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A B S T R A C T   

To investigate the stabilization mechanism of microbial necromass carbon (C) in rice paddy soil, the accumu-
lation of microbial necromass and its contribution to SOC in bulk soil and in various fractions were addressed 
under a 40-year fertilization trial. The fertilization regimes included no fertilizer (Control), nitrogen, phosphorus 
and potassium inorganic fertilizer (NPK), and inorganic fertilizer plus manure (NPKM). Coarse particulate 
organic matter (cPOM), fine inter-microaggregate POM (fPOM), intra-microaggregate POM (iPOM), non- 
occluded silt plus clay fraction (s + c_f), and silt plus clay occluded within microaggregates (s + c_m) frac-
tions were isolated. The results indicated that fungal necromass were the main component of microbial necro-
mass across the fractions; however, the bacterial role was enhanced in mineral fractions (s + c_f and s + c_m) 
compared to POM fractions (cPOM, fPOM, and iPOM). The iPOM and mineral fractions stored more than 90 % of 
microbial necromass C due to the physical protection (organo-mineral associations and occlusion within 
microaggregates). Compared to Control, the significantly increased content of microbial necromass C and its 
contribution to SOC in bulk soil were attributed to the enhanced content of fungal necromass in iPOM fraction 
under NPK treatment. The highest content of microbial necromass C was found under NPKM treatment; more-
over, the increased content of microbial necromass C in iPOM and s + c_m fractions made up to 82.80 % of that in 
bulk soil compared to Control, while a saturation behavior was found in s + c_f fraction. The contribution of 
microbial necromass to SOC was not altered under NPKM treatment compared to Control. However, a reduced 
fungal/bacterial necromass C ratio was found in bulk soil and iPOM fraction under NPKM treatment compared to 
Control, mainly due to the supply of higher quality substrates and the increased soil pH. As a whole, this study 
revealed the diverse responses of microbial necromass C accumulation and its contribution to SOC under 
different fertilization regimes in paddy soil.   

1. Introduction 

As a special type of anthropogenic soils (Anthrosols), paddy soils 
contain 18 Pg soil organic carbon (SOC) worldwide, accounting for 14 % 
of SOC pool in croplands (Liu et al., 2021a). This tremendous capacity of 
carbon (C) sequestration not only plays an important role in mitigating 
climate change (Xu et al., 2011), but also is crucial for ensuring the 
sustainability of paddy fields which produce one-fifth of world’s energy 
consumption (Lal, 2004). Although microorganisms are the main driver 

of SOC transformation (Wiesmeier et al. 2019), their living biomass C 
makes up less than 4 % of SOC pool (Wei et al., 2022). Therefore, the 
microbial contribution to SOC was traditionally considered as low to 
negligible. Nevertheless, during the iterative process of cell growth, 
proliferation, and death, the microbial necromass can be continuously 
produced and accumulated in soils through the anabolism along with 
the utilization of plant-derived C (Liang et al., 2017). Recently, many 
studies on cropland soils suggested that the microbial necromass C 
accounted for around 50 % of SOC (Huang et al., 2019; Liang et al., 
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2019; Wang et al., 2021); however, the data were mostly collected from 
the upland soils. 

As effective agronomic strategy, long-term fertilization, especially 
manure application, promoted the accumulation of microbial necromass 
in upland soils (Schmidt et al., 2015; Ye et al., 2019). However, the 
anaerobic environment in paddy fields could suppress microbial activ-
ities and oxidative enzymes production (Huang and Hall, 2017), 
consequently slowing down the microbial decomposition and trans-
formation of plant residues. Chen et al. (2021) reported that the pro-
portion of microbial necromass C in SOC was 28 %–36 % in paddy soils, 
which was significantly lower than that in adjacent upland soils (40 %– 
59 %). However, the relevant assessment of how the long-term fertil-
ization regimes would affect the microbial necromass accumulation and 
whether its contribution to SOC in paddy soils would differ from those in 
upland soils is scarce. 

In addition, SOC is a heterogeneous mixture with various biochem-
ical fractions, which differs in decomposability and persistence (Haddix 
et al., 2020). Therefore, revealing the microbial necromass storage in 
different functional pools is the key to understand the microbial mech-
anism of C sequestration in paddy soils. Previous studies from upland 
soils suggested that mineral fractions were the main pool of microbial 
necromass (Lavallee et al., 2020; Wang et al., 2020), while contrary 
reports showed that more microbial necromass was stored in larger soil 
aggregates (Luan et al., 2021; Murugan et al., 2019). Moreover, Ding 
et al. (2017) suggested that the accumulation of microbial necromass in 
different fractions was clearly varied among the land use types. These 
inconsistent results indicate that further studies are required to explore 
the distribution pattern of microbial necromass among various SOC 
fractions and their responses to long-term fertilization regimes in rice 
paddy. 

