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Abstract
Purpose  Soil organic nitrogen (SON) biochemistry trends in paddy soils are poorly understood on a long-term scale.
Methods  To explore the effect of land use on SON sequestration, SON and amino acid (AA) fractions were investigated in 
soil profiles comprising recent and buried paddy soil (BPS) and buried non-paddy soils (BNS). Two ancient paddy soils from 
Chuodun ruin site, China, were distinguished based on colour and rice phytolith abundance. 14C abundance in soil organic 
carbon was used to estimate the age of carbonized rice and ancient paddy soil via a liquid scintillation analysis method, dat-
ing to 3800–5500 and 960–4000 BC.
Results  The proportions of D-AAs and acidic AAs in BPS, up to 6.13% and 7.73%, respectively, were higher than those 
in modern paddy soils. D-alanine (and the D-/L- ratio), aspartate, and glutamate increased with soil depth in BPS, and the 
amount of D-aspartate was linearly and significantly positively correlated with soil depth (p < 0.05). Based on phytolith 
stability and abundance, the N sequestration rate (NSR: residual N content as a proportion of initial N content) was proposed 
to indicate the residual N content varied with time. The NSR was estimated as 10.8–91.2% in BPS with a phytolith stability 
factor of 0.5–0.9.
Conclusion  These data suggest that intermittent continuous high-intensity rice cultivation could increase soil N sequestration 
potential over the long term, and that N sequestration is not only associated with AA aging in the organic N fraction, but 
also with biogeochemical processes in BPS and paddy management. In addition, high-intensity rice cultivation can increase 
N loss risks, and in turn result in large fluctuations in N sequestration.
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1  Introduction

Nitrogen (N), an essential element for plant growth and 
development, is mainly present in soil in the form of organic 
matter such as peptides and amino acids (Jones and Kielland 
2012), in addition to some amino sugars, nucleic acids, and 
alkaloids (Knicker 2010). Soil organic N (SON) accounts for 
approximately ≥ 95% of total soil N (Schulten and Schnitzer 
1997). Any change in SON amount and turnover could 
impact the soil N cycling and N2O emission rates (Farzadfar 
et al. 2021; van Groenigen et al. 2015). Previous studies have 
revealed that SON is a potential key source of N during rice 
cultivation (Hirzel et al. 2012). Investigating N storage and 
use dynamics over the long term could enhance our under-
standing of N cycling dynamics in paddy fields and paddy 
soil biogeochemistry.

Archaeological and archaeobotanical studies have identi-
fied prehistoric (Neolithic age) paddy soils at the Chuodun 
site in the Yangtze Delta, China (Cao et al. 2006; Li et al. 
2007), which have provided case studies of sequences of up 
to four buried ancient and modern paddy soils (MPS) in two 
adjacent soil pedons, with a focus on combustion-derived 
organic matter (Cao et al. 2006), and, in the present case, 
soil organic N dynamics over a long-term scale.

SON fractions are diverse, including ammonium-N (NH4
+-N), 

amino acid N (AAN), amino sugar N (ASN), unknown hydro-
lyzed N (UHN), and non-hydrolyzed N (NHN) (Bremner 1965). 
AAN accounts for 33.1–41.7% of hydrolyzed N, while ASN and 
NH4

+-N account for 4.5–7.4% and 18.0–32.0% of hydrolyzed 
N, respectively (Sowden et al. 1977). NH4

+-N is generally con-
sidered a temporary N pool harboring a high amount of easily 
mineralized organic N, and AAN acts primarily as a transitional 
N pool, so both NH4

+-N and AAN are potential indicators of soil 
N supply potential (Lü et al. 2013). ASN content is significantly 
correlated with soil N supply potential and is often applied as an 
indicator of microbial processes during soil N cycling (Wang 
et al. 2010; He et al. 2011). UHN, which includes heterocyclic 
N, products of soil humification processes and immobilized 
NH4

+-N not released by partial hydrolysis, is the main contribu-
tor to soil labile organic N (Kelley and Stevenson 1995). NHN is 
often closely associated with UHN, a compound containing het-
erocyclic N, such as proteins (Stevenson 1982); therefore, NHN 
forms humic substances with stable structures (Leinweber and 
Schulten 1998; Piper and Posner 1972). Sealed-tube hydrolysis 
is one of the techniques that has been applied in SON fraction 
analyses (Stevenson 1982). After hydrolysis, different fractions 
of organic N can be extracted for use in SON trend and long-
term N-use effectiveness assessments. The method applied in 
the present study provides a quantitative estimate of the different 
organic N fractions and soil N supply potential (Wang et al. 2017; 
Pan et al. 2022).

SON fractionation and distribution are key factors influ-
encing soil N availability. Soil N-use effectiveness decreases 
following long-term paddy rice cultivation, although total 
soil N contents remain almost constant (Olk et al. 1996). In 
addition, SON mineralization appears to be inhibited under 
flooded conditions (Olk et al. 2007), and AAN contents can 
be highly correlated with mineralizable soil N potential due 
to the higher contents of hydrolysable amino acids (AAs) 
in the topsoil than in the subsoil (Gotoh et al. 1986). Bind-
ing of amide N to the aromatic ring (Schmidt-Rohr et al. 
2004), and the resistance of D-alanine in the bacterial cell 
wall to chemical degradation, limits further decomposition 
of organic N (Amelung et al. 2006). Thus, it is assumed that 
biogeochemical processes under long-term rice cultivation 
will lead to AA aging (Houtermans et al. 2017), particularly 
the formation of D-AAs as markers of SON aging (Amelung 
et al. 2008). Overall, our understanding of SON and AA 
fractionation and distribution in paddy soils under long-term 
rice cultivation remains limited.

