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Abstract:[ Objective ] Evaluating regional ecological risks and revealing their spatial-temporal evolution pat-
terns are important for reducing regional ecological risks, maintaining ecological security, and rational spatial
development and planning of national land. [ Methods] Based on the Landsat TM/OLI remote sensing images
of Haikou in 2000, 2010 and 2020, evaluation factors such as regional accumulative cyclone energy. urban
development and utilization intensity and tourism pressure were introduced. A regional ecological risk assess-
ment model based on Pressure-State-Response (PSR) under typical natural environment and socio-economic
background at grid scale was constructed to explore the spatial distribution pattern, spatial-temporal differ-

entiation and correlation characteristics of regional ecological risks in the past 20 years. Based on bivariate
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global spatial autocorrelation, the response relationship of urbanization level to regional ecological risk in
Haikou City was revealed, and the GIS-OWA model was coupled to simulate the spatial and temporal config-
uration of ecological risk in Haikou City and its ecological protection countermeasures under different scenarios.
[Results] (1) From 2000 to 2020, the low and high ecological risk areas in Haikou City increased by 229.7
km? and 91.38 km?, respectively, and the area of medium ecological risk area decreased the most, which was
150.48 km?*. The ecological status of the study area was generally improved. (2) During the study period, the
regional high-level ecological risk area showed a continuous expansion trend, and the ecological risk in the
central and western parts of Haikou City was better than that in urban construction areas such as the north
and Jiangdong New Area. (3) Moran's I was higher than 0.6 in the three periods and showed an increasing
trend. The spatial aggregation characteristics of ecological risks were obvious and showed a significant spatial
positive correlation. The ecological risk pattern and its spatial correlation pattern showed heterogeneity char-
acteristics of “high in the north and south, low in the middle’ and ‘hot in the east and cold in the west”. The
impact of urbanization level on regional ecological risk was deepening. (4) Low risk (87.5%), medium risk
(33.6%), and high risk (70.7 %) occupied a certain dominant position in the three simulation models of eco-
logical priority”’, ‘maintenance status’ and ‘development priority”, respectively. [ Conclusion] Ecological
risks in Haikou city show a positive development trend, with significant spatial heterogeneity, and the devel-
opment trend is greatly influenced by policy makers. The results of this study can provide the theoretical
basis and decision support for ecological risk prevention, land use optimization decision-making, and sustain-

able management of regional ecosystems in Haikou City.

Keywords: ecological risk; PSR; spatial autocorrelation; spatial differentiation characteristics; OWA

21 MR LUK Bl N E B S g 3, £ st A
FZE A RE TR A AT G Xof 42 3k A 25 PRI 1Y 52 Wi A B
IR o 2 52 A ER A AL A B H SR B R K E A
Wit KR AEZ R R R LR A E R, KB
ARG FL R R 1 MR 32 38 NS SR E AR BR B AR
BTl R 4 67 TR S L A BT S UL R PR A A
A kT A s P A BT A A bR M | S A
AR SR DB b R AR R A 3 R A
DR 25 R G0 M AT W, F BRI RE D TR IX
RN S HE— 2D A T T R B X B 45 )
L, £ B DX S A 2 BRI (R A A 22 AT b g g
Az 25 IRV SR P 26 R S H MR SR R JEE

A S R DAY R 0T A 25 2R GE A Al R U R DE AE 32
B CRE oK 1T AE 32 2 /Y 16 R 8 T2 AT R AR A — Ff
PPAG 7L AR AR S KUK A — A A S X
S A 25 DAV DA AN AN A 2 i) 2 KR 0 A 2 AU
REFEA LI, HON DR RUBE b il 3 AR B R
E NS R T DO R SR 2 L S R g 43 S T e SR A |
SR R T A R D B o AR R S R i TR B
S5 1) Y e SR BE AL O X DX da A 2 B B BT A Y 2
o FUR R B 48 S 3 S B T R T 9 R A
JRy 8 PRI I L (1) o T B AR A S R A i AR
fia] A, LA 5 RORE ET LA A B AT R
LN e R LN ITY & S | = i 1N B P

