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Highlights
●●	 Biochar reduced fungal necromass carbon in the topsoil while decreasing bacterial necromass carbon throughout the 

paddy soil profile.
●●	 Biochar shifted the microbial community toward K-strategists to decrease microbial necromass carbon production.
●●	 Biochar intensified microbial nitrogen limitation to enhance microbial necromass carbon decomposition.

Abstract
Microbial necromass carbon (MNC) serves a crucial function in the formation and stabilization of soil organic carbon (SOC).  
Although biochar amendment is recognized as a promising approach for enhancing SOC sequestration, its impact on MNC 
accumulation across the paddy soil profile remains uncertain.  Through a 4-year field experiment, this study examined the 
effect of biochar amendment on MNC accumulation across three soil layers (0–15, 15–30, and 30–45 cm) in a paddy soil 
profile by combining vertical soil profiling, microbial community dynamics, and biomarker analysis.  The results showed that 
biochar amendment reduced MNC by 10.5% (0–15 cm), 7.5% (15–30 cm), and 9.6% (30–45 cm), respectively, compared 
to the unamended control.  In the topsoil (0–15 cm), the reduction in MNC under biochar amendment was attributed to 
decreases in both fungal and bacterial necromass carbon (C), whereas in the subsoil (15–45 cm), it primarily resulted from 
the decrease in bacterial necromass C.  Biochar amendment reduced MNC content by decreasing microbial biomass and 
increasing nitrogen (N) acquisition enzyme activities, mainly due to a shift in the microbial community toward K-strategists 
and intensified microbial N limitation.  This study provides novel insights into the microbially-mediated SOC dynamics in 
response to biochar amendment.

Keywords: biochar, microbial necromass carbon, microbial life-history strategy, paddy soil profile

Received 12 May 2025; Received in revised form 27 August 2025; Accepted 15 September 2025; Available online 1 October 2025
Ruiling Ma, E-mail: mrlashore@163.com; #Correspondence Jufeng Zheng, Tel: +86-25-84399852, E-mail: zhengjufeng@njau.edu.cn

© 2026 CAAS.  Publishing services by Elsevier B.V.  on behalf of KeAi Communications Co.  Ltd.  This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).  Peer review under responsibility of Editorial Board of Journal of Integrative Agriculture.
doi: 10.1016/j.jia.2025.10.001

1. Introduction
Soil organic carbon (SOC) is widely recognized as the 
primary contributor to crop production (Ma Y Q et al. 2023) 
and the maintenance of soil health (Weng et al. 2021).  As 
the “engine” driving SOC transformation, soil microorganisms 
facilitate both SOC decomposition through extracellular 
enzyme secretion and SOC formation by converting organic 
substrates into microbial necromass through cycles of 
growth, reproduction, and death (Liang et al. 2017).  Microbial 
necromass carbon (MNC), which stabilizes through chemical 
association with mineral surfaces (Buckeridge et al. 2020a) 

or physical occlusion within soil aggregates (Li et al. 2023), 
represents a relatively stable SOC fraction.  In croplands, 
MNC constitutes 50.9 and 34.2% of SOC in the topsoil 
and subsoil (Takele et al. 2025), respectively, forming a 
major component of the soil carbon (C) pool (Liang et al. 
2019; Huang et al. 2023; Yang et al. 2025).  Therefore, 
understanding MNC dynamics is crucial for optimizing soil 
C management practices to mitigate climate change and 
advance C neutrality goals.

Biochar amendment has emerged as a promising 
approach for enhancing SOC stability (Wang et al. 2016; 
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Wang J X et al. 2024), increasing SOC sequestration (Sohi 
2012), and mitigating climate change (Lehmann et al. 2021).  
Through its effects on soil nutrient availability (Yao et al. 
2017) and soil structure modification (Feng et al. 2022; 
Chen et al. 2025), biochar amendment influences microbial 
community composition, interactions and activities (Lei et al. 
2023), thereby affecting the trade-off between production and 
decomposition of MNC (Chen et al. 2023b).  For instance, 
nutrient enrichment from biochar could improve microbial 
biomass and C use efficiency (Liu et al. 2020).  Additionally, 
by modulating interactions among key taxa within microbial 
co-occurrence networks (Zhang et al. 2024; Wang et al. 
2025), biochar could select for r-strategists that flourish in 
nutrient-rich environments and exhibit high biomass turnover 
(Kerner et al. 2023), potentially increasing MNC production 
(Zhang et al. 2024).  However, nutrients associated with 
biochar particles undergo rapid mineralization and depletion 
(Nan et al. 2023).  The remaining C fractions, characterized 
by high aromaticity and low bioavailability, are resistant to 
microbial utilization and may favor K-strategists.  These 
microorganisms specialize in degrading complex substrates 
while maintaining low microbial biomass, potentially reducing 
MNC production under biochar amendment (Chen et al. 
2023a).  Indeed, previous research demonstrated that 
biochar reduced MNC by shifting microbial community 
towards K-strategists in a paddy topsoil (Zhu et al. 2025).  
Moreover, excessive C inputs from biochar may disrupt 
soil stoichiometry and alter microbial nutrient acquisition 
strategies (Gao et al. 2019).  A meta-analysis indicated that 
high C/N ratio of biochar intensified microbial nitrogen (N) 
limitation and increased the ratio of N-acquiring to C- and 
phosphorus (P)-acquiring enzyme activities (Chen et al. 
2022).  Given the elemental and chemical similarity between 
microbial necromass and living microbial biomass (Buckeridge 
et al. 2022), biochar-induced N limitation may accelerate 
MNC decomposition to satisfy microbial N requirements 
(Yang et al. 2024).  However, effect of biochar amendment 
on the trade-off between MNC production and decomposition 
remains inadequately understood and requires further 
investigation.

