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Highlights 16 

⚫ Manure increases microbial necromass C retention, especially bacteria-derived C. 17 

⚫ Mulching promotes fungal necromass C accumulation under manure application. 18 

⚫ Mulching decreases bacterial necromass C retention regardless of fertilization. 19 

⚫ The bacterial contribution to SOC is controlled by labile organic C fractions. 20 
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Abstract 23 

Microbial necromass carbon (MNC) is a major contributor to soil organic carbon 24 

(SOC) sequestration. Fertilization combined with plastic film mulching, as an 25 

intensive agricultural practice to increase crop yields, affects soil microbial growth 26 

and metabolism. Nevertheless, how fertilization combined with mulching affects SOC 27 

sequestration by mediating MNC dynamics remains elusive. Here, the mulching and 28 

no-mulching sub-treatments were set under three fertilization treatments (no 29 

fertilization, NF; inorganic fertilization, IF; manure, MF), and a 900-day field 30 

incubation experiment using polyvinyl chloride containers was conducted in the 31 

buffer zone of NF treatment. We investigated the effects of fertilization combined 32 

with mulching on MNC composition (including fungal necromass carbon, FNC; and 33 

bacterial necromass carbon, BNC) and qualified their contributions to SOC 34 

sequestration. The MF treatment with/without mulching significantly increased the 35 

contents of MNC, FNC, BNC, and SOC by 97%–122%, 81%–94%, 152%–210%, and 36 

60%–70% compared with the CK treatment without mulching over 900 days, 37 

respectively. The MNC content had a strongly positive correlation with particulate 38 

organic carbon (C) and microbial biomass C (P<0.01). During the incubation stage, 39 

the proportion of MNC in SOC was higher in the IF (37%–42%) and MF (40%–44%) 40 

treatments with/without mulching than that in the NF treatment with/without 41 

mulching (31%–35%). On day 900, mulching significantly decreased the MNC 42 

content by 8.7% and 7.8%, and decreased the proportion of MNC in SOC by 5.1% 43 

and 5.8% under the NF and IF treatments, respectively. In contrast, mulching did not 44 
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significantly (P>0.05) affect the MNC and SOC contents, but significantly increased 45 

the FNC content by 4.8% under the MF treatment on day 900. Mulching significantly 46 

decreased the proportion of BNC in SOC regardless of fertilization, and increased the 47 

proportion of FNC in SOC under the MF treatment on day 900. Overall, our findings 48 

suggest that mulching under manure application maintains SOC sequestration by 49 

promoting FNC retention. 50 

Keywords: Fertilizer application; Microbial necromass carbon; Plastic film mulching; 51 

Soil organic carbon 52 
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1 Introduction 53 

Climate change and unsustainable agricultural management cause a global issue 54 

of food security (Schmidhuber & Tubiello, 2007; van Dijk et al., 2021). Agricultural 55 

intensification (such as fertilization and mulching) is an important process to increase 56 

crop production without expanding agricultural land (Amare & Desta, 2021; Kopittke 57 

et al., 2019). Agricultural management practices alter soil physicochemical and 58 

biological properties under intensive agriculture (Jia et al., 2022; Skadell et al., 2023). 59 

However, unreasonable agricultural management has raised a series of environmental 60 

concerns, including soil organic carbon (SOC) depletion and greenhouse gases 61 

emissions (Burney et al., 2010). SOC is a key factor in improving soil productivity 62 

and maintaining soil quality (Lal, 2018). Soil is the largest reservoir of carbon (C) in 63 

terrestrial ecosystems, and a minor change in soil C pool can have considerable 64 

impacts on atmospheric CO2 concentration (Bradford et al., 2016; Lal, 2004). 65 

Therefore, it is crucial to employ sustainable agricultural management practices for 66 

increasing the potential of SOC sequestration. 67 

Soil microorganisms drive SOC cycling, they convert labile organic carbon C 68 

fractions (i.e., particulate organic C, POC; microbial biomass C, MBC; extractable 69 

organic C, EOC) into microbial necromass in iterative processes of microbial 70 

community turnover (Feng & Wang, 2023; Haynes, 2005; Sokol et al., 2022). 71 

Microbial necromass C (MNC) is stabilized in soil by association with soil minerals 72 

or by occlusion within soil aggregates (Buckeridge et al., 2022). More than 50% of 73 

SOC can be derived from MNC in croplands (Liang et al., 2019; Zhou et al., 2023). 74 
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However, microbial necromass is not always inert, and it is consumed by 75 

microorganisms as a substrate under soil nutrient-limited conditions (Kastner et al., 76 

2021). Fungal and bacterial necromass have diverse biochemical composition, which 77 

might result in different decomposition rates (Fernandez et al., 2019; Hu et al., 2020). 78 

Bacterial cell walls are enriched in peptidoglycans, which are rapidly decomposed and 79 

utilized by microorganisms (Hu et al., 2020). Therefore, bacterial necromass actively 80 

regulates the stoichiometric balance of microbial C and nitrogen (N) (Hu et al., 2020; 81 

Shao et al., 2019). In contrast, fungal necromass plays a predominant role in SOC 82 

retention due to the recalcitrant structural compounds of fungal cell walls (Fernandez 83 

et al., 2019; Soares et al., 2017). Therefore, clarifying the dynamics of fungal 84 

necromasss C (FNC) and bacterial necromasss C (BNC) is of great significance for 85 

understanding the key processes of SOC sequestration. 86 

Fertilization and plastic film mulching are intensive agricultural practices to 87 

increase crop productivity (Steinmetz et al., 2016). The application of inorganic 88 

fertilizers or manure increases the availability of soil nutrients and organic C substrate 89 

for microorganisms (Liu et al., 2020; van der Bom et al., 2019). Mulching regulates 90 

soil microbial activities due to the changes in soil temperature, moisture, and soluble 91 

organic substrates diffusion (Kader et al., 2017). Therefore, the above-mentioned 92 

practices change soil microbial biomass, activities, and community structure 93 

(Kracmarova et al., 2022; Li et al., 2021; Li et al., 2022), which likewise cascade to 94 

affect the production of FNC and BNC and the dynamics of total MNC. However, it 95 

remains unclear that how fertilization combined with mulching affects SOC 96 
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sequestration by altering the accumulation of fungal- and bacterial-derived organic C. 97 

In this study, we evaluated the effects of mulching on MNC dynamics (using 98 

amino sugars as biomarkers) under different fertilization treatments, and assessed the 99 

fungal and bacterial contributions to SOC sequestration. We hypothesized that: (1) 100 

Mulching would accelerate microbial anabolism and intensify MNC accumulation 101 

under the manure application, because manure combined with mulching increases the 102 

input of labile organic substrates and improves soil hydrothermal conditions (Das et 103 

al., 2023; Kasirajan & Ngouajio, 2012); (2) Mulching would decrease the BNC 104 

accumulation in all treatments, because mulching enhances the SOC or N 105 

mineralization under soils with/without fertilization (Hai et al., 2015; Lee et al., 2019). 106 

2 Materials and Methods 107 

2.1 Study site and soil preparation 108 

This experiment was carried out on the long-term fertilization experimental 109 

station (43°30′N, 124°48′E) at Gongzhuling County, Jilin Province, China. This 110 

station was initiated in 1990, and has a randomized block design with three replicates. 111 

The climate in this area is a warm-summer humid continental climate influenced by 112 

monsoon. The mean annual temperature was 4.5 °C and mean annual precipitation 113 

was 560 mm in 2017–2019. At this region, seasonal drought and low soil temperature 114 

frequently occur in March–May. More than 80% of precipitation was concentrated 115 

from June to August. Soils at this station develop from quaternary loess-like 116 

sediments and are classified as a Mollisol (USDA soil taxonomy), with 31% sand, 30% 117 

silt, and 39% clay. In this station, maize (Zea mays L.) is continuously sown in every 118 
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May, and maize residues are completely removed after harvesting in every October. 119 

