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Abstract:

 Soil nitrogen (N) processes and inorganic N availability are closely coupled with ecosystem productivity and various ecological processes. Spatio-temporal variations and environmental effects on net N transformation rates and inorganic N concentrations in bulk soil and ion exchange resin were examined in an upland pine forest (UPF) and a bottomland alder forest (BAF), which were expected to have distinguishing N properties. The annual net N mineralization rate and nitrification rate (kg N·ha−1·year−1) were within the ranges of 66.05–84.01 and 56.26–77.61 in the UPF and −17.22–72.24 and 23.98–98.74 in the BAF, respectively. In the BAF, which were assumed as N-rich conditions, the net N mineralization rate was suppressed under NH4+ accumulated soils and was independent from soil temperature. On the other hand, in the UPF, which represent moderately fertile N conditions, net N transformation rates and N availability were dependent to the generally known regulation by soil temperature and soil water content. Stand density might indirectly affect the N transformations, N availability, and ecosystem productivity through different soil moisture conditions. The differing patterns of different inorganic N indices provide useful insight into the N availability in each forest and potential applicability of ion exchange resin assay.
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1. Introduction

Soil nitrogen (N) has become a focus of terrestrial ecosystem studies for two main reasons: (1) N availability is a limiting factor for terrestrial ecosystem productivity [1,2,3] and (2) N losses from terrestrial ecosystems impact the atmosphere especially by greenhouse gas emission, aquatic ecosystems by eutrophication, and drinking water by nitrate contamination [4,5]. N mineralization, the microbial conversion of organic N to inorganic N, has been intensively studied because it is believed to be the principal control of N availability to plants in terrestrial ecosystems [6]. Recent progress in the knowledge of and techniques related to organic N and the priming of rhizospheres for N availability has shaken the classical assumption that N mineralization dominates as the primary source of available N, [7,8,9,10]; nevertheless, in field N studies, N mineralization and other inorganic N indices remain meaningful standard measures which provide useful insight.

Environmental controls of N mineralization and availability, particularly temperature and soil moisture, have been investigated through a theoretical model [11], literature review [9,12], laboratory experiments [13,14,15], and field manipulations [16,17,18,19]. For example, soil moisture varies significantly in space and time, and affects various biogeochemical processes in different ways [20,21,22]. Therefore, understanding soil moisture and its effect on N and nutrient processes is essential in soil ecology. Various studies have analyzed the effect of the soil moisture gradient on N mineralization and developed empirical models that describe the response of N mineralization to soil moisture based on laboratory incubation experiments. However, these laboratory studies may insufficiently reflect the effects of soil moisture on N mineralization in nature, where differing soil moisture ranges have indirect effects on N mineralization through other variables, such as the vegetation community, soil chemistry, and substrate availability [23,24,25]. To understand the complex interactions among such environmental factors and N availability, field studies incorporating the repeated measurement on various environmental conditions are necessary since they can better reflect the temporal and spatial variation of soil moisture and substrate gradients.

Numerous N indices techniques, each with respective advantages and limitations, have been used to trace the real availability of N under various conditions [6,26]. These techniques include ascertaining net N mineralization using a buried bag or resin core, net N mineralization potential using laboratory incubation, gross N mineralization and immobilization using a stable N isotope, and the total or inorganic N concentration of bulk soil. Although ion exchange resins (IERs) that efficiently adsorb “available” inorganic N from soil would provide an alternative useful measure of N availability by imitating the N uptake processes of plant roots [6,27,28], they have been rarely applied to soil N studies, and the knowledge and insight so far gained from this measure of N availability has been limited. Furthermore, because no single N index can give complete insight into N availability [6], a measurement of multiple N indices increases the understanding of N availability and its relationship with environmental variables. Therefore, this study uses multiple N indices, including IER assays.