A 25 RV PP A0F 58 5 B 5 T M ) R O 4 A
I 24 BT L R S5 0 A8 AL b G T Ak
WS TE] A G A3 T AR R A T vk b X A
5 AR 48 50 PRI X AR 25 XU AR B0 B R AR AIE . AR
1117 b AIF 50 B S T XN e T S A 4 |
VRN R U T NGO R NN SN S T S
TR A R AR TR [ AR B ML 2 2B SRR X
Sl A 25 XU e 25 G R E ST ELIE T 2 Al b0 2245
Xof R A7 B DX A 28 XU DAY A T 5 R X A 2D
AR BUAS St 4 Jay 25 T A O 44 8 76 S8 T dnk 8501 7K
-5 A 2 DX M 7 5 AR BRI U R 2

e A 2 1988 AR HE A H oW v [ B R 2 B4 IX
A E — F) AT B 05 8 003 o A R 2 el B T T T
Pl K5 — 7 — e IS S 3 T AT T R B )
YR o BRI T R A O B T EL A Y
W57 . 2018 AR B AT IR B 1 Hh 550 1 K 1
Bli e 2 A s AL H AT S B R S R AILIE L e 3 i A
TR A 25 TR ol Bty i AR B 3t ol
AR ARG T A A, EAL LR35 10 T 1 e XU A
AR, Ho— 75N R ) 3 O T peide 4 sk fn 22 5%
DR JEARLE A N B R T, A 0 il A 25 M R
o Jr IS i 5 IR R bR 5 DR M E AR s L iR
I A U8 1) T R K BB A AR O e O AR i TR R
R DR A AR R AR S R Gk AR B R



5013

BALL LA BT PSR-OW A KL 8Y B 36 11T A= 25 KU PRAN S A8 FRLF 52 303

1 B DX AR 35 R e e P XA 28 AU Al 38 i — b
. HBTRHEE O A9 220G i A R ] Ak
SR AR5k G R AR AT AR R
£S5 4 RINA SR oo e O R | = IR W A
EU AT ANTES R ARHZANZME 2 )E
YR Z2 10 IR 5 ¥ 11 T A 285 DRSS R 0 A X s 2D f
GIS 1 OWA BRI FRDTA [FE 50 T XA R
Wz IS 2 A% J T i B G AR S AR ke SR A

BT ASBESE LA T 2000 4F 2010 4F,2020
A 3 I EGE RO B IR BT RS I GIS & 2 3K HL
X sk A b R P00 L 51 A X3 BT AU AR L IR
R ) P ik B RO TR T 5 £ A 25 KU DA R 1 A
FEE T R A% RE I PSR (Pressure-State-Response)
DX 35 A 25 AU T 455 2 Ak DX 3 A 2 KU, 285 6 25 ()
I AH G 55 308 g 25 (] R OG5 1 3R 9T IX SR B Ik
K5 Az 25 XU 225 [8] 43 A1 A Jmy B 28 A8 AR R AIE S 6
ER AR I R0 I B A 7K 5 A A KU 1 I B G R L A A
GIS FI OW A A5 R LR85 A [) 4 5 1 it 1Tl A=
A KU 25 18] 23 A FEAE RN AR S AR P 5 e, X4 5 43 X
WAEST M IE R S8 R B &

1 HREMAESEHTE

1.1 HREHR

T AL TR & A AR AL ES (R D AL 110°
10'—110°41'E,19°32"—20°05'N, &KlE X & . i E
B MR AL 18 RS ARE L EAME,
e 32 Hh 5 U 28 BRI S TR BCUAR Y . R AR TH
RO A W 08 A v 15 B 3 b 30 oA =, P 3 D) B i
Sl AR Ry T2 s - HESS R R A 13 KRS+ SR
+ WAL AT W TR ARG IR KR
fiE AEY H BB 2 000 h BLE AR IR E 23.8°C L
YIREKE R 1 669 mm., I A S I RE 54
o 525 0 S B 2 B 2 — AR A VU AR TR IR KOG Y
R ST, MR I R AO T M 3ROF27 L 4 A
FEAR Gy Ay AV SR IX L R R VTR X, R LR
T A L DXL PG ERAA A B MUK BR R ORI R v
T B AT ACTH X I 3% X AN AN o sk i A 5 A
[ Y5 VA R 7K Sl ) B bl I IR T LS P R
Tl TR TS DX X35 48 T A0 A R A 1 B N AR e 28 % A 1Y
WO Mty o AR BRI AR b 0 3 43 A 25 AT T A
TR TR 2T AR ARV S 2R 30 IO VT AR 3 X 2 W g 8 T p
ERE [ A S s T RR X, JEH AR AL AR X
AR 2R 5K 48 B G R R P s R B A 1 25
GEM XERG B CEARABEMES RS L

