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Abstract; Exogenous nitrogen (N) input was the key factor driving vegetation restoration and soil carbon ( C) sequestration
in Karst grassland ecosystems, which were undergoing N limitation. Soil organic carbon ( SOC) mineralization was an
important pathway for soil C output. However, most studies focused on the effects of N addition on SOC mineralization,
while less attention was paid to the impacts of nitrogen-fixing plants. Thus, the effects of N input types, including N
addition and introduction of nitrogen-fixing plants ( Indigofera atropurpurea and Amorpha fruticosa) , and N input amount
(control, low N, and high N) on SOC mineralization and (), were investigated in a four-years experiment in a karst natural
restoration grassland. The results showed that (1) Exogenous nitrogen input significantly increased soil ammonium nitrogen
and available nitrogen contents, with maximum increases of 245.2% and 152.3% , respectively. Compared with low-density
introduction of nitrogen-fixing plants, high-density introduction showed a decreasing trend in soil available phosphorus
content. (2) N input amount significantly affected SOC mineralization, and low N input significantly increased SOC
mineralization, especially in N addition and introduction of Indigofera atropurpurea, with increases of 14.4% and 21.5%,
respectively. However, high N input trended to reduce SOC mineralization. N input reduced @, and the effect of low N
input on reducing (),, was more obvious than that of high N input. Especially for Indigofera atropurpurea, low-density
planting significantly reduced by 19.0% compared to high-density planting. Redundancy analysis results showed that soil
physicochemical properties explained 45.3% of the changes in SOC mineralization characteristics, with ammonium nitrogen
and available phosphorus accounting for 15.4% and 18.8%, respectively. Soil available phosphorus was a major factor
influencing SOC mineralization. This might be related to the phosphorus consumption during the biological N fixation by
nitrogen-fixing plants. Soil N availability was a major factor influencing Q,,, which might be related to the enhanced stability
of SOC under increased N availability. (3) The form of N input had no significant effects on SOC mineralization and Q.
The effects of N addition and the introduction of Indigofera atropurpurea were similar, whereas Amorpha fruticosa showed a
weaker impact. In summary, N input amount was more important for affecting SOC mineralization in the early stage of
exogenous N input in Karst grassland ecosystems. Future increases in N deposition and the introduction of nitrogen-fixing
plants were found to favor SOC retention in Karst grasslands. Additionally, Indigofera atropurpurea was identified as a

preferred model for vegetation restoration in Karst grassland ecosystems.

Key Words: nitrogen addition; nitrogen-fixing plant; SOC mineralization; Q,; Karst grassland ecosystems

+3EH B (soil organic carbon, SOC) fifi it M e MR VA% L3 i im AW ZRE MR TR oA 0hE S 3 A
BUIRER S R S ES R ke MRl Rpgetk = AR g £ SOC [ 77 Bk i i A 5 i
Z 1A SIS, SOC & fh SRt i =B A2 L SOC W b 2 i W o ik - e A HLITORE I CO, 1yt 72, 32
A (RGP U W AR 2 K 56 ) AR AR ) IR K43 L3E5R4) pH 45 ) DI L4z

HNE RS AT SOC B ksl SRy [ =2k F RS me " (R R e A0y PR U A 7 2 U A R R S
A e 52 R AR R R A 4 B R Bl B S RGN AU A R B K ki, B
HI T 2 BB 4 v T RS I R RN SOC W ARy S2 e, 4n SOC A Ak % Ui I £ 22 B IR AR e 41
4 Wl 7« AR 280 AT 3 2 A A ) R PR TR A2 2E SOC Ak 5 i e 80U A\ T o 2 15 R0 80 R 2R W e A FH
R AN SOC F3f ! o S At A 2 5 i) R0 A 80 1 2 DR 2R 6 M) SR A T PR A 0 T 3 2 i VR B
i T A S R SOC H 4k Wi AR I T80 - R Ak AR A D W E R AR SoC R K
SR UURE 2058 1 O 398 pH AT R P R ) b B A s v, IR I SOC k' i i 2 A

