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Figure 1 (Color online) Effects of restoration on plant biomass and diversity of different grassland types. Error bars represent the 95% confidence
intervals. Oy, and P values indicate the statistical significance among grassland types, and the statistically significant values (£<0.1) are highlighted in
bold. The number of observations for each variable is shown on the left. x, *, ** and *** denote significant differences from zero at P<0.1, P<0.05,
P<0.01, and P<0.001, respectively. In(Res/Deg)(a) and In(Res/Nat)(b) indicate the differences in restored grasslands compared with degraded and
natural reference grasslands, respectively. AGB, aboveground biomass; BGB, belowground biomass; AM, alpine meadow; TM, temperate meadow; TS,
typical steppe; DG, desert grassland
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Figure 2 (Color online) Effects of restoration on soil physical, chemical and biological properties of different grassland types. Error bars represent the
95% confidence intervals. Q,, and P values indicate the statistical significance among grassland types, and the statistically significant values (P<0.1) are
highlighted in bold. The number of observations for each variable is shown on the left. x, *, ** and *** denote significant differences from zero at
P<0.1, P<0.05, P<0.01, and P<0.001, respectively. In(Res/Deg)(a) and In(Res/Nat)(b) indicate the differences in restored grasslands compared with
degraded and natural reference grasslands, respectively. SM, soil moisture; SOC, soil organic carbon content; TN, soil total nitrogen content; TP, soil
total phosphorus content; SOCS, soil organic carbon storage; MBC, microbial biomass carbon content; MBN, microbial biomass nitrogen content. AM,
alpine meadow; TM, temperate meadow; TS, typical steppe; DG, desert grassland
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Table 1 The effects of ecological restoration type and soil depth on recovery of vegetation and soil attributes of different grassland types

A - KRG HE IO, +IRHREO,
e IERA R EE MURRE SRR T FERLA R R R e FL
Height 0.021 0.338 2.037 0.406 - - - -
Density - 6.892° 1.849 1.985 - - -
AGB 7.186" 0.132 123277 0.223 - - -
BGB 1.191 0.184 0.108 5.835 4.040 6.713 11.573 11.770°
Richness 1.762 1.329 0.722 1.037 - - -
Grass 25.104"" 0.07 16.902"" - - - -
Forb 14133 0.765 16.734"" - - - -
Legume 0.628 0.117 - - - - - -
WAL pH 0.064 0.198 0.032 0.045 0.004 0.410 0.136 0.171
Jgpzsﬁ " SWC 0.001 0.760 0.950 2.182 0.254 0.360 25.265 2.303
SoC 0.106 0.125 1.032 165117 1.049 0.128 2.942 1.304
N 1.615 0.001 0.053 5312 0.808 0215 4.728 1.410
TP 1.607 0.041 0.082 1.182 1271 0.385 6.493 1.571
SOCS 0.001 - 0.763 5.482" 4358 0.986 5.954
MBC 0.865 - 0.129 0.050 1.019 - 10.086 8.618
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Figure 3 (Color online) The relationship of changes in vegetation and soil variables with climate conditions under different grassland types. Error bars
represent the 95% confidence intervals. In(Res/Deg)(a,c) and In(Res/Nat)(b,d) indicate the differences in restored grasslands compared with degraded
and natural reference grasslands, respectively. AM, alpine meadow; TM, temperate meadow; TS, typical steppe; DG, desert grassland; MAT, mean
annual temperature; MAP, mean annual precipitation; RR, response ratio. Only the significant fitted regression (P<0.05) is presented. Abbreviations for

variables are same as in Figures 1 and 2
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Figure 4 (Color online) The relationship of changes in vegetation and soil variables with initial soil properties under different grassland types. Error
bars represent the 95% confidence intervals. In(Res/Deg)(a,c,e) and In(Res/Nat)(b,d,f) indicate the differences in restored grasslands compared with
degraded and natural reference grasslands, respectively. AM, alpine meadow; TM, temperate meadow; TS, typical steppe; DG, desert grassland; SMjyigas,
initial soil moisture; SOC;,;;,, initial soil organic carbon content; TN; ., initial soil total nitrogen content; RR, response ratio. Only the significant
regression coefficients (P<0.05) are presented. Abbreviations for variables are same as in Figures 1 and 2
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Figure 5 (Color online) The relationship of changes in vegetation and soil variables with restoration duration under different grassland types. Error
bars represent the 95% confidence intervals. In(Res/Deg)(a) and In(Res/Nat)(b) indicate the differences in restored grasslands compared with degraded
and natural reference grasslands, respectively. AM, alpine meadow; TM, temperate meadow; TS, typical steppe; DG, desert grassland; RR, response
ratio. Only the significant regression coefficients (P<0.05) are presented. Abbreviations for variables are same as in Figures 1 and 2

fe ot — DN ] SRR, TR TR i
LB, AR AR S, o IR A M el
A2t SURM Y H B s ) 2 ks - 2
PR BTS [ECT. Ab, A AR it i ok
WA IR R AR, MR, LA B
FCN I ot O DSBS 4 K B
I, Bkt K SR

1528

3.2 ARSI THER A 2 5

BrAD iR bRAL, B IRYRSE AN T B I 2 46 it o
IRAL AR AN LS B S AR, X5 AT
— IR AR (R o BT AR — 2, TR A
TN BT R T, N T B R S it
AT ICES A SRR AR A i s, S ECR ) 1K



