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Abstract 62 

TKe POaQWed aQd ReJURZWK IRUeVWV (TPRFV) aUe one PRVW ORZ-cRVW cRPSRQeQW IRU 63 

UecRYeULQJ bLRPaVV-VWRUed caUbRQ LQ WKe WURSLcV. NeYeUWKeOeVV, cKaOOeQJeV SeUVLVW LQ 64 

SLQSRLQWLQJ ZKLcK eOeYaWLRQaO UaQJeV e[KLbLW WKe OaUJeVW caUbRQ accXPXOaWLRQ UaWe 65 

( 𝛾௥𝑎௣௜ௗ ), dXe WR WKe KLJKO\ LQcRQVLVWeQW SUeYLRXV aVVeVVPeQWV. TKLV SUeYeQWV WKe 66 

VeOecWLRQ RI RSWLPaO ORcaWLRQV IRU LPSOePeQWLQJ OaUJe-VcaOe UeIRUeVWaWLRQ LQ WKe WURSLcV. 67 

HeUe Ze SURSRVed a UeILQed aSSURacK WKaW XVed a caUbRQ accXPXOaWLRQ WKUeVKROd (< 80% 68 

RI WKe Pa[LPXP YaOXe) WR TXaQWLI\ 𝛾௥𝑎௣௜ௗ LQ TPRFV aW YaULRXV eOeYaWLRQV. We ILQd WKaW 69 𝛾௥𝑎௣௜ௗ  LQcUeaVeV ZLWK eOeYaWLRQV IURP 300 P WR 1000 P aQd decOLQeV aW 70 

eOeYaWLRQV >1000 P. TPRFV aW eOeYaWLRQ a1000 P e[KLbLW WKUee WLPeV PRUe 𝛾௥𝑎௣௜ௗ WKaQ 71 

ORZOaQd TPRFV. TKLV RSWLPaO eOeYaWLRQ, KLJKO\ deSeQdeQW RI bacNJURXQd WePSeUaWXUeV, 72 

YaULeV VOLJKWO\ bXW VLJQLILcaQWO\ acURVV dLIIeUeQW PRXQWaLQV. TKeVe ILQdLQJV SURYLde 73 

JXLdeOLQeV IRU SROLc\PaNeUV WR deWeUPLQe WKe RSWLPaO eOeYaWLRQV IURP UeJLRQaO WR 74 

cRQWLQeQWaO VcaOeV ZKeQ LPSOePeQWLQJ UeIRUeVWaWLRQ LQLWLaWLYeV LQ WKe WURSLcV. 75 

 76 

Introduction 77 

TURSLcaO IRUeVWV accRXQW IRU aSSUR[LPaWeO\ 40-50% RI JORbaO IRUeVW caUbRQ VLQN1, 
78 

2. NeYeUWKeOeVV, WURSLcaO IRUeVWV aUe XQdeU WKUeaW IURP RQJRLQJ deIRUeVWaWLRQ, ZLWK KLJK 79 

ULVNV RI IOLSSLQJ LQWR a QeW caUbRQ VRXUce3, 4. TKXV, LW LV eVVeQWLaO WR UeJeQeUaWe WUee cRYeU 80 

SaQ-WURSLcaOO\, eLWKeU LQ aUeaV ZKeUe IRUeVWV KaYe KLVWRULcaOO\ e[LVWed (WeUPed 81 

µUeIRUeVWaWLRQ¶) RU ZKeUe WKe\ KaYe QeYeU e[LVWed beIRUe (WeUPed µaIIRUeVWaWLRQ¶)5. 82 

FRUeVW cRYeU caQ eLWKeU UeWXUQ QaWXUaOO\ IROORZLQJ OaQd abaQdRQPeQW (QaWXUaO UeJURZWK 83 

IRUeVWV) RU LQWeQWLRQaOO\ (SOaQWed IRUeVWV). TKeVe KaYe beeQ UecRJQL]ed aV RQe RI WKe 84 

PRVW ORZ-cRVW aSSURacKeV IRU UecRYeULQJ bLRPaVV-VWRUed caUbRQ LQ WKe WURSLcV6-8. 85 

NRQeWKeOeVV, a cRPSUeKeQVLYe aQaO\VLV RQ WKe RSWLPaO ORcaWLRQV IRU LPSOePeQWLQJ 86 

aIIRUeVWaWLRQ aQd UeIRUeVWaWLRQ LV VWLOO OacNLQJ9. OQe Ne\ aVSecW WR be cRQVLdeUed ZKeQ 87 

LPSOePeQWLQJ aIIRUeVWaWLRQ aQd UeIRUeVWaWLRQ IRU cOLPaWe PLWLJaWLRQ LV WKe caUbRQ 88 

accXPXOaWLRQ UaWe10, 11, a IacWRU YaU\LQJ VLJQLILcaQWO\ ZLWK eOeYaWLRQ. ReceQW VWXdLeV KaYe 89 

aWWePSWed WR XVe iQ ViWX daWa12-16 aQd KLJK-UeVROXWLRQ EXURSeaQ SSace AJeQc\ COLPaWe 90 



 

CKaQJe IQLWLaWLYe (ESA-CCI) abRYeJURXQd bLRPaVV (AGB) daWaVeWV WR TXaQWLI\ WKe 91 

caUbRQ accXPXOaWLRQ UaWeV LQ IRUeVWV10, 17-18. APRQJ WKeP, VRPe VWXdLeV KLJKOLJKWed WKe 92 

e[LVWeQce RI eOeYaWLRQaO SaWWeUQV RI bLRPaVV caUbRQ LQ WURSLcaO IRUeVWV, aOWKRXJK WKeVe 93 

SaWWeUQV YaU\ acURVV VWXdLeV19-28. FRU LQVWaQce, some found that tropical biomass carbon 94 

declined19-22 or increased23, 24 PRQRWRQLcaOO\ with elevation, while others indicated U-95 

shaped25-27 or inverted U-shaped28 elevational patterns. OYeUaOO, Ze VWLOO OacN a OaUJe-96 

VcaOe XQdeUVWaQdLQJ RI KRZ WKe caUbRQ accXPXOaWLRQ UaWe YaULeV ZLWK eOeYaWLRQ LQ WKe 97 

WURSLcV29, 30. TKLV LV SaUWO\ dXe WR WKe IacW WKaW WUeeV aW dLIIeUeQW eOeYaWLRQV ZeUe RIWeQ aW 98 

dLYeUVe JURZWK VWaJeV, ZLWK YaULRXV caUbRQ accXPXOaWLRQ UaWeV UeOaWed WR aJe, L.e., KLJKeU 99 

LQ \RXQJ WKaQ LQ PaWXUe IRUeVWV31, 32. CXUUeQW VWXdLeV cRPPRQO\ XVed a VWaQd aJe 100 

ZLQdRZ WR deWeUPLQe WKe WePSRUaO SRVLWLRQ aORQJ a CKaSPaQ±RLcKaUdV cXUYe10 IRU 101 

caOcXOaWLQJ WKe caUbRQ accXPXOaWLRQ UaWe9. HRZeYeU, WKe UaWeV RI caUbRQ accXPXOaWLRQ, 102 

aV eVWLPaWed IURP dLIIeUeQW VWaQd aJeV, Pa\ Oead WR cRQWUadLcWRU\ aVVeVVPeQWV, 103 

cRPSOLcaWLQJ WKe deWeUPLQaWLRQ RI WKeLU eOeYaWLRQaO SaWWeUQV RQ OaUJe VcaOeV33. IW LV WKXV 104 

QeceVVaU\ WR deYeORS aSSURacKeV WKaW eQabOe cRPSaULQJ IRUeVW bLRPaVV caUbRQ 105 

accXPXOaWLRQ UaWeV aW WKe VaPe JURZWK VWaJe acURVV YaULRXV eOeYaWLRQV. 106 

HeUe Ze cRQdXcWed a SaQ-WURSLcaO aQaO\VLV RI WKe JURZWK WUaMecWRULeV LQ WKe 107 

TURSLcaO POaQWed aQd NaWXUaO UeJURZWK IRUeVWV (TPRFV) (FLJXUH 1D). We SURSRVed a 108 

UeILQed aSSURacK WKaW XVed a caUbRQ accXPXOaWLRQ WKUeVKROd (< 80% RI WKe Pa[LPXP 109 

YaOXe), WR TXaQWLI\ WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe (𝛾௥𝑎௣௜ௗ) RI TPRFV UeJaUdLQJ 110 

WKeLU UaSLd JURZWK SKaVe SULRU WR UeacKLQJ PaWXULW\34, ZKLcK LV WKe PRVW LPSRUWaQW VWaJe 111 

dXULQJ WUee¶V OLIeVSaQ IRU accXPXOaWLQJ bLRPaVV caUbRQ. OXU aQaO\VLV UeYeaOV a URbXVW 112 

aQd cRQVLVWeQWO\ LQcUeaVLQJ WUeQd LQ 𝛾௥𝑎௣௜ௗ aW eOeYaWLRQV IURP 300 P WR 1000 P, bXW a 113 

VXbVeTXeQWO\ decOLQLQJ WUeQd ZKeQ eOeYaWLRQV > 1000 P. TKLV RSWLPaO eOeYaWLRQ aOVR 114 

YaULeV acURVV PRXQWaLQV ZLWK dLIIeUeQW bacNJURXQd WePSeUaWXUeV. OXU ILQdLQJV caQ KeOS 115 

JXLdLQJ UeIRUeVWaWLRQ LQLWLaWLYeV aW WKe RSWLPaO eOeYaWLRQV IURP UeJLRQaO WR cRQWLQeQWaO 116 

VcaOeV LQ WKe WURSLcV. 117 

 118 

Results 119 



 

Overview of experimental procedures 120 

IQVWead RI XVLQJ IL[ed VWaQd aJeV, KeUe Ze XVe WKe WLPe aW ZKLcK a ceUWaLQ bLRPaVV 121 

caUbRQ WKUeVKROd LV UeacKed, WR eVWLPaWe 𝛾௥𝑎௣௜ௗ acURVV YaU\LQJ eOeYaWLRQV. AV VXcK, 122 

WKe UaSLd JURZWK aJe LV deILQed aV WKRVe beIRUe WKe \eaU ZKeQ WKe bLRPaVV caUbRQ 123 

UeacKeV 80% RI LWV SeaN YaOXe SUedLcWed b\ WKe CKaSPaQ±RLcKaUdV PRdeO35, 124 

VSecLILcaOO\ WKe PedLaQ bLRPaVV caUbRQ RI ROd-JURZWK IRUeVWV ZLWK VWaQd aJe ≥100 125 

\eaUV ZLWKLQ eacK eOeYaWLRQ bLQ (FLJXUHV 61 DQG 62). IW cRLQcLdeV ZLWK WKe \eaU aW 126 

ZKLcK WKe JURZWK UaWe e[SeULeQceV a VORZdRZQ bUeaNSRLQW LQ WKe UeOaWLRQVKLS ZLWK 127 

VWaQd aJe aV VWaQd aJe LQcUeaVeV (Vee E[SHULPHQWDO PURFHGXUH IRU deWaLOV, FLJXUH 128 

63). SLQce dLIIeUeQW daWaVeWV KaYe dLIIeUeQW VWUeQJWKV aQd ZeaNQeVVeV; iQ-ViWX daWa 129 

SURYLde KLJK SUecLVLRQ bXW aUe OLPLWed b\ WKeLU VSaWLaO aQd WePSRUaO cRQVLVWeQc\, ZKLOe 130 

VaWeOOLWe-baVed daWa W\SLcaOO\ RIIeU cRPSUeKeQVLYe cRYeUaJe bXW RIWeQ cRQWaLQ QRLVe LQ 131 

VSecLILc aUeaV. OQ WKe RWKeU KaQd, PRdeO-baVed daWa aUe JORbaO LQ VcRSe bXW JeQeUaOO\ 132 

KaYe ORZ UeVROXWLRQ aQd OacN cRQVLVWeQW YaOLdaWLRQ; WKXV, Ze LQWeJUaWed IRXU 133 

LQdeSeQdeQW IRUeVW bLRPaVV aQd caUbRQ daWaVeWV WR cRQdXcW a cRQVWUaLQW aVVeVVPeQW RI 134 

eOeYaWLRQ-dULYeQ YaULaWLRQV LQ 𝛾௥𝑎௣௜ௗ: (L) DDWDVHW 1: iQ ViWX RbVeUYaWLRQV RI WKe WRWaO 135 

IRUeVW bLRPaVV (abRYeJURXQd aQd beORZJURXQd), VRXUced IURP SXbOLVKed OLWeUaWXUe 136 

cRPSLOaWLRQ9 aQd WKe SPLWKVRQLaQ IQVWLWXWLRQ¶V GORbaO FRUeVW CaUbRQ daWabaVe36 137 

(KeUeaIWeU 𝜸𝒓𝒂𝒑𝒊𝒅𝑮𝑭𝑪 ); (LL) DDWDVHW 2: WKe WRWaO IRUeVW bLRPaVV caUbRQ deULYed IURP WKe 138 

VaWeOOLWe-baVed 100 P UeVROXWLRQ VLQJOe-\eaU SURdXcW RI ESA-CCI AGB17 (𝜸𝒓𝒂𝒑𝒊𝒅𝑬𝑺𝑨−𝑪𝑪𝑰); 139 

(LLL) DDWDVHW 3: a 0.1� UeVROXWLRQ WLPe-VeULeV daWaVeW RI caUbRQ VWRcN LQ WRWaO OLYe 140 

ZRRd\ bLRPaVV, JeQeUaWed WKURXJK PacKLQe-OeaUQLQJ (ML)37 (𝜸𝒓𝒂𝒑𝒊𝒅𝑴𝑳 ); aQd (LY) 141 

DDWDVHW 4: a ～0.07� UeVROXWLRQ WLPe-VeULeV daWaVeW RI QeW ecRV\VWeP SURdXcWLYLW\ 142 

(NEP) VLPXOaWLRQV RbWaLQed IURP WKe BEPS (Boreal Ecosystem Productivity 143 

Simulator)38 model (𝜸𝒓𝒂𝒑𝒊𝒅𝑩𝑬𝑷𝑺 ). We aOVR e[aPLQed WKe eOeYaWLRQaO JUadLeQW RI caUbRQ 144 

accXPXOaWLRQ UaWeV b\ cRPSaULQJ WKe UaWeV ZLWK WKe JURZWK UaWe RI WUee KeLJKW 145 

(𝜸𝒓𝒂𝒑𝒊𝒅𝑮𝑬𝑫𝑰 ), ZKLcK ZaV RbWaLQed LQdeSeQdeQWO\ IURP 30 P UeVROXWLRQ VSacebRUQe LLDAR 146 

RbVeUYaWLRQV LQ 2019 b\ WKe GORbaO EcRV\VWeP D\QaPLcV IQYeVWLJaWLRQ (GEDI)39 147 



 

(DDWDVHW 5). CRUUeVSRQdLQJ VWaQd aJe daWa aQd PeWKRdV XVed WR TXaQWLI\ 𝛾௥𝑎௣௜ௗ IRU 148 

eacK caUbRQ daWaVeW ZeUe LQWURdXced LQ 7DEOH 1. HeUe, Ze IRcXVed e[cOXVLYeO\ RQ 149 

IRUeVWV ZLWK RYeU 80% RI WKe aUea cRYeUed b\ QeZO\ SOaQWed RU QaWXUaOO\ UeJURZQ 150 

WUeeV, VLWXaWed aW ORZ-WR-PLd eOeYaWLRQV XS WR 2000 P abRYe PeaQ Vea OeYeO (a.P.V.O.) 151 

aV PRVW aIIRUeVWaWLRQ aQd UeIRUeVWaWLRQ aUe LPSOePeQWed beORZ WKLV eOeYaWLRQ40.  152 

 153 

Continental-scale elevational pattern of 𝜸𝒓𝒂𝒑𝒊𝒅 154 

TKe aYeUaJe JURZWK UaWe RI TPRFV beIRUe 80% RI WKe SeaN bLRPaVV, 𝛾௥𝑎௣௜ௗ , 155 

eVWLPaWed IURP WKe IRXU bLRPaVV caUbRQ daWaVeWV (7DEOH 1, FLJXUH 1D) aOO VKRZV QR 156 

VLJQLILcaQW eOeYaWLRQ-deSeQdeQce aW ORZOaQdV (eOeYaWLRQ < 300P), ZKeUeaV WKeUe LV a 157 

VWURQJ eIIecW RI eOeYaWLRQ abRYe 300P (FLJXUHV 1E-1H). GeQeUaOO\, PRXQWaLQRXV 𝛾௥𝑎௣௜ௗீி஼  158 

LQcUeaVeV VXbVWaQWLaOO\ (VORSe = 0.036 േ 0.0005 MJC ∙ Ka-1\U-1 P-1; P < 0.05) IURP 159 

1.41േ0.26 MJC∙Ka-1\U-1 aW aQ eOeYaWLRQ RI 290േ50 P (P<0.001) WR 4.65േ0.71 MJC∙Ka-
160 

1\U-1 aW 1090േ50 P (P < 0.001) aQd WKeQ decOLQeV aV eOeYaWLRQ e[ceedV aSSUR[LPaWeO\ 161 

1090േ50 P (VORSe = -0.0072േ0.0059 MJC∙Ka-1\U-1P-1, P=0.35). TPRFV aW eOeYaWLRQV 162 

RI 1000 P dePRQVWUaWe WKe KLJKeVW 𝛾௥𝑎௣௜ௗீி஼ , accXPXOaWLQJ aSSUR[LPaWeO\ 3.0 WLPeV PRUe 163 

bLRPaVV caUbRQ SeU \eaU WKaQ WKaW RI WKeLU ORZOaQd cRXQWeUSaUWV (FLJXUH 1E). NRWabO\, 164 

WKLV ³LQYeUWed U´ eOeYaWLRQaO WUeQd LV cRQVLVWeQWO\ RbVeUYed LQ 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ (FLJXUH 1F), 165 

LQ ZKLcK 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ LV 2.19േ0.16 MJC∙Ka-1\U-1 aW 290േ50 P (P < 0.001), 3.94േ0.41 166 

MJC ∙ Ka-1\U-1 aW 1090േ 50 P (P < 0.001) aQd IaOOV WR 2.19േ 0.17 MJC ∙ Ka-1\U-1 aW 167 

1970േ50 P (P < 0.001). SLPLOaU SaWWeUQV aUe aOVR eYLdeQW LQ 𝛾௥𝑎௣௜ௗெ௅  (FLJXUH 1G) aQd 168 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  (FLJXUH 1H), aOWKRXJK WKeLU aYeUaJe PaJQLWXdeV aQd cRUUeVSRQdLQJ VORSeV RI WKe 169 

LQcUeaVLQJ eOeYaWLRQaO WUeQdV aUe PXcK VPaOOeU dXe WR WKe cRaUVe VSaWLaO UeVROXWLRQV RI 170 

WKe daWaVeWV. TKe eOeYaWLRQ deSeQdeQce LV aOVR VXSSRUWed b\ WKe JURZWK UaWe RI WUee 171 

KeLJKW (𝛾௥𝑎௣௜ௗீா஽ூ ) caOcXOaWed IURP aQ LQdeSeQdeQW, ZLdeO\-XVed VSacebRUQe LLDAR WUee 172 

KeLJKW daWaVeW (FLJXUH 1I). 173 

We WKeQ cRPSaUed WKe eOeYaWLRQaO SaWWeUQ RI 𝛾௥𝑎௣௜ௗ beWZeeQ WKe QaWXUaO UeJURZWK 174 



 

aQd SOaQWed IRUeVWV, beWZeeQ WKe bURadOeaYed aQd QeedOe-OeaYed IRUeVWV, beWZeeQ WKe 175 

IRUeVWV ORcaWed LQ VRXWK- aQd QRUWK IacLQJ VORSeV RI PRXQWaLQV, aQd aPRQJ dLIIeUeQW WUee 176 

JeQeUa44 (FLJXUH 2). WKLOe WKe RYeUaOO eOeYaWLRQaO SaWWeUQV LQ 𝛾௥𝑎௣௜ௗ  aUe VWLOO YaOLd, 177 𝛾௥𝑎௣௜ௗ  RI SOaQWed IRUeVWV LQcUeaVeV PRUe UaSLdO\ ZLWK eOeYaWLRQ WKaQ WKaW RI QaWXUaO 178 

