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Abstract

:

To clarify the migration and accumulation of nitrogen (N), magnesium (Mg), calcium (Ca), and potassium (K) in soil profiles of plastic-greenhouse vegetable fields with cultivation years, soil samples from the 0–7 m soil profiles were collected from 10 pepper greenhouses with 10 and 20 years planting history, and parallel soil samples were taken from adjacent wheat-maize fields as controls. The results showed that: (1) Compared with wheat-maize fields, the total N amount in the 0–7 m soil layers from the greenhouses increased by 6.19 ± 1.16 and 9.11 ± 3.43 t ha−1 at 10 and 20 years, respectively, accounting for about 30.4% and 17.5% of the N input. (2) The N amount that entered the environment outside the 0–7 m soil layers were 6.95 t ± 2.76 and 29.10 ± 10.14 t ha−1 after 10 and 20 years of continuous planting, accounting for approximately 34.2% and 55.9% of the N input, respectively. (3) The concentration of water-soluble Ca and Mg in the 0–7 m soil layers increased significantly with cultivation years, and correlated positively with mineral N concentration. (4) Moreover, K mainly accumulates in the form of non-exchangeable K in the surface layers (0–50 cm). Our results demonstrated that huge amounts of N migrate to the deep soil with the extension of cultivation years in plastic-greenhouse pepper production systems, accompanied by significant leaching of Ca and Mg, while K mainly accumulates in the surface layers.
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1. Introduction


Plastic-greenhouse vegetable planting can produce vegetable products in winter, realizing the balanced supply of vegetables throughout the year, which has developed rapidly in recent decades in China. By 2020, the planting area of greenhouse vegetables is approximately 4.1 million hectares [1], which is approximately 26 times that of 1990 [2]. To avoid the high cost of installing warming equipment during winter, the topsoil will be excavated, causing the planting surface to be 0.5–2 m below the ground level during the construction of the greenhouse. The frame structure on the top floor of the greenhouses are covered with plastic film in the south side (sunward side) and in addition to a waterproof felt on winter nights for heat preservation, which provides suitable growing conditions for vegetables [3].



Although this kind of sunken greenhouse can realize low-cost and environmentally friendly production, it also has defects. The fertile topsoil is removed, and the vegetables are directly planted on the barren and compact subsoil. In order to improve soil structure and meet the nutrient requirements of intensive high-yield vegetables, farmers often overuse organic fertilizer and chemical fertilizer. Annual total N input exceeds 2000 kg ha−1, i.e., far exceeding the demands of crops [4,5]. The N use efficiency in vegetable production systems is less than 12% [6], which is significantly lower than that in the USA and Europe (up to 37–68%) [7]. The huge N surplus causes serious pollution to the ecological environment, for example, increasing greenhouse gas (N2O and NO) emissions and accelerating global warming [8], increasing the hydrological transport of N, and intensifying nitrate pollution of water bodies [9].



Research indicated that nitrate-N concentrations in almost all shallow groundwater in plastic-greenhouse vegetable planting areas in northern China has already exceed the US-EPA threshold of 10 mg NO3−-N L−1 [10]. The concentration of nitrates in groundwater generally decreased between 2009 and 2019 in Weifang, Shandong province, likely because of the reduction of agricultural land area and fertilizer application, and the increase of the depth of the wells [11]. However, the nitrate concentration of groundwater in greenhouse vegetable planting areas is still significantly higher than that in winter wheat planting areas. Nitrogen fertilizer is the main source of nitrate in groundwater [11], and the excessive irrigation is an important driving force causing N entry into groundwater [12,13]. Currently, flood irrigation remains the most common phenomenon in most plastic-greenhouse vegetables planting areas in China [14,15]. The total irrigation rate exceeds 1300 mm/year [16], with the average irrigation amount reaching 60–80 mm per time [17]. Excessive N input combined with flood irrigation have resulted in large N leaching losses. Approximately 450 kg N ha−1 season−1 was leached to below the 90 cm soil layer in the form of mineral N (67%) and dissolved organic N (33%, DON) in greenhouse tomato production systems, which half of the N application amount is lost by leaching [18].