Here, for the first time, the distribution of organic N is 
explored in modern to ancient paddy soil horizons in two 
adjacent soil profiles. We hypothesized that N sequestration 
will be affected by the intermittent and continuous rice cul-
tivation in a long term. The aim of this study was to investi-
gate the temporal variability of organic N and AAs in buried 
paddy soils (BPS) and buried non-paddy soil (BNS), which 
could provide insights into SON, N sequestration, and AA 
dynamics under intermittent and continuous rice cultivation 
and organic N management.

2 � Materials and methods

2.1 � Study site description

Chuodun site (31°24′12″N, 120°50′1.5″E) is located in the 
east of the Taihu lake alluvial plain at 3 to 4 m above sea 
level (Fig. 1). Northern subtropical mixed forests with broad-
leaf deciduous and evergreen trees characterize the natural 
vegetation of the Taihu Lake watershed. Long-term human 
activities have considerably modified the pristine vegetation, 
and most of the natural forests in the densely populated areas 
have been cleared. The northern part of Chuodun site is at 
a low altitude, and therefore, was reclaimed for rice cultiva-
tion. Chuodun site, considered an ancient paddy soil, was 
excavated and identified in 2003 (Cao et al. 2006).

2.2 � Soil sampling and classification

At the Chuodun excavation site, two soil profiles of the 
ancient paddy fields were sampled, including P01, from the 
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northeastern part of Unit VI of the site, and P03, 30 m southeast 
of P01 (Fig. 1). The boundary of each rice field was confirmed 
based on the abundance of carbonized rice and distribution 
of ridges and ditches, as well as the plant opal content. Rice 
cultivation intensity was classified based on phytolith abun-
dance in soils. Soils with > 7000 pellets of rice phytoliths g−1 
soil were defined as intensively cultivated paddy soils (modi-
fied from Hiroshi 1976 and Cao et al. 2006), whereas those 
with < 7000 pellets of rice phytoliths g−1 soil were defined as 
weakly cultivated soils, i.e. non-paddy soils (Table 1). Soil ages 
were estimated based on radiocarbon data and archaeological 
context (Cao et al. 2006; Zheng et al. 2009). The description 
and sampling of soil pedons were carried out according to the 
WRB soil classification (FAO 2006). Pedons at P01 and P03 
were both sampled from the surface to the parent material layer 
derived from aeolian Xiashu loess (Yang et al. 2007). Detailed 
sampling information is presented in Table 1.

The top horizons of both pedons under study have been 
under paddy management recently and were a dark brown 
colour. However, management history differed in the subsoil 
horizons. P01 consisted of soil material likely formed under 
continuous paddy management, as indicated by high rice 
phytolith abundance. The modern topsoil reached a 42 cm 
depth and was formed on a paddy pedocomplex developed 
between 960 and 4000 BC (Tables 1 and 2). From the 100 to 
160 cm depth, a second buried pedocomplex was observed, 
which was differentiated into three humus-rich buried top-
soil horizons (Ah) underlain by a mottled subsoil horizon 
(Bw), and formed on loess substrate (Fig. 1; Table 1).

In the P03 pedon, paddy management started rela-
tively recently, since rice phytolith abundance was gener-
ally < 7000 pellets g−1 soil from the B horizon, at a depth 
of 23–50 cm (Table 1). However, four pedocomplexes that 
developed between phases of flooding and sediment burial 
could be distinguished. Layer 1 is a recent paddy soil and 
developed to a thickness of 50 cm, including a humus-rich 
Ah horizon, a dense plough pan, and two subsoil horizons 
with redoximorphic features (Table 1; Fig. 1). Layer 2, iden-
tified in the 50–60 cm depth, was most likely a fragment of 
a B horizon under paddy management, based on the num-
ber of rice phytoliths. Layer 3 was dated to the Majiabang 
culture (3800 to 5000 BC) and includes A and B horizons 
differentiated by colour, which formed under non-paddy 
management (Table 1; Fig. 1). Layer 4 is soil formed on 
the parent material (loess) and potentially has never been 
under any management since no phytoliths were observed.

An examination of both pedons revealed that redoximor-
phic features are typical in paddy soils. The “paddy” pedon, 
P01, exhibited more gleyic features (Fig. 1, Table 1), which 
could be attributed to its frequent submergence.

2.3 � Soil physicochemical properties and organic 
nitrogen fraction analysis

Soil pH was measured in a soil mixture (2.5:1 = water:soil ratio)  
with 1 M KCl, using a glass electrode (HANNA-PH211A). 
Soil organic carbon (C; SOC) was measured following 
organic matter oxidation using the potassium dichromate 

Fig. 1   Pedons sampled at Chuodun excavation site in China. Pedon 
01 covers three soil layers with three respective paddy soil pedocom-
plexes formed on loess. Pedon 03 includes four soil layers with paddy 

management in the topmost horizon and a relictic complex, paddy B 
horizon at 50–60 cm. Most horizons formed in pedon 03 have been 
under non-paddy management
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method. Total N (TN) in soil was measured using the  
Kjeldahl method.

