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Abstract: [Objective] This study aimed to explore the effects of long-term nitrogen fertilizer application on the mineral

composition and microbial necromass carbon in the soil profile and its mechanism of action on soil organic carbon sequestration.
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[ Method] This study was based on a 38-year long-term fixed-site fertilization experiment on brown earth. The treatments of
no fertilization (CK) and long-term nitrogen fertilizer application (N) were selected as the research objects. Techniques such
as soil physical fractionation, biomarker analysis, and X-ray diffraction (XRD) were comprehensively employed to
systematically analyze the variation characteristics of mineral composition. The analysis also extended to evaluating microbial
necromass carbon, different carbon pools in the soil profile (0-100 cm), and revealing the accumulation characteristics and
driving mechanisms of the soil organic carbon pool under long-term nitrogen fertilizer application. [Result] The contents of
soil organic carbon, particulate organic carbon, and mineral-associated organic carbon significantly decreased with increasing
soil depth, while dissolved organic carbon first increased and then decreased, peaking in the 20-40 cm layer in both CK and N
treatments. Nitrogen fertilizer application did not change the mineral types in the soil profile, but had a significant impact on
the profile distribution characteristics of minerals. Long-term nitrogen fertilization promoted the accumulation of microbial
necromass carbon in the soil profile and its contribution to soil organic carbon, but decreased the fungal-to-bacterial necromass
carbon ratio in the 0-60 cm layer while increasing it in the 60-100 cm layer. Also, long-term nitrogen fertilization significantly
increased the contribution of particulate organic carbon to soil organic carbon in the 20-60 cm soil layer, while significantly
reducing the contribution of mineral-associated organic carbon to soil organic carbon in the 20-40 cm soil layer. [ Conclusion]
Although long-term nitrogen fertilizer application can enhance the function of the “microbial carbon pump”, the reduction of
montmorillonite, the increase of kaolinite, and the increased proportion of fungal residues in the deep soil collectively resulted
in the failure of microbial necromass carbon to synchronously transform into mineral-associated organic carbon accumulation.
This indicates an “asynchrony” between mineral-associated organic carbon and mineral protection in the deep soil.

Key words: Nitrogen fertilizer; Soil profile; Soil carbon component; Microbial necromass carbon; Mineral
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Table 1 The basic physical and chemical properties of the tested soils

AR LRRE AR £ TK/
pH 4% TN/(g-kg™Y) 4= TP/(g-kg™) H %t API(mg-kg™)
Treatment Soil depth/cm SOC/(g-kg™) (g-kg ™)
0~20 5.67+0.08Aa 9.54+0.56Aa 1.05+£0.02Ab 0.46+0.01Ab 34.28+0.34ABa 20.64+0.99ABb
20~40 5.38+0.03Ba 6.81+0.75Bb 0.86+0.02Ba 0.28+0.01Bb 34.80+0.28ABa 18.61+0.76 ABb
cK 40~60 5.61+0.02Aa 4.90+0.31Ca 0.66+0.02Ca 0.16+0.01Ca 33.42+0.23Ba 14.55+1.35Bb
60~100 5.66+0.22Aa 4.78+0.11Ca 0.53+0.05Db 0.26+0.03Ca 35.65+0.44Aa 23.30+0.97Ab
0~20 5.02+0.03Bb 9.77+0.82Aa 1.18+0.02Aa 0.86+0.04Aa 34.98+0.48ABa 62.22+2.82Aa
20~40 4.94+0.06Bb 7.65x0.42Aa 0.94+0.2Ba 0.49+0.01Ba 31.63+0.19Ba 30.57+1.91Ba
N 40~60 5.31+0.02Ab 4.86+0.28Ba 0.68+0.03Ca 0.20+0.03Ca 34.26+0.82ABa 28.50+0.08Ba
60~100 5.43+0.07Ab 3.52+0.89Cb 0.55+0.03Da 0.27+0.03Ca 35.82+0.73Aa 33.79+0.25Ba
Ak 2R 2R R HAENHSN SR NOs-N/
HPHIL Sand/% ki Silt/% Fiki Clay/%
Treatment Soil depth/cm AK/(mg-kg?) (mg-kg™) (mg-kg™)

