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Dynamic monitoring of land degradation in the Three—River Headwaters Region
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Abstract: .and degradation is a critical ecological and environmental issue that threatens ecosystem stability and food
security in China. As a key ecological barrier in western China, the Three-River Headwaters Region is undergoing
severe land degradation, which presents significant challenges for regional ecological security and socioeconomic
development. Based on field sampling, unoccupied aerial vehicle (UAV) imagery, and Landsat data, this study
established a multi-source data framework for monitoring land degradation by employing random forest (RF) ,
support vector machine (SVM) , and classification and regression tree (CART) models. The framework was
applied to monitor land degradation dynamics in the Three—River Headwaters Region over the past three decades

(1993—2003, 2003—2013, and 2013—2023) , and to analyze its spatiotemporal evolution patterns. The results
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indicate that: 1) The integration of UAV and satellite data significantly improved the accuracy of degraded land
detection. Among the models tested in this study, the RF model based on spectral and vegetation indexes and
topographic features achieved the highest accuracy. Specifically, the accuracy of identifying desertified land reached
94.73% with an Fl-score of 95.85%, while the accuracy of detecting degraded black soil beach land reached
90.98% with an F1-score of 95.18%. 2) From 1993 to 2023, the areas of non-degraded land and degraded black
soil beach land initially increased and then decreased. The area of salinized land showed a fluctuating trend—
increasing initially, then decreasing, and increasing again, while the area of desertified land continuously declined.
For all degradation types, more than half of the affected areas remained in a stable state throughout the monitoring
period. 3) Overall, both the severity of black soil beach degradation and desertification showed a decreasing trend,
with substantial reductions in the area of severely degraded black soil land moderately desertified land. In contrast,
there were only small changes in the area of mildly and moderately salinized land, but a notable decrease in the area
of severely salinized land.
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Fig. 2 Visual interpretation process of unoccupied aerial vehicle data
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Table 1 Remote sensing features required for the model
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Table 2 Visual interpretation signs of desertified land

AL e iE A A
Desertification level Characteristic description
Kb Akt T S AE 70% Ll b s Landsatf# 00 £ B4 Aol 40 . The vegetation coverage is above 70% ; Landsat pixels are main-
Non-desertified land ly green or light red.
BV AL 1 FHPERE 55 KT 4020, /N T 709 5 [ ol 2 B 5 70 o0 32 s Landsat {200 £ 2 44 4. The vegetation coverage is between
Slightly desertified land 40% and 70% ; the area is mainly composed of fixed or semi-fixed dunes; Landsat pixels are primarily light green.
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Moderately desertified land erage is between 20% and 40% ; most of the area consists of semi-fixed dunes with noticeable wind erosion pits; Landsat pixels
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F1=2TP/(2TP+ FP+FN)



535 B 2 W Fll2F 3 2026 4F 7

2 HBRESH

2.1 MBS RABENERIE

TR A IR AL 5 R [RRFAE AR DC G R L THEE T 2 i A S R R AR i classify (9 B2 R MR OC R (1R 3)
KM FVC NDVI.RVI.EVI NGBDI . NGRDI 5 + #iR {26 B 5 g 25 01 AH G , ¢ R B it 0.5, BST S
R AL AN 5 5 2 IE A G A OC R BCK 0. 58,

