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Abstract: Soil necromass carbon (C) has significant potential for C sequestration in com- 12 

bination with minerals. Warming and nitrogen (N) deposition affect necromass C; how- 13 

ever, these effects vary greatly across different climate conditions, ecosystem types, and 14 

soil properties. However, the ways in which regional specificity affects the consequences 15 

of climate change on necromass C are still unknown. To address this, we synthesized 197 16 

paired observations from 50 climate change studies to investigate these effects in China. 17 

Our results indicate that warming and N addition significantly increase necromass C ac- 18 

cumulation by 17.26% and 8.5%, respectively. Warming strongly promotes necromass C 19 

sequestration, particularly in croplands, cool and semiarid regions, and areas with high 20 

soil organic carbon (SOC) content and loam soils. This study emphasizes the intricate in- 21 

terplay between climate change and necromass carbon (C) across diverse climate scenar- 22 

ios, ecosystem categories, and soil characteristics. It reveals that nitrogen (N) addition en- 23 

hances necromass C accumulation under all climate conditions, with particularly notable 24 

effects in croplands, forests, soils rich in soil organic carbon (SOC), and those with clay or 25 

clay - loam textures. These findings offer vital perspectives on how climate change can 26 

impact the storage and turnover of necromass C.  27 

Keywords: Microbial necromass carbon;Soil organic carbon;Climate change;Warming; 28 

N addition 29 

1. Introduction 30 

The stability and function of terrestrial ecosystems are greatly affected by climate 31 

change. Warming and nitrogen deposition are two relatively key influencing factors (Hu 32 

et al., 2023a; Luo et al., 2020a; Mou et al., 2021). According to the relevant content of the 33 

6th phase of the coupled model comparison project, the middle and low latitude regions 34 

are more vulnerable to climate warming and increased nitrogen deposition, among 35 

which the situation in China is particularly fragile (Ferraro et al., 2015; Pohlmann et al., 36 

2019; Simpkins, 2017). Although China's land area accounts for only 6.5% of the world's 37 

total land area, its soil organic carbon accounts for 10% to 31% of the world's total (Piao 38 

et al., 2022). Due to climate change, China may lose organic carbon faster than other 39 
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regions (Luo et al., 2020a). Nitrogen and temperature will have certain impacts on soil 40 

microorganisms and the growth of plants. Plants and microorganisms are very crucial 41 

for the storage of organic carbon (Mou et al., 2021). More nitrogen deposition and global 42 

warming will alter the dynamics of organic carbon. It may cause changes in carbon stor- 43 

age and have an impact on ecosystem functions (Mou et al., 2021; Luo et al., 2020b). 44 

The formation of soil organic matter is more influenced by the anabolic metabolism of 45 

microorganisms than by plant-derived substances (Liang and Balser, 2012; Xiao et al., 46 

2023). In 2018, researchers such as Shao discovered that in the soil, microbial necrotic 47 

carbon (C) accounts for 10% - 50% of soil organic carbon. When these microbial necrotic 48 

carbon (C) combine with soil minerals, It is even less likely to be decomposed. Glucosa- 49 

mine is derived from the cell walls of bacteria, and lactic acid bactericic acid is derived 50 

from the cell walls of fungi. Both are regarded as markers of carbon (C) sources in micro- 51 

bial necrotic blocks (Tian et al., 2021; Zhou et al., 2023). 52 

Concern over the potential effects of climate change on microbial necrotic mass C has 53 

grown in recent years (Liang and Balser, 2012; Luo et al., 2020b; Tian et al., 2021). How- 54 

ever, it is still unclear what causes carbon production in necrotic mass and how climate 55 

change affects it globally.Both nitrogen deposition and global warming increase the mi- 56 

crobial turnover of soil organic carbon and plant-derived carbon input, though the dy- 57 

namics of necromass C remain controversial (Hu et al., 2023a; Hu et al., 2023b; Tian et 58 

al., 2022; Mou et al., 2021; Murugan et al., 2014; Anning et al., 2021; Wang et al., 2022; 59 