] 2SI uI Se dwes a1k SI[qELIBA J0J SUOIBIAIGQY

‘pueysseid 119sop ‘D ‘oddes [eord£) ‘g1 ‘mopeswr ojeradwd) L fmopeowr sutd[e NV ‘A[oA10adsal ‘100°0>d PUC ‘10°0>d ‘SO°0>d ‘1°0>d e dIysuone[ol JuedrjruSIS JJOUP 4y PUB 4y ‘4 ‘x 'S9dK)
pue|sse1s [[ SSOIOE SUOISSOITAI ) 9)edIpul SAUI[ JIB[q oY} pue ‘sodA) pueysseis oy 0} puodsariod saul] pue SA[OII0 JO SIN0[0D oy ], "Pajuasaid st (1°(>g) uoissorSar pap1y Jueolyrusis ay) AJUo pue ‘sojqeLieA
Jo ySrom o syuasardor azis o011 *sadAy puessess JuadyIp Jopun As1oAlp jueld pue ‘Ayunwwos pue dnoid jeuonouny jueld jo ssewolq ul soSueyd Juowe sdrysuone[ar oy [ (SUI[UO I0[0)) 9 INSLY
Vel (o] S 4 B YA 3 O MR e “S.L M w ) NL [ B VY T100°0>d e 10°0>d e S0°0>d % TT0>d X OGNS S A

WD TS w ] Y DI (U0>d) W] (U S K] BN [ S DCOH IR T 2 5 ) T T R AU 1 A AT e SE e (o] (9 26 7 ) 9 BB

(swnBa7) ¥y (gq404) ¥y (ssesn) ¥y
¢ k 0 H < 4 0 < v 4 0 g
1 T
' mw 5 ~7P90=24 05 R o !
! 0L L9820=2 '0S=N, P rob- ..,wvwom& ‘Ir=N i ro’l-
AL =e= «6L70=24 ‘Pr=N1 3 - «€l20=24 Ly=N? & - I -
L2880 =2 '90L = N! LETL0=2Y ‘S =N! !
SL ! -50- A ! rgo- B " r50- B
X ) oy X
oa o o o
T e e = o SRR O e - 100 =2 ¥
WY == 2 5 2 2
4 | 4 4
e e } oo & e
1
1
1
i 0l
(ssauyary) ¥y (q104) ¥y
/ 0 i
T
0, R P
! X X X X
6ok Pl P ] b o] ; X
"o B > > ! 3
Hei ) o ! o ! o
I e m l@ 1 k.w 1 k'w
1 1 1
1 1 1
) : o0 i . F8L0=24 ‘29=N1 1 .G0L0=2z4 ‘89=N .£98°0=2 ‘89=N !
~808°0=2 'LZEN 1 «6220=24 ‘2L =N" ! £100=:4 ‘LL=N E660=2 ‘LL=N "
~8900=2a ‘YZ=N | g .61€0=2 "LEL=N] ) | -G6T0=2 'BLE=N | L£6G0=: BLE=N | .
06 0 06
(ssauyosry) ¥y (g9g) ¥y (ssuepunqy) ¥y (3ub1aH) ¥y
2 S R s v & z L 0 I : 0 4 e e
" " "
| 1 _ 1 1
~LE00=24 0L =W 9 B o £¥L0=2 Pr=N i :
X x X
P ] ] X
i > 7 > “ >
“ 3 e o _ o
" i = i r5z _ =
L2800=24 peL=N 1 ° ' i . , |
~ZPL0=2 199N ! APL0=M ‘eh=N i .ZE1°0= M S8 =N1 i o i
1 L FGL0=24 €0F =N 1 2600=24 ‘287 =N | “ _ 1
i i i L5510 =2 LGT=N |
0'S 06 0 06

1529



M % b & 2025548 H70% F11H

BihEAl =e= AM =e= TM TS DG
T 1 T
! ' N =301, Rz = 0.260™ ! N =257, R2=0.155""
4 4 : : N=40, R2=0.131" : N=50, R2=0.236™"
N=41 Re=0114" . N=48, Rz =0.367"" ! N=51, R2=0.385""
=41, RE=0.114" &
N=53, R2=0.076 | 2 : :
I I 1
a 8 ) 1
Q -
< ,
m | i ‘7,—
14 y
i 1 1
I 1 1
| | 1
I 1 1
-2 4 1 1 1
T T T
N =256, R2=0.074™ 1 ° [ ' ° N=221, R2=0.140""
N =46, R2=0.064% (V) ° ol ' ° N=30, Rz=0.642""
4 4 1 oo 60! 1 oo
1 1
| 1
i 1
—_ : 1
3 °Q
Q
14
(14
I
! N =30, R2=0.641"
I
1 1
N =143, R2=0.071" | | N=178 Re=0243" IN=157, RE=0.184™
N=32 Re=0.166" ! N=25 RE=0832" 1N=47, Rz = 0.068"
21 N=38 R?=0426" ! i IN=25, Re=0.812"
m ; i
(7)) i |
() 1 1
c 1' O ] 1
L 1 £
L .
14
N
14
14

RR (SM)

RR (SOC)

RR (TN)