o SOC B b rIVE IR 8 S 4, IS+ S 2 T AR KA e 1k . — 7 T, 1] 80 ) o AR R
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MR TP D A LB A AU IR B4 WO BUCE AR BE D) i B IR, Rl 2, 1 A
BAR C/N A JRTE DI o B BRI > e, U A 4 B G P b BRI RE 2 R Y 45 b G
PE T RE S LA RAYINS SOC B AL B2 WA ] T RS I B2 . SR, H AR5 32 2 3R A8 T [ VR 5 | ol
XA RO B W RETE R A A s i AT SR SOC 5 AL BT T4 B Z

SOC P 3o i B2 72 A 8 M R A JBE R 22 DA i P AURR A, 5 T Q0 R /IS 3R AIE SOC RS 1 I B 24
Qo AR EEFFHEIN 10°C T HEA YU AL B A BT A AE 8, B EBOR , i B St . LA BE SRR S
XS Qo IR AE2E 5, Z Z RN R SL IR AR R SR E Wy D RE U A B S Ak B
KAF 2 BETLW QWM Ta), e BRI B> s e sma ™ ldn, 5t AR A S R 5
(8 Qo TEL R 0 A SN I A 35 AT A T 9 KRB I ARAE S R GE RN Qo LIV 2 B A i Sy AL S 384 i i
TR AT bR A 25 2R G R R DR e [ AR T T R B Q, (8 . EAT, WA Q, (52 0 A
il , 25 b, HATEUEsE 2 RERAIS SOC H AR RIRZIR , Xf T R 58 U [ E A AR B nS SOC 44k

AR 22 S LT AN R, JUHOR BRI eSS I A S R S
] VY e S M DX A A ER IR 55 BURRE v, I A AR BRI A AN A BT, S EUE S R GLR AL,

ST | R THTRUR R 08 T e 0 A B T R0 R 8 D s B skl - 357 43, e H 2 e R B
RIS o RV ORI A A A T 2 B v Ml L AR A i P (B Al BRI A i AR P R A
A SR B R A AL R GRS T RO B L SN 4R R AR TR R U 5
AT LA AR AR 2 Lk B U B 1 b e [ A AR R IR, AR, H RO T AU A
M g 4 e A 25 AR AL - SOC AL BTTE R D 2 [ A 5 | P TR ik =, 26T e, AR ST 4K
FEAP [ Bh7 B PR VL0 e A 25 R GE LI T 58 i SRR A5 B RO 0 S 98 3 A UTRE ., DA R Sy 1
SRR BT T FERT R R TEAN R R A 5 30 (RS IR [ A 5 R ) Ry AR X SOC A6 Q 52
Wi, ST PR R A AT REXT SRR 2, 4 pH SR S A A s TR S A A 2 5, BT
TESE  ZAB ) 5 | R AN IR I SOC 7™ AR B2 Wi AN [+] 5 117 LA ] b AL % 88 0 S D e 2 P Jo 1
JEASTR)  NTTTXE SOC B AR ™ A2 25 S PERL MR, ASBIFTE 45 0K S g 0y el A 25 3R 8 - SRR [T 77, S R KAl
B S 1) A R A EREP S

1 #RERFE

11 WF5E XA

WFFEIXAL T PRI B IR X PR VLE R R F RS b R 2% B PR V0 05 A 28 R G I T 5 8 (39°59" N,
116°20" E) , VAR 270.0—647.2 m, ALY 146.1 hm? , SR (0 S0 06 AT b st 50 3t T L o 52 00
S RERUY 20% , T FEE RN 15% , HHEE A=A R H BB AR+ + 278l 20—160
em o FZIX AR AR 2 S AR SR 19.9°C i i il 38.7°C , MG i- 5.2°C , 44 TC 7
12 300—330 d, 4ERERT RN 1389.1 mm, A WA R, 70% L Em ZE ) W LA EY A &6
1 ( Microstegium fasciculatum ) . K18 J& ¥ ( Eragrostis cilianensis) . 43 ( Imperata cylindrica) F1 % %t % ( Bidens
pilosa) 5 . FEHUAE B FARTEBLANER 1 iR .
1.2 Xt
1.2.1  FEHUBEE AR AR AR

