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Figure 1 The spatial distribution of the treeline sites of different tree species over the Tibetan Plateau (a) and their upward shifts of the treeline

position during the past 100 years (b)
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Figure 2 The spatial distribution of the experiment sites of warming and nitrogen addition over the Tibetan Plateau (a), and the impacts of warming
and nitrogen addition on the species richness of the alpine grassland (b). The species richness response ratio is the ratio between the species richness of

the treatment experiment against that of the control experiment
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Figure 3 The trends in net primary production (NPP) over the Tibetan Plateau (a) and the sensitivity of above-ground grassland productivity to
temperature change (b). The trends of NPP are estimated from multiple sources of data including in situ observations at Haibei station, estimations from
process-based ecosystem model (TEM model) and model simulations driven by remote sensing datasets (GIMMS3g and MODIS NDVI). The markers
** % and ° illustrate the significance level at P < 0.01, P< 0.05 and P< 0.10. The inset of (b) shows the spatial pattern of the gross primary production
(GPP) over Tibetan Plateau (Data sources: Yao et al.[ssl)
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Table 1 The soil organic carbon stock over Tibetan Plateau estimated
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Figure 4 The conceptual framework of the feedback of Tibetan Plateau vegetation changes to climate change. The light and dark green of Tibetan
Plateau represent the browning (a) and greening (b) of alpine vegetation, respectively. The arrows beside the variable show increase (green, upward) or
decrease (red, downward) of the variable; the arrows between variables show the positive (green) and negative (red) feedback loops. The thickness of the
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High (WPSH), or anticyclone. The dashed ovals illustrate the spatial position of climatological SAHP, WPSH or anticyclone, and the solid ovals show
that Tibetan vegetation induced changes in positions of SAHP, WPSH or anticyclone. The two blue curves over the Tibetan plateau represent the Yellow

River and Yangtze River, respectively

2849



M4 Z 0 B 200598 Hoess H271H

it

RPN

1

10

19
20

21

22
23

24

2850

RETFERFREFRGTREARFTOANAEL, TEEE L, LR RFRTETEFROGBE L, RAEHLAS
Tt 72 o B A Bl

Sun H L, Zheng D, Yao T D, et al. Protection and construction of the National Ecological Security Shelter Zone on Tibetan Plateau (in Chinese).
Acta Geogr Sin, 2012, 67: 3—12 [FMBE, KB, BRI, S5 e 5 B R AES L LR SE. B2, 2012, 67: 3-12]

Chen D L, Xu B Q, Yao T D, et al. Assessment of past, present and future environmental changes on the Tibetan Plateau (in Chinese). Chin Sci
Bull, 2015, 60: 30253035 [Bff&ss, 10T, WHEAR, 45 35000 IR AL LRI AP0 1 250 B7E Sk, BH#IHE, 2015, 60: 3025-3035]
Yao T. Tackling on environmental changes in Tibetan Plateau with focus on water, ecosystem and adaptation. Sci Bull, 2019, 64: 417

Li W H. An overview of ecological research conducted on the Qinghai-Tibetan Plateau (in Chinese). J Resour Ecol, 2017, 8: 1—4 [Z=3(1E. FH
o AR AR RIS A IR B R 2R RS AR SRR, 2017, 8: 1-4]

Sun HL, LiuD S, Cheng G D, et al. Comment on the research of Qinghai-Tibet Plateau in China (in Chinese). Bull Chin Acad Sci, 1997, 4: 283—
285 [FMEN, XUAT, FREME, 55, X HREFER AT RITR. T EBEBBE T, 1997, 4: 283-285]

Chen X, An S, Inouye D W, et al. Temperature and snowfall trigger alpine vegetation green-up on the world’s roof. Glob Change Biol, 2015, 21:
3635-3646

Qi RY, Wang Q L, Shen H Y. Analysis of phenological-phase variation of herbage plants over Qinghai and impact of meteorological conditions
(in Chinese). Meteorol Sci Technol, 2006, 34: 306—310 [fFUN3%, 5 2%, HLTHL. FHI R AEY Y A 54 o0, R RHE,
2006, 34: 306—-310]

LiHM,MaY S, Wang Y L. Influences of climate warming on plant phenology in Qinghai Plateau (in Chinese). J Appl Meteorol Sci, 2010, 21:
500-505 [ZFLTM, DEFR, FEETE. SMRALNE R 51 5 S DR Py el 2. R 2F44R, 2010, 21: 500-505]

Piao S, Liu Q, Chen A, et al. Plant phenology and global climate change: Current progresses and challenges. Glob Change Biol, 2019, 25: 1922—
1940

Yu H, Luedeling E, Xu J. Winter and spring warming result in delayed spring phenology on the Tibetan Plateau. Proc Natl Acad Sci USA, 2010,
107: 2215122156

