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Abstract ; wetlands within alpine inland river basins are highly sensitive to climate fluctuations,readily affected by external
disruptions,and inclined to degrade. Timely and precise delineations of changes in alpine wetland areas are vital for
enhancing scientific conservation and management efforts. This helps address the sensitivity and vulnerability of alpine
wetland resources. The Qinghai Lake Basin, sensitive to global changes, represents a quintessential area of delicate
ecosystems on the Qinghai-Tibet Plateau and serves as a distribution zone for internationally significant wetlands. This study
leveraged the Google Earth Engine ( GEE) platform, employing a long-term dataset of Landsat remote sensing imagery

spanning from 2000 to 2023. The random forest classification approach was applied to categorize alpine wetlands within the

HETHE . BHE ARPFEHA (42161020, U22A20454) ; 1548 BHET BT AT H (2023-2]-943))
175 B #5:2024-09-12; % £& H AR B A : 2025-01-23
# WIRAE# Corresponding author. E-mail ; jinx13@ lzu.edu.cn

http ://www.ecologica.cn



8 WStz A e P AR O o 1 AU A B R M D 3R 3685

Qinghai Lake Basin, examining characteristics of their area alterations. Finally, combining correlation analysis and the
random forest variable importance ranking method, factors influencing the area changes of alpine wetlands in the Qinghai
Lake basin were investigated. The findings disclosed that (1) The mean overall accuracy of wetland classification from 2000
to 2023 was 88.45% ( varying between 85.01% and 92.63% ) , accompanied by an average kappa coefficient of 0.83
(varying between 0.82 and 0.91). In the past,the classification accuracy of swamp meadow was relatively low, with average
producer accuracy and average user accuracy at 77.99% and 86.74% , respectively. Lake classification had the highest
accuracy , with average producer accuracy at 98.20% and user accuracy at 99.27%. Swamps registered an average producer
accuracy of 86.03% and user accuracy of 86.66% ,effectively discerning alpine wetland categories including lakes, swamps,
and swamp meadows. (2) During the study period, the total wetland area in the Qinghai Lake Basin increased by 604.19
km®, with the swamp areas decreasing by 228.21 km®, while the lake and swamp meadow areas increased by 203.93 km” and
628.47 km® , respectively. Among the three types of wetlands, swamp meadow showed the greatest variability in the past,
exhibiting a fluctuating upward trend , increasing from 21.23% to 28.70% of the total wetland area. Swamp decreased from
6.87% to 2.85% of the total wetland area. The lake area initially decreased between 2003 and 2005, followed by a gradual
increase , with a change of 4.65% over time.(3) Driven by increased warmth and precipitation, wetlands exhibited a shift
from arid to humid states, primarily marked by transitions between swamps and lakes, as well as between swamp meadows
and grasslands. Over 24 years, 1101.44 km® of grasslands converted to swamp meadow,2.93 km® of lake converted to
swamp ,and 66.65 km” of swamp converted to lake. (4) Attributable to variations in climate and precipitation patterns across
varying elevations, distinct climatic elements govern the alterations in wetland areas within the Qinghai Lake Basin. In alpine
regions ,the swamp meadow showed a significant positive correlation with spring snow albedo; the area of lake affected by
seasonal snow cover varied. precipitation and seasonal snow cover are the main factors influencing changes in high-altitude
wetland areas. The results of this study can provide relevant basis for the scientific conservation and management of alpine

wetlands at the basin scale.
Key Words: alpine wetland; area changes; driving factors analysis; Qinghai Lake Basin
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Table 2 Remote sensing—based wetland classification system for the Qinghai Lake Basin
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Table 3 Features set for wetland classification
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Fig.2 Qinghai Lake Basin wetland classification and area change from 2000 to 2023
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Fig.3 Map of wetland area changes from 2000 to 2023
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Table 4 Random forest feature importance weights
SR T TRPERHY TRPEAL Ffa) WA
Climate factors Swamp Swamp meadow Lake
AEF%7K i Annual precipitation 0.059 0.345 0.129
AEFIE Annual average temperature 0.251 0.230 0.121
ZEHUK Evapotranspiration 0.462 0.265 0.171
TS B2 Snow albedo 0.228 0.160 0.579
x5 FEMREAREHERERFHEXHE
Table 5 Correlation between different wetland types and climate factors in the Qinghai Lake Basin
AR AR EHOK L R
Wetland types - -
Annual precipitation Annual average temperature Evapotranspiration Snow albedo
TREAL S Swamp meadow 0.378 0.128 0.317 0.006
TN Swamp -0.488 " 0.227 -0.537** -0.244
W Lake 0.431" 0.255 0.527** 0.363