UeJURZWK IRUeVWV LQ aUeaV beORZ 1000 P; cRQYeUVeO\, LQ aUeaV abRYe 1000 P, QaWXUaO 179 

UeJURZWK IRUeVWV VKRZ PRUe SURQRXQced QeJaWLYe eOeYaWLRQaO JUadLeQWV LQ WKeLU JURZWK 180 

UaWe WKaQ SOaQWed IRUeVWV (FLJXUHV 2D, 2G DQG 2J). TKe eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗ 181 

aOVR dLIIeU beWZeeQ WKe bURadOeaYed aQd QeedOe-OeaYed IRUeVWV. GeQeUaOO\, WKe 182 

bURadOeaYed IRUeVWV KaYe a KLJKeU YaOXe RI PeaQ 𝛾௥𝑎௣௜ௗ cRPSaUed ZLWK QeedOe-OeaYed 183 

IRUeVWV, ZKLOe WKe eOeYaWLRQaO JUadLeQWV RI 𝛾௥𝑎௣௜ௗ  aUe PRUe SURQRXQced LQ QeedOe-184 

OeaYed IRUeVWV WKaQ LQ bURadOeaYed IRUeVWV (FLJXUHV 2E, 2H DQG 2K). We aOVR IRXQd 185 

cRQVLVWeQW eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗ IURP 300 P WR 1000 P LQ VRPe VSecLILc WUee 186 

JeQeUa (FLJXUH 64). HRZeYeU, WKeLU eOeYaWLRQaO SaWWeUQV abRYe 1000 P ZeUe XQcOeaU 187 

dXe WR WKe OLPLWed aYaLOabLOLW\ RI bLRPaVV caUbRQ daWa abRYe 1000 P. AddLWLRQaOO\, WKeUe 188 

aUe QR VLJQLILcaQW dLIIeUeQceV LQ WKe eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗ beWZeeQ VRXWK- aQd 189 

QRUWK IacLQJ VORSeV (FLJXUHV 2J-2L). TKLV ILQdLQJ aOLJQV ZLWK WKe UeVXOWV RbVeUYed b\ 190 

MaaVV eW aO. (2002)45, MeQde]-TRULbLR (2016)46, aQd MadKXPaOL eW aO. (2023)47, ZKLcK 191 

UeSRUWed LQVLJQLILcaQW dLIIeUeQceV LQ WUee KeLJKW beWZeeQ VRXWK- aQd QRUWK- IacLQJ VORSeV 192 

LQ WURSLcaO PRXQWaLQV. 193 

NRWabO\, WKe abRYe-PeQWLRQed eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗ caQQRW be cRUUecWO\ 194 

UeSUeVeQWed b\ aSSURacKeV WKaW QeceVVLWaWe aVVXPLQJ a VSecLILc VWaQd aJe WR eVWLPaWe WKe 195 

caUbRQ accXPXOaWLRQ UaWe, ZKLcK WKeRUeWLcaOO\ YaULeV ZLWK WKe aVVXPed VWaQd aJe 196 

(FLJXUH 3D). TKLV LV dXe WR WKe IacW WKaW, LQ WKe UeaO ZRUOd, aW eOeYaWLRQV beORZ 1000 P, 197 

WKe VeQVLWLYLWLeV RI caUbRQ accXPXOaWLRQ WR eOeYaWLRQ aUe PRVWO\ SRVLWLYe aQd LQcUeaVe 198 

ZLWK VWaQd aJe LQ a UaQJe IURP 1 WR aSSUR[LPaWeO\ 20-25 \eaUV (bOacN SRLQWV, FLJXUH 199 

3F). CRQYeUVeO\, aV VWaQdV aJe LV be\RQd 30 \eaUV, WKe VeQVLWLYLWLeV decOLQe aQd becRPe 200 

QeJaWLYe. IQ cRQWUaVW, aW eOeYaWLRQV abRYe 1000 P, WKe VeQVLWLYLWLeV RI caUbRQ 201 

accXPXOaWLRQ WR eOeYaWLRQ aUe PRVWO\ QeJaWLYe aQd decUeaVe ZLWK VWaQd aJe UaSLdO\ aIWeU 202 

WKe aJe RI 20 \eaUV (bOacN WULaQJOe, FLJXUH 3F). TKLV LPSOLeV WKaW TPRFV aW eOeYaWLRQV 203 



 

RI 1000P e[KLbLW WKe IaVWeVW JURZWK beWZeeQ 20 aQd 25 \eaUV, ZKLOe TPRFV aW eOeYaWLRQV 204 

< 300P RU > 1000P acKLeYe SeaN JURZWK UaWeV be\RQd 30 \eaUV (FLJXUH 3F). IQ addLWLRQ, 205 

Ze aOVR IRXQd WKaW SOaQWed IRUeVWV acKLeYeV WKeLU SeaN JURZWK UaWeV eaUOLeU (abRXW 20 206 

\eaUV) WKaQ QaWXUaO UeJURZWK IRUeVWV (abRXW 25 \eaUV) (FLJXUH 65).  207 

We WKeQ e[SORUed YaULRXV VWaQd aJe ZLQdRZV (L.e., IURP ]eUR WR 20, 24, 28 aQd 32 208 

\eaUV RI aJe) IRU caOcXOaWLQJ WKe bLRPaVV aYeUaJe accXPXOaWLRQ UaWe aORQJ WKe 209 

CKaSPaQ±RLcKaUdV cXUYe WR aVVeVV WKe UeOLabLOLW\ RI VWaQd-aJe-baVed aSSURacKeV 210 

(FLJXUH 3G), LQ cRPSaULVRQ ZLWK XVLQJ dLIIeUeQW SeaN bLRPaVV WKUeVKROdV (L.e., IURP 211 

]eUR WR WKe WLPe RI UeacKLQJ 70%, 80% aQd 90% RI WKe Pa[LPXP YaOXe). We IRXQd WKaW 212 

WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe e[KLbLWV a SRVLWLYe UeOaWLRQVKLS ZLWK eOeYaWLRQ 213 

beORZ 1000 P ZKeQ VeOecWLQJ VWaQd aJe WKUeVKROdV RI OeVV WKaQ 20 aQd 25 \eaUV (Ued 214 

aQd \eOORZ ILWWed OLQeV, FLJXUH 3G) aQd becRPeV LQdeSeQdeQW RI eOeYaWLRQ ZKeQ 28 215 

\eaUV aUe XVed aV WKe WKUeVKROd (JUeeQ ILWWed OLQe, FLJXUH 3G). HRZeYeU, VKLIWLQJ LQWR 216 

QeJaWLYe WUeQdV RccXUV ZKeQ RSWLQJ IRU a WKUeVKROd VWaQd aJe RI 32 \eaUV (daUN bOXe 217 

ILWWed OLQe, FLJXUH 3G). TKeVe UeVXOWV VXJJeVW WKaW XVLQJ a IL[ed VWaQd aJe WKUeVKROd WR 218 

cRPSaUe WKe caUbRQ accXPXOaWLRQ UaWe Pa\ Oead WR YaULRXV eOeYaWLRQaO SaWWeUQV WKaW aUe 219 

dLIILcXOW WR be LQWeUSUeWed. 220 

IQ cRQWUaVW, 𝛾௥𝑎௣௜ௗ  eVWLPaWed XVLQJ dLIIeUeQW VWaQd aJe aW ZKLcK a bLRPaVV 221 

WKUeVKROd LV UeacKed (FLJXUH 3E), LdeQWLILed b\ 70%, 80% aQd 90% RI WKe Pa[LPXP 222 

bLRPaVV RQ WKe CKaSPaQ±RLcKaUdV cXUYe, VKRZ cRQVLVWeQW eOeYaWLRQaO SaWWeUQV (FLJXUH 223 

3I). We IXUWKeU YeULILed WKaW VWaQd aJeV ( 𝑎𝑔𝑒௥𝑎௣௜ௗ ) ZLWK UaSLd accXPXOaWLRQ UaWe 224 

LdeQWLILed XVLQJ RXU bLRPaVV caUbRQ WKUeVKROdV aUe cRPSaUabOe ZLWK WKe RbVeUYed VWaQd 225 

aJe aW ZKLcK a bUeaNSRLQW LV IRXQd LQ WKe UeOaWLRQVKLS beWZeeQ WKe caUbRQ accXPXOaWLRQ 226 

UaWe aQd VaQd aJe (FLJXUH 63). ReVXOWV LQdLcaWe WKaW WKe eVWLPaWed 𝑎𝑔𝑒௥𝑎௣௜ௗ XVLQJ 80% 227 

caUbRQ accXPXOaWLRQ ZLQdRZ cRLQcLde WKe beVW ZLWK WKRVe eVWLPaWed IURP RbVeUYed daWa 228 

(FLJXUH 3H). OYeUaOO, 𝛾௥𝑎௣௜ௗ  LV LQVeQVLWLYe WR YaULRXV PRYLQJ ZLQdRZV OeQJWKV aQd 229 

eQabOeV a UeaVRQabOe cRPSaULVRQ acURVV eOeYaWLRQV, eQVXULQJ WKe URbXVWQeVV RI RXU 230 

ILQdLQJV. 231 

 232 



 

Climate drivers of elevational gradients in 𝜸𝒓𝒂𝒑𝒊𝒅 233 

TKe caUbRQ accXPXOaWLRQ UaWe LV deWeUPLQed b\ WZR JURVV caUbRQ IOX[eV: JURVV 234 

SULPaU\ SURdXcWLRQ (GPP) aQd WRWaO UeVSLUaWLRQ (TER)50, 51. OYeU a decadaO WLPe VSaQ, 235 

QeaUO\ aOO aXJPeQWed caUbRQ JReV LQWR VWaQd bLRPaVV, ZKLOe WKe d\QaPLcV RI VRLO caUbRQ 236 

aUe PXcK VORZeU52, 53. CRQVeTXeQWO\, Ze XVed BEPS-VLPXOaWed NEP (GPP PLQXV TER, 237 

DDWDVHW 4)38, ZKLcK e[KLbLWV a PRUe cRPSaUabOe PaJQLWXde ZLWK WKe caUbRQ 238 

accXPXOaWLRQ UaWe WKaQ QeW SULPaU\ SURdXcWLRQ (NPP) (FLJXUH 67), aV a SUR[\ WR e[SORUe 239 

WKe LQWUa-aQQXaO YaULaWLRQ RI WKeLU eOeYaWLRQ deSeQdeQce RQ a PRQWKO\ WLPe VcaOe.  240 

OXU aQaO\VeV LQdLcaWe WKaW aW eOeYaWLRQV < 1000 P, GPP aQd TER bRWK VKRZ SRVLWLYe 241 

cRUUeOaWLRQV ZLWK eOeYaWLRQ, bXW WKeLU LQWUa-aQQXaO VeQVLWLYLWLeV dLIIeU JUeaWO\ (FLJXUH 4D). 242 

LRZ-OaQd IRUeVWV e[SeULeQce VWURQJeU KLJK-WePSeUaWXUe VWUeVV (> 24�C) IURP ASULO WR 243 

SeSWePbeU dXe WR WKe QeJaWLYe eOeYaWLRQaO JUadLeQWV LQ WePSeUaWXUe (FLJXUH 4F), 244 

UeVXOWLQJ LQ a VKaUSeU decUeaVe LQ GPP WKaQ LQ TER (FLJXUH 4J). TKLV dLVcUeSaQc\ caXVeV 245 

JUeaWeU QeJaWLYe VeQVLWLYLWLeV RI GPP WR eOeYaWLRQ cRPSaUed ZLWK TER (FLJXUH 4L), 246 

WKeUeb\ OeadLQJ WR SRVLWLYe eOeYaWLRQaO JUadLeQWV LQ NEP IURP ASULO WR SeSWePbeU 247 

(FLJXUH 4D). FXUWKeUPRUe, WKe decUeaVe LQ VPD ZLWK eOeYaWLRQ (FLJXUH 68D), ePeUJeV 248 

aV WKe VecRQd cUXcLaO IacWRU LQ cR-dULYLQJ WKe LQcUeaVLQJ WUeQd LQ GPP ZLWK eOeYaWLRQ. 249 

LaUJe VPD VeUYeV aV a YaOXabOe SUR[\ IRU aWPRVSKeULc dU\QeVV aQd RIWeQ LPSRVeV 250 

VLJQLILcaQW cRQVWUaLQV RQ GPP LQ WURSLcaO IRUeVWV54-58, WKXV KLJKOLJKWLQJ WKe LPSacW RI 251 

eOeYaWLRQaO RQ NEP dXULQJ SeULRdV RI KLJK-WePSeUaWXUe VWUeVV (FLJXUH 4L). DXULQJ WKe 252 

KLJK-SUecLSLWaWLRQ PRQWKV IURP ASULO WR SeSWePbeU (FLJXUH 4H), eOeYaWLRQ-aVVRcLaWed 253 

YaULaWLRQV LQ SUecLSLWaWLRQ e[eUW a QeaUO\ eTXLYaOeQW LQKLbLWRU\ eIIecW RQ bRWK GPP aQd 254 

TER (FLJXUHV 4K DQG 4L). CRQVeTXeQWO\, WKe aV\QcKURQRXV eOeYaWLRQaO VeQVLWLYLWLeV RI 255 

GPP aQd TER WR WePSeUaWXUe SULPaULO\ cRQWULbXWe WR WKe SRVLWLYe UeVSRQVe RI NEP 256 

(RUaQJe cXUYe) WR eOeYaWLRQ (< 1000 P). 257 

AW eOeYaWLRQV abRYe 1000 P, IRUeVWV JURZ LQ PRdeUaWe WePSeUaWXUe cRQdLWLRQV 258 

(aYeUaJe PRQWKO\ MAT< 24�C) (FLJXUH 4G). IQ WKLV cRQdLWLRQ, NEP VKRZV LQVLJQLILcaQW 259 

eOeYaWLRQaO JUadLeQWV IURP ASULO WR NRYePbeU (FLJXUH 4E), dXe WR WKe cRQVLVWeQW 260 

eOeYaWLRQaO VeQVLWLYLWLeV RI GPP aQd TER WR WePSeUaWXUe (< 24�C) (FLJXUH 4J). DXULQJ 261 



 

WKe ORZ-SUecLSLWaWLRQ PRQWKV IURP DecePbeU WR MaUcK, eOeYaWLRQ-aVVRcLaWed YaULaWLRQV 262 

LQ SUecLSLWaWLRQ (FLJXUH 4I) e[eUWV dLYeUJeQW LPSacWV RQ GPP aQd TER (FLJXUH 4K). 263 

TKLV dLVcUeSaQc\ UeVXOWV LQ a QeJaWLYe eOeYaWLRQaO SaWWeUQ RI GPP aQd a SRVLWLYe 264 

eOeYaWLRQaO SaWWeUQ RI TER (FLJXUHV 4E DQG 4M), WKeUeb\ OeadLQJ WR QeJaWLYe eOeYaWLRQaO 265 

JUadLeQWV LQ NEP IURP DecePbeU WR MaUcK (FLJXUH 4E). TKe aV\QcKURQRXV eOeYaWLRQaO 266 

VeQVLWLYLWLeV RI GPP aQd TER WR SUecLSLWaWLRQ SULPaULO\ cRQWULbXWe WR WKe QeJaWLYe 267 

UeVSRQVe RI NEP aW eOeYaWLRQV > 1000 P. 268 

OYeUaOO, WKe SURQRXQced eOeYaWLRQaO SaWWeUQV LQ MAT, VPD aQd SUecLSLWaWLRQ 269 

SULPaULO\ dULYe WKe VeaVRQaOO\-deSeQdeQW bXW dLYeUJeQW VeQVLWLYLWLeV RI GPP aQd TER WR 270 

eOeYaWLRQ. TKeVe LPSacWV cRQWULbXWe WR WKe LQcUeaVLQJ eOeYaWLRQaO WUeQd RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   aW 271 

eOeYaWLRQV < 1000P aQd WKe decUeaVLQJ eOeYaWLRQaO WUeQd RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  aW eOeYaWLRQV > 1000 272 

P. IQ cRQWUaVW, VRLO PRLVWXUe (SM) (FLJXUHV 68F-68G) aQd WRWaO SKRWRV\QWKeWLcaOO\ 273 

acWLYe UadLaWLRQ (PAR) (FLJXUHV 68H-68I) e[KLbLW ORZeU VeQVLWLYLW\ WR eOeYaWLRQ aQd SOa\ 274 

OeVV LPSRUWaQW UROeV (FLJXUHV 4L-4M).  275 

 276 

Variations at individual mountains 277 

We IXUWKeU e[aPLQed WKe eOeYaWLRQ SaWWeUQV RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  aQd cRUUeVSRQdLQJ dULYLQJ 278 

PecKaQLVPV acURVV IRXU PRXQWaLQRXV aUeaV: WKe SLeUUa MadUe deO SXU PRXQWaLQ LQ NRUWK 279 

APeULca (SMS), WKe EWKLRSLaQ HLJKOaQdV PRXQWaLQ LQ AIULca (EH), WKe SeUUa dR 280 

EVSLQKaoR PRXQWaLQ LQ SRXWK APeULca (SE), aQd WKe EaVWeUQ GKaWV PRXQWaLQ LQ AVLa 281 

(EG) (FLJXUH 5D). 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  LQ LQdLYLdXaO PRXQWaLQV VKRZV aQ LQcUeaVe ZLWK eOeYaWLRQ LQ 282 

ORZ-WR-PLd eOeYaWLRQ, IROORZed b\ a decOLQe aV eOeYaWLRQ cRQWLQXeV WR LQcUeaVe (FLJXUHV 283 

5E-5H), cRQVLVWeQW ZLWK WKe UeVXOWV IRU eQWLUe WURSLcaO PRXQWaLQ UeJLRQV (FLJXUH 1). 284 

MecKaQLVP aQaO\VeV aOVR VXSSRUW WKaW WKe SRVLWLYe eOeYaWLRQaO JUadLeQW RI 𝛾௥𝑎௣௜ௗ LV 285 

PaLQO\ aWWULbXWed WR WKe aV\PPeWULcaO UeVSRQVe RI GPP aQd TER WR WePSeUaWXUeV 286 

(FLJXUHV 69 DQG 5L-5O); ZKLOe WKe QeJaWLYe eOeYaWLRQaO JUadLeQW RI 𝛾௥𝑎௣௜ௗ LV dXe WR WKe 287 

dLYeUJeQW UeVSRQVe RI GPP aQd TER WR SUecLSLWaWLRQ (FLJXUHV 69 DQG 5P-5S). 288 

HRZeYeU, WKe RSWLPaO eOeYaWLRQV ZKeUe VKRZ WKe 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   SeaN YaULeV acURVV 289 



 

dLIIeUeQW PRXQWaLQV. APRQJ WKe IRXU VWXdLed PRXQWaLQV, WKe EaVWeUQ GKaWV PRXQWaLQ 290 

e[SeULeQceV WKe KLJKeVW PeaQ WePSeUaWXUe (aYeUaJe PRQWKO\ TMF = 26.61�C) (FLJXUH 291 

5I) aQd WKXV KaV a KLJKeVW RSWLPaO eOeYaWLRQ (1390 P), cRUUeVSRQdLQJ WR WKe SOaceV ZLWK 292 

JUeaWeVW 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   (FLJXUH 5H). TKLV UeVXOWV LQ WKe VPaOOeVW eOeYaWLRQaO VeQVLWLYLW\ LQ 293 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  (FLJXUH 5K). CRQYeUVeO\, WKe SeUUa dR EVSLQKaoR PRXQWaLQ KaV WKe ORZeVW PeaQ 294 

WePSeUaWXUe (aYeUaJe PRQWKO\ TMF = 23.67�C) (FLJXUH 5I) aQd VKRZV WKe ORZeVW 295 

RSWLPaO eOeYaWLRQ (900 P) (FLJXUH 5G). TKLV OeadV WR WKe VKaUSeVW eOeYaWLRQaO WUeQd LQ 296 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  (FLJXUH 5K). OYeUaOO, WKe RSWLPaO eOeYaWLRQV ZLWK KLJKeVW 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  LQ WKe IRXU 297 

PRXQWaLQV aUe UaQNed aV IROORZV: EaVWeUQ GKaWV (1390 P) > EWKLRSLaQ HLJKOaQdV (1200 298 

P) > SLeUUa MadUe deO SXU PRXQWaLQ (1000 P) > SeUUa dR EVSLQKaoR (900 P) (FLJXUH 299 