Az R B BRI A b R PR A b DX AR A R A TR
Z B 7E T 1At 3 3 A A 152 DX AR 35 4R AR MR X 11
[Fi) 5F 5 350 XS A 25 2R 0 R Ay S A IS IR I H 25 %8
s T R X3 A S KR . R R S S b X
T A 2 10 0 ACTRE 7 9K 17 Bl 2 AT o8 Rl 1)
TG B R S ARl 7= b 435 K -5 BORE 43 SR A B RE VA
SR X SR € A I AR, 8 T BT AR BT R £ 7
b & R B TR) Bt 3t AR X 38K A 2 1 A A XUBS: b
FRAUE . PO 5 M X LA AR AR O
F LA AKX N 3 (ELE 25 PG I 5 PR R A X
Sz B AT P PG RS R R 3 IX I Bl A %R
3ok i A TR A R b, A P AR OB A DX
PR R S ECXIRN M A A KU S . v
0 114 22 L RS 5 B R 2 A ARRE 95 O = SR T i AR
A 2T VE W AR B HE S R0 S 38 53 TSR MRS B A T
R N 22 22 00 % 5 NS AR R E 28 AR,
FRARAE Bl 285 46 725 Ak S 3 XK - 3 2 T A 25 XU
KRR I
1.2 H¥ERIERALIE

LR A - 1 G AR B R e L N T B
DEM & R85 At 25 20 0 B0 45 . v, 2000 45,2010
AE Landsats TM & 2020 4F Landsat8-OLI 1& B2 A2 538
1 DEM %5 45 ¥ U F i B 23 8] 3048 = (hetp: / www,
gscloud.en/) . G 2R T b B L5 ™ (http:
// data.cma.cn/) MR 4 R4 7 (http: // hi. cma. gov.
en/) . N FVECHRE AT 23 28 U B 45 H A AiHs VR 1 (i 1
M THELE )R B SR,

B4, 2 A ENVI 5.3 58 38 % 18 19 46 5
PR RARIE Il BEA A R PR 8 S b . &
R [ A 1) BAR 23 2K b5 1 ) (GB/T21010-2017)
Y 11 TT A R BOIR L R e R AR 75 (maximum
Likelihood, ML) 5 Ji 3% 8 73 25, 43 4 #F Ml | 55 Hb | AR
b |9 SR M A K AR 6 A H S A B ) B A S
Hi JE A7 BRI BIGEMAP, 3% I AMLAE B i85 = 58 %
i B BB A B AR S SRS FE 3R 90 %0 LA 1L I A
GRID % XA T ArcGIS 10.8 1,
2 WRAE
2.0 EBRBNKHIKS

S5 T L EOIR 5, S IR ol A% ) (GB12409-
200D FREFIAH BT FE0 78 AreGIS 10.8 H R JH M #4
FEXTRFSE AT 3 km X 3 km 91 B2 SR AL, LIGAE
A S RS A 0T (& 1 R4 AR S KU /N X 302 4,
BT VEH BT A 2 RURS M, I WAL A3 I A o0
A5 3 2 )3 1 3R O 2% ) 46 J=) 2 A1 R AE