* FINTE P<0.05 R VR W3 5 + + FIRTE P<0.01, AHOGVE I

9% XA [ g A 4 3 e T B R TR 21 S PR I AR DG S R L 7 Bz, B F KT 5000 m (1 1l X
TolEst o An , A MG 1, 7EE R/ N T 3500 m A3 IX ) iAA T AR S B BREKE (r=0.455) HEEHE R
R(r=0.448) ¥IRIEMH KK R IBEFRBI S HFEFRE L BORE AR (r=-0.496) ; BFEAE A S5 E 3
TR IEAHSCOCR (r=0.470) . 7E 3500—4000 m [ B4 B R 5 F FEKEEIEMLKER (r=
0.490) , 7£ 4000—4500 m FYEFEH b, A S EHKBE R IEMELR (r=0.515), SEFMEFHFH L
IEMISESE R, WMIE 7 AL, KRR B SRR 3 S A R A A S5 R A TS [A], 76X = R 28 A e 18
T P AKORITRRV S Sz B 3 18 i oy 265 o B 4, ST T v S B ok O B A, 390 T B 888 o A PRk ) FE R ARA
4000—4500 m M X 52 f IR 5 28 TE ARG (r=0.439)
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Fig.4 Changes in wetland area characteristics at different altitudes
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Fig.5 Topographical characteristics of wetland distribution
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Fig.6 The Transformation of wetland types in the Qinghai Lake Basin from 2000 to 2023
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Fig.7 Correlation between wetland area at different elevations and climate factors

X1 B X2 R 38 il X3 B P48 X B P 3l X5 - B R /K X6 Bk i X7 - Bk R FRK i 5 X8 & B

MR X162 F L IR

A

http ; //www.ecologica.cn

SRR X4 H BT R XIS BT

<3500 m

3500—4000 m

4000—4500 m

4500—5000 m

Jid



8 1 WStz A e P AR O o 1 AU A B R M D 3R 3697

33 JmfRtESRE

T A3 S RS B B TR G T BRIk P AR R R S R R R R
AR, EAT S A H G 030 Y AR AR R R s () 23 () 5 S 1, W b ik 7 7 18 8oy S ) i B TR Ry
PEA R BRI ) T DR R R, o B R, IR BGE SR AR AT M B PR 2
ZHNRZEIFNE R T BT 2 7 5 R A A 0 AT A P e B 3 Y N ) B IR BUY 15 B
T U, TR AL R A A3 AT B R TR L X = R 2 AR B AR K 1 (5—9 1) IiE B AR kA 7
LG AR TR IX T m AR, St AT 73 28 i 2 JERGE AGUE: th 22 RS T LR 1Y, 7T B2 A
oW e BB RN A S AR ) AR ST BT 4R B = R i 2R R | R b B ) 43 KGR A
TR FARAZ T T REAL 7 2 Fh M ) olRE B 28 SGIE AR AR AR AL, S BOR Ak w4 5 ] ) HLAth Al 28 TR & 7 —
RO e LURS B B VA AL B ) (3 Y S R A P N — A P R R Y R A A SR B AR

ASBIFSE LA SR i FER 3 3 A X T W O EFE X, B GEE = °F- 5 Fl Landsat 38 /8GR, 70 B 1Ti%IX
SR M ) I 23 AR AL, 4 RER T, 2000—2023 A A T8 T 30 i A T B 0, JH v R T e T AR
RS WIA-S AP BN, TR RN R R M S B e SR e TR A e
o bl e 2 AV A8 32 A T A 1] 0T 22 10 00 2 A, 1 388 -5 9 b F) e P ML AR DAy s 1] ¥R % 1 ) e
o BEAN BB ARG T AN RIHOE 25 T MR T AR UM AR A R 1, 235 SR U, 35 1 DA A [ A v
b PR R A A 22 5, B T AR A ) AR I AN ), AR s X [k A PR AR R )
TR e FE MR AR B E RN R BRI WAL, AR B K o S 20 1w AR

£ 3L Hf ( References)

[ 1] Zhang Y R,Gong Z N,Gong H L,Zhao W J. Investigating the dynamics of wetland landscape pattern in Beijing from 1984 to 2008. Journal of
Geographical Sciences,2011,21(5) : 845-858.