2014 4FAi B AME AU A SRR JE T 21 ASNX(E 1) BAYNXN 5 mxd m, 2 T BB T A
YRR FR 2 [ 14 30 R AR 1 38 48, B/ X2 [R5 T VRS 50 em RS R 20 em HYZKIENE . AR
TN E 3 AAEEKE 3 S XTI (CK:0 gm™ a™) MRA(N,:5gm7a™") HA(N,:10gm™a™") ,HH
F WAL B W (NH,NO, ) #EAT T AE AL R ok FRA W0 45 B VG /K o [ VR ) 5 | ok ) S RIE AR TR 28 K
(Indigofera atropurpurea ) FIEFEME (Amorpha fruticosa) , 15 & 3 FAS[R] R FAE 25 BE AR 2R 3 Fh & A K. 439K
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XPELCCK) GRS (5000 Bk/han®) 85 FIHEEE (10000 B/ ) 6 SCGFIVIL S 69V 56K T b
O 8, ) AT A B LGOS SRR A, IS8, ) IR R A

x1 EWEERER

Table 1 Information of plant community

e g -
s o A oA
Plant groups Species Height/m canopy/m’ H/m?) value
ARAFEL Poaceae L FEAT Microstegium fasciculatum 1.23 1.25 4.50 0.32
IKIE® Apluda mutica 1.86 12.00 15.50 0.30
H3F Imperata cylindrica 0.79 24.67 32.00 0.16
Kl JE B Eragrostis cilianensis 0.75 10.00 10.00 0.07
2P} Asteraceae YLEL L Bidens pilosa 0.70 0.50 1.00 0.18
Bl Fabaceae A Dendrolobium triangulare 0.38 6.00 5.50 0.13
L¥FRAL Verbenaceae T Vitex negundo 1.50 0.50 1.00 0.08

2018 4F 8 J RAE TIEAE N R TSGR A/ D X R B R IRR 2 I (0—15 em) IR G 5 PEERED
BREARER 1d 2 mm G, — 073 Br et L AEAE 4°C VKRS TP ORA7, T IE B S A (NHY) MIEAS R (NO; ) i —3f
A3 RS RCT R, TN E A LR AL | A R (AP) A LR (SOC) (2E (TN) (2 (TP) |
AEHRNERG BT (Ca™ ) S A pH %5,

Sm

—

4m { Az % CK A N, %, N,

N, % N, # i CK Az

A CK A2 N, %, % N,

1 FEHTEE B AR M SMR EU N LR 3tk 40 3R 1
Fig.1 Treatment design of observation plots for exogenous N input in karst natural grassland
CK AN, 5 gm™ a™ Ny: 10 g m™ a™' A IR 2 FEVR SR UE 5% MIRI AR 2 0 S0 5 A, « s PR HE VR S8 KA 5 28, v Pl L 2
LR

1.2.2 A HUERD LI E

SR PRGBS T 2 SOC A Ak 2R ™) FREX 100 g i 2 mm G B9 KT 14, BT 500 mL B3390, 157K
43 % 60% MR K &, 25°C ISR T TG TR 7 do BUEFRER)S 4264 10 mL 0.1 mol/L Y NaOH () 11
SR SEFRR 43008 T 25°C 71 35°CH 3o A th 8 B G 3% B GRS 6 s IR IR, TERGFRIER 1 4.
8.15.22 31 d #HA7HURE, FH 0.05 mol/L HCl ¥ £ E CO, Bl
1.2.3  LHEEBPE O e