Rice paddies, encompassing 167 million ha worldwide 
(Liu Y L et al. 2019), demonstrate higher SOC sequestration 
efficiency than adjacent upland soils (Chen et al. 2021) and 
store approximately 18 Pg C in the 0–100 cm soil profile 
(Liu Y L et al. 2021).  While biochar application has been 
demonstrated to increase rice yield (Xia et al. 2023), reduce 
greenhouse gas emissions (Jiang et al. 2023), and enhance 
SOC sequestration (Xia et al. 2023) in paddy soils, research 
has primarily focused on topsoil (Liu Z W et al. 2019; Zhu 
et al. 2025), where abundant rhizodeposits and high fertilizer 
inputs favor r-strategists that exhibit rapid microbial biomass 
turnover (Li Z et al. 2024; Cao et al. 2025).  In comparison, 
subsoil receives limited plant-derived C and nutrient inputs 
but provides stronger mineral sorption and physical protection 
of organic matter (Qin et al. 2019).  These conditions favor 
K-strategists, slow microbial C turnover, and promote the 
accumulation of more chemically recalcitrant C (Huang et al. 
2023), resulting in depth-dependent responses of MNC 

to biochar addition.  For instance, under frequent dry-wet 
alternation, biochar may disintegrate and migrate to depths 
of 10–140 cm in the paddy soil profile (Major et al. 2010; 
Koele et al. 2017; Jia et al. 2024), potentially increasing 
dissolved organic carbon (DOC) aromaticity and shifting 
microbial communities towards K-strategists while decreasing 
microbial biomass (Ma R L et al. 2023; Wang Y et al. 2024).  
Furthermore, by limiting downward nutrient flux from topsoil 
(Shi et al. 2020) and enhancing nutrient uptake by rice roots 
in deeper layers (Kong et al. 2024), biochar amendment 
may intensify nutrient deficiencies and accelerate microbial 
turnover of MNC in paddy subsoil.  Consequently, biochar 
application may significantly alter microbial community 
and nutrient acquisition strategies in the subsoil, ultimately 
affecting MNC accumulation.  While biochar’s effect on MNC 
accumulation in topsoil has been increasingly studied (Chen 
et al. 2023a; Zhang et al. 2024), its impact across the paddy 
soil profile remains unclear.

To address this knowledge gap, we conducted a 4-year 
field experiment to investigate the effects of biochar 
amendment on MNC accumulation across three soil layers 
(0–15, 15–30, and 30–45 cm) in a paddy soil profile.  Soil 
samples were collected from control and biochar-amended 
plots, and MNC accumulation was evaluated through amino 
sugar analysis.  Microbial abundance and community 
structure were assessed using phospholipid fatty acid (PLFA) 
analysis and DNA sequencing.  Our previous research 
indicated that biochar reduced MNC accumulation by shifting 
microbial communities towards K-strategists two years after 
application (Zhu et al. 2025).  Additionally, biochar aging can 
increase surface area and introduce more oxygen-containing 
functional groups, thereby enhancing sorption capacity and 
reducing downward N flux (Shi et al. 2020).  Therefore, we 
hypothesize that four years after a single application (1) 
biochar amendment would decrease MNC accumulation 
by exacerbating N limitation and suppressing microbial 
biomass in the paddy soil profile; and (2) bacterial necromass 
carbon (BNC) and fungal necromass carbon (FNC) would 
respond differently to biochar addition due to distinct nutrient-
acquisition strategies of bacterial versus fungal communities.

2. Materials and methods
2.1. Experiment description and soil sampling
The experiment was conducted in a rice paddy located in 
Yixing County, Jiangsu Province, China (31°24´N, 119°41´E) 
beginning in May 2016.  The region experiences a subtropical 
monsoon climate with a mean annual temperature of 
16°C and mean annual precipitation of 1,230.6 mm.  The 
experimental paddy field soil was classified as a Hydroagric 
Stagnic Anthrosol (Gong 1999).  The experiment included 
two treatments with three replicates: biochar amended 
at 15 t ha–1 (BC) and biochar unamended control (CK).  
Each experimental plot shared 20  m2 (4  m×5  m).  The 
biochar, produced from maize straw pyrolysis at 450°C, 
was uniformly incorporated into the plow layer (0–15 cm) 
through mechanical rotary tillage before rice cultivation in 
2016.  Biochar application occurred once in 2016, with no 
subsequent applications.  The planting system was rice–
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wheat rotation.  Annual fertilizer applications during the rice 
season consisted of 200 kg N ha−1 as urea, 50 kg ha−1 P2O5 
as Ca(H2PO4)2, and 50 kg ha−1 K2O as KCl, while the wheat 
season received 100 kg N ha−1, 38 kg ha−1 P2O5, and 33 kg 
ha−1 K2O.  The basic properties of the topsoil (0–15 cm) and 
biochar are presented in Appendix A.