Piao S L, Cui M, Chen A, et al. Altitude and temperature dependence of change in the spring vegetation green-up date from 1982 to 2006 in the
Qinghai-Xizang Plateau. Agric For Meteorol, 2011, 151: 1599—-1608

Ding M, Li L, Zhang Y, et al. Start of vegetation growing season on the Tibetan Plateau inferred from multiple methods based on GIMMS and
SPOT NDVI data. J Geophys Sci, 2015, 25: 131-148

Zhang G, Zhang Y, Dong J, et al. Green-up dates in the Tibetan Plateau have continuously advanced from 1982 to 2011. Proc Natl Acad Sci USA,
2011, 110: 4309-4314

Shen M, Sun Z, Wang S, et al. No evidence of continuously advanced green-up dates in the Tibetan Plateau over the last decade. Proc Natl Acad
Sci USA, 2013, 110: E2329

Wang T, Peng S, Lin X, et al. Declining snow cover may affect spring phenological trend on the Tibetan Plateau. Proc Natl Acad Sci USA, 2013,
110: E2854-E2855

Shen M G, Zhang G, Cong N, et al. Increasing altitudinal gradient of spring vegetation phenology during the last decade on the Qinghai-Tibetan
Plateau. Agric For Meteorol, 2014, 180-189: 70—81

Piao S, Fang J, Zhou L, et al. Variations in satellite-derived phenology in China’s temperate vegetation. Glob Change Biol, 2006, 12: 672-685
Wang T, Ottlé C, Peng S, et al. The influence of local spring temperature variance on temperature sensitivity of spring phenology. Glob Change
Biol, 2014, 20: 1473-1480

Piao S, Tan J, Chen A, et al. Leaf onset in the northern hemisphere triggered by daytime temperature. Nat Commun, 2015, 6: 6911

Shen M, Piao S, Chen X, et al. Strong impacts of daily minimum temperature on the green-up date and summer greenness of the Tibetan Plateau.
Glob Change Biol, 2016, 22: 3057-3066

Cong N, Shen M, Piao S, et al. Little change in heat requirement for vegetation green-up on the Tibetan Plateau over the warming period of 1998—
2012. Agric For Meteorol, 2017, 232: 650-658

Li R, Luo T, Mélg T, et al. Leaf unfolding of Tibetan alpine meadows captures the arrival of monsoon rainfall. Sci Rep, 2016, 6: 20985
Dorji T, Totland O, Moe S R, et al. Plant functional traits mediate reproductive phenology and success in response to experimental warming and
snow addition in Tibet. Glob Change Biol, 2013, 19: 459472

Wang X, Wang T, Guo H, et al. Disentangling the mechanisms behind winter snow impact on vegetation activity in northern ecosystems. Glob


https://doi.org/10.1016/j.scib.2019.03.033
https://doi.org/10.1111/gcb.12954
https://doi.org/10.1111/gcb.14619
https://doi.org/10.1073/pnas.1012490107
https://doi.org/10.1073/pnas.1210423110
https://doi.org/10.1073/pnas.1304625110
https://doi.org/10.1073/pnas.1304625110
https://doi.org/10.1073/pnas.1306157110
https://doi.org/10.1111/j.1365-2486.2006.01123.x
https://doi.org/10.1111/gcb.12509
https://doi.org/10.1111/gcb.12509
https://doi.org/10.1038/ncomms7911
https://doi.org/10.1111/gcb.13301
https://doi.org/10.1016/j.agrformet.2016.10.021
https://doi.org/10.1038/srep20985
https://doi.org/10.1111/gcb.12059
https://doi.org/10.1111/gcb.13930

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

40

41
42

43

44

45
46

47

48

49

50

51
52

Change Biol, 2018, 24: 1651-1662

Liang E, Wang Y, Piao S, et al. Species interactions slow warming-induced upward shifts of treelines on the Tibetan Plateau. Proc Natl Acad Sci
USA, 2016, 113: 43804385

Gou X, Zhang F, Deng Y, et al. Patterns and dynamics of tree-line response to climate change in the eastern Qilian Mountains, northwestern
China. Dendrochronologia, 2012, 30: 121-126

Lyu L, Zhang Q B, Deng X, et al. Fine-scale distribution of treeline trees and the nurse plant facilitation on the eastern Tibetan Plateau. Ecol
Indicators, 2016, 66: 251-258

Liang E, Wang Y, Eckstein D, et al. Little change in the fir tree-line position on the southeastern Tibetan Plateau after 200 years of warming. New
Phytol, 2011, 190: 760769

Baker B B, Moseley R K. Advancing treeline and retreating glaciers: Implications for conservation in Yunnan, P.R. China. Arctic Antarctic Alpine
Res, 2007, 39: 200-209

Wang Y, Case B, Lu X, et al. Fire facilitates warming-induced upward shifts of alpine treelines by altering interspecific interactions. Trees-Struct
Funct, 2019, 33: 1051-1061