CK 0~20 66.24+0.71Ca 3.85+0.03Ch 3.82+0.02Cb 8.00+0.06Da 70.68+1.05Ca 21.32+0.99Ab
20~40 75.38+1.11Bb 2.67+0.00Cb 3.8340.02Cb 10.53+0.01Ba 77.39+0.28Ba 12.08+0.27Ba
40~60 105.48+0.95Aa 5.394£0.15Ab 7.31+0.18Ab 11.41+0.06Aa 78.47+0.21Ba 10.12+0.18BCh
60~100 82.33+1.93Ba 4.06+0.23Bb 5.44+0.17Bb 8.89+0.09Ca 82.53+0.27Aa 8.58+0.19Ca

N 0~20 71.20+1.36Ca 3.85+0.27Ca 5.10+0.14Ca 7.4610.21Cb 67.75+0.22Ca 24.79+0.33Aa
20~40 87.76+0.75Ba 3.45+0.05Ca 4.75+0.14Ca 10.56+0.39Aa 73.03+0.59Bb 16.41+0.34Ba
40~60 100.54+0.37Aa 6.84+0.02Aa 12.70+0.16Aa 9.08+0.18Bb 78.63+0.53Aa 12.29+0.35Ca
60~100 88.07+0.67Ba 4.57+0.08Ba 6.93+0.11Ba 8.86+0.04BCa 80.70+0.27Aa 10.44+0.30Ca

1 CK AN 2GR A E R, . 2) RPEBEI-FEES R ER: AFRRSFRERORF AR LR WS EZER, ARG FRERORE L EA R A2 0] (5 2%
25 (P<0.05), T[f. Note: 1) CKand N represent control and long-term nitrogen fertilizer treatment, respectively. The same below. 2) Values are presented as mean + standard error of the mean. Different
capital letters indicate significant differences among soil layers for the same treatment, while different lowercase letters indicate significant differences between different treatments within the same soil layer

(P<0.05). The same below.
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1.3 MEF*

- e SRR AL R I E 22 CR[17]. b, SOC KAt R HHX (ElementarVario ELIIL, 7
ED e 4. &8s EXHEER - SR - HREE, BEREEE T RIS (ICP-
OES5800, Agilent, 3%[E) W5 7 &5 B R FHAHIE Lh udb Al e s SR & &R F KB LT
1% (FP640, SEMAfE, Lifg) HHATIE; BAEEMMER S EKXH 0.01mol-LCaCl i (it
1:10), HESR BN HT A (Auto-Analyzer3, SEAL, FE[ED 52 AL BR A BOGRLEE 70 Hr A%

(Mastersizer 3000, Malvern, JE[ED JxE; pH KA AL (L PHS-3B, Eil) e (T/KEH
1:2.5),

13 POC Fl MAOC K 7S il B4 73 #5- T 40 v2: 00 e 81, FRE 20 g AT A=4F, fin A 60 mL0.5%
AN NI RE Y 18 h Jaid 53 pum i, §f B4R POC, §fi N4 MAOC, 437l 60 °CHET
ZfE 5 I A LK S & . 1238 DOC SR 2 B F/KIR $2 ik e 0 FREY 2 g #rfif AR G 2 mm ),
PAIZK B 5:1 NN B 7K, #R3% 30 min J5 LA 4000 r-min BEZE L 10 min, _EIHHGE 0.45 pm JEfK
J5 % TOC 7+ #r4% (Multi-N/C3100, Analytikjena, #EE) JIE.