The soil samples were randomly taken from three fertilization treatments (no 120 

fertilizer, NF; inorganic fertilizer, IF; and manure, MF) at 0–20 cm and 20–30 cm 121 

depths before sowing on May 5th, 2018. All inorganic fertilizers (including urea, 122 

superphosphate, and potassium chloride) were applied to soils before seed sowing, 123 

and organic fertilizer (pig manure) were applied to soils after maize harvesting. The 124 

application rates of fertilizers in the IF and MF treatments were are showed in Table 125 

S1. The pig manure contained 5.0  g kg−1 total N and 112.0  g kg−1 organic C. The 126 

basic soil properties (0–20 cm) before the field incubation experiment were are shown 127 

in Table S2. Before the incubation experiment, the soil samples from 0–20 cm and 128 

20–30 cm depths were separately sieved (<7 mm) to ensure soil homogeneity and 129 

remove rocks and maize roots. 130 

2.2 Field incubation experiment design and soil sampling 131 

We designed the sub-treatments with and without plastic film mulching under the 132 

NF, IF, and MF treatments. In order to avoid the impact of mulching on field 133 

management of long-term fertilization station, this experiment was conducted in the 134 

buffer zone of NF treatment. Two soil pits (0.9 × 0.6 × 0.3 m) were dug, and then two 135 

polyvinyl chloride (PVC) containers (0.9 × 0.6 × 0.6 m) were vertically inserted into 136 

soil pits on May 5th, 2018 (Ge et al., 2021). Each PVC container was divided into 9 137 

equal sections with PVC sheets, 18 micro-plots (0.3 × 0.2 m) were randomly arranged 138 

in the field. The sub-samples from 0–20 cm and 20–30 cm depths were returned to 139 

corresponding depths of each micro-plot, and then compacted to a soil bulk density 140 
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similar to that in the original treatment. Plastic film (transparent and 0.01 mm 141 

thickness) was mulched on the soil surface in all mulching treatments. Plastic mulch 142 

we used in this experiment was primarily made from low-density polyethylene, with 143 

characteristics of good flexibility, strength, and barrier properties (Mooninta et al., 144 

2020). The old plastic film was completely removed after each soil sampling and 145 

every April, and the soil was covered again in new plastic film. The plastic film 146 

remained intact throughout the entire incubation period. To exclude the effect of 147 

maize rhizodeposition on MNC dynamics, no plants were grown in any micro-plot. 148 

Three soil core samples (5 cm diameter, 20 cm length) were randomly collected 149 

from 0–20 cm soil depth of each micro-plot on day 150 (October 2018), day 360 150 

(April 2019), and day 900 (October 2020) after mulching, and then fully mixed into 151 

one soil sample. Soil samples were sieved (<2 mm) to remove all visible plant 152 

residues and stones. One part was stored at 4 °C for extractable organic C (EOC) and 153 

microbial biomass C (MBC) analyses, and the other part was air-dried for SOC, 154 

particulate organic C (POC), and amino sugars analyses. 155 

2.3 Laboratory analysis 156 

The content of SOC was determined using an elemental analyzer (Elementar 157 

Vario EL III, Germany). The MBC content was determined using the chloroform 158 

fumigation-extraction (with 0.5 mol L-1 K2SO4) method (Vance et al., 1987). The 159 

organic C content of the extracts was determined using a total organic C analyzer 160 

(Elementar High TOC II, Germany). The EOC content was determined from non-161 

fumigated extracts (Schaeffer et al., 2013). The MBC content was calculated from the 162 
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difference between fumigated and non-fumigated extracts using a conversion factor of 163 

0.45 (Joergensen, 2018). The POC was separated with 5 g L−1 sodium 164 

hexametaphosphate as described by Cambardella and Elliott (1992). The POC content 165 

was determined using an elemental analyzer (Elementar Vario EL III, Germany). 166 

The contents of FNC (g kg−1 soil) and BNC (g kg−1 soil) were calculated from 167 

the contents of glucosamine (g kg−1 soil) and muramic acid (g kg−1 soil) according to 168 

the empirical conversion factors (Appuhn & Joergensen, 2006; Liang et al., 2019). 169 

The analysis of glucosamine and muramic acid were conducted following the method 170 

described by Zhang and Amelung (1996). The details of the extraction procedures 171 

were given in the Supplementary Materials. Glucosamine occurred in both fungal and 172 

bacterial cell walls, FNC was calculated by subtracting bacterial-derived glucosamine 173 

from total glucosamine, assuming that muramic acid and glucosamine occurred at the 174 

molar ratio of 1 to 2 in the cell walls of bacteria (Engelking et al., 2007). The contents 175 

of FNC, BNC, and MNC were calculated as follows: 176 

FNC=( glucosamine 179.2⁄ - (2×muramic acid 251.2)⁄ )×179.2×9                             (1) 177 

BNC=muramic acid×45                                                                                               (2) 178 

MNC = FNC + BNC                                                                                                    (3) 179 

Where 179.2 is the molecular weight of glucosamine and 251.2 is that of 180 

muramic acid. 9 is the conversion coefficient of glucosamine to FNC and 45 is that of 181 

muramic acid to BNC (Joergensen, 2018). 182 

The ratio of MNC to MBC indicates the amount of microbial necromass 183 

accumulated per unit of MBC (Zhang et al., 2021a). 184 
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2.4 Statistical analysis 185 

Statistical analyses were performed using SPSS 19.0 (IBM Corporation, USA). 186 

Prior to statistical analysis, the homogeneity of variance was verified using Levene's 187 

test, and the normality of variance was checked using Shapiro-Wilk’s test (P>0.05), 188 

histograms, and normal Q-Q plots. If the data were not normally distributed, a natural 189 

logarithm transformation was performed. Two-way analysis of variance was 190 

conducted on all variables to examine the effects of fertilization and mulching. All 191 

variables between different treatments were evaluated using one-way analysis of 192 

variance with Tukey's HSD post-hoc test. Spearman’s correlation analysis was 193 

performed to compare the correlations between FNC, BNC, and MNC and SOC 194 

fractions. 195 

3 Results 196 

3.1 Soil organic carbon fractions 197 

During the entire incubation period, the MF treatment with/without mulching 198 

increased (P<0.05) the contents of SOC, MBC, and POC by 60%–70%, 50%–104%, 199 

and 79%–178% relative to the NF treatment without mulching, respectively (Fig. 1). 200 

Mulching increased the MBC content under the treatment with/without fertilization 201 

within 150–360 days. On day 900, mulching decreased the SOC content by 3.7% and 202 

2.2% under the NF and IF treatments, respectively. On day 900, mulching decreased 203 

the MBC and POC contents by 10% and 17% under the IF treatment, respectively. 204 

During the entire incubation period, mulching decreased the EOC content under the 205 

NF, IF, and MF treatments (Fig. 1). 206 
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3.2 Microbial, fungal, and bacterial necromass carbon 207 

Within 150–900 days, the MF treatment with/without mulching increased 208 

(P<0.05) the MNC, FNC, and BNC contents by 97%–122%, 81%–94%, and 152%–209 

210% compared with the NF treatment without mulching, respectively (P<0.05, Fig. 210 

