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Towards proactive intervention: the role and implications of ecological threshold

in territorial ecological restoration
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Abstract; Ecological thresholds demonstrated significant utility in early warning and controlling ecosystem degradation, but
their potential application in proactive territorial ecological restoration remained underexplored. To investigate the functional
mechanisms of ecological thresholds in proactive restoration, this study systematically examined the theoretical foundations
and logical connections with ecosystem succession, thereby establishing the applicability in ecological recovery processes.
Based on the theory of alternative stable states and adaptive cycle, the ecosystem succession paths under disturbance were
analyzed from the perspective of ecosystem resilience. Theoretically, it has been clarified that the ecological threshold
corresponds to the practical boundary between artificial restoration and natural recovery. Building upon these foundations,
this study developed an action framework for territorial ecological restoration mediated by ecological thresholds, proposing an
integrated technical system and a comprehensive management paradigm encompassing “issue identification-proactive
intervention-efficacy monitoring-adaptive cycling-resilience management”. Threshold-based ecological restoration approach
aimed to achieve ecological recovery with minimal human intervention, aligning closely with the current mainstream ideas of

nature-based solutions. The framework required a comprehensive and integrated management approach across the entire
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region. At the regional level, it involves the remote coupling of natural ecosystems and threshold transmission and the
coupling between natural and social systems. At the local level, the focus is on the integrated regulation of all elements
based on ecological thresholds. The management process encompasses a holistic approach, including ecological threshold
early warning, stratification of ecological goals, restoration planning, dynamic validation of outcomes, iterative goal setting,
risk warning, and adaptive management, ensuring comprehensive and adaptive strategies for ecological restoration. Based on
ecological threshold-related studies and practices across multiple ecosystem types, including forests, grasslands, lakes,
rivers, and wetlands, this study elucidated the distinctive role of ecological thresholds in proactive intervention compared
with passive-guided restoration, while clarifying threshold effects and underlying mechanisms during territorial ecological
rehabilitation. By combining 81 quantitative studies on degraded grassland restoration worldwide and using data integration
analysis and meta-analysis, the productivity threshold effect driven by nitrogen application during the restoration process was
jointly verified. In response to current practices and research addressing soil nutrient limitations, structural desertification,
reduction in plant seed banks, microbial constraints, and human interference, this study explored the implementation
potential of ecological restoration techniques such as soil amendments, artificial vegetation, microbial inoculants, and
conservation management, adopting an ecological threshold perspective. By incorporating ecological thresholds into proactive
restoration strategies, this study provided novel perspectives for optimizing whole-process management in integrated
restoration of mountain-river-forest-farmland-lake-grassland-desert ecosystems, particularly regarding objective setting and

effectiveness evaluation.

Key Words: ecological threshold; alternative stable states; ecological restoration; proactive intervention; recovery

threshold ; nature-based solutions
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Fig.2 Integration of ecological thresholds into territorial ecological restoration
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Table 2 Important ecological thresholds in different ecosystems
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Fig.3 Methodological framework and operational mechanisms of proactive territorial ecological restoration
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Fig.4 Proactive intervention integrating threshold effects effectively breaks low-stability cycles in degraded ecosystem
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LB E L (n=81) HURHE A BIE AT 2T UGB R L (n = 14) BURE G 00T 6 F BT 2 BEHLERLY Meta 207 2T GBI ANIK
ARSI S3 BE R B2 Y 959 FA7 X 6] A1 959 Tl X 1]

BT, AR A 7 0 B SR S X RO A it SR A e i B (R, U AR X AR W 2R 7 T A e A
WA, BT T Ze M RO LRI I 370 ) E A3 L X 1o 550837 F) A4 B B - 0380 B0 L ( I BE I, i A 2 ) 5 38
S B ELE AL AL (BB 10 A2 B, (ESCR B AR, EBIR AL, B0 0) o ™ BB AL ol AR S R 48, A M
INEN 225 A BB . Meta 20 W2 R R | SR A ™ ) BAT (35 B IE 1) 2 0, 17 HL 2% [l AR At
B B LR N DG R o AR AR 7 RO AR A A 25 R GUIK AR A T RN A H B9, it U B fELAE 8 1 Ak A i
WAL S AN W AE T RE . 45 B AEY) TR ISR Z I BT XI5 0 W38 1) 25 P 5 — MR A e 1 31
PRAGCIE 3k 7 1 A 25 B s RO A AR T B FH 4 47F