Wang et al., 2023). Warming alters microbial turnover and necromass C accumulation, 60 

which speeds up necromass C dynamics (Ma et al., 2022). N deposition increases nutri- 61 

tion and decreases pH, which accelerates necromass C breakdown (Tian et al., 2022). It 62 

has been demonstrated that warming and nitrogen addition have beneficial effects on 63 

necromass carbon (Ma et al., 2022; Tian et al., 2022), neutral (Zhang et al., 2016; Zhang et 64 

al., 2022), and negative (Jing et al., 2019; Liang and Balser, 2015). likely linked to climatic 65 

conditions, ecosystem types, and soil properties (Li et al., 2024; Ma et al., 2018a; Zhou et 66 

al., 2023). Warming in cool regions causes more necromass carbon to build up than in 67 

warm regions (Jing et al., 2019; Ma et al., 2022). Adding nitrogen to clay soils helps car- 68 

bon accumulate better than in sandy soils (Li et al., 2024; Ma et al., 2018a). This happens 69 

because clay holds water and nutrients better than sandy soil (Zhou et al., 2023). Grass- 70 

lands react more to warming and nitrogen than forests do. Forests have more complex 71 

and stable ecosystems (Duan et al., 2023). Croplands face strong human interference. 72 

This makes it harder to predict how climate change affects necromass carbon (Duan et 73 

al., 2023). Current studies may not fully account for three factors: local climates, ecosys- 74 

tem types, and soil textures. These differences explain why necromass carbon responds 75 

differently to climate change.China's temperature patterns will change unevenly be- 76 

tween 2030-2052. Average temperatures will rise 1.5℃ overall (Shi et al., 2018). Northern 77 

areas will warm noticeably. Northeast areas might cool down significantly (Shi et al., 78 

2018). Nitrogen deposition decreases from southeast to northwest. But North, Central, 79 

and Northeast China keep getting more nitrogen over time (van Groenigen et al., 2017; 80 

Yu et al., 2019). Together, these changes threaten necromass carbon storage. 81 

China became the third-largest emitter in the world between 2009 and 2022, when its 82 

emissions increased from 7.71 billion tons to 11.48 billion tons (Xu et al., 2024). The con- 83 

tinuous process of urbanization and industrialization emphasizes the potential risks of 84 

carbon (C) loss due to possible climate changes (Shi et al., 2014). It is essential to consider 85 

the regulatory roles of climate conditions, ecosystem types, and characteristics of the soil 86 

in the research area in order in order to gain a deeper comprehension of the effect on 87 
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necromass carbon of warming and nitrogen (N) deposition. In this regard, we gathered 88 

208 paired observations from 50 published studies on warming and N addition in China. 89 

We proposed and investigated the following theories: (1) Warming is predicted to boost 90 

microbiological activity and decomposition rates, which will hasten the buildup of nec- 91 

romass C (Sun et al., 2020; Yang et al., 2023; Zhu et al., 2022). (2) N addition is antici- 92 

pated to enhance nutrient cycling and encourage plant and microorganism growth 93 

(Duan et al., 2023; Anning et al., 2021). The role that necromass C plays in soil organic 94 

carbon (SOC) will therefore eventually rise (Li et al., 2024; Liao et al., 2022; Tian et al., 95 

2017). (3) Climate variability, ecosystem types, and soil characteristics may affect necro- 96 

mass C dynamics under climate change (Hu et al., 2023; Piton et al., 2020; Wang et al., 97 

2024; Gao et al., 2022; Li et al., 2022; Liao et al., 2022). 98 

2. Materials and Methods 99 

2.1 Data collection 100 

The sources of the data were Google Scholar (scholar.google.com), Web of Science 101 

(https://www.webofscience.com), and the National Knowledge Infrastructure of China 102 

(https://www.cnki.net/). The search was limited to studies that looked at how microbial 103 

necromass accumulation was impacted by climate change, and it included papers that 104 

were published prior to October 2023 that addressed how climate change affected either 105 

amino sugars or microbial necromass. There were many different keyword combina- 106 

tions used, including ("global warming" OR "climate change" OR "warm" OR "warming" 107 

OR "elevated temperature" OR "nitrogen deposition" OR "nitrogen addition") AND ("mi- 108 

crobial necromass" OR "fungal necromass" OR "bacterial necromass" OR "microbial resi- 109 

dues" OR "amino sugars" OR "glucosamine" OR "muramic acid"). 110 

In order to mitigate publication bias, the following criteria were used to screen articles 111 

