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Microbial life-history strategies mediate i

differential effects of straw and biochar
amendments on soil POC/MAOC dynamics
and SOC sequestration
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Abstract

Enhancing soil organic carbon (SOC) sequestration in paddy soils is a critical strategy for climate change mitiga-
tion. However, the mechanistic underpinnings of how substrate quality modulates microbial life-history strategies
to regulate the formation and stabilization of distinct SOC fractions—particulate organic carbon (POC) and mineral-
associated organic carbon (MAOC)—remain poorly understood. We conducted a 65-day incubation experiment
using '*C-labeled rice straw and straw-derived biochar to disentangle the relationships among energy inputs,
microbial strategies, and SOC stabilization pathways. Both straw and biochar amendments increased SOC content,
with biochar inducing a 103% increase compared to only 38.7% from straw. Straw improved nutrient availability
(e.g., dissolved organic carbon and microbial biomass carbon) and stimulated the activities of 3-glucosidase, 3-1,4-
N-acetylglucosaminidase, leucine aminopeptidase, and acid phosphatase, thereby enriching r-strategist microbes
(e.g., Mortierellomycota and Firmicutes). This promoted fungal-mediated POC formation and MAOC accumulation
derived from bacterial necromass. However, straw induced a positive priming effect, accelerating the mineralization
of native SOC and resulting in a carbon sequestration efficiency of only 22.8% by day 65. In contrast, biochar allevi-
ated microbial nitrogen demand, redirected microbial activity toward the decomposition of recalcitrant carbon,

and enriched K-strategist microbes (Actinobacteriota and Chloroflexi). These shifts further facilitated MAOC accu-
mulation via bacterial necromass formation, while inducing a negative priming effect that minimized native carbon
loss, achieving a carbon sequestration efficiency of 99.7% at the end of the incubation. Our findings reveal that straw
and biochar enhance SOC sequestration through distinct microbial pathways: straw drives rapid but less efficient
carbon accumulation via r-strategist microbial activity, whereas biochar promotes stable and highly efficient seques-
tration through K-strategist-mediated processes. These results highlight the importance of substrate quality in shap-
ing microbial community dynamics and SOC sequestration outcomes, providing a mechanistic basis for optimizing
organic amendment strategies in paddy agroecosystems.

Highlights

- Biochar boosts SOC via negative priming and K-strategies, outcompeting straw.
- Straw elevates POC and MAOC but priming limits overall sequestration.
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Straw favors r-strategists: Mortierellomycota boosts POC, Firmicutes promotes MAOC via necromass.
Biochar enriches K-strategists (Actinobacteriota, Chloroflexi), boosting MAOC.

Keywords Soil organic matter, Particulate organic matter, Mineral-associated organic matter, r-strategists,
K-strategists, Biochar amendment
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1 Introduction

Soil, the largest terrestrial carbon (C) pool, stores
approximately 2400 Gt of C within the 0-2-m depth
globally (Beillouin et al. 2023). Enhancing soil organic
carbon (SOC) sequestration is a crucial strategy for
mitigating global warming. An annual increase of 4%o
in SOC stock (equivalent to~2.5 Gt C year ') could
offset approximately 30% of global greenhouse gas
emissions (Minasny et al. 2017). SOC accumulation
depends on the trade-off between two functional frac-
tions, namely particulate organic carbon (POC) and
mineral-associated organic carbon (MAOC), which
represent a relatively labile C pool and a stabilized C

pool in the soil, respectively (Tivet et al. 2013). POC
is primarily derived from partially decomposed plant
residues and undergoes rapid turnover, while MAOC
is largely formed from microbial metabolites and cellu-
lar residues interacting with soil mineral components,
serving as the core reservoir that determines the long-
term soil C sequestration capacity (Lavallee et al. 2020).

The input of exogenous C (e.g., straw and biochar) with
differential energy availability drives distinct microbial
metabolic pathways, thereby affecting the dynamics of
POC and MAOC and thus SOC sequestration. Previous
studies have demonstrated that straw increases POC and
MAOC by 33% and 9.6%, respectively, whereas long-term
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biochar amendment (13 years) elevates POC by fivefold
and MAOC by 1.2-fold compared to no amendment
(Lei et al. 2024; Zhou et al. 2025b). However, while the
differential effects of these amendments on C storage
are well-documented, the underlying microbial mecha-
nisms, particularly how substrate quality filters microbial
traits to regulate specific C fractions, remain to be fully
elucidated.

The distinct energy properties of straw and biochar
fundamentally shape the soil microbial landscape. Straw
amendment provides a rich source of high energy and
readily available C for soil microorganisms, stimulat-
ing the metabolism of fast-growing r-strategist microbes
(Shang et al. 2023; Xu et al. 2024). These organisms
drive rapid decomposition and stabilization of the SOC
pool (Chen et al. 2023; Liang et al. 2017), dominating
the initial phase of straw transformation (Liebich et al.
2006). Studies have shown that full straw return (100%)
increased the abundance of r-strategist bacteria by
163.4% compared with the control (Wang et al. 2026). In
contrast, straw-derived biochar represents a low-energy,
recalcitrant C source with a highly aromatic and recalci-
trant structure, coupled with a high specific surface area
and strong adsorption capacity (Lehmann et al. 2006;
Leng et al. 2021). These properties facilitate modifica-
tions to the soil microenvironment, promoting coloniza-
tion by oligotrophic, slow-growing K-strategist microbes
(Shang et al. 2023). Research indicates that the increase
in topsoil SOC is due to a shift in the microbial commu-
nity toward K-strategists, which in turn produce more
recalcitrant necromass compounds, thereby elevating
the microbial necromass C content (Luo et al. 2023; Yang
et al. 2026).

The principle that microbial life-history strategies dic-
tate SOC fractions is further supported by studies exam-
ining other environmental perturbations. For instance,
warming-induced shifts in bacterial communities from
K- to r-strategists have been shown to increase POC but
decrease MAOC in black soils, as r-strategists facilitate
the rapid mineralization of organic compounds while
K-strategists are associated with more stable C pools
(Lyu et al. 2025). Similarly, vegetation type can act as a
filter: leguminous cover crops promote K-strategists (e.g.,
Ilumatobacter and Bradyrhizobium), enhancing SOC
stability and recalcitrance, whereas non-leguminous
cover crops enrich r-strategists (e.g., Lysinibacillus and
Paenibacillus), corresponding to greater labile C accu-
mulation (Liu et al. 2025b). Furthermore, increased pre-
cipitation has been found to shift bacterial communities
toward r-strategy in both rhizosphere and bulk soils, with
the enrichment of r-strategists promoting rhizosphere
MAOC accumulation by enhancing root C exudation
(Zeng et al. 2025). Despite these insights, a mechanistic
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understanding of how substrate energy quality acts as a
filter for these microbial life-history strategies to regu-
late the trade-off between POC and MAOC formation is
lacking. Specifically, it remains unclear whether POC and
MAOC accumulation in paddy soils is driven primarily
by the high-turnover necromass pump associated with
r-strategists or by the high-efficiency metabolic traits of
K-strategists.

In this study, an incubation experiment was conducted
to address the following scientific questions: (1) What are
the dynamic effects of straw and biochar amendments on
SOC fractions (POC and MAOC)? (2) How do straw and
biochar amendments influence POC and MAOC by reg-
ulating microbial life-history strategies? We hypothesized
that straw amendment enhances the accumulation of
both POC and MAOC by enriching r-strategist microor-
ganisms, whereas biochar amendment promotes MAOC
accumulation by enriching K-strategists through the for-
mation of microbial necromass. This study provides a
theoretical basis for revealing the C sequestration mech-
anisms of soil microorganisms under different exogenous
C inputs, and provides practical guidance for optimiz-
ing agricultural management measures to enhance SOC
sequestration.