2). Mulching increased the MNC content, on average, by 12% and 6.3% under the IF 211 

and MF treatments within 150–360 days, respectively. Specifically, mulching 212 

increased the FNC content by 16% under the IF treatment, and increased the BNC 213 

content by 15% under the MF treatment within 150–360 days. On day 900, mulching 214 

decreased the MNC, FNC, and BNC contents by 8.7%, 5.8%, and 19% under the NF 215 

treatment, and decreased those contents by 7.8%, 6.1%, and 13% under the IF 216 

treatment, respectively. On day 900, mulching increased the FNC content by 4.8% 217 

and decreased the BNC content by 14% under the MF treatment, but there was no 218 

significant difference (P>0.05) in the MNC content between mulching and no-219 

mulching under the MF treatment. 220 

During the entire incubation period, the proportion of MNC in SOC was 37%–44% 221 

in the IF and MF treatments with/without mulching, and was 31%–35% in the NF 222 

treatment with/without mulching (Table 1). Within 150–900 days, the MF treatment 223 

with/without mulching had the highest proportion of BNC in SOC among all the six 224 

treatments (Table 1). Within 150–360 days, mulching increased the proportions of 225 

MNC and FNC in SOC under the IF treatment, and increased the proportions of MNC 226 

and BNC in SOC under the MF treatment (Table 1). On day 900, mulching decreased 227 

the proportions of MNC and BNC in SOC by 5.1% and 15.0% under the NF treatment, 228 
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and decreased the proportions of MNC, FNC, and BNC in SOC by 5.8%, 4.0% and 11% 229 

under the IF treatment, respectively. On day 900, mulching increased the proportion 230 

of FNC in SOC by 4.5% and decreased that of BNC in SOC by 14% under the MF 231 

treatment, but there was no significant difference (P>0.05) in the proportion of MNC 232 

in SOC between mulching and no-mulching under the MF treatment. Mulching 233 

increased the ratio of MNC to MBC under the NF, IF, and MF treatments within 150–234 

360 days (Table 1). 235 

3.3 Correlation between microbial necromass carbon and soil organic carbon 236 

fractions 237 

The SOC content was strongly correlated with the contents of MNC (R2=0.98, 238 

P<0.01), FNC (R2=0.98, P<0.01), and BNC (R2=0.95, P<0.01) (Fig. 3). The MNC 239 

content had the strongest correlation with the POC content (R2=0.95, P<0.01), 240 

followed by the contents of MBC (R2=0.83, P<0.01) and EOC (R2=0.53, P<0.01). The 241 

proportion of BNC in SOC was positively correlated with the contents of POC 242 

(R2=0.76, P<0.01), MBC (R2=0.81, P<0.01), and EOC (R2=0.53, P<0.01). 243 

4 Discussion 244 

4.1 Soil microbial necromass carbon accumulation and its contribution to soil 245 

organic carbon sequestration under the fertilization combined with mulching 246 

The MF treatment with/without mulching increased the SOC content compared 247 

with the other four treatments (Fig. 1). And the SOC content was positively correlated 248 

with the MNC content (Fig. 3), which highlights the importance of microbial 249 

anabolism in SOC accumulation (Liang et al., 2017). On the one hand, particulate 250 
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organic matter in pre-se manure might be loosely bound in large soil aggregates or 251 

located between soil aggregates (Bartuška et al., 2015). As a readily accessible SOC 252 

fraction, POC is utilized by microorganisms and favors microbial growth (Lavallee et 253 

al., 2020; Rocci et al., 2021). High microbial biomass contributes to MNC production 254 

and accumulation (Luan et al., 2022). On the other hand, manure harbors diverse 255 

microorganisms (Semenov et al., 2021). Manure application could introduce a large 256 

number of exogenous microorganisms into soils, thereby directly increasing MNC 257 

accumulation. Notably, MF treatment with/without mulching had the highest MNC 258 

content among all treatments. But the proportion of MNC in SOC was not 259 

consistently higher in the MF treatment with/without mulching (37%–42%) than that 260 

in the IF treatment with/without mulching (40%–44%) over 900 days (P>0.05, Fig. 2 261 

and Table 1). Manure application can directly increase SOC content by adding organic 262 

matter to the soil (Mustafa et al., 2020). Moreover, plant lignin phenol accumulates 263 

more readily than other SOC components (i.e., microbial necromass) under manure 264 

application (Li et al., 2020). These processes might relatively weaken microbial 265 

contribution to SOC accumulation in the MF treatment with/without mulching. In this 266 

study, we calculated MNC content from soil amino sugar content using conversion 267 

factors (Appuhn & Joergensen, 2006; Engelking et al., 2007), and then estimated the 268 

contribution of MNC to SOC. However, these assessments were based on the 269 

assumption that the proportions of gram-positive bacteria and gram-negative bacteria 270 

account for 65% and 35% of total bacteria, respectively (Appuhn & Joergensen, 2006). 271 

When the microbial community composition in this study differs from that previously 272 
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observed, the content of MNC might be overestimated or underestimated. In further 273 

study, the ratio of soil gram-positive to gram-negative bacteria should be measured to 274 

generate a correct conversion coefficient in each soil, which will reduce existing 275 

uncertainties (Joergensen, 2018; Salas et al., 2023). 276 

The MF treatment with/without mulching increased (P<0.05) the FNC and BNC 277 

contents by 81%–94% and 152%–210% relative to the CK treatment without 278 

mulching, respectively (Fig. 2). Application of manure provides a large amount of 279 

energy and diverse resources for microbial growth and reproduction (Das et al., 2023). 280 

It has been reported that manure application promotes bacterial growth and induces a 281 

significant decrease in the ratio of fungal biomass to bacterial biomass, because 282 

bacteria are more sensitive to changes in available substrates in farmland systems 283 

(Marschner et al., 2011; Shen et al., 2023; Wei et al., 2017). Therefore, the 284 

competitive advantage of bacteria might lead to the highest contribution of BNC to 285 

SOC (12%–15%) under the MF treatment with/without mulching (Table 1). 286 

4.2 Impact of mulching on microbial necromass carbon accumulation under the 287 

same fertilization treatment 288 

Within 150–360 days, mulching increased the MNC content by promoting fungal 289 

necromass formation under the IF treatment, and it enhanced MNC accumulation by 290 

increasing the BNC content under the MF treatment. The accumulation of FNC and 291 

BNC not only was associated with the increase in MBC (Fig. 3), but also correspond 292 

to the dominant microbial community in soils (Wang et al., 2021). Mulching 293 

decreases urea-N loss, and high N availability favors microbial growth (Hu et al., 294 



16 

2022; Ma et al., 2018). Long-term application of inorganic fertilizer reduces soil pH 295 

(Table S2), and low soil pH is favorable for fungal growth (Grosso et al., 2016). 296 

Therefore, mulching might stimulate the proliferation of fungi, leading to intensified 297 

FNC production under the IF treatment within 150–360 days (Fig. 2). In contrast, 298 

mulching promotes labile organic substrates diffusion in the manure-treated soil 299 

(Manzoni et al., 2014). Labile organic substrates are preferentially utilized by bacteria 300 

(Marschner et al., 2003; Marschner et al., 2011). Moreover, long-term application of 301 

manure adjusts the soil pH to a neutral range (Table S2). Neutral soil pH is conducive 302 

to the growth of bacteria (Liu et al., 2020; Zhang et al., 2021b). Therefore, mulching 303 

might promote bacterial colonization and further increased BNC retention under the 304 

MF treatment within 150–360 days (Fig. 2). Interestingly, mulching under the MF 305 

treatment promoted MNC accumulation on day 150 and day 360 (Fig. 2). While 306 

mulching had no significant effect on the SOC content (P>0.05) on day 150, and 307 

decreased (P<0.05) the SOC content on day 360 (Fig. 1). Previous studies have 308 

observed that mulching greatly enhanced SOC decomposition under green manure 309 

application (Hwang et al., 2020; Lee et al., 2021). A lower ratio of MNC to MBC 310 

indicated that MNC could be less efficiently stored in the MF treatment with 311 

mulching than that in the MF treatment without mulching within 150–360 days (Table 312 