(Bai et al., 2019): (1) Research in China is required. (3°51′N–53°33′N, 73°33′E–135°05′E), 112 

(2) articles must include the contents of FNC and BNC or amino glucosamine and mu- 113 

ramic acid, (3) each experiment must have control and treatment groups with a mini- 114 

mum of three replications, (4) control and treatment plots must be set up in a consistent 115 

environment, and (5) sample sizes, means, and the data must contain the standard devi- 116 

ations for the treatment and control groups. The following is how the standard deviation 117 

was determined if only the standard error was provided SD = SE n   . Implementing 118 

these criteria led to the selection of 50 articles on climate change, totaling 197 paired ob- 119 

servations to analyze microbial necromass responses to climate change. 120 

Additional information collected included latitude, longitude, elevation, MAT, MAP, 121 

soil pH, initial SOC content, soil total N, C/N ratio, microbial biomass C and N, soil tex- 122 

ture, and treatment variation (e.g., the magnitude of warming, N addition level, and pre- 123 

cipitation reduction). The data in the figures were obtained using the Web Plot Digi- 124 

tizer.The Global Aridity and PET Database (https://cgiarcsi.community/data/global-arid- 125 

ity-and-pet-database) served as the source of the aridity index. In the absence of soil tex- 126 

ture data, the Harmonized World Soil Database v2.0 (https://www.fao.org/soils-por- 127 

tal/data-hub) was used to supplement the information.To further explore the regulatory 128 

mechanisms of microbial necromass under climate change through background condi- 129 

tions, ecosystem types were categorized into cropland, forest, and grassland. The aridity 130 

index was classified as semiarid (AI ≤ 0.65) or humid (AI > 0.65) (Hao et al., 2021). Fol- 131 

lowing the USDA soil texture classification system, data were further classified into clay, 132 

clay loam, and loam (Zhou et al., 2023). The MAT of the study sites was used to classify 133 
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the data into two climatic conditions: warm (subtropical and tropical climates) and cool 134 

(temperate and Mediterranean climates). (Bai et al., 2019). Initial SOC content was cate- 135 

gorized as low (<12g C/kg) or high (>12g C/kg) (Du et al., 2020). 136 

 137 

Fig. 1. Distribution of the microbial necromass C experimental sites used in the meta-analysis. 138 

2.2 Microbial necromass calculation 139 

The molar ratio of muramic acid to glucosamine in bacterial cells is 2:1, according to ear- 140 

lier studies (Gurevitch et al., 2018; Hedges et al., 1999; Ma et al., 2018b). The following 141 

formulas (1), (2), and (3) are employed to calculate, using this ratio, the C content of total 142 

necromass C (TNC), fungal necromass C (FNC), and bacterial necromass C (BNC): 143 

      (1) BNC  MurN  45=   144 

      (2) 
GluN MurN

FNC = -2 179.17 9
179.17 251.23

 
   

 
 145 

      (3) TNC = BNC + FNC  146 

The ratios specified in formulas (4), (5), and (6), respectively, are used to assess the roles 147 

that BNC, FNC, and TNC play in SOC (Zhou et al., 2023): 148 
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   (4) 

BNC
Contribution of bacterial necromass C to SOC = 

SOC  149 

   (5) 

FNC
Contribution of fungal necromass C to SOC = 

SOC  150 

   (6) 

TNC
Contribution of total necromass C to SOC = 

SOC  151 

2.3 Meta-analysis 152 

According to Hedges et al. (1999), the ratio of natural logarithms was utilized, or lnRRi, 153 

to determine how microbial necromass C is affected by climate change.. The calculation 154 

formula is presented in equation (7): 155 

   (7)  156 

In this equation, lnRRi represents the effect size, Xt is the mean of the treatment group, 157 

and Xc is the mean of the control group. The variance of lnRRi is calculated using equa- 158 

tion (8): 159 

   (8) 

2 2

2 2
=  +t c

i

t t c c

SD SD
v

n X n X
 160 

where SDt and SDc represent the standard deviations of the treatment and control, re- 161 

spectively. nt and nc are the sample sizes for the treatment group and the control group, 162 

respectively. To enhance the accuracy of results, cases with greater variances were as- 163 

signed lower weights, whereas those with lower variances received higher weights. The 164 

weight wi for each case is calculated as shown in equation (9): 165 

   (9) 

