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Abstract

Aims The accumulation of granite spoils destroys soil structure and increases carbon emissions. Even after
ecological restoration, these soils still suffer from low stability of carbon pools. As a key interface of
plant-soil-microorganism interactions, root system, particularly its architecture characteristics, significantly affect
the transformation of soil organic carbon. However, the effect of root architecture on the transformation of organic
carbon in granite spoil dump soils is not clear yet.

Methods In this paper, we compared the organic carbon fraction contents between rhizosphere and bulk soils of
the taproot system Medicago sativa (MR and MNR) and the fibrous-root system Elymus dahuricus (PR and PNR)
to reveal the effects of root architecture on organic carbon fraction contents in a granite spoil dump. Furthermore,
we analyzed soil physicochemical properties, enzyme activities, and bacterial community characteristics to reveal
their underlying drivers.

Important findings Our results showed that: (1) total organic carbon (TOC), dissolved organic carbon (DOC)
and particulate organic carbon (POC) content were significantly increased by plants in both systems; (2) the
rhizosphere effects on TOC and DOC were significantly higher in Elymus dahuricus (50.36% and 78.60%) than
that in Medicago sativa (13.38% and —7.10%), suggesting a stronger effect on carbon enhancement in the
fibrous-root system relative to the taproot system; (3) Compared to MR, PR was more effective at significantly
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increasing soil fast-acting nutrient content, enhancing cellulase activity, and enriching the Proteobacteria (relative
abundance 41.09%), and thus creating a more suitable microenvironment for carbon accumulation; (4) correlation
analysis showed that ammonium nitrogen, effective phosphorus and cellulase activity were significantly and
positively correlated with TOC, DOC and POC contents. In summary, the driving effect of the fibrous-rooted
Elymus dahuricus was more effective for organic carbon accumulation in granite spoil reconfigured soils
compared to the taproot system Medicago sativa. This study provides theoretical support for the stabilization of
organic carbon pools in granite dumps, and the screening and community allocation of ecological restoration plants.

Key words root architecture; rhizosphere effect; active organic carbon; granite spoil dump; ecological

restoration
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HORHE I H PUd i 38 TR A E R
B, REFEG AR 5K XA 7l
JRITH . ARRAEL, T EUA R IR R A8 (PR,
2006) . it T3 2 H W UHE s 33E — 2D iR L 3 B 45
Fa, BAE AT SR A B A 5 i A ML S5 AL 4> fi# (Zheng
et al., 2018), NI X IR = N . SZPRT-% 55 1)L
M2 A, A A FR IR ) AR O R T I i 22 PR
K. B mdmsgfaSBE FERH% -5
vk & RN g E AR S R (AT, 2023).
KRR A% O TR T B S Y AR KA E,
T HESNAE B R o AR 5T sk R BB A A
IR R 40 TS AR AR 3 S o I A )
HRTITEHUR SR SR H T TR RZ 0] 57
3y FAE) T 3R P TR T F 5 A S AL T 2>

- gt S i b B () B LA G Ay, LI
HUBR(SOC) X T3 A4 25 R G ThRe 4E 45 ATt 2 ik 3% &
FEEEMEM. LT 0B E R socH] & 4
NS A AU AR A ALBK(LI et al., 2018). L,
TP AL R JE A il Rt B 5 A 5 AR 0 o
AR, BRI R EA BE B0) 1) B B R AR (R T 45,
2021). HA A5 AIEMEA HLRDOC) FkA L
(POC) A= A4 ) & (MBC) Rl 5 B AL A MLk
(EOC) (Li et al., 2016), A LLRIETHR R 5. H
MU -l A5k 8890 e FLAR =P (Liu et all.,
2022). {ERVEASG HIEAE ) FIAZ O S HCS R
B V& Th e 10 o< 82 X & (Kallenbach et al., 2016;
Ramirez et al., 2020), ¥&HEA WKL 7 C sk L%
WARIABIE L) SR R F R bR . SR, ILE R 2R
FET AR A IR 7 RS TR i
X PR A AR B sZ e (4 MESE, 2015; T K BRAE,
2017; BE3ELE, 2020), (HEFXTIE KA T &Rk A
B YA WLBR AR SR AE AR B . DAL, 3R 9T
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TE A MUBRAESE 5 3o 3 A IR A RIS A,
X BR A G HLAR PR I T iS5 4 B B 3