5J); aQd LQ WKe RSSRVLWe, WKe eOeYaWLRQaO VeQVLWLYLWLeV RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   aUe UaQNed aV: SeUUa 300 

dR EVSLQKaoR > SLeUUa MadUe deO SXU PRXQWaLQ > EWKLRSLaQ HLJKOaQdV > EaVWeUQ GKaWV 301 

(FLJXUH 5K). 302 

 303 

Discussion 304 

AIIRUeVWaWLRQ aQd UeIRUeVWaWLRQ VWaQd RXW aV SLYRWaO OaQd-baVed acWLRQV IRU 305 

PLWLJaWLQJ cOLPaWe cKaQJe, eVSecLaOO\ LQ WKe cRQWe[W RI dLPLQLVKLQJ QeW JaLQV IURP CO2 306 

IeUWLOL]aWLRQ aQd LQcUeaVLQJO\ QeJaWLYe LPSacWV RQ WUee JURZWK IURP cOLPaWe ZaUPLQJ59. 307 

TURSLcaO PRXQWaLQ IRUeVWV e[KLbLW a OaUJe SRWeQWLaO IRU caUbRQ accXPXOaWLRQ29, 60. 308 

HRZeYeU, WKe e[SaQVLRQ RI a QeZ aJULcXOWXUaO IURQWLeU KaV caXVed VLJQLILcaQW WUee cRYeU 309 

ORVV LQ WURSLcaO PRXQWaLQ IRUeVWV dXULQJ WKe 21VW ceQWXU\61, 62. TKXV, WURSLcaO PRXQWaLQV 310 

KaYe ePeUJed aV a UeJLRQ ZLWK VLJQLILcaQW SRWeQWLaO IRU LPSOePeQWLQJ UeIRUeVWaWLRQ aQd 311 

aIIRUeVWaWLRQ eIIRUWV IRU IXWXUe cOLPaWe PLWLJaWLRQ40. 312 

CKaOOeQJeV SeUVLVW LQ SLQSRLQWLQJ RSWLPaO eOeYaWLRQV IRU aIIRUeVWaWLRQ aQd 313 

UeIRUeVWaWLRQ LQ WKe WURSLcV59. PUeYLRXV ILeOd VWXdLeV JeQeUaOO\ SUeVeQWed LQcRQVLVWeQW 314 

eOeYaWLRQaO SaWWeUQV RI caUbRQ accXPXOaWLRQV UaWe19, 20, 22-26, 30, 63. SWXdLeV, PaLQO\ 315 

IRcXVLQJ RQ WKe QeW caUbRQ d\QaPLcV RI PaWXUe IRUeVWV, RbVeUYed a PRQRWRQLcaOO\ 316 

decUeaVLQJ WUeQd RI bLRPaVV caUbRQ ZLWK eOeYaWLRQ aW a OaUJe eOeYaWLRQaO UaQJe (0-5000 317 



 

P)22, 25, 30. Other studies that accRXQWed IRU bRWK \RXQJ aQd PaWXUe IRUeVWV found that 318 

biomass carbon accumulation rate show an inverted U-shaped28 curve along increasing 319 

elevation with a transition at approximately 1600 m20, 63. SWaQd aJe dLIIeUeQceV acURVV 320 

eOeYaWLRQV OLNeO\ LQWURdXce cRQVLdeUabOe XQceUWaLQWLeV ZKeQ cRPSaULQJ caUbRQ 321 

accXPXOaWLRQ UaWeV acURVV YaULRXV eOeYaWLRQV. 322 

NRWabO\, VXcK VWaQd-aJe-aVVRcLaWed dLVcUeSaQc\ acURVV eOeYaWLRQV UaLVeV aQ 323 

LPSRUWaQW LVVXe —  KRZ WR cKRRVe aQ aSSURSULaWe WLPe SeULRd aORQJ a CKaSPaQ±324 

RLcKaUdV cXUYe IRU TXaQWLI\LQJ WKe caUbRQ accXPXOaWLRQ UaWe aW dLIIeUeQW eOeYaWLRQV9. 325 

FRU LQVWaQce, \RXQJ VecRQdaU\ IRUeVWV (< 40 \eaUV ROd) caQ accXPXOaWe 11 WR 20 WLPeV 326 

PRUe bLRPaVV caUbRQ WKaQ WKe PaWXUe IRUeVWV31, 32. SWXdLeV XVLQJ WKe VaPe VWaQd aJe 327 

ZLQdRZ IRU dLIIeUeQW eOeYaWLRQV WR eVWLPaWe WKe caUbRQ accXPXOaWLRQ UaWe9 Pa\ bULQJ 328 

XQceUWaLQWLeV ZKeQ cRPSaULQJ WKe caUbRQ accXPXOaWLRQ UaWe aW YaULRXV eOeYaWLRQV10, aV 329 

WKe VWaQd aJe YaULeV JUeaWO\ aW dLIIeUeQW eOeYaWLRQV LQ WKe UeaO ZRUOd64. TKLV SURYLdeV 330 

e[SOaLQaWLRQV IRU SUeYLRXV VWXdLeV WKaW KaYe RbVeUYed dLYeUVe eOeYaWLRQaO SaWWeUQV RI WKe 331 

caUbRQ accXPXOaWLRQ UaWe9, 25, 30. TKXV, SUeYLRXV VWXdLeV PRVWO\ dLd QRW accRXQWed IRU 332 

WKe XQceUWaLQWLeV LQWURdXced b\ dLIIeUeQW VWaQd aJe aQd OLNeO\ cRPSaUed WKe caUbRQ 333 

accXPXOaWLRQ UaWe RI IRUeVWV aW dLIIeUeQW JURZWK VWaJeV63. TKLV caQ be UeIOecWed b\ WKe 334 

aQaO\VLV UeJaUdLQJ WKe UeOaWLRQVKLS beWZeeQ bLRPaVV caUbRQ accXPXOaWLRQ UaWe aQd 335 

eOeYaWLRQV, XVLQJ 24, 28, aQd 32 \eaUV RI aJe aV WKUeVKROdV, ZKLcK VKRZed SRVLWLYe, 336 

LQVLJQLILcaQW, aQd XOWLPaWeO\ QeJaWLYe WUeQdV, UeVSecWLYeO\ (FLJXUH 3G).  337 

TR UedXce VXcK XQceUWaLQWLeV IURP VWaQd aJe, Ze SURSRVed a UeILQed aSSURacK WKaW 338 

XVed a caUbRQ accXPXOaWLRQ WKUeVKROd (< 80% RI WKe Pa[LPXP YaOXe) UaWKeU WKaQ WKe 339 

VWaQd aJe ZLQdRZ WR deILQe WKe aQaO\VLV WLPe SeULRd. TKLV QRYeO aSSURacK eQabOeV 340 

cRPSaULQJ WKe caUbRQ accXPXOaWLRQ UaWeV dXULQJ WKe UaSLd JURZWK SeULRdV LQ bRWK ORZ- 341 

aQd PLd-eOeYaWLRQ TPRFV (FLJXUH 3E), UeYeaOLQJ a URbXVW, cRQVLVWeQW aQd SRVLWLYe 342 

eOeYaWLRQaO JUadLeQW LQ 𝛾௥𝑎௣௜ௗ  ZLWKLQ eOeYaWLRQ beORZ 1000 P aQd cRQYeUVeO\ a 343 

QeJaWLYe eOeYaWLRQaO JUadLeQW LQ 𝛾௥𝑎௣௜ௗ ZLWKLQ eOeYaWLRQ abRYe 1000 P. (FLJXUHV 1 DQG 344 

3I). TKLV dLVcRYeU\ KeOSV WR UecRQcLOe WKe dLYeUJLQJ eOeYaWLRQaO WUeQdV WKaW ZeUe 345 

RbVeUYed LQ SUeYLRXV VWXdLeV60, 63, 65 aQd SURYLdeV a beQcKPaUN IRU cRPSaULQJ WKe 346 



 

bLRPaVV caUbRQ accXPXOaWLRQ UaWe (𝛾௥𝑎௣௜ௗ) RI IRUeVWV acURVV eOeYaWLRQV. 347 

We IXUWKeU IRXQd WKaW VeaVRQaO YaULaWLRQV LQ WePSeUaWXUe aQd aWPRVSKeULc dU\QeVV 348 

SOa\ Ne\ UROeV LQ WKe SRVLWLYe eOeYaWLRQaO JUadLeQW RI 𝛾௥𝑎௣௜ௗ aW eOeYaWLRQV < 1000 P. 349 

TKLV LV SURbabO\ aWWULbXWed WR WKe decUeaVeV RI KLJK-WePSeUaWXUe VWUeVV66 aQd 350 

aWPRVSKeULc dU\QeVV cRQVWUaLQW54 ZLWK eOeYaWLRQ (FLJXUHV 4F DQG 68D). TKLV ILQdLQJ LV 351 

cRQVLVWeQW ZLWK SUeYLRXV aQaO\VeV, ZKLcK IRXQd WKe JUeaWeVW WKUeaW RI KLJK-WePSeUaWXUe 352 

WR WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe LQ ORZOaQd TPRFV67, 68. IQ cRQWUaVW, TPRFV 353 

abRYe 1000P RIWeQ OLYe LQ OeVV KRW WePSeUaWXUeV69 aQd WKXV 𝛾௥𝑎௣௜ௗ e[KLbLWV OeVV LPSacW 354 

IURP KLJK-WePSeUaWXUe VWUeVV. CRQYeUVeO\, SUecLSLWaWLRQ becRPeV WKe PRVW LPSRUWaQW 355 

cOLPaWLc OLPLWeU, aV eOeYaWLRQV abRYe 1000 P JeQeUaOO\ KaYe VPaOO UaLQIaOO25. TKe 356 

cRQVWUaLQW RQ GPP IURP ORZ SUecLSLWaWLRQ, ZKLcK aOVR caXVeV aQ LQcUeaVe LQ TER, LV 357 

W\SLcaOO\ VeYeUe IURP DecePbeU WR MaUcK, UeVXOWLQJ LQ a QeJaWLYe eOeYaWLRQaO SaWWeUQ RI 358 𝛾௥𝑎௣௜ௗ  aW eOeYaWLRQV abRYe 1000P. TKeUeIRUe, eOeYaWLRQV RI aURXQd 1000 P OLNeO\ 359 

eQcRXQWeU OeVV KLJK WePSeUaWXUe aQd ZaWeU VWUeVV (FLJXUHV 4F-4I), PaNLQJ WKeVe UeJLRQV 360 

RSWLPaO IRU SRWeQWLaO UeIRUeVWaWLRQ eIIRUWV aLPed aW cOLPaWe PLWLJaWLRQ.  361 

NRWabO\, WKe eOeYaWLRQaO SaWWeUQ RI 𝛾௥𝑎௣௜ௗ Pa\ be IXUWKeU e[aceUbaWed b\ RQJRLQJ 362 

cOLPaWe ZaUPLQJ70, 71, aV IXWXUe e[WUePe KLJK WePSeUaWXUeV aQd aWPRVSKeULc dU\LQJ 363 

cRXOd LPSRVe PRUe VXbVWaQWLaO OLPLWaWLRQV RQ caUbRQ accXPXOaWLRQ UaWeV LQ WKe 364 

ORZOaQdV72, 73. WLWK WKe decOLQLQJ VWUeQJWK RI caUbRQ VLQNV LQ ORZOaQd WURSLcaO IRUeVWV68, 365 

WKe LPSRUWaQce RI PRQWaQe V\VWePV IRU caUbRQ PaQaJePeQW Pa\ be LQcUeaVLQJ LQ WKe 366 

IXWXUe74. COLPaWe cKaQJe Pa\ aOVR bULQJ YaULRXV LPSacWV RQ WKe eOeYaWLRQaO JUadLeQWV LQ 367 

caUbRQ accXPXOaWLRQ beWZeeQ WKe SOaQWed aQd QaWXUaO JURZWK IRUeVWV, aQd beWZeeQ WKe 368 

bURadOeaYed aQd QeedOe-OeaYed IRUeVWV, aV ZeOO aV LQ dLIIeUeQW PRXQWaLQV, dXe WR WKeLU 369 

dLYeUVe cOLPaWLc VeQVLWLYLWLeV13, 14, 18. WRUWK\ RI QRWLQJ LV WKaW dLVWXUbaQceV IURP KXPaQ 370 

acWLYLWLeV10, 18 aOVR decUeaVe ZLWK eOeYaWLRQ (FLJXUH 610E) aQd Pa\ aOVR cRQWULbXWe WR 371 

WKe LQcUeaVLQJ eOeYaWLRQaO WUeQd RI 𝛾௥𝑎௣௜ௗ LQ TPRFV (FLJXUHV 610F DQG 610G). 372 

IQ VXPPaU\, XVLQJ PXOWLSOe daWa VWUeaPV, aV ZeOO aV PRdeOOLQJ aQd PaSSLQJ 373 

aSSURacKeV, RXU aQaO\VLV UeYeaOV a URbXVW aQd cRQVLVWeQWO\ LQcUeaVLQJ WUeQd LQ 𝛾௥𝑎௣௜ௗ aW 374 

eOeYaWLRQV beWZeeQ 300 P aQd 1000 P, bXW a VXbVeTXeQWO\ decOLQLQJ WUeQd ZKeQ 375 



 

eOeYaWLRQV > 1000 P. TKXV, 1000 P VKRZV WR be WKe RSWLPaO eOeYaWLRQ IRU accXPXOaWLQJ 376 

bLRPaVV caUbRQ LQ TPRFV, ZKLOe WKLV WKUeVKROd YaULeV VOLJKWO\ acURVV dLIIeUeQW 377 

PRXQWaLQV. OXU ILQdLQJV XQdeUVcRUeV WKe LPSRUWaQce RI LQcRUSRUaWLQJ eOeYaWLRQ aV a 378 

JORbaO IacWRU ZKeQ eVWLPaWLQJ bLRPaVV caUbRQ VLQNV, aQd ZKeQ cRQVLdeULQJ VXLWabOe 379 

aUeaV IRU UeIRUeVWaWLRQ aQd aIIRUeVWaWLRQ, addUeVVLQJ bRWK VcLeQWLILc XQdeUVWaQdLQJ aQd 380 

SROLc\ cRQVLdeUaWLRQV.  381 

 382 

E;PE5IMEN7AL P5OCED85E6 383 

Methods 384 

General summary  385 

IQ RUdeU WR cRQdXcW a cRQVWUaLQW aVVeVVPeQW RI eOeYaWLRQ-dULYeQ YaULaWLRQV LQ WKe 386 

bLRPaVV caUbRQ accXPXOaWLRQ UaWe LQ WKe UaSLd JURZWK VWaJeV ( 𝛾௥𝑎௣௜ௗ ), Ze ILUVWO\ 387 

cROOecWed ILYe LQdeSeQdeQW IRUeVW bLRPaVV, caUbRQ IOX[, aQd KeLJKW daWaVeWV. (L) DDWDVHW 388 

1: iQ ViWX RbVeUYaWLRQV RI WRWaO IRUeVW bLRPaVV (abRYeJURXQd aQd beORZJURXQd) IURP 389 

SXbOLVKed OLWeUaWXUe cRPSLOaWLRQ9 aQd WKe SPLWKVRQLaQ IQVWLWXWLRQ¶V GORbaO FRUeVW 390 

CaUbRQ daWabaVe (FRUC)36; (LL) DDWDVHW 2: WRWaO IRUeVW abRYeJURXQd bLRPaVV caUbRQ 391 

deULYed IURP WKe VaWeOOLWe-baVed 100 P UeVROXWLRQ VLQJOe-\eaU SURdXcW RI EXURSeaQ 392 

SSace AJeQc\ COLPaWe CKaQJe IQLWLaWLYe (ESA CCI) abRYeJURXQd bLRPaVV (AGB)17; 393 

(LLL) DDWDVHW 3: a 0.1� UeVROXWLRQ WLPe-VeULeV daWaVeW RI caUbRQ VWRcN LQ WRWaO OLYe ZRRd\ 394 

bLRPaVV, JeQeUaWed WKURXJK PacKLQe-OeaUQLQJ (ML)37; (LY) DDWDVHW 4: a 0.072727° 395 

UeVROXWLRQ WLPe-VeULeV RI QeW ecRV\VWeP SURdXcWLYLW\ (NEP) VLPXOaWLRQV RbWaLQed IURP 396 

WKe BEPS (Biosphere-atmosphere Exchange Process Simulator)38 model; aQd (Y) 397 

DDWDVHW 5: a 30 P UeVROXWLRQ WUee KeLJKW daWaVeW IURP VSacebRUQe LLDAR RbVeUYaWLRQV 398 

LQ 2019 b\ WKe GORbaO EcRV\VWeP D\QaPLcV IQYeVWLJaWLRQ (GEDI)39.  399 

WKLOe DDWDVHW 1 LQcOXdeV LQIRUPaWLRQ RQ VWaQd aJeV, DDWDVHWV 2- 5 dR QRW SURYLde 400 

WKLV LQIRUPaWLRQ. CRQVeTXeQWO\, Ze Qeeded WR VXSSOePeQW DDWDVHWV 2- 5 ZLWK VWaQd aJe 401 

daWa IURP RWKeU VRXUceV beIRUe SURceedLQJ ZLWK WKe VXbVeTXeQW aQaO\VLV. FRU ESA-CCI 402 

AGB daWa (DDWDVHWV 2) aQd GEDI WUee KeLJKW daWa (DDWDVHWV 5), Ze XWLOL]ed WKe 30 P 403 

UeVROXWLRQ VaWeOOLWe-baVed WURSLcaO PRLVW IRUeVW cRYeU cKaQJe daWaVeW (TMF)41 WR LdeQWLI\ 404 



 

QaWXUaO UeJURZWK (TRF) SL[eOV ZKeUe a cRQYeUVLRQ IURP deIRUeVWed OaQd WR IRUeVW 405 

RccXUUed, WeUPed ³SecRQdaU\ FRUeVW´ LQ WKe TMF daWaVeW (Vee PRUe deWaLO OaWeU LQ 406 

PeWKRdV). TKe cRQVecXWLYe \eaUV dXULQJ ZKLcK WKe OaQd UePaLQed IRUeVW-cRYeUed ZeUe 407 

WKeQ XVed WR eVWLPaWe WKe VWaQd aJe LQ \eaUV18 IRU WKeVe TRF SL[eOV. We aOVR ePSOR\ed 408 

a VaWeOOLWe-baVed JORbaO SOaQWaWLRQ \eaUV daWaVeW42 ZLWK a UeVROXWLRQ RI 30 P WR LdeQWLI\ 409 

SOaQWed IRUeVW (TPF) SL[eOV aQd WKeLU cRUUeVSRQdLQJ SOaQWLQJ \eaUV. FRU WKe 0.1° 410 

UeVROXWLRQ WLPe-VeULeV PacKLQe-OeaUQLQJ OLYe ZRRd\ bLRPaVV daWa SURYLded b\ XX eW aO. 411 

(2021)37 (DDWDVHW 3) aQd WKe 0.072727° UeVROXWLRQ WLPe-VeULeV BEPS-modeled NEP daWa 412 

(DDWDVHW 4), Ze LdeQWLILed TPRF SL[eOV ZKeUe QRQ-IRUeVWV cRQYeUWed WR IRUeVWed OaQdV 413 

baVed RQ WKe 0.05� UeVROXWLRQ MODIS MCD12C1 OaQdcRYeU SURdXcWV43. AQd WKeQ, Ze 414 

VXSSOePeQWed WKe eOeYaWLRQ daWa IRU WKeVe ILYe LQdeSeQdeQW daWaVeWV ZLWK SKXWWOe RadaU 415 

TRSRJUaSK\ MLVVLRQ (SRTM) DEM daWa75 e[WUacWed IURP JORbaO dLJLWaO eOeYaWLRQ PRdeO 416 

(DEM) PaSV. 417 

AIWeU VXSSOePeQWLQJ WKe LQIRUPaWLRQ RQ VWaQd aJe aQd eOeYaWLRQ, Ze aQaO\]ed WKe 418 𝛾௥𝑎௣௜ௗ  RI TPRFV acURVV WKe eOeYaWLRQ JUadLeQW baVed RQ WKeVe ILYe bLRPaVV-UeOaWed 419 

daWaVeWV. IW LV eVVeQWLaO WR KLJKOLJKW WKaW Ze aSSOLed a VSace-IRU-WLPe aQaORJ\ ZLWK WKe 420 

