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Abstract: [Objective] The soil organic carbon (SOC) pool is the largest carbon reservoir in terrestrial ecosystems,

playing an essential role in mitigating climate change and maintaining soil fertility. Among the various components
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of SOC, microbial necromass carbon (MNC) constitutes a significant proportion, contributing approximately 30%-
80% to the total SOC, and playing a crucial role in stabilizing soil carbon stocks. Accumulation and stabilization of
MNC in soil are closely linked to the formation and stability of soil aggregates, which provide physical protection
against microbial decomposition. Despite the known connection between MNC and soil aggregation, no
comprehensive studies have systematically explored the relationship between MNC and soil aggregate stability. This
study aims to further explore the global association between MNC and soil aggregate stability. [ Method] To assess
the relationship between MNC and soil aggregate stability, we compiled global observational datasets on soil amino
sugars (biomarkers of MNC) and soil aggregates. Using machine learning techniques, we predicted the global
distribution of MNC and analyzed its correlation with the stability of soil aggregates. The PLS-PM was employed
to further investigate the pathways through which soil aggregate stability influences MNC sequestration, takin into
account factors such as soil physical properties, nutrient availability. [Result] The results revealed that mean
weight diameter (MWD) is a key predictor of MNC, with a significant positive correlation between MNC and MWD
on a global scale (P < 0.05). Further correlation analysis of global prediction data confirmed this relationship and
showed that it is consistent across different ecosystems. The Partial Least Squares Path Model (PLS-PM) analysis
revealed that soil aggregates protect MNC directly by forming physical barriers and indirectly by regulating soil
physical properties and nutrient availability, which in turn influence MNC accumulation and stabilization. In
particular, soil nutrients had the most significant positive impact on MNC (path coefficient 0.67, P < 0.05). The
process through which MWD influences MNC shows significant differences across different ecosystems,
specifically in terms of the direction and strength of the pathways. For example, in agricultural ecosystems, the
indirect effects through soil physical properties and nutrients are more pronounced, while in forest ecosystems, the
direct effect is stronger. [ Conclusion] The findings of this study underscore the significant role of soil aggregates
in stabilizing MNC, and highlight the potential of soil aggregation as a key factor in enhancing soil carbon storage.
Also, the positive correlation between MNC and aggregate stability suggests that strategies aimed at improving soil
structure; eg., practices that enhance aggregation and optimize nutrient management, can effectively contribute to
greater carbon sequestration. By fostering more stable soil aggregates, we can improve MNC sequestration, mitigate
climate change, and sustain soil fertility. Furthermore, these findings can inform the development of predictive
models for MNC sequestration and the integration of soil aggregate stability as a critical indicator for assessing the
carbon sequestration potential of soils.

Key words: Microbial necromass carbon; Soil aggregate stability; Meta-analysis; Machine learning

THEEHURE (SOC) it AR RGE R R IR, Hokbi R 7 ORSRAE B ik
PER)EA, FEdR LA ). SRR 2 N DL R R AR S RG R T T 2 o0 HEN, +
BB RE, SRR A SRR W N LR S, A i o A
G AU 2 3 R BB I 0 e A R A= B B I AR P s AR P2 4230, BEE AP )
LD, dHRERE R . MRANREMAVN G TG SAE T —ARMAE R AR E Tk, 55
YIRS G, JF BAS e AE I, X 8 b Sl AR AT AR B 5 ik 2H 53 3 PR R TIUAE W R AR Tk
(Microbial necromass carbon, MNC), Liang ZPBETEMWAFESRARETE, 7T
WMAEMARDR S SOC WL, ZRERMARTE., B, fHRESRET, MAEMRE S
SOC [ ELA 7359104 55.6% 61.8% A1 32.6%. UEMIAR . BHH. SET- R MELLAA L
T, R AR, AR i o AR UHE SRR A B Hh 7 A I A 35 T RE AR SR A MR A Tk
Rl tbAh, TAEERAR RN B S A5 i A R e DL A s h i B 22 R R, S
REA% 1y 35 A5 B e 1) B LA R 500 DRI, 36 TR Mk A e it - 338 ML 22 1) 2R
HOTHR, RN BRMRCE MR AR B AE g B [ AR, o TR R A R . et
B TS DL S AR AL R SRR B B R A S e



TEFR

Acta Pedologica Sinica

HAl, ARBAEMBARRIT 2R T H R TR . KHEH, URAERR
g 7Y, LG - S8 LA SRR Al A 0 B A Tl [ A 2 P RO I ST TS AR e, L AR Bl 1
i it — R ® RIEPU ROy R R A S AR SR BT, AT DL Y B B R Rl 2 A
PR ARAE S P AR R B ALY 398 [ SR A 3 B i W B OR AP DD S R MR AR S A T A
REMAKIAE: 1 IBRE/NE R BHIWT R E YRR S A i, 20 IREIE NS
Pl 3> Pkl AR AROO, EARER MR, W T A FEPRIAR ] SRR R e A
FRETEARF, G RRMABAR T2 2R R RE A G e Z= 501, fildn, XuZE02
W FC S R MAEC T KPR, R A RS S R .