1). Together, these results suggested that mulching might highly increase mineralized 313 

C loss. This process could counteract microbial necromass-derived C accumulation 314 

under the MF treatment. 315 

On day 900, mulching decreased MNC accumulation and SOC sequestration 316 
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under the NF and IF treatments (Fig. 1, Fig. 2 and Table 1). Low contents of POC and 317 

MBC and low C/N ratio indicated that mulching aggravated microbial C limitation 318 

under the NF and IF treatments on day 900 (Fig. 1 and Table S3). Poor organic C 319 

substrate limits microbial growth and its necromass C formation (Schmidt et al., 320 

2017). Moreover, soil microorganisms can directly decompose microbial necromass 321 

to meet microbial C demand (Coonan et al., 2020; Kastner et al., 2021). The recycling 322 

of microbial necromass is enhanced under soil nutrient-limited condition (Meier et al., 323 

2017). Therefore, the rate of microbial necromass production was insufficient to offset 324 

its degradation rate under the NF and IF treatments with mulching on day 900. 325 

Notably, the presence of living roots could be also a key factor affecting experimental 326 

conclusions (Maillard et al., 2021). Living roots regulate the turnover of microbial 327 

necromass by both releasing labile organic C substrate (root exudates) and competing 328 

N with microorganisms (Canarini et al., 2019; Sokol et al., 2019). Root exudates also 329 

selectively promote the growth of fungi and bacteria by changing their chemical 330 

composition (Canarini et al., 2019; Hartmann et al., 2009), thereby affecting the 331 

source of microbial necromass. Considering that MNC exhibits complex responses to 332 

living roots, simultaneous changes in the rhizosphere under mulching and fertilization 333 

might confound the effects of mulching and fertilization on MNC dynamics. 334 

Therefore, we excluded the effect factor of living roots and focused on the effect 335 

factors of mulching and fertilization on MNC dynamics in the no plant root system. 336 

Future research should also deeply evaluate these effects under the actual field 337 

systems. 338 
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Mulching decreased the contribution of BNC to SOC on day 900 regardless of 339 

fertilization (Table 1), indicating that bacterial necromass had a strong sensitivity to 340 

plastic film mulching. This result was consistent with our second hypothesis. The 341 

decrease in the BNC accumulation could be attributed to substrate limitation under 342 

long-term mulching condition, because bacterial necromass actively regulates the 343 

stoichiometric balance of microbial C and N (Hai et al., 2015; Hu et al., 2020; Lee et 344 

al., 2019; Shao et al., 2019). This was also supported by our result that the proportion 345 

of BNC in SOC was positively correlated with the contents of MBC, EOC, and POC 346 

(Fig. 3). Although mulching decreased BNC accumulation, it increased the FNC 347 

content and its proportion in SOC under the MF treatment on day 900 (Fig. 2). The 348 

results of our study showed that the contribution of FNC to SOC (25%–31%) was 349 

nearly two times more than that of BNC to SOC (6.1%–15%) (Table 1), indicating 350 

that FNC was the major contributor to SOC sequestration over BNC. Therefore, 351 

mulching maintained SOC content through FNC accumulation under the MF 352 

treatment on day 900 (Fig.1, Fig. 2, and Table 1). 353 

5 Conclusions 354 

Fertilization and mulching had interactive effects on microbial necromass carbon 355 

accumulation. Manure application with/without mulching increased soil organic 356 

carbon sequestration compared with the other four treatments, this was attributed that 357 

the high contents of particulate organic carbon and microbial biomass carbon led to 358 

microbial necromass carbon accumulation, especially as bacterial necromass carbon. 359 

Mulching decreased microbial necromass carbon accumulation under the no fertilizer 360 
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and the application of inorganic fertilizer treatments on day 900. Although mulching 361 

had no significant effect on the microbial necromass carbon content and its 362 

contribution to soil organic carbon under the manure application, it promoted fungal 363 

necromass carbon accumulation, contributing to maintaining soil organic carbon 364 

content on day 900. Moreover, mulching decreased bacterial contribution to soil 365 

organic carbon regardless of fertilization on day 900. The proportion of bacterial 366 

necromass carbon in soil organic carbon was regulated by labile organic carbon 367 

substrates. Therefore, manure application combined with mulching maintained soil 368 

organic carbon through fungal necromass carbon accumulation in soils with crop 369 

removal. The dynamics of microbial necromass carbon under fertilization combined 370 

with plastic film mulching should be further explored in the actual field systems. 371 

Acknowledgements 372 

This work was supported by the National Natural Science Foundation of China 373 

(Grant No. 41771328); the National Key Research and Development Program of 374 

China (No. 2021YFD1500205); the Strategic Priority Research Program of the 375 

Chinese Academy of Sciences (Grant No. XDA28090100); and the Science Project of 376 

Liaoning Province (Grant No. 2020JH2/10200034). 377 

References 378 

Amare, G. & Desta, B. (2021). Coloured plastic mulches: impact on soil properties 379 

and crop productivity. Chemical and Biological Technologies in Agriculture, 8, 4. 380 

https://doi.org/10.1186/s40538-020-00201-8 381 

Appuhn, A., & Joergensen, R.G. (2006). Microbial colonisation of roots as a function 382 



20 

of plant species. Soil Biology and Biochemistry, 38, 1040–1051. 383 

https://doi.org/10.1016/j.soilbio.2005.09.002 384 

Bartuška, M., Pawlett, M., & Frouz, J. (2015). Particulate organic carbon at reclaimed 385 

and unreclaimed post-mining soils and its microbial community composition. 386 

Catena, 131, 92–98. https://doi.org/10.1016/j.catena.2015.03.019 387 

Bradford, M.A., Wieder, W.R., Bonan, G.B., Fierer, N., Raymond, P.A. & Crowther, 388 

T.W. (2016). Managing uncertainty in soil carbon feedbacks to climate change. 389 

Nature Climate Change, 6, 751–758. https://doi.org/10.1038/nclimate3071 390 

Buckeridge, K.M., Creamer, C., & Whitaker, J. (2022). Deconstructing the microbial 391 

necromass continuum to inform soil carbon sequestration. Functional Ecology, 392 

36, 1396–1410. https://doi.org/10.1111/1365-2435.14014 393 

Burney, J.A., Davis, S.J., & Lobell, D.B. (2010). Greenhouse gas mitigation by 394 

agricultural intensification. Proceedings of the National Academy of Sciences of 395 

the United States of America, 107, 12052–12057. 396 

https://doi.org/10.1073/pnas.0914216107 397 

Cambardella, C.A., & Elliott, E.T. (1992). Particulate soil organic-matter changes 398 

across a grassland cultivation sequence. Soil Science Society of America Journal, 399 

56, 777–783. https://doi.org/10.2136/sssaj1992.03615995005600030017x 400 

Canarini, A., Kaiser, C., Merchant, A., Richter, A. & Wanek, W. (2019). Root 401 

exudation of primary metabolites: mechanisms and their roles in plant responses 402 

to environmental stimuli. Frontiers in Plant Science, 10, 157. 403 

https://doi.org/10.3389/fpls.2019.00157 404 



21 

Coonan, E.C., Kirkby, C.A., Kirkegaard, J.A., Amidy, M.R., Strong, C.L., & 405 

Richardson, A.E. (2020). Microorganisms and nutrient stoichiometry as 406 

mediators of soil organic matter dynamics. Nutrient Cycling in Agroecosystems, 407 