Briefly, soil organic hydrolyzed N was extracted as fol-
lows: 2.5 g soil sample and 8 ml of 6 M hydrochloric acid 
(HCl) were mixed in ampoules, and the mixtures purged 
with N2 and sealed. Ampoules were then heated at 110 °C for 
12 h. The hydrolyzed mixture was filtered and subsequently 
neutralized by NaOH addition. Different organic N frac-
tions were distilled using a modified version of the method 
of Stevenson (1982) (Wang et al. 2017), with the addition 

of different reagents. Total hydrolyzed nitrogen (THN) was 
determined by pipetting 5.0 ml of neutralized acid solution 
into a decoction tube, adding 0.5 g of potassium sulphate 
mixed with a catalyst, adding 2 ml of concentrated sulphuric 
acid (H2SO4), and mixing well. Afterwards, the mixtures 
were heated to 150 °C until bubbles disappeared, followed 
by a gradual increase in heating temperature to 350 °C until 
the suspension clarified, and then maintained 350 °C heated 
for 1 h. After cooling, 10 ml of 10 M NaOH solution was 
added to the solution, using boric acid as absorbent, and 

Table 1   Soil profile and sampling information for P01 and P03 from Chuodun site, China (soil classification according to WRB)

Soil classification
(WRB)

Profile
(cm)

Archaeological 
layer

Time
(years)

Rice phytolith
(pellet g−1 soil)

Soil texture Bio-materials and 
others

Results of 14C 
dating (a BP)

P01 Ap1 0–15 Modern paddy 
soil

19476 Heavy loam-light 
clay

Rice straw and 
roots remains

A(r)p2 15–22 17093 Heavy loam-light 
clay

Rice roots 
remains

B 22–42 14147 Light clay-heavy 
loam

2Ahb 42–57 Shang Dynasty 960–1279BC 25271 Light clay-heavy 
loam

3058 ± 176

2B(r)1 57–75 Maqiao Culture 2000–1700BC 11477 Light clay 4624 ± 143
2B(w)2 75–100 Late Majiabang 

Culture
4000–3800BC 3542 Light clay

3Ahb1 100–116 Late Majiabang 
Culture

4000–3800BC 105159 Heavy loam Carbonized rice 
grains

5123 ± 45

3Ah2 116–130 Mid-late  
Majiabang 
Culture

4500–4000BC 64007 Heavy loam Roots and plants 
residues

3Ah3 130–150 Mid Majiabang 
Culture

5000–4500BC 17327 Light clay Root remains 
in hollow butt 
cracks

3Bh 150–160 Mid Majiabang 
Culture

5000–4500BC 19678 Light loam 5187 ± 186

3B 160–174 0 Light clay
3C 174–200 Parent soil  

material
0 Light clay

P03 Ap1 0–13 Modern paddy 
soil

15425 Heavy loam Rice straw and 
roots remains

A(r)p2 13–23 7646 Heavy loam Rice roots 
remains

B1 23–40 4919 Middle loam
B2 40–50 7008 Middle loam
2B3 50–60 Shang Dynasty 960–1279BC 15306 Heavy loam 3220 ± 154
3Ah 60–70 Majiabang  

Culture
5500–3800BC 1897 Heavy loam 5450 ± 147

3Bw 70–88 Majiabang  
Culture

5500–3800BC 1795 Heavy loam

4Ahb 88–103 Parent soil  
material

0 Heavy loam

4BC(g) 103–130 0 Heavy loam
4BC(w) 130–155 0 Heavy loam

2024 Journal of Soils and Sediments (2023) 23:2021–2036



1 3

distilled for approximately 4 min until the volume of distil-
late reached 35 ml. Afterwards, the solution was titrated with 
0.0025 M H2SO4. To determine amino acid nitrogen (AAN) 
contents, 5 ml of neutralized acid solution was pipetted into 
a boiling tube, 1 ml of 0.5 M NaOH added, and then the 
acid solution was placed in boiling water until the volume 
reduced to 2–3 ml. After the acid solution had cooled, 0.50 g 
of citric acid and 0.1 g of ninhydrin were added, and then the 
mixture was placed in boiling water again, shaken several 
times in boiling water for 1 min, and then heated for 9 min. 
The distillation was started with boric acid, as the absorbent 
solution, for approximately 4 min, until the volume of distil-
late reached 35 ml. The microtitrator titrated with 0.0025 M 
H2SO4. To determine hydrolyzed NH4

+-N) contents, 10 ml 
of neutralizing acid solution was aspirated into a decoction 
tube, 10 ml of phosphoric acid-boric acid buffer (pH 11.2) 
added, and distillation started, using boric acid as absor-
bent, for approximately 2 min, until the volume of distillate 
reached 20 ml. The distillate was titrated with 0.0025 M 
H2SO4 on a microtitrator. To determine ASN contents, 10 ml 
of neutralizing acid solution was aspirated into a decoction 
tube, and 0.07 g of magnesium oxide added and distillation 
started with boric acid as absorbent, for approximately 4 min 

until the volume of distillate reached 35 ml. Afterward, the 
distillate was titrated with 0.0025 M H2SO4 on a microtitra-
tor. The result of the measurement was a combination of 
NH4

+-N and ASN, and the ASN was calculated using the 
following formula:

UHN was determined by differential subtraction, as follows:

NHN was also determined by differential subtraction, as 
follows:

Soil amino acid (AA) contents were measured to deter-
mine the degrees of N sequestration in different rice culti-
vation periods. AAs were extracted and purified as follows. 
Two grams of 100-mesh-sieved soil samples was hydrolyzed 
in 6 M HCl in sealed tubes at 105 °C for 12 h with N flushed 
into the tubes before sealing. After hydrolysis, an internal 
standard solution containing 100 μg L-norvaline was added 
to the hydrolysate.