According to the degree of protection, Six et al. (2002a) proposed an 
effective procedure to isolate five SOC pools by physical fractionation, i. 
e., coarse particulate organic matter (cPOM), fine inter-microaggregate 
POM (fPOM), intra-microaggregate POM (iPOM), non-occluded silt plus 
clay fraction (s + c_f), and silt plus clay occluded within microaggregates 
(s + c_m). This approach was successfully used to study the response of C 
sequestration and stabilization to long-term fertilization practices 
(Huang et al., 2010; Yan et al., 2013). Amino sugars are regarded as 
microbial necromass biomarkers, and galactosamine (GlaN), glucos-
amine (GluN), and muramic acid (MurA) are the three most abundant 
amino sugars which can be quantified in soils (Amelung et al., 2008; Liu 
et al., 2021b). It is difficult to clarify from which organisms the GlaN has 
originated (Joergensen, 2018); however, the MurA exclusively origi-
nates from bacterial cell walls (Glaser et al., 2004). GluN mainly derives 
from the fungal chitin, although it can also be found in bacteria with a 
certain ratio to MurA (Appuhn and Joergensen, 2006; Engelking et al., 
2007). In addition, the content of MurA and GluN contributes more than 
60 % of the total amino sugars in soils (Joergensen, 2018). Therefore, 
the amount of MurA and GluN provides reliable information to evaluate 
the microbial necromass dynamics. 

This study was conducted in a rice paddy with 40 years field 
experiment including inorganic fertilizer of nitrogen, phosphorus and 
potassium (NPK) and inorganic fertilizer plus manure (NPKM). The 
microbial necromass accumulation and its contribution to SOC in bulk 
soil and in various fractions were quantified. Since the varied substrate 
quality affects the substrate use efficiency of microbes (Cotrufo et al., 
2013) and the different protection mechanisms of SOC (Huang et al., 
2010) under different fertilization regimes, we hypothesized that (1) 
organic fertilization will generate a greater microbial necromass accu-
mulation, especially for bacterial necromass compared to inorganic 
fertilization; (2) the responses of microbial necromass and its contri-
bution to SOC in various fractions will be diverse under different long- 
term fertilization regimes. This study can give an insight into the sta-
bilization mechanism of microbial necromass C in paddy soils. 

2. Materials and methods 

2.1. Site description 

The field experiment was located at Zhanggong town in Jinxian 
county of Jiangxi province, China (28◦21′ N, 116◦10′ E). This area is 
prevailed under subtropical monsoon climate with mean annual rainfall 
of 1537 mm and mean annual temperature of 18.1 ◦C. According to IUSS 
(2006), the paddy soil is classified as Typic Stagnic Anthrosol derived 
from quaternary red clay dominated by kaolinites. The field experiment 
of long-term fertilization was initiated in 1981, and the soil properties of 
plough horizon (0–20 cm) before the experiment onset were: pH (H2O) 
6.9, SOC 16.22 g kg− 1, total N 1.49 g kg− 1, total P 0.48 g kg− 1, and total 
K 10.4 g kg− 1 (Liu et al., 2019). 

2.2. Experiment design and soil sampling 

The paddy field is a double rice (Oryza sativa L.) cropping system 
comprising of early rice (April to July), late rice (July to November), and 
winter fallow from November to April of the next year. In the current 
study, three fertilization practices were selected from the field experi-
ment: (1) unfertilized control (Control), (2) inorganic N, P, K fertilizers 
(NPK), and (3) inorganic N, P, K fertilizers plus organic manure (NPKM). 
The rate of fertilizer application was N 90.0 kg ha− 1, P 19.6 kg ha− 1, and 
K 60.9 kg ha− 1 under NPK treatment for each rice season. The Chinese 
milk vetch (Astragalus sinicus L.) was applied in early rice season and the 
pig manure was applied in late rice season under NPKM treatment. The 
application rate was 22500 kg ha− 1 (fresh weight) in each rice season for 
both types of organic manure. The basic properties of Chinese milk vetch 
were 70.6 % of water content, 467.0 g C kg− 1, 4.0 g N kg− 1, 1.1 g P kg− 1, 
and 3.5 g K kg− 1 based on dry weight. These properties of pig manure 
were 85.5 % of water content, 340.0 g C kg− 1, 6.0 g N kg− 1, 4.5 g P kg− 1, 
and 5.0 g K kg− 1 (Yan et al., 2022). The input of N, P, and K under NPKM 
treatment was the same with NPK treatment. 60 % of N, 100 % of P, 50 
% of K, and 100 % of organic manure were applied before the rice 
seedling transplantation as the basal fertilizer. The remaining N and K 
were topdressed at tillering stage (about 10 days after transplantation). 
The tillage practice, weed control, water irrigation and pesticide appli-
cation were consistent across the treatments. The fertilization rates and 
agronomic production were maintained since 1981 when this field 
experiment was initiated. The grain yield of different fertilization re-
gimes is shown in Fig. S1. 

Each treatment comprised of three replicates in a randomized block 
design with 46.67 m2 for each replicated plot. Water and nutrients ex-
change between the plots was prevented by concrete frames with 10 cm 
width. The soil samples were collected from the plots in December 2020 
after the late rice harvest. Six random cores (4 cm in diameter) were 
taken from the plough horizon (0–20 cm) and mixed to create a com-
posite sample at each plot. Soil samples were sieved through a 2-mm 
sieve. All stones, plant roots and debris were removed with tweezers, 
and then the soil samples were air-dried at room temperature for 
analysis. 