Wit 81153 B4 ( Bran-Luebbe Inc., Germany ) Il % NH; 1 NO; . FREX 10 g i L 4F, A 50 mL 2 mol/L [
KC1,25°C 250 rpm #&% 1 h, & PEH s IR AT g B BV 10 mL #4700 . AR (AN) & i SR
TSR Z A, FsHH N E 3 AP . 2 IFREL S ¢ i 2 mm G T £4E, iITA 50 mL 0.5 mol/L NaHCO,
VSRR ,25°C (250 rpm #8355 30 min, 5 5t B IEARE U8 B 1 mL BT R S e A G TIE . s
MrASCI 5 35 TP AR 1 g a5 X+, il A 4 mL H,SO, Ml 1 mL HCIO, , L I EZ K A6, B HEER
%100 mL, FAIFRM . KIAJE TR IOEIEIY (240 AA | agilent, America) I Ca® & FREX 5 g XU il AME: 3
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JELEH, 200 mL 1 mol/L i ZFREZVAR ML , o) /8 25 2 250 mL, BUK R 100 mL #4700 % , pH 12
4358 pH . AF BIFREL 10 g 32 2 mm FEXCT T4, B 50 mL 25 CO, /K, HHIHEEE 1 min, #8 TTIE , B2 AR
AR R ECRR e E SR pH AL,

TCEATHTAL( Isoprime vario ISOTOPE cube , Elementar , Germany ) Jll x& SOC TN % % . PRI W% 3074y 1 198 & 25
Bl AR , SOC F Bl 22 75 Bt 4R T e b AT BR VAL B, Bt - 38 b A JC LR , ELAARSRAE R ) FREUX T
110 g T 100 mL 5E#F, il A 20 mL 0.5 mol/L $h2 , &P 2 h HiH 3 min , FHE 45 55 — RME T3 pH, -0
A 20 mL 0.5 mol/L R , i FH I A A L A0, WHINA 30 mL 258 F/K , ZUan sl , i i g,
W ISR FEARAE 4—5 R, H B PSS, SRR 60°C HE TR BERE, i 65 HE, 2 BIFR
B 50 mg FREFIA R UE A RE L HLINAE
1.2.4 BAairdr5ab

(1) EHEA YR LR E AT .

MC=22%ex(V,=V)/m

Ko, MC RS A LR IE R (me/ke) , V R ER BRI & BE S T A A SRR RN (mL) |, V, M (i F R R
T E 25 FHFEMERFR AR (mL) |, ¢ M2 PR IR (mol/L) ,m I T H IR (kg) o

(2) EHEE PR LR AR A R

R=MC/t¢
Ko R N I PURD LR (mg kg™ d7') ,MC RREFER] ¢ Y CO,-C LR (mg/kg) ,¢ AHEFFERIT] () .
(3) IR HUENE QWi E T .
Q,,=R,/R,
K, R N 35C T HHEMFIL R R,k 25°CF T 3%

K SPSS 18.0 Fll Excel 2021 # A4 TR AL BEFNGE LT 04T, A AR A Bl A T 1 e 28 A iy 22
FEPERGES B 7 2508 M H 1.SD 22 Fb A FH 1 G 50 AR ) U A A B 2 1] 1) 4 SRR A 5 SOC B4k
R QES, BEWKFEEN P<0.05,H )5 L E IWE R ER/NEE 2575 (1SD) . AR 00T
o Em A A AT AL BAE 2R C o Q105 T EIALYE BT E] 9 TCA 53 B 1 Canoco 5.0 AR5
B, Origin 8.0 &, &l 5 2 F-HIE £ bR iR

2 ERAMH

2.1 AU AT 3 AR BT 5 e

ANTR] U AT 2R R A KT 25 R e R PR (R 2) o AN A N T 5 NH R AN i,
Horf N, NG HUR, BB 3800 AR, (28, FE, et sh, 5 CK AHEE, N, N, UK, UK, (58 R %8, - 48 NH;
SRR 245.2% 212.0% 92.4% .189.5% 111.1% 11 103.8% ; AN 5 B4 139 K 152.3% . 119.3% .
42.0% .123.2% .57.8% f1 50.5% ., 5 CK # kb, #MR & 4 A XF SOC . TN, Ca® [ TP Fl pH f 520 A 2 (P>
0.05) , SRR B ZAEY 5 | FAH LG, 2 2% BE[E ZAE )5 R0 T 3 TP 1 AP & & 2 R
2.2 A AN HIEA VLR AR SE R