1
  =i

i

w
v

 166 

The weighted effect size lnRR is calculated as per equation (10): 167 

   (10) 

( )nRR
lnRR = 

×l



i i

i

w

w
 168 

The standard error of lnRR (SlnRR) and 95% confidence intervals (95%CI) are computed 169 

using equations (11) and (12), respectively: 170 

   (11) 
lnRR  

1
S = 

iw
 171 

    (12) lnRR95%CI = lnRR 1.96 S 
 172 

( ) ( )lnRR ln ln ln
 

= = − 
 

t
i t c

c

X
X X

X
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To directly reflect the effect size of climate change on microbial necromass C, the percent 173 

change is calculated using equation (13): 174 

   (13) 
( )lnRREffect size = -1 100%e 

 175 

2.4 Statistical analysis 176 

For all data analyses in this study, R version 4.3.1 was used. (Team, 2014). To assess how 177 

warming and N addition affect TNC, BNC, FNC, and their contribution to SOC, the 178 

"rma.mv" function from the "metafor" package was utilized to compute lnRR and 95%CI 179 

(Viechtbauer, 2010). Subgroup analyses were also performed to assess these impacts 180 

across different ecosystem types, MAT, AI, initial organic C content, and soil texture. To 181 

evaluate publication bias, Fail-Safe analysis and Egger's regression test were employed 182 

(Egger et al., 1997; Rosenberg, 2005). To examine the mechanisms underlying the im- 183 

pacts of warming and N addition on microbial necromass, structural equation modeling 184 

(SEM) was performed using the "lavaan" package (Oberski, 2014). 185 

3. Results 186 

3.1 Effect of climate change on microbial necromass C 187 

The ways that climate change affected microbial necromass C varied noticeably. (Fig. 2). 188 

Warming led to increased TNC accumulation by 17.26%, BNC accumulation by 9.75%, 189 

and FNC accumulation by 19.78% (p < 0.05), whereas N addition also increased TNC, 190 

BNC, and FNC by 8.5%, 10.71%, and 8.52% (p < 0.01), respectively. Climate change 191 

caused changes in the FNC/SOC, BNC/SOC, and TNC/SOC ratios ranging from 1.5% to 192 

18.77%; only warming substantially changed these contributions. (p < 0.01; Fig. 2). 193 
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 194 

Fig. 2. Effect size and 95% confidence intervals of climate change effects on microbial necromass 195 

C and its contribution to SOC. TNC, total necromass C; BNC, bacterial necromass C; FNC, fun- 196 

gal necromass C; SOC, soil organic C. The closed and open symbols indicate significant and non- 197 

significant effects, respectively. 198 

3.2 Response of microbial necromass C to climate change depending on climatic conditions, eco- 199 

system types, and soil properties 200 

Climate conditions influenced how microbial necromass C responded to climate change 201 

(Figs. 3a, b, c). In cool climates, warming and N addition increased TNC by 15.72% and 202 

7.79%, respectively (p < 0.05). Both treatments also increased the BNC, TNC, and FNC 203 

contributions to SOC (p < 0.05). In warm climates, the addition of N accelerated the accu- 204 

mulation of TNC (10.58%), BNC (10.51%), and FNC (10.29%; p < 0.01). Only with the ad- 205 

dition of N did the amount of microbial necromass C in humid sites rise noticeably (p < 206 

0.05; Figs. 4a, b, c). In semiarid regions, N addition and warming both raised TNC by 207 

11.20% and 15.11%, respectively (p < 0.05), despite the fact that only the addition of N 208 

markedly raised BNC. 209 
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 210 

Fig. 3. The impact of climate change on microbial necromass C (a–c) and its role in SOC (d–f) are 211 

dependent on MAT. Soil organic carbon (SOC), bacterial necromass C (BNC), fungal necromass 212 

C (FNC), and total necromass C (TNC). The closed and open symbols indicate significant and 213 

nonsignificant effects. 214 
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 215 

Fig. 4. The aridity index determines how climate change affects microbial necromass C (a–c) and 216 

how it contributes to SOC (d–f). Soil organic carbon (SOC), bacterial necromass C (BNC), fun- 217 

gal necromass C (FNC), and total necromass C (TNC). The closed and open symbols indicate 218 

significant and nonsignificant effects. 219 

 220 

The necromass C responses to climate change varied across different ecosystem types 221 

