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Abstract

Aims China harbors extensive grassland resources, yet nearly 70% of these grasslands are afflicted by varying
degrees of degradation under the combined pressure of climate change and human activities. Pinpointing the
pivotal factors driving grassland degradation and establishing a rapid diagnostic system is imperative for precise
condition assessments.

Methods This study was conducted in the Hulun Buir meadow steppe of Nei Mongol. The selected sites were
categorized into four degradation levels: non-degraded, lightly degraded, moderately degraded, and heavily
degraded. Vegetation and soil indicators were collected. Leveraging the random forests algorithm, degradation
indicators were screened and weighted, with efforts made to reconcile ecosystem service priorities between the
government and pastoralists.

Important findings This study identified ten key factors characterizing degradation, including aboveground
biomass, proportion of high-quality forage, community height, litter biomass, species richness, leaf dry matter
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content, leaf thickness, soil density, soil water content and soil inorganic water content. These indicators

encapsulate diverse ecosystem services, including forage supply, erosion control, biodiversity conservation,
vegetation resilience, and water and nutrient regulation. Using non-degraded sites as a benchmark, a degradation
index (DI) for the meadow steppes of Nei Mongol was developed, accompanied by delineated DI thresholds for
different degradation levels. This study provides foundational data to support judicious selection of indicators for

both national and regional standards.

Key words grassland degradation; ecosystem services; random forests algorithm; degradation indicator
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520 (Zhou et al., 2017b; Diaz et al., 2019), FLJRAZS
RGIEEZH ARG LS, A R EE 1R 1k,
HARRI N ) R AR, EWZ rertmd, £
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.
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PEAME R i EAEYIE. S MYIhaeH
AR & EM RS54 P ThRESR bR, 1B ILW
NS . MRS A A Th B R B bR
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2022). H R E X IR AL AT AR, K
HUER T A=, S RARE RSB M A
YIRS TR bR, JERA IR I R e
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Ji i

) B 2 o5 P 5 AR DR B X TR AR )
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R RT3 (Filifolium sibiricum) %55y 3 B AR
BT R
12 FEHbERE
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{=HHH%, 2009; Eldridge et al., 2024).
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Table1l Description of research site in the Hulun Buir meadow degradation steppe

J¥3 Sequence FETE KA Community type

2% Longitude (E) 5% Latitude (N) HER Altitude (m)

PREFELREYE Stipa baicalensis community
IREFELRETE Stipa baicalensis community
LEPEE Leymus chinensis community
EFPEVE Leymus chinensis community
EEPEE Leymus chinensis community
FEFYE Leymus chinensis community

LRI BEBETE Filifolium sibiricum community

LR TEVK Filifolium sibiricum community

O ® 9 N L kAW N =

LR SEHEVK Filifolium sibiricum community

120.12° 49.35° 672
119.67° 48.49° 756
119.39° 50.17° 528
120.05° 49.33° 630
120.03° 49.37° 637
120.15° 49.44° 687
120.73° 49.68° 867
119.35° 50.62° 592
120.03° 49.52° 817
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(Vario EL III, Elementar Analysensysteme GmbH,
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KA TR SNTE, TS 8 (TP) K H R -
HEAPLLL (3, TR WL & fE(SOC) K H H AL IR
BAMINEGE, TS KESWOR M L. R
R TR 52 0-10 cm - 43 %5 F (SD) Al HH ] 55 7K &=
(FC).
1.6 BEHARMAREE T S5I6FRTHIE

K BEALARMASTRY 43 5 %o A 4 S5 A D B 5 %2
P AEY) T RE MR DR R bR B el AT T
PEHE R FIAR PR IWIE IR . AR SR A FLR AR
)53 KA &, AW IT MR A R BEATLIE EL 1 70%
TERIGREE, AT S ERCHE T B AL 1 fR
B, DA AR O B (9 73 A, S E e I AR VR VA AR
B2y H P43 ORGP Ay e A 2R 90 0 P A

