nitrogen utilization between the poplar and understory vegetation. From the perspective of soil fertility and productivity maintenance, the retention of diverse understory vegetation is an economical and effective method of understory vegetation management for poplar plantations.
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Figure 1. Increment of poplar tree height (a) and DBH (b) with increase in understory vegetation species richness. The annual increment was determined by summing the increments of poplar tree height and DBH from June 2018 to May 2019. Different letters indicate significant differences between treatments at p < 0.05. 
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Figure 2. Variation in foliar N content (a) and chlorophyll content (b) of poplar with increase in understory vegetation species richness. Different letters indicate significant differences between treatments at p < 0.05. 
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Figure 3. Variation in poplar foliar GS (a) and NR (b) activity with increase in understory vegetation species richness. Different letters indicate significant differences between treatments at p < 0.05. 
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Figure 4. Aboveground biomass (a) and N accumulation (b) in the understory vegetation under RS and RD treatments. Different letters indicate significant differences between treatments at p < 0.05. 
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Figure 5. Variation in δ15N values of poplar leaf (a) and barnyard grass (b) with increases in understory vegetation species richness. Different letters indicate significant differences between treatments at p < 0.05. 
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Table 1. Variation in inorganic N content and δ15N value with increase in understory vegetation species richness. UR, RS and RD refer to the treatments of understory vegetation removal, the retention of a single main understory plant species, and the retention of natural diverse understory vegetation, respectively. Lowercase letters indicate significant differences in inorganic N content and δ15N value between treatments (p < 0.05).
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June

	
August




	
Soil Layer

(0–5 cm)

	
Soil Layer

(5–10 cm)

	
Soil Layer

(10–20 cm)

	
Soil Layer

(0–5 cm)

	
Soil Layer

(5–10 cm)

	
Soil Layer

(10–20 cm)






	
NH4+-N content (mg kg−1)

	
UR

	
2.23 ± 0.22 b

	
1.39 ± 0.22 b

	
1.06 ± 0.18 b

	
2.05 ± 0.28 a

	
2.01 ± 0.28 a

	
1.79 ± 0.26 a




	
RS

	
4.34 ± 0.45 a

	
4.60 ± 1.06 a

	
2.73 ± 0.55 a

	
2.46 ± 0.62 a

	
2.89 ± 0.49 a

	
1.47 ± 0.06 a




	
RD

	
3.97 ± 1.04 a

	
3.81 ± 0.65 a

	
1.77 ± 0.30 b

	
2.43 ± 0.40 a

	
2.11 ± 0.43 a

	
1.61 ± 0.12 a




	
NO3−-N content (mg kg−1)

	
UR

	
26.17 ± 5.67 a

	
24.73 ± 1.86 a

	
15.35 ± 3.28 a

	
11.63 ± 2.49 a

	
12.32 ± 1.95 a

	
6.88 ± 0.81 a




	
RS

	
26.28 ± 5.26 a

	
10.15 ± 1.92 b

	
8.01 ± 1.59 b

	
9.78 ± 1.99 a

	
12.16 ± 1.66 a

	
4.62 ± 0.95 b




	
RD

	
24.53 ± 4.44 a

	
10.19 ± 1.40 b

	
6.74 ± 1.92 b

	
10.66 ± 0.67 a

	
9.15 ± 1.14 a

	
5.69 ± 0.34 ab




	
δ15N of NH4+-N (‰)

	
UR

	
4.75 ± 0.01 a

	
4.75 ± 0.03 a

	
6.78 ± 0.05 a

	
2.62 ± 0.07 a

	
2.65 ± 0.02 a

	
3.25 ± 0.01 a




	
RS

	
4.52 ± 0.28 ab

	
4.44 ± 0.26 b

	
6.56 ± 0.10 a

	
2.48 ± 0.15 a

	
2.47 ± 0.14 a

	
3.62 ± 0.09 a




	
RD

	
4.26 ± 0.07 b

	
4.30 ± 0.03 b

	
6.53 ± 0.31 a

	
2.57 ± 0.21 a

	
2.62 ± 0.03 a

	
3.48 ± 0.24 a




	
δ15N of NO3−-N (‰)

	
UR

	
2.71 ± 0.07 a

	
2.85 ± 0.02 a

	
3.69 ± 0.09 a

	
−3.33 ± 0.26 a

	
−3.46 ± 0.17 a

	
0.54 ± 0.02 b




	
RS

	
2.48 ± 0.03 b

	
2.79 ± 0.05 a

	
3.66 ± 0.18 a

	
−3.58 ± 0.10 a

	
−3.65 ± 0.03 a

	
0.63 ± 0.01 a




	
RD

	
2.67 ± 0.08 a

	
2.44 ± 0.17 b

	
3.65 ± 0.19 a

	
−3.67 ± 0.07 a

	
−3.68 ± 0.09 a

	
0.64 ± 0.01 a
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Table 2. Summary of stepwise regressions between δ15N values in plants with δ15N values of inorganic N. UR, RS and RD refer to the treatments of understory vegetation removal, the retention of a single main understory plant species, and the retention of naturally diverse understory vegetation, respectively. x1, x2 and x3 refer to the δ15N values of NH4+-N in the 0–5, 5–10, and 10–20 cm soil layers, and x4, x5 and x6 refer to the δ15N values of NO3−-N in the 0–5, 5–10, and 10–20 cm soil layers, respectively. The symbol “-” means that the independent variable was not incorporated into the regression model.
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Variable Y

	
Standardized Coefficient

	
r2

	
p Value




	
x1

	
x2

	
x3

	
x4

	
x5

	
x6






	
June

	
δ15N of poplar leaf under UR treatment

	
-

	
-

	
0.38

	
-

	
-

	
0.62

	
0.99

	
0.02




	
δ15N of poplar leaf under RS treatment

	
-

	
-

	
0.49

	
-

	
-

	
0.51

	
0.99

	
0.02




	
δ15N of poplar leaf under RD treatment

	
-

	
-

	
0.59

	
-

	
-

	
0.41

	
0.99

	
0.00




	
δ15N of barnyard grass under RS treatment

	
-

	
-

	
0.34

	
-

	
-

	
0.67

	
0.99

	
0.01




	
δ15N of barnyard grass under RD treatment

	
-

	
-

	
0.33

	
-

	
-

	
0.67

	
0.99

	
0.00




	
August

	
δ15N of poplar leaf under UR treatment

	
0.04

	
-

	
-

	
-

	
-

	
0.97

	
0.99

	
0.02




	
δ15N of poplar leaf under RS treatment

	
-

	
-

	
1.45

	
-

	
0.45

	
-

	
0.99

	
0.02




	
δ15N of poplar leaf under RD treatment

	
1.13

	
-

	
-

	
-

	
0.13

	
-

	
0.99

	
0.02




	
δ15N of barnyard grass under RS treatment

	
-

	
-

	
-

	
-

	
0.13

	
1.13

	
0.99

	
0.01




	
δ15N of barnyard grass under RD treatment

	
0.02

	
-

	
-

	
-

	
-

	
0.98

	
0.99

	
0.00
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