CKaSPaQ±RLcKaUdV cXUYe10 (ETXDWLRQ 1) WR eVWLPaWe 𝛾௥𝑎௣௜ௗீி஼ , 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ aQd 𝛾௥𝑎௣௜ௗீா஽ூ  aW 421 

aQ eOeYaWLRQ bLQ RI 100 P aQd a PRYLQJ ZLQdRZ VWeS RI 80 P. PUeYLRXV VWXdLeV 422 

cRPPRQO\ XVed a VWaQd aJe ZLQdRZ WR deWeUPLQe WKe WePSRUaO SRVLWLRQ aORQJ a 423 

CKaSPaQ±RLcKaUdV cXUYe IRU caOcXOaWLQJ WKe caUbRQ accXPXOaWLRQ UaWe9. NeYeUWKeOeVV, 424 

WKe UaWeV RI caUbRQ accXPXOaWLRQ, aV eVWLPaWed IURP dLIIeUeQW VWaQd aJe ZLQdRZV, YaU\ 425 

OaUJeO\ (FLJXUH 3D). HeUe, Ze XVe a caUbRQ accXPXOaWLRQ ZLQdRZ aSSURacK WR eVWLPaWe 426 

WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe RI TPFV dXULQJ WKeLU UaSLd JURZWK SKaVe (𝛾௥𝑎௣௜ௗ), 427 

acURVV YaU\LQJ eOeYaWLRQV (FLJXUH 3E). TKe UaSLd JURZWK VWaQd aJe LV deILQed aV WKe 428 

WLPe beIRUe WKe PaWXULW\ \eaU ZKeQ WKe bLRPaVV caUbRQ UeacKeV 80% RI LWV SeaN YaOXe 429 

SUedLcWed b\ WKe CKaSPaQ±RLcKaUdV PRdeO, VSecLILcaOO\ WKe PedLaQ bLRPaVV caUbRQ RI 430 

ROd-JURZWK IRUeVWV ZLWK VWaQd aJe ≥100 \eaUV ZLWKLQ eacK eOeYaWLRQ bLQ. TKe JULd ceOOV 431 

cRUUeVSRQdLQJ WR ROd-JURZWK IRUeVWV (≥100 \eaUV RI aJe) ZeUe LdeQWLILed baVed RQ VWaQd 432 

aJe LQIRUPaWLRQ VRXUced IURP a JORbaO daWabaVe RI IRUeVW caUbRQ SURYLded b\ AQdeUVRQ-433 



 

TeL[eLUa eW aO36. SXbVeTXeQWO\, WKe 𝛾௥𝑎௣௜ௗ  LV caOcXOaWed aV WKe VORSe RI WKe OLQeaU 434 

UeJUeVVLRQ ILW beWZeeQ OLYe bLRPaVV caUbRQ aQd IRUeVW VWaQd aJe RI TPRFV beIRUe 435 

UeacKLQJ WKe deILQed PaWXULW\ aJe (LQVeW LQ FLJXUHV 1E-1F, 1I; DQG 61-62). IW LPSOLeV 436 

WKaW WKLV aSSURacK eQabOeV cRPSaULVRQV RI WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe LQ 437 

TPRFV dXULQJ WKeLU UaSLd JURZWK VWaJe, UedXcLQJ XQceUWaLQWLeV aULVLQJ IURP dLIIeUeQceV 438 

LQ VWaQd aJe acURVV YaULRXV eOeYaWLRQV. 439 𝑌௧ ൌ 𝐴ሺ1 െ 𝑒−௞௧ሻ௖ േ 𝜀; A, N aQd c > 0                               (1) 440 

WKeUe 𝑌௧ UeIeUV WR WKe bLRPaVV caUbRQ aW aJe 𝑡; 𝐴 LV WKe PedLaQ bLRPaVV caUbRQ RI 441 

ROd-JURZWK IRUeVWV ZLWK VWaQd aJe ≥100 \eaUV ZLWKLQ eacK eOeYaWLRQ bLQ; N LV a JURZWK 442 

UaWe cReIILcLeQW RI 𝑌௧ aV a IXQcWLRQ RI aJe; c LV a cReIILcLeQW WKaW deWeUPLQeV WKe VKaSe 443 

RI WKe JURZWK cXUYe; aQd 𝜀 LV aQ eUURU WeUP. 444 

WKLOe WKe 𝛾௥𝑎௣௜ௗீி஼ , 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ aQd 𝛾௥𝑎௣௜ௗீா஽ூ  aUe eVWLPaWed XVLQJ WKe VSace-IRU-WLPe 445 

PeWKRd, WKe 𝛾௥𝑎௣௜ௗெ௅  aQd 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  aUe RbWaLQed XVLQJ WLPe VeULeV PeWKRdV. SSecLILcaOO\, 446 𝛾௥𝑎௣௜ௗெ௅  LV eVWLPaWed aV WKe VORSe RI WKe ILWWed OLQeaU UeJUeVVLRQ ILW beWZeeQ aQQXaO OLYe 447 

bLRPaVV caUbRQ aQd VWaQd aJe RYeU WKe eQWLUe WLPe VeULeV SeULRd IRU eacK TPRF (LQVeW 448 

LQ FLJXUH 1G), VLQce WKeLU VWaQd aJeV W\SLcaOO\ VSaQ OeVV WKaQ 20 \eaUV. OQ WKe RWKeU 449 

KaQd, 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   LV caOcXOaWed aV WKe PeaQ NEP IRU eacK TPRF RYeU WKe VaPe SeULRd 450 

(FLJXUH 1H).  451 

IQ addLWLRQ WR e[aPLQLQJ WKe eQWLUe WURSLcaO PRXQWaLQ ]RQeV, Ze aQaO\]ed WKe 452 

cKaQJeV LQ 𝛾௥𝑎௣௜ௗ ZLWK eOeYaWLRQ acURVV IRXU VSecLILc PRXQWaLQV: WKe SLeUUa MadUe deO 453 

SXU LQ NRUWK APeULca (SMS), WKe EWKLRSLaQ HLJKOaQdV LQ AIULca (EH), WKe SeUUa dR 454 

EVSLQKaoR LQ SRXWK APeULca (SE), aQd WKe EaVWeUQ GKaWV LQ AVLa (EG), XVLQJ WLPe-455 

VeULeV BEPS-PRdeOed QeW ecRV\VWeP SURdXcWLYLW\ (NEP) daWa (FLJXUHV 5E-H). 456 

FXUWKeUPRUe, Ze cRQdXcWed a cRPSUeKeQVLYe aVVeVVPeQW WR e[SORUe WKe dULYLQJ 457 

PecKaQLVPV beKLQd WKe eOeYaWLRQaO JUadLeQWV LQ 𝛾௥𝑎௣௜ௗ, bRWK acURVV WKe eQWLUe WURSLcaO 458 

UeJLRQV (FLJXUH 4) aQd aPRQJ WKe LQdLYLdXaO PRXQWaLQV (FLJXUH 5).  459 

TKe RYeUaOO WecKQLcaO URadPaS LV VKRZQ LQ FLJXUH 611 aQd deWaLOed eVWLPaWLRQ 460 

VWeSV IRU eacK daWaVeW aUe deVcULbed LQ WKe VXbVeTXeQW VecWLRQV. 461 



 

 462 

Estimation of the biomass carbon accumulation rate based on in situ forest biomass 463 

data (Dataset 1) using the space-for-time analogy 464 

We XVed a JORbaO IRUeVW bLRPaVV caUbRQ daWaVeW WKaW SURYLded ILeOd PeaVXUePeQWV 465 

RI SOaQW bLRPaVV caUbRQ (LQcOXdLQJ bRWK abRYe- aQd beORZ-JURXQd bLRPaVV caUbRQ) (LQ 466 

MJC Ka-1), VWaQd aJe (LQ \eaUV), eOeYaWLRQ (LQ PeWeUV), SUe-dLVWXUbed OaQd cRYeU 467 

LQIRUPaWLRQ aQd SOaQW eVWabOLVKPeQW PeWKRd (e.J. QaWXUaO UeJURZWK RU SOaQWed)9, 36. IQ 468 

caVeV ZKeUe UecRUdV OacNed eOeYaWLRQ LQIRUPaWLRQ, Ze VXSSOePeQWed WKe eOeYaWLRQ daWa 469 

IURP SKXWWOe RadaU TRSRJUaSK\ MLVVLRQ ;SRTM) DEM daWa75. FLQaOO\, WKe daWaVeW 470 

cRPSULVed 2,693 abRYeJURXQd caUbRQ eVWLPaWeV ZLWKLQ WURSLcaO UeJLRQV, RULJLQaWLQJ 471 

IURP 518 dLVWLQcW VLWeV aQd eQcRPSaVVLQJ daWa IURP 164 VWXdLeV (FLJXUH 1D). 472 

DXe WR WKe OLPLWed aYaLOabLOLW\ RI WLPe-VeULeV RbVeUYaWLRQV IRU eacK VLWe (PRVWO\ 473 

VSaQQLQJ RYeU RQe RU WZR \eaUV)9, Ze ePSOR\ed a VSace-IRU-WLPe aQaORJ\ WR eVWLPaWe 474 

WKe caUbRQ accXPXOaWLRQ UaWe. IQ cRQWUaVW WR WLPe-VeULeV aQaO\VLV, ZKLcK TXaQWLILeV 475 

cKaQJeV LQ SOaQW caUbRQ RYeU WLPe aW eacK VLWe, WKe VSace-IRU-WLPe aQaORJ\ eVWLPaWeV aQ 476 

aYeUaJe caUbRQ accXPXOaWLRQ UaWe acURVV aOO VLWeV ZLWKLQ a VSecLILc eOeYaWLRQ UaQJe. 477 

FLJXUH 1E ZaV SURdXced aW aQ eOeYaWLRQ bLQ RI 100 P aQd a PRYLQJ ZLQdRZ VWeS RI 80 478 

P. We cRQdXcWed addLWLRQaO aQaO\VeV ZLWK YaULRXV cRPbLQaWLRQV RI eOeYaWLRQ bLQV aQd 479 

PRYLQJ ZLQdRZ VWeSV WR aVVeVV WKe URbXVWQeVV RI WKe UeVXOWV (FLJXUH 612).  480 

IQ addLWLRQ, XVLQJ WKe SOaQW eVWabOLVKPeQW aQd SUe-dLVWXUbed OaQd cRYeU LQIRUPaWLRQ 481 

UecRUded LQ WKLV daWabaVe, aORQJ ZLWK 500 P UeVROXWLRQ MODIS MCD12Q1 Y061 OaQd 482 

cRYeU daWa43 aQd 90 P UeVROXWLRQ DEM daWa75, Ze IXUWKeU cRQdXcWed a cRPSaUaWLYe 483 

aQaO\VLV RI WKe eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗீி஼  beWZeeQ QaWXUaO UeJURZWK aQd SOaQWed 484 

IRUeVWV (FLJXUH 2D), beWZeeQ bURadOeaYed aQd QeedOe-OeaYed IRUeVWV (FLJXUH 2E), 485 

beWZeeQ VRXWK- aQd QRUWK-IacLQJ VORSeV RI PRXQWaLQV (FLJXUH 2F), aQd dLIIeUeQW OaQd 486 

XVe W\SeV beIRUe aIIRUeVWaWLRQ, UeIRUeVWaWLRQ RU bRWK (FLJXUH 613).  487 

 488 

Estimation of the biomass carbon accumulation rate based on the 100 m resolution 489 

total biomass carbon derived from the ESA-CCI aboveground biomass (AGB) 490 



 

product (Dataset 2) using the space-for-time analogy 491 

We ILUVW RbWaLQed WKe abRYeJURXQd bLRPaVV (AGB) UecRUdV IRU 2018 IURP WKe 100 492 

P UeVROXWLRQ ESA-CCI SURdXcW17, ZKLcK XVed eOeYaWLRQ daWa WR UedXce eUURUV aULVLQJ 493 

IURP WKe dLIIeUeQceV LQ UadaU bacNVcaWWeU beWZeeQ VORSeV IacLQJ WKe UadaU aQd WKRVe 494 

IacLQJ aZa\. We WKeQ XVed WKe URRW-WR-VKRRW UaWLR deYeORSed IURP ILeOd PeaVXUePeQWV 495 

WR eVWLPaWe WKe beORZ-JURXQd bLRPaVV (BGB) IURP WKe ESA-CCI AGB daWa37, 76. 496 

SXbVeTXeQWO\, bLRPaVV caUbRQ ZaV eVWLPaWed IURP WKe VXP RI AGB aQd BGB b\ 497 

PXOWLSO\LQJ b\ a cRQVWaQW cReIILcLeQW (0.49)76, 77. IW LV LPSRUWaQW WR acNQRZOedJe 498 

SRWeQWLaO XQceUWaLQWLeV LQ WKeVe eVWLPaWeV, cRQVLdeULQJ WKaW AGB aQd BGB Pa\ e[KLbLW 499 

dLVWLQcW eOeYaWLRQaO SaWWeUQV JORbaOO\75, 78-81.  500 

TR eVWLPaWe WKe 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ IRU QaWXUaO UeJURZWK IRUeVWV (TRFV), Ze XWLOL]ed WKe 30 501 

P UeVROXWLRQ VaWeOOLWe-baVed WURSLcaO PRLVW IRUeVW cRYeU cKaQJe daWaVeW (TMF)41 WR 502 

LdeQWLI\ TRF SL[eOV. TKLV daWaVeW WUacNed WKe e[WeQW aQd aOWeUaWLRQV RI WURSLcaO PRLVW 503 

IRUeVWV RYeU WKe SaVW WKUee decadeV41 aQd cKaUacWeUL]ed WKe deJUaded IRUeVWV aQd 504 

VecRQdaU\ IRUeVWV aW a VSaWLaO UeVROXWLRQ RI 30 P aQd a \eaUO\ WePSRUaO UeVROXWLRQ, 505 

JeQeUaWed IURP LaQdVaW daWa VSaQQLQJ IURP 1982 WR 2019. DeJUaded IRUeVWV, LQ WKLV 506 

daWaVeW, ZeUe deILQed aV WUee-cRYeUed SL[eOV IRU ZKLcK dLVWXUbaQceV ZeUe YLVLbOe IRU a 507 

VKRUW WLPe SeULRd (beWZeeQ 3 PRQWKV aQd 2.5 \eaUV Pa[LPXP), ZKeUeaV VecRQdaU\ 508 

IRUeVWV ZeUe deILQed aV SL[eOV ZLWK QaWXUaO UeJURZWK YeJeWaWLRQ aIWeU aQ abVeQce RI WUee 509 

cRYeU IRU PRUe WKaQ 2.5 \eaUV18. IQ WKLV VWXd\, Ze RQO\ VeOecWed WKe VecRQdaU\ IRUeVWV 510 

IRU TRF aQaO\VLV. FXUWKeUPRUe, Ze aOVR UePRYed WKe RLO SaOP SOaQWaWLRQV IURP WKe TMF 511 

VecRQdaU\ IRUeVWV IROORZLQJ WKe PeWKRdRORJ\ RI HeLQULcK eW aO.18. SWaQd aJe IRU TRFV 512 

ZaV eVWLPaWed aV dXUaWLRQ VLQce WKe PRVW UeceQW dLVWXUbaQce eYeQW IRU aQ\ UecRYeULQJ 513 

IRUeVW SL[eO LQ WURSLcaO PRLVW IRUeVWV, baVed RQ WKe aQQXaO QXPbeU RI deWecWed 514 

dLVWXUbaQceV LQ WKe TMF daWaVeW. SXbVeTXeQWO\, Ze VXSeULPSRVed WKe 30P UeVROXWLRQ 515 

VWaQd aJe PaS RQWR WKe 100 P UeVROXWLRQ WRWaO bLRPaVV caUbRQ PaS deULYed IURP ESA-516 

CCI AGB SURdXcWLRQ, caOcXOaWLQJ WKe aYeUaJe VWaQd aJe IRU eacK ESA-CCI JULd ceOO. 517 

OQO\ WKRVe 100 P UeVROXWLRQ ESA-CCI JULd ceOOV, ZKeUe VWaQd aJe LQIRUPaWLRQ ZaV 518 

SUeVeQWed LQ PRUe WKaQ 10 VXb-JULd SL[eOV ZLWK 30 P UeVROXWLRQ, ZeUe LQcOXded LQ RXU 519 



 

aQaO\VLV. FLQaOO\, Ze ePSOR\ed a VSace-IRU-WLPe aQaORJ\ ZLWK WKe CKaSPaQ±RLcKaUdV 520 

cXUYe WR eVWLPaWe 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ IRU QaWXUaO UeJURZWK IRUeVWV aW aQ eOeYaWLRQ bLQ RI 100 P 521 

aQd a PRYLQJ ZLQdRZ VWeS RI 80 P (FLJXUH 2G).  522 

SLPLOaUO\, WR eVWLPaWe WKe 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ IRU SOaQWed IRUeVWV (TPFV), Ze ILUVW XWLOL]ed a 523 

30 P UeVROXWLRQ JORbaO PaS RI SOaQWaWLRQ SOaQWLQJ \eaUV (GPY) VSaQQLQJ IURP 1982 WR 524 

2020 WR LdeQWLI\ TPF SL[eOV. TKe GPY daWaVeW LQcOXdeV WZR WUee caWeJRULeV: WUee cURSV 525 

aQd SOaQWed IRUeVWV. We UeWaLQed RQO\ WKe 100 P UeVROXWLRQ ESA-CCI JULd ceOOV WKaW 526 

ZeUe RYeUOaSSed ZLWK PRUe WKaQ 10 VXb-JULd SL[eOV LdeQWLILed aV ³SOaQWed IRUeVW´ aW 30 527 

P UeVROXWLRQ. SXbVeTXeQWO\, Ze ePSOR\ed a VSace-IRU-WLPe aQaORJ\ ZLWK WKe CKaSPaQ±528 

RLcKaUdV cXUYe WR eVWLPaWe 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ  IRU TPFV aW aQ eOeYaWLRQ bLQ RI 100 P aQd a 529 

PRYLQJ ZLQdRZ VWeS RI 80 P (FLJXUH 2G). 530 

IW LV ZRUWK QRWLQJ WKaW WKe 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ LQ FLJXUH 1F LV WKe UeVXOW RI XVLQJ bRWK TPFV 531 

aQd TRFV daWa. FRU TPFV, Ze XVed WKe VSecLeV LQIRUPaWLRQ UecRUded LQ WKe GPY daWaVeW 532 

WR cOaVVLI\ WKeP LQWR bURadOeaYed aQd QeedOe-OeaYed IRUeVWV. FRU TRFV, Ze cOaVVLILed 533 

WKeP LQWR bURadOeaYed aQd QeedOe-OeaYed IRUeVWV baVed RQ WKe 500 P UeVROXWLRQ MODIS 534 

MCD12Q1 Y061 OaQd cRYeU daWa43. SXbVeTXeQWO\, Ze aQaO\]ed WKe eOeYaWLRQaO SaWWeUQV 535 

RI 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூIRU bURadOeaYed aQd QeedOe-OeaYed IRUeVWV, UeVSecWLYeO\ (FLJXUH 2H), aQd 536 

beWZeeQ VRXWK- aQd QRUWK-IacLQJ VORSeV RI PRXQWaLQV (FLJXUH 2I).  537 

FXUWKeUPRUe, Ze cRQdXcWed aQ e[WeQVLYe aQaO\VLV aW WKe WUee JeQXV OeYeO b\ 538 

LQWeJUaWLQJ a cRPSUeKeQVLYe iQ ViWX PeJa-daWabaVe RI WURSLcaO AIULcaQ YaVcXOaU SOaQW 539 

dLVWULbXWLRQV cRPSLOed IURP 13 daWaVeWV44. IQ WKLV aQaO\VLV, Ze VeOecWLYeO\ cRQVLdeUed 540 

WUee VSecLeV WKaW PeW VSecLILc cULWeULa: WKe\ Kad WR KaYe aW OeaVW IRXU VLWeV LQ WKe 100P 541 

bLQ ZLWKLQ a VLQJOe eOeYaWLRQ bLQ (100 P) aQd VSaQQed aW OeaVW WKUee eOeYaWLRQ bLQV 542 

beWZeeQ eOeYaWLRQV RI 300 WR 1000 P, aV WKeUe LV QR VXIILcLeQW daWa IRU aQaO\VLV abRYe 543 

