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A4, 1 AT RERE M A2 R G0 D) e AN X BRI o T 9 ok S B B (o A i
KT, IERAEAE D T, M SE T GPP K. SR, STt X 4k i
B S SRR A AR, RIS PE B 50 R, AR AR 7 ) AE B B[R] AR 4K
ANHH G LA R 5 b X At 7 XA, T 22 Y L R e RUPE e A B, 4y
77 2000—2020 4 FE B T4 TR AR K6t GPP B M 1 A5 AR Ak, RIS 43 AT
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Impact of urbanization on vegetation productivity in Nanjing
Xiaoquan Lu?, Ying Liu?, Bo Li%, Yugin Chen! and Huilin Su?
1 State Grid Jiangsu Marketing Service Center, Nanjing 210019

Abstract Urban expansion has an impact on the carbon sequestration capacity of
terrestrial ecosystems through alterations in gross primary productivity (GPP), which
can have implications for ecosystem functioning and regional carbon budgets. Urban
expansion leads to the transformation of vegetation into impervious water, resulting in
the reduction of vegetation cover, which in turn leads to the reduction of GPP.
However, the change of regional climate caused by urbanization will affect vegetation
growth, and vegetation productivity also changes with time under the background of
climate change. Based on multi-source remote sensing data and downscaled
vegetation productivity data, this study examines the spatiotemporal dynamics of
urban expansion, its direct and indirect impacts on gross primary productivity (GPP)
in Nanjing from 2000 to 2020, and the compensation proportion of the indirect effects
of urbanization and climate change for direct effects. The findings indicate a
significant expansion of the urban area in Nanjing between 2000 and 2020, resulting
in the double of impervious surface from 620.31 km? in 2000 to 1245.66 km? in 2020.
Due to the increase of urbanization intensity, the direct effect of land cover change
resulted in a decrease of -345.98 gC/m?/a in the GPP of Nanjing urban area, while the
indirect effect of regional climate change and urbanization resulted in an increase of
298.67 gC/m?/a in the GPP of Nanjing urban area, which offset 86.33% of the direct
effect. The increasing trend and contribution rate of indirect influences in urban
areas surpass those in suburban areas, demonstrating that the urban environment
fosters residual vegetation growth. In the context of the continuous expansion of
major cities worldwide, characterizing and understanding the impact of urban
expansion on vegetation productivity holds significant practical significance and
reference value in addressing global change challenges and promoting ecologically

civilized city construction.
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1 5]

BT U4, RERZ AL T 1 PRE R A DAL BERRE, i ok 2k
A ERAS A BB A Ry 2 — (Vitousek et al., 1997; S. Zhao et al., 2016). 31
ATV A B2 1 R 578 6381k, 2 AR B AR BRI AE S R Gk
At R ZL R 7 Nz —, g1 iAo XIS A Bl b A 3 R G a i Ay e
HE H K52 (Carreiro & Tripler, 2005; Radeloff et al., 2010; Su et al., 2016; Tan et
al., 2005) . I TiT X st /2 e B A/K BEURTHAE P, NZRAE PRS2 Tk is 3)
SR XK SR, WA AR GE R R AUE SRR (S. Chen &
Chen, 2016; Fu et al., 2015; Zhang et al., 2013). 35 17 3 X J5 A FE A S A FH A 2 0
Y. T8RS ANE KT AT AR, B2 1 3 rl DX ) R 28 i AL ) BRI AR g
fiE, B IR & T AL A T B RN (Qian et al., 2022, B EEY] & R
A, 2019). Bt AR RGN SARAE T, AN RN SR E
(7] A 8 DX A R 15« RIS IR A K AR 34 45 5 T B R /EA] (Migliavacca et al.,
2021; Su et al., 2022) . 374 T A4 T XA ) S AR A A S AR FH A ) L TE R A
AFEKTFT A, 2 BHES0R X A 38 R G 45 M ATE BRBE 77 i i fb iy >k
Py DX 3% PR A 2 0T 3 T o) 0t DX AR A P A AR TR IR WAL 7™ A= 5 4 3K i
A= 2 R G AT IR 30% 11 N — S AL (Le Quéréet al., 2018) . 714 []“XL
W HbRE = T, HRERIRH A2 R GRS R AR B BT 7 T H
A IASTT ZARMIE R, 305 ZEHE S FRAT 38 3 A Gy s v i b A= 285 R Gebe IR B0
fKJILIH (Guan et al., 2019; Le Qué&éet al., 2018; FMH &, ftids, 2022; FhH 2,
T, 2022).