Q;,_._E oééazz%j‘fg%
ARiRARL RS AL22SBERIES S
v 90 SOCSVTOD OV [T < 7 I
» o @OQOOSOIE D A ¢ 1T
s i SOOOOOOOD 0 QOO T Ta > [l o
B5 ODDDDOOOODQBDQ’VIQ
B6 |0.710.77{0.75|0.61 ‘a O "INIS O Fa ) INILININ S 0.6
B7 |0.87/0.89(0.91/0.35/0.92 OGOO ¢, 0 o OOOQ 9 Q9 p
FVC t0.670.62:0.71 0.57 ‘OQQO Q DOOO 17 na L o4
NDVI +0.78-0.75-0.84 +0.70 0.86 e““ DOQOO 1 v Da
RVI 10.55-0.55-0.63 0.56(0.63[0.80 0@0 D DOO‘ V17 ba | o3
EVI }0.54-0.48-0.61/0.60 0.77/0.90,0.75 .OO 0900 Vi ba
MSAVI to.55-0.47-0.600.62 0.77/0.90/0.75| 1.00 OO DQOO Vi1 pa
BSI |0.58/0.56/0.67 0.52/0.6810.71+0.87-0.830.84-0.83 O O ‘00 Pl 1394 /Q 8
EXG 0.67 0.48]0.51 OOO DQ Iy pdq
NGBDI +0.55 0.46 0.59 D D NEARRRRRZA - -0.2
NGRDI 1+0.51-0.46-0.60 -0.570.67|0.82| 0.84/0.80/0.79+-0.90 0.49 “Cl 17/ Da
VARI F0.54 -0.50{0.60(0.73/0.72/0.72/0.71+0.80} 0.47 0.90 Oq 17 BAd - -0.4
GRRI -0.56 -0.52/0.60(0.75|0.88/0.73/0.731-0.84 0.95/0.84 4|1 vV DBa
DEM VG 0.6
Aspect 9 D
hillshade aq 08
Slope \
classify
-1.0

3 RRBEXREH
Fig.3 Pearson correlation coefficient

B2: # % B Blue; B3: 4RI Bt Green; B4: £ Bt Red; B5: T 21 4Mj Bt Near infrared ; B6: 8 I 141 Bt 1 Shortwave infrared 1;B7: 5 U 21 4M gk Bk 2
Shortwave infrared 2; FVC: A1 9 % ?F.J" Fractional vegetaion coverage; NDVI: |4 —fk #l # 48§ 44 Normalized difference vegetation index; RVI: H{H
#%45 %4 Ratio vegetation index; EVI: 345 7 mﬁ&. %1 Enhanced vegetation index; MSAVI: & 1F % + 3¢ i 45 #1 #% §5 %X Modified soil adjusted vegetation
index; BSI: # 1 $5 %U Bare soil index; EXG : 2 & 4% & # 94 5 5 Excess green vegetation index; NGBDI: J4— L4k i 2 53 5 44 Normalized green-blue
difference index; NGRDI: E#ﬂﬁiﬁ##?ﬁbﬁ Normalized green-red difference index; VARI: A W4T K< 3§ %X Visible atmospherically resistant index ;
GRRI: £R41 L3 48 %0 Green-red ratio index; DEM : & 2 Digital elevation model; Aspect: 3% [} Aspect;hillshade: 1115 Hillshade; Slope: 3% B Slope;
classify: iR {626 % Degradation types.

ARTAE BEF RE RAL (R 3 D A0 25 SR 38 W1 (38 3) L (UM T Ol 335 D B 10 15 SRS T2 Je 1K L B AR ) %6 7E 82. 650 5
ML Z T G5 46T 48 BOROE R I 1 20 & 19 S70RS BE J5 v0 , RR ME B 3R 31 T 92, 85%

A T — B X T R O R AE N R OR 4y 26 B RS B (R 4) R B SVML Ak B R AL AUA
70.38% , 1M CART M EEIR Z , 2 72.00%0 o RF K BE d5c i , He b AR GB ARG i 583K 51 1 92. 4800, F1 38R 92. 34005
“HL A AR AR AE B R AA B T 90. 98% ,F 143080k 95. 18 %0 s VD Ak AL AL KE A R 1K 51 94. 73% ,F1 408 95. 85%0 5