The aim of the current study was to investigate net N transformation and N availability in an upland pine forest and a bottomland alder forest, which are expected to have distinguishing N properties due to the different species functional type and topography. Broad-leaved deciduous and coniferous forests are generally assumed to be developed on fertile and infertile soils, respectively [29,30,31], even though several recent syntheses failed to find the general pattern and harmonized empirical evidences supporting this assumption [32,33]. Consequently, distinctive litter N properties between broad-leaved deciduous and coniferous trees respectively affect soil N availability [34]. Topography also discriminates various soil processes coupled with hydrology. Therefore, the upland pine forest and the bottomland alder forest could be assumed to represent N-moderate and N-rich environments, respectively, and the forests would exhibit distinctive N cycle processes. Specifically, our objectives were: (1) to determine the spatio-temporal patterns of net N transformation rates and N availability and their relationship with environmental factors under different stand densities or soil moisture conditions; (2) to analyze the similarities and differences of multiple N indices, including IER assays, to better understand N availability; and (3) to characterize the soil N transformation, availability, and uptake in each forest.



2. Materials and Methods


2.1. Study Sites

This study was carried out in an upland pine forest (UPF) and a bottomland alder forest (BAF) in central Korea (Table 1). The UPF is located in a rural mountainous area, 30 km north of the city Seoul at Gwangneung Experimental Forest (37°47′01″ N, 127°10′37″ E, 410–440 m a.s.l.). The canopy is dominated by Japanese red pine (Pinus densiflora Sieb. et Zucc.) with deciduous middle and understory species (e.g., Acer palmatum, Carpinus laxiflora, C. cordata, Fraxinus rhynchophylla, Quercus mongolica, Q. variabilis, and Styrax obassia). The UPF area is typical of the upland pine forest that is the most common forest type in South Korea and represents 23.1% of the total national forest by area. The BAF is located at Heonilleung Ecosystem Landscape Conservation Area (37°27′52″ N, 127°04′53″ E, 40 m a.s.l.) in a southern suburb of Seoul. The canopy is dominated by Japanese alder (Alnus japonica Steud.) with several middle and understory species (e.g., Euonymus oxyphyllus, F. rhynchophylla, Ginkgo biloba, Ligustrum obtusifolium, Q. aliena, Q. mongolica, and Rosa multiflora). Japanese alder is a typical species tolerant of hydric conditions in East Asian bottomlands [35,36], although its cover is currently small due to land use change. Interestingly, both forests have been well preserved from a harvest for hundreds of years due to the preservation of the royal tombs established within them during the 15th century [37,38]. The forests were sheltered from disturbances during the first half of the 20th century, in which the rule of Japanese Imperialism (1910–1945) and the Korean War (1950–1953) severely degraded nation-wide forests. The forests could provide reference status of the upland and bottomland forests in Korea, accompanied with abundant previous studies [25,39,40,41,42].


Table 1. Characteristics of the upland pine forest (UPF) and bottomland alder forest (BAF) study sites. Numbers in parentheses indicate the standard error of the means. Climate data was obtained from the nearest meteorological stations and site description data was taken from previous studies of the UPF [39,41] and BAF [25,42].



	

	
Upland Pine Forest (UPF)

	
Bottomland Alder Forest (BAF)




	

	
Low Density (LD)

	
High Density (HD)

	
Low Moisture (LM)

	
Middle Moisture (MM)

	
High Moisture (HM)






	
Site (1980–2010 average for climate data)




	
 Location

	
37°47′01″ N, 127°10′37″ E Rural area 30 km north of Seoul

	
37°27′52″ N, 127°04′53″ E Southern suburb of Seoul




	
 Altitude (m)

	
410–440

	
40




	
 Aspect, slope (°)

	
West, 13–22

	
South, <1




	
 Temperature (°C)

	
11.4 (monthly range: −5.0–26.5)

	
13.5 (monthly range: −1.9–27.2)




	
 Annual precipitation (mm)

	
1471

	
1473




	
Vegetation (in 2007 for the UPF and in 2009 for the BAF)




	
 Canopy species

	
Pinus densiflora

	
Alnus japonica




	
 Density (trees·ha−1)

	
983

	
1517

	
900

	
575

	
550




	
 Diameter at breast height (cm)

	
20.5

	
17.6

	
32.6

	
27.1

	
24.2




	
 Aboveground biomass (Mg C·ha−1)

	
88.1

	
86.7

	
187.9

	
78.9

	
61.8




	
 Needle or leaf litter C:N ratio

	
72.7 (2.0)

	
73.2 (2.2)