TIRE MM E . PR 0.4 mg AZIRT EFET KA, A 10 mL 6 mol-L™* HCI %
i, 105 °C/KffE 8 he A EIEIIA 100 uL AR 1 (ULEE), PSSO, 52 CCH e, HaikE
WEIAT pH 2 6.6~6.8, B0 G TTKHFEEREEEO, LISE#% a4, mA 100
pl bR 2 (N-FIS SR AT D) A LmL @B 2liK, @ik, A 300 pL T2 a7 (80 °C/K%
30 min). 1 mL ZERHF (80 °C/K¥ 60 min), AEIEMMA 1.5 mL & H ¥, #wjiE/E L 1 mol-L ™t HCI
VAR AL AR e 22 WA, N2 WkF. 200 pl MR ZHES-1E O (1:1) EREHBESMA
TR, AR R (7890B, Aglient, SE[ED HHATIIERT, F ARG R A DK 5 & (g-kg™)
LR AR

B R AR TR S B=45 x MurN x 1073 D)
MRS E= (GIluN/179.17 — 2 x MurN/251.23) x 179.17 x 9 x 1073 @)
Tl A W A o = L TR B A k5 e+ A TR R A Bl (3

X (D) H1, 45 MK HEERR AL R AN B R R B R0, MurN HREERR & & (mg-kg™; X (2) 1,
GIuN RNZIEHEEN &8 (mg-kg ™), 179.17 A IEH EFE N4>+, 251.23 AMER M 715,
O DA G A A W e A SR R AR 1) R Y,

I A R I R A AL B R R R R AN TR AN - EE BRI AN VAR (DCB) ik,
Srad R (D BEHWMEAA (Mg-gly); (2) KA CGFiRD; (3) KHLFIELE 300 °C R I# 2h
(K-300); (4) KHIAIFFAE 550 °C Fn# 2h (K-550). i X 2675+ (X-ray diffraction, XRD)
{X (D8 advance, Bruker, fE[ED HEA7d%, fFEHVIEN Cu-Ka, HHEN 40KV, HHN 40 mA, 6
JEH (20) N 3°~30°, HK N 0.01°, FHEHEE 10°-min L. RIEAFALFEE B3 XRD EIHER) 26 (4
A d Al J =g, XTREEIARIE PDF R ;v %558 F 20, R 215 (WPF) 5 Rietveld #§12
XA AT E T
1.4 HHEALIE

RIEHE K FH Excel 2019 A (Microsoft, 3[E) # 3, F SPSS19.0 #f (IBM, £E) HHAT
it #r. [ AL EER [ 42 18] i 22 57 % F) Duncan J:33047 2 B ELEE, 2 Rt AEALEE 3B HE R 2
6] () 22 S R O AEAS t AR5, B MK PEN P < 0.05. HIEFRFRIE MM HT R Origin
24.0(OriginLab, 3% ED#EH) Correlation Plot 484 5¢ il - 25 %= 43 i 43t ( Variation partitioning analysis,
VPA) 2T R45.1 AT, DAEAL IR R R . A 24 RRARN B AE Pk AR B POC. MAOC
A1 DOC ARALHIMIXS TTlik . B M4 7 M7 iE 5T Jade 9.0 #h5e k. IR HI4# F Origin 24.0 #f4:.
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: S 83 A4 g 2 8 nI AR Z
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K1 R T 3 ) XRD
Fig. 1 XRD patterns of soil minerals in the soil profile under long-term fertilization
ERRAREL, R R 1 IR P R AR R (R 20 XIRAEE A, BRI, Al
AFNERYEAT AR & B Z IR N, SEhia W R RE . KRR, FRAaE S
B E IR 2N S BRI, £F 40~60 cm HZ IR (9.30%). BhAh, KRS Es A
FEXT A BRI R 30, BHRATE 0~60 cm L ENGIN, TEMBCATE 60~100 cm L2, AHTE
20~100 cm 5 A1
2 KEERE T ORI E T a8

Table 2 Relative contents of soil minerals in the soil profile under long-term fertilization