2 Materials and methods

2.1 Preparation of soil, straw, and biochar

Paddy soil samples were collected from the 0—20 c¢cm top-
soil layer at the Yangdu Research Station of the Zhejiang
Academy of Agricultural Sciences, located in Jiaxing City,
Zhejiang Province (120° 24" 23” E, 30° 26" 07" N). The
experimental field has been under a rice-rape rotation
system since 2011. A five-point sampling method was
employed across a 10 mx 10 m plot, with approximately
2 kg of soil collected from each point. All collected soil
was thoroughly homogenized to form a single compos-
ite sample. Visible plant roots and large organic residues
were manually removed from the composite sample. The
soil was then air-dried and passed through a 2-mm sieve;
the sieved soil was split into two portions, one for analy-
sis of basic physicochemical properties and the other for
use in the subsequent incubation experiment.

The '3C-labeled rice straw and rice straw-derived bio-
char were used as exogenous C sources and prepared as
follows. The '*C-labeled straw was obtained by an iso-
tope pulse labeling method (Lu et al. 2004). Briefly, stable
isotope '3C labeling was conducted for 6 days in a closed
plexiglass chamber between 9:00 and 15:00 on sunny
days. At the beginning of labeling, Ba'*CO, (> 98%) pow-
der was pre-placed in a beaker, which was then placed
inside the sealed chamber together with the rice plants.
A detector and a thermometer were used to monitor the
CO, concentration and the temperature in the chamber,
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respectively. When the CO, concentration dropped
from 350 to 125 ppm, an appropriate amount of 1 mol
L~ hydrochloric acid was added through a hose to react
with the Ba'3*CO,, maintaining the indoor CO, concen-
tration within the range of 250—-300 ppm. After labeling,
the straw was collected and subjected to inactivation at
105 °C for 30 min followed by drying at 60 “C for 12 h. To
obtain '*C-labeled biochar, a portion of the '3C-labeled
straw was pyrolyzed at a heating rate of 5 °C min™" to a
maximum temperature of 500 °C and held for 2 h before
cooling to room temperature. Finally, straw and biochar
were crushed and ground to a particle size of less than
2 mm for subsequent use.

The basic physicochemical properties of the soil, straw,
and biochar samples were determined using the following
methods. Soil available phosphorus was determined by
the NH,F-HCI extraction followed by the molybdenum-
antimony colorimetric method (Bray and Kurtz 1945).
Soil available potassium was measured using ammo-
nium acetate extraction coupled with flame photometry
(Helmke and Sparks 1996). Straw and biochar samples
were subjected to digestion with a HCIO,—HF solution.
Total potassium in the digests was determined by flame
spectrophotometry, while total phosphorus was analyzed
using the phosphomolybdate colorimetric method (Bao
2000; Murphy and Riley 1962). Ash content was deter-
mined by combusting samples at 750 C for 6 h, while
volatile matter content was quantified based on weight
loss after heating samples at 900 °C for 7 min in a tightly
covered crucible (Zhao et al. 2017). The surface area and
porosity of straw and biochar were characterized using
a NOVA 2200e analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA) at the temperature of liquid
nitrogen (77 K). The specific surface area was calculated
using the Brunauer—Emmett—Teller (BET) method, and
the average pore size was derived from the adsorption—
desorption isotherms (Zhao et al. 2017). The §'3C values
and physicochemical properties of the soil, straw and
biochar are presented in Table 1.

2.2 Incubation experiment
Three treatments were included in the incubation
experiment: (1) no straw or biochar amendment (CK),
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(2) 3C-labeled rice straw (ST) amendment, and (3)
13C-labeled rice straw-derived biochar (BC) amendment.
The experiment was designed with six replicates per
treatment. Three replicates were destructively sampled
on the 10th day, while the remaining three were used
for gas collection throughout the incubation period and
destructively sampled on the 65th day.

To activate and stabilize indigenous microorganisms,
all soils were pre-incubated for 7 days at 40% of the field
water-holding capacity prior to the formal experiment.
Then, 100 g air-dried soil was thoroughly mixed with 4 g
C kg™ of straw or biochar (a moderately increased appli-
cation rate selected to ensure that the treatment effects
could be appropriately detected), and soil moisture was
adjusted to 60% of water-holding capacity (Kalu et al.
2024) using deionized water for the formal incubation
experiment. All incubations were carried out in a dark
environment at a constant temperature of 25+1 °C for
65 days.

2.3 Sampling and analysis

A total of 21 gas samples were collected during the incu-
bation period. The content and §'>C abundance of CO,
were determined by an isotope ratio mass spectrometer
(MAT 253) equipped with a gas chromatograph (Agi-
lent 7820, Agilent Technologies, Santa Clara, CA, USA).
Briefly, incubation flasks were evacuated prior to gas col-
lection, then filled with simulated air (CO,-free air) and
sealed. After 24 h, 30 mL of gas sample was collected
using a 50 mL sealed syringe (Shanghai Boli Pigeon
Industry and Trade Co., Ltd.). Before each sampling,
the syringe plunger was pulled and pushed three times
to homogenize the gas mixture (Wang et al. 2025c¢). The
collected gas samples were stored in sealed gas sampling
cylinders (Nichiden-Rika Glass Co., Ltd.).

Destructive soil samplings were performed on the
10th and last days of incubation to determine SOC,
POC, MAOC, pH, dissolved organic carbon (DOC),
microbial biomass carbon (MBC), total nitrogen (TN),
microbial biomass nitrogen (MBN), ammonium nitro-
gen (NH,*-N), nitrate nitrogen (NO; -N), enzyme
activities and the microbial community compositions
of fungi and bacteria. SOC and TN were determined

Table 1 Basic characteristics of soil, straw, and biochar used in this experiment

C (%) 6"3C (%o) N (%) P (%) K (%) C:N ratio pH Ash (%) Volatile Surface area Average
matter (%) (m2g7") pore size
(nm)
Soil 0.89 —24.38 0.10 0.01° 0.10° 8.99 6.48 / / / /
Straw 37.12 201542 093 032 1.00 39.79 6.01 10.30 38.64 252 10.01
Biochar 54.22 2498.37 1.60 0.84 3.88 33.94 10.05 29.81 19.80 576 14.31

@ Available content
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using an elemental analyzer (Vario MACRO Cube, Ger-
many). Soil pH was measured in a soil-to-water suspen-
sion (1:2.5, w/v) with a pH meter (PHS-3C, China). DOC
was extracted from soil samples using deionized water at
a soil-to-water ratio of 1:5 (w/v). The filtrate was passed
through a 0.45 pm membrane filter, and DOC concentra-
tion was quantified using a TOC analyzer (Vario TOC
select, Elementar, Germany) (Ghani et al. 2003). MBC
and MBN were determined via the chloroform fumiga-
tion-direct extraction method, with 0.5 M K,SO, as the
extractant (Brookes et al. 1985). Both DOC and dissolved
nitrogen (DN) concentrations in fumigated and non-
fumigated extracts were analyzed using the same Vario
TOC select analyzer. MBC was calculated using a con-
version factor of 0.45 (Vance et al. 1987), while MBN was
derived with a conversion factor of 0.54 (Brookes et al.
1985). Fresh soil samples (5 g) were extracted with 2 M
KCl (1:5 soil-to-solution ratio) and filtered for NH,*—N
and NO;™—N analysis according to Mulvaney (1996).