Sigdel S R, Wang Y, Camarero J J, et al. Moisture-mediated responsiveness of treeline shifts to global warming in the Himalayas. Glob Change
Biol, 2018, 24: 5549-5559

Liang E, Dawadi B, Pederson N, et al. Is the growth of birch at the upper timberline in the Himalayas limited by moisture or by temperature?
Ecology, 2014, 95: 2453-2465

Liang E, Liu W, Ren P, et al. The alpine dwarf shrub Cassiope fastigiata in the Himalayas: Does it reflect site-specific climatic signals in its
annual growth rings? Trees, 2015, 29: 79—-86

Wang Y F, Liang E Y. Research advances in disturbance and ecological processes of the treeline ecotone (in Chinese). Chin Sci Bull, 2019, 64:
17111721 [FE W4, BRI, THIE A R AT . Bl2E g, 2019, 64: 1711-1721]

Wang Y, Sylvester S P, Lu X, et al. The stability of spruce treelines on the eastern Tibetan Plateau over the last century is explained by pastoral
disturbance. For Ecol Manag, 2019, 442: 34—45

Sala O E, Chapin F S, Armesto J J, et al. Global biodiversity scenarios for the year 2100. Science, 2000, 287: 1770-1774

Klein J A, Harte J, Zhao X Q. Experimental warming causes large and rapid species loss, dampened by simulated grazing, on the Tibetan Plateau.
Ecol Lett, 2004, 7: 1170-1179

Wang S, Duan J, Xu G, et al. Effects of warming and grazing on soil N availability, species composition, and ANPP in an alpine meadow.
Ecology, 2012, 93: 2365-2376

Wang Q, Zhang Z, Du R, et al. Richness of plant communities plays a larger role than climate in determining responses of species richness to
climate change. J Ecol, 2019, 107: 1944-1955

Thompson L G, Yao T, Mosley-Thompson E, et al. A high-resolution millennial record of the South Asian Monsoon from Himalayan ice cores.
Science, 2000, 289: 1916-1919

Zhao H, Xu B, Yao T, et al. Records of sulfate and nitrate in an ice core from Mount Muztagata, central Asia. ] Geophys Res, 2011, 116: D13304
Lovett G M, Goodale C L. A new conceptual model of nitrogen saturation based on experimental nitrogen addition to an oak forest. Ecosystems,
2011, 14: 615-631

Clark C M, Cleland E E, Collins S L, et al. Environmental and plant community determinants of species loss following nitrogen enrichment. Ecol
Lett, 2007, 10: 596-607

Suding K N, Collins S L, Gough L, et al. Functional- and abundance-based mechanisms explain diversity loss due to N fertilization. Proc Natl
Acad Sci USA, 2005, 102: 4387-4392

Hautier Y, Niklaus P A, Hector A. Competition for light causes plant biodiversity loss after eutrophication. Science, 2009, 324: 636-638
Borer E T, Seabloom E W, Gruner D S, et al. Herbivores and nutrients control grassland plant diversity via light limitation. Nature, 2014, 508:
517-520

de Graaff M A, Classen A T, Castro H F, et al. Labile soil carbon inputs mediate the soil microbial community composition and plant residue
decomposition rates. New Phytol, 2010, 188: 1055-1064

McClean C J, Berg L J L, Ashmore M R, et al. Atmospheric nitrogen deposition explains patterns of plant species loss. Glob Change Biol, 2011,
17: 2882-2892

Yang X, Yang Z, Tan J, et al. Nitrogen fertilization, not water addition, alters plant phylogenetic community structure in a semi-arid steppe. J Ecol,
2018, 106: 991-1000

Fu G, Shen Z X. Response of alpine plants to nitrogen addition on the Tibetan Plateau: A meta-analysis. J Plant Growth Regul, 2016, 35: 974-979
Zong N, Shi P, Song M, et al. Nitrogen critical loads for an alpine meadow ecosystem on the Tibetan Plateau. Environ Manage, 2016, 57: 531-542

Wang F, Shi G, Nicholas O, et al. Ecosystem nitrogen retention is regulated by plant community trait interactions with nutrient status in an alpine