117, 273–298. https://doi.org/10.1007/s10705-020-10076-8 408 

Das, S., Liptzin, D., & Maharjan, B. (2023). Long-term manure application improves 409 

soil health and stabilizes carbon in continuous maize production system. 410 

Geoderma, 430, 116338. https://doi.org/10.1016/j.geoderma.2023.116338 411 

Engelking, B., Flessa, H. & Joergensen, R.G. (2007). Shifts in amino sugar and 412 

ergosterol contents after addition of sucrose and cellulose to soil. Soil Biology 413 

and Biochemistry, 39, 2111–2118. https://doi.org/10.1016/j.soilbio.2007.03.020 414 

Feng, X.J., & Wang, S.M. (2023). Plant influences on soil microbial carbon pump 415 

efficiency. Global Change Biology. 29, 3854–3856. 416 

https://doi.org/10.1111/gcb.16728 417 

Fernandez, C.W., Heckman, K., Kolka, R., & Kennedy, P.G. (2019). Melanin 418 

mitigates the accelerated decay of mycorrhizal necromass with peatland warming. 419 

Ecology Letters, 22, 498–505. https://doi.org/10.1111/ele.13209 420 

Ge, Z., Li, S.Y., Bol, R., Zhu, P., Peng, C., An, T.T., Cheng, N., Liu, X., Li, T.Y., Xu, 421 

Z.Q., & Wang, J.K. (2021). Differential long-term fertilization alters residue-422 

derived labile organic carbon fractions and microbial community during straw 423 

residue decomposition. Soil and Tillage Research, 213, 105120. 424 

https://doi.org/10.1016/j.still.2021.105120 425 

Grosso, F., Baath, E., & De Nicola, F. (2016). Bacterial and fungal growth on 426 



22 

different plant litter in Mediterranean soils: Effects of C/N ratio and soil pH. 427 

Applied Soil Ecology, 108, 1–7. https://doi.org/10.1016/j.apsoil.2016.07.020 428 

Hai, L., Li, X.G., Liu, X.E., Jiang, X.J., Guo, R.Y., Jing, G.B., Rengel, Z., & Li, F.M. 429 

(2015). Plastic Mulch Stimulates Nitrogen Mineralization in Urea-Amended 430 

Soils in a Semiarid Environment. Agronomy Journal, 107, 921–930. 431 

https://doi.org/10.2134/agronj14.0538 432 

Hartmann, A., Schmid, M., van Tuinen, D. & Berg, G. (2009). Plant-driven selection 433 

of microbes. Plant and Soil, 321, 235–257. https://doi.org/10.1007/s11104-008-434 

9814-y 435 

Haynes, R.J. 2005. Labile organic matter fractions as central components of the 436 

quality of agricultural soils: an overview. Advances in Agronomy, 85, 221–268. 437 

https://doi.org/10.1016/S0065-2113(04)85005-3 438 

Hu, J.X., Huang, C.D., Zhou, S.X., Liu, X., & Dijkstra, F.A. (2022). Nitrogen addition 439 

increases microbial necromass in croplands and bacterial necromass in forests: A 440 

global meta-analysis. Soil Biology and Biochemistry, 165, 108500. 441 

https://doi.org/10.1016/j.soilbio.2021.108500. 442 

Hu, Y.T., Zheng, Q., Noll, L., Zhang, S.S., & Wanek, W. (2020). Direct measurement 443 

of the in situ decomposition of microbial-derived soil organic matter. Soil 444 

Biology and Biochemistry, 141, 107660. 445 

https://doi.org/10.1016/j.soilbio.2019.107660 446 

Hwang, H.Y., Cuello, J., Kim, S.Y., Lee, J.G., & Kim, P.J. (2020). Green manure 447 

application accelerates soil organic carbon stock loss under plastic film mulching. 448 



23 

Nutrient Cycling in Agroecosystems, 116, 257–269. 449 

https://doi.org/10.1007/s10705-019-10042-z 450 

Jia, R., Zhou, J., Chu, J.C., Shahbaz, M., Yang, Y.D., Jones, D.L., Zang, H.D., Razavi, 451 

B.S. & Zeng, Z.H. (2022). Insights into the associations between soil quality and 452 

ecosystem multifunctionality driven by fertilization management: A case study 453 

from the North China Plain. Journal of Cleaner Production, 362, 132265. 454 

https://doi.org/10.1016/j.jclepro.2022.132265 455 

Joergensen, R.G. (2018). Amino sugars as specific indices for fungal and bacterial 456 

residues in soil. Biology and Fertility of Soils, 54, 559–568. 457 

https://doi.org/10.1007/s00374-018-1288-3 458 

Kader, M.A., Senge, M., Mojid, M.A., & Ito, K. (2017). Recent advances in mulching 459 

materials and methods for modifying soil environment. Soil and Tillage Research, 460 

168, 155–166. https://doi.org/10.1016/j.still.2017.01.001 461 

Kasirajan, S., & Ngouajio, M. (2012). Polyethylene and biodegradable mulches for 462 

agricultural applications: a review. Agronomy for Sustainable Development, 32, 463 

501–529. https://doi./10.1007/s13593-012-0132-7 464 

Kastner, M., Miltner, A., Thiele-Bruhn, S., & Liang, C. (2021). Microbial necromass 465 

in soils-linking microbes to soil processes and carbon turnover. Frontiers in 466 

Environmental Science, 9, 756378. https://doi.org/10.3389/fenvs.2021.756378 467 

Kopittke, P.M., Menzies, N.W., Wang, P., McKenna, B.A., & Lombi, E. (2019). Soil 468 

and the intensification of agriculture for global food security. Environment 469 

International, 132, 105078. https://doi.org/10.1016/j.envint.2019.105078 470 



24 

Kracmarova, M., Uhlik, O., Strejcek, M., Szakova, J., Cerny, J., Balik, J., Tlustos, P., 471 

Kohout, P., Demnerova, K., & Stiborova, H. (2022). Soil microbial communities 472 

following 20 years of fertilization and crop rotation practices in the Czech 473 

Republic. Environmental Microbiome, 17, 13. https://doi.org/10.1186/s40793-474 

022-00406-4 475 

Lal, R. (2004). Soil carbon sequestration to mitigate climate change. Geoderma, 123, 476 

1–22. https://doi.org/10.1016/j.geoderma.2004.01.032 477 

Lal, R. (2018). Digging deeper: A holistic perspective of factors affecting soil organic 478 

carbon sequestration in agroecosystems. Global Change Biology, 24, 3285–3301. 479 

https://doi.org/10.1111/gcb.14054 480 

Lavallee, J.M., Soong, J.L., & Cotrufo, M.F. (2020). Conceptualizing soil organic 481 

matter into particulate and mineral‐associated forms to address global change in 482 

the 21st century. Global Change Biology, 26, 261–273. 483 

https://doi.org/10.1111/gcb.14859 484 

Lee, J.G., Chae, H.G., Cho, S.R., Song, H.J., Kim, P.J., & Jeong, S.T. (2021). Impact 485 

of plastic film mulching on global warming in entire chemical and organic 486 

cropping systems: Life cycle assessment. Journal of Cleaner Production, 308, 487 

127256. https://doi.org/10.1016/j.jclepro.2021.127256 488 

Lee, J.G., Hwang, H.Y., Park, M.H., Lee, C.H., & Kim, P.J. (2019). Depletion of soil 489 

organic carbon stocks are larger under plastic film mulching for maize. European 490 

Journal of Soil Science, 70, 807–818. https://doi.org/10.1111/ejss.12757 491 

Li, J., Zhang, X.C., Luo, J.F., Lindsey, S., Zhou, F., Xie, H.T., Li, Y., Zhu, P., Wang, 492 



