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Abstract 17 

Nitrogen (N) immobilization controls the N availability in soil, however, mechanisms involved in the 18 

chemical N fixation into soil organic N (SON) through reactions of reactive N compounds with soil 19 

organic matter (SOM) is not clear. Knowledge about the composition and stability of chemically 20 

produced SON is limited, which impedes understanding of the interplay of N and carbon (C) cycles at 21 

both the local and global scale. Here, we studied the chemical N immobilization of nitrite in soils from 22 

grassland, cropland, and forest with 15N labelling technique. And solid state 15N- and 13C-NMR 23 

spectroscopies were applied to further explore the structure of chemically immobilized SON. We found 24 

that the chemical retention rate of nitrite did not differ significantly between land-uses, while the fulvic 25 

acid fraction was the SOM component most reactive to nitrite. In contrast to the common assumption 26 

that amides are mainly of biological origin and that black N compounds are formed from organic N 27 

compounds at high temperature during fires, our study revealed that amides and black N in the form of 28 

pyrroles were the main products of chemical reactions of nitrite with SOM. These findings indicate that 29 

chemical processes play a key role in biogeochemical N cycling, and provide new insight into the 30 

mechanisms of C–N interactions in soil.  31 

 32 

Keywords: chemical nitrogen immobilization, nitrite, soil organic matter, amide, black nitrogen  33 
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1. Introduction 34 

Nitrogen (N) is an essential element for living organisms and a growth-limiting nutrient of 35 

agricultural crops. To promote food production, industrial N fertilizers have been widely used since the 36 

Haber-Bosch process was invented in the early 20th century, and the amount of N fertilizer applied in 37 

agriculture increased to about 100 Tg N yr-1 until the 1990s (Gruber and Galloway, 2008). Generally, 38 

less than 65% of N fertilizer applied can be used by crops, and a considerable amount of unused N is 39 

released into atmosphere as nitrogenous gases such as ammonia (NH3), nitrous oxide (N2O), and 40 

nitrogen oxides (NOx) (Wei et al., 2020). Nitrogenous gases in the atmosphere participate in the 41 

formation of cloud and N contained is deposited back to terrestrial (e.g. grassland and forest) and oceanic 42 

surface. Due to the huge input of anthropogenic reactive N into the environment, the global N cycle has 43 

been strongly accelerated, associated with an increase in the global N deposition from 34 Tg N yr-1 in 44 

1860 to 100 Tg N yr-1 in 1995 (Galloway et al., 2008). When N compounds are deposited to soils, they 45 

are quickly incorporated into an insoluble organic pool resulting in N retention (Lewis and Kaye, 2012). 46 

It is assumed that about 50% of deposited N in forests will be biologically and chemically sequestered, 47 

and that global N deposition contributed to approximately 10 Tg N yr-1 of N retention in 2001‒2010 48 

(Zaehle, 2013). 49 

Processes of nitrogen retention in soils highly depends on the species of prevalent inorganic N 50 

compounds, e.g. the retention of ammonium (NH4
+) and nitrate (NO3

‒) largely depends on the biological 51 

uptake by microbes and plants, while abiotic reactions with soil organic matter (SOM) contribute mostly 52 

to the retention of nitrite (NO2
‒) (Lewis and Kaye, 2012). Nitrite is highly chemically reactive to 53 

transition metals and SOM in soils, especially at pH < 7. Isobe et al. (2012) found that 17.8 % of NO2
‒ 54 

was incorporated into dissolved organic matter within 4 h when applied to a forest soil. Typical products 55 

of abiotic NO2
‒ reactions with SOM are heterocyclic N compounds, which are receiving more and more 56 

interest due to their low biological decomposition rate (Leinweber et al., 2009b). Heterocyclic N, 57 

represented by pyrrole and pyridine, is also called black N since it is most often found in fire-affected 58 

soils and char. During a wildfire, organic compounds go through condensation and cyclization to form 59 

a new pyrogenic organic matter containing black N. However, except for fire-affected soils, black N 60 

compounds have also been detected in various natural humic substances (Thorn and Cox, 2009), and the 61 
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content of heterocyclic N was found to increase during humification (Abe et al., 2005). Therefore, 62 

abiotic reactions of NO2
‒ with SOM could play an important role in the long-term N retention in soils. 63 

Nitrite is an intermediate in both nitrification and denitrification, and it exists widely in terrestrial 64 

ecosystems. Generally, NO2
‒ is regarded as the direct precursor of both biotic and abiotic production of 65 

nitric oxide (NO), and its contribution to abiotic nitrous oxide (N2O) emission has also received attention 66 

(Venterea, 2007). Under acidic conditions of pH < 7, NO2
‒ combines with a proton to form nitrous acid 67 

(HNO2), which can further react with SOM through N-, C-, or O-nitrosation to form NO, N2O, and 68 

nitrogenous organic compounds (Austin, 1961). Nitrosophenol, p-diazoquinone, and o-diazoquinone 69 

were identified in the reaction of NO2
‒ with phenol under mildly acidic conditions of pH < 7 (Kikugawa 70 

and Kato, 1988). Nitrosonaphthol and nitronaphthol were also found as the products of abiotic reaction 71 

of NO2
‒ with naphthol in soil suspensions at pH 6.5 (Azhar et al., 1989). Rousseau and Rosazza (1998) 72 

found that NO2
‒-N was incorporated into 7-hydroxy-6-methoxy-1,2(4H)-benzoxazin-4-one in the 73 

reaction with ferulic acid at pH 2. 74 

The SOM is a complex mixture consisting of both simple molecules and macro polymers that plays 75 

a key role in abiotic N fixation. According to 13C-NMR analysis, O-alkyl-C assigned to amides and 76 

polysaccharides dominates in SOM, followed by alkyl-C and C/O-substituted alkyl-C, which correspond 77 

to chain aliphatic C from lipids and aromatic C from lignin, respectively (Fontaine et al., 2007). It has 78 

been reported that aromatic C as well as methylene C and N are reactive sites for nitrosation in the 79 

reaction of SOM with NO2
‒ (Thorn and Mikita, 2000). Thorn and Mikita (2000) confirmed the formation 80 

of nitrophenol, imine, and indophenol from the reactions of fulvic and humic acid with NO2
‒ through 81 

15N-NMR analysis. Nevertheless, it is still an open question whether these reactions occur in natural 82 

soils or not, and if so, how much they contribute to N retention in natural systems. Therefore, more 83 

research is needed to bridge the gap between reactions in chemical assays and N retention in natural 84 

soils. 85 

In this study, abiotic N retention resulting from NO2
‒‒SOM reactions was investigated in three soils 86 

from different land uses (forest, grassland, and agriculture) with different soil pH and organic carbon 87 

content (Table 1). Solid-state cross-polarization magic angle spinning (CP-MAS) 15N-nuclear magnetic 88 

resonance spectroscopy (NMR), 13C-NMR, and pyrolysis-field ionization (Py-FI) mass spectrometry 89 



5 
 

were used for structure analysis of immobilized N. Influence of microbial processes on abiotic NO2
‒‒90 

SOM reactions was also explored by introducing soil suspension with living soil microbes into the 91 

reaction microcosm. 92 

 93 

2. Materials and Methods 94 

2.1. Soils and soil parameter analysis 95 

Forest soil (Cambisol) and grassland soil (Cambisol) were sampled from the top 20 cm of 96 