oA 2 AR ARG i 2 5 3 93. 31% , FL A3 800 87. 46 %6 o B H9KE , RF (45 B AT LA /& A F 58 75
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®3 HEULRMKEEITEN
Table 3 Random forest model accuracy evaluation
15 5 SR A R B % F14r 5
Scene Overall accuracy (%) Type Precision (%) F1 score (%)
gl 82.65 FiE 1k Non-degraded 84.75 81.13
Scene 1 M43 53R 1k Black soil beach-type degradation 79.01 88. 04
YL ALR fk Desertification-type degradation 87.88 89.61
HAh 2 AR AL Other types of degradation 79.08 69. 51
152 85.00 FiE 1k Non-degraded 84.65 84.77
Scene 2 M 4 53R 1k Black soil beach-type degradation 80.06 88.45
YL AIR fk Desertification-type degradation 91.96 92.33
HAh A AR AL Other types of degradation 84.24 72.48
a1+ 2 86. 88 AR {k Non-degraded 85.87 85.48
Scene 1+scene 2 M 47 53R 1k Black soil beach-type degradation 82.61 90. 19
YL AIR fk Desertification-type degradation 93.48 93.34
HAh 2 AR 1L Other types of degradation 86. 30 77.24
TR IR 2R3 92.85 A iR 1k Non-degraded 92.48 92.34
Scene 1+-scene 2+ M 4 53R 1k Black soil beach-type degradation 90. 98 95.18
eene 3 VLA fk Desertification-type degradation 94.73 95. 85
HAh 2 H R 4k Other types of degradation 93.31 87.46
R4 BRHER2HERITABEEZHBENE
Table 4 Comparison of accuracy of different algorithms in scenario 1+scenario 2+scenario 3
Jr i SRR ey i ff % F143 %
Method Overall accuracy ( %) Type Precision (%) F1 score (%)
SO 1] 70. 38 A iR 1k Non-degraded 98. 74 47.53
Support vector machine 28+ LR £k Black soil beach-type degradation 98. 46 97.32
(SVM)
L RLR 4k Desertification-type degradation 99.47 71.49
HAb AR AL Other types of degradation 45.78 62.45
4325 1 )4 72.00 KB 1k Non-degraded 87.69 77.29
Classification and 2B+ LR £k Black soil beach-type degradation 58. 14 71.28
regression tree ~
(CART) AL BLE E Desertification-type degradation 83.19 81.15
HAbZE AR AL Other types of degradation 70. 41 56. 80
BE AL AR R 92. 85 A1 1k Non-degraded 92.48 92. 34
Random forest S8+ W RLR £k Black soil beach-type degradation 90. 98 95.18
(RF) L RLR 4k Desertification-type degradation 94.73 95.85
HAb AR AL Other types of degradation 93.31 87.46
2.2 ZTRHERE XA LB B E ST
YT M DA [ B S0 R A T ARG T4 R (R 5) K W], 1993 — 2023 48, R IR Ak PR R AL IR Ak - b T AR
8 Se IR WD R e, WS A i B AR 2013 4R Ik R K, R IB AR T B 10. 1577 km” R A HE AR 4k £ 4

AR 5.97 71 km* . 7E 1993 4F [ # fiz /)
B A -t T ARG e Bl A A B, S B e D RSN, 2003 AF T AR

R

Ny ARIBAR TR N 7. 58 1 km®, “ B

&L e AR AR T AR R 4. 435 km?. £

KB R, 11,0277 km®, 2013 4F TH 1
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/N, 89,0277 km®, 2003— 2013 4E A8k Bk, ZMHIAF T 2 J7 km®, ¥AL BB Ak 1993 4E T FR K, M 22.33 1
km®, J5 FREz 0, 2 2023 4F , YAk I AR B, S 17,07 7 km®, Z(H A B T 5. 26 5 km®, PA & 4E 1753 km? (19 3 B 45

x5 BMEBRAEEREIT

Table 5 Statistics of various types of degraded areas (km?)

AE KRiBfl A ERGR A AL ALR fk Hhwt AR 1
Year Non-degraded Black soil beach-type degradation Desertification-type degradation Salinization degradation
1993 75781. 8747 44293. 1067 223330. 4289 107463. 0735
2003 91086. 8787 53386. 1712 179527. 6494 110216. 2338
2013 101463. 3261 59735. 6037 171860. 2281 90162. 9081
2023 94859. 8380 57372.4323 170713. 3590 105526. 4580

Z Z

) )

o o

Z Z

en en

o o

90°E 95°E 100°E
p N

4 Z A

Z z|

8 B
[ ] =ITJ5 5.5 Three-River Headwaters boundary [l 7&3iEft Non-degraded [ W {bAELL Desertification-type degradation
[ HAth Others [ 24 -HERYE AL Black soil beach-type degradation [l #5777 3E 1L Salinization degradation

B4 =ZTRMXEMBUEBSH
Fig. 4 Distribution of land degradation types in Three-River Headwaters region
T RS VAR v IR 45 1993 GS(2019) 1822 5 v Hi 18] il 4 , Ji€ 81 10 B JG 45 40 . Based on the standard map service website GS(2019)1822 of

the Ministry of Natural Resources, the boundary of the base map is not modified.