(Figs. 5a, b, c). In croplands, warming increased TNC and FNC by 43.85% and 44.30% (p 222 

< 0.05), respectively. In grasslands, warming caused FNC to rise by 15.89% (p < 0.05). N 223 

addition increased TNC, BNC, and FNC in croplands and forests (p < 0.05). Further- 224 

more, warming increased TNC and BNC contributions to SOC in grasslands by 18.22% 225 

and 18.35%, respectively (p < 0.05), however, in no ecosystem, the addition of N had an 226 

impact on these contributions (Figs. 5d, e, f). 227 

 228 

 229 
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 230 

Fig. 5. Ecosystem type determines how climate change affects microbial necromass C (a–c) and 231 

how it contributes to SOC (d,e). TNC, total necromass C; BNC, bacterial necromass C; FNC, 232 

fungal necromass C; SOC, soil organic C. The closed and open symbols indicate significant and 233 

nonsignificant effects. 234 

In soils where the starting SOC content is less than 12 g/kg, N addition only significantly 235 

increased BNC by 12.34% (p < 0.01). In soils with high initial SOC content (>12 g/kg), 236 

warming and N addition significantly enhanced microbial necromass C (p < 0.05; Figs. 237 

6a, b, c). Warming increased TNC/SOC, BNC/SOC, and FNC/SOC by 15.96%, 15.11%, 238 

and 17.69%, respectively (p < 0.05), whereas N addition increased TNC/SOC, BNC/SOC, 239 

and FNC/SOC by 3.99%, 3.21%, and 3.51%, respectively (p < 0.05). 240 
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 241 

Fig. 6. SOC content determines how climate change affects microbial necromass C (a–c) and how 242 

it contributes to SOC (d–f). TNC, total necromass C; BNC, bacterial necromass C; FNC, fungal 243 

necromass C; SOC, soil organic C. The closed and open symbols indicate significant and nonsig- 244 

nificant effects. 245 

Additionally, there were variations in how different soil textures affected how microbial 246 

necromass C responded to climate change factors (Figs. 7a, b, c). Microbial necromass C 247 

levels in loam soil increased with warming (TNC: 21.76%, BNC: 16.64%, and FNC: 248 

34.99%), as did its contribution to SOC (TNC/SOC: 25.08%, BNC/SOC: 27.40%, and 249 

FNC/SOC: 36.53%) (p < 0.05). In clay soils, N addition led to an increase of 7.13% in TNC 250 

and 8.60% in BNC (p < 0.05). In clay loam soils, N addition significantly boosted TNC by 251 

11.88%, BNC by 10.64%, and FNC by 11.91% (p < 0.01). 252 

 253 

 254 

 255 
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 256 

Fig. 7. Climate change effects on microbial necromass C (a–c) and its contribution to SOC (d–f) 257 

depend on soil texture. TNC, total necromass C; BNC, bacterial necromass C; FNC, fungal nec- 258 

romass C; SOC, soil organic C. The closed and open symbols indicate significant and nonsignifi- 259 

cant effects. 260 

3.3 Mechanisms of the impact of climate change on microbial necromass C 261 

The SEM provided the best fit for the data, revealing diverse mechanisms through which 262 

climate change influences microbial necromass C (Fig. 8). Under warming, The correla- 263 

tion between SOC and muramic acid was significantly positive (P < 0.05), which signifi- 264 

cantly impacted the accumulation of TNC (P < 0.001). N addition positively influenced 265 

glucosamine (GluN) levels, which, in turn, affected TNC, thereby enhancing SOC (P < 266 

0.05). 267 
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 268 

Fig. 8. Meta-analysis results of microbial necromass C response to climate change and the model 269 

results of expected causal relationships were obtained through structural equation modeling. 270 

Numbers on the arrows indicate standardized path coefficients, and asterisks mark their signifi- 271 

cance: * < 0.05; ** < 0.01; *** < 0.001. 272 

 273 

 274 

 275 

  276 
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4. Discussion 277 

4.1 Response of microbial necromass C to climate change 278 

4.1.1 Response of microbial necromass C to warming 279 

According to our original theory, warming enhanced TNC's contribution to SOC, which 280 

encouraged its buildup (Figs. 2a, d). The 17.26% increase in TNC observed in our study 281 

differed from the unchanged TNC reported in a recent study (Fig. 2a) (Hu et al., 2023a). 282 