B 7 (P28 ROR ) A [l R AR A A W AN A S e R A Z TR DG 2R (5 Rl DR/ MR AR, (SR B UL T35 9 [ A2 (P<0.1).
AIFEBHEAEAIF SRR, RERIHL K R AGLEE LR, %, P<O.1; %, P<0.05; **, P<0.01; ***, P<0.001. AM, [GFE% f); T™, Hifa) 5

Jit TS, MU DG, S A . FEAR4E S A 12

Figure 7 (Color online) The relationships of changes in plant biomass and diversity with that of soil properties. Circle size represents the weight of
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1 and 2

SRR R, BRSO R B IR
Sif ()0 [ ARIK S 1, X ] e RN N T Bk
SRR N T Bl IR S A it e Tk e e A g A
TSR TR RO N, REAE . WETEAE T
WG, A A - SRS R SR BRI,

1530

feER Y Ry A, SR A N AR Y AR 5
ORI, X — AR R T R B O L. A T
PRI EI B A RS RS R R MK A o R ) K
S TR A RN, B RAFAER AT
TETE, AR EE S TORPIAG N TR At 5



Mot N AR R ERERE. SR, N T B B R it
ARG N AR T A AR T T R EUKF, (Hd
T HE S 2R R, AR, AT
RIR SRR G 1 it AR R 5 v AR ) 22 R RN 4 SR
[ES Ui

Har, o EASKE ARG o
A E R E, AN AR AR AN WA 5K 2 B s
AN A E 22 5 LRI A SEe R, SR 11 SR i
RN T THURE, AR R AR 5 e ™,
ORB-F ARy, MRS RGOk A K i,
BRI T T P2 24 25 B DA AR b A ok 42 .
N TR fits, WAEPIRS R Fn e mh, 3@ 3 Thk
IR S RGN T s A O 2 s AR A
FAEYIRERG R 7, WSROI E A S R A TRe S
AR5 AR, T A ARIKE H 32 BT, HAEN
T H SRR R 5 % (nature-based solutions, NbS)F/J4%
DB, SRIRTEAE B h, IRERELT ARl IH B
SRR, 7857 R AF S E R AR DIBE, 515
BB RGEE AL, #ad [ IR, LI AT HrZK
S gy 1 SRR A TR R 22 R A e T
MY ZREPERARAY N TR, SR bsi Pk & M b o5 1 5
A=y, BHAFEAY ZREMEIRA S R G F ik ae
IREE Y, ML, 3T HRIRE S AR S RS A
R R e, R RMIEEEE AN
RAERERIR S5, R, 7R SR RO R R,
UGS RGN AIRIHEE T AR E, L
ARAS B 1 A ) Zo PR N = S [ e P 52 5500

3.3 GRS IR SR . SRR
ISR

FAT38 A X HEAS ] st Y P SRR, & IR
Ak v FERAu) (O L T 2R Mo . AR SRR L SRR PR K
SR IERCNS, X PR A v FE ) B A A T R
BRI AR P DL 5 o P A B AT AT U R AR
s, (5% SeAPRiR . BRI S R BT
B8 % AT REBR A B A AR AR SRR T
VAR R G E MR R R, A B K Y
VEPEAE R TR, flln, T8 X R A s A P e
SER L SRR I R A R A AR, Bl
MAPHIIN, PRE bt A& YR £
F IR A S S AR 25 BRI K, X R
T XS PR B 57 AR R RO MERE AT R K. FRAT1 &

M, SRR LY, 280 R B RN IR AR A5 4k
S5REREM B EIES KR AR EA S ER
TAHDE. 3K AR H 1A I ) - 8K o R o & it
AIfE— B FERE b RAF R LR AIR A, AR AL R K 4
W ORI & iR, RHGR R BERER, PK
52 B AR R KT A ME R ARG, [FIBE, X — St AR Bt
TEIRAL H AR LU T AR AR M R 2 RO 5 HoAw s 1
HOK Ao i B AEAHOCHE. Ak, FRATT & A 4K
BT R RE ISR . AR AR R SR it
YERR FIRZE 5, (HASMKE X 337 0A 3
PR FEVE B AE 2 R g, X FEH5RZ L
R 2 R Yy e e g A Y, 5 e B B
ARG R R B W RS e A5 i =, &%
HbIX i RestoreNet™), 75 rf[& YF PRIE B F 2 <7 [ 58 R
FOHR B 4%, KA Bl R R e ) b A A R
s, ARG 2R RS R G T RE AR S5 PR .

ANTA] T AN 38 258 Xo) B b PR B2 RGN ) VR s A
1, AW S B0 250 S 1 it Xo) e b 45 I8 s 1 4
A FH 38 3t Bt P A2 PR3 T B4, X S A 5T 45 R
i s A /N (TR KNG L i -2 A SIE [ NS
L) I O 2550 S B Sk TR 3 im0, Al
H T AR E ALY FERE VR N A S B AW A, g [A]
FYIIIREREM] 52400 SRTT, 5 AR AL IR B A 1L
B, FAE W) R SR AR I E R AN BB, 53X nT BB
2 AR A2 b A ) 22 RE A T R SR B R 24 T
BT, RN HA # s f78 SECT, A R ren) T
fIFMBELESREZYRESZ WS R LCE
ST T R B AL M A 2SR S T 2 B
TIETOAE T fi A W 2RV K S 38 %) T o o
MRS BAR A A BROOR R e E 2, [ R s Xk
B A Y A ETT R K W B ST