B AL AR AR L 7 440 2 e SRR B 1T i 2 i 4L )
CRHURE, AT 5K F 104738 URAEE 24 T4
[ E R YNGR AN B AR R SR A SRS B, VT AR
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2001).
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P, AW 5T K 18 HRHIE T 2 (Guyon et al., 2002)
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R S AR HL AR A SR
17 R ERESRERITE

X I AT G708 O B (R FE AR i ST BE AL AR ARAR T,
RS A (12548 b 5 EAVEAS A 9 AR B IR
AR, S TR E AR hrn] B R A AL (4

FR 4 O B A2 RS AR SS DhREFR AR IR 2
(XA 4SS, 2004; Bardgett et al., 2021), ¥ #%-fehrkl
I3 BN X N A RG RS DiRE, BFEHLLS L AT,
SCREIRS5(2) 0 58T AN AR il AR (U B0 AR RS
WA RGBS ZHE W AT RA
[Fl, 2% H i & A KA 70 (Manning et al., 2018;
Bardgett et al., 2021; HFAVE 44, 2021), BRI
A RGUIRSS Font B B 1 REAS [R] R 28 A 1R R
SE T 2RV ELAH A (P R D), i v S A
()~ IAEAE R al AR R, 14845 T P UM

INHET o

w2 LB RGMRASDIRE S X B A R AR

Table2 Ecosystem services and their corresponding indicators

5RO R AR S R GRS BT K

KA Type HEBRGMS Ecosystem service FEFR4 R Indicator name
1Rt ARG L3 Soil density
Regulating Water regulation 4k B Soil water content
HH ] #F/KHE /1 Field water holding capacity
BT R A Belowground biomass
Climate regulation TV BEVE S & Plant community carbon content
I B & Leaf carbon content
R LpalinE: 53 pH
Maintenance of soil fertility +HIEA P & Soil organic carbon content
+TIHEA% S| Soil total nitrogen content
T4 E Soil total phosphorus content
TIETHAE S & Soil inorganic nitrogen content
T+ HEH B S & Soil available phosphorus content
LR ) TET% =% Community height
Soil erosion control HEFERIFE Plant height
THIE YA Litter biomass
H# 78 55 )% Vegetation cover
HER WEHER BE /1 Forage supply capability b AR Aboveground biomass
Provisioning O 5 A B High quality forage ratio
Forage quality THYITEE A & % Plant community nitrogen content
Y BEVE B & Plant community phosphorus content
%% & Leaf nitrogen content
I 7% & & Leaf phosphorus content
Eat) Z LR FAR-UENZFEME Shannon-Wiener diversity
Supporting Diversity conservation

TR RE

Vegetation resilience

B ERE
Vegetation photosynthetic ability

YIFFEE Species richness

BZFEYE B diversity

M7 JERE Leaf thickness

TF4))fi % & Leaf dry matter content
ELHHTH AR Specific leaf area

251 Leaf to stem ratio

44 & & Chlorophyll content
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RS AR LN S 3 AN B 2 N T SRR R
S, R FEFIRCIEEDD), THEA L

SR,
=1 .
DI~ a6,

x ELEWVERUE )« PRI ) (4)

Ao, JREAFRES RGMWSSIIRERA, Wt
Pl 55, iRRAES RGNS ThREIR B H (1) & T 4
B, AR S AR (R 2); SR ARIBAAE L % FR AR
BHEAE B FRECT H IS HE(R3).