Wüstebach catchment (50°30ʹ15ʺN, 6°18ʹ15ʺE) and Rollesbroich grassland (50°37ʹ0ʺN, 6°26ʹ0ʺE), 97 

respectively. These field sites are within the German interdisciplinary research and observation network 98 

TERENO (Zacharias et al., 2011). Agricultural soil (Cambic Luvisol) was sampled from the top 30 cm 99 

of the Achterwehr field (54°19'05"N, 9°58'38"E), Hohenschulen experimental farm, Kiel, Germany. 100 

Three sites in each field were sampled, and soils from each site was immediately air-dried, sieved at 2 101 

mm, and then homogenously mixed. 102 

Soil pH was determined according to the ISO 10390 method (ISO, 2005): 1 M potassium chloride 103 

(KCl, analytical grade, VWR, Germany) solution was mixed with freeze-dried soil at a ratio of 1:5 (w/v) 104 

for 2 h, centrifuged at 3500 rpm for 20 min, then the suspension was measured with a pH meter (multi 105 

340i, WTW GmbH, Germany). The total N content (TN) and total organic carbon (TOC) were 106 

determined using an elemental analyzer (vario EL Cube, Elementar Analysensysteme GmbH, Hanau, 107 

Germany) and a multiphase carbon and hydrogen/moisture analyzer (RC612, LECO Instrumente GmbH, 108 

Moenchengladbach, Germany), respectively. The contents of iron (Fe) and manganese (Mn) were 109 

determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, iCA 7600, Thermo 110 

Fisher Scientific, Oberhausen, Germany) after microwave digestion by the mixture of nitric acid (HNO3, 111 

guaranteed reagent, VWR, Germany), hydrofluoric acid (HF, analytical grade, VWR, Germany), and 112 

hydrogen peroxide (H2O2, analytical grade, VWR, Germany).  113 

The texture of soils used in this study includes silty clay loam (forest soil), sandy loam (agricultural 114 

soil), and silty loam (grassland soil), soil pH ranges from 3.6 to 6.0, and SOC content varies from 1.7% 115 

to 16.4% (Table 1). Forest soil is characterized by the lowest soil pH and highest SOC content, while 116 

agricultural soil by the highest soil pH and lowest SOC content. The ratio of carbon-to-nitrogen (C/N) 117 
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in tested soils covers a wide range from 3.2 (grassland soil) to 12.1 (agricultural soil), while contents of 118 

Fe and Mn varies from 11.7 to 33.5 and 0.5 to 2.2 mg g-1, respectively.  119 

 120 

Table 1. Properties of soils used in this study. Data are presented as mean ± standard error. SOC, soil 121 

organic carbon; TN, total nitrogen; WHC, water holding ability; Fe, content of iron; Mn, content of 122 

manganese. 123 

Soil soil texture pH SOCa 
(%) 

TNb 
(%) 

WHCc  
(%) 

Fed  
(mg g-1) 

Mne  
(mg g-1) 

Forest silty clay loam 3.6 ± 0.0 16.4±1.3 1.46 ± 0.00 137 ± 0.1 29.0 ± 3.0 2.2 ± 0.1 
Agriculture sandy loam  6.0 ± 0.2 1.7 ± 0.2 0.14 ± 0.01 35.0 ± 4.2 11.7 ± 0.2 0.5 ± 0.0 
Grassland silty loam 5.1 ± 0.0 4.1 ± 0.1 1.28 ± 0.10 80.0 ± 4.2 33.5 ± 1.5 1.4 ± 0.4 

 124 

2.2. Abiotic NO2
‒ immobilization in soils and SOM fractions 125 

Abiotic NO2
– immobilization was analyzed in autoclaved soil samples. To improve the efficiency 126 

of autoclaving, 5 g of air-dried soil was rewetted with 5 ml of deionized water in a 22.5-ml glass vial to 127 

activate the soil microbes 1 d before autoclaving. Afterwards, the soil was autoclaved for 30 min at 128 

121 °C under a pressure of 300 kPa. The effectiveness of sterilization was confirmed by an agar test 129 

where no microbial colony appeared in an agar medium amended with extracts of sterilized soil after 7 130 

d of incubation at room temperature. To achieve significant NMR signals, a much higher amount of 131 

sodium nitrite (NaNO2, 10 atom% 15N, analytical grade, VWR, Germany) solution than natural soils 132 

was applied to the soil at a ratio of 3.5 µg N g-1 soil on a dry weight basis. Then, the glass vial was 133 

immediately sealed with an aluminum cap to avoid any microbial contamination, and incubated in a 134 

clean bench at room temperature for 4 d. 135 

After incubation, the soil was transferred to a 50-ml sterilized centrifuge tube and mixed with 20 136 

ml of 1 M KCl (analytical grade, VWR, Germany) solution in a clean bench. Before usage, the KCl 137 

solution was passed through a 0.2 µm syringe filter to avoid introduction of microbes into the soil. The 138 

mixture was centrifuged at 3500 rpm for 20 min to remove the supernatant. The washing procedure with 139 

KCl solution was repeated three times to remove remaining 15N compounds that were not fixed by the 140 

SOM. In the blank control, the same volume of deionized (MilliQ) water instead of 15NO2
‒ solution was 141 

applied to the soil. After washing, the soil was immediately freeze-dried and stored at room temperature 142 

till analysis. To confirm that no microbial contamination occurred during the whole procedure, 0.1 µl 143 
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of supernatant after washing was transferred to an agar plate for microbial activity test, and no bacterial 144 

colony was observed after 7 d of incubation at room temperature. All the treatments were prepared in 145 

triplicate. 146 

To compare the chemical N fixation ability of fulvic acid and humus (i.e. the sum of humic acid 147 

and humin), the soil was fractionated with hydrochloric acid (HCl, VWR, Germany) and hydrofluoric 148 

acid (HF, VWR, Germany): firstly, soil samples were treated with 1 M HCl for 2 h at room temperature 149 

to remove inorganic carbon, then washed with deionized water until a pH 4-5 was reached, and 150 

afterwards freeze-dried; secondly, the soil was treated three times with a mixture of 35% HF and 5% 151 

HCl for about 16 h at room temperature to separate fulvic acid and humus; then, fulvic acid in the mixed 152 

solution of HF and HCl was recovered by solid phase extraction (Bond Elut-PPL, 500 mg, 6 mL, VWR, 153 

Germany); lastly, the remaining humus after HF-HCl treatment was washed with deionized water to pH 154 

4-5, and then freeze-dried for further analysis (Stevenson, 1995; Wei et al., 2017). 155 

Both C and N content and isotope analysis were performed with an elemental analyzer coupled to 156 

an isotope-ratio mass spectrometer (EA-IRMS, Flash EA 2000 and Delta V Plus; Thermo Fisher 157 

Scientific, Bremen, Germany). For organic C content and its δ13C value determination, 0.2‒5 mg of 158 

sample (15N enriched bulk soil, fulvic acid or humus) equivalent to about 100 µg C was used, while 0.1‒159 

5 mg of sample containing approximately 35 µg N for determination of organic nitrogen content and its 160 