This difference might be because Hu et al.’s (2023) study had a small sample size, with 283 

only 23 samples, while our study had 49 samples. With more samples, our research 284 

probably gave a better estimate of how warming affects TNC, meaning their study 285 

might have underestimated the warming effect. Also, the different environmental condi- 286 

tions in our study sites could have played a role, as factors like soil texture and moisture 287 

can change how microbes respond to warming (Sun et al., 2020). The rises in TNC and 288 

TNC/SOC under warming might be connected to increases in BNC (Fig. 2; Fig. 8), show- 289 

ing that bacteria and fungi react differently (Yang et al., 2023; Zhu et al., 2022). Bacteria 290 

usually grow faster and are more active than fungi under warming, so they likely con- 291 

tribute more to TNC in SOC (Sun et al., 2020; Yang et al., 2023; Zhu et al., 2022). 292 

4.1.2 Response of microbial necromass C to N addition 293 

Our results indicated that N addition enhanced the accumulation of both necromass C 294 

and SOC (Fig. 2; Fig. 8). SEM analysis showed that N addition directly and indirectly 295 

increased levels of GluN and muramic (MurN) acid, both sources of necromass C, con- 296 

forming to meta-analysis results (Fig. 8) (Hu et al., 2022). The positive correlation be- 297 

tween GluN and MurN demonstrated the strong interaction between the bacterial and 298 

fungal communities under N addition (Fig. 8) (Anning et al., 2021). This interaction indi- 299 

cates not only a cooperative relationship between microbial groups but also potential 300 

shifts in community dynamics that could influence nutrient cycling (Anning et al., 2021; 301 

Wang et al., 2024). Furthermore, this interaction enhances nutrient assimilation by mi- 302 

croorganisms (Wang et al., 2024). Nutrient enrichment also promotes plant and micro- 303 

bial growth, enhancing the efficiency of microbial carbon utilization, and enhancing both 304 

necromass C and SOC (Duan et al., 2023). These discoveries emphasize the considerable 305 

role of N addition in promoting necromass C and SOC sequestration, with greater accu- 306 

mulation observed under higher levels of N addition. 307 

4.2 Background conditions regulating microbial necromass C under climate change 308 

4.2.1 Background conditions regulating microbial necromass C under warming 309 

Warming increased TNC in croplands (Fig. 5a). This effect could be stronger because of 310 

farming methods, which change the availability of nutrients and microbial activity (Hati 311 

et al., 2021; Hu et al., 2023a). Croplands have more disturbance than forests and grass- 312 

lands because tillage spreads nutrients more evenly (Hati et al., 2021; Hu et al., 2023a). 313 

Warming makes microbes use more soil nutrients, but it also raises how much TNC 314 

adds to SOC.   315 

In croplands, warming may create more opportunities for necromass C to bind with 316 

minerals, thereby promoting carbon sequestration. Warming increased TNC, BNC, and 317 

FNC in cool and humid areas (Figs. 3a, b, c). The climate in these areas plays a major role 318 

in necromass C accumulation (Ding et al., 2020). Temperature and moisture together 319 
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affect microbial activity (Pan et al., 2023). In cool and humid conditions, plants and mi- 320 

crobes grow slower, but warming speeds up their carbon cycling (Liu et al., 2021; Zhang 321 

et al., 2015a). Cool and humid regions show stronger responses of necromass C to warm- 322 

ing, so these areas need more study (Guo et al., 2018).   323 

Warming affects necromass C differently depending on soil properties (Figs. 6a, b, c; 324 

Figs. 7a, b, c). Necromass C increased more in soils with high SOC or loam textures (Fig. 325 

6a; Fig. 7a). This means soil texture and organic C may reduce warming's impact on mi- 326 

crobial necromass. Earlier studies show loam soils help oxygen, water, and nutrients 327 

move better, which helps microbes grow (Gartzia-Bengoetxea et al., 2020; Li et al., 2024). 328 