ANTRIBPPR A 14 A 25 2R 8 T I s 11 S BRI 30 A7 22 S, SRS IO 8y A 2 DK A2 1 {1 A 2851 S A it Ll o A o
NI o T R AN 9 A 25 8 R RE RS A SRR AR ) 25 P 1A A5 R U R B B g (AR, ) 22 PR
T BB R AR A A SRR A A A R G e I HE R AERS A AT IR A B, X T i R 5E A 1R Ak B LAY
(RT3 D A R U LX) SO B S S R Tt (R AE A0 TR A ) T AT AL RE A 1A B A A

http ; //www.ecologica.cn



12 xR 45 4

(FE5) 3% TR T R0 S5 e R 1 it 7 LE SIS 3R T 7= A i R Ge vk e i), AR - 0 - ek 4y 2 Bt DG
30 PR B A T AR R AR T, F G 3R b AR T B RIS SRR DY T 2 HF AP S AT Meta 437t A
AR ROEE SR 1 A B i X (oK A ) [RIAE AT Rl & 26 25 BB , 5| R AR g PR 2, FE TR
PRI 1 P 46 S 4 it R 8 A 4 2 e R Bl 2, HLH: H PR AIR T S BR A 3 b A AR RN A o, Rt DA AR 2
B P R R G R HAA S 4 vk, T e E AR A M (R AR IR B ) |, B ifh SR i K AR
AL DA fih 5 A 25 B0 (18] 5) o3k S B2 ol Vb Ak - e LA T 555 40 L 38 S K i IR SRR B = 25 &
TR R AP Bl 1 it LA & R A R G IE BUSE IR , TR R K R RORAR AR i RS
AU v S Tl A, PRI, 5 B PR K e 4 5o ) T 90 2 b AR Ak R ) ™ R AR R, g A R
FEUDREE ISR | 3k R B T 0 A 2 R, i e R A S R A RS R S
IEOEIAFERE 5 R 3 oA — B R S BRRICR B2, 22 R R 22 916K B (4 A5 R 008 T sl it 3R sl A SR A, AR
I AE TN TR L5 I ] A AR A A 265 R 1 B 1 T 483 4
4.2 FehAEBBEHAR T HE S

BEXF R 3RS e R N TR eSS RS RS EIF R ZTUK B R KE TS RE 4
77 X HE R A B R o0 s A R AR Lt 1, BIFE — e R B L G2 ik - SRR IE B 1 i 408 ok & A A BR(E RN . 4
TE PN 52 e A A M BREAE ARG e PR (B 42% ) ERkEE &R SR e mE T, Y
TEVE R B RN B S FE A IR 5 1 37 % R 55% , REBE BE VA 454 i A FeARdb YD M #s A\ T4k | 30ke/
PRI ML A5 NE it FH R RE A% 2R Gl st 125 J | B0 Rk o FLBSURE R LT & 2

BEXT 4 LA UL 3 B0 - eI AR T AR, 2R b R R T Vb Ak - B Bl R, S O L
(B + B /A HLRIR R R A (L4 R R R JERR) N LA R (RN IR )  RIR-G it
R R (74 R - RS BRI ) AR B (U E SR i) 45, 200K R, — & el A R
-3k R BEAE B ok KRR ThBE . BN, 3% 4 I b N ZEFRT B VR G RE A8 T 2 R AT g i
R B (46% ) , HBRYD L - HEIK 43 (56%—87% ) BIEFFRE S . LAREG-A R i AL Ak 1 ] 45 (1 247 4k R
FAHLA R I R FTE 1A IACE T, Al fiff 396 A1 3 R 25 12 S 50 6— 14 43% , 390 Ak = 18 i
20%—60% ">,

S XA A B A 2 el s 0 S BR A 75 A ‘BN TR A T AR S D VK I SR R O A S
P BN, FE B 4 B DGR FEA AR TR R K HE 1 4 8 B rp 3 PSR VR R 4% R R AR TR S AR S
ot P 1 N TAE B NS 3 e 3 A R B RN KRR ), $ i 3L B | oot 3 ks 4 i 2544
BEMAALR SR R SRV TR 2P R MG L R W MG — e B T B O
TN S M e RS B SR T SR 55 08 BRI s AR R SRR SRR AL
W R B2 WE Y