3.4 ANEFHSH YW S R PR PR
K&

ARG ERIT M E B B RS, AR 8] S R AR R
WP LA AR ON E, FEMHA 35 LUIEAR B AT
FA 0 o, e e R R AR IR AR U L
T 2T RUARL Y Oy 2, O R B SR 1 o ] LE AR BLAE
FHW, T RS AU ST A L T R AR
T R, 75 ) LA FE AT R A
BRGEWREIAMTB S, BRGS0 45
FAEB VIR EAER, MY, THERBE Y = F A HAK

1531



M % b & 2025548 H70% F11H

17, IERAERE L5 RGN RE M Y, AT
FERI, WP TINZAEERIR I i e 5 ek
A YIRSR, HAEAIR IR e 25 5. F ik
S5, R HEAE T (e A X AR Y b A T A
Py A A BEAE I, E T S e JORI e P58 R S U
52 = R A e, X P2 B ) o R A R
TIBGER ARG, A TR, B R E BT
B AR B AN A 7 T BOPKAE., RAE ) - -
YIREE IR S A, BB B £
FEVER LR AR BETTRRAR, R R IR Y
FAEAR IR, O DIRERCE RS, IS 1
HFTA- SIS RGINAE. SR, T YReE
FORIK S S0 8 i Jm TAEAIRE, AR RS R AR
WA R, DR, ek S W A R A TR |
A DR, SCHURY) - S P B R R
S, XTI T G E R SR, MetaZp A
7 115 FRAEAE A A SO S0 B A 9 5 g
DR/ RN GRS N X 5 T 7 S = < B
TR IR O P e R A Sy, AV AR S Lo
FEbR, BT AR R B P AR
PehE R A5 L R 0 A IR I 4 O 2R B LT /K A
BB AR LR

RPN

4 H5B

ABIFTEHE T R AL B R S K, A A
7] 6l 2 TR AH B 1R A b R AR B O A2 AR B
HAEYAEAE AR S N 7, D48 B R ] 1 LAY
PRI, SCBLBAL R P 25 . A AL AR
ICIREIRE S it TR RS, ADFTEAS i 2458
A (1) St SRR IS, A [R) AR B
PRI AR PR T L, BRI L T IR Rt Ay
AFRIREUGE, (AZBARWRE BIRR K. 2) A
I REME R IR RO SR T B 2257, ZAESIKE
FEREE R AR AR XD, HAZ e e PRI
SN IR B PR T 1) R BE R AF AR RO 22 5. o, it
Ve b2 IR T B R RSN, 2 R
PRI EESZ AR RIS, (3) WY RS £
SR FIFRIr R IR TEIR R, (A Z Rt Al
5 ORI AL B AR, Bm ) LR A B T
SR R S G F A AR RIS, (AT &
SRE ) 1 ) B SR AR O TR, K AR 55
B R 2S5 TR R R AL BRI . AU 3 2%
F, i i F AR SR A, DAY 1 - B E YT b )
WL RAE T, IR 2P A A R G REAIR
55 IRA.

1

10
11

Department of Animal Husbandry and Veterinary and the General Station of Animal Husbandry and Veterinary Science, the Ministry of
Agriculture of the People’s Republic of China. Rangeland Resources of China (in Chinese). Beijing: China Science and Technology Press, 1996 [
4o N RIRIEIAO 3 3 Pt XA, 2 E BB S, P ER TR, Ut P EREROR 1, 1996]

Song W J, Sul S, Zhang M D, et al. Plant compensatory growth and optimal grazing intensity of grasslands in northern China: A meta-analysis of
grazing experiments (in Chinese). Chin Sci Bull, 2023, 68: 13301342 [ZRfVT, Fhani, skA i, 4. rp EILJr B A Y e M AR K 5 A B
SR BTSRRI RS A T, BlaEiE i, 2023, 68: 1330-1342]

Han J G, Zhang Y J, Wang C J, et al. Rangeland degradation and restoration management in China. Rangel J, 2008, 30: 233-239

Li F R, Zhao LY, Zhang H, et al. Wind erosion and airborne dust deposition in farmland during spring in the Horqin Sandy Land of eastern Inner
Mongolia, China. Soil Till Res, 2004, 75: 121-130

Cardinale B J, Dufty J E, Gonzalez A, et al. Biodiversity loss and its impact on humanity. Nature, 2012, 486: 5967

Liu J, Li S, Ouyang Z, et al. Ecological and socioeconomic effects of China’s policies for ecosystem services. Proc Natl Acad Sci USA, 2008, 105:
9477-9482

Jiang G, Han X, Wu J. Restoration and management of the Inner Mongolia grassland require a sustainable strategy. AMBIO-J Hum Environ, 2006,
35:269-270

Hu Z, Li S, Guo Q, et al. A synthesis of the effect of grazing exclusion on carbon dynamics in grasslands in China. Glob Change Biol, 2016, 22:
1385-1393

Xiong D, Shi P, Zhang X, et al. Effects of grazing exclusion on carbon sequestration and plant diversity in grasslands of China—A meta-analysis.
Ecol Eng, 2016, 94: 647-655