FRAE 3R 24 A FH A [R1AR A A% B2 PR RE S £
P HDL, HA I DI U ¥ D 55 AR A A2 B gk
ITEEHLN Y -

A ) B AR A A DGR BRI S P2 W A
Ptk Z A i B AR AR 2 W 1.
18 HIEHH

Grit o3 M A B 70 A B E A TSP EAT A
B, WA A2 A PR B AT R B e . fEFHR
Bt veganITHE MY 2 FEEIR bR, A “nlme”
HH (10 28 1V 28 A R AR 560 A ] A A A b ] A
BRI TS AR SR bR 1) 2 ¢ BB, BB R SR
HAE NBENLE 7, FE R Tukey HSDAS LG 3EATAE 1
7] % 5 L. 5 “mir3verse” (4 i BE AL AR PR AL,
Al “caret”FE P AL SLIUG R AR BRI iL . Lid
Geit A 1) 2 KW Ap < 0.05, HdE 4t Al
KR 22 R 4.1. 154

2

i

R

21 AERUIEEEREFEREHMIIEERNTE
TR A= 05 Z REEFR bR BE AT IR AR B2 3
hn, EA R AR FVEIAE R R
T RPOEIE) . BEE S MY R R
PRt ss; MpE SR, HlsER LA,
M~ AR PR B &R 2 AR
BEFEME 2 I L F (E2A-21).

D IhREERIE R WE2M2UFTR, B IR
TRFERERG N, FEFACE BT 0 & & AR R
MR R IR RS B R R R K L
WAL, 2R R EE R, RS ERER
AORE BE IS DB B R, BEIE KIS R B B A
RIBAOHE b A, 7E AR Hh W) 8 B 2 S (B
2M-2U).

T RS bR & SRR R [ R ALY
B 2O A — B LA (B 2V-2AD), BEEIR
RERE N, HIEAR S E. HIEAIRESER
FUEAR LRSS, IR AR SR RIEENE S
T T AREpH A IR AR A I 2 5 B A S 1 )
fadh; HemsE. FERE LI BT,
T FH () 457K B R 338 2 7Kk 2 Bl A AR AL R R 186 i 2
BT B
2.2 TEFEMTIEIR L IEFRAITHIE

AHIF TR BE LR AR I 5 BB 500 5 2

®3 IR TURS A SRR R TER Sl B S L s B ER AR IR 35 D e 5 R s AR A

Table3 Reference values, importance weights, and corresponding categories, services, and stakeholder weights for indicators of degradation in the Hulun Buir

meadow steppe

B3] EERGIRS FIGEHEARRCE  Fabrsrak fabr R HEPERE S
Type Ecosystem Interest group  Indicator Indicator Importance CPYEEFRUEZ)
service weight category name weight Reference value
(mean £ SD)
WA A5 g i) 0.20 TR T8 458 Y& CH (cm) 0.8 50.84 £ 15.26
Regulating Erosion control Vegetation community . )
structure T4 Litter (grm™) 0.7 188.00 + 116.27
KT FEG T 0.10 I RE +IHE SD (g-em™) -0.1 1.00£0.11
Water and nutrient Soil characteristics o .
regulation THEEKE SWC (%) 0.1 28.62 +10.26
HIHEEHE S E SIN (mgkeg ™) 0.1 499+235
g MR 0.40 MR Mo MR AGB (gm”) 0.7 336.05+82.34
Provisioning  Forage supply Forage production N
PR L] HR (%) 0.1 4425 +21.60
SCHF ZRETEORY 0.15 W2 R WHEEE SR 0.2 23.00+7.77
Supporting Diversity protection Biodiversity
X &7 Ul 0.15 A Dy RE IR i JEEE LT (mm) 0.4 0.26 £ 0.06
Vegetation resilience Plant functional traits e
H-FH i & & LDMC (%) 0.1 37.91+2.87

AGB, aboveground biomass; CH, community height; HR, high quality forage ratio; LDMC, leaf dry matter content; Litter, litter biomass; LT, leaf thickness; SD,
soil density; SIN, soil inorganic nitrogen content; SR, species richness; SWC, soil water content.
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W48 I IR R R JFUR AL SRS R F R S PR ES Wit bk R
Identification of key factors and construction of a rapid diagnostic indicator system for
evaluation of grassland degradation in Hulunbuir meadow grasslands

Fof B R AL

TEFRIRIR
Indicators acquisition
for meadow steppe
degradation sequence

FETHEALARARELRL
FFIR LRIt
SERE
Grassland degradation
indicators selection and
weight assignment based
on random forest model