For the determination of soil POC and MAOC, soil
samples were extracted using the sodium hexametaphos-
phate extraction method (Cambardella and Elliott 1992).
In brief, 30 g soil sample was shaken with 150 mL sodium
hexametaphosphate solution (5 g L™') in a 250 mL plastic
bottle for 18 h at 100 rpm. The soil suspension was sieved
through a 53 pm sieve. The fraction retained on the sieve
(>53 pum) was considered POC, while the fraction pass-
ing through the sieve (<53 um) was considered MAOC.
All fractions were oven-dried at 60 ‘C, weighed, and
ground to pass through a 100-mesh sieve. One portion
was analyzed for C content with a Total Organic Carbon
Analyzer (Elementar, Germany), while the other was used
to determine §'3C values by Elemental Analyzer-Isotope
Ratio Mass Spectrometry (EA-IRMS, Germany).

The activities of p-glucosidase (BG), [-1,4-N-
acetylglucosaminidase (NAG), leucine aminopeptidase
(LAP), and acid phosphatase (ACP) were determined
using a microplate assay (Zhang et al. 2024b). The
brief procedure was as follows: For the determination
of BG, NAG, and ACP activities, 0.05 g of fresh soil
was mixed with substrate-specific buffer solutions,
followed by incubation at 37 °C for 1 h. After terminat-
ing the reaction with the specified stop solution, the
mixture was centrifuged at 12,000 rpm for 10 min, and
the absorbance of the supernatant was measured at
405 nm. For LAP activity analysis, 0.05 g of fresh soil
was mixed with the corresponding substrate solution
and incubated at 37 °C for 1 h. The reaction was ter-
minated, and the mixture was centrifuged at 8000 rpm
for 5 min. The absorbance of the supernatant was then
measured at 405 nm. All enzyme activities were quan-
tified using standard curves generated with p-nitro-
phenol (for BG, NAG, and ACP) or p-nitroaniline
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(for LAP). Activity values were normalized to dry soil
weight and expressed as nmol h™ g™! dry soil.

2.4 Soil amino sugar analysis

Soil amino sugars were extracted and quantified follow-
ing modified protocals adapted from Zhang and Amelung
(1996) and Salas et al. (2023). Briefly, 0.5 g of air-dried
soil subsamples were hydrolyzed with 10 mL of 6 M HCl
at 105 °C for 6 h. The resulting hydrolysates were filtered
through 0.45 um cellulose acetate membrane filters (Sar-
torius, Goettingen, Germany) and collected into 20 mL
scintillation vials. After evaporation to dryness using a
nitrogen stream, the residues were redissolved in 12 mL
of Milli-Q water.

The solutions were then transferred to 50 mL Falcon
tubes, and the pH was adjusted to 6.6—-6.8 using 1 M
KOH. To remove iron-containing precipitates, samples
were centrifuged at 1,600 X g for 15 min, and the resulting
supernatants were freeze-dried. The dried residues were
redissolved in 8 mL of methanol, followed by centrifuga-
tion at 1,600 x g for 10 min to eliminate insoluble debris.
The clarified methanol supernatants were transferred
into 10 mL cryovials (Simport, polypropylene T310-10A)
and evaporated to dryness under nitrogen. The final resi-
dues were reconstituted in 1 mL of Milli-Q water.

Amino sugars were derivatized with 1-methyl-3-phe-
nyl-2-pyralozone (PMP) prior to LC-MS analysis, fol-
lowing the method described by Salas et al. (2023).
Specifically, samples were mixed with 0.5 M PMP solu-
tion and the derivatization reaction was conducted in a
water bath at 70 °C. Following the reaction, formic acid
was added to neutralize the reaction mixture. Excess
PMP was removed via liquid-liquid extraction with
chloroform and the upper aqueous layer was retained.
The aqueous phase was filtered through a 0.2 pm acetate
membrane syringe filter (VWR International ") before
instrumental analysis.

Analyses were performed using a UPLC Ultimate
3000 system coupled to an Orbitrap Q Exactive HRMS
system. Chromatographic separation was achieved on a
Waters AccQ.Tag Ultra C18 column, and the mass spec-
trometer was operated in ESI+mode, with a full-scan
range of 150-1000 m/z. Finally, four microbial necro-
mass biomarkers were quantified: muramic acid (MurA),
mannosamine (ManN), galactosamine (GalN), and glu-
cosamine (GIcN).

2.5 High-throughput sequencing

Soil DNA was extracted from the samples using the
E.ZN.A.® soil DNA Kit (Omega Bio-tek, Norcross,
GA, US.). The purity and concentration of DNA were
quantified using a NanoDrop2000 spectrophotom-
eter (Thermo Scientific, United States). For the bacterial
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community, the bacterial 16S rRNA genes were amplified
using the universal bacterial primers 27F (5-AGRGTT
YGATYMTGGCTCAG-3’) and 1492R (5-RGYTACCTT
GTTACGACTT-3")(Weisburg et al. 1991). For the fungal
community, the ITS sequences were amplified using the
primers ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-
3) and ITS4R (5-TCCTCCGCTTATTGATATGC-3)
(Souza et al. 2014). Primers were tailed with PacBio bar-
code sequences to distinguish each sample. Amplification
reactions (20-pL volume) consisted of 5x FastPfu buffer
4 pL, 2.5 mM dNTPs 2 pL, forward primer (5 pM) 0.8
uL, reverse primer (5 pM) 0.8 pL, FastPfu DNA Polymer-
ase 0.4 pL, template DNA 10 ng and DNase-free water.
The PCR amplification was performed as follows: initial
denaturation at 95 “C for 3 min, followed by 27 cycles of
denaturing at 95 °C for 30 s, annealing at 60 °C for 30 s
and extension at 72 °C for 45 s, and single extension at 72
°C for 10 min, and end at 4 ‘C (T100 Thermal Cycler PCR
thermocycler, BIO-RAD, USA). After electrophoresis,
the PCR products were purified using the AMPure® PB
beads (Pacifc Biosciences, CA, USA) and quantified with
Qubit 4.0 (Thermo Fisher Scientific, USA).

Purified products were pooled in equimolar ratios,
and a DNA library was constructed using the SMRTbell
prep kit 3.0 (Pacifc Biosciences, CA, USA) according to
PacBio’s instructions. Purified SMRTbell libraries were
sequenced on the PacBio Sequel Ile System (Pacifc Bio-
sciences, CA, USA) by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China). High-fidelity (HiFi) reads
were obtained from the subreads, generated using circu-
lar consensus sequencing via SMRT Link v11.0.

2.6 Classification of life-history strategies

Bacterial and fungal life-history strategies were catego-
rized at the phylum level following established frameworks
that distinguish copiotrophic (r-strategist) and oligotrophic
(K-strategist) microorganisms (Fierer et al. 2007; Francioli
et al. 2016; Nemergut et al. 2010; Phung et al. 2004; Wu et al.
2021; Yao et al. 2017). We acknowledge that life-history strat-
egies can exhibit intraspecific variation within individual
phyla; for example, the phylum Ascomycota encompasses
both ruderal and stress-tolerant taxa. The classifications
applied in this study reflect the dominant life-history strate-
gies reported for these phyla under the specific environmen-
tal conditions of our experiment, and may not be universally
applicable across all ecological contexts.