2.3. SOC physical fractionation 

The method suggested by Six et al. (1998; 2002a) was performed to 
isolate different SOC fractions (Fig. S2). Briefly, 50 g of < 2 mm bulk soil 
were placed on a 250-μm sieve, and were then shaken with 50 glass 
beads (4 mm diameter) to break up macroaggregates. With the help of a 
continuous and steady water flow, the microaggregates were flushed 
onto a 53-μm sieve to avoid further disruption by the beads. After 
complete macroaggregates breakup, any material retained on the 250- 
μm sieve, except the beads, was coarse particulate organic matter 
(cPOM). Then wet-sieving was conducted to separate the rest portion 
into microaggregates (>53 μm) and non-occluded silt plus clay fraction 
(s + c_f) (<53 μm). 
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Microaggregates were further isolated into three fractions by density 
fractionation after oven-dried at 50 ◦C. A 5 g subsample of micro-
aggregates was added into a 50 ml centrifuge tube with 35 ml of 1.85 g 
cm− 3 sodium iodide (NaI), and the tube was shaken reciprocally by hand 
for around 30 times. Another 10 ml of NaI solution was used to wash 
down the remaining material on cap and sides of centrifuge tube, and 
then the tube was put in a vacuum chamber for 10 min. After 20 min 
equilibration, the sample was centrifuged (1250 × g for 60 min), and the 
supernatant was aspirated onto a 20-μm sieve and was completely rinsed 
with deionized water to obtain fine inter-microaggregate POM (fPOM). 
After rinsing twice with 50 ml of deionized water, 30 ml of 0.5 % sodium 
hexametaphosphate was used to disperse the microaggregates by 
shaking for 18 h. The dispersed microaggregates were then isolated into 
intra-microaggregate POM (iPOM) (>53 μm) and silt plus clay fraction 
occluded within microaggregates (s + c_m) (<53 μm) by wet-sieving. 
Finally, the cPOM, fPOM, iPOM, s + c_f, and s + c_m fractions were 
dried at 50 ◦C, weighted and stored for analysis. 

2.4. Amino sugars analysis 

According to Zhang and Amelung (1996), after passing through a 
150-μm sieve, the dried soil sample containing ≥0.3 mg N was hydro-
lyzed in 10 ml of HCl (6 M) for 8 h at 105 ◦C. 100 μl of internal standard 
(myo-inositol) were added, and the hydrolysate was filtered, adjusted to 
pH 6.6–6.8 with KOH (1 M) and HCl (0.01 M), centrifuged (3000×g for 
15 min), and dried by rotary evaporation. The residue was washed into a 
3 ml vial with methanol, dried by N2 gas, re-dissolved in 1 ml of 
deionized water and 100 μl of quantitative standard (N-methylgluc-
amine), was then frozen, and lyophilized. For the aldononitrile de-
rivatives preparation, 32 mg ml− 1 of hydroxylamine hydrochloride and 
40 mg ml− 1 of 4-(dimethylamino)-pyridine in pyridine-methanol (vol-
ume ratio of 4/1) were used to obtain the derivatization reagent. Then 
the lyophilized residue was dissolved in 300 μl of this reagent and was 
water-bathed at 75–80 ◦C for 35 min. After cooling, 1 ml of acetic an-
hydride was added into the solution and was water-bathed at the same 
temperature for 25 min. Cooled again, 1.5 ml of dichloromethane and 1 
ml of HCl (1 M) were successively added into the solution, and were then 
vortexed at 25 ◦C for 30 s. Excess derivatization reagents were thor-
oughly washed using 1 ml of deionized water three times. The amino 
sugar derivatives were concentrated by drying with N2 gas, and were 
then re-dissolved in 300 μl of hexane–ethyl acetate solvent (volume ratio 
of 1/1) for determination. Three amino sugars, i.e., GluN, MurA, and 
GlaN, were measured using a gas chromatograph equipped with a flame 
ionization detector (Agilent 7890B GC, Agilent Technologies) and an 
HP-5 fused silica column (30 m × 0.25 mm × 0.25 μm). 

As described by Appuhn and Joergensen (2006) and Engelking et al. 
(2007), Fungal GluN, an index for fungal necromass, was estimated by 
subtracting bacterial GluN from total GluN, assuming that MurA and 
GluN occur at a molar ratio of 1/2 in bacterial cells. MurA is the index 
for bacterial necromass. Thus, Fungal and bacterial necromass C (g 
kg− 1) were calculated using Eqs. (3) and (4), respectively:  

Fungal necromass C = [mol GluN - (2 × mol MurA)] × 179.2 × 9        (3)  

Bacterial necromass C = MurA × 45                                                  (4) 

where 179.2 is the molecular weight of GluN and 9 is the conversion 
value of fungal GluN to fungal necromass C in Eqs. (3). 45 is the con-
version value of MurA to bacterial necromass C in Eqs. (4). Total mi-
crobial necromass C was the sum of fungal and bacterial necromass C. 
The proportion of microbial necromass C in SOC indicated the microbial 
contribution to SOC accumulation. The relative contribution of fungal 
and bacterial necromass C in SOC sequestration was evaluated by the 
fungal/bacterial necromass C ratio. However, the main limitations of 
converting amino sugars to microbial necromass C should be declared. 
Firstly, the conversion values deriving from the pure culture may change 
for microbes under different starvation conditions (Liang et al., 2019). 

Secondly, the calculation based on amino sugars ignores the contribu-
tion of microbial extracellular products to SOC (Costa et al., 2018). 
Additionally, the extraction efficiency and detection of amino sugars 
could vary with different substrates (Liang, 2020). Even so, amino 
sugars biomarker analysis is a widely used and accepted method due to 
the absence of a more appropriate alternative. 

2.5. Soil chemical properties determination 

Soil pH was measured using a glass electrode (soil/water ratio of 2/5, 
m/v) with a PHS-3BW pH meter (Lu, 2000). The concentration of SOC 
and total N in bulk soil and in various fractions was measured by dry 
combustion analysis in an elemental analyzer (Vario MACRO cube, 
Elementar) without HCl pre-treatment since no carbonate C was found 
in these acidic soils. 