TP Y R 5 SR SRR

Vegetation biomass and diversity indicators

s EAEY R, ST AR, R R,
REVERBE . AEOORI SR . DRTBCR Lt
YA R, YR A R, HYBEE R,
YIFERBE, RGN, BEFAE

AGB, BGB, Litter, CH, VC, HR, PC,
PN, PP, SR, H', B diversity

YT REPERTEAR FHERHETRAR
Plant functional traitindicators Soil characteristic indicators

HERREGRE, PP, MR AR
+  HAREE. AR RE., R,
TR AR, L, SRR R

THUERE . pH, HEKE, HERKE.
LRER, SER. AIHER.
BB TS
SD, pH, SWC, FC, TN, TP, SOC, AP, SIN

+

H,SLA,LC,LN, LP, LT,
LDMC, LS ratio, Chl

HEBSEH S5 2R R

Vegetation structure a;
diversity training set

A

e

Classification tree 1

indicator training set

G2

Classification tree 2

indicator training set

Classification tree n

=B R AR MR I ZR 55 4

Three types of grassland degradation rapid
diagnostic indicator training set

532H1 e 5124n

Classification tree 1 ~ Classification tree 2 Classification tree n

e

HBHRI TIREEAET | EAHENRE RUSHHRIL IR REHT
Model parameters Indicator Recursive feat;ne B P i Indicator importance
optimization importance ranking elimination optimization ranking
N1 3 0. —
AT WRHGE  gnd 8 o PN WRNE N
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Fig. 1 Process diagram for identifying degradation indicators and constructing a rapid diagnostic indicator system for meadow

steppe degradation. ACC cv, cross-validation accuracy; ACC test,

phosphorus content; BGB, belowground biomass; CH, community

test set accuracy; AGB, aboveground biomass; AP, soil available
height; Chl, chlorophyll content; FC, field water holding capacity;

H, height; H', Shannon-Wiener diversity index; HR, high quality forage ratio; LC, leaf carbon content; LDMC, leaf dry matter content;
Litter, litter biomass; LN, leaf nitrogen content; LP, leaf phosphorus content; LS ratio, leaf to stem ratio; LT, leaf thickness; PC, plant
community carbon content; PN, plant community nitrogen content; PP, plant community phosphorus content; SD, soil density; SIN,