Four years after biochar amendment, rice roots were 
randomly sampled from 15 hills in each treatment following 
rice harvest in October 2020.  The root samples were rinsed 
with ultrapure water, dried at 80°C to constant mass, and 
weighed.  Five soil samples were collected from each plot 
using a 5-cm diameter steel corer to a depth of 45 cm.  The 
samples were separated into three depth categories: 0–15, 
15–30, and 30–45  cm.  Samples from identical depths 
within each plot were thoroughly mixed in-situ to create 
composite samples.  In total, 18 soil samples were collected 
(2 treatments×3 replicates×3 depths).  All soil samples were 
immediately transported to the laboratory.  After removing 
visible roots and rocks, the soil samples were passed 
through a 2 mm sieve and divided into three subsamples: 
one for microbial community composition analysis (stored at 
−80°C); one for soil extracellular enzymes, DOC, NH4

+, and 
NO3

– assessment (stored at 4°C); and one for soil chemical 
properties, microbial biomass (indicated by PLFA) and 
amino sugar measurement (freeze-dried and stored at room 
temperature).

2.2. Analysis of soil chemical properties
Soil chemical properties were analyzed according to Bao 
(2000).  Soil pH was measured using a standard pH meter 
in a 1:2.5 soil:water suspension.  SOC and total N (TN) 
were determined using an elemental analyzer (Thermo 
Fisher Scientific, FLASH 2000 CHNS/O, America).  Soil 
available phosphorus (AP) was extracted using 0.5 mol L–1 
NaHCO3 and analyzed using the molybdenum-antimony 
antispectrophotometric method.  Soil available potassium (AK) 
was extracted using 0.5 mol L–1 CH3COONH4 and measured 
by flame spectrophotometer.  Soil DOC was extracted 
with deionized water and analyzed using a total organic C 
analyzer (Multi N/C 3000; Analytik Jena, Germany).  SUVA254 
of DOC was measured using a UV-A360 spectrophotometer 
(AOYI, Shanghai, China) (Li and Hur 2017).  Soil available 
N (AN) (NO3

− and NH4
+) was extracted by 2 mol L–1 KCl and 

measured using a flow analyzer (AA3, SEAL).  The DOC to 
AN ratio was calculated to represent the relative availability of 
C to N.

2.3. Analysis of amino sugars and microbial necro-
mass C
Soil amino sugars, including glucosamine (GluN), muramic 
acid (MurA), and galactosamine (GalN), were measured 
following the methodology described by Zhang and Amelung 
(1996).  Specifically, freeze-dried soil sample (containing 
approximately 0.4 mg N) underwent hydrolysis at 105°C for 
8 h with 6 mol L–1 HCl.  After adding 100 μg myo-inositol, 
the solution was filtered.  Amino sugars were collected with 
methanol and evaporated using N2 gas after lyophilization.  
The residue was dissolved in derivatization reagent and 

heated at 75–80°C for 35 min.  The derivatives underwent 
acetylation and thorough washing with deionized water 
three times before drying using N2 gas at 45°C.  Finally, the 
amino sugar derivatives were re-dissolved in ethyl acetate-
hexane and analyzed using the Agilent 7890B GCMS (Agilent 
Technologies, Santa Clara, CA, USA).

FNC and BNC were calculated according to previous 
studies (Appuhn and Joergensen 2006; Joergensen 2018) 
(Appendix B):

GluN MurA
179.17 251.23

FNC (mg kg–1)=( ×179.17×9×1,000)–2× 	 (1)

BNC (mg kg–1)=MurA×45×1,000	 	 (2)
The values 9 and 45 represent the conversion factors for 

GluN to FNC and MurA to BNC, respectively.  The values 
179.17 and 251.23 represent the molecular weights of GluN 
and MurA, respectively.  Total MNC content was calculated 
as the sum of FNC and BNC.