1000 P. MRUeRYeU, Ze e[cOXded daWa SRLQWV e[KLbLWLQJ aQRPaORXVO\ KLJK bLRPaVV 544 

caUbRQ YaOXeV (> 200 MJCāKa-1) IRU WUeeV aJed 1 WR 3 \eaUV RU dePRQVWUaWLQJ aQ 545 

e[ceSWLRQaOO\ KLJK bLRPaVV caUbRQ accXPXOaWLRQ UaWe (> 15 MJCāKa-1\U-1). AdKeULQJ WR 546 

WKeVe VWULQJeQW VeOecWLRQ cULWeULa, RXU aQaO\VLV ILQaOO\ LQcOXded 4 VSecLeV ZLWK a WRWaO RI 547 



 

215 UecRUdV (FLJXUH 64). 548 

 549 

Estimation of the biomass carbon accumulation rate based on a time-series 0.1° 550 

resolution live biomass dataset from 2000 to 2019 (Dataset 3) 551 

A JORbaO YeJeWaWLRQ OLYe bLRPaVV daWaVeW ZaV JeQeUaWed b\ LQWeJUaWLQJ JURXQd 552 

LQYeQWRU\ daWa aQd UePRWe VeQVLQJ RbVeUYaWLRQV, LQcOXdLQJ aLUbRUQe OaVeU VcaQQLQJ 553 

(ALS) daWa aQd WKe VaWeOOLWe LLDAR LQYeQWRU\ RI JORbaO YeJeWaWLRQ KeLJKW VWUXcWXUe 554 

LQIRUPaWLRQ. TKLV daWaVeW ZaV deYeORSed XVLQJ a VeOI-LPSURYLQJ ML aOJRULWKP37. IW 555 

SURYLdeV JORbaO WLPe-VeULeV (2000±2019) aQd aQQXaO OLYe bLRPaVV daWa aW 0.1� UeVROXWLRQ, 556 

cRYeULQJ WeUUeVWULaO ecRV\VWePV ZRUOdZLde. E[WeQVLYe YaOLdaWLRQ eIIRUWV KaYe beeQ 557 

cRQdXcWed baVed RQ RYeU 100,000 iQ ViWX RbVeUYaWLRQV37. TKLV daWaVeW XVed eOeYaWLRQ 558 

daWa b\ LQcRUSRUaWLQJ SRTM daWa LQWR PacKLQe OeaUQLQJ WecKQLTXeV WR caSWXUe 559 

WRSRJUaSKLcaO IeaWXUeV, WKeUeb\ eQKaQcLQJ WKe accXUac\ RI caUbRQ VWRcN eVWLPaWeV acURVV 560 

dLIIeUeQW eOeYaWLRQV37. IPSRUWaQWO\, WKLV daWaVeW KaV IRXQd ZLdeVSUead aSSOLcaWLRQ LQ 561 

VWXdLeV SeUWaLQLQJ WR IRUeVW caUbRQ d\QaPLcV82-85.  562 

IQ WKLV VWXd\, WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe ZaV eVWLPaWed XVLQJ WLPe-VeULeV 563 

PeWKRdV, aV deOLQeaWed LQ WKe IROORZLQJ SURcedXUaO VWeSV.  564 

FLUVW, Ze LdeQWLILed WKe TPRFV ZLWKLQ WKe OaWLWXdLQaO UaQJe RI 23.5�S-23.5�N baVed 565 

RQ MODIS MCD12C1 OaQdcRYeU SURdXcWV (YeUVLRQ Y6.1)43 566 

(KWWSV://OSdaac.XVJV.JRY/SURdXcWV/Pcd12c1Y006/), ZKLcK aUe aYaLOabOe IURP 2001 WR 567 

2019 aQd e[KLbLW cRPSaUabOe VSaWLaO UeVROXWLRQV (0.05�) ZLWK WKe 0.1� UeVROXWLRQ ML-568 

deULYed OLYe bLRPaVV daWa. SWaQd aJeV ZeUe WKeQ deWeUPLQed XVLQJ WKe IROORZLQJ 569 

aSSURacK86-88: (1) FLUVWO\, WURSLcaO UeJLRQV ZeUe cOaVVLILed LQWR WZR caWeJRULeV: IRUeVW aQd 570 

QRQ-IRUeVW OaQdV. FRUeVW SL[eOV LQcOXde ILYe OaQd cRYeU W\SeV: eYeUJUeeQ QeedOe-OeaYed 571 

IRUeVWV, eYeUJUeeQ bURadOeaYed IRUeVWV, decLdXRXV QeedOe-OeaYed IRUeVWV, decLdXRXV 572 

bURadOeaYed IRUeVWV, aQd PL[ed IRUeVWV; (2) TKeQ, WKe cRPPeQcePeQW RI JURZWK SeULRdV 573 

ZaV deVLJQaWed aV WKe \eaU ZKeQ a WUaQVLWLRQ RccXUUed IURP QRQ-IRUeVW WR IRUeVW; 574 

CRQYeUVeO\, WeUPLQaWLRQ RI JURZWK SeULRdV ZaV PaUNed ZKeQ a WUaQVLWLRQ RccXUUed IURP 575 

IRUeVW WR QRQ-IRUeVW; aQd (3) WKe VWaQd aJe ZaV caOcXOaWed aV WKe WePSRUaO OeQJWK beWZeeQ 576 



 

WKe cRPPeQcePeQW aQd WeUPLQaWLRQ RI JURZWK SeULRdV. GLYeQ WKe acceVVLbLOLW\ RI 577 

MODIS OaQdcRYeU PaSV IURP 2001 WR 2019, WKe eVWLPaWed VWaQd aJeV LQ RXU VWXd\ 578 

eQcRPSaVV RQO\ LPPaWXUe VWaJeV, UaQJLQJ IURP 1 \eaU WR 18 \eaUV. IW LV SeUWLQeQW WR QRWe 579 

WKaW, LQ UeaOLW\, IRUeVWV RIWeQ cRPPeQce UeJURZWK beIRUe beLQJ YLVXaOO\ LdeQWLILed LQ 580 

UePRWe VeQVLQJ LPaJeU\, SRWeQWLaOO\ UeVXOWLQJ LQ aQ XQdeUeVWLPaWLRQ RI TPRF VWaQd aJeV. 581 

SecRQd, WR aOLJQ WKe VWaQd aJe PaS ZLWK WKe cRaUVe VSaWLaO UeVROXWLRQ (0.1�) RI 582 

JULdded IRUeVW bLRPaVV caUbRQ daWa, Ze ePSOR\ed a 2î2 VeaUcK ZLQdRZ (VL]e: 2î2 0.05� 583 

SL[eOV) WR WUacN OaQd cRYeU cKaQJeV. OQO\ SL[eOV PeeWLQJ WKe VSecLILc cULWeULa ZeUe 584 

LQcOXded LQ WKe aQaO\VLV: (1) aOO IRXU SL[eOV ZLWKLQ WKe 2î2 VeaUcK ZLQdRZ ZeUe 585 

cOaVVLILed aV QRQ-IRUeVW OaQdV LQ WKe \eaU 2001; (2) PRUe WKaQ KaOI RI WKe 0.05� SL[eOV 586 

ZLWKLQ WKe 2î2 VeaUcK ZLQdRZ WUaQVLWLRQed IURP QRQ-IRUeVW WR IRUeVW OaQdV dXULQJ WKe 587 

VaPe SeULRd; aQd (3) WKe dXUaWLRQ RI WKe JURZWK SeULRd VKRXOd e[ceed 8 \eaUV, eQVXULQJ 588 

WKe UeOLabLOLW\ RI caUbRQ accXPXOaWLRQ UaWe caOcXOaWLRQV. ASSO\LQJ WKeVe cULWeULa, a WRWaO 589 

RI 1,754 0.1�×0.1�JULdV ZeUe VeOecWed IRU aQaO\VLV. 590 

FLQaOO\, IRU eacK VeOecWed 0.1� JULd ceOO, VcaWWeU dLaJUaPV ZeUe SORWWed WR LOOXVWUaWe 591 

WKe UeOaWLRQVKLS beWZeeQ VWaQd aJe aQd aQQXaO OLYe bLRPaVV caUbRQ. TKe OLS OLQeaU 592 

UeJUeVVLRQ PRdeO ZaV ePSOR\ed WR eVWabOLVK a OLQeaU UeJUeVVLRQ ILW, ZLWK LWV VORSe 593 

deVLJQaWed aV WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe (LQVeW LQ FLJXUH 1G). TR PLWLJaWe 594 

SRWeQWLaO XQceUWaLQWLeV aULVLQJ IURP daWa aQRPaOLeV, SL[eOV e[KLbLWLQJ XQUeaVRQabO\ KLJK 595 

caUbRQ accXPXOaWLRQ UaWeV (L.e., a OLQeaU UeJUeVVLRQ VORSe > 15 MJCāKa-1\U-1) ZeUe 596 

e[cOXded IROORZLQJ WKe VcUeeQLQJ aSSURacK XVed LQ UeceQW VWXdLeV9. UOWLPaWeO\, a WRWaO 597 

RI 1, 512 TPRF JULd ceOOV ZeUe LQcOXded LQ WKe ILQaO aQaO\VLV (FLJXUH 1D). 598 

 599 

Exploring the elevation pattern of NEP based on model-simulated time-series carbon 600 

flux datasets spanning from 2000 to 2019 (Dataset 4) 601 

It was observed that, RQ a decadaO WLPe VSaQ, QeaUO\ aOO aXJPeQWed caUbRQ JReV 602 

LQWR VWaQd bLRPaVV during the initial period following afforestation, ZKLOe WKe d\QaPLcV 603 

RI VRLO caUbRQ aUe PXcK VORZeU52, 53. NEP caQ WKeUeIRUe be XVed aV a SUR[\ IRU WKe 604 

bLRPaVV accXPXOaWLRQ UaWe. HeUe, Ze XVed the time-series NEP dataset simulated by WKe 605 



 

BRUeaO EcRV\VWeP PURdXcWLYLW\ SLPXOaWRU (BEPS) model38, providing daily carbon 606 

fluxes at a resolution of 0.072727° spanning from 1981 to 2019. We resampled the 607 

time-series BEPS NEP datasets into 0.1° using the nearest-neighbor method and 608 

overlapped them with the 0.1° TPRF JULd ceOOV identified for 0.1� UeVROXWLRQ ML -609 

deULYed OLYe bLRPaVV daWa. We then calculated the mean NEP during the JURZWK SeULRd 610 

for each TPRF JULd ceOO deULYed IURP MODIS MCD12C1 OaQdcRYeU SURdXcWV (FLJXUH 611 

1e). 612 

Furthermore, we estimated the proportion of TRFs pixels (30 m resolution) 613 

identified using TMF data; and estimated the proportion of TPFs pixels (30 m 614 

resolution) identified based on GPT data within each 0.1° TPRF JULd ceOO. If the 615 

proportion of TRF pixels was greater than that of TPF pixels, we classified the 0.1° 616 

TPRF grid cell as a natural regrowth forest; otherwise, it was classified as a planted 617 

forest. Similarly, we classified the 0.1° TPRF grid cells into bURadOeaYed aQd QeedOe-618 

OeaYed IRUeVWV, as well as north-facing and south-facing forests, based on the land cover 619 

data from MCD12C1 v06143 and high resolution DEM data75. Subsequently, we 620 

compared the eOeYaWLRQaO SaWWeUQV RI 𝛾௥𝑎௣௜ௗ LQ YaULRXV aUeaV aQd dLIIeUeQW IRUeVW W\SeV 621 

(FLJXUHV 2J-2L).  622 

 623 

Estimation of the tree height growth rate based on GEDI tree canopy height data 624 

TUee KeLJKW daWa ZeUe e[WUacWed IURP a JORbaO PaS RI IRUeVW caQRS\ KeLJKW ZLWK 30 625 

P UeVROXWLRQ IRU WKe \eaU 201939. TKLV PaS ZaV SURdXced b\ LQWeJUaWLQJ LLDAR-deULYed 626 

caQRS\ KeLJKW PeWULcV, VSecLILcaOO\ IURP WKe GEDI OeYeO 2 SURdXcW, ZLWK LaQdVaW PXOWL-627 

WePSRUaO VXUIace UeIOecWaQce daWa. TKLV daWaVeW XQdeUZeQW caOLbUaWLRQ aJaLQVW eOeYaWLRQ 628 

dXULQJ LWV JeQeUaWLRQ, XWLOL]LQJ WKe SKXWWOe RadaU TRSRJUaSK\ MLVVLRQ (SRTM)75 629 

eOeYaWLRQ daWa LQ LWV UeJUeVVLRQ PRdeO. TKLV caOLbUaWLRQ LPSURYeV WKe accXUac\ RI WUee 630 

KeLJKW PeaVXUePeQWV, SaUWLcXOaUO\ LQ KLOO\ RU PRXQWaLQRXV UeJLRQV39. 631 

TR IXUWKeU PLWLJaWe XQceUWaLQWLeV LQ WKe LLDAR WUee KeLJKW daWa, a cRPSaUaWLYe 632 

aQaO\VLV ZaV cRQdXcWed ZLWK aQRWKeU ZLdeO\ XVed daWaVeW RQ WUee KeLJKW89. TKe VeOecWLRQ 633 

SURceVV LQYROYed UeWaLQLQJ RQO\ WKRVe SL[eOV ZKeUe WKe WZR WUee KeLJKW daWaVeWV 634 



 

e[KLbLWed a KLJK OeYeO RI cRQVLVWeQc\, ZLWK WUee KeLJKW dLIIeUeQce <േ5 P (FLJXUH 614). 635 

SXbVeTXeQWO\, Ze ePSOR\ed a VSace-IRU-WLPe aQaORJ\ WR caOcXOaWe WKe WUee KeLJKW 636 

JURZWK UaWe (FLJXUH 1I) ZLWKLQ a VSecLILc eOeYaWLRQ LQWeUYaO RI 100 P XVLQJ a PRYLQJ 637 

ZLQdRZ VWeS RI 80 P. TKLV aSSURacK cORVeO\ PLUURUV WKaW ePSOR\ed IRU caOcXOaWLQJ WKe 638 

caUbRQ accXPXOaWLRQ UaWe IURP WKe ESA-CCI-deULYed bLRPaVV caUbRQ daWa. 639 

 640 

Exploring the impact of the differences in elevation patterns of monthly GPP and 641 

TER on the elevation patterns of NEP. 642 

GLYeQ WKaW WKe LQcUeaVLQJ eOeYaWLRQaO SaWWeUQV RI caUbRQ accXPXOaWLRQ UaWeV ZeUe 643 

SUedRPLQaQWO\ RbVeUYed beWZeeQ MaUcK aQd SeSWePbeU (FLJXUH 4D), RXU LQYeVWLJaWLRQ 644 

WKXV IRcXVed RQ LdeQWLI\LQJ SRWeQWLaO eQYLURQPeQWaO dULYeUV aW WKe PRQWKO\ WLPe VcaOe. 645 

CXUUeQWO\, WKeUe LV a OacN RI aYaLOabOe daWa SeUWaLQLQJ WR PRQWKO\ SOaQW caUbRQ 646 

accXPXOaWLRQ UaWeV LQ TPRFV. OXU aQaO\VeV XQcRYeUed a VWURQJ cRUUeOaWLRQ beWZeeQ WKe 647 

QeW ecRV\VWeP SURdXcWLYLW\ (NEP) aQd WKe UaWe RI SOaQW caUbRQ accXPXOaWLRQ (FLJXUH 648 

67D, P < 0.001, VORSe=1.14, R2=0.5), cORVeO\ aOLJQLQJ ZLWK WKe 1:1 dLaJRQaO OLQe. We 649 

WKeUeIRUe XVed NEP aV a SUR[\ RI caUbRQ accXPXOaWLRQ UaWe WR e[SORUe LWV SRWeQWLaO 650 

eQYLURQPeQWaO dULYeUV LQ TPRFV. NEP, LQ WKLV cRQWe[W, LV deILQed aV WKe dLIIeUeQce 651 

beWZeeQ WKe aPRXQW RI RUJaQLc caUbRQ IL[ed b\ SKRWRV\QWKeVLV LQ aQ ecRV\VWeP (JURVV 652 

SULPaU\ SURdXcWLRQ, GPP) aQd WRWaO ecRV\VWeP UeVSLUaWLRQ (WKe VXP RI aXWRWURSKLc aQd 653 

KeWeURWURSKLc UeVSLUaWLRQ, TER).  654 

WRUWK\ RI QRWe LV WKaW, aOWKRXJK NPP LV VWURQJO\ OLQeaUO\ cRUUeOaWed ZLWK WKe caUbRQ 655 

accXPXOaWLRQ UaWe, LW e[KLbLWV a PXcK OaUJeU PaJQLWXde cRPSaUed ZLWK WKe caUbRQ 656 

accXPXOaWLRQ UaWe (FLJXUH 67E, P < 0.001, VORSe = 0.21, R2 = 0.4). TKLV LV becaXVe 657 

bLRPaVV caUbRQ accXPXOaWLRQ LV RQe RI WKe IRXU cRPSRQeQWV RI NPP, ZKLOe WKe RWKeU 658 

WKUee cRPSRQeQWV, IROLaJe WXUQRYeU, ILQe URRW WXUQRYeU, aQd PRUWaOLW\, caQ RccXS\ 50% 659 

WR 80% RI NPP90. FRU \RXQJ IRUeVWV, PRUWaOLW\ LV XVXaOO\ YeU\ ORZ. IQ WURSLcaO IRUeVWV, 660 

WKe IROLaJe aQd ILQe URRW WXUQRYeUV WR WKe VRLO ZRXOd decRPSRVe ZLWKLQ a IeZ \eaUV, 661 

UeVXOWLQJ LQ OLWWOe cKaQJe LQ WKe VRLO RUJaQLc PaWWeU52, 53. TKeUeIRUe, NEP SeUIRUPV aV a 662 

beWWeU SUR[\ IRU WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe (RQO\ VWePZRRd aQd cRaUVe URRW 663 



 

bLRPaVV accXPXOaWeV ZLWK WLPe) cRPSaUed ZLWK NPP. 664 

FRU RXU LQYeVWLJaWLRQ, Ze XWLOL]ed a JORbaO caUbRQ IOX[ SURdXcW cUeaWed b\ CKeQ eW 665 

aO.38 XVLQJ WKe BEPS PRdeO. IW SURYLdeV WKe JORbaO daLO\ GPP, TER aQd NEP aW a VSaWLaO 666 

UeVROXWLRQ RI 0.07272727� (a10 NP) IURP 1981 WR 2019. TKe BEPS PRdeO LV a SURceVV 667 

baVed dLaJQRVWLc PRdeO dULYeQ b\ UePRWeO\ VeQVed YeJeWaWLRQ SaUaPeWeUV, LQcOXdLQJ 668 

bLRSK\VLcaO YaULabOeV VXcK aV LeaI AUea IQde[ (LAI), cOLPaWe daWa (WePSeUaWXUe aQd 669 

SUecLSLWaWLRQ), QLWURJeQ deSRVLWLRQ, aQd aWPRVSKeULc CO2 cRQceQWUaWLRQV. IW LQLWLaOL]eV 670 

caUbRQ SRROV baVed RQ KLVWRULcaO QeW SULPaU\ SURdXcWLRQ (NPP) daWa IURP 1901. TKe 671 

PRdeO VLPXOaWeV caUbRQ d\QaPLcV b\ VWUaWLI\LQJ bLRPaVV caUbRQ LQWR IRXU SRROV (OeaI, 672 

VWeP, cRaUVe URRW, aQd ILQe URRW) aQd VRLO caUbRQ LQWR QLQe SRROV. Ke\ SURceVVeV LQcOXde 673 

KeWeURWURSKLc aQd aXWRWURSKLc UeVSLUaWLRQ, aV ZeOO aV QeW ecRV\VWeP SURdXcWLRQ (NEP), 674 

ZKLcK LV deULYed IURP JURVV SULPaU\ SURdXcWLRQ (GPP) PLQXV WRWaO UeVSLUaWLRQ. IQ 675 

cRPSaULVRQ ZLWK 15 SURJQRVWLc PRdeOV XVed b\ GORbaO CaUbRQ PURMecW (GCP), BEPS LV 676 

aPRQJ WKe beVW LQ WeUPV RI PeaUVRQ¶V cReIILcLeQW (R2) aQd URRW PeaQ VTXaUe eUURU 677 