Deng L, Shangguan Z P, Wu G L, et al. Effects of grazing exclusion on carbon sequestration in China’s grassland. Earth-Sci Rev, 2017, 173: 84-95

Lu F, Hu H, Sun W, et al. Effects of national ecological restoration projects on carbon sequestration in China from 2001 to 2010. Proc Natl Acad

1532


https://doi.org/10.1360/TB-2022-0967
https://doi.org/10.1071/RJ08009
https://doi.org/10.1016/j.still.2003.08.001
https://doi.org/10.1038/nature11148
https://doi.org/10.1073/pnas.0706436105
https://doi.org/10.1579/06-S-158.1
https://doi.org/10.1111/gcb.13133
https://doi.org/10.1016/j.ecoleng.2016.06.124
https://doi.org/10.1016/j.earscirev.2017.08.008
https://doi.org/10.1073/pnas.1700294115

12

14

15

16

17

18

19

20

21
22

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

Sci USA, 2018, 115: 4039-4044

Bardgett R D, Bullock J M, Lavorel S, et al. Combatting global grassland degradation. Nat Rev Earth Environ, 2021, 2: 720-735

Benayas ] M R, Newton A C, Diaz A, et al. Enhancement of biodiversity and ecosystem services by ecological restoration: A meta-analysis.
Science, 2009, 325: 1121-1124

Atkinson J, Bonser S P. “Active” and “passive” ecological restoration strategies in meta-analysis. Restor Ecol, 2020, 28: 1032-1035

Holl K D, Aide T M. When and where to actively restore ecosystems? For Ecol Manage, 2011, 261: 1558-1563

Cao S, Chen L, Shankman D, et al. Excessive reliance on afforestation in China’s arid and semi-arid regions: Lessons in ecological restoration.
Earth-Sci Rev, 2011, 104: 240245

Huang C, Zhou Z, Peng C, et al. How is biodiversity changing in response to ecological restoration in terrestrial ecosystems? A meta-analysis in
China. Sci Total Environ, 2019, 650: 1-9

Crouzeilles R, Ferreira M S, Chazdon R L, et al. Ecological restoration success is higher for natural regeneration than for active restoration in
tropical forests. Sci Adv, 2017, 3: e1701345

Ren Y, Liu Y, Fu B, et al. Biodiversity and ecosystem functional enhancement by forest restoration: A meta-analysis in China. Land Degrad Dev,
2017, 28: 2062-2073

Meli P, Holl K D, Rey Benayas J M, et al. A global review of past land use, climate, and active vs. passive restoration effects on forest recovery.
PLoS One, 2017, 12: e0171368

Jones H P, Jones P C, Barbier E B, et al. Restoration and repair of Earth’s damaged ecosystems. Proc R Soc B, 2018, 285: 20172577

Yu L, Sun W, Huang Y. Grazing exclusion enhances plant and topsoil carbon stocks in arid and semiarid grasslands. Agr Ecosyst Environ, 2021,
320: 107605

Dong S, Shang Z, Gao J, et al. Enhancing sustainability of grassland ecosystems through ecological restoration and grazing management in an era
of climate change on Qinghai-Tibetan Plateau. Agr Ecosyst Environ, 2020, 287: 106684

Liu Y, Dong J, Ren S, et al. Differential impacts of degradation on grassland ecosystems in the Tibetan Plateau and the Northern agro-pastoral
ecotone: A meta-analysis. Plant Soil, 2024, 496: 677-696

Poorter L, Craven D, Jakovac C C, et al. Multidimensional tropical forest recovery. Science, 2021, 374: 1370-1376

van der Putten W H, Bardgett R D, Bever J D, et al. Plant—soil feedbacks: The past, the present and future challenges. J Ecol, 2013, 101: 265-276
Parkhurst T, Prober S M, Hobbs R J, et al. Global meta-analysis reveals incomplete recovery of soil conditions and invertebrate assemblages after
ecological restoration in agricultural landscapes. J Appl Ecol, 2022, 59: 358-372

Wang D, Wu G L, Zhu Y J, et al. Grazing exclusion effects on above- and below-ground C and N pools of typical grassland on the Loess Plateau
(China). Catena, 2014, 123: 113-120

Mekuria W, Veldkamp E, Haile M, et al. Effectiveness of exclosures to restore degraded soils as a result of overgrazing in Tigray, Ethiopia. J Arid
Environ, 2007, 69: 270-284

Raiesi F, Riahi M. The influence of grazing exclosure on soil C stocks and dynamics, and ecological indicators in upland arid and semi-arid
rangelands. Ecol Indic, 2014, 41: 145-154

Feyisa K, Beyene S, Angassa A, et al. Effects of enclosure management on carbon sequestration, soil properties and vegetation attributes in East
African rangelands. Catena, 2017, 159: 9-19

Viechtbauer W. Conducting Meta-Analyses in R with the metafor Package. J Stat Soft, 2010, 36: 1-48

Song X, Peng C, Zhou G, et al. Chinese Grain for Green Program led to highly increased soil organic carbon levels: A meta-analysis. Sci Rep,
2014, 4: 4460

DeMalach N, Zaady E, Kadmon R. Contrasting effects of water and nutrient additions on grassland communities: A global meta-analysis. Glob
Ecol Biogeogr, 2017, 26: 983-992