TIRP R AN DAL TR, UEYRA RS R S E T R AR
TS R i RE02 10, i, AR AR B A S A 20 A 1) 22 W AT U D e 28 70 4 18
RORLREE RS R TY B 4] AR+, Huang S0 SR, AEMAANUIERME T, TEYER
B, CHEREREERARER, AT HEAPIRERE. Sae-Tun SFIH TR A, LI H
VESRIE T, LT SR AR 5 5 A G I A 5 5 e AT R AR A S AN SE B H A LB I A7 o s
PR B . AR ST ARIE H A IR R R ROE R, ST P A R
RN TFEMAR), R, SR T B 5 IR AR 8 PR 2 T8 (5% R0 T S R g ki
AR B A7 @ AR R L

AW FL G Meta 72T AINLER 2 2171, S TE A BRVE HE WUER R 1 791 XF L3R
B (MNC AR ED WIMBHEA 2 264 XF HITEIEAR CHToHE EESR ATz 2 1) W
e, o A LS S SRR AT S ERT,  IF i BB SRR T S IR R R R
SENEZ BRI R AW EAEMRLT 2 MREERE: D AR S &S LR R
R MER R R EANIC? 2) I P RRAS E ME AR S A M B ATk [ A (R sz LR 2 A4 2
TGS RA B PR 5 SR e R B A AR e R g FOMLIRI, D 33 e 10 B B A 2
TRA BT, [FIRPR 9 AR AR A R VEIX — SR RN NG W A A T A R 7 {3 o 3 B B

1 MRS 7

1.1 W HIE

AWFFAEFEEM (CNKI). Web of Science. Google Scholar Z(#fi 1, DL “ZJEHE”
(amino sugars). “TlAEH 5L AT ” (microbial necromass/residue carbon) F1 “ [F] 5 A& ”
(aggregate) {ERNECAICEE], &K 2024 4F 11 ARTATFRERSCHR. b R,
SCEHAT TG, DA E RS EOR, IR AR 1D STER RIS SR ARG i A i A
(B Retpd it A R AT R MNC) DL MWD #idli (B3 fetigiiid A Uit 5B
MWD); 2) EFRIFEN e HRAR g 3) NEFERFRLR MR TR Rk,
YRS 4) A G RAEA R TIIH 2 UORRR, BRI — IR FT DL EFRiE,
IR SRAT 11 A RO, 3 78 2L EE .

HFFEFER T, B “EIEPE” (amino sugar). “ZIEEFENE” (GleN) Fl “JfuEERR”
(MurA) fENHER, R 2023 4F 11 HRTATFRRKSCR. k& mr: 1D STRE
FEARME GIeN A1 MurA s, i Refg i A N EA BIGAEMRAE S 2 2) (UEHERZ
+ (0~30 cm), AFEIRZLEIE: 3) AUFEEFRLE . ARR: 4 MRS REAS
[ TR 2 IR RS, BRI — IR ZET DL bbniE, ke 215 RARCCHR,
31791 AW EH -

TR L, ¥ “BIERMA” (aggregate). “~FIJEEEHIE” (mean weight diameter,
MWD) ER ek, ik th 239 FSCHk, 153 2264 SMINEHE . figirdEmT: 1D



TEFR

Acta Pedologica Sinica

A BESH MWD H, BUREEAF R RRARTE ML S, & aeigiid MWD 15
ARIHEH MWD {A: 2) AMIFER IR DA R B VREl. T35 3) Jd
HERETL (0~30 cm), AFEIKETEdE; 4 EBRMmENE HIRE AR A 5 24448
[F) 25 RAEA [F T 2 ORI, BRI — K.

Ji 46 FoHm ASCHR R A% R IR L, B3 A A GetData Graph Digitizer # 4 (http: //
www.getdata-graph-digitizer.com) M ICHEREE I 3REL . FINME S G Scieth i (24,
PO, RMEEKAF CGERR MAT. FEREWN MAP. FEEEZRE PET). TIEMEMR (pH., K HE
BD. TG SOC. 4% TN, 48 TP, BRE L C/N. BREELL C/P. HBEEL N/PL T
WAYIE MBC. UEY A E % MBN. AEY AV S A L MBC/N. Wb % & Sand.
RSB Silt. BRLE & Clay). ST SURHIEAE, MCLN2EREE Eh# 7. 2t
OB OHE ok B WM A 0 0.083°% [H] g3 BF R OB 4 BK £ B B4R (http:
//globalchange.bnu.edu.cn/research/soilw);  1970—2000 4 S5 HE (25 (8] 9 #5268 30 D)
>k H WorldClim #¢#% (https: //www.worldclim.org/data/worldclim21.html).