soil inorganic nitrogen content; SR, species richness; SOC, soil

organic carbon content; SWC, soil water content; TN, soil total

nitrogen content; TP, soil total phosphorus content; VC, vegetation cover.
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Fig. 2 Changes in vegetation and soil indicators across various degradation levels of meadow steppe (mean + SE). DO, no
degradation; D1, slight degradation; D2, moderate degradation; D3, severe degradation. A—L represent indicators of vegetation
community structure and diversity; M—U denote plant functional trait indicators; V-AD indicate soil characteristic indicators.
Different lowercase letters indicate significant differences among different degrees of degradation (p < 0.05). AGB, aboveground
biomass; AP, soil available phosphorus content; BGB, belowground biomass; CH, community height; Chl, chlorophyll content;
FC, field water holding capacity; H, plant height; H’, Shannon-Wiener diversity; HR, high quality forage ratio; LC, leaf carbon
content; LDMC, leaf dry matter content; Litter, litter biomass; LN, leaf nitrogen content; LP, leaf phosphorus content; LS ratio,
leaf to stem ratio; LT, leaf thickness; PC, plant community carbon content; PN, plant community nitrogen content; PP, plant
community phosphorus content; SD, soil density; SIN, soil inorganic nitrogen content; SOC, soil organic carbon content; SR,
species richness; SWC, soil water content; TN, soil total nitrogen content; TP, soil total phosphorus content; VC, vegetation cover.
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Fig. 3 Random forest method for screening degradation indicators, A, C, E, Importance ranking of vegetation structure and
diversity indicators, plant functional traits, and soil indicators. B, D, F, Recursive feature elimination for selecting numbers of
vegetation structure and diversity, plant functional traits, and soil indicators; red dots indicate optimal number of indicator. ACC
cv, cross-validation accuracy; ACC test, test set accuracy. AGB, aboveground biomass; AP, soil available phosphorus content;
BGB, belowground biomass; CH, community height; Chl, chlorophyll content; FC, field water holding capacity; H, plant height;
H', Shannon-Wiener diversity; HR, high quality forage ratio; LC, leaf carbon content; LDMC, leaf dry matter content; LN, leaf
nitrogen content; LP, leaf phosphorus content; LS ratio, leaf to stem ratio; LT, leaf thickness; Litter, litter biomass; PC, plant
community carbon content; PN, plant community nitrogen content; PP, plant community phosphorus content; SD, soil density;
SIN, soil inorganic nitrogen content; SOC, soil organic carbon content; SR, species richness; SWC, soil water content; TN, soil
total nitrogen content; TP, soil total phosphorus content; VC, vegetation cover.
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Fig. 4 Selection of diagnostic indicators for meadow steppe degradation. A, Importance ranking of degradation indicators by
random forest method. B, Number of indicators selected by recursive feature elimination. ACC cv, cross-validation accuracys;
ACC test, test set accuracy. AGB, aboveground biomass; CH, community height; HR, high quality forage ratio; LDMC, leaf dry
matter content; LT, leaf thickness; Litter, litter biomass; SD, soil density; SIN, soil inorganic nitrogen content; SR, species richness;
SWC, soil water content.
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Table4 Differences in demand and weight assignment for grassland ecosystem services between stakeholder groups (government and herders)

IIREZRT Function type HBRGRS Ecosystem service BUF Government # I Herdsman ¥ Average

H5 Regulating {2H#z= ) Erosion control 0.35 0.05 0.20
JK4r3%43 T Water and nutrient regulation 0.15 0.05 0.10

{44 Provisioning HEEfLN, Forage supply 0.20 0.60 0.40

X FF Supporting ZFEMERYT Diversity protection 0.20 0.10 0.15
TR PUIY Vegetation resilience 0.10 0.20 0.15
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ESIE N SRR A e Sy

Table5 Grading of degradation assessment indicators in meadow grasslands

i) B R R AR HRIBM BRI hREIELE R
Degradation levels of meadow steppe No degradation Light degradation Moderate degradation Heavy degradation
FEHVER Index range DI < 0.35 0.35<DI < 0.55 0.55<DI < 0.75 DI>0.75
DI, iBfbig%.
DI, degradation index.
Loy (EI20-2L), B R 1 TH T DL 4R i S 4
, :(Gao & Carmel, 2020).
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Fig. 5 Degradation index (DI) of sample plots at different
degradation levels in the study area. DO, no degradation; D1,
slight degradation; D2, moderate degradation; D3, severe
degradation.
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ISR =S ARt R b A TR 5 BRIE SR R
Supplement I Test and validation set accuracy after filtering indicators for three categories of datasets

BT G A
) TR A8 XU RS
et AR R i 3
Number of Cross-validation
Indicator type Variable names Test set
variables accuracy
accuracy
B MR AR RTE AR R B
JE. B T RS R Y
L EEE. AR, WREEE. FR-RNE R 083 074
T 5 Z RS AR T BEEEAE
AGB, BGB, Litter, CH, VC, HR, PC, PN, PP, SR, H',
Vegetation biomass and diversity indicators diversity

o EAEMIR. BEE . RIEYEYI R, AR
5 Bl PyRhE e 0.78 0.72
AGB, CH, Litter, HR, SR
Wbkm . e AL, AR
R, AR, TR =, 2t Ha
H, SLA, LC, LN, LP, LT, LDMC, LS ratio, Chl
TARR . MR R, R AR
H, LT, LDMC
THEE . pH. LIESI/KE. HINFKE. &%&
B, AlAE. AR RS R, THIAS
==
SD, pH, SWC, FC, TN, TP, SOC, AP, SIN
e REESKE. BETHASE
SD, SWC, SIN