MR R T7 2250 a5 R R, B A BERT SOC W b 32 7 A= Ik 25 i s e, U A =X 1 5% e 45 553 , R 24 77
TEREMACEAEH(E 2) , BAEm S AR AEZE T SOC 51k, ifi & 2 A&l SOC Bk (P =
0.08), 5 CK(5.95 mg kg™ d™")#HFL,N,(6.80 mg kg™ d™") FIA, (7.23 mg kg™ d™") BERE T SOC H L &
A SoC ZRwILE(C, ) (P<0.05) , HalE /54 14.4% 1 21.5% , %, (6.16 mg kg™ d™") A HEMAY#a3; N,
(5.93 mg kg d™") AK,(5.64 mg kg™ d7") FI£E,(5.50 mg kg™ A7) A FEALHER BEFARE,
2.3 Al AT LA BB bR U 5

RAEMAFXT Qo 7= A W& I RZ i A7 s A g2 (K 3) . BRI, ZE AR T Q) , (KA
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NFRAR Qo FOSCR 525 | T e R A A AEFRAR A3 (P = 0.10) , N,(1.62) FIAK,(1.65) B FH KT CK(2.09),
I BIFEAR T 22.7%F1 21.4% (P<0.05) ;%8 1 Q,, 0 1.85 MK T CK, HEZE S A EE, 5 CK A, N,(1.84) .
AK,(2.03) FIEE,(1.95) HFEAK QMRS (HER KB B E K

F2 TEEAER
Table 2 Soil physicochemical properties

Qb MR A i ALLEE Exogenous nitrogen input treatment

Treatment CK N, N, A, A, £, ®,

2% TN/ (g N/kg) 2.72+0.09 2.60+0.04 2.47+0.06 2.52+0.19 2.50+0.22 2.62+0.14 2.37+0.14
T HEE LK SOC/ (g C/kg)  24.04+0.22 25.11+1.00 25.00+1.29 24.05+1.94 24.46+0.75 25.47+2.64 23.32+1.60
2 TP/ (g P/kg) 0.98+0.01ab 0.91+0.01ab 0.97+0.05ab 0.98+0.03ab 0.87+0.08b 1.07+0.07a 0.94+0.03ab
HRA AN/ (mg N/kg) 6.25+0.21b 15.78+0.44a 13.72+0.42a 8.88+1.80ab  13.96+2.84a 9.87+2.21ab 9.42+2.36ab
BAA NH;/ (mg N/kg) 3.97+0.17b 13.70+0.40a 12.38+0.52a 7.64x1.91ab  11.49+2.70a 8.38+1.92ab 8.09+2.06ab
A% NO3/(mg N/kg) 2.29+0.08 2.08+0.70 1.33+0.24 1.24+0.13 2.47+0.40 1.49+0.46 1.33+0.35
W AP/ (mg P/kg) 5.34+0.34ab 5.17£0.35ab 4.71£0.13b 7.72+0.68a 5.21+0.64ab 5.83+1.14ab 5.00+0.73b
éi%jf:jfj? 1.53+0.04 1.30+0.11 1.31+0.11 1.36+0.12 1.50+0.11 1.30+0.18 1.36+0.10
pH 7.67£0.13 7.59+0.14 7.45+0.07 7.50+0.19 7.44+0.22 7.48+0.03 7.38+0.08
T BLK

24.04+0.22 26.44+1.12 25.71+1.92 26.18+1.67 25.01+1.98 27.24+1.35 25.08+0.69
SOC/ (g C/kg)