Bttt AR W B ) TS0 0 A B 2 BIL, 422 P Bl A 400 TR R B A A2 R AR A 3R A W, 2 i Al AR
B, AR AL B s A TAR A B SEBOREE R HE 38 B IX SRR G, AR YR n] B e 3t
AAEYIFRER 53 K S B R8T, %t T2 A AR 4 Rl R A0 SR R LA AR e R HE L3
52 R IX PR AMF 700 ] 32 A 4 pT (AR bl 2 25 S8R i o AR AR P AR A T R 4R R 4
RERSHR 5 FEF R B T A5 B AL S PE RGP , R m R 1 B S AR 4E
GBI B HE W25 B TR AR R K fd £ - 85 43 AR 8R0S PO T A VA AR P 2 5 A s DX 9 A FR
B AT S,

EX R GEAN R TR HE it G 24 A1) AR T A Xt b R K 2 R B B (BN )
1 Rl AR AR AR B 4 N SR G, B30 a3 B A S50 1) £ (v BE M Sl B8 ) Sl e 7 e A B A R
wAER WA FEASRGE PR 202 T, W8 HURRE 45 A2 A8 AR X T8 BRI 3l 56 B2 114 A 22 1 i) iy A5 =
AN A 2 B 0T PR B0 T 0 e 7 5 e o A L, e o = 3 AR 300 7 T B S ) B N 5 25 A6 %0

http ; //www.ecologica.cn



224 SKEF AT ST B s ] AR S R AR S B AR R R 13

FRRRER S O T AL 4505 A TP B e R 7 5 38 A 285 B 500 A A 2 5 B 5 s Xof 1 Wi /i
HY 1R B ) Z2 REPE R AP B SO T

IRAEBRGIRE R B AN B R 5T AR A BRSO 19 AR A8 2 HAT S A e AR AIE | 38 3 X 24~ ¢
S A 2 DR AR W A 2 B R R A A DR B R A B A 25 Eﬁ&ﬂ’]fﬁ/\ﬂzzﬁﬁi?&ﬂho A BEA
S AE R BT PR A% O S FE Al ¢ 3 e T X S R I A e LA R A 2 TR M
TR (500, T v A Bl AR Al AR 28 R G e A it ] N R A RB A 1 4R R B R &2 00 B ARIRAS  BRIR A= S 8
BINTIN iR EZ T

5 4%

Pl 2 ) A BB A A A SO R B A, R — TR A A 2 AR A TR Al AR S B A AR 5K R
T BEABARMET a1 fURE AR T MBS ai ik, 2 HRIKE N E ANTBE N
il BEZEA Nbs WIRHERL P RO R AL, MWEIETTRORE S B EM A S B E RS A MRS B2 HiR £
ARIT A ATER] , LA e B 1 BRAs i AR A A A PRk B B2 F b, SEBRSTIOR R, AR AR+
Y N ER B SRR LA i e s A 25 B R A0 A 3 80 ] s ) A 248 2 vb B A v B2 ) o P R e 2
PSR T Tz BRI 00, 4 J5 B A T PR Rl AR 25 B AR S IE R ORI A BRAR R O B Ak
ARG A PN A IR LA 4 E AR BB RIS M B S

S 2% 3Lk ( References) ;

[ 1] Groffman P M, Baron J S, Blett T, Gold A J, Goodman I, Gunderson L H, Levinson B M, Palmer M A, Paerl H W, Peterson G D, Poff N L,
Rejeski D W, Reynolds J F, Turner M G, Weathers K C, Wiens J. Ecological thresholds: the key to successful environmental management or an
important concept with No practical application. Ecosystems, 2006, 9(1) . 1-13.

[ 2] Berdugo M, Delgado-Baquerizo M, Soliveres S, Hernandez-Clemente R, Zhao Y C, Gaitan J J, Gross N, Saiz H, Maire V, Lehmann A, Rillig M
C, Solé R V, Maestre F T. Global ecosystem thresholds driven by aridity. Science, 2020, 367(6479) . 787-790.