2851


https://doi.org/10.1111/gcb.13930
https://doi.org/10.1073/pnas.1520582113
https://doi.org/10.1073/pnas.1520582113
https://doi.org/10.1016/j.dendro.2011.05.002
https://doi.org/10.1016/j.ecolind.2016.01.041
https://doi.org/10.1016/j.ecolind.2016.01.041
https://doi.org/10.1111/j.1469-8137.2010.03623.x
https://doi.org/10.1111/j.1469-8137.2010.03623.x
https://doi.org/10.1657/1523-0430(2007)39[200:ATARGI]2.0.CO;2
https://doi.org/10.1657/1523-0430(2007)39[200:ATARGI]2.0.CO;2
https://doi.org/10.1111/gcb.14428
https://doi.org/10.1111/gcb.14428
https://doi.org/10.1360/N972018-01273
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1111/j.1461-0248.2004.00677.x
https://doi.org/10.1890/11-1408.1
https://doi.org/10.1111/1365-2745.13148
https://doi.org/10.1126/science.289.5486.1916
https://doi.org/10.1029/2011JD015735
https://doi.org/10.1007/s10021-011-9432-z
https://doi.org/10.1111/j.1461-0248.2007.01053.x
https://doi.org/10.1111/j.1461-0248.2007.01053.x
https://doi.org/10.1073/pnas.0408648102
https://doi.org/10.1073/pnas.0408648102
https://doi.org/10.1126/science.1169640
https://doi.org/10.1038/nature13144
https://doi.org/10.1111/j.1469-8137.2010.03427.x
https://doi.org/10.1111/j.1365-2486.2011.02462.x
https://doi.org/10.1111/1365-2745.12893
https://doi.org/10.1007/s00344-016-9595-0
https://doi.org/10.1007/s00267-015-0626-6

M4 Z 0 B 200598 Hoess H271H

53

54

55

56

57

58

59

60
61

62

63

64

65

66

67

68

69

70

71

72
73

74

75

76

71

78

79

2852

meadow. J Ecol, 2018, 106: 15701581

Piao S, Fang J, He J. Variations in vegetation net primary production in the Qinghai-Xizang Plateau, China, from 1982 to 1999. Clim Change,
1999, 74: 253-267

Zhang X Z, Yang Y P, Piao S L, et al. Ecological change on the Tibetan Plateau (in Chinese). Chin Sci Bull, 2015, 60: 3048—3056 [#K55M, #7k
S, AR, SE. TGRSR AL, BlaEi R, 2015, 60: 3048—3056]

Zhang L, Guo H D, Wang C Z, et al. The long-term trends (1982-2006) in vegetation greenness of the alpine ecosystem in the Qinghai-Tibetan
Plateau. Environ Earth Sci, 2014, 72: 1827-1841

Yao Y, Li Z, Wang T, et al. A new estimation of China’s net ecosystem productivity based on eddy covariance measurements and a model tree
ensemble approach. Agric For Meteorol, 2018, 253: 84-93

Zhu Z, Piao S, Myneni R B, et al. Greening of the Earth and its drivers. Nat Clim Change, 2016, 6: 791-795

Huang M, Piao S, Ciais P, et al. Air temperature optima of vegetation productivity across global biomes. Nat Ecol Evol, 2019, 3: 772-779
Fu G, Zhang X, Zhang Y, et al. Experimental warming does not enhance gross primary production and above-ground biomass in the alpine
meadow of Tibet. J Appl Remote Sens, 2013, 7: 073505

Ding J, Chen L, Ji C, et al. Decadal soil carbon accumulation across Tibetan permafrost regions. Nat Geosci, 2017, 10: 420-424

Shi Y, Baumann F, Ma Y, et al. Organic and inorganic carbon in the topsoil of the Mongolian and Tibetan grasslands: Pattern, control and
implications. Biogeosciences, 2012, 9: 2287-2299

Yang Y, Fang J, Smith P, et al. Changes in topsoil carbon stock in the Tibetan grasslands between the 1980s and 2004. Glob Change Biol, 2004,
15: 2723-2729

Wang G X, Qian J, Cheng G D, et al. Soil organic carbon pool of grassland soils on the Qinghai-Tibetan Plateau and its global implication. Sci
Total Environ, 2002, 291: 207-217

Yang Y, Fang J, Tang Y, et al. Storage, patterns and controls of soil organic carbon in the Tibetan grasslands. Glob Change Biol, 2008, 14: 1592—
1599

Wu X, Zhao L, Chen M, et al. Soil organic carbon and its relationship to vegetation communities and soil properties in permafrost areas of the
central western Qinghai-Tibet Plateau, China. Permafr Periglac Process, 2012, 23: 162-169

Mu C, Zhang T, Wu Q, et al. Editorial: Organic carbon pools in permafrost regions on the Qinghai-Xizang (Tibetan) Plateau. Cryosphere, 2015, 9:
479-486

Ding J, Li F, Yang G, et al. The permafrost carbon inventory on the Tibetan Plateau: A new evaluation using deep sediment cores. Glob Change
Biol, 2016, 22: 2688-2701

Zhao L, Wu X, Wang Z, et al. Soil organic carbon and total nitrogen pools in permafrost zones of the Qinghai-Tibetan Plateau. Sci Rep, 2018, 8:
3656

Zhang T, Barry R G, Knowles K, et al. Statistics and characteristics of permafrost and ground-ice distribution in the Northern Hemisphere. Polar
Geogr, 1999, 23: 132-154