[ A7 A [ B 2 7% b B ] 22 57 .35 (P<0.05) s CK RGN 25 g m2 a7 5N, . 10 g m2 ™' K| ARFIE S BEVR 8K W 5 45, - (NP AR 25 i 5 7
B A, < IR R AW 5 4, . o PR 18 S5 T TN . 22480 Total nitrogen ; SOC : A #LH#% Soil organic carbon; TP ; 2% Total phosphorus; AN : A
# A Available nitrogen; NH; ; 4% 25 %0 Ammonium nitrogen; NO3 : fiti &% & Nitrate nitrogen; AP £ 2L #§ Available phosphorus; Ca* ; 32 #& ¥ 45 B 1
Exchangeable calcium ion;pH ; +4 pH {8 Soil pH value ; 1347 HLER * ;2020 4F 345 HLER

2.4 A PR A O B BUS M S I T DG R

SOC ™ AAFAE N S PRI BT T AR 70 A 4 SRR B, 5 — Tl AN S — b 20 il i B 17 SOC w4k &2 Q0 28 53 11
37.54%F17.80% (&l 4) , 118 NH, AP &2 SOC # AL Ik 2+ NH, 5 15.4% (P<0.05) , AP 4
18.8% (P<0.05,% 3) . #AREIHrERY,C,,. 5 AP BEIEHE(P<0.05),0,,5 AN NH; &EFHHE(P<0.05)

(E5),
£33 TR TEBUMERI LIEAVNSRYT LNREE

Table 3 Explained variance of the effects of soil properties on SOC mineralization in redundancy analysis

+ B WL LR Characteristics of SOC mineralization

¥
Impact factors fif e BEM P
Explained variance/% Significant value
+ B EEASA NH; 15.4 0.04
Soil properties R AP 18.8 0.03
SEHERG Ca™* 2.5 0.49
B TP 3.7 0.37
ARA AN 1.8 0.66
L HEAHLER SOC 1.7 0.68
pH 1.5 0.74
3 g

3.1 R AR TR R A LB A L
R AR FE 0 SOC B L R, B BUAR AL o, M Ml py a3 (K 2) , X 5 Z AT BT TS 45 R —
T Meta A3 R MIRA LI 1 HEE U AR, B A Y RS, 7R I
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RN R IN KT N

101 s Ak F=21.291 P=0.00
HINJT3 F=0.833 P=0.451 ,
FEINEE XN T X F=3.675 P=0.023 .
T{q 8 L E
‘0 ab i
%5 '
X g |
25 6 '.
= F |
RE |
zy !
B I :
H 2 !
g !
S !
8 2+ :
0 S
NH,NO, TEA Eyd ¥ <<
Qb Treatment é =
300 K
—e—N;
B 250
)
£
@E 200
2 8
S
v O
?ﬁfg 150
=2
E:5
Z 100
"
8
@ 50
0 .

0 5 10 15 20 25 30 35
32} 1E] Incubation time/d

B2 SBAXMEIEEDTIEFNRTUEXRRANRIERTLENZ N
Fig.2 Effects of N input on SOC mineralization rate and cumulative mineralization in Karst grassland

ARINE RN AR MR A A B 22 5 B35 N R RE TR R AN R U AR (8] 225 2.3 (P<0.05)

AR RIS AR I AR B, o U 25 SR AR A W R A e AU (A N, B
A PTG A2 2 G0 3B SO A i R B A3 BRI W o E TR 3 SoC Rt T e vk
SN, AR, ) B ARG AU X 7R, REAS i A AU E P A 3 SR DITTREAIR SOC w4k AR5
WSRO A S R e AL T AR IRPRAS Y R A T RE B S A AR 7 ) I 1) b T A B
(5 gm™a ") ATRETCIETN R UEY R R T oK, HEMAEHE SOC B4k, Behbh, DAL A5 2 W] o U A IR 1 4
pH, MG b 104 RV T ANE U A AR B AR DA B R A1 R S Ca®™ R Mg™ T
REXS R AL B B p 22 vk, 48 pH AR RIS B 2 K P U ARG pH IS A R [ (3% 2) , T REH
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