45 TR R FiE KA FHRA £ e [ oA FAbw 4
Soil depth/  Quartz/  Feldspar/ Ilite/ Montmori  Kaolinite/  Chlorite/  Other minerals/
Treatment
cm % % % llonite/% % % %
CK 0~20 47.90 31.70 4.50 13.30 0.83 1.37 0.40
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20~40 52.20 25.00 6.10 13.00 1.70 1.40 0.60
40~60 56.40 24.70 8.00 7.00 1.75 2.05 0.10
60~100 48.90 28.60 9.20 7.50 1.81 3.49 0.50
N 0-20 48.00 26.80 5.70 14.00 2.35 2.05 1.10
20~40 51.90 24.40 7.10 11.30 2.32 2.01 1.00
40~60 51.90 24.10 9.30 11.80 2.54 1.36 0.00
60~100 46.80 32.60 8.60 7.10 2.01 2.59 0.00

2.2 KHIRERE ™ IR M P I E M5k R A REFFE

SR b, AR R B R TR B G A PR (B 2D, SXTREARLL, KA R E R S
FITH PR AR R A (B 40~60 cm 41D FIGH T iR A4k & & (P<0.05, &l 2a FIlE 2¢); [FIRY, KA
Jiti Z AT 60~100 ecm - 2 B B Ak A B B A B R 3R AHER (P<0.05, K 2b).

L T B A A i LU A 0 ORI SR Tt ZBU AL B b 1) 43 A YU L 40 ) 1.16~6.57 A1 1.94~4.81, B
TR IR TR, BAEXRAB R RIE S (& 2d). SXHEME, KPEE N T 0~60cm -2
o R AN AR AR ELAR, A% LB E 60~100 cm )2 P4 .

7 2 P AL B AR, ELEE AR ARG SOC 1 BTk P35 A B SR AR Y 4.05 5 (B 2e). fAEYIb%
PTG SOC 15T kBl i TR IR 2538 yskta s,  HAE 40~60 cm L2 iFiligfE; Hr, LRk
ATRAT SOC I BT MR E X A STt AL B 43301y 80.77%H1 83.18%. 55 HEAHLL, it 250 4b 742
Perm T R BRRTRAN A0 & TR AR BT SOC ITTik; AR, KIFEE R EHEm T 60~100 cm ELE F A 6T
SOC [Tk

(K ——N
L 1| ey Or ——
a) LR TR b) RLE R AR FNC c) ZH#i 5% (4% BNC
Aa Ab Aa
20F 20F 20
Bh Ba
i §40 - 40f 401
R
w2 Bb BCa
H 260} 60F 60 F
80t Db sSoHb 80+ Bb Ca
0 2 4 1] 8 0 1 2 3 4 3 6 0.4 0.6 0.8 1.0 1.2 1.4
k4 SR 08 & 5 Microbial necromass carbon content/(g-kg™)
ﬂ -
@ 5 Elc ©
Ab Aa 8 [ BN
20} S
=4
Aa Ba 2
2 I
a3 a0t &
® R =
0i 3 Bal Ca 5
k- | 3
L] =
2
E
2
80FDa’ 4 Ca =
0 2 4 6 8 0 20 0 60 80 100
L D 4 A 0 e 8 L) A P T R L A LI A ST
The ratio of FNC to BNC The contribution of MNC to SOC/%

3 MNC. FNC FI BNC 73 SR A Wi A4« B2 B8 SR AR BRI 4H B 5 A4 %, T 7] - Note: MNC, FNC, and BNC represent microbial necromass

carbon, fungal necromass carbon and bacterial necromass carbon, respectively. The same below.

2 RIS ) e A R AR ) R AR AL
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Fig. 2 The accumulation of microbial necromass carbon in the soil profile under long-term fertilization
2.3 KHAREAR T LIEHE P B ik ER TAFIE

POC 1 MAOC % 7E 2 M EE A ¥ 4 2 hni it (& 3% % (P<0.05, &l 3a F11& 3b); DOC M|
SR RETHERES, £ 20~40 cm b JRIAB(EAE, oo R E 200 FE 5300 0.56 g-kgt AT 0.43
g-kg™ (E 3c). SxtftAALL, KM EE KT 0~20 cm /21 POC & & (P<0.05), 1Mt T
20~60 cm 2 POC & & (F 3a). KWt & -4 H MAOC HIs4m 5 POC KEH I, FIL N
0~40 cm 2 MAOC & &EIEAITF, 1H 60~100 cm + 2B ERIL (FE1EN 26.67%, & 3b). % T
DOC, K Hiti &% 2 FE T 3 ANETH i) DOC & &, “FHI%IE A 30.56% (P<0.05, K 3c).