15N enrichment. The N immobilization ratio (Rim) in soils was calculated as the proportion of 15N 161 

immobilized in soil organic nitrogen (SON) of the total applied 15N: 162 

𝑅𝑅𝑖𝑖𝑖𝑖 (%) =  ( 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒×𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒− 𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙×𝑆𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙1515 )×𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁15
𝑡𝑡𝑡𝑡𝑡𝑡

× 100%  (Equation 1) 163 

where 15Nenr and 15Nloc (atom %) denote the 15N enrichment of SON in 15NO2
‒ amended and blank control 164 

treatment, respectively; SONenr (%) is the SON content in 15NO2
‒ amended soil, and SONloc is the SON 165 

content in the blank control; Msoil (5 g freeze-dried soil) represents the total amount of soil used in each 166 

treatment; 15Ntot (17.5 µg) is the total amount of 15N applied to the soil. The SOC content of the soil, 167 

yields of fulvic acid and humus, as well as their δ13C value, are listed in Table 2. 168 

 169 
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2.3. Structure analysis of immobilized organic N compounds 170 

To enhance the intensity of 15N-NMR signals of immobilized organic N compounds, forest humus 171 

(FOM) and grassland humus (GOM) were reacted with Na15NO2 (99 atom% 15N, analytical grade, VWR, 172 

Germany) for a second time. To be precise, 0.4 g of FOM or GOM was mixed with 0.2 g of Na15NO2 173 

dissolved in 10 ml of sterilized water in a sterilized 25-ml centrifuge tube, and incubated in a clean 174 

bench for 6 d at room temperature. Instead of sterilized water, 10 ml of soil suspension with living 175 

microbes obtained from a Cambisol soil planted with Aloe arborescens was used in microbial treatments 176 

to test the effect of soil microbes on the abiotic N immobilization. For the preparation of soil microbial 177 

suspension, 20 g of fresh soil from the rhizosphere of Aloe arborescens was suspended in 40 ml of 178 

MilliQ water, and the mixture was incubated in a shaker at room temperature for 24 h, afterwards the 179 

suspension was passed through a 80‒120 μm Whatman filter paper to remove soil particles and permit 180 

most soil microbes remine in the suspension. Humus instead of original soils was used in this experiment, 181 

the live soil organisms had been sterilized and the original soil structure had been destroyed, therefore, 182 

limitations of inoculation of soil microbial suspension from one soil to other ones were neglected. After 183 

reactions of humus with Na15NO2, the mixture was centrifuged at 4000 g for 20 min, and the liquid 184 

phase was carefully decanted into another 25-ml sterilized tube. Both liquid and solid phase were freeze-185 

dried for further analysis.  186 

The solid-state 15N- and 13C-NMR spectra were obtained with a Bruker Advance III HD 400 MHz 187 

Wideboard (Bruker, Billerica, Massachusetts, United States) operating at resonance frequencies of 40.56 188 

MHz and 100.63 MHz, respectively. 0.3-0.5 g of samples were placed into zirconium rotors of 7 mm 189 

and 4 mm O.D. with KEL-F-caps for 15N- and 13C-NMR analysis, respectively. The cross polarization 190 

magic angle spinning (CP-MAS) technique was applied with a spinning speed of the rotor at 6 kHz and 191 

14 kHz for 15N- and 13C-NMR spectra, respectively, with a pulse delay of 200 ms. A ramped 1H-pulse 192 

was used during a contact time of 1 ms in order to circumvent spin modulation of Hartmann-Hahn 193 

conditions. A contact time of 1 ms and a 90° 1H-pulse width of 3.5 µs were used for all spectra. The 194 

15N-chemical shifts were calibrated with glycine (-346.7 ppm) against nitromethane (0 ppm), while the 195 

13C-chemical shifts were calibrated with glycine (176.04 ppm) against tetramethylsilane (= 0 ppm). The 196 

relative intensities of the peaks were obtained by integration of the specific chemical shift ranges with 197 
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an integration routine with MestreNova 10 (Mestrelab research, Santiago de Compostela, Spain). The 198 

15N- and 13C-NMR spectra were assigned to corresponding N- or C-compounds according to Knicker 199 

(2011b). 200 

For pyrolysis-field ionization mass spectrometry (Py-FIMS) analysis, about 0.4 milligrams of the 201 

samples were degraded by pyrolysis in the ion source (emitter: 4.7 kV, counter electrode -5.5 kV) of a 202 

double-focusing Finnigan MAT 95. Samples were heated in a vacuum of 10-4 Pa from 50 °C to 650 °C, 203 

in temperature steps of 10 °C over a time period of 15 minutes, recording spectra over the mass range 204 

15 to 900 m/z for each of the 60 temperature steps. Between magnetic scans the emitter was flash heated 205 

to remove residues of pyrolysis products (Leinweber et al., 2009a; Schnitzer and Schulten, 1992). 206 

 207 

2.4 Statistical analysis 208 

Triplicates are low to reliably test normal distribution and inhomogeneity of variance, therefore, 209 

one-way analysis of variance (ANOVA) with Tukey-B test was conducted using OriginPro 8.0 210 

(Originlab Corporation, Wellesley Hills, MA, USA), which is less susceptible to inhomogeneity and 211 

non-normality (Reichel et al., 2018). The significance threshold for the comparisons was set at p = 0.05.  212 

 213 

3. Results 214 

3.1. Abiotic NO2
‒ retention 215 

Recovered fulvic acid and humus accounted for 0.3˗2.1% and 39.3˗78% of the total SOC, 216 

respectively, and 15NO2
‒ application did neither significantly (p > 0.05) alter their proportion nor their 217 

13C enrichment (Table 2). Yield of fulvic acid was positively correlated to the SOC content in bulk soils, 218 

and decreased in the order of forest soil, grassland soil, and agricultural soil. 219 

 220 

Table 2. The soil organic carbon (SOC) content and its δ13C value in bulk soils, fulvic acid, and 221 
humus before and after 15NO2

‒ application. 222 

  Bulk soil Fulvic acid Humus 

  SOC  
(%) 

δ13C vs. PDB 
(‰) 

Yield  
 (% SOC-C)a 

δ13C vs. PDB 
(‰) 

Yield  
 (% SOC-C) 

δ13C vs. PDB 
(‰) 

Forest 
 

before 16.4 ± 1.3 -25.9 ± 0.2 2.1 ± 0.0 -26.7 ± 0.1 76.6 ± 0.5 -25.5 ± 0.4 
after 17.4 ± 3.5 -26.0 ± 0.1 1.6 ± 0.0 -26.7 ± 0.1 78.0 ± 4.4 -25.9 ± 0.3 

Grassland 
 

before 4.1 ± 0.1 -28.4 ± 0.1 1.2 ± 0.0 -28.1 ± 0.1 43.6 ± 0.3 -29.7 ± 0.2 
after 4.2 ± 0.3 -28.4 ± 0.2 1.5 ± 0.0 -28.4 ± 0.0 46.8 ± 0.7 -29.6 ± 0.2 

Agriculture before 1.7 ± 0.2 -27.6 ± 0.5 0.5 ± 0.0 -27.3 ± 0.0 46.5 ± 1.0 -28.7 ± 0.2 
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 after 1.5 ± 0.1 -27.9 ± 0.0 0.3 ± 0.0 -27.3 ± 0.0 39.3 ± 7.8 -29.0 ± 0.1 
Note: 223 
a calculated as the percentage of the total carbon content in fulvic acid to the soil organic carbon (SOC) in bulk soil. No 224 
significant differences of SOC content, fulvic acid and humus yields, as well as their  δ13C value were found before and after 225 
15NO2‒ application. 226 
 227 