2.7 Calculation

The proportion of CO, produced by '*C-labeled rice
straw/straw-derived biochar was calculated using the fol-
lowing equation (Li et al. 2018):
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(813C02%°straw/biochar - 813C02%°c0ntrol)
(SISC%Ostraw/biochar - 513C%°soil)

(1)
where 8"CO,%oaw/biochar 15 the 82C%o value of CO,
produced in the soil amended with '3C-labeled rice
straw/straw-derived biochar. The §"CO,%ocon0 is the
average §'3C%o value of CO, produced in the soil with-
out '*C-labeled rice straw. The 8" C%oa/biochar aNd
813C %o are the §'3C%o value of *C-labeled rice straw/
straw-derived biochar, and the original soil, respectively.

The production of CO, derived from straw/biochar
(COqgtrawsbiochar) and native SOC (COy5n) Was calculated
as follows:

fstraw /biochar =

COZStraw/biochar = COxotal sttraw/biochar (2)

COzs0c = COxtotal X (1 _fstraw/biochar) (3)

where CO,,, represents the total CO, produced from
the soil amended with '3C-labeled rice straw/straw-
derived biochar.

The cumulative priming effect (PE, mg C kg™ soil),
a strong short-term change in the turnover of SOC
induced by straw/biochar addition, was calculated as:

Cumulative PE = CO350c — CO2¢ontrol (4)

where CO, .o is the average value of CO, produced
in the soil without *C-labeled rice straw/straw-derived
biochar.

The relative PE (%) was calculated as:

Relative PE = (Cumulative PE/COs¢ontrol) X 100%
(5)
The proportion of straw/biochar-derived C in POC or
MAOC was calculated as follows (Jiang et al. 2021):

(513C%0C — 813C%0control)
(813C%ostraw/biochar — 813C%ocontrol)

fc= (6)
where 8'°C%o. is the §'3C%o value of POC or MAOC
in the soil amended with '3C-labeled rice straw/straw-
derived biochar. The §'3C%o,,,0 is the average §C%o
value of POC or MAOC in the soil without *C-labeled
rice straw/straw-derived biochar.

The “new” straw/biochar-derived C and “old” soil-
derived C in POC or MAOC were calculated as follows:

POC(MAOC),.,, = POC(MAOC) x fc (7)

POC(MAOC)yq = POC(MAOC) — POC(MAOCQC) e
8)

where POC(MAOC) is the total content of POC

or MAOC. POC(MAOC) refers to the straw/

new
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biochar-derived C in POC or MAOC, and
POC(MAOC),y refers to the soil-derived C in POC or
MAOQOC.

The net C balance (NCB) was calculated using a modi-
fied method from Wang et al. (2025b):

—PE
©)

The C sequestration efficiency was calculated using a
modified method from Duan et al. (2025):

NCB = Cstraw/biocharfadded - COZstraw/biochar

C sequestration efficiency = NCB/Csraw /biochar—added
(10)
We quantified the microbial necromass biomarker—
MurA, ManN, GalN, and GIcN, and calculated bacte-
rial necromass carbon (BNC), fungal necromass carbon
(FNC), and microbial necromass carbon (MNC) using
the following formulas (Meng et al. 2025):

BNC = MurA x 27.67 (11)
FNC = (GIcN — 1.36 x MurA) x 7.67 (12)
MNC = BNC + FNC (13)

2.8 Statistical analysis

Statistical analyses were performed using IBM SPSS
Statistics (Version 26.0): one-way ANOVA was used
to compare the significance of differences in various
parameters among treatments (p<0.05), and two-
way ANOVA was employed to examine the effects of
treatment, sampling time, and their interactions on
the parameters. Graphs were generated using Origin
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2024. Principal component analysis (PCA) was per-
formed on the centered and standardized ASV abun-
dance data to visualize differences in microbial
community composition among treatment groups.
PERMANOVA based on the Bray—Curtis dissimilar-
ity matrix (999 permutations) was conducted to test
the significance of community composition differ-
ences, with R? and p-values as statistical indicators.
Mantel tests were used to determine the relationships
between soil environmental factors, enzyme activi-
ties, life-history strategies, and SOC fractions (POC,
MAOC, and SOC). The random forest model was
employed to evaluate the effects of soil environmen-
tal factors, enzyme activities, and life-history strate-
gies on SOC fractions. The influencing factors were
ranked by their percentage increase in mean squared
error (% IncMSE). Mantel tests (the LinkET package)
and random forest analysis (the randomforest pack-
age) were performed in R 4.5.1. Key drivers of POC,
MAOC, and SOC were identified through mantel
tests and random forest models, and structural equa-
tion modeling (SEM) was subsequently performed in
SmartPLS 4 following collinearity testing.

3 Results
3.1 Effects of straw and biochar on SOC fractions
and priming effect

Compared to the control (CK) treatment, both straw
and biochar amendment increased the contents of
POC, MAOC, and SOC. Specifically, on day 10, straw
amendment elevated POC, MAOC, and SOC by
64.7%, 17.0%, and 46.7%, respectively, whereas biochar
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Fig. 1 Effects of rice straw (ST) and straw-derived biochar (BC) on soil carbon fractions: a particulate organic carbon (POC), b mineral-associated

organic carbon (MAOC), and ¢ soil organic carbon (SOC). Lowercase letters indicate significant differences among different treatments at the same
sampling time, while uppercase letters indicate significant differences over time within the same treatment. The hatched bars represent the straw/
biochar-derived carbon in POC and MAOC, while the solid bars represent the native soil carbon content. Values are the means + standard deviation

(n=3)
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amendment increased these fractions by 119%, 5.78%,
and 77.0%, respectively. Similarly, on day 65, straw
amendment led to increases of 58.9% in POC, 13.3% in
MAOC, and 38.7% in SOC, while biochar amendment
resulted in increases of 174% in POC, 11.9% in MAOC,
and 103% in SOC (Fig. 1, p<0.05). Compared with bio-
char amendment, straw amendment exhibited higher
cumulative emissions of total CO,, *CO,, and '*CO,
(Fig. 2a, ¢, p<0.05). Straw induced a positive priming
effect, while biochar induced a negative priming effect,

which weakened over the course of incubation (Fig. 2b,

d).

3.2 Effects of straw and biochar on microbial necromass C
After the incubation, compared with the control, straw
amendment significantly increased (p<0.05) the con-
tents of MurA, ManN, GalN, GlcN, BNC, FNC, and
MNC by 95.5%, 26.5%, 20.8%, 31.5%, 95.5%, 25.4%,
and 39.5%, respectively (Table 2). In contrast, biochar
amendment significantly increased (p<0.05) MurA,

Table 2 Effects of straw and straw-derived biochar on soil microbial necromass carbon

Treatment MurA(ugg™") ManN(ugg™")  GalN(ugg™) GlcN (ugg™) BNC(mgg™") FNC(mgg™) MNC(mgg™)
CK 209+2.02c 19.2+0.88c 171+228b 326+482b 0.58+0.06¢ 2.28+0.35a 2.86+040b
ST 409+1.01a 243+0.36a 206+ 1.65a 429+16.8a 1.13+0.03a 2.86+0.12a 3.99+0.15a
BC 28.7+0.34b 219+1.16b 226+867a 392+27.4ab 0.80+0.01b 2.70+£0.21%a 3.50+0.21ab

CK control, ST straw, BC straw-derived biochar. MurA Muramic acid, ManN Mannosamine, GalN Galactosamine, GlcN Glucosamine, BNC Bacterial necromass carbon,

FNC Fungal necromass carbon, MNC Microbial necromass carbon
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Table 3 Effects of straw and biochar amendment on soil physicochemical properties and enzyme activities