M AT )1 (Gross Primary Productivity, GPP) J& 45 il i e & 1F
FTE S B (DRI T AR b A ML & (TS =55, 2001), RAE T AR 1 [ B
REJJ. GPP tRE 1 #EANFEHUAES RGNV A RE &, &ES KRG ThAE A H 2
Fabr . ST A A M XA e GPP RIS T 4 5k i A AR ARk, IR RE S MR 2 b i
ARG gMART 24, It — DR A S R G 8 B T R 22k
(Grimm et al., 2008; Imhoff et al., 2000). =} 7 55 A5 L0 Rk 17 PR 48 A 10 2 vk s
WA R A AR AT ) BN 3R . M A O ANIE K T 3 B 47 5 T B
BETT B GPP BRI i AL R B, R B2 B I TiT A o B2 A M T 2 v

il
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BT AN I 2 T SO R B A KA BRI S B GPP ARk, X 3T R RN
CO2 i HERL R . BUTFEFI N E B O¢ . [RI N SEFI0 T7 H [X 2 th (1) N Ak
VI« T A B i 4 S R B MG GPP, T T4 5K 5 A A R Ay A A
keiR R, ik GPP HER (Y. Chen et al., 2022). i3 B0 45 X Skl
FIK Gy 26 F . AR CO2 R BESFFRBE R 3 I3, IR e PR 3 2 [A) 52 A RO AH LA
FH B N R BT LKA [ R0 00 o 7= A BORR A B B 9 TR) 452 52 M) (Buyantuyev
& Wu, 2009; Piana et al., 2019). v | Ax il &AL AL RHAE B 2 K 520, Zhao et
al. (2016)4& H T —AWFFUHESE, i B L 385 717 4o Xob AL [ 510 43y B 52 e R 1]
BT ES 5) o TZAE L IR SO A BRI TR VR 2 T R AR 2 T B IIESE (Y.
Chen et al., 2022; Jia et al., 2018; Q. Zhong et al., 2019). R TII%HEZE A HE B 422 3
TENAEIE L, O EHETRE A . 9T RGUH IR T 4 sk R A
WHIBIAS T, Guan etal. (2019) i —B42HH T — A elud s ARELE, DR
SRIRTEFE T 3T A M A R ) 3 575 Ak 3K A [ 45 SR A3k T Ak F R ]
LRt T HE M SN E.

S TF AR, £1BE A 25 1 Tl A HERE, o 38T A6 M 1979 4F 1) 17.92%
HEC 2 2020 1) 63.89%, HEZ P 1A S0 RS RO R R T AL
HEFE, BN T SRR 5K S X (Liu et al., 2021; Taubenbéek et al., 2019;
L. Wang et al., 2012). 1y B 5 2 4 5% ST A il R IX 2 —, K=
P TR I A, AT R T el DR A R T A DX R Bl R T A kA UK
JRIGH, AW m M CAER— ) (Liu et al., 2021). XEEHLIX 57 DR H
SRIREE RUT, MR, RSOy “fmXz 27, AT )E,
TMPFE X 38 P AR AR T A AT B AR, 0 DX AR AN BRSSP A T
EKE0 (H. Chen et al., 2016; Su et al., 2022). Fg mt AL KIT = MMpEEs, A X
WA QUTRIE, RILIFEA S B a8 R O3 T A 2R 1 DX PR A KT
F R “HIUF” BIRINEA 2035 4R i s H AR LRI & oK T R, A LT
U RIX . MR R E AR IR X GHOD MRESFEEARFRX (W&
AT 5 2 b el X A5 SR Pl el X, H A3 N TED ML 2000 47 1) 545 J 8 T 2020
I 931 75, Yl AR 25 20 AEYTIK R