2.4. Analysis of soil enzymatic activities
The activities of phenol oxidase (PO), β-1,4-glucosidase 
( B G ) ,  β - 1 , 4 - c e l l o b i o h y d r o l a s e  ( C E B ) ,  β - 1 , 4 - N -
acetylglucosaminidase (NAG), and acid phosphatase (ACP), 
which are involved in C, N, and P transformation, were 
measured using the methods of German et al. (2011) and 
Bach et al. (2013) with minor modifications.  Specifically, 
2.4 g of fresh bulk soil (sieved to 2 mm) was mixed with 
300 mL of buffer solution to form a homogeneous slurry.  For 
hydrolases, 200 μL of the slurry were mixed with the 50 μL 
of 200 μmol L–1 substrate in a black 96-well polystyrene plate 
and incubated in the dark at 25°C for 3 h.  For PO, 1,000 μL 
of soil slurry was combined with 50 μL of 25 mmol L–1 L-DOPA 
in a 2 mL centrifuge tube and incubated in the dark at 30°C 
for 6 h.  Fluorescence for BG, CEB, ACP and NAG was 
measured with excitation at 365 nm and emission at 450 nm, 
while absorbance for PO was measured at 450 nm using a 
microplate reader (MDS Analytical Technologies, Molecular 
Devices, USA).  The enzyme activities were expressed as 
nmol g−1 dry soil h−1.

2.5. Analysis of soil microbial biomass
Soil microbial biomass was assessed through phospholipid 
fatty acids (PLFAs) and quantified using the method 
developed by Bossio and Scow (1998).  Specifically, freeze-
dried soil sample (2 g) was extracted with a chloroform/
methanol/citric buffer (0.15 mol L–1, pH 4.0) mixture.  The 
extracted lipids were separated into neutral lipids, glycolipids, 
and phospholipids using a silica-bonded phase column.  After 
adding methyl nonadecanoate (19:0) as an internal standard, 
the solvent was evaporated under nitrogen gas.  The fatty 
acid methyl esters (FAMEs) were obtained by adding a 
methanol solution to the residue.  The FAMEs were analyzed 
using the Agilent 7890B GCMS (Agilent Technologies, Santa 
Clara, CA, USA).  The specific PLFA biomarkers used in this 
study are shown in Appendix C.

2.6.  Analysis of soil microbial community composi-
tion and co-occurrence network
Soil microbial community composition was characterized 
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through bacterial 16S rRNA and fungal internal transcribed 
spacer (ITS) gene sequencing, as described in our previous 
study (Ma R L et al. 2023).  Soil genomic DNA was extracted 
using the PowerSoil® DNA Isolation Kit (Mo Bio Laboratories 
Inc., CA).  The bacterial 16S rRNA and fungal ITS genes were 
amplified using primer sets 338F/806R and ITS3-KYO2/ITS4, 
respectively.  Following purification, 16S rRNA and ITS gene 
sequencing was conducted using the Illumina Miseq PE300 
sequencing platform (Illumina, Inc., San Diego, CA, USA).  
Raw sequence reads were filtered, trimmed, and merged 
using VSEARCH (version 2.7.1).  Operational taxonomic 
units (OTUs) were generated with a 97% sequence identity 
similarity threshold using UPARSE algorithm.  The OTUs 
were then classified using SILVA (version 138) and UNITE 
(version 8.2) databases for 16S rRNA and ITS regions, 
respectively.  The raw sequencing data have been deposited 
in the NCBI database (SRA) with accession number of 
PRJNA1229827.  The bacterial and fungal communities were 
classified into r-strategists and K-strategists at the phylum 
level (Appendix D) based on previous studies (Li et al. 2021; 
Shao et al. 2021; Cai et al. 2023; Hu et al. 2023).  The r/K  
ratio was calculated as the sum of r-strategists divided 
by the sum of K-strategists.  Additionally, 16S rRNA (rrn) 
operon copy number was used as a trait-based, taxonomy-
independent proxy for microbial r/K strategies (Li et al. 2021; 
Hu et al. 2023).  OTU-level rrn operon copy numbers were 
obtained from the rrnDB database, and community-weighted 
mean rrn operon copy numbers were calculated for each 
sample by multiplying each OTU’s rrn operon copy number 
by its relative abundance and summing across OTUs.

Co-occurrence network analysis at the OTU level was 
conducted using the R package "igraph" (Ju et al. 2014).  
The statistical threshold was established as Pearson's 
correlation coefficient (r)>0.8 and P<0.01 (Barberán et al. 
2012; Fan et al. 2019).  Network visualization and topology 
parameter calculations were performed using Gephi (version 
0.9.7).  Each network node represented an OTU, with 
edges indicating significant correlations between nodes.  
Module abundance was calculated by averaging the relative 
abundance of species within each module (Fan et al. 2019).  
The relative abundances of r-strategists and K-strategists  
in each module were calculated by summing the relative 
abundances of species classified as r- or K-strategists at the 
phylum level (Han et al. 2023).