Treatment CK ST BC p value of two-way ANOVA

Time Day 10 Day 65 Day 10 Day 65 Day 10 Day 65 Treatment Time TreatmentxTime
pH 6.16+007Ab  627+001Ac  673+0.13Aa  651+001Ab 669+0.11Aa  6.59+0.04Aa e ns *

DOC (mg kg ™) 81.5+141Bc  960+460Ab  115+147Aa 1154508Aa  90.1+060Bb  104+4.71Aab e ** *

MBC (mg kg™ 233+064Ab  176+201Bb  59.3+364Aa 393+664Ba  267+098Ab 256+337Ab o * x*

MBN (mg kg™ 1.25+0458Bc 106+206Aa  863+0.56Aa 275+098Bb  597+048Ab 424+262Ab ns ns e

MBC:MBN ratio 206+565Aa  170+031Bb  6.90+0.62Bb 153+331Aa  4.50+023Ab  926+6.33Aab ns ns e

TN(gkg™) 122+002Ab  1.18+007Ab  140+001Ba 151+001Aa  1.38+002Ba  151+0.02Aa e ** **
NH~N(mgkg™)  996+372Ab  731+061Ab  128+146Ab  11.0+066Aa 423+164Aa 123+2.16Ba Hoex *x *
NO,-N(mgkg™)  145+3.26Aa 150+258Aa  59.6+1.09Bc 777+124Ac  104+381Bb  140+2.35Ab e e e

BG (hmolh™'g™")  144+2058Bb 174+126Ab  743+17.6Aa 760+496Aa  128+346Bb 159+ 14.9Ab e ns ns

NAG (nmolh™'g™")  929+741Bb  180+885Ab  510+17.5Aa 465+1862Aa 968+344Bb  133+4.67Ac o * e

LAP (nmol h™'g™")  163+3.90Aab  215+0.11Bb  223+3.69Aa 415+074Ba  13.6+145Ab 198+0328b * oo ns

ACP (nmolh™"g™) 900+ 20Bb 1220+50Ab  2170+40Aa 2060+570Aa 800+ 30Bc 1110+50Ab e ns ns

BG/(NAG+LAP) 133+0.12Aab  095+003Bb  140+006Aa 162+012Aa  1.16+004Ab  1.18+0.15Ab e ns **

BG/ACP 0.16+000Ab  0.14+002Ab  034+001Aa  04+0.13Aa  0.16+001Ab 0.14+0.02Ab Hox ns ns

Vector length 059+002Ab  05+001Bb 064+001Aa  068+003Aa 055+001Ab 0.55+0.03Ab ns oox *x

Vector angle (°) 764+0.39Aa 756+1.11Aa 66.3+0.68Ab 656+4.75Ab  756+0.74Aa  76.9+0.71Aa ns *EX ns

CK control, ST straw, BC straw-derived biochar. DOC dissolved organic carbon, MBC microbial biomass carbon, MBN microbial biomass nitrogen, TN total nitrogen,
NH,*-N ammoniacal nitrogen, NO;™-N nitrate nitrogen, BG B-glucosidase, NAG B-1,4-N-acetylglucosaminidase, LAP leucine aminopeptidase, ACP acid phosphatase.
Different lowercase letters indicate significant differences among treatments within the same sampling time (p < 0.05). Different uppercase letters indicate significant
differences between sampling times (day 10 vs. day 65) within the same treatment (p < 0.05). Asterisks (¥, **, ***) indicate significant effects at p <0.05, p<0.01, and
p<0.001, respectively, based on two-way ANOVA. 'ns’indicates no significant effect (p >0.05)

ManN, GalN, and BNC by 37.3%, 14.2%, 32.2%, and
37.3%, respectively, but had no significant effects on
GIcN, FNC, and MNC.

3.3 Effects of straw and biochar on soil physicochemical
properties and enzyme activities

Treatment type, sampling time, and their interaction sig-
nificantly (p<0.05) affected soil physicochemical prop-
erties and enzyme activities (Table 3). Throughout the
incubation period, compared with the control, straw
amendment increased (p<0.05) soil pH (3.80-9.40%),
DOC (19.5-40.8%), MBC (124-155%), and TN (14.8-
28.6%) contents, while biochar amendment increased
(p<0.05) soil pH (5.10-8.66%), NH,'—~N (68.6—324%),
and TN contents (13.1-30.6%). Both straw and biochar
amendment reduced NO; —N concentrations. Notably,
the MBN content increased significantly (p <0.05) on the
10th day under both straw (590%) and biochar amend-
ment (377%), but decreased (p <0.05) on the 65th day by
— 74.2% and — 60.2%, respectively.

Compared with the control, straw amendment
enhanced the activities of BG (337-416%), NAG
(158-449%), LAP (37.3-92.9%), and ACP (68.7-140%)
enzymes. Conversely, biochar amendment reduced
ACP activity (—11.3%) on the 10th day and suppressed
NAG activity (—26.2%) on the 65th day. Compared with
the control, straw amendment significantly increased

(p<0.05) the BG/ACP ratio and vector length, while
decreasing vector angle; however, no significant changes
were observed under biochar amendment.

3.4 Effects of straw and biochar on soil microbial
life-history strategies

Compared with the control, straw amendment signifi-
cantly reduced the bacterial Chao richness index and
Shannon diversity index (Fig. S1, p<0.05). Principal
component analysis (PCA) of B-diversity demonstrated
that the first two principal components explained 33.8%
(day 10) and 30.3% (day 65) of the total variance in bac-
terial communities, and 37.6% and 35.4% of that in fun-
gal communities (Fig. 3). By day 65, PCA revealed clear
separation of bacterial and fungal communities across
all treatment groups.

Straw amendment enhanced the relative abundance of
Mortierellomycota and Actinobacteriota while reduc-
ing the relative abundances of Proteobacteria, Ascomy-
cota, Acidobacteriota, Chloroflexi, and Basidiomycota,
thereby influencing both r- and K-strategist microor-
ganisms (Fig. S2; Fig. 4, p<0.05). Although biochar did
not induce significant shifts in microbial composition
compared to the control, it notably enhanced the relative
abundances of K-strategist microorganisms (e.g., Actin-
obacteriota, Chloroflexi, and Basidiomycota) compared
to straw amendment by the end of the incubation period.
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3.5 Key factors influencing SOC fractions after straw
and biochar amendment

Mantel test analyses demonstrated positive correla-
tions between SOC fractions and soil physicochemi-
cal properties (e.g., MBC, pH, DOC, TN), microbial
life-history strategies, and enzyme activities (e.g., NAG,
ACP) under straw amendment (Fig. 5a). In contrast,
under biochar amendment, SOC fractions were primar-
ily associated with soil properties (e.g., MBC, pH, TN,
NO;-N) (Fig. 5b). Correlation analysis showed that
after straw amendment, NAG was positively (p<0.05)
correlated with MBC, pH, DOC, TN, Firmicutes, Mor-
tierellomycota, etc., and negatively (»<0.05) correlated

with NO; —N, Chloroflexi, Proteobacteria, etc. ACP was
positively (p <0.05) correlated with MBC, pH, DOC, TN,
Mortierellomycota, etc., and negatively (p<0.05) corre-
lated with NO;—N, Proteobacteria, Basidiomycota, etc.
After biochar amendment, LAP was positively (p <0.05)
correlated with Acidobacteriota, Proteobacteria, etc., and
negatively (p<0.05) correlated with DOC, Chloroflexi,
etc.