AR SCHEF B K R B0 0 v 2 3 R M2 7 o B A PR R GPP =, ik
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HURE s/ AR 2, 8% T R 2000-2020 “EE 5k #a 3 5 GPP (/7484
AL, PR T 3T ISR A GPP B R AN Al e i ) K ARk Ea t, BT
FU2E AT DO AR E AR A3 T AN A A U R i $e (i 555

2 BRI
2.1 WFCEE S TR

2000-2020 4 H [ fifi A2 35 R GEAE BRI GAE 77 0 BR AR R I X AR SR
B A% (Fan et al., 2023). ZEHEEEIE T ChinaFLUX F HAEE 00 0 5 i A
Al R TREA . AR LSS R SR W A TFRE 4, R F REALAR AR [R] ) A5 28 A g
7 20002020 44 Hp [ it i A 25 SR 58 GPP #d , i = 18] 43 2 0y 30 MAD (4
1km), Hdfats 2N tiff

T T R R T OO EES AR T SE N (Yang & Huang, 2021)
A B o X 8 7 2 KP4 (China fand cover dataset, CLCD), iZ%%kdi g%
T Google Earth Engine I Landsat 5215, $2fit 1 1985-2021 4 Hy [H [X IHZ 4F £l
B RS . CLCD #duRHs LA a5 KA 0 N Avbk . EA . BiHh, R, KA.
B, FE . B EAREKE LR, CLCD $E 452 H a1/ Al A FF 3R E
(¥) 30m 73 Fr e K PP aZ A L B Rl S 1 e U PR 4k T A R A —
FRIVER TR, R TR EAT T AN FES0 L 55 s, 72 2R
WHFL B BN NE .

FF 58 SO TV BB 205 42K B Figshare %048, 251810 #5508 1 km. %
Hm A5 T Rl 5 2 YR () AT O 18 I B , 4244 1 1992-2020 4F-4x 1Rk [l A 4
SRR YO, REAT R PRI AL I T SR (M. Zhao et al., 2022). F:T %
B4, & XULEH O (Jb4 32902'38". KR4 118946'43") AHLqt 32km i
A, 2000 SFEIIXFEE AZIRIX, 2020 4EAH EL 2000 44 K AYIRIX T 52 SO
BRIX, BUBHE F oG4 32 km G AE 2020 SEAT5 9 AR IX TG L E SCAAT
X (ED.

ARWFELL GPP HiHiE 2 26 B2 W ks Ay R vhe, e SRR (E V20K 1 km 307 9 L 4K
#55 GPP i AHULEL, R 30m 43 #F4% CLCD #¥HiC S35 GPP 4 AH A
RIS b, TH RS RN AN R 55 SR A I LA, SRAS RN sOZ AR (1 3 i
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MR EE o 3T A 3 EE 5 SO BRI A% 5 AN ZKC T P o5 PR EEAP] o P 3 DX S i AR 3
TR 2 R DUR B KA MIR MOy 3, FABSRA Y & Bl b, #eAs it /¢ i
Xt BLE DU 5 R AR St

30

32°N

30

30' 119°E 30

1 P RT3 T VG FEAIAIE 78 DA, W29 AT o ot 2f42 32 km (U, 2
WX FEZTEE A 2000 4E RIS TTIERL,  FrimlX Jy 2020 EAHEL 2000 4FH H I T
VO . A G P AR X A SOARBIX .

Fig. 1 Study area and the urban area of Nanjing. The traditional urban area refers to
the urban area in 2000, and the new urban area refers to the extended urban during
2000 to 2020. The blue line is a circle with a radius of 32 km centered at Xinjiekou,

and the non-urban areas within the enclosure of the blue line are defined as suburbs.

2.2 WHoLrik

BTG AR S RGN R, BRI ST ak . IR
RGBT Skt N T B AE . fEIR LRz R 35 b, 39T i B 80U i 78
w AR R FAER, E EERSCE TR A, X AR RGBT A S
BUHFZ R o SARAZ AN R 22 BE NS SR ABL A A AR ROR DL, R i 33 SR AB s 1 2
K.