25 

L.C., Shi, Y.L., He, H.B., & Zhang, X.D. (2020). Differential accumulation of 493 

microbial necromass and plant lignin in synthetic versus organic fertilizer-494 

amended soil. Soil Biology and Biochemistry, 149, 107967. 495 

https://doi.org/10.1016/j.soilbio.2020.107967 496 

Li, Y.Z., Hu, Y.C., Song, D.P., Liang, S.H., Qin, X.L., & Siddique, K.H.M. (2021). 497 

The effects of straw incorporation with plastic film mulch on soil properties and 498 

bacterial community structure on the loess plateau. European Journal of Soil 499 

Science, 72, 979–994. https://doi.org/10.1111/ejss.12912 500 

Li, Y.Z., Xie, H.X., Ren, Z.H., Ding, Y.P., Long, M., Zhang, G.X., Qin, X.L., Siddique, 501 

K.H.M., & Liao, Y.C. (2022). Response of soil microbial community parameters 502 

to plastic film mulch: A meta-analysis. Geoderma, 418, 115851. 503 

https://doi.org/10.1016/j.geoderma.2022.115851 504 

Liang, C., Amelung, W., Lehmann, J., & Kastner, M. (2019). Quantitative assessment 505 

of microbial necromass contribution to soil organic matter. Global Change 506 

Biology, 25, 3578–3590. https://doi.org/10.1111/gcb.14781 507 

Liang, C., Schimel, J.P., & Jastrow, J.D. (2017). The importance of anabolism in 508 

microbial control over soil carbon storage. Nature Microbiology, 2, 17105. 509 

https://doi.org/10.1038/nmicrobiol.2017.105 510 

Liu, S.B., Wang, J.Y., Pu, S.Y., Blagodatskaya, E., Kuzyakov, Y., & Razavi, B.S. 511 

(2020). Impact of manure on soil biochemical properties: A global synthesis. 512 

Science of the Total Environment, 745, 141003. 513 

https://doi.org/10.1016/j.scitotenv.2020.141003 514 



26 

Luan, H., Zhang, X., Liu, Y., Huang, S., Chen, J., Guo, T., Liu, Y., Guo, S., & Qi, G. 515 

(2022). The microbial-driven C dynamics within soil aggregates in walnut 516 

orchards of different ages based on microbial biomarkers analysis. Catena, 211, 517 

105999. https://doi.org/10.1016/j.catena.2021.105999 518 

Ma, Q.J., Li, X.G., Song, W.Y., Jia, B., Zhang, Q., Lin, L., & Li, F.M. (2018). Plastic-519 

film mulch and fertilization rate affect the fate of urea-15 N in maize production. 520 

Nutrient Cycling in Agroecosystems, 112, 403–416. 521 

https://doi.org/10.1007/s10705-018-9955-1 522 

Maillard, F., Schilling, J., Andrews, E., Schreiner, K.M., & Kennedy, P. (2020). 523 

Functional convergence in the decomposition of fungal necromass in soil and 524 

wood. Fems Microbiology Ecology, 96, fiz209. 525 

https://doi.org/10.1093/femsec/fiz209 526 

Manzoni, S., Schaeffer, S.M., Katul, G., Porporato, A., & Schimel, J.P. (2014). A 527 

theoretical analysis of microbial eco-physiological and diffusion limitations to 528 

carbon cycling in drying soils. Soil Biology and Biochemistry, 73, 69–83. 529 

https://doi.org/10.1016/j.soilbio.2014.02.008 530 

Marschner, P., Kandeler, E., & Marschner, B. (2003). Structure and function of the 531 

soil microbial community in a long-term fertilizer experiment. Soil Biology and 532 

Biochemistry, 35, 453–461. https://doi.org/10.1016/S0038-0717(02)00297-3 533 

Marschner, P., Umar, S., & Baumann, K. (2011). The microbial community 534 

composition changes rapidly in the early stages of decomposition of wheat 535 

residue. Soil Biology and Biochemistry, 43, 445–451. 536 



27 

https://doi.org/10.1016/j.soilbio.2010.11.015 537 

Meier, I.C., Finzi, A.C., & Phillips, R.P. (2017). Root exudates increase N availability 538 

by stimulating microbial turnover of fast-cycling N pools. Soil Biology and 539 

Biochemistry, 106, 119–128. https://doi.org/10.1016/j.soilbio.2016.12.004 540 

Mooninta, S., Poompradub, S. & Prasassarakich, P. (2020). Packaging film of 541 

PP/LDPE/PLA/clay composite: physical, barrier and degradable properties. 542 

Journal of Polymers and the Environment, 28, 3116–3128. 543 

https://doi.org/10.1007/s10924-020-01840-6 544 

Mustafa, A., Xu, M.G., Shah, S.A.A., Abrar, M.M., Sun, N., Wang, B.R., Cai, Z.J., 545 

Saeed, Q., Naveed, M., Mehmood, K. & Nunez-Delgado, A. (2020). Soil 546 

aggregation and soil aggregate stability regulate organic carbon and nitrogen 547 

storage in a red soil of southern China. Journal of Environmental Management, 548 

270, 110894. https://doi.org/10.1016/j.jenvman.2020.110894 549 

Rocci, K.S., Lavallee, J.M., Stewart, C.E., & Cotrufo, M.F. (2021). Soil organic 550 

carbon response to global environmental change depends on its distribution 551 

between mineral-associated and particulate organic matter: A meta-analysis. 552 

Science of the Total Environment, 793, 148569. 553 

https://doi.org/10.1016/j.scitotenv.2021.148569 554 

Salas, E., Gorfer, M., Bandian, D., Eichorst, S.A., Schmidt, H., Horak, J., Simon, K.-555 

M.R., Schleper, C., Reischl, B. & Pribasnig, T. (2023). Reevaluation and novel 556 

insights into amino sugar and neutral sugar necromass biomarkers in archaea, 557 

bacteria, fungi, and plants. Science of the Total Environment, 906, 167463. 558 



28 

https://doi.org/10.1016/j.scitotenv.2023.167463 559 

Schaeffer, S.M., Sharp, E., Schimel, J.P., & Welker, J.M. (2013). Soil-plant N 560 

processes in a High Arctic ecosystem, NW Greenland are altered by long-term 561 

experimental warming and higher rainfall. Global Change Biology, 19, 3529–562 

3539. https://doi.org/10.1111/gcb.12318 563 

Schmidhuber, J., & Tubiello, F.N. (2007). Global food security under climate change. 564 

Proceedings of the National Academy of Sciences of the United States of America, 565 

104, 19703–19708. https://doi.org/10.1073/pnas.0701976104 566 

Schmidt, J., Fester, T., Schulz, E., Michalzik, B., Buscot, F., & Gutknecht, J. (2017). 567 

Effects of plant-symbiotic relationships on the living soil microbial community 568 

and microbial necromass in a long-term agro-ecosystem. Science of the Total 569 

Environment, 581, 756–765. http://doi:10.1016/j.scitotenv.2017.01.005. 570 

Semenov, M.V., Krasnov, G.S., Semenov, V.M., Ksenofontova, N., Zinyakova, N.B., 571 

& van Bruggen, A.H. (2021). Does fresh farmyard manure introduce surviving 572 

microbes into soil or activate soil-borne microbiota? Journal of Environmental 573 

Management, 294, 113018. https://doi.org/10.1016/j.jenvman.2021.113018 574 

Shao, P.S., Liang, C., Lynch, L., Xie, H.T., & Bao, X.L. (2019). Reforestation 575 

accelerates soil organic carbon accumulation: Evidence from microbial 576 

biomarkers. Soil Biology and Biochemistry, 131, 182–190. 577 

https://doi.org/10.1016/j.soilbio.2019.01.012 578 

Shen, H., Wang, B., Jiao, Y., Zhang, X., Zhang, Q. & Xiong, Z. (2023). Bacteria are 579 

more sensitive than fungi to soil fertility in an intensive vegetable field. Applied 580 