Purification procedures for hydrolysates were according 
to Amelung and Zhang (2001). Briefly, hydrolysates were 
dried using a rotary evaporator (< 46 °C) and re-dissolved 
in 0.05 M HCl. The solutions were purified using a polypro-
pylene sample preparation column filled with 3 g Dowex 50 
WX8 cation exchange resin (100–200-mesh, hydrogen form, 
Sigma-Aldrich, USA). After resin preparation, the AA solu-
tion was added. The impurity ions were eluted using oxalic 
acid, HCl, and Milli-Q water. Finally, AAs were eluted using 
NH3·H2O and dried in a rotary evaporator immediately. Dried 
samples were dissolved with 0.1 M HCl and filtered for 
testing. The OPA/NAC (o-phthalaldehyde and N-acetyl-L-
cystein) method was used for the derivatization of AAs (Zhao 
and Bada 1995). The OPA/NAC reagent was prepared by 
mixing both 0.2 ml of OPA and NAC stock solution (50 mg/
ml) in 1.6 ml of 0.4 M borate buffer (pH 9.8). Purified AA 
solution (0.2 ml) was mixed with 0.05 ml OPA/NAC reagent 
in a liquid chromatography auto-sampler vial for 15 min, with 
750 ml of 50 mM NaAc (pH 5.4) added immediately to stop 
the derivatization. An Ultra-Fast Liquid Chromatograph sys-
tem (UFLC-20, Shimadzu, Japan) with a C18 column was 
used for AA derivative separation. Column temperature was 
30 °C and the flow rate was 1.0 ml/min. The fluorescence 
detection wavelengths were λex/λem = 340/450 nm. Gradi-
ent elution programs of solvent A (50 mM sodium acetate 
buffer, pH 5.4) and solvent B (methanol) were set as follows: 
0–35 min, 10% B; 35–50 min, 22% B; 50–75 min, 40% B; 
75–85 min, 45% B; 85–86 min, 75% B; 86–89 min, 10% B.

ASN =
(

NH+
4
− N + ASN

)

− NH+
4
− N.

UHN = THN − (AAN + NH+
4
− N + ASN).

NHN = TN − THN.

Table 2   Soil physicochemical properties of P01 and P03 from Chuo-
dun site, China

Profile
(cm)

pH SOC
(g kg−1)

TN
(g kg−1)

C/N

P01 0–15 5.24 11.9 1.25 9.48
15–22 5.80 5.85 0.58 10.1
22–42 5.82 5.71 0.62 9.21
42–57 5.37 5.63 0.64 8.80
57–75 5.30 4.46 0.49 9.10
75–100 5.57 7.74 0.73 10.6
100–116 5.85 12.9 1.02 12.6
116–130 5.90 10.5 0.90 11.7
130–150 5.86 11.4 0.79 14.4
150–160 5.75 9.93 0.73 13.6
160–174 5.71 6.18 0.59 10.5
174–200 5.35 2.31 0.30 7.70

P03 0–13 4.94 13.6 1.47 9.24
13–23 5.33 10.0 1.16 8.64
23–40 6.32 4.53 0.64 7.08
40–50 6.36 4.22 0.62 6.81
50–60 6.17 5.84 0.61 9.57
60–70 6.08 3.18 0.53 6.00
70–88 5.94 3.94 0.47 8.38
88–103 5.97 8.07 0.70 11.5
103–130 5.85 2.04 0.29 7.03
130–155 5.75 1.91 0.26 7.35
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2.4 � Organic nitrogen input and nitrogen 
sequestration rate estimation

Considering the correlation between phytolith content and 
plant residues in soil, initial organic N input can be esti-
mated based on phytolith abundance, as follows:

where, INC, initial N content, is the estimated total initial 
organic N input to soil (g kg−1); SPC is soil phytolith con-
tent (g g−1) converted from the number of phytoliths, with 
a conversion factor of approximately 100,000 phytoliths for 
1 g of Poaceae, according to Wang et al. (1991); NCR, N 
content of rice plants is the average N content of the refer-
ence rice plant (g kg−1), which is 4.5 g kg−1 in the present 
study, according to Yang et al. (2021); PSF, phytolith stabil-
ity factor, is the residual ratio of phytolith after a long term 
geochemical process, which is 0.8–1 (PSF = 1 means all phy-
toliths are found in the soil, smaller values indicate more 
phytolith loss), according to related studies (Meunier et al. 
1999; Parr and Sullivan 2005; Song et al. 2016). In addition, 
some studies suggest that phytoliths are nearly immobile or 
have little potential to migrate in the soil (Fisher et al. 1995; 
Piperno 2006a, b). In contrast, it has been suggested that 
bioturbation is the main cause of phytolith translocation 
(Farmer et al. 2005; Humphreys et al. 2003; Runge 1999). 
Fishkis et al. (2010) found that the transport distance of phy-
tolith in two German forest soils was 3.86 cm year−1 (silty 
loam soil) and 3.99 cm year−1 (loamy sand soil), respec-
tively. The soil texture in this study is in loamy and clay 
(Table 1). Hence, we can reasonably hypothesized that the 
long-term tillage and drainage of the rice field would lead 
phytolith loss to a greater degree than in the natural ecosys-
tem; accordingly, the phytolith stability factor in the present 
study was adjusted to 0.5–0.9.

The N sequestration rate (NSR) under continuous high-
intensity rice cultivation was calculated using following 
equation:

where RNC is residual N content as a proportion of INC (%).
The N sequestration rate (NSR) was fitted with an expo-

nential decay equation:

where N0 is the initial N content (g kg−1); Ne is the equi-
librium constant (g kg−1); D is the decay index (g year−1).

2.5 � Statistical analysis

Data were analyzed in IBM SPSS Statistics 26 (IBM Corp., 
Armonk, NY, USA). Fitting and graphing were performed 

(1)INC = (SPC × NCR)∕PSF

(2)NSR = RNC∕INC × 100

(3)NSR = N0 + Ne × exp(Dx)

using Excel 2016 (Microsoft Corp., Redmond, WA, USA) 
and Origin Pro 2022 (OriginLab Corporation, Northamp-
ton, MA, USA). The least significant difference (Duncan) 
test was used to test for significant differences between 
treatments (p < 0.05).