After 4 d of incubation under sterilized conditions, 6.3‒7.6% of NO2
‒ was immobilized in the soil, 228 

and there was no significant (p > 0.05) difference in N retention among the three types of soils and land 229 

uses despite their distinct SOC content (Figure 1a). In contrast, N immobilization varied largely in 230 

different SOM fractions. Even though fulvic acid only accounted for 0.3‒2.1% of the SOC (Table 2), 231 

the 15N enrichment of fulvic acid was 2‒3 times higher than that of the corresponding humus and bulk 232 

soil (Figure 1b), which indicates that fulvic acid is highly reactive to NO2
‒.  233 

 234 

 235 

Figure 1. Abiotic N retention of NO2
‒ in agricultural, forest, and grassland soil (a) and δ15N values of 236 

bulk soil, fulvic acid, and humus in 15NO2
‒ amended soils (b). Different letters in (b) indicate significant 237 

(p < 0.05) differences of 15N enrichment among bulk soil, fulvic acid, and humus in the same land use 238 

type. 239 

 240 

3.2. 15N-NMR spectroscopy of immobilized N compounds 241 

According to the solid-state CP-MAS 15N-NMR spectra, the major peak from -230 to -285 ppm, 242 

representing amide-N, accounted for 49‒66% of the total N in 15NO2
‒ amended humus, while the peak 243 

from 50 to -50 ppm, representing nitrate-N, nitro-N, and oxime-N, accounted for 10‒30% of the total N 244 
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in 15NO2
‒ amended humus (Figure 2). The downfield shoulder from 50 to 10 ppm represents the 245 

monoximes, and the peak at -2 ppm represents nitrate (Figure 2). The pyridine and nitrile-N signals 246 

generally occur at frequency from -50 to -180 ppm. No pyridine was found in any treatment, while a 247 

nitrile peak from -100 to -160 ppm was found in the solid phase of 15NO2
‒ treated forest humus (Figure 248 

2). However, black N represented by pyrroles at the frequency of -180 to -230 ppm was found in 15NO2
‒ 249 

amended treatments (Figure 2). The peak from -230 to -285 ppm corresponds with amides. Different 250 

from microbial amides in natural humus that peaked at -257 ppm, chemically formed amide-N peaked 251 

at around -270 ppm in NO2
‒ treated humus (Figure 2).  252 

Even though GOM was characterized by amide-N and FOM by both amide- and pyrrole-N, the 253 

composition of the newly fixed N components after 15NO2
‒ amendment was similar in the SOM of both 254 

soils (Figure 2). Due to the higher C content of forest humus (Table 2), about 6 µg 15N kg-1 OM more 255 

was fixed by FOM than that by GOM, most of which in the form of amide-, nitro-, and pyrrole-N (Table 256 

3). After 15NO2
‒ amendment, the liquid phase contained 12‒20% less nitro/oxime-N and 14‒17% more 257 

amide-N compared with the solid phase, while the contents of other products were similar in the two 258 

phases (Figure 2, Table S1). Notably, neither the forms of abiotic SON products nor their quantity was 259 

affected by the introduction of microbes (Figure 2, Table S1). 260 

 261 

Table 3. Content of different N-compounds (µg 15N kg-1 OM) and C-compounds (mg C kg-1 OM) in 262 

grassland (GOM) and forest (FOM) humus before and after 15NO2
‒ application. 263 

Range (ppm) 
FOMa GOMb 

- +15NO2‒ c +15NO2‒+M d - +15NO2‒ +15NO2‒ + M 

15N-NMR       

50 to -50 (nitro/nitrate-N) - 7.45  - 4.15 4.7 

-100 to -180 (pyridine/nitrile-N) - 0.74  - 1.54 1.18 

-180 to -230 (pyrrole-N) 0.34 2.26  - 1.58 1.43 

-230 to -285 (amide-N) 0.6 12.28  0.78 9.45 9.19 

-285 to -320 (amino-N) - 1.92  - 1.53 1.51 

Total  0.94 24.65  0.78 18.26 18.01 

13C-NMR       
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225‒185 (aldehyde-/ketone-C) 9.01 5.83 7.35 3.10 4.10 7.08 

185‒160 (carboxyl-/amide-C) 41.01 34.40 36.67 20.23 26.81 27.50 

160‒140 (aryl-O-/aryl-N-C) 35.21 32.18 34.92 12.03 13.27 15.12 

140‒110 (aryl-C/olefinic-C) 213.02 259.44 265.50 35.46 47.60 50.37 

110‒90 (acetal-/ketal-/aromatic-C) 36.00 33.41 30.43 17.76 21.43 20.86 

90‒60 (alkyl-O-C) 87.07 78.30 65.59 56.01 78.95 76.70 

60‒45 (aliphatic C-N, methoxyl-C) 36.54 28.39 27.17 30.63 38.59 37.27 

45‒0 (Alkyl-C) 123.90 111.06 115.38 109.48 171.29 167.11 

Note: 264 

a Forest humus; 265 

b Grassland humus; 266 

c NO2‒ amendment; 267 

d NO2‒ and microbes amendment. 268 

 269 
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 270 

Figure 2. Solid-state CP-MAS 15N-NMR spectra of forest humus (FOM, a) and grassland humus (GOM, 271 

b) with or without amendment of 15NO2
‒ and microbes (M).  272 

3.3.  Impact of N immobilization on SOC structure revealed by 13C-NMR 273 

Eight groups of SOC were detected according to 13C-NMR, i.e. aldehyde-/ketone-C (225‒185 ppm), 274 

carboxyl-/amide-C (185‒160 ppm), aryl-O-/aryl-N-C (160‒140 ppm), aryl-C/olefinic-C (140‒110 ppm), 275 

acetal-/ketal-/aromatic-C (110‒90 ppm), alkyl-O-C (90‒60 ppm), aliphatic C-N/methoxyl-C (60‒45), 276 

and Alkyl-C (45‒0 ppm) (Figure 3). Grassland humus was dominated by alkyl-C, which accounted for 277 

more than 30% of the total 13C-NMR signal, followed by alkyl-O-C and aryl- and olefin-C (Figure 3a). 278 

By contrast, aryl- and olefin-C, accounting for more than 40% of the total 13C-NMR signal, were the 279 

major SOC species in forest humus, followed by alkyl-C and alkyl-O-C (Figure 3b). In parallel to the 280 
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formation of amide and pyrrole revealed by 15N-NMR, the amendment of 15NO2
‒ significantly increased 281 

the content of aryl- and olefin-C by more than 22% in both forest and grassland humus (Table 3). 282 

 283 
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Figure 3. Solid-state CP-MAS 13C-NMR spectra of grassland humus (GOM, a) and forest humus (FOM, 284 

b) with or without amendment of 15NO2
‒ and microbes (M).  285 

 286 

3.4 Pyrolysis-field ionization (Py-FI) mass spectrometry of immobilized N compounds 287 

The summed and averaged Py-FI mass spectra of forest and grassland OM, without and with 288 

addition of soil microbes, all showed intensive spectra in the mass range m/z 30 to > 780 (Figure 4). 289 