Cadotte M W, Cardinale B J, Oakley T H. Evolutionary history and the effect of biodiversity on plant productivity. Proc Natl Acad Sci USA, 2008,
105: 17012-17017

Wu GL,DuGZ, LiuZH, et al. Effect of fencing and grazing on a Kobresia-dominated meadow in the Qinghai-Tibetan Plateau. Plant Soil, 2009,
319: 115-126

Van Der Heijden M G A, Bardgett R D, Van Straalen N M. The unseen majority: Soil microbes as drivers of plant diversity and productivity in
terrestrial ecosystems. Ecol Lett, 2008, 11: 296-310

Cui Z, Wu G L, Huang Z, et al. Fine roots determine soil infiltration potential than soil water content in semi-arid grassland soils. J Hydrol, 2019,
578: 124023

Yang F, Zhang G L, Yang J L, et al. Organic matter controls of soil water retention in an alpine grassland and its significance for hydrological
processes. J Hydrol, 2014, 519: 3086-3093

LiJ, Lin S, Taube F, et al. Above and belowground net primary productivity of grassland influenced by supplemental water and nitrogen in Inner

1533


https://doi.org/10.1073/pnas.1700294115
https://doi.org/10.1038/s43017-021-00207-2
https://doi.org/10.1126/science.1172460
https://doi.org/10.1111/rec.13229
https://doi.org/10.1016/j.foreco.2010.07.004
https://doi.org/10.1016/j.earscirev.2010.11.002
https://doi.org/10.1016/j.scitotenv.2018.08.320
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1002/ldr.2728
https://doi.org/10.1371/journal.pone.0171368
https://doi.org/10.1098/rspb.2017.2577
https://doi.org/10.1016/j.agee.2021.107605
https://doi.org/10.1016/j.agee.2019.106684
https://doi.org/10.1007/s11104-023-06392-x
https://doi.org/10.1126/science.abh3629
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1111/1365-2664.13852
https://doi.org/10.1016/j.jaridenv.2006.10.009
https://doi.org/10.1016/j.jaridenv.2006.10.009
https://doi.org/10.1016/j.ecolind.2014.01.040
https://doi.org/10.1016/j.catena.2017.08.002
https://doi.org/10.18637/JSS.V036.I03
https://doi.org/10.1038/srep04460
https://doi.org/10.1111/geb.12603
https://doi.org/10.1111/geb.12603
https://doi.org/10.1073/pnas.0805962105
https://doi.org/10.1007/s11104-008-9854-3
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1016/j.jhydrol.2019.124023
https://doi.org/10.1016/j.jhydrol.2014.10.054

30 & 2025548 E70% £11H

41
42

43

44

45

46
47

48

49
50

51

52
53

54

55

56
57

58
59

60

61

62

63

64

65
66

67
68

69

Mongolia. Plant Soil, 2011, 340: 253-264

Buisson E, Archibald S, Fidelis A, et al. Ancient grasslands guide ambitious goals in grassland restoration. Science, 2022, 377: 594-598

De Schrijver A, De Frenne P, Ampoorter E, et al. Cumulative nitrogen input drives species loss in terrestrial ecosystems. Glob Ecol Biogeogr,
2011, 20: 803-816

Jiang S J, Feng T J, Liu G H, et al. A bibliometric analysis of the application of grassland ecological restoration technology (in Chinese). Pratac Sci,
2020, 37: 685-702 [FMESE, WWRYR, XIELE, %, R A ZAB S H AR FH SCEk = 08T, Flk AR, 2020, 37: 685-702]

Wang D, Wang L. A new perspective on the concept of grassland management (in Chinese). Chin Sci Bull, 2019, 64: 11061113 [EfEF], £I%, ¥
A HRRE S BTRE SC. BlaEil i, 2019, 64: 1106-1113]

SER. Society for Ecological Restoration (SER) International Science & Policy Working Group. The SER Primer on Ecological Restoration, 2004,
http://www.ser.org/page/SERDocuments

Wubs E R J, van der Putten W H, Bosch M, et al. Soil inoculation steers restoration of terrestrial ecosystems. Nat Plants, 2016, 2: 16107
Pilon N A L, Assis G B, Souza F M, et al. Native remnants can be sources of plants and topsoil to restore dry and wet cerrado grasslands. Restor
Ecol, 2019, 27: 569-580

He J, Bu H, Hu X, et al. Close-to-nature restoration of degraded alpine grasslands: Theoretical basis and technical approach (in Chinese). Chin Sci
Bull, 2020, 65: 3898-3908 [#i4x2:, Mg, W1/, 5. B AL R € H AT 11 SRR BB LRI S BB AR, Blasiidi, 2020, 65: 3898-3908]
Seddon N. Harnessing the potential of nature-based solutions for mitigating and adapting to climate change. Science, 2022, 376: 1410-1416
Shang Z H, Ma Y S, Long R J, et al. Effect of fencing, artificial seeding and abandonment on vegetation composition and dynamics of ‘black soil
land’ in the headwaters of the Yangtze and the Yellow Rivers of the Qinghai-Tibetan Plateau. Land Degrad Dev, 2008, 19: 554-563

Tilman D, Lehman C L, Thomson K T. Plant diversity and ecosystem productivity: Theoretical considerations. Proc Natl Acad Sci USA, 1997, 94:
1857-1861