POC %t SOC M TrRZAE 2 Fiti I b B rb 35 51 TR DR FRAIK (P<0.05, & 3d); 11 MAOC Al
DOC [ DTk 2 U BEHI T IR i3 0 (P<0.05, &l 3e #1 3f). SxtHRAHLL, KHAMA G B E S m
20~60 cm +JZ POC [ TTk R, D ZEFFKT 20~40 cm +JZ MAOC [\ TaRk% (P<0.05, K 3d Ff1/&
3e); [AINF, KIARGEEERE NI DOC I oTRk R T FK T 24.36% (1 3f).

P 3 STt A T 398 ) T e A ) ¢ P PR AR AR A
Fig. 3 The changing characteristics of different carbon pools in the soil profile under long-term fertilization

2.4 HIRHE P ZAEFRAYAE XM R BT B HLERE 7Y B2

Kl 4 WTRIF H, SOC. POC. MAOC M f/EWImk ikt & B SRR 2R IEMHK (r 2518
0.93. 0.95. 0.90 1 0.89), HKAFHXS & EFERZE LMK (r 53510 0.83. 0.80. 0.84 F10.84),
T -5 AR ARG 2 B 9% (r 4351 -0.90. -0.91. -0.88 F1-0.83, P<0.05); DOC 544l
HEER R U ARG (P>0.05). b4k, VPA GIRRH] (18 5), HIILANEIAIE BT, i W4 A ik
IR BRIL R AERE T POC A2 5[] 89.05%. MAOC 7% 5[] 92.89% LA & DOC A& 5:1f] 96.07%. i1
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F BRI S, JERFAL TR S5 WA RS POC PRI TTER IR K (20.93%), FEREFRALME R 5S4
FRAKTRAE AT DOC Bt I STk ik (49.91%), T =& X% MAOC B siik iz K (58.85%).
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total phosphorus, available phosphorus, available potassium, ammonium nitrogen, and nitrate nitrogen respectively; Sand, Silt, and Clay

represent sand particles, silt particles, and clay particles respectively; Quartz, Feldspar, lllite, Montmorillonite, Kaolinite, and Chlorite represent

quartz, feldspar, illite, montmorillonite, kaolinite, and chlorite respectively; SOC, POC, MAOC, and DOC represent soil organic carbon,

particulate organic carbon, mineral associated organic carbon, and dissolved organic carbon, respectively; *, **, and *** represent significant

differences (P<0.05), very significant differences (P<0.01), and extremely significant differences (P<0.001), respectively.

4 KIIMIAL T 35 0 P A A A AR S A

Fig. 4 Heat map for various indicators in the soil profile under long-term fertilization
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include total phosphorus, total potassium, total nitrogen, organic carbon, ammonium nitrogen, nitrate nitrogen, available phosphorus, available
potassium, sand, silt, and clay; minerals include quartz, feldspar, illite, montmorillonite, kaolinite, and chlorite; microbial necromass carbon
includes bacterial necromass carbon, fungal necromass carbon, and total necromass carbon.

K5 AL T 3800 T b &AL A 0 (3 22 3 o

Fig. 5 Variation partitioning analysis of various organic carbon components in the soil profile under long-term fertilization
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72, ARBE RS2 BRI, FREAER2ART FU SR B, RIS FRIM A YA R S R VA T 1 Y I 2 R B S A PR
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J7 AEARRS AR, FERRIESZ FRAVUERE 038, G A B A R T B T 22 1 5 AR (R
i, 60~100 cm )2 At A BN g AR A Xt S B T B (&1 2), RTRR S T 4 B i A B R ) JE
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VEF A e LU B i (58.85%), PR EAIE T - 33 R sk e (1) 2 ) - B 181 S i A MDE e N Ih R, T
CHPBRIE—H W — IR B AR HARMEE R .