b
=
0N
=
=

YRR EbR 9 0.83 0.76

Plant functional trait indicators

LA o 0.67 049

Soil characteristic indicators

3 0.61 0.45

AGB, aboveground biomass; AP, soil available phosphorus; BGB, belowground biomass; CH, canopy height; Chl, chlorophyll content; FC, field water holding
capacity; H, height; /', Shannon-Wiener diversity; HR, high quality forage ratio; LC, leaf carbon content; LDMC, leaf dry matter content; LN, leaf nitrogen
content; LP, leaf phosphorus content; LS ratio, leaf to stem ratio; LT, leaf thickness; Litter, litter biomass; PC, plant community carbon content; PN, plant community
nitrogen content; PP, plant community phosphorus content; SR, species richness; SIN, soil inorganic nitrogen content; SD, Soil density; SOC, soil organic carbon

content; SWC, soil water content; TN, soil total nitrogen content; TP, soil total phosphorus content; VC, vegetation cover.



10.17521/cjpe.2024.0152-S2

WEEH, FIER, BER, TER, 7R, EWE, BRRE, KR 2025). HRIVREGAERRUHHE
EFiR7 SIRIFIZEIEFRARGE. EIESFR, 49, 42-58. DOIL: 10.17521/cjpe.2024.0152

Xu MZ, Lu ZK, Tan XR, Wang YB, Su TC, Dou SD, Pan QM, Chen SP (2025). Identification of key factors
and construction of a rapid diagnostic indicator system for evaluation of grassland degradation in Hulun
Buir meadow grasslands. Chinese Journal of Plant Ecology, 49, 42-58. DOI: 10.17521/cjpe.2024.0152
https://www.plant-ecology.com/CN/10.17521/cjpe.2024.0152

ISR =S ARt R b A TR 5 BRIE SR R
Supplement I Test and validation set accuracy after filtering indicators for three categories of datasets

BT G A
) TR A8 XU RS
et AR R i 3
Number of Cross-validation
Indicator type Variable names Test set
variables accuracy
accuracy
B MR AR RTE AR R B
JE. B T RS R Y
L EEE. AR, WREEE. FR-RNE R 083 074
T 5 Z RS AR T BEEEAE
AGB, BGB, Litter, CH, VC, HR, PC, PN, PP, SR, H',
Vegetation biomass and diversity indicators diversity

o EAEMIR. BEE . RIEYEYI R, AR
5 Bl PyRhE e 0.78 0.72
AGB, CH, Litter, HR, SR
Wbkm . e AL, AR
R, AR, TR =, 2t Ha
H, SLA, LC, LN, LP, LT, LDMC, LS ratio, Chl
TARR . MR R, R AR
H, LT, LDMC
THEE . pH. LIESI/KE. HINFKE. &%&
B, AlAE. AR RS R, THIAS
==
SD, pH, SWC, FC, TN, TP, SOC, AP, SIN
e REESKE. BETHASE
SD, SWC, SIN

b
=
0N
=
=

YRR EbR 9 0.83 0.76

Plant functional trait indicators

LA o 0.67 049

Soil characteristic indicators

3 0.61 0.45

AGB, aboveground biomass; AP, soil available phosphorus; BGB, belowground biomass; CH, canopy height; Chl, chlorophyll content; FC, field water holding
capacity; H, height; /', Shannon-Wiener diversity; HR, high quality forage ratio; LC, leaf carbon content; LDMC, leaf dry matter content; LN, leaf nitrogen
content; LP, leaf phosphorus content; LS ratio, leaf to stem ratio; LT, leaf thickness; Litter, litter biomass; PC, plant community carbon content; PN, plant community
nitrogen content; PP, plant community phosphorus content; SR, species richness; SIN, soil inorganic nitrogen content; SD, Soil density; SOC, soil organic carbon

content; SWC, soil water content; TN, soil total nitrogen content; TP, soil total phosphorus content; VC, vegetation cover.