Mass signals in the lower mass range indicate the presence of carbohydrates (e.g., m/z 98, 126, 163). 290 

Most prominent in the higher mass range were signals from homologues of n-C16 to n-C34 fatty acids 291 

(m/z 256, 284, …. 508) and alkyl monoesters (m/z 676, 704, 732 and 760). Less prominent signals can 292 

be assigned to compound classes that are always found in soil organic matter, such as phenols and lignin 293 

monomers, lignin dimers, lipids, alkyl aromatic sterols, peptides and suberin. The comparison of 294 

thermograms of total ion intensity (TII) indicates differences between FOM and GOM, with the latter 295 

showing much higher ion intensities almost over the whole temperature range. These differences 296 

between sites obviously were much more pronounced than differences between samples with and 297 

without microbes, which had rather similar TII curves and spectral patterns.  298 

 299 
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 300 

Figure 4. Summed and averaged Py-FI mass spectra of sterile forest humus with 15NO2
‒ (FOM+15NO2

‒), 301 

microbially inoculated forest humus with 15NO2
‒ (FOM+15NO2

‒+M), sterile grassland humus with 302 

15NO2
‒ (GOM+15NO2

‒), and microbially inoculated grassland humus with 15NO2
‒ (GOM+15NO2

‒+M). 303 

 304 

Forest humus had a much higher proportion of substances thermally stable at 450 °C, which were 305 

bound in soil aggregates, while grassland humus was characterized by a higher proportion of organic 306 

compounds with lower thermal stability at 250-300 °C (Figure 5). A multivariate statistical evaluation, 307 

first using all m/s signals (not shown), and subsequently only those with significant differences in ion 308 

intensities (Figure 6), showed a clear separation of the samples according to their origin (forest vs. 309 

grassland), and within the groups of same origin, with and without microbes. Along PC 1, which 310 

accounted for 96% of the difference, the samples were separated according to origin, while separation 311 

according to microbial influence occurred along PC 2, which accounted for only 1.1 % of the overall 312 

differences among spectra. Thus, it is clear that the site differences were much more pronounced than 313 

the differences between treatments.  314 
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 315 

Figure 5. The thermal curves of the ion intensities in non-inoculated forest humus with 15NO2
‒ 316 

(FOM+15NO2
‒), inoculated forest humus with 15NO2

‒ (FOM+15NO2
‒+M), non-inoculated grassland 317 

humus with 15NO2
‒ (GOM+15NO2

‒), inoculated grassland humus with 15NO2
‒ (GOM+15NO2

‒+M). The 318 

total ion intensity (TII) always correlates closely with the organic content, therefore TII% represents 319 

relative proportions of the organic. 320 

 321 

 322 

Figure 6. Principal component analysis of Py-FI Mass spectra using the 177 m/z values with the most 323 

significant differences between the four samples according to univariate Wilks’ lambda. 324 

 325 

The volatile matter in the range of about 55 to 75% (w/w) confirms that the samples were mostly 326 

organic, which is not surprising given the HCl/HF treatments. Overall, the samples from grassland soil 327 

yielded a much larger TII than those from the forest soil (Table 4). The assignment of marker signal to 328 
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important compound classes of SOM showed that lipids and alkyl aromatics were the most abundant 329 

compound classes in samples from the forest soil, while free fatty acids and lipids were most abundant 330 

in samples from the grassland soil. According to this assignment, the order of abundances was 331 

phenols/lignin monomers > free fatty acids > carbohydrates > peptides (grassland), and alkyl aromatics > 332 

phenols/lignin monomers > carbohydrates > peptides. Significantly larger TII proportions were obtained 333 

for phenols/lignin monomers, lignin dimers, lipids, alkyl aromatics, peptides at the expense of suberin 334 

and free fatty acids in the samples from the forest compared to the samples from the grassland soil. An 335 

influence of microbial inoculation is reflected by significantly larger proportions of carbohydrates at the 336 

expanse of suberin in the GOMmS sample (Table 4). 337 
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 338 

Table 4. Data evaluation of Py-FI mass spectra: Volatile matter (VM, % w/w) and total ion intensities (TII, 106 counts mg-1), and proportions of important compound 339 

classes in FOM (forest humus), FOMm (inoculated forest humus), GOM (grassland humus) and GOMm (inoculated grassland humus). (Data are shown as mean 340 

(standard deviation), CHYDR = carbohydrates, PHLM = phenols and lignin monomers, LDIM = lignin dimers, LIPID = lipids, ALKY = alkyl aromatics, NCOMP 341 

= heterocyclic nitrogen containing compounds, PEPTI = peptides, SUBER = suberin, FATTY = free fatty acids). 342 

Treatment VM TII CHYDR PHLM LDIM LIPID ALKY NCOMP PEPTI SUBER FATTY 

FOM 54.6 (8.4) 684.9 (65.3) 5.1 (0.7) 8.2 (0.8) 3.7 (0.4) 9.4 (0.2) 9.2 (0.1) 1.5 (0.1) 4.1 (0.3) 0.9 (0.0) 6.8 (0.5) 

FOMm 58.0 (13.6) 691.0 (42.6) 4.8 (0.4) 7.9 (0.7) 4.0 (0.5) 9.4 (0.3) 9.4 (0.6) 1.5 (0.1) 3.8 (0.2) 0.9 (0.1) 7.0 (1.1) 

GOM 61.7 (3.1) 2255.0 (393.2) 3.8 (0.1) 4.7 (0.2) 2.1 (0.0) 7.6 (0.0) 5.2 (0.2) 1.6 (0.1) 3.2 (0.1) 1.8 (0.0) 12.1 (0.3) 

GOMm 74.6 (9.3) 2113.4 (125.5) 4.1 (0.1) 5.6 (0.5) 2.5 (0.4) 7.8 (0.3) 6.1 (0.6) 1.7 (0.1) 3.5 (0.0) 1.6 (0.0) 11.6 (1.7) 

 343 
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 344 

Detecting 15N enrichment in individual molecules is outmost complicated since the label eventually 345 

is distributed among many single molecules at completely unknown quantities. Nevertheless, by using 346 

the instrument in high resolution mode, it was possible to find indications for the incorporation of nitrite-347 

N into organic N compounds, depending on the presence of microbes. The mass distributions of nominal 348 

mass m/z 84 in Figure 7 shows peaks of two N-compounds (84.04 and 84.07) that are formed by 349 

pyrolysis of peptides. Given that these peaks originated from the source 15N-nitrite, a peak should appear 350 

at 85.037 with the intensity of 5 ×106. In the spectrum of GOMS sample this is within the noise level, 351 

but in the spectrum of GOMmS a distinct peak is clearly visible at m/z 85.037. This indicates that in the 352 

inoculated sample some of the 15N-nitrite had been transformed into glutamine/glutamic acid, but no so 353 

in the non-inoculated sample.  354 

 355 

   356 

Figure 7. Highly resolved spectral pattern in the mass range mz 84 to 84.12 (a) and 85 to 85.12 (b) of 357 

15N-nitrite treated grassland soil samples with (GOMmS) and without (GOMS) microbial inoculation. 358 