AICRAT Guan et al. (2019) 2ok A4 AT DAUR 38 T A 0 AL B A P ) ELRR AN
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LR KT 2 04 BT HE S8, 207 Y L0 T H A R R 7 ) e
AT e, DASE— I 2R, SR TR B S5 T 4 3 A 28
PERIE, T2 S RRAEROS2h PP SITY R 14 GPP (0 2% i 5 U 45
A M BRI 154 53 60 BRI R A 0, 7 4 L 05 1
IR SR BB AL to I 2002 25 RGOIRA I, TS to I 21
1 t A b o TR AT R GPP 12k
Dxt) = (BGx. )~ B t) + g
Hoft DOot) F X KAt BTSRRI P2 0 ELBEO, lxto) I
Bxtn) MBI x st b to BEAUAL G20 MBRTT LA, GPP(X ) X B2 to
PRI RT3 B e, £ R A A A 1 0 R
ta N Z ¥ GPP BiiZs2 to I ZIf) GPP il BN, RP:

GPPh(x, tl) = GPP(X, to) + D(x, tl)

{HSZBRI GPP & 5 EAA L2 R, HR¥E Guan et al. (2019)%2 HATHESE, A1
SOEA ZEAE LS S AF AR A DR T TR 32 308 -

I(x, tl) = GPP(x, tl) - GPPh(x, tl)

Hor GPP(x,t) A TG 520 GPP A, 1(x,t) A& X % AL ta I 21 Py (] R4 o

AHFFLIEEL 2000 4FAE NS HFRAE, THE T 2001-2020 4F R HUdR i AT 23
X\ BRI AR X =AM X GPP [ B A2, F50 b 1 BRI T O AN F]
PR b B S (R

3 EREH
3.12000-2020 4F 1 53 i 4 ok S AL 77 SR 3

2 78 7 2000 AN 2020 F R R I IX A AL i w5 AR A S A GPP
BAGES . P RtIE 2 20 AF R I DUEIRX O Tl 2R Tk i3k R
2000 4R 5 TR X Y AR h7E YL LARG, A LLR BN, KILRAARRR2 L
FFII ZR 77 1) ) 7 B LD Bk B8 30 DX, TR YT LG AN /K T s IR SR 4 00 A
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(K 2a). 2000-2020 4 [F)Fg 5T AR X Y [l ) 2R PU R AT RS EB A B2 9™
5K (& 200, MTALIRX B 5Kk 32 2 LRHKIT R H1, T2 1 v r—ZR ALy i
R APIRIRIX. (B 20D 5 ERIET, BE st 30 X R b N i 7k R 3
SBIX AN K LA BT kg . £ LR mOB i HOAHULAR 32 km BN, ANiE
JKTHI 7 75 AR A 2000 4F (1 620.31 km? 3K %2 2020 4Ff 1245.66 km?, T K
T o WA 5K BRSO T EA Y E SRR B, AR A H TR 4331
NFE T 102.63 km? £ 500.52 km?. SI T4 IRAHXS B, GPP A2 HAE AN [F] X 45k
WAEZER . BAME, MUy GPP 23 LS, X543k RER
TEE RS A — 2, (HRANE K LB N 22 1 X 38, 1 GPP LTt
AEFEBRINRZN B, E RPN T TSR, RS RS
TR Z 2 T AR (E 2d).

FAGe T 7 2000 F1 2020 4 2E 3R T 0 /AN [ BE 6 5 ] P PR30 A i RSP 3
GPP. & 3 fraw, BRI POl iAo BB, A GPP s . 2000
S, BT R X B R E IR T 0 12km BN, T 4 km Y GPP BT
0. 16 km Ju[E~l, GPP AP 2538 i o As, AHXf A2 fE 1100 gC/m%a 1~
2000-2020 4F, FETITHC 8~20 km YR T b SN, X IF GPP
FHXT PR EF A AR SIS R % BRI G 20 km YEFEIS, SRTTILIRAE S GPP ¥ 14
I [FIEE R BI/E 2000 4FAT 2020 4, FETHTHC 32 km Z AN T AL S GPP
A P 2 8 o v B S AR A, RS R ATIHE 52 S XS R B SR 242 9 32 km Y
1 RS2 AR T A S 2 1 DX