1.2 EMHRERSERFREENITESE

RN ML B TR A MNC E40774. Hr, DI e (MurA) ()ME—
RUF A A A A, MR EEE B (GleND I 32 SORIE T F R A B0, R G A= P4
BERAEYIFRICY): MurA 1 GIeN, 73 At HE ATk (Fungal necromass carbon, FNC)
FIYH B 7% AR 1%  (Bacteria necromass carbon, BNC) & &, LAMISE] MNC, #AN mgg-!
soile  HARZ A0 H R0

FNC = (GIcN /179.17 - 2 x MurA / 251.23)x 179.17 x 9 @)
BNC = MurA x 45 2)
MNC = FNC + BNC (3)

X (1) 11 179.17 5 251.23 73519 GleN Al MurA FEER R, 2 FoR4i i 5 MurA 1 GleN
MIEE IR RELE N 122, 929 MurA B FNC #2450, X (2) F119 45 9 GIeN £ BNC 1)
LT 8

EPCPEREER (MWD) RUSf i [FR AR e vt , I 250 4 A1 3R Ak 1 5 =R
KN E, HARARWTF:

MWD = Z(Xi X W)

Ao, X A0 5 ORI AR — KA TG B B R AR )~ 3 BEAS, W AR — AR Va1 R AR ) 1 5
B TR E R 8. PTE RS IE B R AR BB SRR, L d i f N I L IR 2H
Ek. MWD A7y mm.
13 HB/EIFHE
AT MNC 2R 73 ATFFAE ARG L, 73 R AR HLKT GIeN A1 MurA /EFREE,

% 11 AN+ E (pH. BD. SOC. TN. TP. C/N. C/P. N/P. Sand. Silt. Clay) f1 3
ANSEAE R (MAT. MAP. PET) EARFIE. SAffE T GIeN 1 MurA 4 ERAE (b i 5 A= A5
B, kR 4 NERRPLS Y IR CREREIRTHEAR! (Light Gradient Boosting Machine,
LightGBM) . #& ¥ FEHe T (Extreme Gradient Boosting, XGBoost) 8! 1 $i& Ff 15 4

(Categorical Boosting, CatBoost) FEHLARMEA! (Random Forest)) Fl 2 MRS 21544

(BHMAM LB (Convolutional Neural Networks, CNN). 2 B /EAHLEA  (Multilayer
Perceptron, MLP)), i /71%7% (Mean Squared Error, MSE) FlUtE 240 (R?) PEAhHRE A
BT e /322230, R 7 1 3 B ELBIBEAL 2 I R A IR UE S . AR HE AR AL T L,
ISR L R B A AU E N S B Y . WO R S B2 LightGBM Al XGBoost 73]
I GIeN 5 MurA (R 1), FFAMRIma IR A LIRS MNC B)askiin s, It



TEFR

Acta Pedologica Sinica

TF 32 975 X8 d . P A HLAS 7 S B AE Python I8 1T .
BT FIFERT, SRR MWD {EARRZE T MWD 2Bk A Rk (A2 AL 1 L,
I LAY CatBoost KRITIN MWD 2B, (3% 1),
& 1 TEWLERF SRR TN ERE R B(RY)
Table 1 R? predicted by different machine learning models
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T T FRTH R FETHE R Ay W 255 A Y F A
Predlctor LightGBM XGBoost CatBoost Random Forest CNN MLP
variable
5 FLA 25
R 0.923 0.912 0.858 0.902 0.784 0.849
GleN
RS
Mo BER 0.845 0.884 0.856 0.836 0.626 0.815
MurA
FHEEEAR
MWD 0.853 0.817 0.855 0.842 0.159 0.475

7E: GleN. MurA 5 MWD Tl MNC 5 MWD 178 & . Note: GIcN, MurA, and MWD are variables
that predict MNC and MWD.
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The relative importance of environmental factors in predicting MNC. * and ** represent variables that are significant
at 0.05 and 0.01 level. R? represents the degree of interpretation of the model. Clay: Clay content; MWD: Mean
weight diameter; MBC/N: Microbial biomass carbon- nitrogen ratio; BD: Bulk density; MBN: Microbial biomass
nitrogen; SOC: Soil organic carbon; MAT: Mean annual temperature; PET: Potential evapotranspiration; TP: Total
phosphorus. b), Linear regression analysis of MNC and MWD: P-value is the significance level, and error band is
the 95% confidence interval of the regression line. The same below.
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Fig. 1 Relationship between microbial residue carbon and aggregate stability
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a) TIRUE IR AR S BBk A
Global distribution of MNC content/(mg- g 'soil)

I I
0.31 3.50 6.67 8.93 12.10 20.70 58.63

b) MWD 4= ER 3 4
Global distribution of MWD/mm

I 1
0.68 1.35 1.53 1.66 178 2.00 3.36

e MBI S HERR S Mgy (29 10km), LR E3ETE 38 879 N pi. R TN EE B A B AS Ak
B 55H, ® %5 GS(2016)1566 5. Note: The spatial resolution of the map is 5 arcminutes (~10 km), and
there are 38 879 points on this map. The base map is downloaded from the Standard Map Service Center of the
Ministry of Natural Resources, and the review number is GS(2016)1566.

2 MNC H1 MWD [f) 43R5 4ii
Fig. 2 Global distribution of MNC and MWD
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Fig. 3 Correlation analysis of MNC and MWD in global and different ecosystems
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Fig. 4 Partial least squares path analysis (PLS-PM) reveals the influence mechanism of MWD on MNC
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