(2] BRHR BUGM 206 a5 8 BRI AL AR k)1 1 ,2002,24(3) ; 254-259.

[ 3] LiuY,Liu G H,Xiong Z Q,Liu W Z. Response of greenhouse gas emissions from three types of wetland soils to simulated temperature change on the
Qinghai-Tibetan Plateau. Atmospheric Environment,2017,171; 17-24.

(4] THate, BB, 75580 R 5 XA S NS . BAFSE ,2011,30(12) ; 2289-2295.

[ 5] T, 200, T, B3, i 40 4FoR 3 i 5L A S JE { i R G i sl A7 4. M PR 4e ,2007,62(5) : 481-491.

[ 6] Demarquet Q,Rapinel S, Dufour S, Hubert-Moy L. Long-term wetland monitoring using the landsat archive; a review. Remote Sensing,2023,15
(3): 820.

[ 7] Jin HR,Huang C Q,Lang M W,Yeo I Y,Stehman S V. Monitoring of wetland inundation dynamics in the Delmarva Peninsula using Landsat time-
series imagery from 1985 to 2011. Remote Sensing of Environment,2017,190: 26-41.

[ 81 Toyri J,Pietroniro A, Martz L. W, Prowse T D. A multi-sensor approach to wetland flood monitoring. Hydrological Processes, 2002, 16 (8) :
1569-1581.

[9] Mui A,He Y H,Weng Q H. An object-based approach to delineate wetlands across landscapes of varied disturbance with high spatial resolution
satellite imagery. ISPRS Journal of Photogrammetry and Remote Sensing,2015,109: 30-46.

[10] Tulbure M G,Broich M, Stehman S V, Kommareddy A. Surface water extent dynamics from three decades of seasonally continuous Landsat time
series at subcontinental scale in a semi-arid region. Remote Sensing of Environment,2016,178; 142-157.

[11] Pereira O J R, Melfi A J, Montes C R. Image fusion of Sentinel-2 and CBERS-4 satellites for mapping soil cover in the Wetlands of Pantanal.
International Journal of Image and Data Fusion,2017,8(2) . 148-172.

[12] LuM,Wu W B, Zhang L,Liao A P,Peng S,Tang H J. A comparative analysis of five global cropland datasets in China. Science China Earth
Sciences,2016,59(12) : 2307-2317.

[13] Zhang B,Niu Z G,Zhang D Q,Huo X L. Dynamic changes and driving forces of alpine wetlands on the Qinghai-Tibetan Plateau based on long-term
time series satellite data; a case study in the Gansu Maqu wetlands. Remote Sensing,2022,14(17) . 4147.

[14] BaiJH,Lu Q Q,Wang J J,Zhao Q Q, Ouyang H,Deng W,Li A N. Landscape pattern evolution processes of alpine wetlands and their driving
factors in the Zoige Plateau of China. Journal of Mountain Science,2013,10(1) : 54-67.

(15] SR, w357, 2Roude X0, BROEmS , v Jap ik, SRR M. 57 585 J A 0 o5 9 R 2l A5 2 A B FEBR B R R A2 . oall “# 41, 2020,
29(1): 13-27.

http ; //www.ecologica.cn



3698 JAE = 45 4

[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]

[41]

[42]

[43]

[44]

[45]

BEHT, BB, SRR XA MR LA BOK ST FE LRI, K BLE i, 2018,29(5) « 737-749.

TAR, S, XA, RO ET M58 R, 8 AR 50 AT, 2003,18(5) « 332-338.

Zhang Y ,Wang G X, Wang Y B. Changes in alpine wetland ecosystems of the Qinghai-Tibetan Plateau from 1967 to 2004. Environmental Monitoring
and Assessment,2011,180(1/2/3/4) : 189-199.