	
21.8 (0.3)

	
20.8 (0.2)

	
18.6 (0.2)




	
 Total N storage (Mg N·ha−1)

	
0.78

	
0.78

	
1.65

	
0.74

	
0.60




	
Soil (0–15 cm; during the study period)




	
 Soil texture

	
Silt loam

	
Silt loam

	
Sandy loam

	
Sandy loam

	
Silt loam




	
 Bulk density (g·cm−3)

	
1.05 (0.04)

	
1.02 (0.03)

	
0.86 (0.06)

	
0.81 (0.03)

	
0.50 (0.14)




	
 Soil water content (kg·kg−1)

	
0.25 (0.02)

	
0.20 (0.03)

	
0.35 (0.06)

	
0.72 (0.17)

	
1.23 (0.10)




	
 pH

	
4.54 (0.03)

	
4.56 (0.01)

	
4.45 (0.07)

	
5.04 (0.10)

	
5.14 (0.04)




	
 Total C concentration (g·kg−1)

	
33.4 (2.3)

	
29.7 (2.1)

	
20.8 (2.0)

	
31.2 (1.8)

	
61.7 (2.3)




	
 C:N ratio

	
15.8 (0.4)

	
17.8 (0.4)

	
9.6 (0.3)

	
12.4 (0.2)

	
12.3 (0.1)




	
 Total N storage (0–30 cm; Mg N·ha−1)

	
3.62 (0.24)

	
2.98 (0.12)

	
4.64 (0.52)

	
5.06 (0.70)

	
7.14 (0.20)











The sites are only 35 km apart and at the sites, precipitation was similar (Table 1). Temperature, however, differs and the UPF, due to its higher altitude, is slightly colder than the BAF. Their soils are classified into silt loam or sandy loam and are acidic (pH: 4.45–5.14) at both sites. The UPF had less soil water content (SWC) than the BAF during the all study period (Figure S1f), reflecting the topographical characteristics of each site. Moreover, the UPF and the BAF would be determined as moderately fertile (medium) and N-rich (high) conditions, respectively, based on the needle or leaf litter and soil C:N ratio, and total N (sum of organic and inorganic N) storage in vegetation and soil, using the nutrient availability criteria by Vicca et al. [43].

UPF stands were classified by stand density and BAF stands were classified by soil moisture, in order to characterize the spatial variability of stand structure and ecological processes in each type of forest (for UPF see [39,41] and for BAF see [25,42]). Stand density and soil hydrology are assumed to be the main environmental driver of upland forest and bottomland ecosystems, respectively; this assumption is generally applied to ecosystem management practices in each ecosystem. In the UPF, low density (LD; 983 trees·ha−1) and high density (HD; 1517 trees·ha−1) stands were selected and in the BAF, low moisture (LM), middle moisture (MM), and high moisture (HM) stands were selected with SWC of <0.50, 0.50–1.00, and 1.00–2.00 kg·kg−1, respectively. Note that the MM and HM stands, which were underlain with poorly drained soils, can be classified as forested wetland. Three replicate plots, each covering 400 m2 in the UPF and 100 m2 in the BAF, were established in each stand.



2.2. Field Experiment and Laboratory Analysis

Three inorganic N indices of top mineral soils, net N transformation rates, inorganic N concentrations in bulk soil and IER assays, were investigated at five points, every 2 m along a single transect across each plot from March 2008 to April 2009. Net N transformation rates including net N mineralization and net nitrification were determined using a field incubation method [44]. Two soil cores from the 0–15 cm mineral layer were sampled from the five points in each plot. The soil sample for determining soil status before field incubation was taken immediately to the laboratory at a cool temperature (<4 °C) and analyzed for inorganic N concentrations in bulk soil. The other soil sample, the field incubation sample, was put into a gas permeable polyethylene bag and returned to its original location. After 45 days, the incubated soil core was collected and also taken to the laboratory for analysis. This soil sampling and incubation procedure was repeated every 45 days, except for a 90 day winter interval due to the difficulty of sampling and incubating frozen soil.