304 /N 3 S O/ T

531 %

110°0'0"E 111°0’0"N

& z
e e
=] =
o o
o o
Q Q
& Z
& e
= =
o o
o =
— —

110°0'0"E

111°0’0"N

110°10'0"E 110°20'0"E 110°300"E 110°40'0"E

=Z ofofe o[o[ofo]e N =Z
e o|o|/o|eo|e|o|0o|o|e|o|0|o|e]|o|e|e b=
8— olo|o[o[e|o|e|e[e|[e[e][eo|e|e|e]|e A —8
S o|o|o|o|e[e[e|e[e]e]e]o[e]e][e|e] [e S
S. o|o|o|o|eo[e]e][e[e][e]e[e[e[e[e|e[e]e g
o|o[o[o[o[o|e[e[e|e[e[e[e|e[e[o]e]e]e
? oo o/ojo/0o/0o 0 0 0| 0| 0o o o0 o0 o0 o o0 ?
o olo|o[e|e[e|e[e[e[e]e[e[e[e]e[e[e[e]e]e >
= o|o[o[o|o|o|e][e|o]e[e][e][e[e[e[e[e]e L =
2 o/o|o[o|o|o|e|e|e[o][e|e|e[e[e|e|e]e 0
=N o|o|e|e|e|o|o|o|o|o|o[o][e][o]e]e =)
- o|o|o|e|o][e[o][e|o[e[e][e|e]e]e =
Z olo|o|o[o|o|e[e|o]o]e|e|e]e]e]e Z
=O olelofe olo[ofo]e]e[efe]e] | =O
> 4 [ef]  [e]e[e[e[e|e[e[e]e]e L S
N ° R ARk [o/elelee|o[e[e[e[e]e] i
(AKX AE AN BN AN BE AN BN J
2| ] AmaE CSEREEEEE 2
0 5 10 20 km ole|o|e|e
[ A | *i ololo|e

1 1 1 T
110°10'0"E 110°20’0"E 110°30'0"E 110°40'0"E
110°10'0"E 110°20’0"E 110°30'0"E 110°40'0"E

19°40’0"N 19°50’0"N 20°000"N
19°40°0"N 19°50’0"N 20°000"N

110°10'0"E 110°20'0"E 110°300"E 110°40'0"E

B1 #IRXMAE
Fig. 1 Study area location

22 ESKEIEMERERHERNENHE

R P T SR N 5 S | B
PSR BERL, A SRR 280 N 505 2l L 50 W A% JR 48 2. 5t
WL AR A URAPE R I 6 A Dy T A i R
i B BAF 90 X3 AR L R0 Ah S CBREE IR AR SR
GLRG TR 17 AR bR LS A X RS
JVE B 5t I T T & ) i T e R T A A A KU T
AR, DA AR B 1 T AR 2 XURS IE M 48 bR ik &R (R
D, BARmENT .

(D) SRR, DATBIX SN ST o,
TGRS e AL 2 AU IR EE 55 5 N 280 3h 46 A1
RHLE e LB, 1 G AreGIS 10.8 58 i AH 2%
B gt A s A (5 HOR T Fragstats 4.2 58 %
SO S 48 ORI S WLG ) A5 SO AR AR TR R T
ENVI 5.3, ArcGIS 10.8,InVEST 3.10.2 FlIAH A 1 52 i
[T SR e R A N R (L g e O

(2) Tebrai LA IR, TE 148 b - 30T IF & F ] 5
JEE LN % BRI X 3R R AT i R A AR b B 2 B
A ZSRR B 7K, Y B A 25 2 A N BRI A 45 )
NI 2 SR AN 2 =T . 1 A I R B i R 2 B

AU B 48 B 15 A TE ] 5 F5
Y, = (1) e x s Xom (1
Y Xmaxj 7Xminj

) 6 b < 8 bR AR ik BE 0 RE — fb e Bk A
BOAEFE br W) s e DX AR S b AR e MR A
FRAR T8 SRR, DA AR SRR R AR, DR, 2 AR
DXl 2 25 XU 1) 4 AR 3Ry B 1] HE A
Xy — X,
Xy ™ X ming
AP Y, MR Z 5 M X, D8 0 AR5 IR AR
AR 3 X ey I X iy 53 T2 X 7 4 B 114 5 K A1 I e
MA. AR 0l . S kB R E AF RS R E B
1E1H e.e BUEN 0.9,

(3) WHETE ., RS RREGE, 570 2R
2 TR AS T2 A0 Bt o5, 5 TR AS T 85 1E )22 YR 4 T 1 AR B
BARIR A A AES ARG R I 1.,

arisri

iarisri
APow, WEGAE 5 a, )2 WM iETHE A ;
S, ARRGETT R AL E .