Zhang X J,Wang G Q,Xue B L,Zhang M X, Tan Z X. Dynamic landscapes and the driving forces in the Yellow River Delta wetland region in the
past four decades. Science of the Total Environment,2021,787 . 147644.

Li Y X,Liu D P,Li T X,Fu Q,Liu D,Hou R J,Meng F X,Li M,Li Q L. Responses of spring soil moisture of different land use types to snow cover
in Northeast China under climate change background. Journal of Hydrology,2022,608; 127610.

Edwards A C,Scalenghe R, Freppaz M. Changes in the seasonal snow cover of alpine regions and its effect on soil processes: a review. Quaternary
International ,2007,162 . 172-181.

Thackeray C, Fletcher C. Snow albedo feedback: Current knowledge, importance, outstanding issues and future directions. Progress in Physical
Geography,2016,40(3) . 392-408.

B BRod e, B RENAR, PR R, IR TE, EACH]. 5 0 0 A i ) b A WLBR L AN A RRAE. A= AR, 2014,34(2)
482-490.

Wang X L, Liang T G,Xie H J,Huang X D,Lin H L. Climate-driven changes in grassland vegetation, snow cover, and lake water of the Qinghai Lake
basin. Journal of Applied Remote Sensing,2016,10(3) : 036017.

Han Y L,Yu D Y,Chen K L. Evolution and prediction of landscape patterns in the Qinghai lake basin. Land,2021,10(9) ; 921.

MEFAEE, SRAERN , B0 7, KRR . B T AR 25 R G0 I 55 100 7 96 90 D 3ol A 25 U, DA B L 2 i) S J0 P i PR 38 437 AR 25 25 4, 2024, 44
(12) . 4973-4986.

Zhang N,Chen K L, Wang S Y,Qi D S,Zhou Z Y,Xie C Y, Liu X J. Dynamic response of the cbbL carbon sequestration microbial community to
wetland type in Qinghai Lake. Biology,2023,12(12) ; 1503.

WREEER , 2000 5 1) b DA A S o A LA . ) A 35 2 5 A 23R, 1993,17 (1) : 71-81.

Wang L., Mao X,Song X H,Tang W J,Wang W Y,Yu H Y,Deng Y H,Zhang Z P ,Zhang Z J,Zhou H K. How rising water levels altered ecosystem
provisioning services of the area around Qinghai Lake from 2000 to 2020; an InVEST-RF-GTWR combined method. Land,2022,11(9) :1570.
Beck H E,Wood E F,Pan M, Fisher C K, Miralles D G,van Dijk A TJ M,McVicar T R, Adler R F. MSWEP V2 global 3-hourly 0.1° precipitation ;
methodology and quantitative assessment. Bulletin of the American Meteorological Society,2019,100(3) : 473-500.

Ye L Z,Xiao P F,Zhang X L,Feng X Z,Hu R,Ma W,Li H X,Song Y N,Ma T Y. Evaluating snow bidirectional reflectance of models using
multiangle remote sensing data and field measurements. IEEE Geoscience and Remote Sensing Letters,2022,19; 1-5.

Semeniuk C A,Semeniuk V. A geomorphic approach to global classification for inland wetlands. Vegetatio, 1995,118( 1) : 103-124.

APRIE L FORAL, TRAR R, kB AR AT R T R R A AR A R G R AR . BT R B SR AR A ST IR, 2024, 20 (5)
509-518.

Zhang Y L,Wang C L,Bai W Q,Wang Z F,Tu Y L, Yangjaen D G. Alpine wetlands in the Lhasa River Basin, China. Journal of Geographical
Sciences,2010,20(3) : 375-388.

Yan X, Niu Z G. Reliability evaluation and migration of wetland samples. IEEE Journal of Selected Topics in Applied Earth Observations and
Remote Sensing,2021,14; 8089-8099.

Breiman L. Random forests. Machine learning,2001,45. 5-32.

SRR T RS, AARAS I 5 A Sl 0] 7 8 e B ) A S R . AR AR ,2023,43(6) ¢ 2180-2193.