Two IER bags, which were made of stocking nylon and contained 14 mL of either anion or cation resins (Sybron IONAC ASB-1P OH− and C-251 H+, Sybron International, Birmingham, NJ, USA), were placed 10 cm below the surface of the mineral soil in each plot, near the five sampling points of the initial and incubated soils. The IER bags were retrieved and replaced every 90 days.

In the laboratory, the moist initial and incubated soil samples were subjected to an extraction process with 2 M KCl solution for 24 h, immediately upon arrival from the sites. The IERs were air-dried first, and then the inorganic N ions were extracted. The extracts were filtered through Whatman No. 42 filter paper and the NH4+ and NO3− concentrations were determined colorimetrically using a flow-injection auto analyzer (QuikChem AE, Lachat Instruments, Loveland, CO, USA). The NH4+ and NO3− concentrations extracted from moist initial and incubated soil samples were corrected to a dry soil basis using the gravimetric SWC ((moist soil weight – dry soil weight)/dry soil weight) of each soil.

The net N mineralization and net nitrification rates were calculated as the difference between the NH4+ and NO3− concentrations of the incubated and initial soil samples. Annual net N mineralization and annual net nitrification per unit area in the upper 15 cm mineral soil layer was calculated by summing the net N mineralization and net nitrification values of incubation periods spanning a year [6,45].

Annual N uptake was estimated from aboveground net primary productivity (ANPP) multiplied by the concentrations of N in woody tissues and leaves, determined using an elemental analyzer (Vario Macro CN analyzer, Elementar Analysensysteme GmbH, Hanau, Germany). ANPP was calculated as the sum of total aboveground biomass increment and litter production (See [41] for details in the UPF.). Aboveground biomass in the BAF was calculated using a DBH-based allometric equation [46] and C concentrations in each compartment determined by the elemental analyzer.



2.3. Statistical Analysis

The values of the five soil samples from each plot were averaged. Thus, plots, of which there were three in each stand, were considered as true replicates. Correlation and regression analyses were conducted on the data derived from individual plots to take into account the spatial variability within each stand. Significant differences in net N transformation rates, inorganic N concentrations in bulk soil and IER, and SWC across stands and seasons were tested using the two-way analysis of variance (ANOVA). Duncan’s multiple range test was performed to determine the differences between the means of each stand, when the ANOVA model was significant (p < 0.05). Correlation and regression analyses were conducted among the N indices and soil environment variables. All statistical analyses were conducted using R [47].




3. Results

The mean NH4+, NO3−, and total inorganic N concentrations in bulk soils varied significantly between the stands (Figure 1, p < 0.01). NH4+ was abundant at the HM and the MM BAF stands (Figure 1a); whereas NO3− was rich at the LM BAF stand (Figure 1b). Total inorganic N concentration was lowest at the UPF stands (Figure 1c). As a proportion of total inorganic N, the N in NH4+ form represented 61% in the LD UPF stand, 63% in the HD UPF stand, and 36%, 69%, and 78% in the LM, MM, and HM BAF stands, respectively. Conversely, as a proportion of total inorganic N, the N in NO3− form represented 39% in the LD UPF stand and 37% in the HD UPF stand and 64%, 31%, and 22% in the LM, MM, and HM BAF stands, respectively. There were also differences in the seasonal patterns of NH4+ and NO3− levels and of total inorganic N concentrations in bulk soils between the sites. Whereas in the UPF, inorganic N concentrations increased during the growing season (May to August), in the BAF, they were lower (Figure 1a–c, Figure S1).

Figure 1. Inorganic N indices in an upland pine forest (UPF) with different stand densities and a bottomland alder forest (BAF) with different soil moisture content. (a–c) Inorganic N concentrations in bulk soil; (d–f) Inorganic N concentrations attached to ion exchange resin (IER); (g,h) Net N transformation rates; (i) Soil water content. Months written at the top and the bottom of each panel indicate the months corresponding to the highest and lowest values. Letters beside boxes indicate the significant difference, if there is one, among the means determined by Duncan’s multiple range tests.
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The total IER-inorganic N and IER-NO3− concentrations did not vary significantly (Figure 1e,f). However, IER-NH4+ concentration (mg N·bag−1) did differ between the stands; it was highest at the HD UPF stand (5.17), followed by the LD UPF stand (4.29), and then the LM (3.01), HM (1.75), and MM (0.66) BAF stands in turn (Figure 1d). IER-NO3− accounted for a major portion of IER-inorganic N (61%–93%) and, conversely, IER-NH4+ accounted for a very small portion of IER-inorganic N, especially at the MM (7%) and HM (15%) BAF stands. In MM and HM, the majority proportion of IER inorganic NO3− strongly contrasted that of NH4+ in bulk soil.