Yt IS 2 25 et 1 3R T P R E VPRI AR R, JFSe 1 A M, £ 0~60 cm +
JE AR T ELR AR B LU, TTTAE 60~100 cm 242 & TixbbfE: FRy, KM EACHR & 7k
YRARTN SOC MTTiRA, RUIGGREH Rl “BUEVIBIR " DiRe, MR IR E . i,
KAt ENEIE 22 T AR BUBRZH 73 R B T 0 A RFAIE, 23k T POC £ 20~60 cm 12 I AR, Tk
fik 7 MAOC £ 60~100 cm L2 & & KIAERIA BARGEHE 1% MEAT HLBK R S DR AR i e A
B J 3 R AR WD R AR TR IR S 0 T AR R P 4R T MAOC 1At &, R [l M 45 & A5 Fe e Bk e 1) e
e RESZ BURR . AR L, KIPEEUE T SOC B R SAaE V32 8 LB PR, 604 R e ik
APBEARTRI LR, TTHXT MAOC, HIE AR T = (8 (i FAE R, i 3R e A bl
B PE R i “H HUBRCRIE—B ) — A" SR EARERAE R .

BE Xk (References)

[1] Piao S L, Wang X H, Wang K, et al. Interannual variation of terrestrial carbon cycle: Issues and perspectives[J]. Global Change Biology,
2020, 26(1): 300-318.

[2] Liang C, Schimel J P, Jastrow J D. The importance of anabolism in microbial control over soil carbon storage[J]. Nature Microbiology,
2017, 2: 17105.

[3] Wang J K, Xu Y D, Ding F, et al. Process of plant residue transforming into soil organic matter and mechanism of its stabilization: A
review[J]. Acta Pedologica Sinica, 2019, 56(3): 528-540. [ %%, #RILME, T, 5. MW L HEE PR E L R L AR
AT Tk R[], 3%2E4k, 2019, 56(3): 528-540.]

[4] Chen Y H, Liu S T, Huang Y P, et al. Stimulatory effects of nutrient addition on microbial necromass C formation depend on soil
stoichiometry[J]. Geoderma, 2025, 458: 117323.

[5] Zhang Q F, Qin W K, Feng J G, et al. Whole-soil-profile warming does not change microbial carbon use efficiency in surface and deep
soils[J]. PNAS, 2023, 120(32): €2302190120.

[6] Wen S H, Chen J'Y, Yang Z M, et al. Climatic seasonality challenges the stability of microbial-driven deep soil carbon accumulation across
China[J]. Global Change Biology, 2023, 29(15): 4430-4439.

[7]1 FuH R, Chen H, Ma Z B, et al. Fungal necromass carbon dominates global soil organic carbon storage[J]. Global Change Biology, 2025,
31(8): €70413.

[8] Feng W L, Lin Z Y, Li Y Y, et al. Interaction between bacteria and soil minerals and application of bacterial-mineral composites in
remediation of heavy metals polluted soil[J]. Acta Pedologica Sinica, 2021, 58(4): 851-861. [ (¥, RIERT, ZfE%, & E-T
HBAeERREEGHRERSBEE NP L%k, 2021, 58(4): 851-861.]

[91 He L B, Sun XY, Li S, et al. The vertical distribution and control factor of microbial biomass and bacterial community at macroecological

scales[J]. Science of the Total Environment, 2023, 869: 161754.

http://pedologica.issas.ac.cn



+ R
Acta Pedologica Sinica

[10] Zhang B, Chen Q, Ding X L, et al. Research progress on accumulation, turnover and stabilization of microbial residues in soil[J]. Acta
Pedologica Sinica, 2022, 59(6): 1479-1491. [, WRar, T W, & WUEWIRMALE LA R S @ VBT FT ik g
[3]. 3R, 2022, 59(6): 1479-1491.]

[11] Si Q, Chen K L, Wei B, et al. Dissolved carbon flow to particulate organic carbon enhances soil carbon sequestration[J]. Soil, 2024, 10:
441-450.