2.7. Statistical analyses
Prior to data analysis, data were evaluated for homogeneity 
of variance and normality using Levene's test and Shapiro-
Wilk test, respectively.  Significant differences in measured 
parameters across soil depths were evaluated using one-way 
ANOVA, followed by the Tukey test.  Independent sample 
t-tests were conducted to assess differences in measured 
parameters between CK and BC within each soil depth.  
Permutational multivariate analysis of variance (PerMANOVA) 
was performed using "vegan" to examine differences in 
microbial community structure among treatments.  STAMP 
(version 2.1.3) was employed to determine statistical 
differences at phylum levels (Parks et al. 2014).  Benjamini-
Hochberg FDR correction was applied to adjust P-values 
from t-tests, PerMANOVA, and linear regressions.  The 
significance of microbial co-occurrence network modules’ 
effects on MNC was assessed through random forest analysis 
using the "randomForest" and "rfPermute" R packages.  The 
mean square errors (%IncMSE) of network modules were 
compared to evaluate each module's importance in driving 
MNC variations.  All data analyses were conducted and 
visualized using R 4.2.1 software (R Core Team 2022).

3. Results
3.1. Soil chemical properties
The influence of biochar addition on soil chemical properties 
varied with depth (Table 1).  Biochar application increased the 
concentrations of SOC and DOC in both 0–15 and 15–30 cm 
soil layers.  The SUVA254 of DOC was increased by 11.8, 12.5, 
and 22.7% in the 0–15, 15–30, and 30–45 cm soil layers, 
respectively, after biochar amendment.  However, biochar 
decreased AN content by 11.6 and 20.1% in the 15–30 and 
30–45 cm soil layers, respectively.  Furthermore, biochar 
amendment raised soil pH from 5.68 to 6.29 in the 0–15 cm 
soil layer.  Soil C/N and DOC/AN ratios was improved by 
biochar amendment in the 0–15 and 15–30 cm soil layers.

3.2. Soil microbial necromass carbon
Biochar amendment exhibited varying effects on FNC and 
BNC throughout the soil profile (Fig. 1-B and C).  In the 
0–15 cm soil layer, biochar application significantly decreased 
BNC and FNC by 10.9 and 8.8%, respectively, compared to 
the control.  However, in the 15–30 and 30–45 cm soil layers, 
FNC remained unchanged, while BNC was decreased by 

Table 1  Soil chemical properties of the control and biochar-amended treatments in different soil layers1)

Depth
(cm) Treatment2) pH

(H2O)
SOC

(g kg–1)
TN

(g kg–1) C/N DOC
(mg kg–1)

AN
(mg kg–1) DOC/AN AP

(mg kg–1)
AK

(mg kg–1)
SUVA254

(L mg–1 m–1)
0–15 CK

BC
5.7 Bc
6.3 Ac

24.2 Ba
28.9 Aa

2.0 Aa
2.0 Aa

12.0 Ba
14.4 Aa

132 Ba
169 Aa

45 Aa
44 Aa

2.9 Bb
3.9 Ab

24.7 Aa
26.3 Aa

96.3 Aa
94.2 Aa

2.5 Ba
2.7 Aa

15–30 CK
BC

6.3 Ab
6.4 Ab

12.8 Bb
14.7 Ab

0.9 Ab
1.0 Ab

14.2 Ba
15.4 Aa

116 Bb
131 Ab

19 Ab
17 Bb

6.1 Ba
7.8 Aa

15.7 Ab
14.8 Ab

63.1 Ab
62.4 Ab

2.1 Bb
2.4 Ab

30–45 CK
BC

6.7 Aa
6.8 Aa

7.6 Ac
7.4 Ac

0.6 Ac
0.5 Ac

13.4 Aa
14.6 Aa

91 Ac
102 Ac

20 Ab
16 Bb

4.5 Aa
6.4 Aa

6.4 Ac
7.8 Ac

52.3 Ac
51.5 Ac

1.8 Bc
2.2 Ac

1) SOC, soil organic carbon; TN, total nitrogen; C/N, the ratio of soil organic carbon to total nitrogen; DOC, dissolved organic carbon; AN, 
available nitrogen; DOC/AN, the ratio of dissolved organic carbon to available nitrogen; AP, available phosphorus; AK, available potassium.

2) CK and BC represent the control and biochar-amended treatment, respectively.
Values are the means (n=3).  Different capital letters denote significant difference between CK and BC in the same soil layer (P<0.05).  Different 
small letters denote significant difference among different soil layers (P<0.05).
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biochar amendment by 19.5 and 32.8%, respectively.  As 
a result, biochar decreased MNC by 10.5, 7.5, and 9.6% 
in the 0–15, 15–30, and 30–45 cm soil layers, respectively 
(Fig. 1-A).  Additionally, the FNC/BNC ratio was increased 
under biochar amendment in the 15–30 and 30–45 cm soil 
layers (Fig. 1-D).

3.3. Soil microbial biomass and enzymatic activities
Bacterial and fungal PLFAs showed distinct responses to 
biochar amendment across the soil profile (Fig. 1-F and G).  
In the 0–15 cm soil layer, biochar amendment decreased 
fungal and bacterial PLFAs by 25.3 and 9.1%.  In the 
15–30 and 30–45 cm soil layers, fungal PLFAs remained 
unchanged, while bacterial PLFAs was decreased by 8.5 
and 8.9%, respectively.  Consequently, biochar amendment 
reduced total microbial PLFAs by 11.3, 9.4, and 9.4% in the 
three soil layers (Fig. 1-E).  Furthermore, F/B was decreased 
by biochar amendment in the 0–15 cm soil layer (Fig. 1-H).