2.6. Statistical analysis 

The recovery rates of SOC, total N, and amino sugars were calculated 
as follows:  

Recovery rate (%) = Σ (Afraction × Mfraction)／Asoil × 100                            

Where Afraction was the concentration of SOC, total N, and amino 
sugars in each fraction; Mfraction was the mass proportion of each frac-
tion; and Asoil was the concentration of SOC, total N, and amino sugars in 
bulk soil. The content of SOC, total N, and microbial necromass C in each 
fraction was the result of Afraction × Mfraction, which reflected the change 
of pool size in various fractions. One-way ANOVA was used to assess the 
effect of fertilization treatments on soil chemical and microbial prop-
erties in bulk soil. The differences of these soil properties among various 
fractions within a fertilization treatment and among the treatments 
within a fraction were analyzed with one-way MANOVA. All data were 
examined for normality and homogeneity of variances, and were ln- 
transformed when necessary. The least significant difference (LSD) 
was used to identify the statistical significance at P < 0.05. The linear 
regression and coefficient of determination were adopted to depict the 
relationship between the soil properties and the microbial variables. All 
data were expressed as mean ± SD. The statistical analysis was carried 
out by SPSS 20.0 and the figures were made by Origin 8.0. 

3. Results 

3.1. Effect of long-term fertilization on soil chemical properties in bulk soil 

As shown in Fig. 1, the SOC content in bulk soil was significantly 
increased from 18.90 g kg− 1 to 24.53 g kg− 1 under NPKM treatment 
compared with Control; while no significant change was detected under 
NPK treatment. Similar trend was noticed for total N content (Table S1). 
Compared to Control, NPK treatment significantly increased the C/N 
ratio from 9.51 to 9.90; however, NPKM treatment decreased it to 9.05. 
The soil pH of 5.22 was observed under Control and a significant in-
crease was only found under NPKM treatment (Fig. 1). 

3.2. Effect of long-term fertilization on mass proportion, SOC content, 
and C/N ratio in various fractions 

The recovery rate of fractionation process under different treatments 
ranged from 94.38 % to 98.18 % (Table 1). The mass proportion of 
various fractions followed the order: s + c_m > s + c_f > iPOM > cPOM 
> fPOM across the treatments. Compared to Control, NPKM treatment 
significantly increased the proportion of cPOM and fPOM fractions, 
while decreased that of s + c_m fraction. No significant change was 
found under NPK treatment except an increase in fPOM fraction 
(Table 1). 

After fractionation, the recovery rate of SOC ranged from 97.37 % to 
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103.41 %. The major SOC pools were s + c_m, s + c_f and iPOM fractions 
(Table 1), accounted for more than 85 % of SOC in bulk soil irrespective 
of the treatments (Table S2). Compared to Control, NPKM treatment 
significantly increased the SOC content in all fractions except in s + c_f; 
however, no significant change was detected in any fractions under NPK 
treatment (Table 1). Similar results were found for total N content 
(Table S1, Table S2). 

The C/N ratio in POM fractions (cPOM, fPOM, and iPOM) was 
significantly higher than that in mineral fractions (s + c_f and s + c_m) 
(Table 1). Compared to Control, NPK treatment significantly increased 
the C/N ratio in fPOM, iPOM, and s + c_m fractions by 14.89 %, 15.61 %, 
and 16.48 %, respectively. However, NPKM treatment only decreased it 
in fPOM fraction (Table 1). 

3.3. Effect of long-term fertilization on the content of microbial necromass 
C in bulk soil and in various fractions 

The content of total microbial, fungal, and bacterial necromass C in 
bulk soil was 8.85 g kg− 1, 6.47 g kg− 1, and 2.38 g kg− 1, respectively, 
under Control (Fig. 2A-C). All the fertilization practices significantly 
increased these microbial properties in bulk soil except the bacterial 
necromass C under NPK treatment (Fig. 2C). Compared to Control, 
NPKM treatment significantly increased the content of total microbial, 

fungal, and bacterial necromass C in all fractions except in s + c_f 
(Fig. 2A-C). NPK treatment significantly enhanced the content of total 
microbial and fungal necromass C in all POM fractions (Fig. 2A-B) and 
the content of bacterial necromass C in fPOM fraction (Fig. 2C). More-
over, a greater enhancement was found under NPKM compared with 
NPK treatment. 

Although the greatest concentration of microbial necromass C was 
found in fPOM fraction (Table S3), the highest content of microbial 
necromass C was invariably detected in s + c_m fraction across the 
treatments (Fig. S3A-C). And the content of total microbial, fungal, and 
bacterial necromass C in iPOM and s + c_f fractions was significantly 
higher than that in cPOM and fPOM fractions (Fig. S3A-C). About 70 % 
of microbial necromass C was distributed in s + c_m and s + c_f fractions, 
and iPOM stored more than 20 % of microbial necromass C regardless of 
the treatments (Table 2). Fertilization practices did not significantly 
change the proportion of microbial necromass C in the three major pools 
(iPOM, s + c_f, and s + c_m fractions) except a significant reduction of 
bacterial necromass C in s + c_f under NPKM compared to NPK treat-
ment (Table 2). 

3.4. Effect of long-term fertilization on fungal/bacterial necromass C 
ratio and microbial contribution to SOC in bulk soil and in various 
fractions 

As to the fertilization effect, only NPKM treatment significantly 
decreased the fungal/bacterial necromass C ratio from 2.72 to 2.38 in 
bulk soil and from 2.96 to 2.29 in iPOM fraction compared with Control 
(Fig. 3). The fungal/bacterial necromass C ratio basically declined, 
following the order: cPOM > fPOM > iPOM > s + f_m ≈ s + c_f across the 
treatments, although a significant difference was not consistent among 
the fractions (Fig. S4). 