W 4 7R 1993 2 2023 45 [0], + 43R Ak Y 3 Ff 38 22 2 A0 SR B0 1 B 0 A0 B 25 AR AR AR o 1993 4F VAR TR o
SN A7. 3196 (24 22. 3305 km?) , 240 A3 7608 T 5 R K e 1 DX, An L B 3899 — 50 Iz 0 Jd 30 0 e 3] 953k X
B, amig 2 8 (4 29.95%) AR ARTT (i 17.86 %0 ) (BRI E (5 17. 74 00) F g 2 2 (5 10. 74%6) o 2003 4E 904k
T AR /D 28 38.03%6 (29 17. 9577 km?) , 2013 K& 2023 4£ 43 51l Jhy 36. 4126 (29 17. 19 J7 km*) F1 36. 16 %6 (29 17. 07 J1
km?) , 5 Ry S R AR AN FR E (48 3 A1 B v T AR i T 5 X

1993 4F“ 2 4 " AR AL i AR 9. 38U (29 4.43 T km?) , EEE PR Z B (5 25.34%) 2 B (5
12.93%) il JRR3E B (5 12. 78 %) FA% IR AT (i 11.66% ) o 2003 4F 38 4k i B % b T 2 23.35% (£ 5. 34 5
km?) , 201344 JE 2 12. 66 %0 (29 5. 97 J7 km?) , #] 2023 4F W& [ 28 12. 15% (24 5. 74 T3 km?®) , K30 A 2 A P A
o MR ARRE K X
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1993 A Eh BiAb R Ry 22. 77 % (£ 10. 750 km?) , FEE T AR Z H (5 12.16%) 22 B (5 9.03%) (IR
FE (5 8.34%) MEIRAT (7 7,46 %0) AF I X 1A A 3 FRT 7R 1+ . 2003 Fi 2013 4F i L6 2 4351 2 23. 35 %
(£911.02 5 km*) F1 19.10% (24 9. 02 J3 km?) , 2023 4F-F2 %€ 7E 22. 36 %6 (£ 10. 75 73 km?®) , J0 I AE 2= 15 P FHUK Fil
AR R 4 DX, A I TN 5 3k 4 DXl A R A R R R M K SO R R Bl (I BRUK 22 ) SR 4
RUPURME T AR ZRME . oAb, — 280k B OB B, o AR R IR | - AR R R T R S BT
2.3 ZLRHRE LB E TSI S

1993 % 2023 4F (K 6 ME 5) , = VLI Hb X £ Hi iR ®6 BMBUARIETRSGEIT
Ak 22 B W AR Ak 5% R SE Ak i AR E"ﬁizcn'zi K, Table 6 Statistics on the area of various degradation levels
2023 4E 20 5 BRI IX + DB 24, 2894 g e b, R m g LN

. e . 0 ES Rl REIR SRRl IR
hraRZ R n 2 B AR S o AR A AR . ) . )
Year Non-degraded Slightdegra- Moderate deg- Severe degra

] b 25 N S PR R AR 1 A A, 7 LB DA 1993 4F 1Y dation radation dation

26.58% [ 2= 2023 4E 19 19.00% . 1A £ B | ih k36 & 1993 75781.8747  92374.6311 119822.5017 162889.4763
R SRR T M A2 v FE IR Ay F 250 A X, H R 2003 91086.8787  87078.9942  90068.4612  165982. 5990
A A b TEFRGE AL D H S EE e 1993 4F Y 36. 1306 FE 2013 101463.3261  91723.8735  $2493.1720 147541. 6944
% 2023 4F 1 32.56 % (BAT ) A A ARG £ B kg IR 2023 94859.8380 104022.7740  90080.8839 139508.5914