[12] Meng X T, Zhang X C, Li Y N, et al. Nitrogen fertilizer builds soil organic carbon under straw return mainly via microbial necromass
formation[J]. Soil Biology & Biochemistry, 2024, 188: 109223.

[13] Xie J, Wang D, Chen Y X, et al. Neutral purple soil acidification and mineralogical property changes due to long-term urea application in
southwest China[J]. Soil & Tillage Research, 2024, 244: 106227.

[14] Fan LJ, Xue Y W, Wu D H, et al. Long-term nitrogen and phosphorus addition have stronger negative effects on microbial residual carbon
in subsoils than topsoils in subtropical forests[J]. Global Change Biology, 2024, 30(2): e17210.

[15] Xu Y D, Gao X D, Liu Y L, et al. Differential accumulation patterns of microbial necromass induced by maize root vs. shoot residue
addition in agricultural Alfisols[J]. Soil Biology & Biochemistry, 2022, 164: 108474.

[16] An T T, Wang J K, Li SY, et al. Effect of fertilization and plastic film mulching on distribution of photosynthetically fixed carbon in maize:
Explored with 3C pulse labeling technique[J]. Acta Pedologica Sinica, 2013, 50(5): 948-955. [Zef&E, VRS, 2N, &, JH BC fik
MRS ITVENT FURIE 5 AR 26 X TR SRR B[], H3E4R, 2013, 50(5): 948-955]

[17] Bao S D. Soil and agricultural chemistry analysis[M]. 3rd ed. Beijing: China Agriculture Press, 2000. [fifi+ B +3& k34 [M]. 3 JiR.
Jegt: R ERL 1 R4, 2000.]

[18] Cambardella C A, Elliott E T. Particulate soil organic-matter changes across a grassland cultivation sequence[J]. Soil Science Society of
America Journal, 1992, 56(3): 777-783.

[19] McDowell W H, Zsolnay A, Aitkenhead-Peterson J A, et al. A comparison of methods to determine the biodegradable dissolved organic
carbon from different terrestrial sources[J]. Soil Biology & Biochemistry, 2006, 38(7): 1933-1942.

[20] Zhang X D, Amelung W. Gas chromatographic determination of muramic acid, glucosamine, mannosamine, and galactosamine in soils[J].
Soil Biology & Biochemistry, 1996, 28(9): 1201-1206.

[21] Liang C, Amelung W, Lehmann J, et al. Quantitative assessment of microbial necromass contribution to soil organic matter[J]. Global
Change Biology, 2019, 25(11): 3578-3590.

[22] Zheng Q F, Zhao L P. Effect of agricultural use on clay minerals and nutrient of black soil in northeast of China[J]. Journal of Jilin
Agricultural Sciences, 2011, 36(5): 29-32. [AEkAR, #2235, RFI X R Ib B FR T P4 Rk K 3% 5 s mi[J]. &5 MR LR,
2011, 36(5): 29-32.]

[23] Xie F Q, Wei Z X, Liao D L, et al. Effect of weathering intensity on physical and chemical properties of typical Benggang profile in
granite red soil area of southeast Guangxi[J]. Journal of Soil and Water Conservation, 2024, 38(4): 122-131, 142. [i#af4, HHEH, B
W, AR OREAR AR A LA X Y A B ) T XU R B SRR PR RS AL D]. K L ORRREAR, 2024, 38(4): 122-131, 142.]

[24] Sandler A, Meunier A, Velde B. Mineralogical and chemical variability of mountain red/brown Mediterranean soils[J]. Geoderma, 2015,
239-240: 156-167.

[25] Ren K L, Zuo Y, Kou Q, et al. Comparative study on colloidal aggregation kinetics of brown earth under long-term fertilization[J]. Acta
Pedologica Sinica, 2024, 61(2): 484-494. [{LELB%, A 0F, 7=, &, KEIA A AL AR AR R 3 )1 2 LR [0]. 138244k, 2024,
61(2): 484-494.]