29 

Soil Ecology, 190, 105003. https://doi.org/10.1016/j.apsoil.2023.105003 581 

Skadell, L.E., Schneider, F., Gocke, M.I., Guigue, J., Amelung, W., Bauke, S.L., 582 

Hobley, E.U., Barkusky, D., Honermeier, B., Kogel-Knabner, I., Schmidhalter, 583 

U., Schweitzer, K., Seidel, S.J., Siebert, S., Sommer, M., Vaziritabar, Y. & Don, 584 

A. (2023). Twenty percent of agricultural management effects on organic carbon 585 

stocks occur in subsoils-Results of ten long-term experiments. Agriculture 586 

Ecosystems and Environment, 356, 108619. 587 

https://doi.org/10.1016/j.agee.2023.108619 588 

Soares, M., Kritzberg, E.S., & Rousk, J. (2017). Labile carbon 'primes' fungal use of 589 

nitrogen from submerged leaf litter. Fems Microbiology Ecology, 93, fix110. 590 

https://doi.org/10.1093/femsec/fix110 591 

Sokol, N.W., Kuebbing, S.E., Karlsen-Ayala, E. & Bradford, M.A. (2019). Evidence 592 

for the primacy of living root inputs, not root or shoot litter, in forming soil 593 

organic carbon. New Phytologist, 221, 233–246. 594 

https://doi.org/10.1111/nph.15361 595 

Sokol, N.W., Slessarev, E., Marschmann, G.L., Nicolas, A., Blazewicz, S.J., Brodie, 596 

E.L., Firestone, M.K., Foley, M.M., Hestrin, R., Hungate, B.A., Koch, B.J., 597 

Stone, B.W., Sullivan, M.B., Zablocki, O., Pett-Ridge, J., & Consortium, L.S.M. 598 

(2022). Life and death in the soil microbiome: how ecological processes 599 

influence biogeochemistry. Nature Reviews Microbiology, 20, 415–430. 600 

https://doi.org/10.1038/s41579-022-00695-z 601 

Steinmetz, Z., Wollmann, C., Schaefer, M., Buchmann, C., David, J., Troeger, J., 602 



30 

Munoz, K., Fror, O., & Schaumann, G.E. (2016). Plastic mulching in agriculture. 603 

Trading short-term agronomic benefits for long-term soil degradation? Science of 604 

the Total Environment, 550, 690–705. 605 

https://doi.org/10.1016/j.scitotenv.2016.01.153 606 

van der Bom, F., Magid, J., & Jensen, L.S. (2019). Long-term fertilisation strategies 607 

and form affect nutrient budgets and soil test values, soil carbon retention and 608 

crop yield resilience. Plant and Soil, 434, 47–64. https://doi.org/10.1007/s11104-609 

018-3754-y 610 

van Dijk, M., Morley, T., Rau, M.L., & Saghai, Y. (2021). A meta-analysis of 611 

projected global food demand and population at risk of hunger for the period 612 

2010-2050. Nature Food, 2, 494–501. https://doi.org/10.1038/s43016-021-613 

00322-9 614 

Vance, E.D., Brookes, P.C., & Jenkinson, D.S. (1987). An extraction method for 615 

measure microbial biomass C. Soil Biology and Biochemistry, 19, 703–707. 616 

https://doi.org/10.1016/0038-0717(87)90052-6 617 

Wang, B.R., An, S.S., Liang, C., Liu, Y., & Kuzyakov, Y. (2021). Microbial necromass 618 

as the source of soil organic carbon in global ecosystems. Soil Biology and 619 

Biochemistry, 162, 105622. https://doi.org/10.1016/j.catena.2021.105622 620 

Wei, M., Hu, G., Wang, H., Bai, E., Lou, Y., Zhang, A. & Zhuge, Y. (2017). 35 years 621 

of manure and chemical fertilizer application alters soil microbial community 622 

composition in a Fluvo-aquic soil in Northern China. European Journal of Soil 623 

Biology, 82, 27–34. https://doi.org/10.1016/j.ejsobi.2017.08.002 624 



31 

Zhang, X.D., & Amelung, W. (1996). Gas chromatographic determination of muramic 625 

acid, glucosamine, mannosamine, and galactosamine in soils. Soil Biology and 626 

Biochemistry, 28, 1201–1206. https://doi.org/10.1016/0038-0717(96)00117-4 627 

Zhang, X.Y., Jia, J., Chen, L.T., Chu, H.Y., He, J.S., Zhang, Y.J., & Feng, X.J. (2021a). 628 

Aridity and NPP constrain contribution of microbial necromass to soil organic 629 

carbon in the Qinghai-Tibet alpine grasslands. Soil Biology and Biochemistry, 630 

156, 108213. https://doi.org/10.1016/j.soilbio.2021.108213 631 

Zhang, Y., Shengzhe, E., Wang, Y.A., Su, S.M., Bai, L.Y., Wu, C.X., & Zeng, X.B. 632 

(2021b). Long-term manure application enhances the stability of aggregates and 633 

aggregate-associated carbon by regulating soil physicochemical characteristics. 634 

Catena, 203, 105342. https://doi.org/10.1016/j.catena.2021.105342 635 

Zhou, R.R., Liu, Y., Dungait, J.A.J., Kumar, A., Wang, J.S., Tiemann, L.K., Zhang, 636 

F.S., Kuzyakov, Y., & Tian, J. (2023). Microbial necromass in cropland soils: A 637 

global meta-analysis of management effects. Global Change Biology, 29, 1998–638 

2014. https://doi.org/10.1111/gcb.16613 639 



Table 1. The MNC/SOC, FNC/SOC, and BNC/SOC proportions and the MNC/MBC ratio under the fertilization treatments with/without plastic film mulching

Fertilization

treatment

No-mulching/

mulching

MNC/SOC (%) FNC/SOC (%) BNC/SOC (%) MNC/MBC

Day 150 Day 360 Day 900 Day 150 Day 360 Day 900 Day 150 Day 360 Day 900 Day 150 Day 360 Day 900

NF
No-mulching 33.7±0.3e 33.4±0.6d 32.4±0.1d 25.6±0.4b 25.6±0.3d 25.1±0.2c 8.1±0.1d 7.8±0.3d 7.3±0.1e 20.9±1.8b 19±0.1c 21.3±0.4b

Mulching 34.9±0.7d 34.2±1.1d 30.7±0.4e 26.2±0.6b 26.2±1.0cd 24.6±0.3c 8.7±0.2d 8.0±0.4d 6.1±0.1f 14.8±0.3c 16.2±0.4e 21.5±0.3b

IF
No-mulching 37.0±0.2c 38.7±0.9c 40.6±0.5b 25.7±0.3b 27.4±1.1bcd 30.0±0.6a 11.3±0.1c 11.3±0.3bc 10.6±0.1c 23.5±0.3ab 18.8±0.3c 20±0.9b

Mulching 41.6±0.4b 41.5±0.2ab 38.2±0.4c 29.7±0.6a 30.8±0.2a 28.8±0.5b 12.0±0.2c 10.7±0.1c 9.4±0.1d 17.2±0.5c 17.3±0.2d 20.5±1b

MF
No-mulching 42.0±0.5b 39.7±0.3bc 42.4±0.6a 28.6±0.1a 27.8±0.8bc 28.6±0.5b 13.3±0.6b 11.8±0.6b 13.7±0.1a 24.5±1.2a 24.8±0.2a 29±0.6a

Mulching 43.9±0.3a 43.2±0.6a 41.8±0.5ab 29.2±0.4a 29.0±0.7ab 29.9±0.3a 14.7±0.3a 14.3±0.0a 11.8±0.3b 22.6±0.4ab 23.6±0.2b 29.3±0.5a

Two-way analysis of variance

Fertilization (F) ** ** ** ** ** ** ** ** ** ** ** **

Mulching (M) ** ** ** ** ** ns ** ** ** ** ** ns

F×M ** * * ** * ** ns ** ** ** ** ns

MNC/SOC: the proportion of microbial necromass carbon (MNC) in soil organic carbon (SOC); FNC/SOC: the proportion of fungal necromass carbon in SOC; BNC/SOC: the proportion of

bacterial necromass carbon in SOC; MNC/SOC: the ratio of MNC to microbial biomass carbon. “**”, “*”, and “ns” indicate significant levels at P<0.01, P<0.05, and P>0.05, respectively. NF,

IF, and MF denote treatments of no fertilization, inorganic fertilization, and manure, respectively. Values are mean ± standard errors (n=3). Different lowercase letters show significant differences

(P < 0.05) among the treatments.