MRYE 2.1 F95E XX« GBI X AAE X YaE, Fiit 7 =4~ X ik 2000-2020
AR 7 T LU AR AT GPP ARk (Il 4D, ZIRIX Y Fl ANz KT
4t 24, o TR 2000 £E (1) 63.17%1F 38 0, 75 2015 4F 5 A% e 7E 80%
A (B 4a) o FmIX AN /KT o5 LA 2000 4R 19.35%3H4 %] 2020 4E ) 54.3%,
WK O, SEETEREZ X 2000 F 1K (B 4b). FR AR IX E T 25 20
FARAEAE AT RORIIE B i B, DR A X NI K IHT 5 U AR BT n (+9.12%,
B 4c). SRTTY I G T OREIBE, 2000 FEHIIX A AR = Fhih R 78 o6 5
HAEXT 2 (72.24%), TIAE 2014 FH X AiZoKimEd 7o, 2] 2020
TR ORI X b 5 A 23 3 R R T 13.24%F1 6.41%.
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Fig. 2 Land cover change and GPP trend in urban and surrounding areas of Nanjing

from 2000 to 2020. Land cover distribution with a spatial resolution of 30 m in
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229  Nanjing in 2000 (a) and 2020 (b). (c) Spatial distribution of urbanization intensity
230  changes from 2000 to 2020. (d) Trend of GPP from 2000 to 2020. The dotted area is

231  the area with p<0.01.
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236  Fig. 3 Average urbanization intensity and GPP at different distances from the urban

237  center (32902'38" N, 118 246'43" E) in 2000 and 2020.
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Fig. 4 Land cover change in old urban area(a), new urban area (b) and suburban area

(c) and vegetation GPP trend (d) of Nanjing.

3.2 T AU AL BB A R R

T W TR ST AR A 7 s, FRATTTREL T 20002020 4R R AL
EIRIX I DR DX PR3 7T A4 B 35S RN AT H2 808 . 20002020 4F T3 T AN
BRI 5K, ZIRX L B3 DCRNRE DX T A AR B GPP 114 B H2 R 51 B I (1]
WK (B 5, HA#im X AE KT 5K &5 A A AR AR, BRHT R
DX AR T A B AR 2 B R A GPP [ ISt K, 2016-2020 4~ $31%-366.19
gC/m?/a, &L KT 3 X AR IX [1-191.06 gC/m?/a F1-101.59 gC/m?/a (% 1).
AE = A DX P PR A £ DX 0% 228 A S i i) 4 250 %o A0 AR R A 340 4 i
TEH, #2557 GPP, fE— @R e LM T IR o 7k i) S s2 i o R X 8] 4 20
Xt GPP (e RE/E 3 Kk A B i (+16.61 gC/m%a), EIWIX H 55 (+11.74
gC/m?/a).

BAIGeit 7 B R AT A O A RIS 1 2016-2020 4EF-14 () B S5 A1 20N
Al 6 B, T Pl 4 km YO R R b, ST R R R A e
SENAE LT O« B B2 R0 F M P52 i 20 17w o 2 8 P08 0 S e 1 S ok i e 3%
B KA L BUAE 8~12 km, 3X 518 3 rr 8~12 km b3 17 14 56 5 189 gt 3 A K AR DI o
)22 R W P 246 0} (EL B B B30 I S n, i 16 km JEREH R I, e EEL
300 gC/m?/a fiti . FHRSEASFIFRES B3R iR At GPP AR/ 2 57, AT
BT ANTRIME B AN S IR AR A X T 2000 4 GPP I EL . 4nE 6 AR A
Bz, BN I HE RN 6 GPP (1 5 e B 25 1, 52 I S 189 I st D Fr a3
BONEHIULE 4~12 km G b, BN 5 R4 AH X 2000 4 GPP [ LL i)
Pt 50%. 4553 1 RIAL, ST A AR AR GPP (R BEE F AESR X G A i T
FRIX o TAERLNIRT GPP B (R HEVE I REAE HEIH AH 2 LU B () BLH RN, ANAED 5K 5
R 8~12 km Vi [l A BRSO S [AIHRRLS, IR T GPP R (& 6). i
24 km J5, TEERGSL M & H RS E AR 250%, /ST IE EE B RN T ) R ARk . R
PRI T O 24 km D& RIERIX,  HAEYE SZIR T 5 BRI T AR RN
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CO2 I SER N S5 FE MBS, IS “ T3 R0 B 22 52 oy X3 U0 T AR i ot
MR T o

BRI S, WA BN T BUE A 77 05k, T AR AR AR TR 32 20
XY B AL X3 e GPP AR b Y, 2R B XU T 557 1 e 3 S Ak
S R AR AR KA SR IE R E A R T RIR AR, — e R R
IO B A 2 R GERRAE A B ST , AR 2 AT — LRI AT A SR AL 4
1 (Guan et al., 2019; S. Zhao et al., 2016; J. Zhong et al., 2021).