Previous studies on plastic-greenhouse vegetable N leaching loss mainly focused on 1 m soil layers [19,20]. However, with the increase of cultivation years, the fate of N leached into deep soil is unclear. In addition, from the perspective of charge balance, during the leaching process of NO3−-N, there must be cations with the same charge leaching together. Soil base cations play an important role in acid buffering. However, in recent years, the concentration of base cations in groundwater is also constantly increasing with nitrate-N [4], causing a large amount of scale formation in the heating process of groundwater. This is also one of the important reasons why people give up drinking groundwater. Where do the basic cations in groundwater come from? Is it related to soil N leaching? These questions deserve further verification.



Pepper is one of the most important vegetables in the world, accounting for about 10% of the vegetables planting area and total yield, and China produces more than half (50.8%) of the worldwide pepper crop [21]. Consequently, the aims of this study were to identify the fate of N in deeper soil layers at different cultivation years of plastic-greenhouse pepper and clarify the relationship between N leaching and base cations leaching in different soil layers.




2. Materials and Methods


2.1. Site Description


The site was in the Shouguang of Shandong province (36.91° N, 118.87° E), which is a famous plastic-greenhouse pepper planting area in China. The mean annual air temperature and precipitation were 12.7 °C and 594 mm (1981–2010), respectively. All sampling points were located in Zhaili village, including six pepper greenhouses with a 7–10 years (10-year) history of planting, four pepper greenhouses with a 20 years (20-year) history, and three wheat-maize fields as controls for comparison (Figure S1).




2.2. Production Management of Plastic Greenhouses and Wheat-Maize Fields


Information on the cultivation history of the plastic-greenhouses, the fertilization and irrigation regimes of pepper were obtained through questionnaire survey with growers. To facilitate the sales of vegetable products, vegetable planting has a variety agglomeration effect in this area. According to our survey, the 10-year and 20-year greenhouses were built in 2009 and 2000 respectively, with the planting surface sinking by 1 m. Since the construction of those plastic-greenhouses, one crop of pepper has been planted every year (transplanted in late August and harvested in early July of the next year).



Conventional flood irrigation was used in the investigated greenhouses and every irrigation interval of 7–20 d, mainly related to the plants growth period and season. The annual irrigation amount was about 1035 mm, with 45–50 mm for each irrigation. The N inputs from organic fertilizer, synthetic fertilizer, and irrigation water were 1106 ± 51, 940 ± 109, and 210 kg ha−1 yr−1 for the six sampled 10-year plastic greenhouses, and 800 ± 126, 1655 ± 242, and 150 kg ha−1 yr−1 for the four sampled 20-year plastic greenhouses, on average (Table S1). Chicken manure, solid compound fertilizer (diammonium phosphate), and water-soluble fertilizer were the commonly fertilizer types. Chicken manure and solid compound fertilizer were used as basal fertilization, and the water-soluble fertilizer was used as topdressing.



Winter wheat and summer maize rotation has been used in the investigated wheat maize fields. The annual irrigation amount was about 500 mm, with 100 mm for each irrigation. Irrigation was mainly carried out during the growth of winter wheat, whereas maize mainly depends on summer rainfall in this area. The average annual application rate of chemical N fertilizer in wheat-maize rotation system was about 450 kg N ha−1 for the three sampled wheat-maize fields, and no organic fertilizer was applied (Table S1). In addition, approximately 65 kg N ha−1 was brought in by irrigation water every year. Moreover, there was no significant difference in total N input, crop yield, and N uptake between sampled greenhouses and fields and the surrounding greenhouses and fields according to the interviews with the farmers (Table S2).




2.3. Soil Sampling and Analysis


Soil samples were collected from November to December 2020. Soil profiles at a depth of 0–7 m were obtained using an excavator in the selected plastic greenhouses. Due to the ground of the wheat-maize fields is 1 m higher than that of the pepper greenhouses, soil profiles of 0–8 m were excavated on the wheat-maize fields, and the 1–8 m profiles were selected to correspond to the 0–7 m profiles of the pepper greenhouse. The 7 m soil samples were collected from 14 soil layers (50 cm for each layer) with approximately 500 g of uniformly mixed soil per layer. Moreover, the soil samples of 0–25 and 25–50 cm were obtained by soil auger. Undisturbed soil samples were collected using a cutting ring with a volume of 100 cm3 at the middle position of each layer. These samples were subsequently dried at 105 °C for 24 h and the soil bulk density was obtained after weighing (Table S3).