 359 

85.037 
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 360 

4. Discussion 361 

4.1 Mechanisms involved in chemical N immobilization 362 

In this study, 15NO2
‒ was immobilized in soil humus as nitro-, nitrile-, pyrrole-, amide-, and 363 

amino-N compounds involving a series of organic chemical reactions (Table 3). At pH < 7, NO2
‒ 364 

combines with a proton to form nitric acid (HNO2) and further reacts with aromatic compounds to form 365 

nitrosophenols through nitrosation, and oximes derived from the nitrosophenols via tautomeric 366 

rearrangement (Reaction 1) (Thorn and Mikita, 2000; Wei et al., 2019). After nitrosation, also nitro 367 

compounds can be formed through the oxidation of the nitroso-compounds (Reaction 2) (Thorn and 368 

Mikita, 2000). 369 

 370 

  [1] 371 

   [2] 372 

 373 

Nitriles can be formed through Beckmann fragmentation of ketoximes and quinone monoximes 374 

(Reactions 3 and 4) at acidic conditions of pH < 7, while pyrroles and pyridines can be formed through 375 

Knorr pyrrole synthesis (Thorn et al., 1992; Thorn and Mikita, 2000). The hydrolysis of nitriles 376 

(Reaction 5) or the Beckmann rearrangement of oximes (Reaction 6) lead to the formation of amides 377 

(Thorn and Cox, 2016).  378 

 379 
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 384 

Thorn and Mikita (2000) investigated the reaction of NO2
‒ with International Humic Substance 385 

Society peat humic acid using liquid-phase ACOUSTIC 15N-NMR; nitrosophenol- and oxime-N 386 

represented about 76% of the total products, while amides only accounted for about 7%. In the present 387 

study, the samples were reacted for 6 d, which was much longer than the formerly used 24 h, so there 388 

was sufficient time for oximes to undergo the following Beckmann rearrangement, Beckmann 389 

fragmentation, and hydrolysis to finally form amides. This could explain the much higher content of 390 

amides in this study. In addition, nitro compounds instead of nitroso compounds were prevalent in this 391 

study, because nitroso compounds are not stable and can be easily oxidized to nitro compounds or 392 

transformed to amides at pH < 7. By contrast, Rousseau and Rossazza (1998) reported the formation of 393 

2-methoxy-4,6-dinitrophenol and 2-methoxy-6-nitrophenol from the reaction of NO2
‒ with ferulic acid, 394 

which resulted from the oxidation of their corresponding nitrosophenols. 395 

 396 

4.2 Factors affecting abiotic N immobilization 397 

The SOC content and pH are generally regarded as main factors controlling the chemical 398 

immobilization of NO2
‒ in soils (Dail et al., 2001). Under acidic condition of pH < 7, NO2

‒ can be 399 

protonated to HNO2 which is highly reactive to SOM and transition metals, hence it is thought that 400 

chemical NO2
‒ immobilization is favored by acidic pH (Riordan et al., 2005). But on the other hand, the 401 

competitive reaction of chemodenitrification of nitrite is also higher at lower pH, leading to higher 402 

gaseous N losses in the form of NO, NO2 and HONO (Su et al., 2011; VanCleemput and Samater, 1996). 403 

Islam et al. (2008) found that abiotic NO2
‒ immobilization did not occur any more when the pH increased 404 

to 8.  405 

In addition, the content of SOC, i.e., the substrate of abiotic NO2
‒‒SOM reactions, was found to be 406 

significantly positively correlated with the chemical N retention in various soils (Fitzhugh et al., 2003b). 407 

However, the N retention in forest soil was not significantly higher compared with agricultural and 408 

C
CH3

N OH

H+
C

NH

O
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grassland soils in spite of its markedly lower pH and higher C content in the present study (Figure 1), 409 

indicating that not only the amount of SOC but also its quality play an important role in abiotic N 410 

immobilization (Wei et al., 2020).  411 

The content of transition metals, including Fe and Mn in mineral aggregates, is another factor 412 

controlling the chemical reactions of NO2
‒ with SOM. Transition metals in mineral aggregates can 413 

quickly reduce NO2
‒ to nitrous oxide (N2O), nitric oxide (NO), and dinitrogen (N2), therefore, higher 414 

contents of transition metals generally lead to larger emission of nitrogenous gases but lower N 415 

immobilization (Wei et al., 2020). The abiotic N retention of NO2
‒ in this study is comparable to the 10% 416 

N retention found in Canton soils at pH 3.9‒5.0 (Dail et al., 2001), but substantially lower than the 20% 417 

in a sandy loam soil with SOC content of 6% and pH of 3.8‒4.0 (Islam et al., 2008) and the 65‒80% in 418 

an Inceptisol soil with SOC content of 30% and pH of 3.4‒3.9 (Fitzhugh et al., 2003a). The lower N 419 

retention ratio in this study compared with that in Islam et al. (2008) and Fitzhugh et al., (2003a) could 420 

be explained by its much higher transition metal (Fe and Mn) contents.  421 

Forest soil was finer textured with silty clay loam compared to that of agricultural and grassland 422 

soils (Table 1), while no significant (p > 0.05) differences of chemical N retention were found among 423 

the three soils (Figure 1). Similarly, chemical reactions of NO2
‒ with SOM were not significantly 424 

affected by soil texture according to Islam et al. (2008) and Fitzhugh et al., (2003a, b). Different from 425 

ammonium immobilization dominated by physical adsorption by soil mineral surfaces, NO2
‒ 426 

immobilization was controlled by it chemical reactions occurring quickly within several minutes to 427 

hours, and reactive points are more than enough regardless of their soil texture (Nelson, 1967). 428 

Fulvic acid is composed of aromatic macromolecules with lower molecular weight and aromaticity 429 

than humic acid and humin (Stevenson, 1995). Furthermore, it is generally characterized by relatively 430 

higher C/N ratio, more alkyl-C and carboxyl-C than humic acid (Gondar et al., 2005; Weber and Wilson, 431 

1975). These characteristics make fulvic acid much more reactive to NO2
‒ than dissolved organic matter, 432 

humic acid, and humin (Wei et al., 2017). Due to the high reactivity of fulvic acid, its chemical reaction 433 

with NO2
‒ was found to contribute the most to abiotic N immobilization and also to abiotic N2O emission 434 

in soil (Wei et al., 2017).  435 

 436 
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4.3 Significance of abiotic N immobilization in soil 437 

Amide- and amino-N are the most abundant N species in natural soils (Knicker, 2011b). In the 438 

present study, we demonstrated that chemical reactions of NO2
‒ and SOM introduced amide and amino 439 

compounds to the soil humus fraction (Figure 2). This is possible since aromatic C compounds derived 440 

from lignin offer abundant reactive sites for the incorporation of NO2
‒-N into SOM to form amides, as 441 

already proposed by Schmidt-Rohr et al. (2004).  442 

Black N, represented by pyrrole and pyridine, is abundant in burned soils, peat, and biochar (Thorn 443 

and Cox, 2009), therefore, it was proposed that the high temperature during burning may be a 444 

prerequisite for the formation of black N (Knicker, 2007). However, our results proved that chemical N 445 

immobilization at ambient temperature could be an alternative pathway of black N formation, especially 446 

during periods of NO2
‒ accumulation in soils with high aromatic C content (Table 3). It was reported 447 

that the content of black N was positively correlated with the aromaticity of SOM and increased during 448 

humification (Abe et al., 2005; Gillespie et al., 2009). Therefore, a series of chemical reactions between 449 

aromatic C and reactive N compounds during humification could contribute to the formation of black N 450 

compounds in soil, and thereby add substantial variety to the large number of biologically produced 451 

heterocyclic organic N compounds (Leinweber et al., 2013). 452 

The formation of oximes is the key step for N incorporation into SOM, not only in the reactions of 453 