R\ SR 1 60%-80% J5 T R ) & A
Y Bk [ AL =4, SARBRITAR . AR 70 i RE ik
FARTIVE o e i A2 1) L4 IT #, 1%t A2 2 Fifi b
A R GBI ) 0% B8 KX A (Dijkstra et al., 2021;
Wang &Kuzyakov, 2024). R 2 Y- T 3E- 544
R o A AN i B AR R A I, LA U e
AFAR s L 3B B 22 1 5 55 R AR BB (Sokol et al.,
2022). R 1L (BT AS 22 7 0] 40 N EAR R FNZR &,
AN [FAR 23460 2R A A Tt AR s 80 S AR e M S el Rl A
W TE(Wang et al., 2023), 3Eim 39X a0 ALK 1) JE 5% F1
R Biltn, Lids(2020) 75 w47 AL X AT 78 A
B, AU R L B S A 5 R o 45 A SR AR
FasErE, MEBESOCH 1, Zhu%(2023) LRI 78 i B 3
BAEE X R AR E R, RIAITR R E
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Wz L. BEPRA S ER. MAEYIEHICCE
FREE TR A T Y, FAER R T RexT M AR
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Ve K IR 1 3571 (101.87° E, 29.98° N), Hikb
R IR AR, WER3 595 m. J& SR FE IR T KU A%,
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Fig. 1 Effects of different root architecture on soil physico-chemical properties (mean + SE). B, soil at the beginning of ecological
restoration; MNR, Medicago sativa bulk soil; MR, Medicago sativa rthizosphere soil; PNR, Elymus dahuricus bulk soil; PR, Elymus
dahuricus rhizosphere soil. Different lowercase letters indicate significant differences between different soil samples significantly (p

<0.05).
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Fig. 2 Effects of different root architecture on organic carbon fractions (A—C) and rhizosphere effects (D) (mean + SE). B, soil at
the beginning of ecological restoration; MNR, Medicago sativa bulk soil; MR, Medicago sativa rhizosphere soil; PNR, Elymus
dahuricus bulk soil; PR, Elymus dahuricus rhizosphere soil. M, Medicago sativa; P, Elymus dahuricus. DOC, Dissolved organic
carbon; POC, Particulate organic carbon; TOC, Total organic carbon. Different lowercase letters indicate significant differences
between different soil samples significantly (p < 0.05); *, p < 0.05; ***, p <0.001.
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Fig. 3 Effects of different root architecture on soil enzyme activities (mean = SE). B, soil at the beginning of ecological restoration;
MNR, Medicago sativa bulk soil; MR, Medicago sativa rhizosphere soil; PNR, Elymus dahuricus bulk soil; PR, Elymus dahuricus
rhizosphere soil. Different lowercase letters indicate significant differences between different soil samples significantly (p < 0.05).

0.05). Chaol 68 ¥t H T #8/m LB AW+ & 1,
Shannondis 2 B AE VIRV 18] 14 22 FE R RN IS 201
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2 2 % B AR B - R AR T B T3 4 N
37.85% FH 41.09%, 3% & T 4F i Bx £ (36.23% F1
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I'1(7.64%-10.04%) >ZF HL B [ 1(5.37%-9.85%) >
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TURSIHT(RDA), 36 B Ak J53 FH A0 B BV 4516 N
R &, A HLRAL > Jyma AR . ESBR R EH —
HhANEE 7 Z DTRRE 500 9 64.62%H17.84%, Tl
Wik Bt 07 ZE TR R N T2.46%, TR R AR B A
A% 5 ] 5% R B35 Ap < 0.001, RDAHERF &5
B (E5B) SR, FEALE TR HURRAL > A8 5 1 i B
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Fig. 4 Effects of different root architecture on bacterial community diversity (A, B) and structure (C). B, soil at the beginning of
ecological restoration; MNR, Medicago sativa bulk soil; MR, Medicago sativa thizosphere soil; PNR, Elymus dahuricus bulk soil;
PR, Elymus dahuricus rhizosphere soil. *, p < 0.05. NMOS, non-metric multidimensional scaling.