3 � Results

3.1 � Soil physicochemical properties

The basic properties of the soil profiles are shown in Table 2. 
pH ranged from 4.94 to 5.24 in the modern topsoil, but it 
ranged from 5.82 to 6.36 in the modern subsoil. In the soil 
profile, pH remained relatively stable in buried ancient soils 
(P01: 100–116 cm, 5.75–5.90; P03: 50–88 cm, 5.94–6.17). In 
the modern topsoil, SOC content was in the 5.85–11.9 g kg−1 
range, and dropped to 4.22–5.71 g kg−1 in the modern sub-
soil. In P01, there were two buried pedocomplexes with sig-
nificantly elevated SOC contents (9.9–12.9 g kg−1), in addi-
tion to high C/N ratios (11.7–14.4; Table 2, 100–160 cm) 
and TN contents (0.73–1.02; Table 2, 100–160 cm). In P03, 
SOC and TN contents decreased with an increase in depth, 
although there were three buried layers. However, similar to 
in P01, the older pedocomplex included a topsoil fragment 
with enhanced SOC, at 8 g kg−1, a C/N of 11.5 and 0.7 g kg−1 
TN (Table 2; layer 4, 88–103 cm).

3.2 � Distribution of soil organic nitrogen fractions

Both THN and NHN in P01 and P03 exhibited decreasing 
trends with an increase in depth. THN in P01 ranged from 
0.89 to 0.24 g kg−1, and THN in P03 ranged from 1.03 to 
0.19 g kg−1. THN maintained a stable status in the Majia-
bang culture layer (Fig. 2a: 100–160 cm; Fig. 2b: 60–88 cm). 
NHN decreased from 0.36 to 0.05 g kg−1 in P01, and from 
0.44 to 0.01 g kg−1 in P03. In the Majiabang culture layer, 
NHN increased with an increase in cultivation years (Fig. 2a: 
5000–3800 BC; Fig. 2b: 5500–3800 BC). The hydrolysis 
rate of P01 decreased from 71.0% in the MPS (Fig. 2a: 
0–15 cm) to 33.2% in the Majiabang culture layer (Fig. 2a: 
100–116 cm). In addition, the hydrolysis rate in P03 varied 
between the MPS (Fig. 2b: 0–13 cm) and the Majiabang 
culture layer (P03: 70–88 cm). Hydrolysis rate increased 
with an increase in depth in the parent soil material (PSM) 
layer, and the highest hydrolysis rate was observed in the 
PSM layer, reaching 84.0% (Fig. 2a: 174–200 cm) and 94.8% 
(Fig. 2b: 130–155 cm) in P01 and P03, respectively.

Both the content and proportion of AAN decreased gradu-
ally from the MPS to the bottom layer, and remained stable 
in the Majiabang culture layer (Fig. 3a: 100–160 cm; Fig. 3b: 
60–88 cm). AAN content decreased from 0.36 to 0.02 g kg−1, 
from 0.37 to 0.01 g kg−1, respectively. ASN trends were 
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similar to those of AAN, decreasing from 0.08 g kg−1 in the 
MPS to 0.00 g kg−1 in the Majiabang culture layer (Fig. 3a: 
150–160 cm), and from 0.07 g kg−1 in the MPS to 0.01 g kg−1 
in the PSM layer (Fig. 3b: 103–130 cm). NH4

+-N showed a 
fluctuating decrease, from 0.26 g kg−1 in MPS to 0.16 g kg−1 
in the Maqiao culture layer, from 0.28 g kg−1 MPS to 0.12 
in PSM, respectively. Furthermore, UHN contents decreased 
gradually from the MPS (0.19–0.04 g kg−1) to the Majiabang 
culture layer (0.31–0.05 g kg−1) (Fig. 3a, b).

3.3 � Differences in soil organic nitrogen fractions 
under different rice cultivation intensities

THN, AAN, UHN, and NHN in BPS (phytolith > 7000 pellet 
g−1 soil) were 0.34, 0.04, 0.07, and 0.40 g kg−1, respectively, 

and higher than those in BNS (phytolith < 7000 pellet g−1 
soil; mean value: 0.30, 0.02, 0.05, and 0.28 g kg−1, respec-
tively; Table 3). In addition, NH4

+-N and ASN contents in 
BNS (0.22 g kg−1 and 0.01 g kg−1) were higher than in BPS 
(0.21 g kg−1 and 0.01 g kg−1). Conversely, BPS had lower 
organic N fractions than MPS, excluding in the case of NHN, 
whereas the organic N fractions of BPS were all higher than 
those of the PSM.

The proportion of THN in BPS was lower than those in 
BNS, MPS, and PSM (Fig. 4a), and there was a marked 
increase in the proportion of AAN in MPS compared to 
that in BPS (Fig. 4b). The proportion of NH4

+-N in BNS 
was higher than that in BPS. The proportions of AAN and 
NH4

+-N in BPS were higher than those in PSM.

(a) (b)

Fig. 2   Hydrolyzable nitrogen and hydrolysis rate in soil profile (a P01; b P03)

Fig. 3   Organic nitrogen (N) content distribution in soil profile (a P01; b P03)
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3.4 � Composition and D‑/L‑ ratio of amino acids 
in buried paddy soil

AA compositions in MPS and BPS are shown in Figs. 5a 
and 6a. Total AA contents decreased with an increase in 
soil depth, and decreased from 17.7 to 0.67 μmol  g−1; 
however, an increase occurred (5.07  μmol  g−1) in the 
Song Dynasty BPS layer (42–57  cm). D-AA contents 
were lower than L-AA contents in all soil profiles. In 
addition, D-AA contents were the highest in the surface 
layer and decreased with an increase in depth; however, 
the overall decreasing trend was more gradual than that 
of L-AA, and the contents (0.20 μmol g−1) were higher in 
the Song Dynasty in BPS layer. However, D-AA contents 
increased, from 2.06 to 6.13%, whereas L-AA contents 
decreased, from 89.8 to 73.5%, with an increase in soil 

depth (Fig. 5b). Further analysis of the trends of differ-
ently charged AAs (Acidic AA, Neutral AA, and Alkaline 
AA) showed that the contents of all the differently charged 
AAs decreased with an increase in soil depth (Fig. 6a); 
however, the contents increased in the Song Dynasty BPS 
layer. The MPS (0–15 cm) had the highest proportion of 
neutral AAs and the lowest proportion of alkaline AAs, 
whereas the Song Dynasty BPS (42–57 cm) had the high-
est proportion of acidic AAs (Fig. 6b).