Yang G Q,Zhang M,Xle ZH,LiJY,MaM G,Lai P Y,Wang J B. Quantifying the contributions of climate change and human activities to water
volume in lake Qinghai, China. Remote Sensing,2021,14(1): 99.

Dong H M,Song Y G,Zhang M S. Hydrological trend of Qinghai lake over the last 60 years: driven by climate variations or human activities? Journal
of Water and Climate Change,2019,10(3) ; 524-534.

Davidson N C. How much wetland has the world lost? Long-term and recent trends in global wetland area. Marine and Freshwater Research,2014,
65(10) : 934.

Niu Z G,Zhang H'Y ,Wang X W,Yao W B,Zhou D M,Zhao K Y,Zhao H,Li N N,Huang H B,Li C C,Yang J,Liu C X,Liu S,Wang L,Li Z, Yang
7 7,Qiao F,Zheng Y M,Chen Y L,Sheng Y W,Gao X H,Zhu W H, Wang W Q,Wang H, Weng Y L,Zhuang D F,Liu J Y,Luo Z C, Cheng X, Guo
7 Q,Gong P. Mapping wetland changes in China between 1978 and 2008. Chinese Science Bulletin,2012,57(22) ; 2813-2823.

Zheng Y ,Liu HM,Zhuo Y,Li Z Y, Liang C Z,Wang L X. Dynamic changes and driving factors of wetlands in Inner Mongolia Plateau , China. PLoS
One,2019,14(8) : €0221177.

Cao S K,Cao G C,Feng Q,Han G Z,Lin Y Y, Yuan J,Wu F T,Cheng S Y. Alpine wetland ecosystem carbon sink and its controls at the Qinghai
Lake. Environmental Earth Sciences,2017,76(5) : 210.

Gong P,Niu Z G,Cheng X,Zhao K Y,Zhou D M,Guo J H, Liang L, Wang X F,Li D D,Huang H B, Wang Y, Wang K,Li W N, Wang X W, Ying
Q,Yang ZZ,Ye Y F,Li Z,Zhuang D F,Chi Y B,Zhou H Z, Yan J. China's wetland change (1990—2000) determined by remote sensing. Science
China Earth Sciences,2010,53(7) : 1036-1042.

Chen J, Chen L J,Chen F,Ban Y F,Li S N, Han G, Tong X H, Liu C, Stamenova V, Stamenov S. Collaborative validation of GlobelLand30:

http ; //www.ecologica.cn



8

WStz A e P AR O o 1 AU A B R M D 3R 3699

[46]

[47]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]

[65]

[66]

methodology and practices. Geo-spatial Information Science,2021,24(1); 134-144.

Zhang X,Liu L Y,Zhao T T,Wang J Q,Liu W D,Chen X D. Global annual wetland dataset at 30 m with a fine classification system from 2000 to
2022. Scientific Data,2024,11(1) . 310.

Mao D H,Wang Z M,Du B J,Li L, Tian Y L,Jia M M,Zeng Y,Song K S, Jiang M, Wang Y Q. National wetland mapping in China: a new product
resulting from object-based and hierarchical classification of landsat 8 OLI images. ISPRS Journal of Photogrammetry and Remote Sensing,2020,
164 11-25.

Pan T,Hou S,Liu Y J,Tan Q H,Liu Y H,Gao X F. Influence of degradation on soil water availability in an alpine swamp meadow on the eastern
edge of the Tibetan Plateau. Science of the Total Environment,2020,722; 137677.

Yang W,Zhao J X,Qu G P,Li R C,Wu G L. The drought-induced succession decreased ecosystem multifunctionality of alpine swamp meadow.
CATENA ,2023,231; 107358.

Wang H, Yu L F,Chen L T,Zhang Z H,Li X F, Liang N S, Peng C H,He J S. Carbon fluxes and soil carbon dynamics along a gradient of
biogeomorphic succession in alpine wetlands of Tibetan Plateau. Fundamental Research,2023,3(2) . 151-159.

Guo D,Zhang H'Y ,Hou G L,Zhao J J,Liu D Y,Guo X Y. Topographic controls on alpine treeline patterns on Changbai Mountain, China. Journal of
Mountain Science,2014,11(2) : 429-441.