After air drying, the soil samples were sieved through a 1mm sieve. Subsamples of 10 g were extracted by shaking with 100 mL 0.5 mol L−1 K2SO4 for 30 min and mineral N concentration were measured using an autoanalyzer (AA3, Nordstadt Hamburg, Germany). The soluble total N (STN) was measured using dual-wavelength ultraviolet spectrophotometry after alkaline persulfate oxidation of the above soil extract [22]. The difference between STN and mineral N is the soluble organic N (SON). The soil total N (TN) was determined using the Kjeldahl method. Subsamples of 10 g were weighed and extracted with 50 mL water oscillate for 10 min and soil water-soluble K, Ca, and Mg were determined using inductively coupled plasma atomic emission spectroscopy (Optima 3300 DV, Perkin Elmer, Waltham, MA, USA). Subsamples of 10 g were extracted with 100 mL 1.0 mol L−1 NH4OAC oscillate for 30 min, and soil exchangeable K concentration was measured using a flame photometer. Subsamples of 10 g were extracted by heating with 100 mL 1.0 mol L−1 HNO3 for 10 min, and soil non-exchangeable K concentration was measured using a flame photometer [23]. The soil pH were measured in 1:5 soil:water solutions using a pH meter.




2.4. Statistical Analysis


Statistical analyses were carried out using SAS version 8.0 (SAS Institute Inc., Cary, NC, USA). Two factor analysis of variance is used to determine the significance and interaction effects between treatments. One-way analysis of variance with a least significant difference test (LSD, p < 0.05) was conducted to determined the differences of soil water soluble K, exchangeable K, non-exchangeable K between planting years. The relationships between mineral N and water-soluble K, Ca, and Mg concentrations in the 0–7 m soil layers were assessed using Pearson’s correlation coefficient analysis.





3. Results


3.1. Effects of Cultivation Years and Soil Depth on Different Forms of N


Cultivation years significantly affected the concentration of soil mineral N, soluble organic N (SON), soluble total N (STN) and total N (TN, Table 1).



The concentration of soil mineral N, STN and TN increased significantly with cultivation years (Figure 1a,c,d). The average soil mineral N concentration ranged from 11–97 mg kg−1 in all soil samples (Figure 1a). After 20 years of continuous planting of pepper in plastic greenhouses, the cumulative amount of mineral N in 0–7 m soil profile was up to 7.39 t ha−1, which were 1.76 and 3.70 times of that in 10-year greenhouses and wheat-maize fields, respectively (Figure 2). Compared with mineral N, cultivation years has less influence on SON (Table 1, Figure 1b). The average STN concentration ranged from 31–103 mg kg−1 in all soil samples (Figure 1c). The amount of STN in 0–7 m soil profile for 20-year greenhouses was 9.60 t ha−1 which significantly higher than that in 10-year greenhouses (6.35 t ha−1) and wheat-maize fields (4.47 t ha−1, Figure 2). In addition, the average soil TN concentration ranged from 120–1065 mg kg−1 in all soil samples (Figure 1d). The amount of TN in 0–7 m soil profiles were 36.16, 42.35 and 45.28 t ha−1 for wheat-maize fields, 10-year and 20-year greenhouses (Figure 2). In addition, soil depths significantly affected the concentration of soil TN and STN (Table 1). In general, the highest concentrations of TN were detected in 0–50 cm soil layer, with gradually declining with soil depths (Figure 1d). However, soil depths have no significant effect on mineral N and SON concentrations (Table 1).