[26] Xu R K. Research progresses in soil acidification and its control[J]. Soils, 2015, 47(2): 238-244. [#4=40. LI3EEAL K R0 7T
[3]. -3, 2015, 47(2): 238-244. ]

[27] Buss W, Hasemer H, Sokol N W, et al. Applying minerals to soil to draw down atmospheric carbon dioxide through synergistic organic
and inorganic pathways[J]. Communications Earth & Environment, 2024, 5: 602.

[28] Huang W G, Kuzyakov Y, Niu S L, et al. Drivers of microbially and plant-derived carbon in topsoil and subsoil[J]. Global Change Biology,
2023, 29(22): 6188-6200.

http://pedologica.issas.ac.cn



+ R
Acta Pedologica Sinica

[29] Wang J B, Xie J H, Li L L, et al. Nitrogen application increases soil microbial carbon fixation and maize productivity on the semiarid
Loess Plateau[J]. Plant and Soil, 2023, 488: 9-22.

[30] Tang S, Pan W K, Yang Y H, et al. Soil carbon sequestration enhanced by long-term nitrogen and phosphorus fertilization[J]. Nature
Geoscience, 2025, 18: 1005-1013.

[31] Ludemann H, Arth I, Liesack W. Spatial changes in the bacterial community structure along a vertical oxygen gradient in flooded paddy
soil cores[J]. Applied and Environmental Microbiology, 2000, 66(2): 754-762.

[32] Wang Z, Han X Z, Zhang Z M, et al. Metabolic characteristics of the microbial community on the basis of carbon source in black soil
profiles in northeastern China[J]. Acta Ecologica Sinica, 2016, 36(23): 7740-7748. [ 4%, #ety, skE&HY, & hEEICE L 50
TR A P REVR BRI MR AE[D]. A= 78244R, 2016, 36(23): 7740-7748.]

[33] HuJ X, Huang C D, Zhou S X, et al. Nitrogen addition increases microbial necromass in croplands and bacterial necromass in forests: A
global meta-analysis[J]. Soil Biology & Biochemistry, 2022, 165: 108500.

[34] Yuan Y S, Yin Y C, Adamczyk B, et al. Nitrogen addition alters the relative importance of roots and mycorrhizal hyphae in regulating soil
organic carbon accumulation in a karst forest[J]. Soil Biology & Biochemistry, 2024, 195: 109471.

[35] SuZF, Yang W P, Du T Q, et al. Effect of fertilization depth on maize root and rhizosphere soil fertility vertical distribution in immature
loess subsoil[J]. Chinese Journal of Eco-Agriculture, 2016, 24(2): 142-153. [Fr&il, ¥3C°F, ARK, 25, EARRE A i R KR
SRR IR NE )1 B A R[], o E AR A ROAER, 2016, 24(2): 142-153.]

[36] Yu L L, Li M X, Kang X Y, et al. Climate warming plays an important role in dissolved organic carbon loss in deep soil layers across
China[J]. Catena, 2025, 259: 109404.

[37] Manzoni S, Taylor P, Richter A, et al. Environmental and stoichiometric controls on microbial carbon-use efficiency in soils[J]. New
Phytologist, 2012, 196(1): 79-91.

[38] Zhang X Y, Gou Y Z, Zhang X J, et al. Nitrogen fertilization destabilizes soil structure but enhances macroaggregate-associated carbon
and nitrogen under long-term straw incorporation: Insights from a 20-year field trial[J]. Soil & Tillage Research, 2026, 257: 106975.

[39] Cao Y S, Zhao F L, Zhao R D, et al. Impact of nitrogen addition on soil organic carbon across ecosystems: Microbial roles and
environmental regulation[J]. Geoderma, 2025, 461: 117501.

[40] Fu Z H, Zhang Y X, Qiu W W, et al. Fungal and bacterial necromass: Opposite drivers of mineral-associated organic carbon gains and

losses[J]. Soil & Tillage Research, 2025, 253: 106634.

(RfESREE: /7 P

http://pedologica.issas.ac.cn