(RMSE) beWZeeQ VLPXOaWed aQd WKe RbVeUYaWLRQ-baVed aQQXaO JORbaO UeVLdXaO OaQd VLQN 678 

(RLS)38.  679 

AOWKRXJK WKe BEPS PRdeO KaV a UeVROXWLRQ RI aSSUR[LPaWeO\ 0.07272727�, LW caQ 680 

VWLOO eIIecWLYeO\ caSWXUe dLIIeUeQceV aORQJ eOeYaWLRQ JUadLeQWV. AV VKRZQ LQ FLJXUH 15, 681 

LQ WKe EMe VROcaQLcaR TUaQVYeUVaO MRXQWaLQ UaQJe LQ NRUWK APeULca, aORQJ WKe OaWLWXde 682 

of 18.5°N and longitude ranging from 104°W to 96°W, WKeUe aUe 83 JULd ceOOV aW a 10 683 

NP [ 10 NP UeVROXWLRQ dLVWULbXWed beORZ aQ eOeYaWLRQ RI 2000 P. TKLV LPSOLeV WKaW WKe 684 

10 NP UeVROXWLRQ daWa KaV VXIILcLeQW caSabLOLW\ WR caSWXUe WKe eOeYaWLRQ JUadLeQWV beORZ 685 

2000 P aQd cRUUeVSRQdLQJ YaULaWLRQV RI ecRORJLcaO IacWRUV aVVRcLaWed ZLWK WKeVe 686 

eOeYaWLRQV. 687 

AOWKRXJK PaQ\ VWXdLeV KaYe dePRQVWUaWed WKe VaWLVIacWRU\ SeUIRUPaQce RI WKe 688 

BEPS PRdeO LQ VLPXOaWLQJ WKe JORbaO caUbRQ VLQN91, VRPe XQceUWaLQWLeV Pa\ VWLOO 689 

UePaLQ92. FRU LQVWaQce, BEPS PRdeO XVed MODIS LAI aV aQ eVVeQWLaO LQSXW daWa WR 690 

VLPXOaWe NEP, ZKLOe MODIS LAI LV IRXQd WR be OeVV accXUaWe LQ PRXQWaLQRXV aUeaV 691 

cRPSaUed WR IOaWOaQdV93. TKLV Pa\ bULQJ XQceUWaLQWLeV LQ aVVeVVLQJ WKe eOeYaWLRQaO 692 



 

SaWWeUQ RI NEP94. AddLWLRQaOO\, BEPS PRdeO PaLQO\ UeOLeV RQ WKe Pa[LPXP 693 

caUbR[\OaWLRQ UaWe (VcPa[)95 WR VLPXOaWe GPP, ZKLOe RWKeU SKRWRV\QWKeVLV-UeOaWed 694 

SaUaPeWeUV WKaW Pa\ YaU\ ZLWK eOeYaWLRQ aUe PRVWO\ RYeUORRNed96. AOWKRXJK UeVXOWV aUe 695 

YeUWLILed b\ PXOWLSOe bLRPaVV- aQd KeLJKW- UeOaWed daWaVeWV, aVVeVVPeQWV aUe Qeeded LQ 696 

WKe IXWXUe baVed RQ accXUaWeO\ VLPXOaWLQJ WKe GPP, TER, aQd NEP.  697 

 698 

InYestigation of climatic driYers influencing the eleYational patterns in GPP and TER 699 

using a multiple linear regression model 700 

PULRU UeVeaUcK KaV VXJJeVWed WKaW SUecLSLWaWLRQ, aLU WePSeUaWXUe, VXQOLJKW, YaSRU 701 

aWPRVSKeULc dU\QeVV, aQd VRLO PRLVWXUe aUe SRWeQWLaO Ne\ IacWRUV LQ LQIOXeQcLQJ WKe UaWe 702 

RI caUbRQ accXPXOaWLRQ LQ WURSLcaO IRUeVWV. IQ WKLV VWXd\, Ze deOYed LQWR WKe LPSacWV RI 703 

ILYe Ne\ dULYeUV, L.e. WKe PeaQ aLU WePSeUaWXUe (MAT), WKe YaSRU SUeVVXUe deILcLW (VPD), 704 

SUecLSLWaWLRQ (PRE), VRLO PRLVWXUe (SM), aQd WRWaO SKRWRV\QWKeWLcaOO\ acWLYe UadLaWLRQ 705 

(PAR) RQ WKe UaWe RI caUbRQ accXPXOaWLRQ LQ UeVWRUed IRUeVWV (FLJXUHV 4 DQG 68). FRU 706 

RXU aQaO\VeV, Ze XVed WKe WLPe-VeULeV PeaQ aLU WePSeUaWXUe, VPD aQd SUecLSLWaWLRQ IURP 707 

WKe TeUUaCOLPaWe JORbaO JULdded PeWeRURORJLcaO aQd ZaWeU baOaQce YaULabOeV daWaVeW97. 708 

SM daWa ZaV IURP WKe RSSSM JORbaO VXUIace VRLO PRLVWXUe daWaVeW98. TRWaO PAR daWa 709 

ZeUe IURP 0.05� UeVROXWLRQ MODIS-deULYed JORbaO OaQd SURdXcWV RI WRWaO 710 

SKRWRV\QWKeWLcaOO\ acWLYe UadLaWLRQ IURP 2000 WR 201999. GLYeQ WKe dLVWLQcW VSaWLaO 711 

UeVROXWLRQV RI WKeVe SURdXcWV (7DEOH 61), aOO YaULabOeV ZeUe UeVaPSOed WR a 0.1� VSaWLaO 712 

UeVROXWLRQ aQd PRQWKO\ IRU WKe aQaO\VeV. IW LV ZRUWK QRWLQJ WKaW aLU WePSeUaWXUe, VPD, 713 

aQd VRLO PRLVWXUe aUe UeSUeVeQWed aV daLO\ PeaQV RQ a PRQWKO\ VcaOe, ZKLOe UadLaWLRQ 714 

aQd SUecLSLWaWLRQ aUe SUeVeQWed aV daLO\ WRWaOV RQ a PRQWKO\ VcaOe. 715 

DXe WR WKe VLJQLILcaQW dLIIeUeQceV LQ WKe eOeYaWLRQ JUadLeQWV RI GPP aQd TER 716 

beWZeeQ PRQWKV e[SeULeQcLQJ KLJK-WePSeUaWXUe VWUeVV aQd WKRVe ZLWKRXW KLJK-717 

WePSeUaWXUe VWUeVV, Ze WKeQ VeSaUaWeO\ TXaQWLILed WKe cRQWULbXWLRQV RI WKe eOeYaWLRQ 718 

JUadLeQW RI cOLPaWLc dULYeUV, VSecLILcaOO\ MAT, VPD (RQO\ IRU GPP), PRE, SM, aQd WRWaO 719 

PAR (RQO\ IRU GPP), WR WKe eOeYaWLRQaO JUadLeQW RI GPP RU TER IRU WKe PRQWKV XQdeU 720 

KLJK-WePSeUaWXUe VWUeVV aQd WKRVe ZLWKRXW VXcK VWUeVV, UeVSecWLYeO\. TKLV TXaQWLILcaWLRQ 721 



 

ZaV acKLeYed b\ decRPSRVLQJ WKe eOeYaWLRQ JUadLeQW RI GPP ( ௗୋ୔୔ௗୣ୪ୣ୴ୟ୲୧୭୬ ) aQd TER 722 

( ௗ୘୉ୖௗୣ୪ୣ୴ୟ୧୭୬ ) IRU eacK ZaUP PRQWK LQWR WKe addLWLYe cRQWULbXWLRQV RI ILYe RU IRXU 723 

cRPSRQeQWV X ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁଡ଼
 , ZKLcK ZaV UeSUeVeQWed aV WKe SURdXcW RI WKe SaUWLaO 724 

deULYaWLYe aJaLQVW WKaW YaULabOe X aV డଢ଼డଡ଼  aQd WKe eOeYaWLRQ JUadLeQW RI X LWVeOI aV 725 

ௗଡ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ 80, aV VKRZQ LQ ETXDWLRQ (1). 726 

ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ ൌ డଢ଼డM୅୘ ௗM୅୘ௗୣ୪ୣ୴ୟ୲୧୭୬ ൅ డଢ଼డ୚୔ୈ ௗ୚୔ୈௗୣ୪ୣ୴ୟ୲୧୭୬ ൅ డଢ଼డ୔ୖ୉ ௗ୔ୖ୉ௗୣ୪ୣ୴ୟ୲୧୭୬ ൅ డଢ଼డୗM ௗୗMௗୣ୪ୣ୴ୟ୲୧୭୬ ൅727 

డଢ଼డ ୔୅ୖ ௗ ୔୅ୖௗୣ୪ୣ୴ୟ୲୧୭୬ ൅ 𝜀 ൌ ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁM୅୘ ൅ ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁ ୚୔ୈ ൅ ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁ୔ୖ୉ ൅728 ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁୗM ൅ ቀ ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ቁ ୔୅ୖ ൅ 𝜀                                    (1)   729 

ZKeUe డଢ଼డଡ଼ UeSUeVeQWV WKe VeQVLWLYLW\ RI Y (GPP RU TER) WR aQ e[SOaQaWRU\ YaULabOe X 730 

(MAT, VPD, PRE, SM, WRWaO PAR [RQO\ IRU GPP], UeVSecWLYeO\). TKeVe VeQVLWLYLWLeV 731 

ZeUe eVWLPaWed aV WKe UeJUeVVLRQ cReIILcLeQWV RI a PXOWLSOe OLQeaU UeJUeVVLRQ SeUIRUPed 732 

ZLWK GPP RU TER aJaLQVW aOO OLVWed e[SOaQaWRU\ YaULabOeV. ௗଢ଼ௗୣ୪ୣ୴ୟ୲୧୭୬  (RU ௗଡ଼ௗୣ୪ୣ୴ୟ୲୧୭୬ ) 733 

UeSUeVeQWV WKe VeQVLWLYLW\ RI Y RU X WR eOeYaWLRQ (300-1000 P RU 1000-2000 P) IRU eacK 734 

ZaUP PRQWK. TKe VeQVLWLYLW\ ZaV caOcXOaWed aV WKe VORSe RI WKe VLPSOe OLQeaU UeJUeVVLRQ 735 

RI PeaQ Y (RU X) YaOXeV aJaLQVW WKe eOeYaWLRQ. 736 

 737 

Anal\sis of potential uncertainties arising from forest biomass carbon data, carbon 738 

accumulation rate calculations, soil fertilit\, t\pes of disturbances, and Yarious sub-739 

regions 740 

TKe UeOLabLOLW\ RI IRUeVW bLRPaVV caUbRQ daWa LV a SLYRWaO IacWRU LQIOXeQcLQJ WKe 741 

caOcXOaWLRQ SUecLVLRQ RI WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe. PUeYLRXV VWXdLeV KaYe 742 

VXJJeVWed WKaW WKe ESA-CCI daWa Pa\ XQdeUeVWLPaWe AGB LQ UeJLRQV cKaUacWeUL]ed b\ 743 

KLJK AGB deQVLW\ (> 250 MJ Kaí1), SaUWLcXOaUO\ LQ ORZ-eOeYaWLRQ WURSLcaO IRUeVWV17. TR 744 

addUeVV WKLV LVVXe, Ze UeILQed WKe bLaV LQ WKe ESA-CCI-deULYed WRWaO bLRPaVV daWa b\ 745 

LQWeJUaWLQJ LQ VLWX RbVeUYaWLRQV, XVLQJ WKe WecKQLTXeV SURSRVed b\ ZKaR eW aO.100. AQ 746 

XSZaUd WUeQd SeUVLVWV LQ WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe ZLWK eOeYaWLRQ IURP 300 747 



 

P WR 1000 P baVed RQ WKe adMXVWed bLRPaVV caUbRQ daWa (VORSe = 0.20�0.05 MJC∙Ka-1 
748 

\U-1 P-1; PeaQ caUbRQ accXPXOaWLRQ UaWe = 2.94�0.28 MJC∙Ka-1 \U-1, FLJXUH 616). TKLV 749 

cRQVLVWeQc\ aOLJQV ZLWK RXU ILQdLQJV baVed RQ WKe RULJLQaO ESA-CCI-deULYed WRWaO 750 

bLRPaVV caUbRQ daWa (VORSe = 0.23�0.04 MJC∙Ka-1\U-1P-1; WKe PeaQ UaWe = 2.85�0.28 751 

MJC∙Ka-1\U-1, FLJXUH 1H). 752 

TR deWeUPLQe WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe RI TPRFV dXULQJ WKe UaSLd 753 

JURZWK SKaVe acURVV YaULRXV eOeYaWLRQV, WKLV VWXd\ LQLWLaOO\ IRcXVed RQ daWa SRLQWV ZKeUe 754 

WKe bLRPaVV caUbRQ ZaV beORZ 80% RI WKaW LQ ROd-JURZWK IRUeVWV IRU aQaO\VLV. 755 

SXbVeTXeQWO\, Ze adMXVWed WKeVe WKUeVKROdV WR 70% aQd 90% WR e[aPLQe WKeLU SRWeQWLaO 756 

eIIecWV RQ WKe eOeYaWLRQ deSeQdeQce RI WKe bLRPaVV caUbRQ accXPXOaWLRQ UaWe (FLJXUH 757 

3I). ReVXOWV UeYeaO YeU\ VOLJKW YaULaWLRQV LQ WKe VORSeV RI WKe OLQeaU UeJUeVVLRQ cXUYe 758 

beWZeeQ bLRPaVV caUbRQ accXPXOaWLRQ UaWe aQd eOeYaWLRQ (IRU aOWLWXdeV beWZeeQ 300 P 759 

aQd 1000 P: 70% WKUeVKROd: VORSe = 0.11�0.05 MJC∙Ka-1\U-1P-1; 80% WKUeVKROd: VORSe 760 

= 0.23�0.04 MJC∙Ka-1\U-1P-1; 90% WKUeVKROd: VORSe = 0.19�0.06 MJC∙Ka-1\U-1P-1). We 761 

IXUWKeU YeULILed WKe UeVXOWV RI WKLV PeWKRd IRU deWecWLQJ WKe UaSLd JURZWK VWaQd aJe 762 

(𝑎𝑔𝑒௥𝑎௣௜ௗ) ZLWK WKe RbVeUYed 𝑎𝑔𝑒௥𝑎௣௜ௗ, ZKLcK ZaV deWeUPLQed aV WKe VWaQd aJe ZKeQ 763 

WKeUe ZaV a bUeaN SRLQW cKaQJe LQ WKe UeOaWLRQVKLS RI ILYe-\eaUV caUbRQ accXPXOaWLRQ 764 

UaWe aQd aJe. TKLV WLPe SRLQW ZaV LdeQWLILed XVLQJ VeJPeQWed UeJUeVVLRQ PRdeOV101 765 

(FLJXUH 63). ReVXOWV LQdLcaWed WKaW WKe eVWLPaWed 𝑎𝑔𝑒௥𝑎௣௜ௗ  XVLQJ WKe 80% SeaN 766 

bLRPaVV cRLQcLded ZeOO ZLWK WKRVe eVWLPaWed IURP WKe deULYaWLYe cKaQJe RI 767 

accXPXOaWLRQ UaWeV (FLJXUH 3H). 768 

HXPaQ acWLYLWLeV KaYe WKe SRWeQWLaO WR LQIOXeQce WKe bLRPaVV caUbRQ accXPXOaWLRQ 769 

UaWe LQ TPRFV18. HeUe, Ze bRWK WeVWed WKe LQWULQVLc LQIOXeQceV IURP SUeYLRXV OaQd XVe 770 

W\SeV beIRUe cRQYeUWLQJ WR TPRFV aQd e[WeUQaO LQIOXeQceV IURP VXUURXQdLQJ QRQ-IRUeVW 771 

OaQdV. TKe IUacWLRQ RI QRQ-IRUeVW OaQdV (XUbaQ aQd cURSOaQdV) QeaUb\ WKe TPRFV 772 

(QeLJKbRULQJ 10î10 1NP UeVROXWLRQ SL[eOV) decUeaVeV ZLWK eOeYaWLRQ, cRQWULbXWLQJ 773 

VOLJKWO\ WR WKe LQcUeaVLQJ eOeYaWLRQaO WUeQd RI WKe caUbRQ accXPXOaWLRQ UaWe LQ TPRFV 774 

(FLJXUH 610). IQ cRQWUaVW, WKe eOeYaWLRQaO SaWWeUQV LQ TPRFV WKaW XVed WR be VKLIWLQJ 775 

cXOWLYaWLRQ aQd SaVWXUe bRWK VKRZ PaUJLQaOO\ VPaOO YaULaWLRQV (FLJXUH 613). WRUWK\ RI 776 



 

QRWe LV WKaW, Ze dLd QRW aQaO\]e RWKeU OaQd XVe W\SeV, VXcK aV ILUe, cOeaU-cXW KaUYeVW, aQd 777 

PLQLQJ, dXe WR a OacN RI VXIILcLeQW bLRPaVV caUbRQ daWa acURVV WKe VWXdLed eOeYaWLRQ 778 

UaQJe. 779 

MRUeRYeU, RUJaQLc caUbRQ (KWWSV://RSeQOaQdPaS.RUJ), WRWaO SKRVSKRUXV102, VaQd aQd 780 

cOa\ cRQceQWUaWLRQV (KWWSV://RSeQOaQdPaS.RUJ) LQ VRLO aOO e[KLbLWed LQVLJQLILcaQW WUeQdV 781 

(P>0.05) aORQJ ZLWK eOeYaWLRQ (FLJXUH 617), LQdLcaWLQJ a OLPLWed LQIOXeQce RI VRLO 782 

IeUWLOLW\ RQ WKe eOeYaWLRQ deSeQdeQce RI caUbRQ accXPXOaWLRQ UaWe. 783 

AOO WKeVe addLWLRQaO aQaO\VeV cRQILUP WKe URbXVWQeVV RI RXU ILQdLQJV UeJaUdLQJ WKe 784 

eOeYaWLRQaO SaWWeUQV RI bLRPaVV caUbRQ accXPXOaWLRQ UaWeV LQ TPRFV. 785 
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7ABLE 833 

7DEOH 1 IQdeSeQdeQW bLRPaVV, caUbRQ, aQd KeLJKW daWaVeWV aQd cRUUeVSRQdLQJ PeWKRdV WR TXaQWLI\ WKe 𝛾௥𝑎௣௜ௗ (Vee E[SHULPHQWDO PURFHGXUH IRU 834 

deWaLOV). 835 

NO. BLRPDVV FDUERQ 
SUR[LHV 

BLRPDVV FDUERQ 
GDWD VRXUFHV 

6WDQG DJH GDWD 
VRXUFHV 

6WDQG DJH HVWLPDWLRQ 
PHWKRG 

𝜸𝒓𝒂𝒑𝒊𝒅 HVWLPDWLRQ PHWKRG 
AFURQ\
PV 

DaWaVeW 1 IRUeVW bLRPaVV (iQ 
ViWX, JORbaO) 

SPLWKVRQLaQ IQVWLWXWLRQ¶V GORbaO FRUeVW 
CaUbRQ (FRUC) daWabaVe 36 aQd RWKeU LQ-VLWX 
daWaVeWV9 

OULJLQaO VWaQd aJe 
UecRUdV 

𝛾௥𝑎௣௜ௗ  ZaV deWeUPLQed aV 
WKe VORSe RI OLQeaU UeJUeVVLRQ 
ILW beWZeeQ RbVeUYed IRUeVW 
bLRPaVV caUbRQ deQVLWLeV 
aQd WKe VWaQd aJe RI TPRFV 
ZKeUe bLRPaVV caUbRQ ZaV 
OeVV WKaQ 80% RI ROd-JURZWK 
IRUeVWV (VWaQd aJe ≥ 100 
\eaUV) VLPXOaWed LQ WKe 
CKaSPaQ±RLcKaUdV cXUYe 
XVLQJ WKe VSace-IRU-WLPe 
PeWKRd. 