3.2. N Balance of Plastic-Greenhouse Pepper Planting System for 10 and 20 Years


In the sampling plastic-greenhouses, the average cumulative N input during 10 years and 20 years planting period were 20.35 ± 4.53 and 52.09 ± 11.75 t ha−1 respectively, and the average cumulative N uptake by plants were 7.21 ± 1.36 and 13.88 ± 0.97 t ha−1 respectively (Table 2). After 10 years of continuous planting, the soil TN and STN average amount were 42.35 ± 1.16 and 6.35 ± 0.44 t ha−1 respectively, increasing by 17.1% and 42.1% compared with the basic amount. For 20-year plastic-greenhouses, the average amount of TN and STN in 0–7 m soil profiles were 45.28 ± 3.43 and 9.60 ± 2.73 t ha−1 respectively, increasing by 25.2% and 114.8% compared with the basic amount (Table 2). According to the calculation of N balance, on average 6.95 ± 2.76 and 29.10 ± 10.14 t N ha−1 entering the environment beyond the 0–7 m soil profiles during 10 years and 20 years pepper planting period, respectively. Moreover, the amount of soil non-soluble N in 0–7 m soil profiles increased by 4.31 ± 1.12 and 3.99 ± 0.90 t ha−1 respectively in 10-year and 20-year plastic-greenhouses (Table 2).




3.3. Accumulation and Distribution of K, Ca, Mg in Soil Profiles


Cultivation years significantly affected the concentration of water-soluble Ca and Mg, but the effect on soil water-soluble K concentration was not significant (Table 1). The average concentrations of water-soluble K, Ca and Mg ranged from 6–63, 86–196 and 11–41 mg kg−1 in all soil samples, respectively (Figure 3). The concentration of soil water-soluble Ca and Mg increased significantly with cultivation years in 0–7 m soil profiles (Figure 3b,c), however, the significant impact of cultivation years on soil water-soluble K concentration only occurs in the surface soil (Figure 3a). In addition, soil depths significantly affected the concentration of soil water-soluble K, Ca and Mg (Table 1). There was little difference in water-soluble K, Ca and Mg concentrations in the whole soil profiles of wheat-maize fields. But the concentrations of water-soluble K, Ca and Mg in topsoil were higher than that in bottom soil for plastic greenhouses (Figure 3). For example, the highest concentration of water-soluble K was found at 0–50 cm soil layer, with concentration sharply declining thereafter (Figure 3a).



Through further analysis, we found that K mainly exists as non-exchangeable K in the 0–50 cm soil layer, accounting for 85.4% and 76.8% of the net accumulation of K for 10-year and 20-year greenhouses, respectively, but there is no significant difference between the 10-year and 20-year greenhouses (Figure 4c). Besides, the amount of soil available K (including water soluble K and exchangeable K) significantly increases with cultivation years both 0–25 cm and 25–50 cm soil layers (Figure 4a,b). The accumulated amounts of water-soluble K and exchangeable K at the 0–50 cm soil layers in the 20-year greenhouses were 1026 and 2258 kg ha−1, respectively, an increase of 58.3% and 42.6% compared to the 10-year greenhouses.



Moreover, there were significant positive correlation (p < 0.001) between soil mineral N and water–soluble Ca and Mg concentration in 0–7 m soil profiles (Figure 5b,c). However, significant positive correlation (p < 0.001) between soil mineral N and water–soluble K concentration was only found in 0–50 cm soil layers (Figure 5a).





4. Discussion


4.1. Analysis of N Balance in Plastic-Greenhouse Pepper Planting System


In this study, the average recovery rates of N were 35.4% and 26.6% for 10-year and 20-year greenhouses, respectively (Table 2). The recovery rates of N in this study correspond to reports by Wang et al., who reported the N recovery rates of plastic-greenhouse pepper ranges from 25.5% to 35.9% through the investigation of 160 farmer fields in China [24]. The average N recovery rate of pepper in 20-year greenhouses was significantly lower than that in 10-year greenhouses. On the one hand, the average annual N input in 20-year greenhouses was 15.4% higher than that in 10-year greenhouses (Table S1), following further decreases in application amount of N fertilizer owing to improvements in fertilization techniques and agronomic managements in recent years [25]. On the other hand, the pepper yield in 20-year greenhouses was 13.1% lower than that in 10-year greenhouses (Table S1), which may be related to the continuous cropping obstacle and soil quality degradation caused by long-term single planting and excessive input of water and fertilizer in 20-year greenhouses [26,27].