Ives A R, Carpenter S R. Stability and diversity of ecosystems. Science, 2007, 317: 58—62

Wang Y F, Lv W W, Xue K, et al. Grassland changes and adaptive management on the Qinghai—Tibetan Plateau. Nat Rev Earth Environ, 2022, 3:
1-16

Knops J M H, Tilman D. Dynamics of soil nitrogen and carbon accumulation for 61 years after agricultural abandonment. Ecology, 2000, 81: 88—
98

Havrilla C A, Munson S M, McCormick M L, et al. RestoreNet: An emerging restoration network reveals controls on seeding success across
dryland ecosystems. J Appl Ecol, 2020, 57: 2191-2202

McCain K N S, Baer S G, Blair J] M, et al. Dominant grasses suppress local diversity in restored tallgrass prairie. Restor Ecol, 2010, 18: 4049
Atkinson J, Brudvig L A, Mallen-Cooper M, et al. Terrestrial ecosystem restoration increases biodiversity and reduces its variability, but not to
reference levels: A global meta-analysis. Ecol Lett, 2022, 25: 1725-1737

Loreau M. Biodiversity and ecosystem functioning: Recent theoretical advances. Oikos, 2000, 91: 3-17

Liu L L, Jing X, Ren H Y, et al. Grassland biodiversity, stability, and implications for grassland conservation and restoration (in Chinese). Fundam
Res, 2023, 37: 560-570 [XIAH, H55n, (LG, 55, B A: W) Z R0 SHa e M A R AR S a7, o ERE R4, 2023, 37: 560-570]
Shang Z H, Dong S K, Zhou H K, et al. Synthesis-review for research cases of grassland ecological restoration: Years, effect and method (in
Chinese). Acta Ecol Sin, 2017, 37: 8148-8160 [ (4 Bf, st Ji 4, 45 IRAL R A ISR RS R IZE G 00T AEFR . RORFI . 28
2F4l2, 2017, 37: 8148-8160]

Bertness M D, Callaway R. Positive interactions in communities. Trends Ecol Evol, 1994, 9: 191-193

Chu C J, Weiner J, Maestre F T, et al. Positive interactions can increase size inequality in plant populations. J Ecol, 2009, 97: 1401-1407
Brooker R W, Maestre F T, Callaway R M, et al. Facilitation in plant communities: The past, the present, and the future. J Ecol, 2008, 96: 18-34
Trivedi P, Leach J E, Tringe S G, et al. Plant-microbiome interactions: From community assembly to plant health. Nat Rev Microbiol, 2020, 18:
607-621

Coban O, De Deyn G B, van der Ploeg M. Soil microbiota as game-changers in restoration of degraded lands. Science, 2022, 375: abe0725
Grman E, Allen J, Galloway E, et al. Inoculation with remnant prairie soils increased the growth of three native prairie legumes but not necessarily
their associations with beneficial soil microbes. Restor Ecol, 2020, 28: S393

Han X, Li Y, LiY, et al. Soil inoculum identity and rate jointly steer microbiomes and plant communities in the field. ISME Commun, 2022, 2: 59
Meng M. The collaborative mechanism of vegetation-soil restoration in burned area of Daxing’anling (in Chinese). Doctor Dissertation. Hohhot:
Inner Mongolia Agricultural University, 2020 [ . J34Z04 SR AR B -+ 3P RIS AL, 22008 30 PR Sl Rl K2,
2020]

Yan D F. Collaborative mechanisms of vegetation and soil successin of different vegetation restoration measures in hill areas of the Taihang
Mountains (in Chinese). Doctor Dissertation. Zhengzhou: Henan Agricultural University, 2012 [I=] 44, K47 MR 1L FEBE X AN [EIAE Bl &2 55 it T
S PRI L. 12 R ST FBM: TR ARl K2, 2012]

1534


https://doi.org/10.1007/s11104-010-0612-y
https://doi.org/10.1126/science.abo4605
https://doi.org/10.1111/j.1466-8238.2011.00652.x
https://doi.org/10.1360/N972018-01036
https://doi.org/10.1038/nplants.2016.107
https://doi.org/10.1111/rec.12902
https://doi.org/10.1111/rec.12902
https://doi.org/10.1360/TB-2020-0405
https://doi.org/10.1360/TB-2020-0405
https://doi.org/10.1126/science.abn9668
https://doi.org/10.1002/ldr.861
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1126/science.1133258
https://doi.org/10.1890/0012-9658(2000)081[0088:DOSNAC]2.0.CO;2
https://doi.org/10.1111/1365-2664.13715
https://doi.org/10.1111/j.1526-100X.2010.00669.x
https://doi.org/10.1111/ele.14025
https://doi.org/10.1034/j.1600-0706.2000.910101.x
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1111/j.1365-2745.2009.01562.x
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1126/science.abe0725
https://doi.org/10.1111/rec.13126
https://doi.org/10.1038/s43705-022-00144-1

*hsERtrt

BIST1 FT Sk R AR B3 S (R BT 4R 0 B K A2 sk ke 43 #
BIS2 A AWK E X B A 5 - S 0 S

BIS3 IR 25K S 1 it o 55 AT 49 A i A RV B

BEIS4 R[] A A5 HE ) it - e B . Ak A MR A

BIS5 AHELT FRART M, Bt A0 398 VK A2 A ek 50k 42 e TR A 6 2R
FS1 I EIRLE A BRI E B R

FRFSRST 223 %5E Th i A 25K SR AT Sk

Fi3RS2 157 KR AT F SCHik

A LA E#hFE AR WL 25 MR esb.scichina.com. #1 70 41 8 0 1E 4 #2409 R 44 848, EH ST ¥ R M EF WA 7 7.