𝛾௥𝑎௣௜ௗீி஼  

DaWaVeW 2 AbRYeJURXQd IRUeVW 
bLRPaVV (100P, 
JORbaO, 2018) 

ESA-CCI17 

 

CRYeU cKaQJe PaS RI 
WURSLcaO PRLVWXUe 
IRUeVW (TMF) (30P, 
TURSLcaO, 1982-
2019)41 aQd JORbaO 
SOaQWaWLRQ \eaUV 
daWaVeW (GPY) (30P, 
JORbaO, 1982-2020)42 

SWaQd aJe RI QaWXUaO 
UeJURZWK IRUeVWV ZaV 
deWeUPLQed baVed RQ 
TMF cRYeU cKaQJe daWa. 
SWaQd aJe RI SOaQWed 
IRUeVWV ZaV caOcXOaWed 
baVed RQ GPY daWaVeW.  

𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ 
DaWaVeW 5 FRUeVW caQRS\ KeLJKW 

daWaVeW (30P, JORbaO, 
2019) 

GEDI LLDAR 
daWaVeW39 

𝛾௥𝑎௣௜ௗீா஽ூ  

DaWaVeW 3 TRWaO OLYe ZRRd\ 
bLRPaVV (0.1�, 
JORbaO, 2000-2019) 

MacKLQe-OeaUQLQJ 
(ML)-deULYed 
WeUUeVWULaO OLYe 
bLRPaVV daWaVeW37  

MODIS MCD12C1 
OaQdcRYeU SURdXcWV 
(0.05�, JORbaO, 2001-
2019)43 

SWaQd aJe ZaV 
caOcXOaWed baVed RQ WKe 
WLPe VeULeV MODIS 
MCD12C1 OaQd cRYeU 
daWaVeW. 

𝛾௥𝑎௣௜ௗ  ZaV deWeUPLQed aV 
WKe VORSe RI OLQeaU UeJUeVVLRQ 
ILW beWZeeQ bLRPaVV caUbRQ 
aQd VWaQd aJe RI TPRFV 
XVLQJ WKe WLPe-VeULeV 
aQaO\VLV PeWKRd. 

𝛾௥𝑎௣௜ௗெ௅  

DaWaVeW 4 NeW ecRV\VWeP 
SURdXcWLYLW\  

(0.07273�, JORbaO, 
1981-2019) 

BEPS PRdeO38 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  

836 



 

FIG85E CAP7ION6 837 

FLJXUH 1. AYHUDJH FDUERQ DFFXPXODWLRQ UDWHV (𝜸𝒓𝒂𝒑𝒊𝒅) LQ 7P5FV E\ HOHYDWLRQ XS WR 838 

2000 P DERYH PHDQ VHD OHYHO (D.P.V.O.). D, IQ-ViWX VLWeV RI ILeOd PeaVXUePeQWV aQd JULd 839 

ceOOV RI UaVWeU-baVed daWa XVed LQ WKLV VWXd\. PXUSOe WULaQJOeV UeSUeVeQW iQ ViWX VLWeV RI 840 

IRUeVW bLRPaVV daWa XVed IRU 𝛾௥𝑎௣௜ௗீி஼   eVWLPaWLRQ. TKe dRWV LQ dLIIeUeQW JUeeQ cRORUV 841 

UeSUeVeQW WKe 100 P î 100 P JULd ceOOV XVed IRU 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ RU 𝛾௥𝑎௣௜ௗீா஽ூ  eVWLPaWLRQ. BOacN 842 

dRWV UeSUeVeQW WKe 0.1� î 0.1� JULd ceOOV XVed IRU 𝛾௥𝑎௣௜ௗெ௅   RU 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   eVWLPaWLRQ. E-I, 843 

EOeYaWLRQ SaWWeUQ RI aQQXaO 𝛾௥𝑎௣௜ௗீி஼   (E), 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ  (F), 𝛾௥𝑎௣௜ௗெ௅   (G), 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   (H) aQd 844 𝛾௥𝑎௣௜ௗீா஽ூ  (I), UeVSecWLYeO\. TKe daVKed OLQeV UeSUeVeQW WKe OLQeaU ILW beWZeeQ 𝛾௥𝑎௣௜ௗ aQd 845 

eOeYaWLRQ, ZLWK VKadLQJ UeSUeVeQWLQJ WKe 95% cRQILdeQce LQWeUYaO. SLJQLILcaQW 846 

UeOaWLRQVKLSV (P≤0.05) aUe deQRWed LQ bOXe, aQd LQVLJQLILcaQW RQeV (P>0.05) LQ JUe\. IQ 847 

SaQeOV E, F, aQd I, eacK KLVWRJUaP UeSUeVeQWV WKe VORSe RI WKe cRUUeVSRQdLQJ RUdLQaU\ 848 

OeaVW VTXaUeV (OLS) UeJUeVVLRQ OLQe (RUaQJe daVKed OLQeV LQ WKe LQVeW SORW)9  beWZeeQ 849 

bLRPaVV caUbRQ aQd aJe dXULQJ WKe UaSLd JURZWK VWaJe RI IRUeVW (𝛾௥𝑎௣௜ௗ) beIRUe UeacKLQJ 850 

PaWXULW\ (bOacN daVKed YeUWLcaO OLQeV LQ WKe LQVeW SORW, UeSUeVeQWLQJ 80% RI LWV Pa[LPXP 851 

bLRPaVV caUbRQ aQd JUe\ daVKed OLQeV LQ WKe LQVeW SORWV UeSUeVeQW WKe ILWWed CKaSPaQ±852 

RLcKaUdV cXUYe) ZLWKLQ eacK eOeYaWLRQ bLQ (100േ50 P LQ aQ 80 P VWeS) XVLQJ WKe VSace-853 

IRU-WLPe aQaORJ\. CRORU JUadLeQWV RI KLVWRJUaP JUaSKV LQdLcaWe WKe R2 beWZeeQ 854 

VLPXOaWed aQd RbVeUYed 𝛾௥𝑎௣௜ௗ LQ eacK eOeYaWLRQ bLQ. EUURU baUV LQdLcaWe RQe VWaQdaUd 855 

eUURU. IQ SaQeO G, bOacN dRWV UeSUeVeQW WKe VORSe RI WKe cRUUeVSRQdLQJ OLQeaU UeJUeVVLRQ 856 

cXUYe (RUaQJe daVKed OLQeV LQ LQVeW SORW) beWZeeQ PRdeO-VLPXOaWed SOaQW caUbRQ 857 

deQVLWLeV aQd VWaQd aJe, XVLQJ WKe WLPe-VeULeV daWa IURP eacK TPRF. IQ SaQeO H, eacK 858 

bOacN WULaQJOe UeSUeVeQWV WKe PeaQ NEP RI each targeted TPRF, ZLWK eUURU baUV 859 

LQdLcaWLQJ RQe VWaQdaUd eUURU. NXPbeUV aW WKe WRS RI SaQeOV G aQd H UeSUeVeQW WKe VORSe 860 

RI OLQeaU UeJUeVVLRQ beWZeeQ 𝛾௥𝑎௣௜ௗ aQd eOeYaWLRQ, ZLWK VLJQLILcaQce LQdLcaWed LQ WKe 861 

OeJeQd aV � P<0.5, * P<0.1, **P<0.01, aQd ***P<0.001. NRWabO\, WKe aVVeVVPeQW RI WKe 862 

UeOaWLRQVKLS beWZeeQ 𝛾௥𝑎௣௜ௗ aQd eOeYaWLRQ LV RQO\ XS WR 1300 P baVed RQ LQ-VLWX daWa 863 



 

(SaQeO D), ZKLOe aQaO\VeV XVLQJ RWKeU daWaVeWV (SaQeOV E-I) aUe XS WR 2000 P. 864 

FLJXUH 2. EOHYDWLRQDO SDWWHUQV RI DYHUDJH FDUERQ DFFXPXODWLRQ UDWHV ( 𝜸𝒓𝒂𝒑𝒊𝒅 ) 865 

GHULYHG IURP WKUHH GDWDVHWV DFURVV YDULRXV IRUHVW FKDUDFWHULVWLFV DW HOHYDWLRQV XS 866 

WR 2000 P DERYH PHDQ VHD OHYHO (D.P.V.O.). D, G, J, TKe eOeYaWLRQaO SaWWeUQV RI 867 𝛾௥𝑎௣௜ௗீி஼   (D), 𝛾௥𝑎௣௜ௗாௌ𝐴−஼஼ூ  (G) aQd 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   (J) LQ QaWXUaO UeJURZWK cRPSaUed WR SOaQWed 868 

IRUeVWV. TKe VaPe aV IRU D, G, J, bXW LQ bURadOeaYed cRPSaUed WR QeedOe-OeaYed IRUeVWV. 869 

F, I, L, TKe VaPe aV IRU D, G, J, bXW LQ QRUWK-IacLQJ cRPSaUed WR VRXWK-IacLQJ VORSeV RI 870 

PRXQWaLQV. IQ SaQeOV D-I, eacK dRW UeSUeVeQWV WKe PeaQ 𝛾௥𝑎௣௜ௗ IRU eacK eOeYaWLRQ bLQ 871 

(100േ50 P LQ aQ 80 P VWeS), eVWLPaWed baVed RQ WKe CKaSPaQ±RLcKaUdV cXUYe, ZLWK 872 

WKe eUURU baUV LQdLcaWLQJ RQe VWaQdaUd eUURU LQ eacK eOeYaWLRQaO bLQ. IQ J-L, eacK dRW 873 

UeSUeVeQWV WKe PeaQ NEP IRU each targeted forest grid cell, ZLWK WKe eUURU baUV LQdLcaWLQJ 874 

RQe VWaQdaUd eUURU. TKe OLQeV LQ SaQeOV D-L UeSUeVeQW WKe OLQeaU ILW beWZeeQ 𝛾௥𝑎௣௜ௗ aQd 875 

eOeYaWLRQ, ZLWK VKadLQJ LQdLcaWLQJ WKe 95% cRQILdeQce LQWeUYaO. SLJQLILcaQW 876 

UeOaWLRQVKLSV (P≤0.05) aUe deQRWed b\ VROLd OLQeV, aQd LQVLJQLILcaQW RQeV (P>0.05) aUe 877 

UeSUeVeQWed b\ daVKed OLQeV. NXPbeUV aW WKe WRS RI SaQeOV UeSUeVeQW WKe VORSe RI OLQeaU 878 

UeJUeVVLRQ beWZeeQ 𝛾௥𝑎௣௜ௗ aQd eOeYaWLRQ, ZLWK VLJQLILcaQce LQdLcaWed LQ WKe OeJeQd aV 879 

� P<0.5, * P<0.1, **P<0.01, aQd ***P<0.001. 880 

FLJXUH 3. 7KH LQIOXHQFH RI VWDQG DJH RQ WKH HOHYDWLRQDO SDWWHUQ RI 𝜸𝒓𝒂𝒑𝒊𝒅 . D, 881 

IOOXVWUaWLRQV RI WKe IL[ed VWaQd aJe aSSURacK IRU caOcXOaWLQJ WKe caUbRQ accXPXOaWLRQ 882 

UaWe. TKe VORSeV RI WKUee bOXe daVKed cXUYeV UeSUeVeQW WKe caUbRQ accXPXOaWLRQ UaWeV 883 

dXULQJ T1 -T2, T2 -T3 aQd T1 -T3 WLPe SeULRdV, UeVSecWLYeO\. E, IOOXVWUaWLRQV RI WKe caUbRQ 884 

accXPXOaWLRQ ZLQdRZ aSSURacK IRU caOcXOaWLQJ 𝛾௥𝑎௣௜ௗ. TKe VORSeV RI Ued VROLd aQd Ued 885 

daVKed cXUYeV UeSUeVeQW WKe 𝛾௥𝑎௣௜ௗ aW ORZ- (L.e., < 500 P) aQd PLd-eOeYaWLRQV (L.e., 500 886 

-1500 P48, 49), UeVSecWLYeO\. TKe VeOecWed ZLQdRZ LV LQWeQVLILed ZKeQ caUbRQ 887 

accXPXOaWLRQ UeacKeV 80% RI WKe PedLaQ bLRPaVV caUbRQ RI ROd-JURZWK IRUeVWV (VWaQd 888 

aJe > 100 \eaUV). TKe bOacN VROLd aQd daVKed cXUYeV UeSUeVeQW WKe CKaSPaQ±RLcKaUdV 889 

cXUYeV IRU TPRFV aW ORZ- aQd PLd-eOeYaWLRQV, UeVSecWLYeO\. F, SeQVLWLYLW\ RI WRWaO 890 

bLRPaVV caUbRQ deULYed IURP ESA-CCI daWa WR eOeYaWLRQ (L.e., 300-1000 P aQd 1000-891 



 

2000 P) acURVV dLIIeUeQW VWaQd aJeV. SeQVLWLYLW\ LV deILQed aV WKe VORSe RI WKe OLQeaU 892 

UeJUeVVLRQ cXUYe LOOXVWUaWLQJ WKe UeOaWLRQVKLS beWZeeQ bLRPaVV caUbRQ aQd eOeYaWLRQ 893 

ZLWKLQ eacK RQe-\eaU VWaQd aJe bLQ (FLJXUH 66). G, EOeYaWLRQaO SaWWeUQV RI bLRPaVV 894 

caUbRQ accXPXOaWe UaWeV XVLQJ dLYeUVe VWaQd aJe ZLQdRZV (L.e., 20, 24, 28, aQd 32 \eaUV 895 

RI aJe) WR ORcaWe WKe aQaO\VLV SeULRd aORQJ WKe CKaSPaQ±RLcKaUdV cXUYe, aV XVed LQ 896 

SUeYLRXV VWXdLeV9. H, CRPSaULVRQV beWZeeQ WKe VWaQd aJeV ( 𝑎𝑔𝑒௥𝑎௣௜ௗ ) ZLWK UaSLd 897 

accXPXOaWLRQ UaWe LdeQWLILed XVLQJ 80% SeaN bLRPaVV WKUeVKROdV aQd RbVeUYed 898 𝑎𝑔𝑒௥𝑎௣௜ௗ, ZKLcK ZaV deWeUPLQed aV WKe VWaQd aJe ZKeQ WKeUe ZaV aQ abUXSW cKaQJe ZLWK 899 

WKe UeOaWLRQVKLS ZLWK VWaQd aJe aV VWaQd aJe LQcUeaVeV. I, EOeYaWLRQaO SaWWeUQV RI bLRPaVV 900 

caUbRQ accXPXOaWe UaWeV XVLQJ dLIIeUeQW SeaN bLRPaVV WKUeVKROdV (L.e., IURP ]eUR WR WKe 901 

WLPe RI UeacKLQJ 70%, 80% aQd 90% RI WKe Pa[LPXP YaOXe). IQ SaQeOV G DQG I, eacK 902 

dRW UeSUeVeQWV WKe VORSe RI WKe cRUUeVSRQdLQJ RUdLQaU\ OeaVW VTXaUeV (OLS) UeJUeVVLRQ 903 

cXUYe beWZeeQ ESA-CCI-deULYed WRWaO bLRPaVV caUbRQ aQd WKe VWaQd aJe ZLWKLQ JLYeQ 904 

aJe ZLQdRZV (G) RU XVLQJ dLIIeUeQW SeaN bLRPaVV WKUeVKROdV (I) aW a JLYeQ eOeYaWLRQ bLQ 905 

(100േ50 P LQ aQ 80 P VWeS). TKe cRORUed cXUYeV deSLcW WKe OLQeaU UeJUeVVLRQV beWZeeQ 906 𝛾௥𝑎௣௜ௗ  aQd eOeYaWLRQ, UaQJLQJ IURP 300 P WR 1000 P aQd 1000 P WR 2000 P, 907 

UeVSecWLYeO\. 908 

FLJXUH 4. IPSDFW RI FOLPDWLF IDFWRUV RQ WKH HOHYDWLRQ SDWWHUQV RI VHDVRQDO FDUERQ 909 

IOX[HV. D-E, LLQeaU UeJUeVVLRQV beWZeeQ eacK PRQWK¶V GPP (Ued), TER (bOXe), NEP 910 

(RUaQJe) VLPXOaWed b\ WKe BEPS PRdeO (DDWDVHW 4)38 aQd eOeYaWLRQ IRU UaQJeV RI 300-911 

1000 P (D) aQd 1000-2000 P (E), UeVSecWLYeO\. F-I, LLQeaU UeJUeVVLRQV beWZeeQ eacK 912 

PRQWK¶V PeaQ aLU WePSeUaWXUe (MAT) (F-G) RU SUecLSLWaWLRQ (PRE) (H-I) aQd eOeYaWLRQ 913 

IRU UaQJeV RI 300-1000 P (F, H) aQd 1000-2000 P (G, I), UeVSecWLYeO\. SKadLQJV LQdLcaWe 914 

95% cRQILdeQce LQWeUYaOV. SLJQLILcaQW UeOaWLRQVKLSV (P≤0.05) aUe VKRZQ LQ VROLd OLQeV, 915 

aQd QRQ-VLJQLILcaQW UeOaWLRQVKLSV (P>0.05) LQ daVKed OLQeV. J-K, CKaQJeV LQ PRQWKO\ 916 

GPP aQd TER ZLWK MAT (J) RU PRE (K), UeVSecWLYeO\. EacK dRW deQRWeV WKe PedLaQ 917 

YaOXe RI GPP (Ued) (RU TER [bOXe]) ZLWKLQ a 1�C MAT bLQ (RU 20PP PRE bLQ), 918 

UeVSecWLYeO\. EUURU baUV deSLcW RQe VWaQdaUd deYLaWLRQ. TKe daVKed cXUYeV aUe ILWWed 919 

XVLQJ ORcaO SRO\QRPLaO UeJUeVVLRQ baVed RQ WKe µOReVV¶ IXQcWLRQ LQ WKe R µVWaWV¶ SacNaJe 920 



 

ZLWK deIaXOW VeWWLQJV. TKe VROLd cXUYeV LQ SaQeO J UeSUeVeQW WKe OLQeaU ILWWLQJ UeJUeVVLRQV 921 

beWZeeQ WKe GPP, TER, aQd MAT IRU MAT KLJKeU WKaQ 24�C, ZKLOe LQ SaQeO K UeSUeVeQW 922 

WKe OLQeaU ILWWLQJ UeJUeVVLRQV beWZeeQ WKe GPP, TER, aQd PRE IRU PRE ORZeU WKaQ 150 923 

PP. IQ SaQeOV F-G aQd J, WKe bURZQ bacNJURXQd LQdLcaWeV WKaW MAT LV ≥24�C. IQ SaQeO 924 

K, WKe OLJKW bOXe bacNJURXQd LQdLcaWeV WKaW PRE <150 PP. L-M, AbVROXWe cRQWULbXWLRQV 925 

RI WKe eOeYaWLRQaO WUeQdV LQ cOLPaWe IacWRUV WR WKe eOeYaWLRQaO YaULaWLRQV LQ GPP aQd TER 926 

deWeUPLQed b\ WKe PXOWLSOe OLQeaU UeJUeVVLRQ PRdeO IRU PRQWKV ZLWK MAT ≥ 24�C (L) 927 

aQd < 24�C (M), UeVSecWLYeO\. EUURU baUV UeSUeVeQW RQe VWaQdaUd eUURU. TKe aVWeULVNV 928 

LQdLcaWe WKe P YaOXeV: * P<0.05, **P<0.01, aQd ***P<0.001. 929 

FLJXUH 5. EOHYDWLRQDO SDWWHUQV RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  DQG WKH XQGHUO\LQJ PHFKDQLVPV DFURVV 930 

IRXU PRXQWDLQV. D, LRcaWLRQV RI IRXU WURSLcaO PRXQWaLQV: WKe SeUUa dR EVSLQKaoR 931 

PRXQWaLQ LQ SRXWK APeULca (SMS), WKe EWKLRSLaQ HLJKOaQdV PRXQWaLQ LQ AIULca (EH), 932 

WKe SeUUa dR EVSLQKaoR PRXQWaLQ LQ SRXWK APeULca (SE), aQd WKe EaVWeUQ GKaWV 933 

PRXQWaLQ LQ AVLa (EG). E-H, EOeYaWLRQaO SaWWeUQ RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   LQ IRXU PRXQWaLQV. BOXe 934 

daVKed cXUYeV aQd Ued VROLd OLQeV UeSUeVeQW WKe VPRRWKed WUeQd ILWWed b\ a JeQeUaOL]ed 935 

addLWLYe PRdeO (GAM) aQd WKe OLQeaU ILW aW bRWK VLdeV RI eacK WKUeVKROd, UeVSecWLYeO\. I, 936 

EOeYaWLRQaO SaWWeUQ RI PeaQ aLU WePSeUaWXUe aQd SUecLSLWaWLRQ LQ IRXU PRXQWaLQV. J, TKe 937 

RSWLPaO eOeYaWLRQ, L.e., WKe SOaceV ZLWK WKe KLJKeVW YaOXeV RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ  LQ IRXU PRXQWaLQV. 938 

K, EOeYaWLRQaO VeQVLWLYLW\ RI 𝛾௥𝑎௣௜ௗ஻ா௉ௌ   beORZ (JUeeQ KLVWRJUaP) aQd abRYe (JUe\ 939 

KLVWRJUaP) WKe RSWLPaO eOeYaWLRQ LQ IRXU PRXQWaLQV. L-O, AbVROXWe cRQWULbXWLRQV RI WKe 940 

eOeYaWLRQaO WUeQdV LQ cOLPaWe IacWRUV WR WKe eOeYaWLRQaO YaULaWLRQV LQ GPP aQd TER 941 

deWeUPLQed b\ WKe PXOWLSOe OLQeaU UeJUeVVLRQ PRdeO IRU PRQWKV ZLWK MAT ≥ 24�C LQ 942 

SMS (L), EH (M), SE (N), aQd EG (O), UeVSecWLYeO\. P-S, AbVROXWe cRQWULbXWLRQV RI WKe 943 

eOeYaWLRQaO WUeQdV LQ cOLPaWe IacWRUV WR WKe eOeYaWLRQaO YaULaWLRQV LQ GPP aQd TER IRU 944 

PRQWKV ZLWK MAT < 24�C LQ cRUUeVSRQdLQJ IRXU PRXQWaLQV. EUURU baUV UeSUeVeQW RQe 945 

VWaQdaUd eUURU.  946 

 947 
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Table 1 IQdeSeQdeQW bLRPaVV, caUbRQ, aQd KeLgKW daWaVeWV aQd cRUUeVSRQdLQg PeWKRdV WR TXaQWLf\ WKe 𝛾௥௔௣௜ௗ (Vee E[peUimenWal PUocedXUe fRU 1 

deWaLOV). 2 

NO. Biomass carbon 

proxies 

Biomass carbon 

data sources 

Stand age data 

sources 

Stand age estimation 

method 
𝜸𝒓𝒂𝒑𝒊𝒅 estimation method 

Acronyms 

Dataset 1 forest biomass (in 

situ, global) 

SPLWKVRQLaQ IQVWLWXWLRQ¶V GORbaO FRUeVW 
Carbon (ForC) database 36 and other in-situ 

datasets9 

Original stand age 

records 

𝛾௥௔௣௜ௗ was determined as the 

slope of linear regression fit 

between observed forest 

biomass carbon densities and 

the stand age of TPRFs where 

biomass carbon was less than 

80% of old-growth forests 

(stand age ≥ 100 years) 

simulated in the Chapman±
Richards curve using the 

space-for-time method. 