[3] Kelly R P, Erickson A L, Mease L. A, Battista W, Kittinger ] N, Fujita R. Embracing thresholds for better environmental management.
Philosophical Transactions of the Royal Society B: Biological Sciences, 2015, 370(1659) : 20130276.

] EE , WIEE, FUMET, R, . A SRR E A SR EMISII kR, AR, 2024, 44(22) ; 10499-10511.
1 ko, I/ﬁi? X'Vfl/\, T ABRENZREERAE. WL R, 2020, 28(11) : 1417-1430.
] May R M. Thresholds and breakpoints in ecosystems with a multiplicity of stable states. Nature, 1977, 269(5628) : 471-477.

(7] JEE, BRE, gamm. ASEE: S kS RE. My, 2015, 39(9) : 932-940.
] Holling C S. Resilience and stability of ecological systems. Annual Review of Ecology and Systematics, 1973, 4. 1-23.
]  Walker B, Meyers J A. Thresholds in ecological and social - ecological systems: a developing database. Ecology and Society, 2004, 9(2) : art3.
] Keéfi S, Dakos V, Scheffer M, Van Nes E H, Rietkerk M. Early warning signals also precede non-catastrophic transitions. Oikos, 2013, 122(5):

641-648.

[11] Dakos V, Matthews B, Hendry A P, Levine J, Loeuille N, Norberg J, Nosil P, Scheffer M, De Meester L. Ecosystem tipping points in an evolving
world. Nature Ecology & Evolution, 2019, 3(3) : 355-362.

[12] Petraitis P S, Hoffman C. Multiple stable states and relationship between thresholds in processes and states. Marine Ecology Progress Series, 2010,
413 189-200.

[13] Scheffer M, Carpenter S, Foley J A, Folke C, Walker B. Catastrophic shifts in ecosystems. Nature, 2001, 413(6856) : 591-596.

[14] Holling C S. Understanding the complexity of economic, ecological, and social systems. Ecosystems, 2001, 4(5) : 390-405.

[15] Walker B, Holling C S, Carpenter S R, Kinzig A P. Resilience, adaptability and transformability in social-ecological systems. Ecology and Society,
2004, 9(2) : art5.

[16] Bestelmeyer B T, Peters D P C, Archer S R, Browning D M, Okin G S, Schooley R L., Webb N P. The grassland - shrubland regime shift in the
southwestern United States: misconceptions and their implications for management. BioScience, 2018, 68(9) : 678-690.

[17] Cohen-Shacham E. Nature-based solutions to address global societal challenges. 2016[ 2024-03-15]. https://www.iucn.org/ resources/ publication/

nature-based-solutions-address-global-societal-challenges.

http ; //www.ecologica.cn



14 JAE = 45 %

(18]  Firh®l, IiaE S, JAfG, B4, ik, W AT RS SAESRE ARBE. hE L2, 2020, 34(9): 1-9.

[19] Selkoe K A, Blenckner T, Caldwell M R, Crowder L B, Erickson A L, Essington T E, Estes J A, Fujita R M, Halpern B' S, Hunsicker M E,
Kappel C V, Kelly R P, Kittinger J N, Levin P S, Lynham J M, Mach M E, Martone R G, Mease L A, Salomon A K, Samhouri J F, Scarborough
C, Stier A C, White C, Zedler J. Principles for managing marine ecosystems prone to tipping points. Ecosystem Health and Sustainability, 2015, 1
(5): 1-18.

[20] Drake J M, Griffen B D. Early warning signals of extinction in deteriorating environments. Nature, 2010, 467(7314) ; 456-459.

[21] Carpenter SR, Cole J J, Pace M L, Batt R, Brock W A, Cline T, Coloso J, Hodgson J R, Kitchell J F, Seekell D A, Smith L, Weidel B. Early
warnings of regime shifts; a whole-ecosystem experiment. Science, 2011, 332(6033) ; 1079-1082.

[22] LiCJ, FuBJ, Wang S, Stringer L C, Zhou W X, Ren Z B, Hu M Q, Zhang Y J, Rodriguez-Caballero E, Weber B, Maestre F T. Climate-
driven ecological thresholds in China’s drylands modulated by grazing. Nature Sustainability, 2023, 6(11) ; 1363-1372.