Biochar amendment decreased C acquisition enzyme 
activities, enhanced N acquisition enzyme activities, but 
showed no impact on P acquisition enzyme activity across 

depths (Fig. 1-I–M).  Specifically, biochar decreased the BG 
and CEB activity by 13.6–40.4 and 19.1–24.2%, respectively, 
in the 0–15 and 15–30 cm soil layers compared to the control 
(Fig. 1-I and J).  Moreover, biochar addition reduced PO 
activity by 8.2 and 14.7% in the 15–30 and 30–45 cm soil 
layer, respectively (Fig. 1-K).  In contrast, biochar amendment 
improved NAG activity by 82.9–152.9% across the three soil 
layers (Fig. 1-L).

3.4. Soil microbial community structure and co-occur-
rence patterns
NMDS based on Bray-Curtis distance and PerMANOVA 
demonstrated that both soil depth and biochar amendment 
significantly modified soil bacterial and fungal community 
structure (Appendix E).  In the 0–15 cm soil layer, biochar 
amendment increased the relative abundances of 4 bacterial 
phyla (Acidobacteria, Chloroflexi, Nitrospirae, Rokubacteria) 
and 2 fungal phyla (Basidiomycota, Glomeromycota) while 
decreasing the relative abundances of bacterial phylum 
Gemmatimonadetes and fungal phylum Ascomycota 
(Fig. 2-A and B).  In the 15–30 cm soil layer, biochar addition 

Fig. 1  Microbial necromass carbon (MNC), biomass, and extracellular enzyme activities under the control (CK) and biochar-
amended (BC) treatment across soil layers.  FNC, fungal necromass C; BNC, bacterial necromass C; FNC/BNC, the ratio of 
fungal necromass C to bacterial necromass C; F/B, the ratio of fungal PLFA to bacterial PLFA; BG, β-1,4-glucosidase; CEB, β-1,4-
cellobiohydrolase; PO, phenol oxidase; NAG, β-1,4-N-acetylglucosaminidase; ACP, acid phosphatase.  Different small letters denote 
significant difference among different soil layers (P<0.05).  * and ** indicate significant difference between CK and BC in the same soil 
layer at P<0.05, P<0.01, respectively.  Error bars represent the standard deviation of the means (n=3).
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improved the relative abundances of 3 bacterial phyla 
(Firmicutes, Rokubacteria, Nitrospirae) but reduced the 
relative abundances of bacterial phylum Gemmatimonadetes 
and fungal phylum Ascomycota (Fig. 2-C and D).  In the 
30–45 cm soil layer, biochar addition increased the relative 
abundances of 2 bacterial phyla (Acidobacteria, Nitrospirae) 
and fungal phylum Basidiomycota but reduced the relative 
abundance of bacterial phylum Actinobacteria (Fig. 2-E and 
F).  Except for the bacterial community at 15–30 cm soil layer, 
biochar amendment enhanced the K/r of fungal and bacterial 
communities across the soil profile (Appendix F).

Co-occurrence networks were constructed to illustrate 
the distinct co-occurrence patterns of soil microbial 
communities following biochar amendment.  The bacterial 
network comprised 1,395 nodes and 55,155 links (Fig. 3-A), 
while the fungal network contained 155 nodes and 352 
links (Fig.  3-B).  Both networks were clustered into five 
coherent modules.  Random forest modeling revealed that 
MNC was significantly influenced by bacterial module 1, 
bacterial module 3, bacterial module 5 and fungal module 3  
(R2=0.81; P=0.001; Fig.  3-C).  By calculating relative 
abundances of r-strategists and K-strategists in each module, 
we found that bacterial modules 1 and 5 were dominated 
by K-strategists while bacterial module 3 was dominated 
by r-strategists (Fig. 3-D).  Furthermore, although fungal  
module 3 was dominated by r-strategists, it demonstrated 
a higher proportion of K-strategists compared to other 
fungal modules (Appendix G).  Consequently, bacterial 
module 3 was classified as r-strategist-dominated, while 
bacterial modules 1 and 5, along with fungal module 3, were 

designated as K-strategist-dominated modules.  Linear 
regression analyses demonstrated that MNC positively 
correlated with the relative abundance of the r-strategist 
bacterial module 3, but negatively correlated with the relative 
abundances of the K-strategist modules (bacterial modules 1 
and 5, and fungal module 3) (Fig. 3-E–H).

4. Discussion
The net accumulation of MNC depends on the balance 
among microbial biomass production, microbial mortality, and 
the decomposition of microbial residues (Joergensen 2018; 
Liang et al. 2019).  In contrast to previous studies reporting 
increased MNC accumulation under biochar amendment 
(Chen et al. 2023a; Cheng et al. 2024; Yuan et al. 2025), this 
study found that biochar reduced MNC content throughout 
the paddy soil profile (Fig.  1-A), supporting our first 
hypothesis.  The reduction in MNC under biochar amendment 
appears to be associated with two mechanisms (Fig. 4): (i) 
biochar shifted the microbial community towards K-strategist, 
suppressing microbial biomass and decreasing MNC 
production; and (ii) biochar intensified microbial N limitation 
and stimulated NAG activities, thereby enhancing MNC 
decomposition.