SOM with NO2
‒, but also with hydroxylamine, ammonia, and nitric acid, while nitriles and amides are 454 

the products of the following Beckmann rearrangement or fragmentation (Thorn et al., 1992; Thorn and 455 

Cox, 2016; Thorn and Mikita, 1992). Amides were found as the main forms of fixed N in our study, 456 

while black N, including indoles and pyrroles, was mainly produced from chemical reactions of fulvic 457 

and humic acids with ammonia through the polymerization of amino N (Thorn and Mikita, 1992). 458 

Therefore, abiotic N retention could be much more prevalent in soil than assumed until now. 459 

Microbial inoculation did neither reduce the abiotic N immobilization nor the composition of 460 

immobilized N in this study (Table 3, Figure 2). High concentrations of NO2
‒ are toxic to microbes 461 

(Bollag and Henninger, 1978), the activities of microbes could be depressed due to the large applied 462 

NO2
‒, which is very likely the reason why we observed no significant impact of microbial inoculation 463 

on abiotic N immobilization.  464 
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 465 

4.4 Soil N and C interplay 466 

Nitrogen is not only the essential element for biological C assimilation, but also acts as important 467 

N-joint to connect C moieties in SOM, implying that soil N and C sequestration interact with each other 468 

via biological and chemical processes (Cassman et al., 1998; Said-Pullicino et al., 2014; Knicker, 2011a). 469 

Heterocyclic C-N compounds represent the most recalcitrant C and N compounds in soil, whose 470 

residence time can be up to hundreds of years (López-Martín et al., 2017). Lignin dimers and aromatic 471 

compounds have good ability to incorporate N fertilizer into SON and reduce its availability (Reichel et 472 

al., 2018; Wei et al., 2020), the structure of immobilized N might be black and amide-N found in this 473 

study. 474 

Comparing GOM and FOM, it was found that SOM rich in black N demonstrated relatively higher 475 

thermal stability, lower volatile matter proportion and total ion intensity, while SOM with lower black 476 

N content shew higher volatile matter proportion and total ion intensity, but lower thermal stability 477 

(Figure 5 and Table 4). However, it needs to be further tested that to how much extend the black N 478 

contributes to the thermal stability of SOM, as well as how the SOM thermal stability affects its 479 

bioavailability.  480 

 481 

5. Conclusion 482 

The abiotic NO2
‒‒SOM reactions in this study led to a retention of approximately 6 % of nitrite-483 

N added to forest, grassland, and agricultural soils, in which fulvic acid exhibited a much higher ability 484 

to immobilize NO2
‒ than the humus as a whole. According to the solid-state CP-MAS 15N-NMR analysis, 485 

chemically immobilized N in SOM existed mainly in the form of amides and pyrroles. And Py-FI mass 486 

spectroscopy revealed that forest humus, which was enriched in black N, contained more lignin dimers 487 

and aryl- and olefin-C and shew relatively higher thermal stability compared with grassland humus. Our 488 

results revealed that the role of chemical reactions in soil N retention cannot be neglected, since chemical 489 

N immobilization not only reduces the bioavailability of N, but also plays a significant role in soil C and 490 

N interplay.  491 

 492 
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Table S1. Peak areas as percentage of total N for CP/MAS 15N-NMR spectra. 

Treatment 
50‒-50 ppm 

(nitro/oxime/NO3‒, %) 

-100‒-180 ppm 

(nitrile, %) 

-180‒-230 ppm 

(pyrrole, %) 

-230‒-285 ppm 

(amide, %) 

-285‒-320 ppm 

(amino, %) 

GOM - - - 99 - 

GOM+15NO2‒ (S) a 22 8 8 51 8 

GOM+15NO2‒+M (S) c 26 6 7 51 8 

GOM+15NO2‒+M (L) b 14 5 9 65 4 

FOM - - 36 63 - 

FOM+15NO2‒ (S) d 30 3 9 49 7 

FOM+15NO2‒ (L) e 10 6 9 66 6 

Note: 
a Solid phase of NO2‒ amended grassland humus without microbes; 
b Liquid phase of NO2‒ amended grassland humus with microbes; 
c Solid phase of NO2‒ amended grassland humus with microbes; 
d Solid phase of NO2‒ amended forest humus without microbes; 
e Liquid phase of NO2‒ amended forest humus without microbes. 

  



Table S2. Ion intensity of 15N-NO2
- amended forest humus extract. 

 
  

m/z Ion intensity (% total ion intensity) 

 FOM + 15NO2- FOM + 15NO2- + M 

77 0.0931 ± 0.0122 0.1170 ± 0.0032 

102 0.1188 ± 0.0165 0.0876 ± 0.0074 

163 0.4623 ± 0.0359 0.6268 ± 0.0638* 

173 0.1126 ± 0.0010 0.1254 ± 0.0062 

205 0.1444 ± 0.0058 0.1273 ± 0.0039* 

403 0.0702 ± 0.0069 0.0883 ± 0.0084* 

445 0.0402 ± 0.0029 0.0506 ± 0.0055 

543 0.0139 ± 0.0016 0.0194 ± 0.0030 

586 0.0148 ± 0.0022 0.0219 ± 0.0035 

610 0.0158 ± 0.0012 0.0125 ± 0.0005* 

619 0.0086 ± 0.0010 0.0126 ± 0.0020 

629 0.0073 ± 0.0019 0.0118 ± 0.0012* 

711 0.0028 ± 0.0001 0.0053 ± 0.0009* 

719 0.0083 ± 0.0009 0.0043 ± 0.0011** 

755 0.0018 ± 0.0008 0.0039 ± 0.0003* 

779 0.0035 ± 0.0006 0.0014 ± 0.0008* 

827 0.0007 ± 0.0002 0.0021 ± 0.0006 

880 0.0027 ± 0.0004 0.0005 ± 0.0007* 



Table S3. Ion intensity of 15N-NO2
- amended grassland humus extract. 

m/z 
Ion intensity (% total ion intensity)  

m/z 
Ion intensity (% total ion intensity) 