Yang M, Nelson F E, Shiklomanov N I, et al. Permafrost degradation and its environmental effects on the Tibetan Plateau: A review of recent
research. Earth-Sci Rev, 2010, 103: 31-44

Hugelius G, Strauss J, Zubrzycki S, et al. Estimated stocks of circumpolar permafrost carbon with quantified uncertainty ranges and identified
data gaps. Biogeosciences, 2014, 11: 6573-6593

Piao S, Fang J, Ciais P, et al. The carbon balance of terrestrial ecosystems in China. Nature, 2009, 458: 1009-1013

Kato T, Tang Y, Gu S, et al. Temperature and biomass influences on interannual changes in CO, exchange in an alpine meadow on the Qinghai-
Tibetan Plateau. Glob Change Biol, 2006, 12: 1285-1298

Li H, Zhang F, Li Y, et al. Seasonal and inter-annual variations in CO, fluxes over 10 years in an alpine shrubland on the Qinghai-Tibetan Plateau,
China. Agric For Meteorol, 2016, 228-229: 95-103

Chen L, Jing X, Flynn D F B, et al. Changes of carbon stocks in alpine grassland soils from 2002 to 2011 on the Tibetan Plateau and their climatic
causes. Geoderma, 2017, 288: 166—174

Jin Z, Zhuang Q, He J S, et al. Net exchanges of methane and carbon dioxide on the Qinghai-Tibetan Plateau from 1979 to 2100. Environ Res
Lett, 2100, 10: 085007

Cao H, Zhao X, Wang S, et al. Grazing intensifies degradation of a Tibetan Plateau alpine meadow through plant-pest interaction. Ecol Evol,
2015, 5: 2478-2486

Du M, Li Y, Zhang F, et al. Recent changes of climate and livestock productions on the Tibetan Plateau and in situ observations of NEE. J Arid
Land Stud, 2018, 28: 139-142

Hopping K A, Knapp A K, Dorji T, et al. Warming and land use change concurrently erode ecosystem services in Tibet. Glob Change Biol, 2018,
24: 5534-5548


https://doi.org/10.1111/1365-2745.12924
https://doi.org/10.1007/s10584-005-6339-8
https://doi.org/10.1007/s12665-014-3092-1
https://doi.org/10.1038/nclimate2879
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1038/s41559-019-0838-x
https://doi.org/10.1117/1.JRS.7.073505
https://doi.org/10.1038/ngeo2945
https://doi.org/10.5194/bg-9-2287-2012
https://doi.org/10.1111/j.1365-2486.2009.01924.x
https://doi.org/10.1016/S0048-9697(01)01100-7
https://doi.org/10.1016/S0048-9697(01)01100-7
https://doi.org/10.1111/j.1365-2486.2008.01591.x
https://doi.org/10.1002/ppp.1740
https://doi.org/10.5194/tc-9-479-2015
https://doi.org/10.1111/gcb.13257
https://doi.org/10.1111/gcb.13257
https://doi.org/10.1038/s41598-018-22024-2
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1016/j.earscirev.2010.07.002
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1038/nature07944
https://doi.org/10.1111/j.1365-2486.2006.01153.x
https://doi.org/10.1088/1748-9326/10/8/085007
https://doi.org/10.1088/1748-9326/10/8/085007
https://doi.org/10.1002/ece3.1537
https://doi.org/10.1111/gcb.14417

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96
97

98

99
100

101

102

103

104

105

106

Ganjurjav H, Hu G, Wan Y, et al. Different responses of ecosystem carbon exchange to warming in three types of alpine grassland on the central
Qinghai-Tibetan Plateau. Ecol Evol, 2017, 8: 1507-1520

Tan K, Ciais P, Piao S L, et al. Application of the ORCHIDEE global vegetation model to evaluate biomass and soil carbon stocks of Qinghai-
Tibetan grasslands. Glob Biogeochem Cycle, 2010, 24: GB1013

Zhao L, Li R, Ding Y J, et al. Soil thermal status of Tibetan Plateau from 1977 to 2006 (in Chinese). Adv Clim Change Res, 2011, 7: 307-315 [#X
M, 2, TR, A 5 R IR 1977-20064F T EHCIRULITSY. SURALILIT SRR, 2011, 7: 307-315]

Li R, Zhao L, Ding Y J, et al. Temporal and spatial variations of the active layer along the Qinghai-Tibet Highway in a permafrost region (in
Chinese). Chin Sci Bull, 2012, 57: 2864—2871 [Z=4], ¥4k, Tk #:, 45, FMA BT 2R + XIS 2 38200 K X 322 ASAE. Bl2FE
i, 2012, 57: 2864-2871]

Liu F, Chen L, Abbott B W, et al. Reduced quantity and quality of SOM along a thaw sequence on the Tibetan Plateau. Environ Res Lett, 2018,
13: 104017