4.1. Biochar amendment decreased microbial nec-
romass carbon production by shifting microbial life- 
history strategy
In contrast to previous studies indicating that biochar 
st imulates microbia l  b iomass and increases MNC 
accumulation (Li M R et al. 2024; Yuan et al. 2025), this study 

Fig. 2  The relative abundances of microbial phyla with significant changes under the control (CK) and biochar-amended (BC) 
treatment across soil layers.  *, **, and *** indicate significant difference between CK and BC in the same soil layers at P<0.05, P<0.01, 
and P<0.001, respectively.
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observed a significant decline in microbial biomass across all 
three soil layers four years after a single biochar application 
(Fig. 1-E).  This pattern may be attributed to the biochar-
induced shift in microbial life-history strategies.  Generally, 
r-strategists thrive in nutrient-rich environments and exhibit 
rapid biomass turnover, while K-strategists predominate 
under nutrient-limited or imbalanced conditions by reducing 
biomass turnover and utilizing recalcitrant substrates (Fierer 
et al. 2007; Malik et al. 2020).  Unlike previous studies 
employing annual biochar applications (Zhang et al. 2024; 
Yuan et al. 2025), this experiment utilized a single biochar 

application.  Under frequent wetting and drying cycles in 
paddy soils, the readily available nutrients from the one-time 
biochar application may have been consumed by rice and 
microbes (Nan et al. 2023).  Additionally, biochar amendment 
increased SUVA254 values of DOC (Table  1), indicating 
enhanced aromaticity and reduced bioavailability (Li and 
Hur 2017).  This observation aligns with previous research 
demonstrating that SOC and DOC exhibit higher aromaticity 
and greater resistance to microbial utilization 14 years after 
biochar application (Chen et al. 2023a).  Consequently, 
biochar fractions in the soil profile primarily consisted of 

Fig. 3  Key microbial modules regulating microbial necromass carbon (MNC) accumulation.  A, bacterial co-occurrence network.  B, 
fungal Co-occurrence network.  C, key modules identified by random forest model.  D, relative abundances of different life-history strategists 
in key modules.  E–H, relationships between key modules and MNC.  CK, control; BC, biochar-amended treatment.
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recalcitrant C, potentially favoring K-strategist proliferation 
while inhibiting r-strategists (Li et al. 2021).

This study revealed that biochar application increased the 
relative abundances of K-strategists (e.g., Nitrospirae and 
Basidiomycota) while decreasing those of r-strategists (e.g., 
Gemmatimonadetes and Ascomycota) across soil layers 
(Fig. 2), resulting in higher microbial K/r ratios and lower rrn 
operon copy numbers (Appendix F).  Co-occurrence network 
analysis confirmed this pattern, demonstrating that biochar 
suppressed r-strategy modules while enhancing K-strategy 
core modules (Fig. 3; Appendix H), indicating a community 
shift toward K-strategists in the soil profile.  This low-yield, 
slow-turnover, and oligotrophic microbial community induced 
by biochar amendment decreased microbial biomass inputs 
to the necromass pool (Fig. 1-E) (Shao et al. 2021; Cai 
et al. 2023), as microbial biomass serves as the immediate 
precursor of necromass (Buckeridge et al. 2020b).  Notably, 
fungal and bacterial biomass showed distinct responses 
to biochar amendment.  The results indicated that biochar 
amendment reduced bacterial biomass across three soil 
layers (Fig.  1-G), while fungal biomass was decreased 
only in the topsoil (Fig. 1-F).  The topsoil response likely 
reflects elevated pH under biochar amendment (Table 1), 
which typically inhibits fungal growth and metabolism while 
enhancing fungal chitin decomposition (Hu et al. 2020; Wang 
C et al. 2021).  In the subsoil, however, the recalcitrant 
biochar-derived C may sustain fungal growth while limiting 
bacterial biomass, as fungi generally possess a competitive 
advantage in utilizing recalcitrant C substrates compared 
to bacteria (Lehmann et al. 2011; Lei et al. 2023).  These 
findings indicate that the decline in MNC production in topsoil 
resulted from reductions in both fungal and bacterial biomass, 
whereas the subsoil decline was primarily attributed to 
decreased bacterial biomass under biochar amendment.