BEHF NpH > NHy-N& &> APF &> NO;-N& &>
AK G &, HhpH. NH,-NAIAP& & 2 i HLak
4y BRI AS B . A HLBR4H 53(TOC DOC POC)
o 5 In) 5 S5 pH R) & 1) A ¥ OB A, 2R EH - 3EpH
R AWRA D& &R EE MR R,; AL
WAL & & H B 5NH;-N. AP. NO3-NFAK# &
HALH F I E R A 28 A, RUSENA S &

BEREEZEEMKRR. I, HHKA 5 (TOC.
DOC. POC)& & [ SHAFFH 1. B ] AT
A DRI 2 BB 1 AR AR R S 1 R A KT
90° (R4lif), RVIX LA VIRBEEE 5 HHUK
HorEeERtREFEAMICKR,; Mk, BREITTE
B 1A R AR N 5DOC, POCE A Je /1 /)
F90° (L8iA), B -~ HHFEAEEE EHIKR.
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CL, £F4ER/IEIE; DOC, WREA MBS 7 EC, 3%, NAG, N-ZBE-B-DW &0 HEE 1 NHI-N, BA&R & & NOs-N,
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B 1]; Methylomirabilota, FFe% 4L T4 []; Myxococcota, i [ ]; Proteobacteria, 28 [ 1; Others, HAthZ5#¥; Verrucomicrobiota,
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Fig. 5 Correlation analysis (A) and redundancy analysis (RDA, B) of organic carbon with environmental factors. B, soil at the
beginning of ecological restoration; MR, Medicago sativa rhizosphere soil; MNR, Medicago sativa bulk soil; PR, Elymus dahuricus
rhizosphere soil; PNR, Elymus dahuricus bulk soil. AK, available potassium content; AKP, Alkaline phosphatase activity; AP,
available phosphorus content; BG, B-glucosidase activity; CL, cellulase activity; DOC, dissolved organic carbon content; EC,
conductivity; NAG, N-acetyl-p-D-glucosaminidase activity; NH;-N, ammonium nitrogen content; NO3-N, nitrate nitrogen content;
POC, particulate organic carbon content; SOM, organic matter content; TOC, total organic carbon content; UE, urease activity.

3 e 2B). KIADOC I 2 /KA A WL A, X LA HL
VB R BERBRAIEIRERS TELEY
31 AERZAMEEYRITIBUEREZWMENIE  (RHA TS, 2012), BEIENRR WD FRER
R TRENRBR o« ZAR A 2 A BRI AR R 23 W e
R R E MM IR FR I MUK EE G P, HAr MRS R B R THRPRDOCE & . 1 B
MR KA S BHE i E g A, ARRARE R REERE LDOCE & L AER br +1%6.67%, H
52 e - 358 fik i N BB F 5T & (Srivastava &  Yetgin, Z AR E(E2B). XATREIHE T HARMR R EAA
2024). AT HFAUR RBFEMEARREH D RE S0 EHEE RN AL, 2SR LK sE
FE 5 A TIRETOCE 2 (K2A), RUIEMR R it 1% (Wang et al., 2023), DOCiE i /K /4 4k 1 1%
PSR WA BEARAR IR REA MU S FLBRAIY BUE ), SR 5 iz i R X sk, o
B[R, MMEIKEAE R AESBE RO, @i RAERPRX IR, XF AR R A BE 5 DOCHIAR
oG LIRSS KRB B, RS INAEAR PR X BRALSE, 45 SR RN AU RPN EAR R E AR
PITOCH & . AR FIEIDOCFPOCE |AENIEME  BR RN 43 31 8 78.60% F1-7.10%, — 3 +H % 85.7%
BHURIE R . DOCYENAMUBRBIEIR I 5, A (FI2D). AN ZR B0 1EAR B kw7 3 2 R AR &R ik
PG FAL ) F LA, B S ILEN, (B YIRS IRUTR SN IRS), R BIZIAR 2 508 5 AR br
Z 5 LIAYIES). AT IEARELH LA WU R R R T 9 2 (L et al., 2023),
RIFEZAMEH (Liuetal, 2021) A AR TR, 21 BERSLIEEGHHBAR. BERREHE 2 0RRRL
AP FAR R EDOCH B W& & THEMR R (B RInTREIR T B 18 AR R - W vl B2 JE AR B [X 35,
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R 28 7 WA AE AR B DX 35 N 5 A P TR AL T A,