Compared to Control, the contribution of microbial necromass C to 
SOC in bulk soil was significantly increased from 46.80 % to 54.20 % 
under NPK treatment, while no significant change was found under 
NPKM treatment (Fig. 4). NPK treatment significantly increased the 
microbial contribution to SOC in fPOM and iPOM fractions; while, 
NPKM treatment increased the microbial contribution only in fPOM 
fraction (Fig. 4). The contribution of microbial necromass C to SOC in 
various fractions generally followed the order: s + c_m > s + c_f > iPOM 
> fPOM > cPOM (Fig. S5). 

3.5. Correlation of SOC in bulk soil and microbial necromass C in bulk 
soil and in various fractions 

The SOC content in bulk soil was positively correlated with the total 
microbial necromass C in bulk soil, cPOM, fPOM, iPOM, and s + c_m 
fractions (Fig. 5A-B). Similar result was found for fungal and bacterial 
necromass C (Fig. 5C-F) except for the fungal necromass C in iPOM 

Fig. 1. SOC content, C/N ratio, and pH in bulk soil under long-term fertiliza-
tion treatments. Different lowercase letters indicate significant difference 
among fertilization treatments (Fisher’s LSD test, P < 0.05). Control: no fer-
tilizer application; NPK: N, P, and K fertilizer application; NPKM: N, P, and K 
fertilizer with manure application. 

Table 1 
Mass proportion, SOC content, and C/N ratio of various fractions under long-term fertilization treatments (mean ± SD, n = 3).   

Treatment cPOM fPOM iPOM s + c_f s + c_m Recovery (%) 

Mass proportion (%) Control 3.74 ± 0.23 Bd 0.59 ± 0.10 Ce 12.86 ± 2.45 c 34.57 ± 2.34 b 46.43 ± 1.57 Aa 98.18 ± 1.52 
NPK 4.07 ± 0.18 Bd 1.04 ± 0.04 Be 12.84 ± 1.79 c 33.73 ± 2.90 b 44.85 ± 0.54 ABa 96.53 ± 1.20 
NPKM 4.55 ± 0.12 Ad 1.52 ± 0.21 Ae 15.54 ± 0.52 c 30.21 ± 2.42 b 42.56 ± 2.81 Ba 94.38 ± 0.62 

SOC content (g kg− 1 soil) Control 0.92 ± 0.12 Bc 0.71 ± 0.11 Bc 5.12 ± 0.94 Bb 4.68 ± 0.43 b 6.97 ± 0.65 Ba 97.37 ± 3.52 
NPK 1.11 ± 0.17 Bc 0.93 ± 0.08 Bc 5.26 ± 0.70 Bb 4.39 ± 0.36 b 7.21 ± 0.51 ABa 103.41 ± 2.74 
NPKM 1.90 ± 0.25 Ac 2.17 ± 0.17 Ac 7.84 ± 0.22 Aa 4.66 ± 0.23 b 8.40 ± 0.61 Aa 101.81 ± 1.93 

C/N ratio Control 18.05 ± 1.77 a 14.60 ± 0.42 Bb 10.04 ± 0.62 Bc 8.61 ± 0.15 d 7.20 ± 0.75 Be  
NPK 16.70 ± 0.57 a 16.77 ± 1.05 Aa 11.61 ± 0.90 Ab 8.24 ± 0.57 c 8.38 ± 0.12 Ac  
NPKM 16.42 ± 1.89 a 10.02 ± 0.20 Cb 10.05 ± 0.61 Bb 8.33 ± 0.19 c 7.46 ± 0.21 Bc  

Different uppercase letters in a single column indicate significant difference among fertilization treatments in a fraction; different lowercase letters in a single row 
indicate significant difference among fractions under each fertilization treatment (Fisher’s LSD test, P < 0.05). No letter indication stands for non-significant difference 
among fertilization treatments or various fractions. POM, particulate organic matter; cPOM, coarse POM; fPOM, fine inter-microaggregate; iPOM, intra- 
microaggregate POM; s + c_f, non-occluded silt plus clay fraction; s + c_m, silt plus clay occluded within microaggregates. Control: no fertilizer application; NPK: 
N, P, and K fertilizer application; NPKM: N, P, and K fertilizer with manure application. 
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(Fig. 5D). Interestingly, no significant linear relationship was found 
between SOC in bulk soil and microbial necromass C in s + c_f fraction 
(Fig. 5A, C, E). 

4. Discussion 

4.1. Microbial necromass C accumulation across the various fractions 

Similar to previous studies in paddy fields (Liu et al., 2021; Luo et al., 
2021), fungal necromass accounted for more than 70 % of the total 
microbial necromass C in bulk soil and in various fractions irrespective 
of the treatments (Fig. 2A-C). The fungal/bacterial necromass C ratio, 
ranging from 2.36 to 5.13, also proved the fungal dominance in mi-
crobial necromass C accumulation (Fig. 3). This phenomenon mainly 
resulted from a greater C-use efficiency of fungi compared with bacteria 
(Adu and Oades, 1978) and a higher resistance of fungal necromass to 
microbial decomposition due to the more recalcitrant components like 
chitin (Kögel-Knabner, 2002). Chen et al. (2018) also suggested that 
fungal dominance enhanced along the trial progress in newly formed 
microbial necromass conducted within a paddy soil. However, the 
descending order of fungal/bacterial necromass C ratio among the 
various fractions (Fig. S4) indicated an enhanced bacterial role in 