Wang C Y,Wang J N, Naudiyal N, Wu N N, Cui X, Wei Y Q,Chen Q T. Multiple effects of topographic factors on spatio-temporal variations of
vegetation patterns in the three parallel rivers region,southeast Qinghai-Tibet plateau. Remote Sensing,2021,14(1) . 151.

Pan Y H,Wang Y,Zheng S J,Huete A R,Shen M G,Zhang X Y ,Huang J F,He G J,Yu L,Xu X Y, Xie Q Y,Peng D L. Characteristics of greening
along altitudinal gradients on the Qinghai-Tibet Plateau based on time-series landsat images. Remote Sensing,2022,14(10) . 2408.

Che T,Hao X H,Dai L Y,Li H Y,Huang X D, Xiao L. Snow cover variation and its impacts over the Qinghai-Tibet Plateau. Bulletin of Chinese
Academy of Sciences (Chinese Version) ,2019,34(11) . 1247-1253.

You Q L,Cai Z Y,Pepin N,Chen D L, Ahrens B, Jiang Z H,Wu F Y ,Kang S C,Zhang R N,Wu T H,Wang P L,Li M C,Zuo Z Y,Gao Y H,Zhai
P M,Zhang Y Q. Warming amplification over the Arctic pole and third pole: trends, mechanisms and consequences. Earth-Science Reviews,2021,
217 103625.

Wang X Y, Wu C Y,Peng D L, Gonsamo A, Liu Z J. Snow cover phenology affects alpine vegetation growth dynamics on the Tibetan Plateau:
satellite observed evidence ,impacts of different biomes,and climate drivers. Agricultural and Forest Meteorology,2018,256: 61-74.

Wissinger S A, Oertli B, Rosset V. Invertebrate communities of alpine ponds//Invertebrates in Freshwater Wetlands. Cham: Springer International
Publishing, 2016 55-103.

Wang X F,Li Z X,Xiao J F,Zhu G F,Tan J L,Zhang Y,Ge Y C,Che T. Snow cover duration delays spring green-up in the Northern Hemisphere
the most for grasslands. Agricultural and Forest Meteorology ,2024,355. 110130.

Salimi S, Almuktar S A A A N, Scholz M. Impact of climate change on wetland ecosystems; a critical review of experimental wetlands. Journal of
Environmental Management,2021,286. 112160.

Li Y,Hou Z,Zhang L. Q,Qu Y,Zhou G Q,Lin J T,Li J] W,Huang K. Long-term spatio-temporal changes of wetlands in Tibetan Plateau and their
response to climate change. International Journal of Applied Earth Observation and Geoinformation,2023,121; 103351.

Shen X J,Shen M G, Wu C Y, Pefiuelas J, Ciais P,Zhang J Q,Freeman C,Palmer P I,Liu B H, Henderson M,Song Z L.,Sun S B,Lu X G, Jiang M.
Critical role of water conditions in the responses of autumn phenology of marsh wetlands to climate change on the Tibetan Plateau. Global Change
Biology,2024,30( 1) : €17097.

Liu Q H,Zhang Y L,Liu L S,Wang Z F,Nie Y,Rai M K. A novel Landsat-based automated mapping of marsh wetland in the headwaters of the
Brahmaputra , Ganges and Indus Rivers, southwestern Tibetan Plateau. International Journal of Applied Earth Observation and Geoinformation,2021,
103 102481.

Gallant A. The challenges of remote monitoring of wetlands. Remote Sensing,2015,7(8) : 10938-10950.

Deng X Y,Wu L X,He C J,Shao H Y. Study on spatiotemporal variation pattern of vegetation coverage on Qinghai-Tibet Plateau and the analysis of
its climate driving factors. International Journal of Environmental Research and Public Health,2022,19(14) . 8836.

Phan T N,Kuch V,Lehnert . W. Land cover classification using google earth engine and random forest classifier—the role of image composition.
Remote Sensing,2020,12(15) ; 2411.

W 2R, XUR AL, AT, S0 A FIDGS A SAR I B 4 /R i M AR A 7 28 A8 AR . S o4l , 2023,27(6) ¢ 1414-1425.

http ; //www.ecologica.cn



