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Abstract: With the increasing gap between supply and demand of water resources in China, the virtual water has become an
indispensable part of regional water resources management system. It is a new research framework to improve the
comprehensive utilization efficiency and explore the feasibility of regional integrated management of water resources. This
paper calculated the agricultural , industrial, residential, ecological water footprints, and grey water footprints of 17 cities in
Shandong Province based on a bottom-up method. Based on the spatio-temporal analysis of water footprints from 2009 to
2018, we explored the spatial autocorrelation characteristics of water footprints using the exploratory spatial data analysis

method. Then, we quantified the local impact effect and spatial spillover effect of influencing factors, such as population,
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economic growth, technological progress, urbanization, and industrial upgrading based on the combination of the panel data
STIRPAT model and the spatial Dobbin model. The results show that (D) the water footprint of Shandong Province from 2009
to 2018 presented an upward trend with fluctuation. The spatial layout shows the characteristics of the high water footprint in
eastern coastal cities and western plain cities but the low water footprint in central mountain cities. 2) The water footprint of
Shandong Province has a positively spatial autocorrelation. Compared with the geographical locations, the spatial correlation
of the water footprint is more affected by the population factor, showing obvious “High-High” aggregation type and “Low-
Low” aggregation type. However, this kind of effect from population factor gradually decreases with time. In recent years,
the economic factors have become the main influencing factors of the spatial effect of water footprint. 3) Population is an
important source of water footprint, and economic growth is the most important factor in promoting water resources
competition between regions. Urbanization can alleviate the pressure on water resource demand in local cities. While, the
technological progress and industrial upgrading can not only alleviate the pressure of water resources demand in the local
cities but also effectively alleviate the pressure of water resources demand in adjacent cities. Therefore, the technological

progress and industrial upgrading should be the focus of the regional integrated management strategy of water resources.

Key Words: water footprint; exploratory spatial data analysis; STIRPAT model ; spatial Dobbin model
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£2 2009—2018 FILFAHMFERBEMEBKSE Y/ (m’/kg)

Table 2 Virtual water of animal products in Shandong province from 2009 to 2018

Ll WA FH 1 41 BiE KT
Beef Pork Mutton Poultry Meat Milk Poultry Eggs Aquatic Products
19.99 3.7 18.01 3.5 2.2 8.65 5
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2009—2018 4F Moran's | 523U T FERH 7K 2 38 [R] A 11800 245 1) 23 (8 AR S PR 22 a5 , N 10 B AR UL B ik
T Z ) 7K AR 14 22 S PEAE SE T 12 18] SR AR A AR SC PR AR A I, DRI, AR L AR 4 7 A 328 1 52 )
HE P BRAEGRN ZR LS i 5 255 1825 18] N 3R S AR N R 23257

R3 2009—2018 £ 1L ZRE KR Moran's [
Table 3 Moran'’s I of water footprint of Shandong province from 2009 to 2018

- KT R B A W I 2 ] T A W2 O 2 BT R 93

A Population weight matrix Adjacent weight matrix Geographic weight matrix
Year I z P i z P I z P
2009 0.799 6.089 0.001 0.208 1.558 0.074 0.055 0.880 0.177
2010 0.508 4.064 0.004 0.149 1.195 0.120 ~0.001 0.470 0.285
2011 0.497 3.995 0.004 0.144 1.171 0.131 ~0.010 0.404 0.309
2012 0.464 3973 0.006 0.147 1.188 0.122 ~0.011 0.396 0.306
2013 0.413 3.376 0.006 0.157 1.240 0.116 ~0.002 0.464 0.281
2014 0.365 3.049 0.010 0.186 1.406 0.096 0.037 0.756 0.206
2015 0.296 2.536 0.020 0.214 1.565 0.070 0.067 0.974 0.161
2016 0.218 1.976 0.040 0.267 1.876 0.040 0.111 1.208 0.105
2017 0.202 1.789 0.049 0.214 1.540 0.067 0.060 0.914 0.179
2018 0.191 1.863 0.050 0.225 1.594 0.050 0.067 0.961 0.168