PR 7 AR PR X SDOCHR 8 . POCTE ZRIE T
FORLA HLAR T, BE XS PR 55748 Ak 5l P d il & B
(Witzgall et al., 2021). AWFFH, FFEAIIRFRPOC
SELEETIERREL, WREIERRAR, Z54
3 (E2C, 2D), Ui IR F AN B R E
BT R U EPOCTE ik -

HIRE B AU E Y A K E 2R ),
WAV SRR R . AT, iR
AP R LSRN S S EEEm T EHE
REREINC, 1E). XATREIE TR R A= F
B IR 23 uh ), ReAR AT AL T AR IR 43 R
Ji(Callesen et al., 2016), ‘FHIR R Prig S E A
ARG EE . PHRRY, LI B R
A WG B R ] 5 T2 R 29, BRAR AR At
BN 5 A, I 4 e L 43 A ALk [ A7 (RS =
&, 2024), A, BEEA P HMEEES R B
20 AT S R AR oy R A A R VR ) (R ) Y
BTSRRI e R A T Ak, kT AR v A AL
W40 & 8 (Zhang et al., 2022a; i HIRZE, 2024).
AHFFEAR I 2 L RDASE LR, B BAA 2L
Bl B ST A AL 2H 4 1) B B R 1 (IB15), X 5T
NWFF S5 BB T4, 2025)— 3, £ W20 2300
T I B AR PR SRR O S 2, GE T IRR
WOIREE, ATREA LA HLERAR BRI 2% 1. 1k
Ah, BRE RO EER . K EE RS ik
(BB YR, 75 LR AE IA hOR 4 OB
Mo MRS TSR ER, B3 S E5 A RA
AEEEREEMICKR, UHHEE T RiEd R
HERR R AERKARUHE S, )G B N\ 52 10 A 4L
BRI R 554k . TR R B AR bR L pH IR Z (KT
HIRRZEE(EA), X2l TAR A HEYAA
FEEEMIRR R LS, @R 2R PR RN LB 43 1A 1)
P [FIAE F B 3% pH (de la Puente et al., 2024). #H
KM as RER, pHEANA S &R EEZE N
FHR K FR o LiugF(2018) Ay L3 pHTH = (2 E M AE )
IRE AR, SRR AR (2025) 0T 5
RI, +HEpHESOC. POCHIMAOC & & fi Ak,
ARGEREGZ —8. AT, BHIRSES
DOC. POCHEEEFHIEMIKR, XIFETAHA
AJ LIS A ) 3 AN 3 W A 2 AL 9 DOC (Xu et
al., 2012), EB38 N+ 35EHA WK 5 2.

32 ARMRAMBEYEIEEMEMBENEE
N BHIRFAR

e I PR VLR T IRB TR RS, fE
A ER AL AR R R R B LR FH (Wang et al.,
2022). ABFFLH, B R E AR R B
FHP A A L IERE A, X5 A AR
gy 1 % 4 (Zhan & Sun, 2014)—%. H4K
PR EM LIRFR B, AR X SRR
R AR, (Rt s LIEEE ET . AT R
PR, BEJEEM TIRCTE M LE(CL. B-GO)if
P (E3B. 3D). WuZE(202 1) tHilF SEhR AG PR B E
ZWAES R RIEE EEEH, B IRsE YR
3R, RN T A NS IR YRR 4 A, )
B2 SR AE . B FAR R B R 0 BTG
PERTRFENLEIA BT . ABFF R, JR R 00 AR B
+CLiEM R s, HERRETE 28.66% (KI3B), X
Al REAZ RN R R BR e BCE 2 (K T2
B (1 anDOC), M AE M)A H At 5 3= 5 (1 IR 4,
N T 6 588 T AR sl 2E D BV T £ 4 25 49 R e 1 (Shi
etal., 2011). TMZHR R B FAR PR 1 [ UEFIAK P
P LE EAR R 8 AR PR 46.87%145.76% (KI3A.30),
X AT BEYR T AR A A I I AR R B AR VR
bR S RMED) 5 RE A2 = T 8 AU 45 B (Moreau et al.,
2019). WFFLRAH, TIBEE TS A MR 1At 72
ZA R (EMYEE, 2021), AR ThREREXT A HLEKZH 2>
(R BIL & 5o 21 24 3% Pl R -5 26 R T ot {4
LT 4 2= R oK i, (2 L3 A ML AR R
(Wickings et al., 2012); Tfi IR 0] G i 30k 8 5
Ak, 53— 7 AR AT eI 3 - AU Ak
R A, TG IR R 5 WS I RN,
TR YR AR 2(Sun et al., 2021). AHF 7845 ik
— P UR S WUBRZE 7 5 il v 14 R A A S 3 TEAH DGR
A((FES5A), X E5ZH5R22018)H /RICL. B-GCHE
H#DOC. POCTR AWML 18—, ARg5RKH, I
RPN ALPR 2R g B I A, AR BRI
g AR R