Compared to wheat-maize fields, the total N (TN) of the 0–7 m soil profiles in 10-year and 20-year greenhouses increased by 6.19 and 9.12 t ha−1 on average, respectively, accounting for 30.4% and 17.5% of the total N input (Table 2). Reports on N accumulation in soil profiles also be found in intensive orchards in northwest China, and average amount of nitrate accumulation within the 0–10 m soil layers was 7.11 t N ha−1 [28]. The huge residual N in soil profile poses a serious threat to the ecological environment, especially the water environment. Some studies show that even if N fertilizer utilization rate reaches 100%, it would take decades to meet target N loads in surface water due to residual N in soil [29,30]. Moreover, if the flood irrigation method is not changed, the residual N in the soil profile will be gradually leached to the groundwater even if N fertilizer management is optimized. In brief, soil residual N can serve as long-term sources of nitrate to surface water and groundwater, thus reductions in N fertilizer use may have little effect on short-term changes in water N pollution. Therefore, to completely solve the problem of non-point source pollution caused by N, it is necessary to reduce the amount of water and N input, while reducing the N storage in the soil layers to mitigate its hysteretic effect on environmental pollution.



According to the calculation of N balance, approximately 34.2% (6.95 t ha−1) and 55.9% (29.10 t ha−1) of total N input entering the environment beyond the 0–7 m soil profiles for 10-year and 20-year greenhouses (Table 2), respectively, including N leached to below 7 m soil profile and gaseous N (N2O, NO, N2 and NH3) loss. Although this study did not accurately detect the loss of gaseous N in the sampled pepper greenhouse, it can be estimated by referring to the results under similar experiment conditions. The greenhouse cucumber experiment conducted in Shouguang showed that the annual emissions of N2O and NO were 60.5 and 1.4 kg N ha−1, respectively, under the condition of 2252 kg N application per year [31]. Schlesinger et al. obtained a N2O:(N2O + N2) ratio of 0.37 based on a meta-analysis of the N losses from soil denitrification in agricultural systems. Thus, it can be calculated that the N2 emission was about 103 kg N ha−1 yr−1 when the N2O emission was 60.5 kg N ha−1 yr−1 [32]. In addition, the amount of NH3 volatilization from the soil surface were approximately 30 kg N ha−1 yr−1 in greenhouse pepper in Shouguang [33]. To sum up, the possible gaseous N loss in pepper greenhouses in this study was approximately 195 kg N ha−1 yr−1, and accumulatively 1.76 and 3.90 t N ha−1 entered the atmosphere for 10-year and 20-year greenhouses, respectively, accounting for approximately 8.6% and 7.5% of the total N input, respectively. As a result, the N leached to below 7 m soil profile were approximately 5.19 and 25.2 t N ha−1 for 10-year and 20-year greenhouses, respectively, accounting for approximately 25.5% and 48.4% of the total N input, respectively. The N leached to the soil below 7 m will continue to migrate to the groundwater, eventually causing nitrate contamination of the groundwater in the vegetable planting area. Kou et al. also confirmed that more than 90% of the N in the groundwater in the Weifang area (including Shouguang) comes from manure, soil residual N, and chemical N fertilizer [11].




4.2. The Leaching of N, K, Ca, Mg and Soil Acidification


The consensus is that the application of chemical N fertilizer in agricultural ecosystems can lead to soil acidification, which is particularly serious in greenhouse vegetable fields with higher application rates of N fertilizer [34,35]. The results of our study also showed that the soil pH value of the 0–50 cm soil layer in the 20-year greenhouses significantly decreased by 0.29 units on average, compared with that in the wheat-maize fields (Figure S2). There is an opinion that the main source of hydrogen ions (H+) in calcareous soil is the transformation of N forms (nitrification process) in soil, with excess leaching of nitrification products (NO3−-N) [36,37,38].