The net N transformation rates were higher under the drier stands (LD and HD UPF and LM BAF) than the wetter ones (MM and HM BAF) (Figure 1g,h). Negative net N mineralization rate was observed in the MM and HM BAF stands (Figure 1g). The seasonal pattern of net N transformation rates at the UPF stands and the LM BAF stand closely followed that of soil temperature (Figure S1g,h), in that the rates increased in the growing season and decreased in the non-growing season. On the other hand, the seasonal pattern was not clear at MM and HM BAF stands; negative net N mineralization rates were observed during most seasons (Figure S1g).



Table 2 shows the correlations between inorganic N indices and environmental variables. Generally, inorganic N indices in the UPF were considerably dependent to soil temperature and SWC; meanwhile, those in the BAF were less dependent to the environmental variables. IER-NO3−, IER-inorganic N, net N mineralization, and net nitrification were positively correlated with soil temperature in both the UPF and BAF. Correlation coefficients were higher in the UPF (r = 0.57–0.71) than the BAF (r = 0.24–0.47). NH4+ and inorganic N only in the UPF and IER-NH4+ only in the BAF were correlated with soil temperature. NH4+, inorganic N, net N mineralization and net nitrification in the UPF (r = 0.46–0.60) and NH4+ in the BAF (r = 0.57) were positively correlated with SWC. On the other hand, NO3− (r = −0.49), net N mineralization (r = −0.37), and net nitrification (r = −0.29) in the BAF were negatively correlated with SWC.


Table 2. Environmental dependence of inorganic N indices in an upland pine forest (UPF) and a bottomland alder forest (BAF). A correlation coefficient (r) that satisfies the statistical significance is presented (p < 0.05). A dash indicates insignificant.



	

	
Soil Temperature

	
Soil Water Content




	

	
UPF

	
BAF

	
UPF

	
BAF






	
NH4+

	
0.31

	
–

	
0.54

	
0.57




	
NO3−

	
–

	
–

	
–

	
−0.48




	
Inorganic N

	
0.34

	
–

	
0.43

	
–




	
IER-NH4+

	
–

	
0.37

	
–

	
–




	
IER-NO3−

	
0.71

	
0.46

	
–

	
–




	
IER-inorganic N

	
0.57

	
0.47

	
–

	
–




	
Net N mineralization

	
0.58

	
0.24

	
0.56

	
−0.37




	
Net nitrification

	
0.67

	
0.32

	
0.60

	
−0.29











Spatio-temporal variations of net N mineralization and NH4+ were related, especially in the BAF (Figure 2). In the BAF, a significant negative relationship between net N mineralization and NH4+ was observed (Figure 2b, p < 0.001, R2 = 0.45), whereas, in the UPF, the positive and weak relationship was only close to marginally significant (Figure 2a, p = 0.10, R2 = 0.06). Seasonal patterns of the net N mineralization rate and of NH4+ concentration were coupled in the UPF (Figure 2c,d), but inversely coupled in the BAF (Figure 2e–g).

Figure 2. (a,b) Relationship between NH4+ concentrations and net N mineralization rates in an upland pine forest (UPF) and a bottomland alder forest (BAF); (c–g) Seasonal patterns of net N mineralization rates and NH4+ concentrations in the UPF and the BAF.
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The annual net N mineralization rate (kg N·ha−1·year−1) was higher at the LD (84.01 ± 18.18) and HD (66.05 ± 11.25) UPF stands and the LM BAF stand (72.24 ± 11.13) than at the MM (−17.22 ± 43.10) and HM (−10.26 ± 17.60) BAF stands (Table 3, p < 0.01). The annual net N nitrification rate (kg N·ha−1·year−1), from highest to lowest, was LM (98.74 ± 16.01) ≥ LD (77.61 ± 18.26) = HD (56.26 ± 14.56) ≥ MM (32.69 ± 12.67) = HM (23.98 ± 9.80) (Table 3). Figure 3 describes the relationship between SWC and annual net N transformation rates. In the BAF, annual N transformation rates showed a linear inverse correlation with SWC. In contrast, in the UPF the correlation was close to being positive. Annual N uptake (kg N·ha−1·year−1) was estimated to be 73.19, 60.18, 191.77, 141.21, and 128.76 for LD, HD, LM, MM, and HM stands, respectively (Table 3).