𝛾௥௔௣௜ௗீி஼  

Dataset 2 Aboveground forest 

biomass (100m, 

global, 2018) 

ESA-CCI17 

 

Cover change map of 

tropical moisture 

forest (TMF) (30m, 

Tropical, 1982-

2019)41 and global 

plantation years 

dataset (GPY) (30m, 

global, 1982-2020)42 

Stand age of natural 

regrowth forests was 

determined based on 

TMF cover change 

data.  

Stand age of planted 

forests was calculated 

based on GPY dataset.  

𝛾௥௔௣௜ௗாௌ஺ି஼஼ூ 
Dataset 5 Forest canopy height 

dataset (30m, global, 

2019) 

GEDI LiDAR 

dataset39 
𝛾௥௔௣௜ௗீா஽ூ  

Dataset 3 Total live woody 

biomass (0.1°, 

global, 2000-2019) 

Machine-learning 

(ML)-derived 

terrestrial live 

biomass dataset37  

MODIS MCD12C1 

landcover products 

(0.05°, global, 2001-

2019)43 

Stand age was 

calculated based on the 

time series MODIS 

MCD12C1 land cover 

dataset. 

𝛾௥௔௣௜ௗ was determined as the 

slope of linear regression fit 

between biomass carbon and 

stand age of TPRFs using the 

time-series analysis method. 

𝛾௥௔௣௜ௗெ௅  

Dataset 4 Net ecosystem 

productivity  

(0.07273°, global, 

1981-2019) 

BEPS model38 𝛾௥௔௣௜ௗ஻ா௉ௌ  

3 

TabOe



 



Figure 1 COick heUe WR acceVV/dRZQORad;FigXUe;Fig1.jSg

https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486593&guid=e6d4c0ad-fb1c-404a-902e-7d9223d7bcea&scheme=1
https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486593&guid=e6d4c0ad-fb1c-404a-902e-7d9223d7bcea&scheme=1


Figure 2 COick heUe WR acceVV/dRZQORad;FigXUe;Fig2.jSg

https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486594&guid=1715fcb5-a01c-46f9-9907-014d01cf8bf9&scheme=1
https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486594&guid=1715fcb5-a01c-46f9-9907-014d01cf8bf9&scheme=1


Figure 3 COick heUe WR acceVV/dRZQORad;FigXUe;Fig3.jSg

https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486595&guid=ca42ea13-fb4f-4340-9659-a31a1885bb46&scheme=1
https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486595&guid=ca42ea13-fb4f-4340-9659-a31a1885bb46&scheme=1


Figure 4 COick heUe WR acceVV/dRZQORad;FigXUe;Fig4.jSg

https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486596&guid=1eac489c-a685-470b-9b6a-4bff0603d0ac&scheme=1
https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486596&guid=1eac489c-a685-470b-9b6a-4bff0603d0ac&scheme=1


Figure 5 COick heUe WR acceVV/dRZQORad;FigXUe;Fig5.jSg

https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486597&guid=7da2c486-2a76-4cac-b943-4a3f7a4ba911&scheme=1
https://www2.cloud.editorialmanager.com/one-earth/download.aspx?id=1486597&guid=7da2c486-2a76-4cac-b943-4a3f7a4ba911&scheme=1


 1 

Supplementary information 1 

 2 

Figure S1. !!"#$%
&'(  for each elevation bin (100±50 m) in 80 m step. Grey points 3 

represent in situ tree biomass carbon. The Grey dashed curves represent the smoothed 4 

trend fitted by Chapman Richards growth model, which was used to find the mature 5 

age threshold when the accumulated carbon reached 80% of median carbon of old-6 

growth forest (the black crosses). Error bar indicates one standard error. Brown dashed 7 

lines represent the linear regression curves between in situ tree biomass carbon and 8 

stand age of all sites of TPRFs during the rapid growth stage of trees before approaching 9 

maturity within the given elevation bin. Shading represents the 95% confidence interval. 10 

Significance of linear regression is indicated in the legend as: • P<0.5, * P<0.1, 11 

**P<0.01, and ***P<0.001. 12 

 13 
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 15 

Figure S2. !!"#$%
)*+,((- for each elevation bin (100±50 m) in 80 m step. Grey points 16 

denote the median biomass carbon value calculated for each stand age bin (±1year). 17 

Grey dashed curves represent the smoothed trend fitted by Chapman Richards growth 18 

model, which was used to find the mature age threshold when the accumulated carbon 19 

reached 80% of median carbon of old-growth forest (the black crosses). Error bar 20 

indicates one standard error. Brown dashed lines represent the linear regression curves 21 

between ESA-CCI-derived total biomass carbon and stand age of all sites of TPRFs 22 

during the rapid growth stage of trees before approaching maturity within the given 23 

elevation bin. Shading represents the 95% confidence interval. Significance of linear 24 

regression is indicated in the legend as: • P<0.5, * P<0.1, **P<0.01, and ***P<0.001. 25 

  26 
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  27 

Figure S3. Illustrations for determining the stand age (#$%!"#$%) of the rapid 28 

growth phase in TPRFs. &'(./012 was defined as the stand age when there was a 29 

break point of the relationship with stand age as stand age increases. Panels a-c are 30 

examples of &'(./012 thresholds indentified for three altitude ranges: 560-660 m (a), 31 

720-820 m (b), and 880-980 m (c), respectively, based on ESA-CCI data. The black 32 

dots represent the slopes of ordinary least squares regression applied to applied to the 33 

relationship between biomass carbon and stand ages for each five-year interval, 34 

defining )./012
345,667 for each five years bin. Grey dashed curves and black solid lines 35 

represent the smoothed trend fitted by a generalized additive model (GAM) and the 36 

linear fits at both sides of each threshold, respectively. The &'(./012 with an abrupt 37 

change between the relationship with stand age as stand age increases was identified 38 

using the segmented package in R. Red vertical dashed line represents the observed 39 

&'(./012  indetified using this method. Blue vertical dashed line represents the 40 

simulated &'(./012  identified by 80% of the maximum value on the Chapman–41 

Richards curve. 42 
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 44 

Figure S4. The elevation patterns of !!"#$%
)*+,((- for four tree species based on a 45 

comprehensive mega-database of tropical African vascular plants distributions2 46 

(Methods). 47 

  48 
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 49 

Figure S5. Sensitivity of total biomass carbon derived from ESA-CCI data to 50 

elevation (i.e., 300-100 m and 1000-2000 m) across different stand ages for natural 51 

regrowth (a) and planted forest (b), respectively. Sensitivity is defined as the slope 52 

of the linear regression curve illustrating the relationship between biomass carbon and 53 

elevation within each one year stand age bin. Significant relationships (P≤0.05) are 54 

shown in black samples, and non-significant relationships (P>0.05) in grey samples. 55 

 56 

  57 
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 58 

Figure S6. The elevational patterns of ESA-CCI-derived biomass carbon in TPRFs 59 

with different stand age classes. The dots represent the mean biomass carbon of all 60 

TPRF grid cells at each 100 m elevation bin; while error bars represent the 61 

corresponding one standard deviation. Green and blue curves represent the linear fitting 62 

regressions between the biomass carbon accumulation and elevation for elevation from 63 

300 to 1000 m and elevation from 1000 to 2000 m, respectively. Shading represents the 64 

95% confidence interval. Significance of linear regression is indicated in the legend as: 65 

• P<0.5, * P<0.1, **P<0.01, and ***P<0.001. 66 

 67 
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  69 

Figure S7. Correlation between annual BEPS-simulated NEP, NPP and !!"#$%
89  in 70 

TPRFs. a, Relationship between BEPS-simulated NEP and )./012
:; . The magnitudes of 71 

NEP are similar as those of )./012
:; . b, Relationship between NPP and )./012

:; . The 72 

magnitudes of NPP are much larger than those of carbon )./012
:; . The black dashed line 73 

is the 1:1 line.  74 

  75 
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 76 

Figure S8. Elevational patterns of seasonal climate factors in TPRFs.  77 

Linear regressions between monthly VPD (a-b), soil moisture (SM) (c-d) or total 78 

photosynthetically active radiation (Total PAR) (e-f) and elevation for range of 300-79 

1000 m (a, c, e) and 1000-2000 m (b, d, f), respectively. Shadings indicate 95% 80 

confidence intervals. Significant relationships (P≤0.05) are shown in solid lines, and 81 

non-significant relationships (P>0.05) in dashed lines. Significance of linear regression 82 

is indicated in the legend as: • P<0.5, * P<0.1, **P<0.01, and ***P<0.001. 83 
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 84 

Figure S9. Sensitivity of carbon fluxes to elevation and the climatic driving 85 

mechanisms in four individual mountains. a-d, Seasonality of elevational sensitivity 86 

of GPP (red), TER (blue), NEP (orange) simulated by the BEPS model (Dataset 4) 30 87 

for elevations between 300 and 1000 m (a1-d1) and for elevations between 1000 and 88 

2000 m (a2-d2) in four individual mountains. Error bars represent one standard error. 89 

e-h, Changes in monthly GPP and TER with MAT in four individual mountains. Each 90 

dot denotes the median value of GPP (red) (or TER [blue]) within a 1°C MAT bin and 91 

error bars depict one standard deviation. The asterisks indicate the P values: *P<0.05, 92 

**P < 0.01, and ***P < 0.001. i-l, Seasonality of MAT and elevational sensitivity of 93 

TER for elevations between 300 and 1000 m (i1-l1) and for elevations between 1000 94 

and 2000 m (i2-l2) in four individual mountains. The upper, center, and bottomed lines 95 

in the brown boxplot indicate the first, median, and third quartiles of monthly MAT. 96 

The blue points indicate the slope of linear regressions between PRE and elevation. 97 

Error bars represent one standard error.   98 
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 99 

Figure S10. Land use characteristics and potential influences on the elevational 100 

pattern of !!"#$%
)*+,((- in TPRFs. a, The ratio of restorable forests to total land area for 101 

different elevation bin. The reforestation potential data was extracted from a global 102 

reforestation potential mapproposed by Griscom et al.5, while the total land area was 103 

calculated from MODIS MCD12C1 landcover products6. b, The fraction of non-forest 104 

lands (urban and croplands) nearby the TPFs (neighbouring 10×10 1 km resolution 105 

pixels), calculated based on MODIS MCD12C1 landcover products6. c, The elevation 106 

patterns of )./012
345,667 in TPRFs where their nearby fractions of non-forest lands are > 107 

0.5%. d, The elevation patterns of )./012
345,667 in TPRFs where their nearby fractions of 108 

non-forest lands are < 0.5%. 109 

  110 
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 111 

Figure S11. The flowchart illustrating the steps for analyzing the elevational 112 

pattern of !!"#$% and its underlying mechanisms. 113 

 114 

  115 
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 116 

Figure S12. The elevation patterns of !!"#$%
&'(  in TPRFs using various 117 

combinations of elevation bin and step settings. Each histogram represents the slope 118 

of the corresponding ordinary least squares regression (OLS) curve between in situ tree 119 

biomass of all sites of TPFs during the rapid growth stage of trees before approaching 120 

maturity (80% of the maximum biomass carbon) within the given elevation bin and 121 

moving step, using the space-for-time analogy method. R2 of OLS regression is shown 122 

in a light-dark color gradient. Significance of OLS regression is indicated in the legend 123 

as: • P<0.5, *P<0.1, **P<0.01, and ***P<0.001. The error bars indicate one standard 124 

error of the estimated carbon accumulation rates. The dotted lines with shading 125 

represent the linear fitting curves between plant carbon accumulation rates and 126 

elevation with 95% confidence interval. Significant relationships (P≤0.05) are shown 127 

in blue shading color while insignificant ones (P>0.05) are displayed in grey shading. 128 

 129 

 130 
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 132 

Figure S13. The elevation patterns of !!"#$%
&'(  in TPRFs which used to be different 133 

land use types before afforestation. a, The elevation patterns of )./012
<=6  in TPRFs 134 

where were pasture lands before afforestation. b, The elevation )./012
<=6  in TPRFs 135 

where were shifting cultivation before afforestation. Each histogram represents the 136 

slope of the corresponding ordinary least squares regression (OLS) curve between in 137 

situ tree biomass of all sites of TPFs during the rapid growth stage of trees before 138 

approaching maturity (80% of the maximum biomass carbon) within each elevation bin 139 

(100±50m in 80m step) using the space-for-time analogy method. R2 of OLS regression 140 

is shown in a light-dark color gradient. Significance of OLS regression is indicated in 141 

the legend as: • P<0.5, *P<0.1, **P<0.01, and ***P<0.001. The error bars indicate one 142 

standard error of the estimated carbon accumulation rates. The dashed lines with 143 

shading represent the linear fitting curves between plant carbon accumulation rates and 144 

elevation with 95% confidence interval. Significant relationships (P≤0.05) are shown 145 

in blue shading color while insignificant ones (P>0.05) are displayed in grey shading. 146 

 147 
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 149 

Figure S14. Selection of robust tree height data for estimating the tree height 150 

growth rate. We only selected those pixels where Potapov et al. (2021)’s3 and Lang et 151 

al. (2023)’s7 tree height data are highly consistent (±5 m) (Methods). 152 

  153 
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154 

Figure S15. Topography variations (10 km resolution) of the Eje Volcanico 155 

Transversal mountain range in North America. a, DEM map at a 10 km resolution. 156 

b, Elevation data along the black line (Latitude:18.5°N; Longitude: 104°W ~ 96°W) on 157 

the DEM map extracted from this 10 km resolution DEM for Eje Volcanico Transversal 158 

mountain range.  159 

  160 
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 161 

Figure S16. The elevation patterns of biomass carbon accumulation rates in TPFs 162 

based on adjusted ESA-CCI data. Each histogram represents the slope of 163 

corresponding ordinary least squares regression (OLS) curve between satellite-based 164 

tree biomass carbon and stand age of all pixels of TPFs within the given elevation bin 165 

(100±50 m in 80 m step), using the space-for-time analogy method (Methods). R2 of 166 

OLS regression are shown in a light-dark color gradient. The error bars indicate one 167 

standard error. Significance of OLS regression is indicated in the legend as: • P<0.5, 168 

*P<0.1, **P<0.01, and ***P<0.001. The error bars indicate one standard error of the 169 

estimated carbon accumulation rates. The dashed lines with shading represent the linear 170 

fitting curves between plant carbon accumulation rates and elevation with 95% 171 

confidence interval. Significant relationships (P≤0.05) are shown in blue shading color 172 

while insignificant ones (P>0.05) are displayed in grey shading. 173 

 174 
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 176 

Figure S17. The elevation patterns of soil fertility in TPRFs. The elevation patterns 177 

of soil organic carbon8, total phosphorus9, sand10 and clay11 concentrations, respectively. 178 

Each dot represents the mean values of corresponding soil nutrient concentration of all 179 

soil layers at each TPRF site. Error bars represent one standard error. The solid lines 180 

represent the linear fitting curves between soil fertility and elevation. Shading 181 

represents the 95% confidence interval. 182 

 183 

  184 



 18 

Table S1. Information on the data used in this study. 185 

Name Parameters Spatial 

resolution 

Temporal 

resolution 

Reference Applications 

Field observation 

sites 

Plant carbon, 

stand age and 

disturbance 

type 

Multiple Multiple Cook-Patton et 

al., 20204, 

Anderson-

Teixeira et al., 

201812 

To calculate 

carbon 

accumulation 

rate 

ESA-CCI forest 

above-ground 

biomass product 

AGB 100 m Yearly Santoro & 

Cartus, 202113 

To extract 

forest AGB 

Global vegetation 

live biomass 

AGB 0.1° Yearly Xu et al., 

202114 

To extract 

forest AGB 

MCD12C1 v061 Land Cover 0.05° Yearly Friedl & Sulla-

Menashe, 

20226 

To identify 

forest 

regrowth 

period 

Terra Climate MAT, VPD, 

PRE and SM 

1/24°, ~4-

km 

Monthly Abatzoglou et 

al., 201815 

To extract 

environmental 

variables 

BESS PAR Total PAR 5km Daily Ryu et al., 

201816 

To extract total 

PAR variable 

Global remote-

sensing-based 

surface soil 

moisture (RSSSM) 

dataset 

Surface soil 

moisture 

0.1°, ~ 

10 km 

~10 days Chen et al., 

202117 

To extract soil 

moisture 

variable 

Global carbon flux GPP, TER, 0.07272727 Daily Chen  et al., To extract 
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(GPP/NPP/NEP) 

simulation product 

NEP and 

NPP 

° ~10 km 201918 carbon flux 

variables 

Tropical moist 

forests 

forest cover 

change 

30 m Yearly Vancutsem et 

al., 202119 

To calculate 

forest age 

FLUXCOM data NEP 0.5° Yearly Jung et al., 

20171 

To extract 

NEP 

Tree height tree height 10m _ Lang et al., 

20237 

To extract tree 

height 

Tree height tree height 30m - Potapov et al., 

20213 

To extract tree 

height 

Global reforestation 

potential map 

reforestation 

potential 

1km  Griscom et al., 

20175 

To extract 

reforestation 

potential area 

Global soil total 

phosphorus 

concentration 

dataset 

total 

phosphorus 

0.05° - He et al., 

20219 

To extract soil 

fertility 

variables 

Global soil organic 

carbon dataset 

soil organic 

carbon 

250m - Hengl & 

Wheeler. 

20188 

To extract soil 

fertility 

variables 

Global soil sandy 

content dataset 

soil sandy  
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