1 E R GPP B4 A R 452 s e (1) A8 A 35

Table 1 Variation trend of direct and indirect impact of urbanization on GPP in

Nanjing.
SN ZIIX WX FBIX
2016-2020 ¥ EHE# -191.06 -366.19 -101.59
(gC/m?/a) EEE3 AL 206.32 306.60 297.35
2000-2020 % HiEEmW -9.79 -21.24 -6.08
(gC/m?/a) EEE3 AL 11.74 16.61 12.51
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4 RSP

ARSCEECEG T VE RN ZG], LA GPP 1A S LR gl i B (K64, 08T 7 R
i 25 20 I T4 KAl A& S HoH bl b A2 S RS 520 . B FE R e T
£ 20002020 4F 3k X §5 Bl HE B 45K, ANE K IRNEAR G N 7 — 5 DA b, i
R DI E LAV V07 FAE & DO S X250 21 b el X B 3T o R 3 i
XIHAE Y GPP # 44 R IIE IiEass, HAEIR 10580 A2 B 2 9 hn i) X 45, HE 4% GPP
RN T FEEES BT o DA T4 T A0 0] FEL A 2 e B AE 0K 22 AR TR AR A s
M L, VA W L AT R 2 R S o AN SE X 3 1 3T A P B R 5 TR 2
R BRI 47 i o R A B A S 3 K THT S S5O A 7 i BRI 1 BB RN £ 5 5
(X3 GPP R, It H R 3T A 5 o e B e R (T X Y B (L2 X3 A
AR5 0 A P TR A FH 42 B R R A M P AR KR, (R R B 2E KA GPP 31
I, XA R T R T T A B AN R FE R o — T TR X R T 2 S A B
YT aa i T, PMRIISE K (Guetal., 2011; S. Wang et al., 2019), 53— 5 i
T X BE = i CO2 W (S. Wang et al., 2019, 2020) fl & &< ¥ ik Ut %
(Bytnerowicz et al., 2007; Gregg et al., 2003) LA &L AW E L (Y. Chen et al., 2022)%
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B FAAFAE— 5 A EME . BFFUAE F B 1 b 78 26 2030 4 %08 30 m,
FEIRTIT A — S P00 R (0 AT T AR /N 200 b R B 1R S RS KT, 3K 238 38 4
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WEAT CO ¥R FETH i, BIMEARRAEI T 5K, Hiht GPP thaxBlmS [k, 4kl 5
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2 BRI REI , SRR IR BN T RE 2 B, T 3R B AU A8 A s i 114 )
PN 2 B/, FRAT A AR 1 T ORI AN e 5 41 R S5O i i B
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PEF, 2] 2050 H= 4RI T A L LL IS IE 2] 68% (J. Zhong et al., 2023),
IR r L SRR T K L PRl T e 4 0 485 vl R i, 3 T 5o ) o A 765 R G A
BB IR = HE RS BRI o 3T 97 3O R4 R B I S5 00 T A R B Bk AR
FUEE RE LR RA R, DA 2 IR T s 0 HE s AR s =, A 00,
AR A K 5 B B P B R () 422 52 T 1) 3 AT AR R 302> o WA TR IR R I )
TR R R ACHER 22 v I 2 3 % 20 0 A BE (1 PR SR A B T AE ST 4B R BIR

P ST S S ) AR A R GUAE ™ TR AL o 5 R8I AE RT3 LR K,
o [ RT e BRE At [X 2 B0 T AR B K A 3 AN 2 DA, SRAE AN BRI 7 3 5K
TR A 77 RSN AT BT BT TS 3 R0 4 TR AR AL AT R e 77 2L HES) A
SO BN A B A At 2, BT E BRSSO S E A E .
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