Warming speeds up microbial activity, causing these soils to accumulate more necro- 329 

mass C (Mao et al., 2020; Zhou et al., 2023).   330 

Warming increases necromass C (TNC, BNC, and FNC). This effect is strongest in 331 

croplands, cool humid areas, and soils with high SOC or loam textures. Climate, ecosys- 332 

tem type, and soil properties all affect how necromass C responds to warming. Warming 333 

speeds up microbial activity but can also help store more carbon, especially in soils good 334 

for microbial growth (Mao et al., 2020; Zhou et al., 2023). 335 

4.2.2 Background conditions regulating microbial necromass C under N addition 336 

Adding nitrogen increased necromass C in forests and croplands (Figs. 5a, b, c). 337 

Croplands need more nitrogen than other ecosystems because crops grow fast (Guo and 338 

Gifford, 2002). The extra nitrogen may boost necromass C through crop roots (Duan et 339 

al., 2023). Forests showed the strongest nitrogen shortage, with an average C/N ratio of 340 

15.30. Adding nitrogen helps microbes break down material more easily, speeding up 341 

carbon cycling (Battistuzzi and Hedges, 2009). 342 

Regardless of climate conditions, nitrogen (N) addition has been found to promote the 343 

accumulation of necromass carbon (C), and this effect is more evident in warm or semi- 344 

arid areas (as shown in Figures 3a, b, c and Figures 4a, b, c). High annual temperatures 345 

and a low aridity index indicate elevated microbial metabolic activity and soil permea- 346 

bility, which offer a conducive environment for microbial growth and turnover (Liang 347 

and Balser, 2012; Zhou et al., 2023). This demonstrates how microbial growth in warm or 348 

semiarid conditions can be stimulated by adding N, thereby increasing necromass C 349 

(Liao et al., 2022). 350 

Necromass C was positively correlated with the sum of OC and TN contents when soil 351 

texture were silt loam and clay loam as well as when SOC content >3% (Figures 6a,b,c; 352 

Figures 7a,b,c), because increasing N resulted in an increase in fungal hyphal mass and 353 

binding material, promoting aggregation formation and protecting necromass C against 354 

microbial decomposition(Trivedi et al., 2017; Zhang et al., 2015b)。 355 

Furthermore, the addition of N further acidifies clay and clay loam (Nie et al., 2020), re- 356 

sulting in an upward trend in the ion concentrations of Fe²⁺, Fe³⁺ and Al³⁺ (Li et al., 2024;) 357 

Liao et al., 2022. This will promote the combination of microbial necromass C and soil 358 

minerals and enhance the soil's resistance to degradation (Tian et al., 2017). According to 359 

this relationship, nitrogen is an essential element for microbial necromass C, and it is 360 

also involved in soil texture to optimize carbon storage. 361 

Necromass C increases with added nitrogen on forested lands (Bastin et al., 2013), 362 

cropland systems (Dale et al., 2007), and clay-textured soils that are high in organic 363 

Comentário do texto
At no point is the issue of land use and management adequately addressed, despite its relevance. This topic should be explored in greater depth, emphasizing the human impacts on this biogeochemical cycle.
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matter (Wang et al., 2015). To increase the amount of stored carbon in soils, farmers need 364 

to incorporate nitrogen because it helps build up necromass C. Therefore, researchers 365 

must study different methods for adding nitrogen onto soils, ecosystems and climates so 366 

they can best help store more carbon. Nitrogen addition also needs further research re- 367 

garding its impacts on soil quality and ecological functions across a range of timescales 368 

given future changes in climatic conditions and management practices used by humans. 369 

5. Conclusions 370 

Our findings demonstrate how important climate, ecosystem types, and soil characteris- 371 

tics are in determining how warming and N addition affect necromass C. Warming is 372 

projected to promote significant necromass C sequestration, particularly in croplands, 373 

cool and semiarid regions, and areas with high SOC content and loam soils. N addition 374 

consistently enhances necromass C accumulation across all climate conditions, with es- 375 

pecially pronounced effects in croplands, forests, soils with high SOC content, and clay 376 

or clay loam textures. Warming and N addition increase necromass C by affecting both 377 

bact erial and fungal necromass C, demonstrating how sensitively microbes are reacting 378 

to climate change. These findings demonstrate the importance of considering climate 379 

change and study site specificity when forecasting necromass C cycle feedbacks and for- 380 

mulating soil C sequestration plans. 381 
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