GOM + 15NO2- GOM + 15NO2- + M  GOM + 15NO2- GOM + 15NO2- + M 

48 0.017 ± 0.001 0.013 ±0.001**  482 0.221 ± 0.002 0.168 ±0.030* 

78 0.063 ± 0.001 0.069 ±0.002**  486 0.116 ± 0.007 0.093 ±0.004** 

79 0.079 ± 0.005 0.075 ±0.002  488 0.133 ± 0.003 0.115 ±0.007** 

84 0.301 ± 0.012 0.302 ±0.013  489 0.100 ± 0.006 0.082 ±0.007* 

94 0.107 ± 0.003 0.114 ±0.001*  490 0.152 ± 0.007 0.117 ±0.012** 

101 0.103 ± 0.003 0.115 ±0.003**  492 0.175 ± 0.008 0.139 ±0.020* 

114 0.112 ± 0.008 0.124 ±0.008  499 0.083 ± 0.002 0.067 ±0.007* 

115 0.113 ± 0.003 0.149 ±0.011**  500 0.104 ± 0.002 0.084 ±0.006** 

115 0.113 ± 0.003 0.149 ±0.011**  502 0.128 ± 0.003 0.102 ±0.010** 

120 0.094 ± 0.004 0.105 ±0.003**  504 0.143 ± 0.006 0.109 ±0.012** 

126 0.226 ± 0.008 0.263 ±0.019*  524 0.107 ± 0.006 0.087 ±0.010* 

127 0.170 ± 0.002 0.204 ±0.012**  525 0.100 ± 0.006 0.076 ±0.012* 

128 0.118 ± 0.009 0.133 ±0.004*  526 0.100 ± 0.008 0.079 ±0.009* 

129 0.149 ± 0.011 0.174 ±0.009*  533 0.088 ± 0.006 0.066 ±0.011* 

130 0.072 ± 0.003 0.089 ±0.009*  538 0.102 ± 0.007 0.076 ±0.014* 

137 0.082 ± 0.002 0.093 ±0.006*  546 0.092 ± 0.010 0.070 ±0.008* 

138 0.116 ± 0.003 0.157 ±0.013**  550 0.094 ± 0.008 0.069 ±0.011* 

139 0.103 ± 0.003 0.129 ±0.008**  551 0.084 ± 0.008 0.058 ±0.013* 

140 0.153 ± 0.004 0.181 ±0.004**  553 0.071 ± 0.004 0.045 ±0.013* 

143 0.097 ± 0.005 0.122 ±0.011*  554 0.086 ± 0.006 0.066 ±0.010* 

144 0.088 ± 0.011 0.114 ±0.011*  569 0.056 ± 0.004 0.039 ±0.007* 

145 0.112 ± 0.004 0.147 ±0.009**  580 0.066 ± 0.009 0.044 ±0.009* 

148 0.123 ± 0.004 0.146 ±0.005**  592 0.078 ± 0.007 0.061 ±0.007* 

150 0.140 ± 0.008 0.168 ±0.012*  599 0.038 ± 0.001 0.027 ±0.002** 

156 0.094 ± 0.003 0.107 ±0.003**  600 0.044 ± 0.004 0.035 ±0.002* 

162 0.151 ± 0.007 0.174 ±0.013*  602 0.048 ± 0.005 0.038 ±0.004 * 

163 0.271 ± 0.016 0.334 ±0.035*  619 0.052 ± 0.007 0.034 ±0.007* 

164 0.123 ± 0.001 0.158 ±0.022*  622 0.058 ± 0.009 0.038 ±0.008* 

168 0.136 ± 0.011 0.179 ±0.017*  630 0.037 ± 0.003 0.026 ±0.005* 

171 0.084 ± 0.007 0.101 ±0.004*  633 0.040 ± 0.004 0.031 ±0.004* 

183 0.139 ± 0.008 0.163 ±0.011*  636 0.044 ± 0.003 0.030 ±0.007* 

185 0.106 ± 0.005 0.123 ±0.007*  639 0.026 ± 0.002 0.022 ±0.002* 

186 0.114 ± 0.006 0.150 ±0.020*  642 0.028 ± 0.002 0.023 ±0.002* 

188 0.101 ± 0.004 0.116 ±0.007*  669 0.018 ± 0.002 0.014 ±0.001* 

205 0.103 ± 0.002 0.120 ±0.008*  670 0.025 ± 0.002 0.016 ±0.001** 

215 0.081 ± 0.005 0.106 ±0.014*  672 0.025 ± 0.003 0.018 ±0.003* 

216 0.109 ± 0.005 0.138 ±0.016*  685 0.017 ± 0.003 0.011 ±0.001* 

228 0.190 ± 0.005 0.250 ±0.007**  697 0.016 ± 0.001 0.011 ±0.001** 

229 0.122 ± 0.006 0.160 ±0.018*  699 0.015 ± 0.001 0.013 ±0.001* 

242 0.423 ± 0.011 0.574 ±0.019**  711 0.015 ± 0.001 0.009 ±0.002** 

243 0.246 ± 0.009 0.292 ±0.017**  713 0.016 ± 0.002 0.010 ±0.001** 



256 1.372 ± 0.118 1.942 ±0.125**  724 0.018 ± 0.001 0.014 ±0.001* 

269 0.209 ± 0.009 0.269 ±0.028*  727 0.015 ± 0.001 0.012 ±0.001* 

270 0.495 ± 0.029 0.655 ±0.043**  741 0.020 ± 0.001 0.014 ±0.001** 

271 0.292 ± 0.034 0.369 ±0.027*  756 0.021 ± 0.002 0.015 ±0.002* 

284 0.739 ± 0.034 0.927 ±0.071**  780 0.015 ± 0.002 0.009 ±0.001* 

297 0.257 ± 0.016 0.322 ±0.034*  786 0.021 ± 0.003 0.012 ±0.003* 

298 0.338 ± 0.013 0.449 ±0.028**  796 0.013 ± 0.002 0.009 ±0.001* 

312 0.418 ± 0.021 0.512 ±0.044*  800 0.036 ± 0.009 0.018 ±0.001* 

313 0.285 ± 0.009 0.325 ±0.019*  801 0.028 ± 0.002 0.018 ±0.005* 

326 0.216 ± 0.007 0.275 ±0.032*  804 0.032 ± 0.003 0.020 ±0.006* 

327 0.175 ± 0.008 0.202 ±0.012*  807 0.014 ± 0.001 0.010 ±0.002* 

354 0.371 ± 0.015 0.411 ±0.006**  808 0.013 ± 0.002 0.007 ±0.003* 

394 0.273 ± 0.008 0.316 ±0.026*  811 0.014 ± 0.003 0.007 ±0.002* 

398 0.342 ± 0.006 0.307 ±0.017*  827 0.014 ± 0.003 0.009 ±0.001* 

442 0.210 ± 0.005 0.196 ±0.000**  829 0.021 ± 0.003 0.012 ±0.003* 

445 0.105 ± 0.005 0.091 ±0.003**  830 0.040 ± 0.006 0.024 ±0.006* 

446 0.158 ±0.002 0.150 ±0.004*  831 0.032 ± 0.006 0.020 ±0.004* 

459 0.126 ± 0.002 0.094 ±0.014**  840 0.013 ± 0.000 0.009 ±0.001** 

460 0.155 ± 0.003 0.139 ±0.007*  864 0.009 ± 0.001 0.006 ±0.002* 

462 0.184 ± 0.004 0.160 ±0.009**  871 0.017 ± 0.002 0.011 ±0.001** 

470 0.155 ± 0.005 0.138 ±0.006*  875 0.012 ± 0.003 0.006 ±0.001* 

471 0.104 ± 0.002 0.091 ±0.006*  881 0.009 ± 0.001 0.005 ±0.001* 

472 0.128 ± 0.006 0.110 ±0.005**  886 0.014 ± 0.001 0.009 ±0.002* 

474 0.148 ± 0.008 0.128 ±0.002**  896 0.008 ± 0.001 0.005 ±0.001** 

476 0.169 ± 0.003 0.143 ±0.016*     
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