microbial necromass accumulation in mineral fractions relative to POM. 
POM, especially unprotected cPOM and fPOM, mainly comprised of 
fresh and decomposing plant residues with a higher C/N ratio compared 
to mineral fractions (Table 1). Therefore, as the main decomposer of 
plant materials, fungi showed an advantage in utilization and decom-
position of POM fractions (Hendrix et al., 1986; Neely et al., 1991). 
Previous study reported that more POM content enhanced the soil 
porosity (Schlüter et al., 2022), which could promote the fungal hyphae 
elongation (Harris et al., 2003). Angst et al. (2021) also suggested the 
significantly enhanced bacterial necromass role in mineral fractions 
compared to macro- and microaggregates, which were mainly occluded 
or associated with the POM fractions. 

The mineral fractions distributed around 70 % of microbial necro-
mass C (Table 2) and displayed a higher microbial contribution to SOC 
compared to POM fractions (Fig. S5). These results indicated that mi-
crobial necromass could be preferentially stored in mineral fractions 
(Lavallee et al., 2020; Wang et al., 2020), leading to a lower C/N ratio 
(Table 1). The primary mechanism was the large specific surface areas 
and the hydroxyl groups’ site density in mineral fractions, which 
enhanced the affinity of microbial necromass and reduced its decom-
position rate (Churchman, 2018; Lehmann et al., 2008; von Lützow 
et al., 2008). Moreover, the iPOM fraction stored more than 20 % of 

Fig. 2. Content of total microbial (A), fungal (B), and bacterial (C) necromass C in bulk soil and fractions under long-term fertilization treatments. Different 
lowercase letters indicate significant difference among fertilization treatments in bulk soil and fractions (Fisher’s LSD test, P < 0.05). No letter indication stands for 
non-significant difference among fertilization treatments. POM, particulate organic matter; cPOM, coarse POM; fPOM, fine inter-microaggregate POM; iPOM, intra- 
microaggregate POM; s + c_f, non-occluded silt plus clay fraction; s + c_m, silt plus clay occluded within microaggregates. 
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microbial necromass being comparable to the proportion in s + c_f 
across the treatments (Table 2) mainly due to the occlusion within 
microaggregates. This mechanism could also lead to the greater pro-
portion of microbial necromass C in s + c_m fraction compared with s +
c_f (Table 2). Our results suggested that the physical protection (organo- 
mineral associations and occlusion within microaggregates) plays a 

substantial role in microbial necromass accumulation in paddy soil, 
which was defined as the entombing effect by Liang et al. (2017). 

4.2. Effect of inorganic fertilization on microbial necromass C 
accumulation and its contribution to SOC across the various fractions 

As the main contributor of the increased total microbial necromass, 
the enhancement of fungal necromass was found in POM fractions with 
40 years of inorganic fertilization (Fig. 2A-B); however, the increased 
bacterial necromass was found only in fPOM fraction (Fig. 2C). Although 
rice straw was removed from the plots after every harvest, inorganic 
fertilization could increase the root biomass inferred from the enhanced 
grain yield (Fig. S1). The complex components and high C/N ratio of 
root-derived C could benefit fungal utilization over bacteria (Bai et al., 
2013; Barreiro et al., 2016), resulting in a greater fungal necromass 
accumulation. Meanwhile, the root materials were the main source of 
POM (Six et al., 2002b), which was not well associated with the mineral 
fractions (Tong et al., 2014). As a result, no significant change of mi-
crobial necromass was observed in mineral fractions under inorganic 
fertilization (Fig. 2A-C). In addition, the nutrient ions from inorganic 
fertilizer could lead to the desorption of organic compounds like amino 
sugars due to the competitive sorption (Greenland, 1971; Schneider 
et al., 2010), which might also limit the enhancement of microbial 
necromass in mineral fractions. Future research may reveal the detailed 
mechanism, which has not been yet well reported. Furthermore, the 
increased fungal necromass C in iPOM fraction accounted for 64.87 % of 
that in bulk soil (Fig. 2B). This could be attributed to a slower turnover 
rate of microbial necromass due to the physical occlusion within 
microaggregates (Six et al., 2002a). Therefore, the current study sug-
gested that the increase in fungal nercomass in iPOM fraction was the 
main driver for the microbial necromass accumulation in paddy soil 
with inorganic fertilization. Although long-term inorganic fertilization 
significantly increased the living bacterial biomass in paddy soils (Dai 
et al., 2017; Dong et al., 2014), no significant increase of bacterial 
necromass C was found except in fPOM (Fig. 2C). The inorganic fertil-
ization, especially the application of N and P fertilizers, could shift the 
microbial P limitation to C limitation (Luo et al., 2020). Therefore, the 
accelerated decomposition of bacterial necromass could occur to 
compensate for the microbial C demand due to the weaker resistance of 
bacterial necromass (Kögel-Knabner, 2002; Luo et al., 2021). 

However, the positive effect of inorganic fertilization on total mi-
crobial and fungal necromass C accumulation (Fig. 2A-B) did not alter 
the SOC content in bulk soil and its various fractions (Table 1), in 
agreement with the reports from the same experimental field (Huang 
et al., 2010; Yan et al., 2022). These results implied that inorganic 
fertilization relieved N limitation and accelerated the decomposition of 
plant component in POM fractions through shifting the stoichiometry of 
inputs closer to meet the microbial N demand (Lavallee et al., 2020). 
Consequently, the enhanced microbial contribution to SOC was found in 
bulk soil, fPOM, and iPOM fractions (Fig. 4). 