Y, =—e)+teX (2)




1M AL IS HE T PSR-OWA #2535 11 i1 A 28 XU P B2 S 0L B 52 305
F1 2000—2020 FFEOTESKEIERERREGNE
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Table 2 Seaport ecological risk indicator order weights

w; a=0.00001 a=0.1 a=0.5 a=1 a=>5 a=10 a=10000
w) 1.0000 0.9783 0.3333 0.0588 0.0000 0.0000 0.0000
wy 0.0000 0.0065 0.1311 0.0588 0.0004 0.0000 0.0000
ws 0.0000 0.0037 0.0957 0.0588 0.0026 0.0000 0.0000
w) 0.0000 0.0025 0.0765 0.0588 0.0079 0.0001 0.0000
ws 0.0000 0.0019 0.0636 0.0588 0.0174 0.0007 0.0000
w 0.0000 0.0015 0.0539 0.0588 0.0311 0.0027 0.0000
wy 0.0000 0.0012 0.0463 0.0588 0.0484 0.0081 0.0000
wy 0.0000 0.0010 0.0398 0.0588 0.0674 0.0191 0.0000
Wy 0.0000 0.0008 0.0343 0.0588 0.0862 0.0377 0.0000
Wi 0.0000 0.0007 0.0294 0.0588 0.1025 0.0641 0.0000
w1y 0.0000 0.0005 0.0250 0.0588 0.1140 0.0960 0.0000
Wy 0.0000 0.0004 0.0209 0.0588 0.1190 0.1279 0.0000
w3 0.0000 0.0004 0.0171 0.0588 0.1163 0.1523 0.0000
W1y 0.0000 0.0003 0.0134 0.0588 0.1055 0.1616 0.0000
Wis 0.0000 0.0002 0.0100 0.0588 0.0870 0.1501 0.0000
Wi 0.0000 0.0001 0.0066 0.0588 0.0620 0.1162 0.0000
w7 0.0000 0.0001 0.0033 0.0588 0.0323 0.0635 1.0000
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Fig. 2 Spatial distribution of ecological risks in Haikou City, 2000 to 2020
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Table 3  Ecological risk area and proportion from 2000 to 2020
AR 2000 4F 2010 4F 2020 4F
9 B/ km? G/ HE km® SH/% B km® /%
fRMBIX 689.33 3007 160.55  7.03  919.03  40.23
BRABK 83590 3659  507.88  22.23  689.31  30.17
AR 51415 2251 99673 43.63  363.67 1592
BREABK 22036 9.65  462.47 2024 19634 8.59
e U X 2475 108 156.85  6.87 11613  5.08
3.1.2 e wASKE T EFES R HIE 2 A
H1,2000—2020 4F ¥ 1Tl A 25 KUK 25 18] 73 A 53 5 7
B AU X5 P HOR R AR TR i MO I VL
X, Ry i Y, W A IR B X LR
BT DX R R I VAR A VR R T DU R R R X
Rl XL 28 355 T DXCORM i 8 T i IX 458 3l B A 1 IX Oy
T2, X 2 X ek K il 22 3 AR G R BN T 43 A AR R
AR RV T MR DO R B AR, A 2018
SRR A B AR E PR A B S B R N T )R AR
DX Bl 08 B A R o S 15 P 1) T A R VU
™ e A o 2R DS b R A% R O e S AR A
B4 B A 2 AU T i o 2 e A A AU IX S IR
FRCASCBR 23 A0 F v A 2 KU X ] LW o 32 225l G
PEFNTR S S B ] SN 0 A A A7 w8 XU IX J 3 — 20
WAk H AR S XU X5 AR 43 A T8 e AR SR
W6z DX Pl 4 b 28 20 22 S B b, R Ok 1 AR R A A
—EETESER . AR VBARKURS: X 2 A T rh A 3
Ty R DX AN 78 15 i e AR DX A5 DI, b b ) ] 26 4 52 32
AR b 0 b Sy S A 4B R R A
20204F B

Bl mESRE

o sResRE

RS DX Ay 3 22 e AU, A T AR 0 i A 608,13
km? F1 602.68 km? , “fik &% — v 7 KUK X 1A 2 43 1]
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AR | b A5 AR 25 b e AR O Bk b Bl T R L 2R
TRV IR X 35k A b A% S5 0 A b ) 2548 5 350X 38,
AR T