Both D-aspartate and D-alanine contents in addition to their 
D/L ratios increased with an increase in soil depth (Fig. 7). 
In addition, both D-glutamate proportion and its D/L ratio 
showed maximum values (0.28% and 0.06) in the 42–57 cm 
soil layer; however, D-glutamate was not observed in the 
57–75 cm soil layer in P01.

Table 3   Organic nitrogen (N) 
fraction concentrations between 
buried paddy soils and other 
soils (g kg−1)

* S.D. standard deviation, C.V. coefficient of variation

Land use type THN NHN AAN NH3-N ASN UHN

Buried paddy soils (rice phytolith > 7000 pellet g−1 soil; n = 7)
  Mean ± S.D.* 0.34 ± 0.07 0.40 ± 0.19 0.04 ± 0.02 0.21 ± 0.03 0.01 ± 0.01 0.07 ± 0.04
  C.V.* (%) 20.9 48.4 47.4 13.1 94.1 48.4

Buried non-paddy soils (rice phytolith < 7000 pellet g−1 soil; n = 2)
  Mean ± S.D.* 0.30 ± 0.01 0.20 ± 0.03 0.02 ± 0.02 0.22 ± 0.01 0.01 ± 0.00 0.05 ± 0.00
  C.V.* (%) 4.71 15.0 12.9 4.56 17.7 3.72

Modern paddy soils (rice phytolith > 7000 pellet g−1 soil; n = 5)
  Mean ± S.D.* 0.68 ± 0.28 0.34 ± 0.15 0.22 ± 0.14 0.24 ± 0.04 0.04 ± 0.03 0.18 ± 0.09
  C.V.* (%) 41.8 44.1 63.3 15.0 70.5 52.5

Parent soil material (rice phytolith was not detected; n = 5)
  Mean ± S.D.* 0.27 ± 0.07 0.15 ± 0.15 0.02 ± 0.02 0.17 ± 0.04 0.01 ± 0.01 0.07 ± 0.03
  C.V.* (%) 23.7 94.5 99.6 21.4 81.6 38.9

(a) (b)

Fig. 4   Organic nitrogen (N) fraction proportions in soils with different rice cultivation intensities. Note: BPS, buried paddy soil; BNS, buried 
non-paddy soil; MPS, modern paddy soil; PSM, parent soil material
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4 � Discussion

4.1 � Distribution characteristics of soil basic 
properties in buried ancient layers

According to the archaeological diagnosis and 14C analy-
ses, the buried ancient soils in Chuodun site could be dated 
back to 4000 BC, the Majiabang culture period (Neolithic 
age, Cao et al. 2006; Zheng et al. 2009). Up to four pedo-
genetic phases were observed, which were potentially 
separated by flooding, sedimentation, or erosion events. 
Hence, we distinguished P01 into a layer from the Mid 
Majiabang Culture (3800–5000  years BC) formed on 
loess, which was likely cut by a sedimentation event, lead-
ing to the formation of a 60-cm-thick second layer of the 

Song Dynasty, and the Maqiao Culture (960–3800 years 
BC). Another sedimentation event followed afterward, 
which developed the recent soil. Based on the consider-
able number of phytoliths, > 100,000 pellets g−1, all P01 
layers had been under paddy management, whereas, in 
P03, exclusively non-paddy-managed soil relicts could be 
observed. Accordingly, we could compare paddy and non-
paddy horizons to elucidate the millennial-scale dynamics 
of organic N fractions under rice agriculture.

High SOC and TN contents in buried P01 layers not only 
indicated notable preservation of cultivated soils but also 
could be attributed to typically observed increases in C and 
N under oxygen-depleted paddy management (Kukal et al. 
2009; Houtermans et al. 2017). In a comparison of “paddy” 
P01 to “non-paddy” P03, the latter had less SOC and TN in 

(a) (b)

Fig. 5   Contents (a) and proportions (b) of amino acids with different enantiomers in modern paddy soils (MPS) and buried paddy soils (BPS)

(a) (b)

Fig. 6   Contents and proportions of amino acids with different charges in modern paddy soils (MPS) and buried paddy soils (BPS)
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buried horizons, although burial conditions after sedimenta-
tion events were comparably favourable for organic matter 
preservation. As reported earlier, SOC in the ancient paddy 
soils was present to a large extent in aromatic forms, and 
thus was a rather stable C form (Cao et al. 2006), unveiling 
charred material as the major organic matter constituent. 
Because prehistoric farmers adopted the “ploughing with 
fire and weeding with water” agricultural management prac-
tice, burned rice straw remained on the field and increased 
carbonized SOM, and the practice has remained widespread 
in Chinese rice cropping systems in recent times (Cao et al. 
2006). Hence, SOC and N stored in the buried non-paddy 
layers were relatively easily decomposable. A significant 
proportion of SOC is derived from rice straw combustion, 
which is consistent with black C analysis results, which have 
revealed that up to 30% of SOC could be attributed to BC 
in Chinese paddy crop rotation systems (Cao et al. 2006).