Soils also have a buffering capacity to neutralize excess H+. For example, basic cations, such as potassium ion (K+), calcium ion (Ca2+), and magnesium ion (Mg2+), are critically important to buffer against N-induced soil acidification at the early stage [39,40]. Soil acidification is strongly buffered by carbonate in calcareous soils in our study area (pH > 7.5) [41,42]. During the acidification process, exchangeable base cations held on clay and organic matter surfaces will exchange with H+ and enter the soil solution, thereby neutralizing the increase in soil acidity [43]. Meanwhile, the risk of base cations entering the soil solution being leached significantly increases. The leaching amount of Ca2+ and Mg2+ at 90 cm depth were average 600 and 340 kg ha−1 year−1, respectively, under the conventional flooding irrigation and over-fertilization in plastic-greenhouse vegetable production systems in North China [12,44]. And the concentrations of total base cations correlated strongly with NO3− concentrations in leachates [36]. Our study also confirms the viewpoint by analyzing the correlation between residual nutrients in soil profiles. There were significant positive correlations (p < 0.001) between soil mineral N and water-soluble Ca and Mg concentration in 0–7 m soil profiles, while significant positive correlation (p < 0.001) between soil mineral N concentration and water-soluble K concentration was only found in surface soil (Figure 5). In other words, the Ca and Mg in surface soil leached to the deep soil together with NO3−-N, while K did not. This might be because K+ more easily enters the crystal lattice of clay minerals where it is fixed compared with Ca2+ and Mg2+ [45]. In addition, high-yield fruit vegetables (e.g., tomato, pepper, cucumber, etc.) removal a large amount of basic cations from soil by plants uptake and harvest but pay no attention to return [4]. As discussed above, the soil exchangeable base cations are gradually exhausted by leaching and plants uptake with the extension of cultivation years, and it will hamper the acid-buffering capacity of soils and accelerate soil acidification [46].





5. Conclusions


Our research showed that with the extension of plastic-greenhouse pepper cultivation years, huge amounts of N migrate to the deep soil layers and environment, accompanied by significant leaching of Ca and Mg. For achieving sustainable production of plastic-greenhouse vegetables and environmental protection, we suggest that it is necessary to reduce the amount of water and N input by optimizing current irrigation and fertilization methods, while reducing the N storage in the deep soil by employing suitable measures, such as denitrification technology. On the other hand, attention should be paid to the return of Ca and Mg to the soil during intensive plastic-greenhouse vegetables production to avoid rapid soil acidification.
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Figure 1. Concentrations of soil mineral N (a), soluble organic N (SON, (b)), soluble total N (STN, (c)), and total N (TN, (d)) at different soil depths for wheat–maize fields (n = 3), 10-year-old (n = 6) and 20-year-old (n = 4) pepper greenhouses. Soil STN concentration = Soil mineral N concentration + Soil SON concentration. Data are shown as the mean ± SD. 
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Figure 2. The amount of soil mineral N, soluble organic N (SON), soluble total N (STN) and total N (TN) across 1–8 m soil profiles for wheat–maize fields (n = 3) and 0–7 m soil profiles for 10-year (n = 6) and 20-year (n = 4) old pepper greenhouses. Different lowercase letters indicate significant differences (p < 0.05) among cultivation years. Data are shown as the mean ± SD. 
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Figure 3. Concentrations of soil water–soluble potassium (K, (a)), calcium (Ca, (b)), and magnesium (Mg, (c)) at different soil depths for wheat–maize fields (n = 3), 10-year-old (n = 6) and 20-year-old (n = 4) pepper greenhouses. Data are shown as mean ± SD. 
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Figure 4. The amount of soil water soluble K (WSK, (a)), exchangeable K (EK, (b)), non–exchangeable K (NEK, (c)) across 0–50 cm soil depths for wheat–maize fields (n = 3), 10 years (n = 7) and 20 years (n = 4) pepper greenhouses. Different lowercase letters indicate significant differences (p < 0.05) among cultivation years at the same soil depth. Data are shown as the mean ± SD. 
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Figure 5. Correlation of the soil mineral N concentration with the soil water soluble potassium (K, (a)), calcium (Ca, (b)), and magnesium (Mg, (c)) concentrations at 0–50 cm and 50–700 cm depths. ***: p < 0.001; ns indicates no significant correlation. 
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Table 1. NOVA F-values of the effects of planting years and soil depths on the concentration of soil mineral N, soluble organic N (SON), soluble total N (STN), total N (TN), water soluble K, Ca, and Mg.
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Factors