Random forest modeling further elucidated the key
predictors governing different C fractions. Under straw
amendment, POC and SOC dynamics were predomi-
nantly influenced by key physicochemical properties
(e.g., DOC, MBC, pH) and enzyme activities (e.g., ACP,
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Fig. 6 Random forest analysis to identify the relative importance of predictors for the responses of POC, MAOC, and SOC. The relative importance
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NAG), which were identified as the critical factors. For
MAOC under straw amendment, predictive factors fur-
ther encompassed specific microbial taxa such as Basidi-
omycota and Actinobacteriota, in addition to certain
physicochemical parameters (Fig. 6a). Notably, this ran-
dom forest model explained 56.2% of the total variance.
Following biochar amendment, the key factors influenc-
ing POC and SOC were primarily soil physicochemical
properties such as pH, MBC, and TN. Regarding MAOC
under biochar amendment, in addition to physicochemi-
cal properties (DOC and TN), key influencing factors
included enzyme activities (NAG and ACP) and micro-
bial groups (e.g., Actinobacteriota and Acidobacteriota)
(Fig. 6b). This pattern suggests that K-strategist microbes
serve as key predictors for MAOC dynamics, whereas
changes in POC and SOC are mainly governed by phys-
icochemical factors.

3.6 Straw and biochar amendment affect SOC via distinct
pathways

After straw amendment, the SEM explained 89% of total

SOC content (Fig. 7a), and POC contributed more to

SOC than MAOC. The results showed that DOC directly

and indirectly promotes the accumulation of POC (via

ACP and Mortierellomycota) and MAOC (via NAG and

Firmicutes). Standardized path coefficients showed that
DOC had the greatest total effect on POC, MAOC, and
SOC, with standardized path coefficients of 0.78, 0.84,
and 0.85, respectively (p<0.01, Fig. 7b).

The SEM explained 91% of SOC content under biochar
amendment, in which POC made a greater contribu-
tion to SOC than MAOC (Fig. 7c). Acting as key drivers
of SOC increase, DOC and MBC directly and positively
affect POC. DOC and MBC influence MAOC, and con-
sequently SOC increase, by modulating LAP activity,
Actinobacteriota, and Chloroflexi. Specifically, MBC and
LAP activity exert negative effects on MAOC (path coef-
ficients of —0.22 and —0.61, respectively), whereas DOC,
Actinobacteriota, and Chloroflexi have positive effects
(path coefficients of 0.49, 0.50, and 0.50, respectively,
Fig. 7d).

3.7 Effects of straw and biochar on net C balance and C
sequestration efficiency

Treatment type, sampling time, and their interac-
tion significantly affected soil net C balance and C
sequestration efficiency (Fig. 8, p<0.001). During the
incubation period, both the net C balance and C seques-
tration efficiency of biochar amendment were higher
than those of straw amendment (p<0.05). Compared
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Standardized effects

with straw amendment, biochar amendment increased efficiency of straw amendment gradually decreased,
(p<0.05) the net C balance by 79.9% and 338% at 10 and  whereas biochar amendment showed no significant
65 days of incubation, respectively. As the incubation changes. At 10 days, the C sequestration efficiencies for
time extended, the net C balance and C sequestration straw and biochar amendments were 55.7% and 100%,
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respectively; at 65 days, they were 22.8% and 99.7%,
respectively.

4 Discussion
4.1 Positive priming by straw and negative priming
by biochar drive differential C turnover

The distinct SOC sequestration capacities of straw and
biochar amendments are fundamentally linked to their
contrasting effects on microbial priming and native C
loss, representing a critical trade-off. Straw amendment
introduces readily decomposable C, providing an excess
energy substrate for microorganisms (Xie et al. 2025).
Compared with the control, the vector length and the
ratios of BG/(NAG+LAP) and BG/ACP were signifi-
cantly higher in the straw amendment (Table 3), indi-
cating enhanced microbial investment in C acquisition
relative to nitrogen and phosphorus acquisition. Higher
cumulative emissions of CO,, *CO,, and ?CO, in the
straw amendment compared to the biochar amendment
(Figs. 2a, c) were attributed to the rapid decomposition
of straw and its promotion of hydrolytic enzyme activi-
ties (BG, NAG, LAP, ACP), which accelerated the turno-
ver of native C (notably POC), thereby inducing a strong
positive priming effect (Table 3, Fig. 1). This suggests that
the high-energy input of straw triggered a co-metabo-
lism effect, where microbes utilized the labile energy to
mine recalcitrant soil organic matter for nutrients (nitro-
gen mining), resulting in a net cost to the native C stock
(Chen et al. 2014; Fu et al. 2025). Moreover, a portion
of the POC increase under straw amendment consists
of undecomposed or partially decomposed straw frag-
ments that may be physically protected within soil aggre-
gates (Fig. 1a). Although temporarily retained in the POC
pool, this material remains labile and is susceptible to
mineralization over longer timescales, particularly when

aggregates are disrupted or under changing environmen-
tal conditions (Yang et al. 2025a). Thus, this physically
protected but undecomposed straw C represents tran-
sient C accumulation rather than true long-term stabi-
lization. Therefore, although the SOC and POC content
generally increased after straw amendment (Fig. 1), this
increase was partially offset by an accelerated loss of
native C, resulting in a considerably lower net C balance
and C sequestration efficiency in the straw amendment
compared to the biochar amendment (Fig. 8).
Conversely, biochar amendment induced a negative
priming effect, a phenomenon likely resulting from
mechanisms such as physical protection and altered
microbial functioning that reduce native SOC min-
eralization. Biochar possesses a highly aromatic and
recalcitrant structure (Lehmann et al. 2006). Its poros-
ity and strong adsorption capacity may promote soil
aggregation via particle cementation, forming stable
aggregates that may act as a physical barrier to protect
both native and newly added C by limiting microbial-
substrate contact (Han et al. 2020; Okebalama and
Marschner 2023). The results showed that biochar sig-
nificantly increased POC content (174%), with a sub-
stantial portion originating from native soil C (Fig. 1a),
suggesting that the organic matter may have been physi-
cally protected by aggregates. However, we acknowl-
edge that without direct measurements of aggregates,
this remains an inference rather than a confirmed
mechanism. After biochar amendment, the activities
of nitrogen-acquiring enzymes such as LAP decreased
significantly (Table 3). This is consistent with previ-
ous studies (Bailey et al. 2011; Barthod et al. 2016; Hu
et al. 2023; Yang et al. 2025c), which have shown that
biochar reduces enzyme-substrate contact through
adsorption and temporarily inhibits microbial activity
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due to its alkalinity, thereby decreasing the production
of hydrolytic enzymes (e.g., phosphatases, chitinases)
and slowing organic C mineralization. Together, these
mechanisms suppress the decomposition of native SOC,
enhance the retention of biochar-derived recalcitrant
C, and facilitate the incorporation of newly added C
into the POC pool, thereby collectively promoting SOC
sequestration (Figs. 1, 2, 8). Research confirms the high
stability of biochar-derived C in soil, with 74% recov-
ered in the free light fraction after 10 months in tem-
perate forest soil (Singh et al. 2014; Wang et al. 2022).
Substantial evidence indicates that biochar amend-
ment results in higher *C contribution percentages
and increased contents of total SOC, POC, and MAOC
(Yang et al. 2025a). This stability explains why the bio-
char amendment led to a much greater increase in POC
(174%) and a much higher C sequestration efficiency
(99.7%) compared to the straw amendment (58.9% and
22.8%, respectively) by the end of the incubation.