4.2 � Distribution characteristics of organic nitrogen 
in buried paddy soils

The contents of different hydrolyzed organic N fractions 
decreased with an increase in depth, which is similar to 
the results of previous studies on other soil types (Dick 
1983; Franzluebbers and Stuedemann 2009). THN con-
tent increased slightly in the ancient paddy soil layer (P01: 
42–57 cm; P03: 50–60 cm). This may be due to organic 

N accumulation in the surface layer of the BPS, which 
has a relatively slow organic matter decomposition rate 
(Neue et al. 1997; Tong et al. 2009). We also observed that 
BPS had the lowest hydrolysis rate (Fig. 2a, 100–150 cm, 
from 33.22 to 37.22%). BPS had the highest NHN content 
(0.40 g kg−1; 52.09%), which may be related to the anaerobic 
environment under long-term rice cultivation that reduces 
the organic matter decomposition rate and the plough pan 
formed by tillage. Wang et al. (2017) reported that NHN 
content increased with an increase in rice cultivation dura-
tion in a reclaimed coastal tidal flat. In the present study, 
BPS layers showed evidence of high-intensity human rice 
cultivation in 5000–3800 B.C. (Table  1, 100–160  cm, 
19,678–105,159 rice phytolith pellets). In addition, BPS lay-
ers retained high amounts of rice roots and plant residues 
(Table 2), which may be due to the high amounts of organic 
matter entering the soil and being sequestered or fixed dur-
ing rice cultivation. According to Ren et al. (2016), the main 
source of NHN is humic substances imported into soil, and 
it is a stable component of humus. In addition, N fixation 
has been associated with rice roots, at about 1–7 kg N ha−1 
per rice season (Roger and Ladha 1990). Since NHN is dif-
ficult to mineralize, it is more likely to be stored in the soil 
(Tian et al. 2017). By comparing the N mineralization rates 
between BPS and MPS in Chodun site in a 103-d incubation 
experiment, Lu et al. (2009) reported that the cumulative N 
mineralization in BPS was much lower than that in MPS. 

Fig. 7   D-aspartate/glutamate/
alanine proportions and their 
D/L- ratios in modern paddy 
soils (MPS) and buried paddy 
soils (BPS)
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NHN, a difficult-to-use organic N, usually exists in the form 
of heterocyclic N or aromatic and heterocyclic compounds 
(Ma et al. 2021), which are very stable forms of organic N 
and, therefore, can serve as fixed-storage N pools.

THN content was stabilized gradually in the bottom layer. 
AAN showed a decreasing trend with increase in depth, 
whereas NH4

+-N was maintained at a high level, indicating 
that AAN transfer to the bottom layer was difficult, whereas 
NH4

+-N was more likely to diffuse to the bottom layer. 
Hence, organic N accumulation was likely to be accelerated 
following long-term rice cultivation; in particular, AAN and 
NH4

+-N contents increased significantly in BPS compared to 
in BNS. Such shifts in soil properties due to rice cultivation 
influence organic N sequestration. Under rice cultivation, 
the soil N pool gradually increases, and hydrolytic organic 
N and other organic N fractions have exponential growth 
trends similar to that of total N (Wang et al. 2017). Further-
more, high N fertilizer and organic manure inputs (Li et al. 
2010), nutrient from rice plant residue (Lal 2002), low rates 
of C and N decomposition under flooding conditions (Neue 
et al. 1997), increase in abundance of N-fixing microorgan-
isms in paddy soils (Bannert et al. 2011), and formation 
of dense plough pans (Huang et al. 2015) could all reduce 
N leaching. In addition, flooded rice cultivation conditions 
may increase pH in acidic soil and decrease pH in alkaline 
soil (Sahrawat 2005). Such shifts in soil pH also enhance 
or minimize soil organic N accumulation. The potential for 
organic N sequestration in soil is not only influenced by pH 
(maximum at pH 4–5, decreasing at pH 15) but is also asso-
ciated with clay (relationship with mineral surface) and ion 
contents (Shen 1999). Typically, AAN and UHN are more 
stable than NH4

+-N and ASN, and the rates of accumulation 
of stable fractions are higher than those of labile fractions 
(Mulvaney et al. 2001). However, our results were not con-
sistent with the above findings. According to our results, 
AAN and UHN were more unstable than NH4

+-N and ASN. 
In addition, AAN had a broader content range than UHN 
(AAN: 0.04–0.22 g kg−1; UHN: 0.07–0.18 g kg−1, Table 3). 
The observation could be attributed to an increase in SON-
synthesizing microbial communities (Bannert et al. 2011; 
Nemergut et al. 2007). Additionally, the increase in the labile 
N pool could be due to the slow mineralization and decom-
position rates of the stable N pool, resulting in increases in 
all organic N fractions (Rovira and Vallejo 2002). In par-
ticular, AAN transformation plays a more important role in 
N sequestration than UHN.

4.3 � Amino acids as indicators of nitrogen aging 
in buried paddy soils

AAN decomposition plays a major role in N conservation 
in the course of N cycling (Macdonald et al. 2014). In P01, 
layers at 42–57 cm and 100–160 cm are the buried ancient 

paddy soil, where the total amino acids accumulated slightly 
due to rice cultivation (Cao et al. 2006). In the present study, 
L-type amino acids were the major components of total 
amino acids, similar to previous studies (Roth et al. 2013; 
Pan et al. 2022). This is mainly due to soil amino acids being 
synthesized by most organisms mainly as L-type amino 
acids. In the present study, L-type amino acids were pre-
dominant in all layers of paddy soils, whereas D-type amino 
acid contents were significantly lower (Fig. 5a). However, 
L-type amino acids can be transformed into D-type amino 
acids gradually and slowly (Penkman 2017), so that D-type 
amino acids increase gradually with an increase in cultiva-
tion years (Fig. 5b). D-type amino acids are essential for the 
characterization of peptidoglycan and vary among bacteria; 
therefore, differences in the distributions of different D-type 
amino acids could also reflect differences in soil microbial 
communities (Radkov and Moe 2014).