Fig. 1. The contents of soil organic carbon, extractable organic carbon, microbial biomass carbon, and particulate

organic carbon under the fertilization treatments with/without plastic film mulching. NF, IF, and MF denote

treatments of no fertilization, inorganic fertilization, and manure, respectively. Error bars indicate standard errors (n=3).

Different lowercase letters show significant differences (P<0.05) among the treatments. The P values behind

‘fertilization (F)’, ‘mulching (M)’, and ‘F×  M’ show the effects of fertilization, mulching, and their interactions

on the contents of soil organic carbon, extractable organic carbon, microbial biomass carbon, and particulate organic

carbon.
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Fig. 2. The contents of microbial, fungal, and bacterial necromass carbon under the fertilization

treatments with/without plastic film mulching. NF, IF, and MF denote treatments of no fertilization,

inorganic fertilization, and manure, respectively. Error bars indicate standard errors (n=3). Different

lowercase letters show significant differences (P<0.05) among the treatments. The P values behind

‘fertilization (F)’, ‘mulching (M)’, and ‘F× M’ show the effects of fertilization, mulching, and their

interactions on the contents of microbial, fungal, and bacterial necromass carbon.
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Fig. 3. The correlations between microbial necromass carbon (MNC) and soil organic carbon (SOC) fractions. FNC: 

fungal necromass carbon (C), BNC: bacterial necromass C, MNC/SOC: the proportion of MNC in SOC; FNC/SOC: 

the proportion of FNC in SOC; BNC/SOC: the proportion of BNC in SOC; EOC: extractable organic C, MBC: 

microbial biomass C, POC: particulate organic C. The size of the circles represents the magnitude of correlations. 

“**”, “*”, and “ns” indicate significant levels at P<0.01, P<0.05, and P>0.05, respectively.



Table S1 The application rates of fertilizer in different treatments

Fertilization

treatment

Urea

(N ha−1 yr−1)

Superphosphate

(P2O5 ha−1 yr−1)

Potassium chloride

(K2O ha−1 yr−1)

Pig manure

(N ha−1 yr−1)

NF 0.0 0.0 0.0 0.0

IF 165.0 82.5 82.5 0.0

MF 50.0 82.5 82.5 115.0

NF, IF, and MF denote treatments of no fertilization, inorganic fertilization, and manure, respectively.



Table S2 Basic soil properties of the tested soil in 2018

Fertilization

treatment

Soil organic carbon

(g kg−1)

Total nitrogen

(g kg−1)
C/N

Available

phosphorus

(mg kg−1)

Available

potassium

(mg kg−1)

pH (H2O)

NF 15.0±0.2 b 1.42±0.05 c 10.6±0.3 a 15.2±0.6 c 65.1±2.8 c 7.8±0.1 a

IF 14.9±0.2 b 1.55±0.01 b 9.7±0.1 b 20.5±0.8 b 82.4±2.5 b 5.8±0.1 c

MF 25.2±0.3 a 2.59±0.04 a 9.7±0.1 b 80.1±2.0 a 138.3±3.3 a 7.2±0.1 b

C/N: the ratio of soil organic carbon to total nitrogen. NF, IF, and MF denote treatments of no fertilization, inorganic

fertilization, and manure, respectively. Different lowercase letters show significant differences (P < 0.05) among the

treatments. Values are mean ± standard errors (n=3).



Table S3. Effect of fertilization combined with plastic film mulching on the total nitrogen content, the C/N ratio

and soil water content

C/N: the ratio of soil organic carbon to total nitrogen. NF, IF, and MF denote treatments of no fertilization, inorganic

fertilization, and manure, respectively. Values are mean ± standard errors (n=3). Different lowercase letters show

significant differences (P < 0.05) among the treatments. “**”, “*”, and “ns” indicate significant levels at P<0.01,

P<0.05, and P>0.05, respectively.

Fertilization

treatment

No-mulching/

mulching

Total nitrogen (g kg-1) C/N Soil water content (%)

Day 150 Day 360 Day 900 Day 150 Day 360 Day 900 Day 150 Day 360 Day 900

NF
No-mulching 1.43±0.01d 1.41±0.01e 1.42±0.02c 10±0.1a 10.5±0.0a 10.4±0.1a 24.7±0.5d 20.0±0.4d 25.6±0.6b

Mulching 1.45±0.01d 1.51±0.01c 1.44±0.03c 10±0.1a 9.8±0.1c 9.9±0.1b 25.7±0.7c 23.6±0.5b 25.1±0.0b

IF
No-mulching 1.53±0.03c 1.49±0.02cd 1.47±0.00c 9.3±0.1b 9.7±0.1c 9.6±0.0b 24.5±0.1d 20.7±0.1d 25.0±0.1b

Mulching 1.54±0.01c 1.48±0.01d 1.43±0.02c 9.5±0.0b 9.8±0.1c 9.6±0.1b 25.9±0.2c 22.1±0.7c 25.8±0.3b

MF
No-mulching 2.39±0.00b 2.39±0.00b 2.41±0.01a 10.1±0.0a 10.3±0.0b 9.8±0.1b 29.3±0.1b 24.4±0.0b 27.9±0.9a

Mulching 2.48±0.06a 2.44±0.01a 2.26±0.06b 9.9±0.2a 9.9±0.0c 10.5±0.2a 30.8±0.3a 28.1±0.0a 28.9±0.8a

Two-way analysis of variance

Fertilization (F) ** ** ** ** ** ** ** ** **

Mulching (M) * ** ** ns ** ns ** ** ns

F×M ns ** ** * ** ** ns ** ns



Amino sugars analysis

The weighed soil aggregate samples (<0.15 mm) were hydrolyzed with 6 mol L-1 HCl solution. The

hydrolysates were filtered, dried with N2 gas, and re-dissolved with deionized water. After adjusting the pH to 6.6–

6.8, the samples were centrifuged and freeze-dried. Amino sugars were extracted from freeze-dried supernatants

using methanol. The recovered amino sugars were then transformed into aldononitrile derivatives by reaction with

hydroxylamine hydrochloride, 4-dimethylamino-pyridine, and acetic anhydride. Dichloromethane and HCl were

sequentially added to the mixture. Finally, excess anhydride was removed using 1 mol L-1 HCl and deionized water.

After drying the extracts using an N2 stream, the amino sugar derivatives were re-dissolved with hexane-ethyl acetate

(1:1) and quantified using an Agilent 7890B gas chromatograph (Agilent Technologies, California, USA) equipped

with an HP-5 column (30 m length, 0.25 mm diameter, and 0.25 μm thickness) and a flame ionization detector.