[23] Zhang J W, Feng Y Z, Maestre F T, Berdugo M, Wang J T, Coleine C, Saez-Sandino T, Garcia-Veldzquez L, Singh B K, Delgado-Baquerizo M.
Water availability creates global thresholds in multidimensional soil biodiversity and functions. Nature Ecology & Evolution, 2023, 7 (7):
1002-1011.

[24] Scheffer M, Carpenter S R, Lenton T M, Bascompte J, Brock W, Dakos V, van de Koppel J, van de Leemput I A, Levin S A, van Nes E H,
Pascual M, Vandermeer J. Anticipating critical transitions. Science, 2012, 338(6105) ; 344-348.

[25] MEFIFE, M09, J8/AMZ, IS, ST, 2100 A S BIER E ks, AR, 2021, 32(2) : 711-718.

[26] Beisner B, Haydon D, Cuddington K. Alternative stable states in ecology. Frontiers in Ecology and the Environment, 2003, 1(7) : 376-382.

[27] 1Ivo Mulder. Financing a nature-based future: ivo Mulder. One Earth, 2022, 5(5) ; 473-475.

[28] g, ZEvk, SEAAL, XIAF, BFHHE, AN, B8], REE RE s A SEE AR, P E L HEE, 2020, 34(5) « 18-26.

[29] Wood K A, Hilton G M, Newth J L, Rees E C. Seasonal variation in energy gain explains patterns of resource use by avian herbivores in an
agricultural landscape ; Insights from a mechanistic model. Ecological Modelling, 2019, 409; 108762.

[30] Azam M F, Srivastava S. Mass balance and runoff modelling of partially debris-covered Dokriani Glacier in monsoon-dominated Himalaya using
ERA5 data since 1979. Journal of Hydrology, 2020, 590; 125432.

[31] B0, ZEWm, ERFE, THIY, ek RV kIR v, 4252440, 2022, 42(16) : 6464-6473.

[32] Allen C R, Fontaine J J, Pope K L, Garmestani A S. Adaptive management for a turbulent future. Journal of Environmental Management , 2011, 92
(5): 1339-1345.

[33] Isbell F, Calcagno V, Hector A, Connolly J, Harpole W S, Reich P B, Scherer-Lorenzen M, Schmid B, Tilman D, van Ruijven J, Weigelt A,
Wilsey B J, Zavaleta E S, Loreau M. High plant diversity is needed to maintain ecosystem services. Nature, 2011, 477(7363) : 199-202.

[34] WRKR, Hooh, B, FER ARSI 09 BRI P 2 75 2 M e iy SLml R = [l . v R4 2023, 37(4) : 571-579.

(351 IR, BRI, AREE, MRl ZEE. P ERR R E BB E LA 5 . A A, 2022, 31(7) : 1465-1475.

[36] WRIKR, IMESE, Hoca, Nfh, 20, 2k, i, B2, waE RERFERE 50 1R s 55K, hEREBik T, 2021, 36
(6) : 666-674.

[37] Z=EfRRL, 0, AN, BRI, RIEAEDSREADBEMITEER. NHA S, 2020, 31(6) : 2015-2028.

(381 W3, Z5cfE, 2235, WHEE, X#ehs, T, EHH. MR R A EOIGRE B[, EF SR, 2019, 41(5) @ 120-127.

[39] M, RS, k07, EAS, B, R, XIM0R, 250k, SRR, B 25 B A B X vey S8 AT 3 2 - 3 URE AR 1IE i 52 1.
K B FHRIFST, 2023, 30(5) ; 122-129.

[40] ZEMZ. e R R A X 4+ 3 A AR R A s [ D] 2290 . Hofidl k2, 2023.

[41] AWd, 2230, B0, FH. K E Il XA B 35 B i 4 25 Ak B Il 43 SE0FSE. K Al , 2023, 43(3) : 254-264, 276.

[42] Wallace K J, Beecham B C, Bone B H. Managing natural biodiversity in the western Australian wheatbelt: A Conceptual Framework. Australia:
Perth, Department of Conservation and Land Management, 2003 28-31.