	
Mineral N

	
SON

	
STN

	
TN

	
Water Soluble

K

	
Water Soluble

Ca

	
Water Soluble

Mg






	
ANOVA, F value




	
Years (Y)

	
63.61 ***

	
3.40 *

	
76.67 ***

	
6.26 **

	
2.47 ns

	
32.43 ***

	
30.81 ***




	
Depths (D)

	
1.55 ns

	
0.46 ns

	
1.79 *

	
41.61 ***

	
12.98 ***

	
3.00 ***

	
7.06 ***




	
Y*D

	
1.03 ns

	
0.73 ns

	
1.08 ns

	
3.20 ***

	
9.26 ***

	
0.48 ns

	
0.96 ns








***: p < 0.001; **: 0.001 < p < 0.01; *: 0.01< p < 0.05; ns: not significant.













 





Table 2. The cumulative N input, N uptake, the basic and detection amount of soil total N (TN) and soluble total N (STN) across 0–7 m soil, the amount of N removed out 0–7 m soil and the increased amount of non-soluble N across 0–7 m soil in 10 years and 20 years pepper greenhouses.
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Cumulative N Input

	
Cumulative N Uptake

	
The Basic Amount of TN †

	
The Basic Amount of STN †

	
The Detection Amount of TN

	
The Detection Amount of STN

	
The Amount of N Removed out 0–7 m Soil ‡

	
The Increased Amount of Soil Non-Soluble N in 0–7 m Soil §




	

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)

	
(t N ha−1)






	
10 years greenhouses




	
1

	
26.40

	
8.25

	
36.16

	
4.47

	
42.72

	
6.81

	
11.60

	
4.22




	
2

	
19.08

	
7.50

	
36.16

	
4.47

	
42.32

	
5.88

	
5.42

	
4.76




	
3

	
21.47

	
8.25

	
36.16

	
4.47

	
41.48

	
6.56

	
7.91

	
3.23




	
4

	
24.24

	
8.25

	
36.16

	
4.47

	
44.27

	
6.76

	
7.88

	
5.83




	
5 ¶

	
15.90

	
5.25

	
36.16

	
4.47

	
42.45

	
5.78

	
4.37

	
4.98




	
6 ¶

	
15.03

	
5.78

	
36.16

	
4.47

	
40.89

	
6.34

	
4.53

	
2.86




	
Mean

	
20.35

	
7.21

	
36.16

	
4.47

	
42.35

	
6.35

	
6.95

	
4.31




	
SD

	
4.53

	
1.36

	
3.57

	
1.05

	
1.16

	
0.44

	
2.76

	
1.12




	
20 years greenhouses




	
1

	
59.04

	
14.25

	
36.16

	
4.47

	
44.48

	
9.11

	
36.47

	
3.68




	
2

	
47.04

	
13.50

	
36.16

	
4.47

	
42.61

	
8.02

	
27.09

	
2.90




	
3

	
38.12

	
15.00

	
36.16

	
4.47

	
43.72

	
7.69

	
15.56

	
4.35




	
4

	
64.14

	
12.75

	
36.16

	
4.47

	
50.29

	
13.59

	
37.27

	
5.01




	
Mean

	
52.09

	
13.88

	
36.16

	
4.47

	
45.28

	
9.60

	
29.10

	
3.99




	
SD

	
11.75

	
0.97

	
3.57

	
1.05

	
3.43

	
2.73

	
10.14

	
0.90








† The amount of TN or STN in 1–8 m soil layer of wheat−maize fields was used as the TN or STN basic content in 0–7 m soil layer in greenhouses due to the planting surface sinks 1 m. ‡ The amount of N removed out 0–7 m soil = Cumulative N input + The basic amount of TN − Cumulative N uptake − The detection amount of TN. § The increased amount of soil non-soluble N in 0–7 m soil = (The detection amount of TN − The basic amount of TN) − (The detection amount of STN − The basic amount of STN). ¶ These two pepper greenhouses have only 7 years planting history.
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