AR R R R 1 5y, Bl A HUR Y
S HUBR IR BRIk o AW FErR, P A
T MR BRI AE P o FEVE B3 = T IR R PR (B 4A), X
VST AR bR AR SR 3N B 22 PRGN, AT
PRUE T FE R EIE, AR S £ TR
(Dang & Morrissey, 2024). {HA[FIHR R M4 R AE DI
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PR LA Z R EE R, RER TR, i
MR 2 P HH B AR R £ Shannon $i5 £ Al Chaol 45 % 2
T ERRETE(K4A). FiAR R AEY) R H & 2
WERS, fey K LIEMALME (Jiang et al., 2023), A
W2 AR SRS B E S . BT A,
BIRE & mEASERGHIIRH B (gbal et al.,
2024). AWFFAEHFH3 595 mIfE i A 7737 135
HOULSE AR T B T TR = B de e, i — PR S A
ERRAE S N A SE N . AT T IE
BRI el 538, A R 3N A 0 A ALk (] ¥
PEME . HHLER) (Zhang et al., 2022b), 8% &£ TG
PRI S BRI AR, SR R
BB A EAR R A AR PR b AR T T 11 ARG 3= 3
i T AR BR 1 (E14C), X 0T e 5 H PR X i Ao &2 3
BEEAZAG, IR T E ]S %, HRDA4S
REoR, RILE XN FEEEDOC, POCHEEIE
MHRK R, #E— D EUE X E A YUK WL . di
Lonardo % (2017) B AF 5t 2% B AR TV 11 [ 138 ik R T A
A MURR AL 7, 0 AR D YR Bk 1) o A D0 e 1)
Ak, st HIEA WL AR E B AE . fEA
WEFLH, B AR bR AR Y B 113 B N41.09%, =T
& (F4C), R R r] fe il il br s A
B, AAAEWREE AR RAER . TR
1] Dl I 77 A2 22 iR e i 3 i i A7, AT H i
IR Sy i R2 5E PE(MEitra et al., 2022). {EAEASHT
FULE R, AE AR B R SR B T TR 6 3 BE R 52
Wi AN

FEAT B T 18 T KON 33, IX SRR W Re et A
F 5y 53 g RO o3 i WL, 18 & 4 T oA 5
B ECE TR Z W IR (RS, 2024) ABFTTH,
FIAEL 2R AR PO AT EAR 218 75 W0 3 PR AR R A 7
T H R T EERRAT R T A, H AR YR bR 1
FHERAT R T A = FE IR T AR bR (Bl4C) . 45E
RDAZESR, BRAT BRI T TARN 3 FE 5 A MUKk 70
o2 RHEAHACKAESB). XgedR THEMEK
AR AR F A IR N B DR R B PR T I
TEER SR, Mo SERE AT W T DR S &G
PEA LR I 5T HR KON 3138 AT B iy AR R,
M o 4 AR A A B IE A R AT R T 1 A
(Gharechahi et al., 2021). 28251 [ J7EA ML A PRI
A NEHTORRE A FRA K, R TR R R A
ik 3- 5 B T R IR 2R 1 4% 6] 72 COL Rk 7, HAE KA
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P A B AR P i Ak A B A ALK 1 [ 47 (Shih - et
al., 2017); {HLEE FREMFE N, S NHFE
ARE A WREAT e Re e K, HEEf ) 1%
AHBRMESMES &, EARTAH, JUR R P
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BELWA IR MR TERRETE,
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4 g

RSO T AR 2 B R R AR R TR AR A
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T TR A5, JH R PRl e Tl o g v 17 5 3
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