4.3. Effect of organic fertilization on microbial necromass C accumulation 
and its contribution to SOC across the various fractions 

Due to greater C input, the significant enhancement of microbial 
necromass C was found in bulk soil and in various fractions except in s +
c_f with organic fertilization (Fig. 2A-C). Specifically, the increase of 
total microbial necromass C in iPOM and s + c_m fractions accounted for 
82.80 % of the enhanced total microbial necromass C and for 41.83 % of 
the enhanced SOC in bulk soil, respectively (Fig. 2A and Table 1). 
Therefore, the accumulation of microbial necromass in iPOM and s +
c_m fractions was the key driver for microbial necromass stabilization 
and SOC sequestration in paddy soil with organic fertilization due to the 
physical protection of microaggregates. 

The total microbial, fungal, and bacterial necromass C did not sig-
nificant change in s + c_f fraction with organic fertilization (Fig. 2A-C), 

Table 2 
Proportion (%) of total microbial, fungal, and bacterial necromass C in various 
fractions under long-term fertilization treatments (mean ± SD, n = 3).   

Treatment cPOM fPOM iPOM s + c_f s + c_m 

Total 
microbial 
necromass 
C 

Control 1.65 
± 0.38 
Cc 

1.64 
± 0.33 
Cc 

21.55 
± 5.96 
b 

26.26 
± 4.12 
b 

50.18 
± 4.76 
a 

NPK 2.42 
± 0.27 
Bc 

3.23 
± 0.37 
Bc 

26.72 
± 4.58 
b 

24.18 
± 1.41 
b 

47.96 
± 3.71 
a 

NPKM 3.18 
± 0.25 
Ad 

5.92 
± 1.54 
Ac 

26.56 
± 3.09 
b 

21.69 
± 1.79 
b 

47.39 
± 5.54 
a 

Fungal 
necromass 
C 

Control 1.85 
± 0.40 
Cc 

1.70 
± 0.35 
Cc 

22.00 
± 5.93 
b 

25.88 
± 3.73 
b 

49.31 
± 5.02 
a 

NPK 2.61 
± 0.29 
Bc 

3.29 
± 0.42 
Bc 

27.15 
± 4.01 
b 

22.68 
± 0.38 
b 

45.50 
± 1.06 
a 

NPKM 3.76 
± 0.33 
Ad 

6.33 
± 1.53 
Ac 

26.26 
± 3.53 
b 

21.86 
± 2.22 
b 

47.18 
± 5.43 
a 

Bacterial 
necromass 
C 

Control 1.12 
± 0.34 
Bc 

1.48 
± 0.28 
Cc 

20.39 
± 6.22 
b 

27.34 
± 5.20 
ABb 

52.59 
± 4.05 
a 

NPK 1.88 
± 0.46 
Ac 

3.04 
± 0.41 
Bc 

25.52 
± 6.39 
b 

28.68 
± 5.11 
Ab 

55.51 
±

13.15 a 
NPKM 1.79 

± 0.32 
ABe 

4.95 
± 1.59 
Ad 

27.27 
± 2.48 
b 

21.26 
± 1.01 
Bc 

47.89 
± 5.79 
a 

Different uppercase letters in a single column indicate significant difference 
among fertilization treatments in a fraction; different lowercase letters in a 
single row indicate significant difference among fractions under each fertiliza-
tion treatment (Fisher’s LSD test, P < 0.05). No letter indication stands for non- 
significant difference among fertilization treatments or various fractions. 

Fig. 3. Fungal/bacterial necromass C ratio in bulk soil and fractions under 
long-term fertilization treatments. Different lowercase letters indicate signifi-
cant difference among fertilization treatments in bulk soil and fractions 
(Fisher’s LSD test, P < 0.05). No letter indication stands for non-significant 
difference among fertilization treatments. 
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which could be related to the saturation behavior of this fraction. As 
shown in Fig. 5A-B, SOC content in bulk soil was positively correlated 
with the total microbial necromass C in bulk soil and in all the fractions 
except in s + c_f. Many studies used SOC content as the proxy of C input 
to estimate the saturation behavior of various fractions (Stewart et al., 
2008; Yang et al., 2018). Thus, these results indicated that the paddy soil 
still has a potential to sequester more microbial necromass C, although s 
+ c_f fraction reached the saturation level. According to the hierarchical 
C saturation theory, the mineral fractions could reach the saturation 
level before the POM fractions (Castellano et al., 2015; Kool et al., 2007; 
Stewart et al., 2009). Interestingly, an unsaturated phenomenon was 
found in s + c_m fraction, which was contrary to s + c_f fraction (Fig. 5A, 
C, E). Sokol et al. (2018) suggested that the direct sorption of low mo-
lecular weight OC, mainly dissolved OC, was a non-negligible pathway 
for mineral associated OC formation. Moreover, the dissolved OC 
generated from manure contained more high polar compounds, such as 
phenolic groups, which exhibited strong sorptive affinity for mineral 
surfaces (Zhang et al., 2021), but were inefficiently biosynthesized by 
microbes (Frey et al., 2013). Therefore, the dissolved OC could much 
easier be adsorbed directly to s + c_f compared with s + c_m due to the 
physical occlusion within microaggregates, limiting the association of 
microbial necromass with s + c_f due to competitive adsorption. The 
significant lower contribution of microbial necromass to SOC in s + c_f 
compared to s + c_m strongly proved this mechanism (Fig. S5). The 
saturation behavior was found for fungal necromass C in iPOM fraction 
(Fig. 5D) but not for the bacterial necromass C (Fig. 5F); the exact reason 
is unknown since this phenomenon was insufficiently reported. The 
differential stabilization mechanism might be one explanation, consid-
ering their possibly different intrinsic stability (He et al., 2011). In 
addition, the poor aeration within microaggregates could be another 
reason along with the limited fungal growth (Sey et al., 2008). 