Cell walls of microorganisms typically have high proportions 
of alanine, aspartate, and glutamate, which also represent major 
sources of amino acids in the soil (Friedel and Scheller 2002; 
Yu et al. 2002). In the present study, D-alanine, D-aspartate, 
and D-glutamate contents increased with an increase in depth 
in the soil layer. In addition, ratio of D-aspartate content to the 
total amino acid content exhibited a significant positive linear 
correlation with depth, indicating that aspartate contents could 
be used to identify the depth of the identified paddy soil, and 
suggesting relatively slow rates of degradation of organic matter 
containing D-aspartate in the BPS. Some studies have reported 
D-alanine and D-glutamate as potential ideal markers of bacte-
rial N sequestration (Amelung 2003; Kimber and Hare 1992). 
In the present study, the highest proportions of D-glutamate out 
of the total amino acid contents were observed in the 42–57-cm 
buried soil layer, whereas the highest proportions of D-alanine 
out of the total amino acid content were observed in the 57–75-
cm buried soil layer (Fig. 7). The difference could be attributed 
to varied synthesis trends by different microbial groups in the 
soil. D-alanine is an essential component of peptidoglycan in 
the extracellular and periplasmic space, and it is deposited fol-
lowing cell death (Amelung et al. 2008). The D-/L- ratio of 
amino acids can reveal sample history, based on capacity to 
be relatively stable over long time scales (Schultz and Moini 
2003). Similarly, we observed that the D-/L- ratios of the more 
ancient BPS were all higher than those of MPS (Fig. 7), which 
also indicates that BPS have more stable N and sequester N in 
the form of AAN.

Amino acids can be grouped according to their relative 
charge, including acidic amino acids: aspartate, glutamate; 
alkaline amino acids: lysine, arginine, histidine; and neutral 
amino acids: all other amino acids (Fischer et al. 1998). In 
the present study, with an increase in soil depth, the pro-
portions of neutral amino acids decreased whereas the pro-
portions of alkaline and acidic amino acids first increased 
and then stabilized, which is consistent with the findings of  
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Belluomini et al. (1986), who observed that the propor-
tions of amino acid types in six samples from a Pliocene– 
Pleistocene clay sequence had regular distribution across the 
series, with neutral amino acids being the most abundant, 
and basic and acidic amino acids accounting for approxi-
mately 24% and 11% of the total amino acids, respectively. 
The trend could be related to shifts in soil particle struc-
ture. Keil et al. (1998) also confirmed that alkaline amino 
acids are easily lost in sand particles and easily conserved 
in clay particles. Following long-term paddy soil cultiva-
tion, a plough substrate is formed, and clay content in the 
soil usually increases below the plough substrate (Table 2), 
which increases the proportion of alkaline content in BPS. 
This may be responsible for the increase and sequestration 
of N in clay soils after long-term rice cultivation (Nakahara 
et al. 2016).

4.4 � Effect of continuous high‑intensity rice 
cultivation on soil nitrogen sequestration

According to our results, continuous high-intensity rice 
cultivation increased soil N accumulation, and N content 
trends were consistent with rice cultivation intensity. Simi-
larly, according to Lu et al. (2009), increased N contents 
under high-intensity rice cultivation could be due to bio-
logical N2 fixation. Organic materials such as straw and 
residues enter the soil during paddy management under 

high-intensity rice cultivation (Cao et al. 2006). Although 
organic matter input may increase soil N supply, it also 
causes N immobilization (Toriyama et al. 2020). Straw 
burning followed by flooding was used extensively in Neo-
lithic rice cultivation (Gu 1998; Cao et al. 2006), which 
may have increased N losses in the period (Bird et  al. 
2001). We used the number of rice phytoliths to estimate 
N sequestration rate and found that an increase in rice cul-
tivation intensity decreased N sequestration rate (Fig. 8). 
Numerous studies have confirmed that paddy fields have 
high N losses during rice cultivation, despite high N fer-
tilizer input (Galloway et al. 2008; Ju et al. 2009). In the 
present study, the initial N content in BPS was estimated 
to be 13.1–23.6 g kg−1 and N sequestration rate was esti-
mated 10.8–91.2% (Table 4), when rice phytolith loss rate 
was assumed to be < 50% (usually considered to be < 20% 
(Song et al. 2016); therefore, we suggest that there is a 
positive correlation between phytolith abundance and N 
sequestration potential. Zhao et al. (2016) suggested that 
the phytolith content could be increased by adding N. 
However, Tan et al. (2021) reported a negative correlation 
between phytolith abundance and total N, and concluded 
that soil nutrient availability varies at large spatial scales. 
Consequently, our results demonstrated that soil N seques-
tration potential under continuous high-intensity rice culti-
vation is influenced not only by organic matter and nutrient 
inputs but also by N loss intensity from paddy fields.

Fig. 8   Nitrogen (N) sequestra-
tion dynamics under different 
rice cultivation intensities
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5 � Conclusion

In the present study, the excavation of two soil pedons at the 
Chuodun archaeological site in China facilitated comparison 
of NSR in paddy cultivated buried soil horizons that dated 
back to the Neolithic age. As expected, the AAN status was 
a key factor controlling N transformation, and the increase 
in D-AAs, D/L ratio of AAs, and alkaline AAs provided 
evidence of N aging and storage in BPS. According to the 
results of the present study, continuous high-intensity rice 
cultivation not only enhanced NSR but also increased N 
loss rates. Hence, N sequestration dynamics under rice cul-
tivation is associated with organic matter input and field 
management. Strategies of enhancing soil N sequestration 
potential over the long term should be investigated further.
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