(2) JryRzs [|] @ A o Hr

IR 7K R LISA M N s (HH) ARMK (LL) AU (LH) =F28 R0 (1K 4) , HH B4E i 7E 1L
R AR DRI BV, BARHB I A0 & S B0 5 75 5 ER A AR KR 0 w3 R e, AL 254 R
A M T Al 48548 22 T) ELAT HAE e %) ERIMPE 0 45 R BT 7K 7 i 7O 30 B s, S P PR S RN SR K I il B s, T
B B AR K TR R A, B P SR A TRE I TR SR RN BE TR T AR T LASD , 38 ELA IR K 0
RS, o DU T AR 25 A 7K R S [R] Bfb 7™ 1, 38 R BORIR TR 38 AR & B = S FE/K , B TR (8
B, FECR PR R 5, LL R AR Z I RE A A R 8 i T 2 SRR LK R
0 e TR R 4 0, K R R S5 A4 TR DA S RN & B B 98 32 ek, B TR 1 BN IR 2
AV KR B HEAWEAR, LH REX FEAEGT RS, U UK Ry, 5 R R Tl R A= 16 K 2 8 45 v
PIAI, HAth K R 300 Y5556, i JE] L A v P 2 B 1 A S8 A0 /K S S 388 K, B0 e L IX LH SRR R AE I B, 45
e KOS I 2 ) 25 S P 5 KR T R 2 S 5 114 b X 0 e AR b DX i b X K9 ER A et A
RN TR A DX AR XSO [RTIG 0 h DXTE ) o [R] 5 VE DG R BRI B T 7K 5% 1 IX 0ol — (R A0 A B Y R 4
Bilt o T 65 PG D X5 il T 7 A 30 235 4 LA 5 s 1) ) S, /K 0 R R R v 58 e M OC R B BH B, AR A
XA R

LISAZ%
I NTE
-
- -

B 4 2009 702018 &£ LZR & LISA REHE
Fig.4 LISA clustering map of Shandong Province in 2009 and 2018
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4 NINARE KL PR B 1 BN TR (X, ) ERIEE (X, ) MIE AKX, ) =Fb
PRI 2R 4 225 ) i 1800 K RS 08 ) 2 () AR DGR, AR 2 FE A ) 1 Rl I AR AL R ( X, ) o FE8Y 3 FEf
BB FINA P TR X ) o B 4 ZRE X — X, BEREEA N, AR RIS B H IR 5 (LM K
B) 4R A A ERE (R? ) AR SR IR 18] 2 [ 0[] 2 20 1 A5 A A, 56 7K R 3 14 2 1) A SR A8 -5 3 Tl PR 3%
F% 25 ) ¥k HH AR

R4 WREKE RN E E R = W EE TR

Table 4 Spillover effect of influence factors on water footprint of Shandong province

ity AL 1 [Ei) A 3 FEH 4

Tndex Model 1 Model 2 Model 3 Model 4

X, 0.933 *** (13.373) 0.692*** (8.731) 0.829 *** (12.699) 0.700 *** (9.246)
X, 0.260 *** (2.739) 0.4947** (5.126) 0.3327*(3.618) 0.437"** (4.529)
X, -0.255*** (-5.338) ~0.140*** (-2.9) ~0.128*** (-2.699) -0.097 ** (=2.052)
X, — ~0.999 *** (=5.057) — -0.694*** (=3.138)
X; — — ~4.388 %% (-4.104) -2.358* (-1.940)
0, -0.226(~1.223) ~0.153( —0.846) -0.428** (-2.431) -0.243(~1.347)

6, 0.936** (5.188) 1.169 *** (5.976) 1.547 %% (7.288) 1.552*** (7.354)

05 -0.381*** (=3.615) -0.269*"* (-2.69) ~0.093(-0.915) -0.122(-1.232)

0, — -0.216( —0.745) — 0.351(1.027)

05 — — ~13.402°** (-4.515) ~13.720*** (=3.605)
p 0.361 *** (4.054) 0.175* (1.74) 0.037(0.344) -0.012(0.913)

a -5.762*** (=4.75) ~4.652*"* (-4.151) 85.788 *** (6.076) 76.786(4.419)