AT A R SR B, LR A B 3 22 B AR SR
TR IX . 26 S T = VT X R Al B R R
Sy WA L) 8 8 Al B TR AT 7 A SR T

90°E 95° E 100°E
1993
z| i
% %
o o
z 2
% [ %
o o
500 km

90°E 95°E 100°E
Z| Z.
A A
z| z
q 2

[ ] =JT9§ 5 5t Three-River Headwaters boundary B %% %18 {L Slight degradation [l & /%3 1k Severe degradation
[ A& fk Non-degraded I % SR fk Moderate degradation

5 ZIIFEMREHREERDH
Fig. 5 Distribution of land degradation levels in the Three-River Headwaters region

FET AR TR 3t 1R IR 55 190 3 GS(2019) 1822 5 F b B A L IS 8134 FLJE & . Based on the standard map service website GS(2019)1822 of

the Ministry of Natural Resources, the boundary of the base map is not modified.

MBS A AR R A (& 6), 1993 — 2023 4[], i 57 X PN AR AL 2R 1 SRR g, AR AR X ek FE i 2l ad 1/2,
U A 5 R A S R A A AR B A B RS . VD Ak 2 A R 2 R R 0 T RRAE 3B BE 4 il A 14,49 T7 km?
(30.69%) .12.00 77 km2(25.41% ) #112. 58 71 km2(26. 65% ) ; $h st Ab 2 I 43 51 Ky 5. 57 J7 km?(11.81% ) 4. 66 J1
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. 1993-2003
AR AL At Others
Black soil beach-type 40000 44293 21176
degradation 20000 —

20000

#H B L
40000 Salinization
degradation

SR 40000 G000
Non-degraded

20000

223330 1 . 107463

” 60000 7 1k i Ak,

160000 >
- 86000 Desertification-type

120000 100000 degradation
$ . 2003-2013
R R A
Black soil beach-type 53386 LAtk Others
degradation 000 . 20000
20000 — 37827

BT IR
91087 20000 gajinization
80000 degradation

40000

60000

FiBfE
Non-degraded
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WAL AR L
60000 Desertification-type

100000 80000 i
degradation

2013-2023

H At Others
101463
[

60000

AIEL 40000
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59736

40000
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WALARLR L
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80000 "
140000

. 160000
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6 ZiIFEMRXTHRERBERERER
Fig. 6 Transfer situation of land degradation types and areas in the Three-River Headwaters region
P vp B A0 2 4% 1B A 26 8 J B i L (km®) o The data in the figure represents the types of degradation and their corresponding conversion areas (km”).
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km?(9.88% ) Fl1 4. 47 J1 km?(9. 48% ) ; AR Ak X 385 43 3l hy 4. 69 7 km*(9. 94%) .5. 80 F5 km*(12.29% ) F1 5. 72 J7
km?(12. 13% ) ; 28 3 B3R Ak OR 4 A2 A9 10 FRA XS 388/, 4303 o8 1. 51 7 km*(3.20%0) 1. 47 J5 km?*(3. 127 ) I
1.80J7 km*(3.82%) .

3 itit

3.1 B ACIR B T A7 M Fe R B 5 A

N1 /% 2 N 2 =By N R 7 ST ) Bt 7 el 21 R P S N = A R o B A R U RS AR/ T > S e
iR Ak A5 b 3R REAE TR AR AR T A B S SRR BE AR o SRR R A AR S B AR AR W I 5 U R A A Ty 1 B
BT Z R, JCHAE 532 A7 A S5 B GR A B 0 B 85 0 T AR T OCSEVE T o Bl A 1 TR AR IS TR U E O W
K, HLAE ER 5 Ak B T AR ) R B AR TR AR . RO 9 AT 1 — A R & VR BB () Bl A T AR T
oA 5 4 AR AR R ) RS B

WA, Jo A ML % E a8 8 28 ] 43 R 5 G M3l /N ROBE RS 4t 2, 5 10 5% 3 JORI b T R 2 Bl AR 5
“R—m WS Z R IR R B E R T T B AR R e SR IR WA A S SR ) T ik
AE AR T R B O R B T SR RO B RR AR |2 2T R etk MU O 0 A B Y S R, S B SRR 1 AR A
IR o T 17 e o LS A R IUN T = A B - 1