Wang G X, Hu H C, Wang Y B, et al. Response of alpine cold ecosystem biomass to climate changes in permafrost regions of the Tibetan Plateau
(in Chinese). J Glaciol Geocryol, 2007, 29: 671—679 [ AR, A% B, £ —H, &5, 7578 5 224 7R 4 X SR 2y 96 0 A i xS AR Fh iy
MR, vk, 2007, 29: 671-679]

Charney J, Quirk W J, Chow S H, et al. A comparative study of the effects of albedo change on drought in semi-arid regions. J Atmos Sci, 1977,
34: 1366-1385

Cowling S A, Jones C D, Cox P M. Greening the terrestrial biosphere: Simulated feedbacks on atmospheric heat and energy circulation. Clim
Dyn, 2009, 32: 287-299

Zhou L, Dickinson R E, Tian Y, et al. Impact of vegetation removal and soil aridation on diurnal temperature range in a semiarid region:
Application to the Sahel. Proc Natl Acad Sci USA, 2007, 104: 17937-17942

Teuling A J, Seneviratne S I, Stockli R, et al. Contrasting response of European forest and grassland energy exchange to heatwaves. Nat Geosci,
2010, 3: 722-727

Houspanossian J, Nosetto M, Jobbagy E G. Radiation budget changes with dry forest clearing in temperate Argentina. Glob Change Biol, 2013,
19: 1211-1222

Bright R M, Davin E, O’Halloran T, et al. Local temperature response to land cover and management change driven by non-radiative processes.
Nat Clim Change, 2017, 7: 296-302

Zaitchik B F, Macalady A K, Bonneau L R, et al. Europe’s 2003 heat wave: A satellite view of impacts and land-atmosphere feedback. Int J
Climatol, 2006, 26: 743-769

Collatz G J, Bounoua L, Los S O, et al. A mechanism for the influence of vegetation on the response of the diurnal temperature range to changing
climate. Geophys Res Lett, 2000, 27: 3381-3384

Shen M, Piao S, Jeong S J, et al. Evaporative cooling over the Tibetan Plateau induced by vegetation growth. Proc Natl Acad Sci USA, 2015, 112:
9299-9304

Kleidon A, Heimann M. Assessing the role of deep rooted vegetation in the climate system with model simulations: Mechanism, comparison to
observations and implications for Amazonian deforestation. Clim Dyn, 2000, 16: 183—-199

Moore N, Arima E, Walker R, et al. Uncertainty and the changing hydroclimatology of the Amazon. Geophys Res Lett, 2007, 34: L14707
Piao S, Friedlingstein P, Ciais P, et al. Changes in climate and land use have a larger direct impact than rising CO, on global river runoff trends.
Proc Natl Acad Sci USA, 2007, 104: 1524215247

Seneviratne S I, Corti T, Davin E L, et al. Investigating soil moisture-climate interactions in a changing climate: A review. Earth-Sci Rev, 2010,
99: 125-161

Ouyang Z, Zheng H, Xiao Y, et al. Improvements in ecosystem services from investments in natural capital. Science, 2016, 352: 1455-1459
Xu W, Xiao Y, Zhang J, et al. Strengthening protected areas for biodiversity and ecosystem services in China. Proc Natl Acad Sci USA, 2017,
114: 1601-1606

Bryan B A, Gao L, Ye Y, et al. China’s response to a national land-system sustainability emergency. Nature, 2018, 559: 193-204

LiJ, Liu D, Wang T, et al. Grassland restoration reduces water yield in the headstream region of Yangtze River. Sci Rep, 2017, 7: 2162

An W, Hou S, Zhang Q, et al. Enhanced recent local moisture recycling on the northwestern Tibetan Plateau deduced from ice core deuterium
excess records. J Geophys Res Atmos, 2017, 122: 12541-12556

Yao T, Thompson L, Yang W, et al. Different glacier status with atmospheric circulations in Tibetan Plateau and surroundings. Nat Clim Change,
2012, 2: 663-667

Feng X, Fu B, Piao S, et al. Revegetation in China’s Loess Plateau is approaching sustainable water resource limits. Nat Clim Change, 2016, 6:
1019-1022

Xu C, Zhang L B, Du J Q, et al. Impact of alpine meadow degradation on soil water conservation in the source region of three rivers (in Chinese).