R 0.759 0.803 0.812 0.823

Log-L -52.963 -33.828 -29.147 -24.333

X, NEBOE X, BRI X BRI X SR X P THRAR BT 0, —65 . N D Ec: (R AR E AR K S SR L T 4
HOO K R I 975 8 [ R B0 KR IBZS 8] A AHOE R B 0 2 W0 R LGB ; Log—L: XY BCR BE s 355 X REAG ¢ {5 %, s, e B35
A5 HIRS R R 10% ,5% ,1%

A4 WAL 1 45 00RE K Rl rY A 8] A HHOC R E p  0.361,3F HAE 0.01 1Y7K-F- B W& iBILARE N
A Hi T =22 (A1 K R 00 2 0E [l AH DG 1Y s e PR 22 A CR B g N F1 R0 (0.933) T s A B 114 7S b A7
FIEAE (0.263) , T HE A HE A A A< 00 R 708 (—0.255) o 16 II A 10 500 R o s 5 BB S A1 1 A4 b 7K 2 5 48
(PR T AR A DU BE A4 K 288 K | X 55 i AR [ KOS 28 3K 3l P R IS 45 SR — 3, 0 Zhao 251
SRILFLEE X F B A N TR, BRI A i XA 6 K v A A 16 T 7K BT 75 7K e -t 25 4
T, FHORHIX K R, 2057 38K i 38 el 7K Tolb 7K R K 328 5 AR oK R, B
SAL ST R AL ANHI OECE 54T JR AR BLSE Y SR R T RREE A, o7 DA o 4 i s X AR K P
YK IR, B N 2B KK S IR A R 7, %5 R X 22 8] 9 4 ) , N 080 B9 45 T 34 s 2080y A
R AR Y23 [ AN R IE (0.936) |, £ AR HE A 1 23 )38 H A0 Sk £ (-0.381) o BB I ZR A8 K 2 A8
] JCIBC () S M AL ] 2 3 AT 26 0 & R 5 H R I 25 s OB AR A AR 28 B B B sk AN ST FE A oK 2
T, I FLXHI b D= A T K BRI 2K, SR b X 2 [R] K 5 U5 5 4, (& — A b X 42 m AR K, L RR A% ™
AEBOR 2 )it DT 22 b DX 2 R FHK SE 4 DG 2R o FR AR, DX 0B AR B AR AT 3 20 I 7K B 1 IX s —
TRAL S BB (1 BB R 5 > — |, AT LATEAS B S TR0 5 2 B e K 36l I, St 4 X IR 45 7K B A
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2 IR AL PR R 5 7K 3 1 25 8] F ARG R BT B 0,175 B8 3 1A 7 Ml -4 PR 3R I 7K 38 19 5 8] A
KRB B 4 3[R I VR Tk R st AR 8 ) = 8] [ AR SR AR RO R fE, D W IXAE 3 A 1 5
K SEAFTIS T RPN UG R A M B A A5, N IV ES R LIS T KO 2 2 B2k LU=l s 2 Ak
KN BERBAT ALK BT IR A DX o SR R A LS i) R 8808 -0.999 , 75 1] H 2800 AN 35, 15 ok
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3 g
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MR 23X 5 BB TR 45 18— 20, Ak FLL7 B Hh R 12 % REH 42 X 100 B0V S AR K L S8 588 BE 1) 28 1
XULTHG BT 25 e JR KT o 0 S AR e 1 2 F DL o P i (ELSR AN V80 S 8 0 A
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AR N H 2
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IKBIRE T . A SO B AL R T AR A B &) SR FOR BE D U3 T AL S B IR B KF B
P BT A 2 54 it DR AR BOR BT ACH AR TR BEIRAT 2 77 b T s O =A™ M T 5 R A9 L
L, PR = =M™ i B oA By T DXOK BRI 2, IR BRI SERk 2 S HOR B T & — &
B % RS 7 B, I CLLZR A PSR = FIROR S R AL M 22 (2006—2020 4F) ) (7R N IR EUF I3
NITRTENR IR S KALGE ™l e B T+ 4 i S H 3 e ) 25 B4R bR 1 IR /K BT IRT Z4fE )y (2
SERHE PR K SR BOR — 5 R BE L A7 74T BUBE 22 R DX I0BE 43 | R 32 £ B S R P L DX I e 1)
B I — AP A AL AR, i v DX AR AR K-, Al DX R 7l 54 T2, A Bl Ty s DX R (AR 7K
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