Figure 3. Relationship between gravimetric soil water content and (a) annual net N mineralization or (b) nitrification rates.
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Table 3. Summary of net N transformation rates, N availability, N uptake, and ANPP.












	
	Annual Net N Mineralization Rate †
	Annual Net Nitrification Rate †
	IER-NH4+‡
	IER-NO3−‡
	IER-Total Inorganic N ‡
	Annual N Uptake †
	ANPP §





	UPF
	
	
	
	
	
	
	



	LD
	84.01 ± 18.18
	77.61 ± 18.26
	4.29 ± 0.49
	6.81 ± 0.58
	11.10 ± 0.97
	73.19
	6.17



	HD
	66.05 ± 11.25
	56.26 ± 14.56
	5.17 ± 0.79
	8.17 ± 0.88
	13.34 ± 1.53
	60.18
	5.03



	BAF
	
	
	
	
	
	
	



	LM
	72.24 ± 11.13
	98.74 ± 16.01
	3.03 ± 0.59
	10.73 ± 1.43
	13.76 ± 1.98
	191.77
	5.01



	MM
	−17.22 ± 43.10
	32.69 ± 12.67
	0.66 ± 0.05
	8.14 ± 0.52
	8.80 ± 0.54
	141.21
	6.06



	HM
	−10.26 ± 17.60
	23.98 ± 9.80
	1.75 ± 0.17
	9.62 ± 1.13
	11.37 ± 1.07
	128.76
	4.51





IER; ion exchange resin, ANPP; aboveground net primary productivity; Unit: † kg N·ha−1·year−1; ‡ mg N·bag−1; § Mg C·ha−1·year−1.










4. Discussion

The results in the UPF corresponded to the general established patterns of N availability in forest soils [12,13,14,15,16,18]. For example, net N transformation rates increased with soil temperature and SWC (Table 2, Figure 2). Net N transformation rates and inorganic N availability were higher during the growing season and lower during the non-growing season (Figure 1). Spatio-temporal patterns of three inorganic N indices, N transformation rates, IER-inorganic N, and bulk soil inorganic N concentrations, corresponded with each other (Figure 1). Results for the LM BAF stand were also similar to general established patterns.

However, some abnormal results, mainly from MM and HM BAF stands, led to some unanswered questions. Why was net N mineralization negatively related to bulk NH4+ concentration (Figure 2)? Why was IER-NH4+ low at the MM and HM BAF stands where bulk soil NH4+ concentration was high (Figure 1)? Moreover, could negative net N mineralization occur in ecosystems that require a substantial amount of N to sustain plant uptake (Figure 1, Table 3)? In addition, for the UPF stands, what was the effect of stand density on soil N transformation rates and N availability?


4.1. Restricted Net N Mineralization under NH4+ Rich Condition

Net N transformation rates were independent of soil temperature in the MM and HM BAF stands. Net N transformation rates in the wetter stands (MM and HM) were restricted by the high SWC as compared to the drier stand (LM) (Figure 1 and Figure 3, Table 2). SWC could limitedly explain the spatio-temporal variations in soil N transformation rates and inorganic N indices (Table 2), unlike the soil carbon processes and soil properties which were strongly regulated by SWC in the previous studies [25,42]. Correlation between SWC and net N mineralization and net nitrification rates were much weaker in the BAF (r = −0.29 and −0.37) than in the UPF (r = 0.56 and 0.60) (Table 2). While soil moisture strongly regulated soil properties and soil C processes in the BAF [25,42], it only weakly affected N transformations processes.