1535



M % b & 2025548 H70% F11H

Summary for “/R i) JBE LB RRE 5 -3 H B BRI 1

Collaborative restoration between vegetation and soil attributes
in degraded grassland of different grassland types

Jishuai Su'?, Fengwei Xu’, Yang Wangl, Yujin Zhao' & Yongfei Bai'"’

! State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China;

? College of Life Sciences, Hebei University, Baoding 071002, China;

* Grassland Research Center of National Forestry and Grassland Administration, Institute of Ecological Conservation and Restoration, Chinese Acad-
emy of Forestry, Beijing 100091, China;

4 College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China

* Corresponding author, E-mail: yfbai@ibcas.ac.cn

Grasslands cover approximately 40% of the land in China and provide numerous ecosystem services, such as forage and
food production, water supply and regulation, erosion control, carbon sequestration, and climate mitigation. However, over
90% of grasslands have been degraded due to overgrazing, reclamation to cropland, mineral exploration, and climate
change. This degradation of grasslands has resulted in serious environmental, social, and economic impacts. Over the past
two decades, a variety of restoration approaches have been underscored to restore biodiversity, ecosystem functioning, and
services of degraded grasslands in China. Several syntheses have documented the restoration outcomes of grazing
exclusion and land abandonment referring to degraded grasslands in China. However, the factors controlling the recovery
of ecosystem attributes and the overall effectiveness of these restoration actions compared to native grasslands remain
poorly documented. The natural and undisturbed grasslands assemble with high species diversity, long-lived perennial
plants, and well-developed belowground structures, hence they can be used as references for grassland restoration. Based
on data from 380 publications regarding ecological restoration experiments at 140 sites, we constructed a restoration
database of degraded grasslands and a natural grassland database for four grassland types in China: alpine meadow,
meadow steppe, typical steppe, and desert grassland. We performed a meta-analysis to evaluate the effectiveness of
ecological restorations relative to degraded and natural reference grasslands for 18 vegetation and soil variables. Vegetation
variables included plant height, abundance, species richness, aboveground biomass, belowground biomass, and the
biomasses of grass, forb and legume plants. Soil variables included soil pH, moisture content, the contents of soil organic
carbon, total nitrogen and phosphorus, microbial biomass carbon and nitrogen, bacteria and fungi, and soil organic carbon
storage. We further explored the influence of restoration approach, climatic conditions, soil properties, and the duration of
restoration programs on the recovery of ecosystem attributes. Overall, our results demonstrated that the recovery of
biodiversity and soil properties was substantially slower than that of biomass production and plant community structure
across different grassland types. Ecological restorations showed larger enhancements in plant community structure and
biomass production compared with plant diversity and soil properties. Specifically, aboveground biomass recovered faster
than belowground biomass. However, most plant and soil attributes did not fully recover to the levels observed in the
natural reference grasslands. Soil moisture, organic carbon, and total nitrogen contents improved to a greater extent in
topsoil than in subsoil. Passive and active restorations generally yielded similar outcomes across different grassland types.
Moreover, the effectiveness of grassland restoration can be substantially modulated by climatic conditions, soil properties,
and the duration of restoration programs. There was collaborative restoration between plant productivity, soil moisture, and
soil nutrient contents. The restoration of plant diversity in typical steppe and desert grassland benefited more from the
improved soil nutrient contents compared to alpine meadow and meadow steppe. Our findings have important implications
for the restoration of plant productivity, community structure, diversity, and ecosystem carbon sink function of degraded
grassland ecosystems in China.

degraded grassland, natural reference grassland, grassland type, passive restoration, active restoration,
vegetation-soil collaborative restoration

doi: 10.1360/TB-2024-0442

1536


https://doi.org/10.1360/TB-2024-0442

	不同类型退化草地植被与土壤恢复的协同性
	材料与方法 料与方法
	文献选择与数据库建立 与数据库建立
	退化草地恢复研究文献检索与数据库建立 检索与数据库建立
	天然草地研究文献检索与数据库建立 检索与数据库建立

	数据分析 � 数据分析

	结果 � 结果
	不同草地类型植物群落和土壤性质的总体恢复状况 总体恢复状况
	生态恢复措施和土层深度对草地植物和土壤恢复效果的影响 复效果的影响
	气候、土壤和恢复时长对草地植物和土壤恢复效果的调控 复效果的调控
	草地植物与土壤恢复协同性关系 复协同性关系

	讨论 � 讨论
	中国退化草地植被与土壤性质恢复效果间的差异 效果间的差异
	自然恢复和人工辅助恢复措施的差异 复措施的差异
	草地植被与土壤恢复受气候、土壤条件和恢复时长的影响 复时长的影响
	不同草地类型植物恢复与土壤恢复的协同性 恢复的协同性关系

	结论 � 结论