20102020 4F, A URS: X 32 2 kg &t U 1 T
IR E] 804.46 km” 5 “ 1 IR ”“ i > B A RURS: X J2&
FoFZ R A, i AR 4 ) 2 371,38 km”, 364,11
kem? s 85 L g KUBS: X6 s T ARG B 370,99 km® M

69.72 km® , /5 U X 5% A THT R 26.96 km® , 7% i
TR B ATET R 2.59 A7, i XU X3 il 32 ¥ 4 /) 5
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175.97 km* 1 31.23 km” , Ik L S A U X B4 5 A Thi
3k F] 784.85 km® Fl 570.86 km? o A= 25 KUK 25 2% [
G Bifi 25 16 5% 26 A8 PR B IR BRBOK H & RAE S 0 4 it
SN o 22 s R R H E DX IR - M 2 AR B TR L
Iok K I S AR T AR BB TR R AR S A
b A DR B L 5 s DXl B A A S U S R
Rk Jay i DX ok 2 A R B A B TR AR AR

ST 20 a [8] /3 m A A AU X AR Y
Y 236,92 km®, A%, B AR A XU X TE AR n T
993.42 km” . J5 FH LRI H MY 4.19 F5 . A4 5 KUK Bk 2
TR B R A ik B8 — 2 5. A
PR X TR ARBE I T 91.38 km? , JR 3 X ek A 25 iR AT
S5 IH 1R
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Table 4 Ecological risk transfer matrix for Haikou City %
AR SRR X288 5 IR X BARKRS X rfRUR: X v WU [X. 1R KU X
IR X 11.78 27.16 48.50 12.48 0.08
AR XU X 8.18 27.90 42.97 19.72 1.23
2000—2010 rh XU X 1.94 15.90 48.97 26.58 6.61
A AL X 0.20 2.95 25.29 31.50 40.06
1 U X 0.00 0.00 0.49 12.19 87.32
R AU X 89.49 9.58 0.72 0.19 0.02
AR AL X 69.47 23.29 6.16 1.05 0.03
2010—2020 R XU X 37.26 36.53 19.29 6.41 0.51
A ALY X 12.77 38.05 24.71 19.78 4.69
e RURS: [X 1.01 9.82 13.71 19.91 55.55
IR X 51.86 28.82 12.58 5.80 0.94
BEAR KR X 50.29 31.84 11.05 4.91 1.91
2000—2020 rf XU X 25.91 35.94 24.52 7.63 6.00
A AL X 7.52 17.66 23.34 27.82 23.66
1R KU X 0.20 3.42 13.74 45.42 37.22
i 3.2 EOMAESKE S E LB
FIH GeoDa 81 1T 2000 4E,2010 42020
AR LR S AU 2 ) B A DG HE B (3R 5) . A5 R BORBER
X 3 % Moran's I 4354 0.633,0.754,0.788(p =
0.01), ¥y T 0.6 Jf 522 Bk 3 #a 34, LW 58 IX A2 38
JAUIE 7 225 [) SR 4 B 52 WA Jd , A 28 RIS {7 5 ) I 2 3
3 B ARG (B AR K- R — i, — E R B
Ut Y DX A (] 1) A 285 XU 7 225 ) 1 R B 52 0 B
- U . 1 75 DRI DX S ) BT Xk 1 R 85 A0 A 25 Ly X3
O wrane W weenn I o T e T
A ERR BEEE AR

B3 2000—2020 Fif AW ESRE X ELHIT
Fig. 3 Ecological risk change trajectory in Haikou
City from 2000 to 2020
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(L-HD 52U R (H-L) . 20 a [i], #4845 X 3 i 2 L

TG I A R A, R DGR BRI R 2.7 05 48 R IX
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Table 5 Statistics of ecological risk space autocorrelation types in Haikou City

%

G e H-H LL L-H H-L Moran's I ARG p1H
2000 57.22 21.16 21.12 0.16 0.34 0.633 46.24 0.001
2010 62.37 14.48 22.65 0.21 0.29 0.754 53.61 0.001
2020 50.13 18.46 31.19 0.09 0.14 0.788 55.97 0.001
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Fig. 4 Clustering of ecological risk index in Haikou City, 2000—2020
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Fig. 5 Moran scatter plot of correlation between ERI and NDBI, 2000—2020
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Fig. 6 Ecological risk classification of Haikou City under different policy scenarios
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