4.2 The regulatory role of r-strategists on POC and MAOC
under straw amendment

Bacterial and fungal life-history strategies were catego-
rized at the phylum level. For bacteria, phyla including
Bacteroidota, Firmicutes, and Proteobacteria were clas-
sified as r-strategist (copiotrophic), while Actinobacte-
riota, Acidobacteriota, and Chloroflexi were designated
as K-strategist (oligotrophic) (Fierer et al. 2007; Franci-
oli et al. 2016; Nemergut et al. 2010; Phung et al. 2004).
Among fungi, Ascomycota and Mortierellomycota were
assigned to the r-strategist group, and Basidiomycota was
categorized as a K-strategist phylum (Wu et al. 2021; Yao
etal. 2017).

During straw decomposition, readily utilizable sub-
strates such as cellulose and hemicellulose are released,
providing a competitive advantage to fast-growing
r-strategists (e.g., Firmicutes and Mortierellomycota)
(Fig. 7) (Wu et al. 2025). This resulted in a significant
decrease in soil bacterial Chao richness and Shannon
diversity, which was attributed to competitive exclu-
sion of other microorganisms by rapidly proliferating
r-strategists (Fig. S1) (Hammarlund et al. 2019; Zhang
et al. 2018). The enrichment of r-strategist microbes reg-
ulates the specific trade-off in C allocation between the
POC and MAOC fractions. For the biochar amendment,
although the increase in soil pH (Table 3) may indepen-
dently affect community diversity by favoring alkaliphilic
groups over acidophilic groups, the absence of readily
available C sources and the provision of a stable micro-
habitat through dynamic regulation of soil moisture
and aeration mean that it does not trigger the intense
resource competition observed under straw treatment
(Yang et al. 2022).
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The r-strategist microorganisms regulate POC pri-
marily via fungus-mediated processes. As a typical
r-strategist fungus, Mortierellomycota may stabilize
soil aggregates by encasing organic fragments with its
hyphae, thereby protecting incompletely decomposed
straw C within the POC pool from rapid mineralization
(Li et al. 2023; Song et al. 2024). This physical protection
mechanism, combined with the significant increase in
ENC observed under straw amendment (Table 2), sug-
gests that Mortierellomycota may contributes to both
aggregate formation and necromass-mediated C stabili-
zation. SEM results demonstrate a strong positive effect
of Mortierellomycota on POC (with a path coefficient of
0.51, p<0.01), consistent with this mechanism. Neverthe-
less, the link between Mortierellomycota and aggregate
formation in our specific experimental system remains
to be empirically verified. Furthermore, this observed
enhancement in fungal abundance and activity was pri-
marily driven by increased DOC and ACP activity. The
significant positive correlation between ACP activity and
the relative abundance of Mortierellomycota (Fig. 5) sug-
gests that phosphorus availability may play a critical role
in fungal-mediated C sequestration under straw amend-
ment. Following straw amendment, the increase in ACP
activity (Table 3) and the reduction in vector angle collec-
tively indicated a marked alleviation of soil phosphorus
limitation. This alleviation likely promoted microbially
mediated C stabilization processes and created favora-
ble edaphic conditions for the subsequent proliferation
of Mortierellomycota. These findings align with previous
research demonstrating that the application of chemical
phosphorus fertilizer to soils with a long-term history of
phosphorus deficiency significantly enriches Mortierello-
mycota populations (Yang et al. 2025b).

Under straw amendment, DOC, enzyme activities, and
microbial taxa form a coordinated ecological network.
The results indicate a significant positive correlation
between NAG activity and both DOC and Firmicutes
(Fig. 5a), suggesting that DOC may influence the prolif-
eration of Firmicutes by regulating nitrogen-acquiring
enzyme activities. Specifically, the DOC released dur-
ing straw decomposition provides readily available C
sources and energy for microorganisms, while simulta-
neously inducing the expression of nitrogen-acquiring
enzymes (e.g., NAG) by stimulating microbial demand
for nitrogen (Table 3). For r-strategist bacteria such as
Firmicutes, which are highly sensitive to fluctuations in
carbon and nitrogen substrates (Grant et al. 2022), the
enhanced availability of organic nitrogen resulting from
increased NAG activity likely directly promotes their
rapid growth and proliferation (Figs. 4c, 5a). Although
the direct pathway from Firmicutes to MAOC did not
reach statistical significance, Firmicutes may indirectly
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contribute to MAOC formation through the accumula-
tion of necromass following their rapid growth and death
(Table 2). Studies have shown that in research combining
green manure with straw amendment, several bacterial
genera within the phylum Firmicutes were significantly
positively correlated with bacterial necromass C (Zhou
et al. 2025a). In a '3CO,-labeled rhizo-box experiment,
the abundance of Firmicutes was found to be signifi-
cantly positively correlated with '>*C-MAOC (Han et al.
2025). Thus, this observation directly confirms our initial
hypothesis: straw amendment enhances both POC and
MAOC accumulation by enriching r-strategist micro-
organisms, whereby fungal (Mortierellomycota) and
bacterial (Firmicutes) r-strategists differentially drive C
stabilization—the former possibly through aggregate-
mediated POC protection and the latter through necro-
mass-driven MAOC accrual.

Although straw amendment increased the contents
of both POC and MAOC, the positive priming effect
indicated a significant net C loss, particularly due to the
rapid mineralization of the POC pool (Figs. 1, 2) (Fu et al.
2025). This is primarily associated with the conversion of
straw-derived 3C from POC to MAOC (Chaudhary et al.
2014). Therefore, r-strategist microbes rapidly utilize
straw-derived labile POC for energy acquisition. While
this feasting strategy accelerates the microbial C pump
and generates substantial necromass (contributing to
MAOC), the low C use efficiency (CUE) typically associ-
ated with r-strategists means that a large proportion of C
is respired as CO, (Chen et al. 2016). This explains why
straw amendment resulted in lower C sequestration effi-
ciency despite high microbial activity (Fig. 8).

4.3 The regulatory role of K-strategists on POC and MAOC
under biochar amendment
Biochar amendment promotes C sequestration by
altering soil physicochemical properties and enrich-
ing slow-growing K-strategist microorganisms (Shang
et al. 2023). By dynamically regulating soil moisture
and aeration, biochar creates a stable microhabitat for
microorganisms, avoiding the dramatic community
fluctuations induced by straw amendment (Yang et al.
2022). Consequently, the biochar amendment showed
no significant effect on microbial a-diversity (Fig. S1).
After 65 days of incubation, compared with the control,
the POC content in biochar-amended soils increased
significantly by 174%—a magnitude far greater than
the 58.9% increase observed in straw-amended soils
(Fig. 1). Notably, the elevated POC under biochar
amendment comprised two distinct fractions: bio-
char-derived C and native soil-derived C (Fig. 1la).
This dual-source origin suggests that the observed
POC accumulation stems from two complementary
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mechanisms: (1) direct physical protection provided
by biochar particles themselves, whose highly aromatic
and recalcitrant molecular structure inherently resists
decomposition (Lehmann et al. 2006); and (2) the for-
mation of newly stabilized soil-derived organic matter,
likely facilitated by biochar-induced soil aggregate for-
mation. The substantial contribution of native soil C to
the POC pool indicates that biochar acts as a binding
agent, cementing soil particles and organic fragments
into stable macroaggregates that physically protect
native organic matter from microbial degradation (Han
et al. 2020; Okebalama and Marschner 2023).