[43] AR, RI#, XN, 6. M RAAESBENVIEE. JEaihll K¥23:4, 1999, 21(6) : 45-51.

[44] XIid. £ PCLake (9 A PRVERE SR AL S BIEMIF [ D). dbat . P EAMARSE (E5t) |, 2025.

[45] FZew. o FipKIP ORI R R SR ID I E D] UM . #IVLR, 2022.

[46] JEEM. AN S R ATHRLE A H— D R E R A IR EI [ D], T, AR RYSE, 2017.

(471 #EGRI, B0, B, KERERSEEREBE T 83 (Suaeda salsa) WAEZSBIME. AE252#H, 2008, 28(4) : 1408-1418.

(48]  WIHRMG, BN, XUBUbk, BRIRA, ZE5d. B PH 0 10 M AE ) 2 38 R GE 45 0 B K 03 R ma F 5. VTR B 5 20 8%, 2010, 19(6) -
597-605.

(497 skdkMh, TAGHT, 2800, A0k, TheR, BRI, FRS, XERE. ACEEIEHN D TS Y P i KRBT 0 i SL M oE. h R R B R 2
2014, 34(5): 1310-1315.

http ; //www.ecologica.cn



224 SKEF AT ST B s ] AR S R AR S B AR R R 15

[50]
[51]
[52]

[53]
[54]

[55]
[56]
[57]
[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

AT /I T I X g R A R B A RS D] BT )RR, 2022,

I, PR DGR AR HR S B OB AE AS BT SE [ D] 3R T R 2022

W, E S0, XIS, Bn 3, ZRIEE, TR, AR 5 I RN R X 5 1 R ST A R R R A S . B AR, 2023, 31
(12) . 3775-3784.

AT, JE ARV LA TG RN BB e[ D] dbat. JEstafol K2, 2019.

Seffil, Fedpla, M, AR, FLH. W LS EBCER B 5 R VDb LR R TR B R R IR 2024, 43
(10) : 2330-2338.

Erth, A, EWEE, YL, FMEEK, 50, 5, SUREL A HLE e R0 i i # B Hoxh b A L BEHT il 1 ) B AR
KEPFEE MR, 2024, 44(2) ; 32-40.

VRN, 2 el DOR R R 52 5 2 38 AR 38K GO [ D 4% PYILRAMBHE %, 2022.

. B R T DCHE 3 R R SR T MRS [ D] AR . LR, 2023.

XT3, BORAMEA IR AR AR ) - 1 S AR R R [ D] A0 . PUIRRAMRBHE R, 2023.

van der Heijden M G A, Klironomos J N, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T, Wiemken A, Sanders I R. Mycorrhizal fungal
diversity determines plant biodiversity, ecosystem variability and productivity. Nature, 1998, 396(6706) : 69-72.

BRI, OB, SR, BURKE, SRIEAL. PURRHEE” X GE MBS G R K o3 R SR MBS, 2024, 49(2) + 1003-1010.
Chen F, Zhu Y F, Bi Y L, Yang Y J, Ma J, Peng S P. High-priority actions to improve carbon sequestration potential for mining ecological
restoration in Chin. Engineering, 2025, 47(4) . 16-21.

Coban O, De Deyn G B, van der Ploeg M. Soil microbiota as game-changers in restoration of degraded lands. Science, 2022, 375
(6584) : abe0725.

Chiquoine L P, Abella S R, Bowker M A. Rapidly restoring biological soil crusts and ecosystem functions in a severely disturbed desert ecosystem.
Ecological Applications, 2016, 26(4) . 1260-1272.

WK, AT, R, XIScs, AT, W, XIEML R0, mll, EeR. SRS R G T S B IR S B T
YRR, B A4, 2023, 31(3) : 632-640.

A, FER, KIER, SB, RS A B DX BESE F X 1 e R Ay AR B T R RE R . AR, 2020, 40(24) .
9234-9244.

EAR, XAE, ZER, ER, FOR, BRI, SRR, B, SR i K S A 10 T S A A B (B 5T XA B S5 WL A
SRR, EESRNIREAA, 2022, 38(7) : 897-908.

FEHEAT. ARACFIFIRERS 25 B A 0T KA Bt A TR BB [ D], Me/REE : Atk R, 2018.

http ; //www.ecologica.cn