4.2. Biochar amendment accelerated microbial necro-
mass carbon decomposition by aggravating microbial 
N limitation
N availability plays a crucial role in the recycling and 
destabil ization of MNC (Hu et  al.  2018; Buckeridge 
et al. 2020).  According to the theories of stoichiometric 
homeostasis and microbial N mining, microorganisms 
mineralize SOM to meet their N requirements under N-limited 
conditions (Chen et al. 2014).  Microbial necromass, as an 
N-abundant substrate (Heuck et al. 2015), is susceptible 
to microbial N mining (Hu et  al. 2018; Cui et  al. 2020).  
The present study demonstrated that biochar amendment 
indirectly intensified N limitation by increasing the DOC 
content and the DOC/AN ratio in the topsoil (Table 1).  The 
increased DOC content under biochar amendment may 
be attributed to higher rice root biomass (Appendix I) and 
associated rhizodeposits (Liu Z W et al. 2021).  In the subsoil 
(15–45  cm soil layers), biochar amendment reduced N 
availability by decreasing the AN content (Table 1), aligning 
with previous research showing reduced downward leaching 
of 15N into deeper soil layers in a pot experiment (Shi et al. 
2020).  This reduction in AN may result from two factors.  First, 
biochar can reduce N leaching from topsoil to subsoil through 
strong adsorption capacity, facilitated by abundant oxygen-
containing functional groups (Gai et al. 2014), and its high 
porosity and large specific surface area that enhance water-
holding capacity (Novak et al. 2012).  Second, increased 
root biomass under biochar amendment (Appendix I)  
may promote deeper root penetration and intensify plant–
microbe competition for AN in the subsoil (Liu et al. 2018; 
Hill and Jones 2019).  However, sampling at rice harvest 
coincided with seasonally low mineral-N pools (Zhu et al. 
2019).  Following field drainage and a complete growing 
season of plant uptake, this timing may have accentuated 
the low AN level in the subsoil.  Consequently, under biochar 
amendment, the combined effects of elevated root deposition 
and labile C supply in the topsoil, along with reduced AN in 
the subsoil, likely exacerbate microbial N limitation, thereby 
stimulating higher secretion of N-acquiring enzymes to mine 
N from soil organic matter - particularly from N-rich microbial 
necromass (Buckeridge et al. 2020b).

In alignment with these findings, our results demonstrated 
that biochar did not modify P acquisition activity but 
decreased C hydrolase activities (e.g., BG and CEB) and 
enhanced NAG in the soil profile (Fig. 1-I–M), suggesting 
relative microbial N limitation (Sinsabaugh et al. 2013).  
Furthermore, the relative abundance of Nitrospirae, an 
oligotrophic phylum critical for N transformation processes 
through nitrite oxidation (Dunbar et al. 2014; Daims and 
Wagner 2018), increased under biochar amendment (Fig. 2-A, 
C, and E), potentially mitigating N limitation and sustaining 
microbial functioning.  Consequently, the intensified microbial 
N limitation and increased N acquisition activity could 
scavenge N from microbial residue and potentially accelerate 
MNC decomposition (Sinsabaugh et al. 2008; Buckeridge 
et al. 2020b).  Moreover, biochar amendment reduced FNC 
primarily in the topsoil while decreasing BNC across all three 
soil layers (Fig. 1-B and C).  This distinction can be attributed 
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to the molecular recalcitrance of fungal cell wall components, 
including chitin and melanin, which confer a longer turnover 
time compared to bacterial cell wall components such as 
peptidoglycans (Schweigert et al. 2015; Wang B G et al. 
2021).  The lower surface-area-to-volume ratios of fungal 
residues could facilitate their adsorption onto mineral 
surfaces, thereby enhancing fungal necromass preservation 
in mineral-rich subsoils (Schweigert et al. 2015; He et al. 
2022).  Conversely, bacterial necromass, characterized 
by lower molecular mass and C/N ratios, exhibits greater 
susceptibility to high NAG activity (Hu et al. 2020; Wang et al. 
2022).  Thus, FNC demonstrates greater resistance than BNC 
to elevated decomposition induced by biochar amendment, 
resulting in stable FNC accumulation in the subsoil.  These 
results reveal distinct responses of BNC and FNC to biochar-
induced microbial N limitation and subsequent enzymatic 
activity changes.

5. Conclusion
This study demonstrates that biochar amendment reduced 
MNC accumulation by modifying microbial life-history 
strategies and intensifying N limitation across the three 
paddy soil layers (0–15, 15–30, and 30–45 cm).  Biochar 
amendment decreased DOC bioavailability and shifted 
the microbial community toward K-strategists, thereby 
reducing microbial biomass and potentially decreasing 
MNC production.  Additionally, biochar intensified microbial 
N limitation and stimulated NAG activities, potentially 
accelerating MNC decomposition.  As a result, biochar 
amendment reduced FNC mainly in the topsoil while 
decreasing BNC throughout all soil layers.  These findings 
highlight the significance of microbial life-history strategy 
and N availability in regulating MNC dynamics and illuminate 
the distinct responses of fungal and bacterial necromass 
to biochar- induced changes in soi l  biogeochemical 
processes.  However, the effects of biochar on MNC 
accumulation may vary between single-dose and repeated 
applications, influenced by changes in microbial community 
composition and activity.  Therefore, long-term (>10 
years) field experiments are essential to understand the 
mechanisms of microbially mediated SOC stabilization and 
optimize biochar application for sustainable soil management.
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