Biochar’s regulation of MAOC formation primarily
relies on metabolic resource reallocation by K-strategist
microorganisms. Specifically, biochar’s adsorption of
NH,"-N reduces soil nitrogen bioavailability, thereby
lowering microbial nitrogen demand. This physiologi-
cal response is reflected by the decreased LAP activ-
ity observed in biochar treatments (Table 3), indicating
that microorganisms reduce energy and material invest-
ment in nitrogen mineralization pathways. By reallocat-
ing metabolic resources away from nitrogen acquisition,
microbes can divert more energy toward transforming
recalcitrant aromatic C (e.g., aromatic hydrocarbons)
present in biochar (Nordmeyer and Richter 1985; Wang
et al. 2025a). Slow-growing K-strategists (e.g., Actinobac-
teriota and Chloroflexi), which are selectively enriched
under these nitrogen-limited conditions, likely exhibit
higher CUE. Consistent with this, previous studies have
demonstrated that microbial CUE increases with the
relative abundance of K-strategists compared to r-strat-
egists, with CUE being significantly higher during the
decomposition phase dominated by K-strategists than
that by r-strategists. We further propose that the preva-
lence of K-strategists represents a key microbial mecha-
nism driving high CUE (Ma et al. 2023). By allocating
more resources to cellular biomass synthesis rather than
respiration energy loss, these oligotrophic taxa efficiently
convert recalcitrant biochar-C into stable microbial nec-
romass, thereby promoting MAOC formation without
inducing substantial respiratory losses (Table 2) (Liu
et al. 2023; Zhang et al. 2024a).

SEM results revealed that DOC and MBC in biochar-
amended soils indirectly regulated MAOC formation
through two pathways: modulating LAP activity to
alter microbial resource allocation, and interacting with
K-strategists, where both Actinobacteriota and Chloro-
flexi exhibited strong positive path coefficients (0.50)
toward MAOC (Fig. 7). These findings are supported by
an 11-year long-term field experiment, which showed
that combined biochar and nitrogen fertilizer application
significantly increased Actinobacteria abundance, which
was positively correlated with microbial necromass
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C—itself strongly associated with elevated MAOC con-
tent (Zhang et al. 2024a). Additionally, Liu et al. (2025b)
reported that multiple key genera within Actinobacteria
phylum were positively correlated with a suite of soil C
stability indicators, further validating the role of K-strate-
gists in MAOC stabilization.

Furthermore, the increased soil pH (by 5.10-8.66%)
induced by biochar improves the habitat suitabil-
ity for K-strategist microorganisms. Simultaneously,
the adsorbed DOC and low-molecular-weight organic
compounds provide these microbes with a sustained C
supply, ensuring the stable production of microbial nec-
romass (Smith et al. 2010).

Notably, while the magnitude of MAOC accumulation
under biochar amendment was lower than that of POC,
the strong physicochemical binding between microbial
necromass and soil mineral surfaces endows K-strategist-
mediated MAOC with greater stability. These findings
directly validate our initial our hypothesis that biochar
promotes MAOC formation by selectively enriching
K-strategist microbes (e.g., Actinobacteriota and Chlor-
oflexi), which efficiently convert recalcitrant biochar-
derived C into stable microbial necromass that persists in
mineral-associated pools.

4.4 Effects of temporal dynamics on SOC fractions and C
sequestration under straw and biochar amendment

This study found that from day 10 to day 65, the POC
content in straw-amended soils slightly decreased from
an initial increase of 64.7% to 58.9%, while the MAOC
content also declined from an increase of 17.0% to 13.3%
(Fig. 1). These results indicate that the positive priming
effect induced by straw input gradually weakened the net
C accumulation during the later stage of incubation. This
phenomenon can be attributed to the time-dependent
nature of the “co-metabolism” mechanism during straw
decomposition. In the early stage, the release of abun-
dant readily decomposable organic matter stimulates
intensive microbial growth. However, as the available C
source is depleted, microbial activity declines, and a por-
tion of the initially stabilized POC may be mineralized
or transformed into MAOC (Chaudhary et al. 2014; Fu
et al. 2025). Consistent with this, the net C balance under
straw amendment decreased significantly from day 10 to
day 65, with C sequestration efficiency dropping from
55.7% to 22.8% (Fig. 8). These findings suggest that C
accumulation following straw input is highly dynamic
over time, and short-term sequestration effects are diffi-
cult to sustain.

In contrast, the POC content, net C balance, and
C sequestration efficiency under biochar amend-
ment remained nearly unchanged throughout the
65-day incubation period, demonstrating temporal
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stability (Fig. 8). Kuzyakov et al. (2009) suggested that
the mean residence time of biochar in soil is approxi-
mately 2000 years, with only about 0.5% decomposing
annually. From this perspective, the 65-day incubation
period in this study represents a relatively short window
for assessing the long-term behavior of biochar, which
imposes certain limitations. Therefore, while our find-
ings demonstrate the potential of biochar to initiate
mechanisms favorable for SOC sequestration, confir-
mation of its long-term sequestration efficacy requires
multi-year to decadal observations. It is worth not-
ing that although biochar exhibited a negative prim-
ing effect within the 65-day period (Fig. 2), in the long
term, as the biochar surface becomes colonized by
microorganisms, the priming effect may undergo com-
plex dynamic changes. A meta-analysis of 1170 data
pairs from 27 incubation studies found that the priming
effect following biochar amendment was initially nega-
tive within 0-206 days, turned positive and peaked at
around 773 days, and then returned to negative in the
later stage (Ding et al. 2018). A ten-year field study in
subtropical grassland found that a negative priming
effect was still detectable a decade after biochar amend-
ment, indicating its long-term protective effect on SOC
(Weng et al. 2017). Thus, while the negative priming
observed at day 65 aligns with short-term patterns, the
trajectory may evolve over longer timescales—poten-
tially shifting toward positive priming before returning
to negative priming. Future studies with extended incu-
bation periods are needed to validate this proposed tra-
jectory under our specific experimental conditions.

We acknowledge that the lack of sampling points
between days 10 and 65 limits our ability to capture the
full temporal dynamics of microbial community suc-
cession under biochar amendment. However, based on
the existing literature, we can infer the expected trajec-
tory. The initial stage (days 0—10) is likely dominated by
r-strategist microorganisms utilizing the labile C frac-
tion associated with fresh biochar (Yu et al. 2018). As
this labile pool becomes depleted, a gradual transition
toward K-strategist dominance is expected to occur
between days 10 and 40 (Liu et al. 2025a; Yu et al. 2018).
By day 65, the community reaches a K-strategist-domi-
nated equilibrium, as observed in our study (Fig. 3). This
succession pattern is consistent with long-term obser-
vations showing that biochar-induced shifts toward oli-
gotrophic taxa become more pronounced over time as
the system stabilizes (Huang et al. 2024). Future studies
with higher temporal resolution sampling—particularly
during the critical transition window between days 10
and 40—would help validate this proposed trajectory
and elucidate the specific microbial taxa driving the
succession.
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5 Conclusions

Both straw and biochar amendments enhanced the
SOC sequestration. Straw amendment supplies readily
decomposable C, which stimulates hydrolytic enzyme
activity and enriches r-strategist microorganisms (e.g.,
Mortierellomycota and Firmicutes). This process pro-
motes the formation of fungus-mediated POC and the
accumulation of bacterial necromass-derived MAOC.
However, it induced a positive priming effect, acceler-
ated the mineralization of native SOC, and limited the
C sequestration efficiency. Biochar induced a negative
priming effect and alleviated microbial nitrogen demand,
shifting microbial activity toward the decomposition of
recalcitrant C, while enriching K-strategist microorgan-
isms (such as Actinobacteriota and Chloroflexi). These
changes promoted the accumulation of MAOC through
the formation of microbial necromass, ultimately achiev-
ing high C sequestration efficiency and low C loss. These
complementary mechanisms suggest that in agricultural
practice, co-application straw with biochar amendment
may simultaneously activate multiple C sequestration
pathways.
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