2853


https://doi.org/10.1002/ece3.3741
https://doi.org/10.1088/1748-9326/aae43b
https://doi.org/10.1175/1520-0469(1977)034&lt;1366:ACSOTE&gt;2.0.CO;2
https://doi.org/10.1007/s00382-008-0481-8
https://doi.org/10.1007/s00382-008-0481-8
https://doi.org/10.1073/pnas.0700290104
https://doi.org/10.1038/ngeo950
https://doi.org/10.1111/gcb.12121
https://doi.org/10.1038/nclimate3250
https://doi.org/10.1029/1999GL010947
https://doi.org/10.1073/pnas.1504418112
https://doi.org/10.1007/s003820050012
https://doi.org/10.1029/2007GL030157
https://doi.org/10.1073/pnas.0707213104
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1126/science.aaf2295
https://doi.org/10.1073/pnas.1620503114
https://doi.org/10.1038/s41586-018-0280-2
https://doi.org/10.1038/s41598-017-02413-9
https://doi.org/10.1038/nclimate1580
https://doi.org/10.1038/nclimate3092

M4 Z 0 B 200598 Hoess H271H

107
108
109
110
111
112
113
114
115

116

117

118

119

120

121

122

123

124

2854

Acta Ecol Sin, 2013, 33: 2388-2399 [#R32, slchkil, Hlinas, 2. —ITI5 X mER iR fhxd HHOK MR IRERY SR, 5244, 2013, 33:
2388—2399]

Ye D Z, Luo S W, Zhu B Z. The wind structure and heat balance in the lower troposphere over Tibetan Plateau and its surrounding (in Chinese).
Acta Meteorol Sin, 1957, 28: 108—121 [ME51E, % PUZE, ARIGIL. U5 S BHE IR E R RZ R R RIRT-A. R#4R, 1957,
28: 108—121]

Flohn H. Large-scale aspects of the “summer monsoon” in South and East Asia. ] Meteorol Soc Jpn, 1957, 35: 180—186

Ye D Z, Gao Y X. Atmosphere in Tibetan Plateau (in Chinese). Beijing: Science Press, 1979 [ 1E, i i, #l A 424, dbat: B2t
#t, 1979]

An Z S, Wu G X, Li J P, et al. Global monsoon dynamics and climate change. Annu Rev Earth Planet Sci, 2015, 43: 29-77

Asad F, Zhu H, Zhang H, et al. Are Karakoram temperatures out of phase compared to hemispheric trends? Clim Dyn, 2017, 48: 3381-3390
Forsythe N, Fowler H J, Li X F, et al. Karakoram temperature and glacial melt driven by regional atmospheric circulation variability. Nat Clim
Change, 2017, 7: 664-670

Wang B, Bao Q, Hoskins B, et al. Tibetan Plateau warming and precipitation changes in East Asia. Geophys Res Lett, 2008, 35: L14702

Wu G, Duan A, Liu Y, et al. Tibetan Plateau climate dynamics: Recent research progress and outlook. Natl Sci Rev, 2015, 2: 100-116

Li Y, Ding Y, Li W. Interdecadal variability of the Afro-Asian summer monsoon system. Adv Atmos Sci, 2017, 34: 833-846

LiJ, Zheng F, Sun C, et al. Pathways of influence of the Northern Hemisphere mid-high latitudes on east Asian climate: A review. Adv Atmos
Sci, 2019, 36: 902-921

Wu G X, Li W P, Guo H. Tibetan Plateau Sensible Heating Air-Pump and Asian Summer Monsoon. In: Essays in Honor of Zhao Jiuzhang (in
Chinese). Beijing: Science Press, 1997. 116—126 [5:[EAE, 2565, 3548, FHHER USRI E . I BOLEEa S0k, Jost: Bl
HURAL, 1997, 116—126]

Wu G X, Liu Y M, He B, et al. Review of the impact of the Tibetan Plateau sensible heat driven air-pump on the Asian summer monsoon (in
Chinese). Chin J Atmos Sci, 2018, 42: 488—504 [ [k, XIIZIR, T2, 55, T e FURAS AL LI B 22 XU L. RSB, 2018, 42:
488-504]

Zhao P, Chen L. Climatic features of atmospheric heat source/sink over the Qinghai-Xizang Plateau in 35 years and its relation to rainfall in
China. Sci China Ser D-Earth Sci, 2001, 44: 858-864

Liu Y, Wu G, Hong J, et al. Revisiting Asian monsoon formation and change associated with Tibetan Plateau forcing: II. Change. Clim Dyn,
2012, 39: 1183-1195

Zuo Z, Zhang R, Zhao P. The relation of vegetation over the Tibetan Plateau to rainfall in China during the boreal summer. Clim Dyn, 2011, 36:
1207-1219

Leng S Y. Geographical Science for Thirty Years: From Classics to Frontiers (in Chinese). Beijing: The Commercial Press, 2016 [{& 5 5. PR}
F=AAE NAIBITH. JLat: B EIHIE, 2016]

Zhang Y L, Wang Z F, Wang X H, et al. Land cover changes in the key regions and self reflection on ecological construction of the Tibetan
Plateau (in Chinese). Chin J Nat, 2013, 35: 187—192 [5K5s8, FIKIE, FFH2T, 25, 75 FOCHE Xtk 1 #7835 748 b S A S I . H AR
&, 2013, 35: 187-192]