Instead, the net N mineralization rate in the BAF was best explained by the negative relationship with NH4+ concentration (Figure 2b,f,g). Ideally, NH4+ will increase as a result of a net N mineralization process even though a proportion of mineralized NH4+ can be lost by plant uptake or nitrification. However, net N mineralization rate was low for soils with a high level of NH4+ in the BAF. This unexpected result can be speculated that a high level of NH4+ in bulk soil may have reduced the microbial activities involved in the mineralization process. Theoretically, the enzyme activities involved in mineralization could be negatively affected by nutrient availability because of the cost-efficiency strategy of microbes, known as the “microbial nitrogen mining” hypothesis [48,49]. When N is less available, microbes actively mine recalcitrant organic matter to acquire it; whereas, in N rich environments, microbes can assimilate inorganic N without costly mineralization activity. Although the relationship between inorganic N availability and microbial activities have been reported to be both positive [50,51] and negative [52,53,54] in empirical studies mainly based on fertilization experiments in forests, wetlands, or agricultural land, a meta-analysis of Treseder [55] suggested that N addition reduced microbial biomass by 15% and, consequently, also microbial activities such as soil respiration. Those articles could provide a theoretical proof and empirical evidence supporting the decrease of net N mineralization under high NH4+ concentrations in the BAF. Consequently, the intensive restricting effect of NH4+ on net N mineralization probably overspread the effect of soil temperature or SWC.

Meanwhile, it could be questioned how the high soil NH4+ concentration could be supported with a deficient inorganic N supply from extremely low net N mineralization. In the wet soils of the MM and HM stands, a major source of inorganic N was not N mineralization which was nearly zero year-round due to the inhibiting effect of high soil moisture on N mineralization. Instead, inorganic N could be supplied through atmospheric N deposition [56,57], accumulation of external N through run-off from upland forests [4,58], and symbiotic and non-symbiotic N fixation [59,60]. For instance, Shin et al. [57] reported notable atmospheric N deposition in Seoul (16.5 kg N·ha−1·year−1 for NH4+ and NH3 deposits and 18.1 kg N·ha−1·year−1 for NO3−, NO2 and HNO3 deposits); the BAF is located within the range of the urban effect on atmospheric N deposition [61]. N fixation of pure alder forests was known to be 37–150 kg N·ha−1·year−1 [62]. Even though lack of atmospheric N deposition and N fixation data in our study limits the certainty and depth of this implication, evidences from other studies suggest that there may be sufficient NH4+ sources without N mineralization. In addition, at MM and HM, the anaerobic conditions could have restricted the nitrification process, especially since the mean net nitrification rate at MM and HM was two to three times lower than that at LM (Figure 1), and this would tend to conserve NH4+ as the major form of inorganic N. The dominance of NH4+ in the inorganic N pool agreed with previous studies from alder forests [18,63] and wetlands [17,64].



4.2. Discrepancy among Inorganic N in Bulk Soil and IER, and Net N Transformation Rates: Which N Indices Could Describe the Real Status of N Availability?

The net N mineralization rate and IER-NH4+ were extremely low whereas soil NH4+ concentration was high at MM and HM BAF stands. Why was there a discrepancy between bulk soil and IER-NH4+ concentration? Understanding this discrepancy may elucidate the real status of N availability from the balance among microbial mineralization and immobilization, soil adsorption and desorption, and plant root uptake in the field. The low value of IER-NH4+ at MM and HM suggests that the rich NH4+ in bulk soil were not actually assimilated by plants. Due to the strong affinity of NH4+ for negatively charged soil organic matter, NH4+ may be strongly associated with soil organic matter and unavailable to plants [18] at the MM and HM stands where soil organic matter concentration was high (Table 1). This hypothesis is supported by the positive relationship between soil NH4+ and total carbon concentration (p < 0.001, R2 = 0.53). On the other hand, the pattern of NO3− concentration in soil and IER showed an opposite pattern to that of NH4+; soil NO3− concentration was low and IER-NO3− was high. The low soil NO3− concentration is likely due to its high uptake by plants, as suggested by the high IER-NO3−. Abundant moisture at MM and HM could increase the availability of NO3− since it is mobilized by soil moisture.