The microbial contribution to SOC was unaltered in bulk soil and in 
various fractions except in fPOM with organic fertilization (Fig. 4). In 
fact, this contribution even decreased in bulk soil and iPOM fraction in 
relation to inorganic fertilization. Organic fertilization, such as manure 
application, would increase the input of non-microbial organic debris (Li 
et al., 2020; Xia et al., 2021). Considering the increased SOC content 
(Table 1), these results implied a synchronous accumulation of 

microbial- and plant-derived C with organic fertilization. A significant 
decrease in fungal/bacterial necromass C ratio was found in bulk soil 
and iPOM fraction (Fig. 3), reflecting an accrual of bacterial necromass 
with organic fertilization. Firstly, manure addition supplied higher 
quality substrates (lower C/N ratio), which could be utilized by bacteria 
more easily (Guggenberger et al., 1999). In addition, the enhanced soil 
pH (Fig. 1) could stimulate bacterial growth and increase its necromass 
accumulation, according to the positive correlation between bacterial 
necromass C and soil pH (Fig. S6). Although the optimum pH range for 
bacterial growth is narrower than for fungi, the pH increase is positive 
for bacterial growth in arable soil within the gradient of 4.0–8.3 
(5.16–5.92 in the current study, Fig. 1) (Rousk et al., 2009). Further-
more, the reduced fungal/bacterial necromass C ratio in iPOM could be 
attributed to the saturation behavior of fungal necromass (Fig. 5D), 
which limited the further increase of fungal necromass. In addition, the 
unsaturation of bacterial necromass indicated that iPOM has the ca-
pacity to sequester more bacterial necromass with the enhancement of C 
input (Fig. 5F). 

5. Conclusions 

Our research showed that the microbial necromass C accumulation 
was mainly driven by fungi in bulk soil and its various fractions in paddy 
field regardless of the fertilization treatments. Physical protection 
controlled the microbial necromass C accumulation, since around 90 % 
of the microbial necromass was detected in mineral (s + c_f and s + c_m) 
and iPOM fractions. The higher increase in microbial necromass C, just 
like hypothesized, was found under organic fertilization compared to 
inorganic treatment. Moreover, the accumulation mechanisms of mi-
crobial necromass C varied in paddy soil under different fertilization 
regimes. The enhancement of fungal nercomass in iPOM fraction was the 
key to increase microbial necromass C under inorganic fertilization; 
however, the main increase of microbial necromass C was found in iPOM 
and s + c_m fractions under organic fertilization. It is notable that the 
saturation behavior of microbial necromass was found in s + c_f fraction 
under organic fertilization. Furthermore, inorganic fertilization 
increased the microbial contribution to SOC due to the enhanced 
accumulation of microbial necromass and decomposition of plant- 

Fig. 4. Contribution of microbial necromass C to SOC in bulk soil and fractions under long-term fertilization treatments. Different lowercase letters indicate sig-
nificant difference among fertilization treatments in bulk soil and fractions (Fisher’s LSD test, P < 0.05). No letter indication stands for non-significant difference 
among fertilization treatments. 
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derived C in POM fractions. The synchronous accumulation of micro-
bial- and plant-derived C resulted in a maintained microbial contribu-
tion to SOC in bulk soil and in various fractions under organic 
fertilization. Overall, our study suggested that the stabilization mecha-
nisms of microbial necromass and its role in SOC sequestration were 
diverse under different long-term fertilization regimes. 
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von Lützow, M., Kögel-Knabner, I., Ludwig, B., Matzner, E., Flessa, H., Ekschmitt, K., 
Guggenberger, G., Marschner, B., Kalbitz, K., 2008. Stabilization mechanisms of 
organic matter in four temperate soils: Development and application of a conceptual 
model. J. Plant Nutr. Soil Sc. 171, 111–124. 

Wang, B., An, S., Liang, C., Liu, Y., Kuzyakov, Y., 2021. Microbial necromass as the 
source of soil organic carbon in global ecosystems. Soil Biol. Biochem. 162, 108422. 

Wang, C., Wang, X., Pei, G., Xia, Z., Peng, B., Sun, L., Wang, J., Gao, D., Chen, S., Liu, D., 
Dai, W., Jiang, P., Fang, Y., Liang, C., Wu, N., Bai, E., 2020. Stabilization of microbial 
residues in soil organic matter after two years of decomposition. Soil Biol. Biochem. 
141, 107687. 

Wei, L., Ge, T., Zhu, Z., Ye, R., Penuelas, J., Li, Y., Lynn, T.M., Jones, D.L., Wu, J., 
Kuzyakov, Y., 2022. Paddy soils have a much higher microbial biomass content than 
upland soils: A review of the origin, mechanisms, and drivers. Agr Ecosyst Environ 
326, 107798. 

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, E., van 
Wesemael, B., Rabot, E., Ließ, M., Garcia-Franco, N., Wollschläger, U., 2019. Soil 
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