Zhou C P, Ouyang H, Wang Q X, et al. Estimation of net primary productivity in Tibetan Plateau (in Chinese). Acta Geogr Sin, 2004, 1: 74—79
UAAF, BRI, E8), & T R BB ARG R IR E. PR, 2004, 1: 74-79]


https://doi.org/10.5846/stxb201210181449
https://doi.org/10.1146/annurev-earth-060313-054623
https://doi.org/10.1038/nclimate3361
https://doi.org/10.1038/nclimate3361
https://doi.org/10.1029/2008GL034330
https://doi.org/10.1093/nsr/nwu045
https://doi.org/10.1007/s00376-017-6247-7
https://doi.org/10.1007/s00376-019-8236-5
https://doi.org/10.1007/s00376-019-8236-5
https://doi.org/10.1007/BF02907098
https://doi.org/10.1007/s00382-012-1335-y
https://doi.org/10.1007/s00382-010-0863-6

P A

Summary for “5 i i A 25 F GO SRS B J e R

Responses and feedback of the Tibetan Plateau’s alpine
ecosystem to climate change

Shilong Piao"*’", Xianzhou Zhang4, Tao Wang2’3, Eryuan Liang2’3, Shiping Wang2’3, Juntao Zhu' &
Ben Niu*

I College of Urban and Environmental Sciences, Peking University, Beijing 100871, China;

z Key Laboratory of Alpine Ecology, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100101, China;
} Center for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences, Beijing 100101, China;

* Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China

* Corresponding author, E-mail: slpiao@pku.edu.cn

The Tibetan Plateau, also known as the “third pole of the Earth”, houses a diverse array of alpine-ecosystem types and
serves as a critical ecological security shield for China and even for many other regions of Asia. In recent decades, the rapid
climate change in the Tibetan Plateau has led to profound changes in the structure and functioning of its ecosystem. Such
changes in the ecosystem of the Tibetan Plateau can not only profoundly impact the environment of the high plateau itself
but also extend significant influence over that of surrounding areas. With the continuous growth of data obtained via long-
term in situ monitoring, manipulative experiments, satellite remote sensing, and model simulations, scientists have recently
made significant advances in the research on the responses and feedback of the Tibetan Plateau’s alpine ecosystem to
climate change. Aiming to identify knowledge gaps and to stimulate future research, we provide a comprehensive review of
past efforts to understand how climate change has impacted the Tibetan Plateau’s alpine ecosystem, which in turn also
provides feedback to the climate. In particular, we focus on the impacts of climate change on the structure and functioning
of the ecosystem, including vegetation phenology, treeline position, species biodiversity, ecosystem productivity, and
carbon sink, along with feedback involving vegetation changes to the regional climate and hydrology through local and
teleconnected biophysical loops.

A number of key findings emerge based on cumulative knowledge from old as wells as recent researches. (1) Climate
warming during the past several decades has significantly advanced spring vegetation phenology in the Tibetan Plateau. (2)
Further, warming has significantly shifted the treeline upward with varying amplitudes that may have been regulated by
other factors such as precipitation and interspecific interactions. (3) The plant-community structure of the Tibetan Plateau’s
alpine steppe ecosystem is sensitive to climate change, with climate warming considerably reducing its biodiversity and
species abundance. However, for the alpine-meadow ecosystem, the impact of climate warming on the diversity and
species abundance is still inconclusive. (4) Furthermore, warming has significantly increased vegetation productivity,
which can consequently lead to an enhanced carbon sink. Such warming-induced carbon accumulation by vegetation is
higher in alpine meadows than in alpine steppes. However, the effect of climate change on soil carbon stock remains highly
uncertain mainly because of the high spatial heterogeneity of soil properties and lack of information regarding deep-layer
soil processes. (5) Warming-induced vegetation greening of the Tibetan Plateau provides an overall cooling effect
countering the local warming and modulates the local and far-reaching precipitation patterns through teleconnected
feedback to the East Asian monsoon. In particular, the modeling results suggest that this greening trend of the Tibetan
Plateau increases precipitation in South China but reduces precipitation in the region between the Yellow and Yangtze
Rivers.

Even with the recent significant progress in the study on the ecosystem-climate interaction in the Tibetan Plateau, many
knowledge gaps remain. These gaps provide opportunities for future research, which needs to expand and optimize long-
term ecological observation networks to improve the understanding of key ecological processes and deepen the
comprehension of the response and acclimation mechanisms of the alpine ecosystem under the influence of climate
warming. The knowledge enhancement thus obtained will provide important guidelines for improving ecosystem
management and safeguarding the ecological security in the Tibetan Plateau.

Tibetan Plateau, climate change, vegetation changes, carbon sink, feedback
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