This result implies that IER or ion exchange membranes could be comprehensive and practical indices for N availability in reality [27,65], even though the lack of standardized application remains the challenge [66]. The assumption that plant available N is mainly driven through N mineralization, was not applicable in the MM and HM BAF stands; net N transformation rates failed to meet the interest in N availability. On the other hand, IER assay data would be the best indirect measure of N availability unless the direct measure of plant uptake using stable isotope. An additional advantage of IER or ion exchange membrane assays is to determine availabilities of other nutrients such as phosphorus and cations simultaneously with inorganic N [66,67,68].



4.3. Stand Density Effects on Soil N Transformation and Availability

The annual net N mineralization rate of the UPF (84.01 and 66.05 kg N·ha−1·year−1 for LD and HD stands, respectively) was within reasonable range of the generally accepted rate for temperate pine forests (43.6–87.0 kg N·ha−1·year−1 [30,45,69,70]). The differences in net N transformation rates and N availability between LD and HD stands were insignificant according to the statistical tests (Figure 1). Nevertheless, the difference may not be negligible; annual net N mineralization rate, annual net nitrification rate, and IER-inorganic N concentration were 40%, 38%, and 20% higher, respectively, at LD than at HD (Table 3). The higher net N transformation rates and N availability at LD than at HD seem to correspond to the difference in SWC (t-test; p < 0.05). The higher SWC at LD, which was probably due to lower evaporation under the lower stand density and a less steep topography (Table 1), would promote soil N cycling. In addition, the difference of N processes matched that of ANPP in the both stands [41]. ANPP was 23% higher at the LD stands than the HD stands (Table 3). This result supports the relationship between N availability and primary production in forests [1,2,3]. It may provide an implication for stand density control (e.g., forest tending and thinning) with respect to nutrient availability. Stand density control as a management practice can be applied to improve nutrient use efficiency for tree production associated with C sequestration in unmanaged pine forests with high stand density in Korea [71,72]. In addition, this application may contribute to maintenance of stability in stand dynamics by reducing density-dependent tree mortality [73].




5. Conclusions

The UPF and BAF are presented, distinguishing net N transformation rates, availabilities, and environmental controls on those N processes. First, the UPF, which were assumed as moderately fertile environments, confirmed the generally accepted knowledge of net N transformation rates and N availability. Second, soil N transformation rates and N availability at the LM BAF stand represent active N cycling under an N-rich environment. The annual plant N uptake was the highest and the annual net N mineralization rate accounted for 37% of that uptake. The lower net N mineralization (72.24 kg N·ha−1·year−1) than net nitrification (98.74 kg N·ha−1·year−1) at the LM stand indicates that most of the mineralized NH4+ was converted to NO3− during the field incubation. Thus, the relatively low moisture condition at LM supported NO3− accumulation due to the high net nitrification rate and low NO3− loss via leaching and denitrification [19,74,75]. Third, the N-rich and wet MM and HM BAF stands exhibited restricted net N transformation rates and N availability unlike high inorganic N concentration in bulk soils and low C:N ratio in leaf litters and soils.

In the UPF, annual net N mineralization slightly exceeded the annual N uptake (Table 3). As taking account into the potential N input from atmospheric N deposition, plant N uptake did not consume the all N input. The surplus of inorganic N would not be retained in the stands; instead, it might leach to N runoff by a ground water and stream. The N saturation in the UPF agreed with other coniferous stands in this region [76]. Meanwhile, in the BAF annual net N mineralization failed to satisfy the annual N uptake (Table 3); the external N input might be retained in the stands. It suggests the importance of bottomland or riparian forests for N retention function [4,77].

The significant findings are summarized as follows. First, net N transformation rates and N availability were not regulated by SWC and soil temperature, instead regulated by initial soil NH4+ in the MM and HM BAF stands. The net N mineralization rate was inhibited under NH4+-rich soils. The NH4+ accumulation and plant uptake-N might be supplied from external N sources. Second, net N transformation rates, inorganic N concentrations in bulk soil, and those on IER corresponded in the UPF, but did not in the BAF. Discrepancies between the patterns of N availability indices in the BAF may enhance our knowledge of the real status of N availability. Third, differences in soil moisture conditions between high and low density stands might affect N transformation and N availability, and, consequently, ecosystem productivity.
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