Aok 3E i 2Rk O B R A S T AL S B I BE ) i A T, b 3R Ak I RS HE TR B 2EIR
PR BRSNS AR, O AR AR 5 AT AR AL e e AR R SR R S
3.2 EHBARIA LA

1) B4 4 A S 88 vy« e JO e A A R L A 2 2] 5 R A ) AR Y i, HL BT R R AR R Ak
RO 24 2 512 0B ) o SR, 38 B 10 SR 4 5 bm 38 FE RS FE ) L Z BR T IR AR N T2 5 S 8 — 8ok,
R AL e AR Y Bt SR AT S AT S e R 2 —

2) T NNLIE BAE S AR S IR 29 o0 R A8 T AL R H: 5 25 (8] 4 e R AL sl Mk )3z i T/ RO R Ak
W AEATS T i 22 T A BRI . 1L T AL B A B A LA RE T, (H 32 BR TR R S R AR A S ) E R TE A
ML HL 28 1 B PR UL 3, 20 5 32 W T4 B2 A A5 52 o i 1A% IR RS (3 RE ) B I 22 B0 Ak B
1 % AT i I, BRI T AR IR BRIz v .

3) R AT PR 1R 1R R 7 2 T R B 2 - i W R JEGE AR (W Sentinel-2) 78 4 R £k W b B & B S (E
(EH 25 1) 7 35 45 B LRI 20 BE AN, B 5 32 5 2 P4 45 AR Ak 1 5 i , e DA A A3 P LK B e B T 5 2R TR
A 32 R A O A X3 5 B () B ) 5l BBz AR AR R HELIHE ) AR XIS T . IR R
23 6] 5[] 40 B8 b 22 5, iE— 20 e T S AR Rl G 5 AR R A SR B BOHE e 15 2 B R A I 3 e A
Y0 A k5 R T .

4 it

A BIF 5 38 = VU5l DX AR S B 9 6E 4, R 8 0 B R T A ALEUE 45 & H LR 3 5 = o BE R 200 DR 24
XF 4 R AL AT BRI . RIS .

D) AW 5% BE BT M9 48 20 D61 I B HOE 5 bR Ak SR E AT A DG A b AR AR B0 bR Ak A A A
KRB . T L RF .SVM L CART = FbL a8 27 > /Y + B AL R0 B R, SVM RS B B A%, 56 T 63 M vt 48
BRI LY 55 21 S 41 A 1) RE BIRDRS B 5, 2B 4 e R A0S 5 5% 90. 98 %6, F1 408k 95. 18 %, Wb Ak B3R b kG
WK N 94.73% ,F1 43 %04 95.85% .

2)1993—20234F , AR IRk . B A AR Ak A b TET B A S 1 0 A e /D 9 A, T 2 A b TE FR B AE 2013 4 5K )
B KL AE 1993 4FTH AR fe /by o 3R 057 b 4 b 10T AR 2 00 3 A8 Ak 3 S 38 5 s /D B L 2003 48 TH R I8 B B K, 2013
AR A /N o YDA AN 1993 4F TR B K 22. 33 T3 km* FEELk /D, B 2023 4, VAR T BUR AR, DLREAR 1753 km* (1)
RS D
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3V F KRR TR, 1993— 2003 48, 0 Ak Y 5 2 L 45 14 T80 B o AR 9 IXC = b T AR 30. 69 %6, Ft 47 6 151 7Y
AR T B L R 11 8196, SR 45 AR AL A T B L 51 A 9. 94 %0, AR 35 S 1 e " AR 1k (4 1 B LL R 3. 20%0 . X K
RURG S NS Y - 1 AU 1 1/2, 4 B 4 T ALY 55. 64 %0 . A YAk Sk R AR 0 T AR R K .

4)1993— 2023 4F , = VT U5 Hiu X 24 4 34t 78038 Ak i vb fb 8038 b i A 52 Ul e A, Jt L T R R 4 e R R R Vb Ak
f10 T PR 0 0/ R B R o R VR Ak 1Y T AR B 0N R AR VR AR 1 TR BT R R

A 5% 45 5 T S — VLR M X0 A Hb AR A B oY 4 AR K s b I ) 5 T B AT S X AR AR
16 52 AT 552 K J P L RE 27 4 4l -
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