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Analysis of water and land resources effect in protected vegetable production

from the perspective of spatial coupling
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Abstract: Protected agriculture can break through the constraints of resources and continuously improve the yield per unit
area, which has become one of the important patterns of modern agriculture. Simultaneously, its characteristics of high
pollution and emissions bring challenges to the sustainable utilization of water and land resources. Previous studies rarely
studied the scale effects of protected vegetable production on agricultural water and land resources, and limited studies
mostly focused on the quantity of a single resource or non-point source pollution, lacking overall consideration of water and
land resources system. It is of great significance to explore the intensity of water and land resources consumption and
coupling stress in protected vegetable production for sustainable utilization of agricultural resources. In this study, Shandong
province, the largest protected vegetable production base in China, was selected as the case study. It is important for the
development of protected vegetable industry in Shandong and even in the whole country to clarify the pressure of water and
soil resources and its influencing factors. Considering both the quantity and quality of resources, the water and land
resources use efficiency of protected vegetable in 2019 was calculated, and the coupling stress of water and land resources
and its influencing factors were analyzed. The results showed that; (1) The mean blue water footprint and mean grey water
footprint in Shandong province were 0.08 m’/kg and 0.03 m’/kg, respectively. The layout of protected vegetable was

significantly influenced by terrain and the soil quality of protected vegetable has spatial variability. (2) The coupling
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coordinated subcategory of water and land resources stress in protected vegetable production in Shandong province was the
type of slight imbalance, the coupling coordination degree was 0.40, which indicated that there was a common mismatch of
water and land resources stress. (3) In addition to resource endowment, agricultural input and socio-economic factors also
had significantly influence on the coupling coordination degree of water and land resources stress in protected vegetable
production, and the coupling coordination degree of water and land resources stress in protected vegetable production has
spatial spillover effect. Developing agricultural science and technology, improving irrigation technology, raising agricultural
mechanization level and reducing chemical input were effective measures to promote the level of coupling coordination degree
of water and land resources stress. The present study can provide a novel perspective for assessing resource stress
comprehensively and provide case reference for the sustainable utilization and management of water and land resources in

protected vegetable production.

Key Words: protected vegetable; water and land resources; resource quantity; resource quality; coupling stress

SMRAEATT S Al A 7= I B2 R R A AR A A 2 kAR T X s S Pk R It Al AL R
BRI RS IR ER B s il BE 0, R B B R 1, Bt A ML A RE S 28 B A% G A b 1 21 PRI 1, 382 8 547
TR H R T LA A 1 R v E i W R R 9, ST R &R H AT, 3R M R S Rl 1 AL E
K5 256.7 J7 hm® U 3% AOBRILAR 7= Y 25% B985 3 7= AR 45% g8 P=(E ' o MRS 4 AR IRt Il
BRI (2023—2030 4F) ) , # 2030 4F, 4= E At AV BUBOE i — 204 K, it dh = 7 1 o L3 = 21 40%
SR, BEtE 5% 5 A PR ™ 5 tho 7 ofe 17— R4 ), QK B U5 B n + R ™ S Senli p A7 7, A AR
T VB SR — 2P R X DX K W R AT R R TR A T kR

2 H R B 5 22K PR A T, RV T [a) RUBE L X V5 Ye W A ST A% it 4 S8 03B TR R AiF LA &5 7K
FEER AR T TIRATRIT, oK SR 29 LA K 3 i B FHR AL T B S (R e SR R, X sk
WFFE AR A0 T B0 = A 7= 6 X sk = B U ke S ot 98 ROBE ARk S i, ) st Xof 7K 30 W e 55 17
FAOTTAE AN I | BRI T Aalb A P it Al B S R Gk e A=Y L AS AR A A Sl —Fh 22 4 B2 B IIF 5
WA, BB R AR R RUEE _F /K = SRV A AR B VR B AR ) G A A it 3 A4 7 O i B AR
7= R S G K R AT e P A B S TN, A S (RIS AT, AT DL MR M R B Rt S A e 5K £
BV A S 22 [ A [ P DA B 7K A 9 SR B AR P80 ) 225 i) S o, DT S iRt = A= 7™ A AR AR AT J)
FGEVR P E SRR AR PRI, T DA S I 5 6 52 1) 23 [RIR B I, % IR A B /K 4 5% U5 R
M 2t S S TR A AR HA B R X,

FE Y AT EE K IR AT A 5 B, SR B e W4 A Bt 23 & U N s ma DA S A5 0k
S, XS R EEAAE T UM S0 e B B — IR D I A 2 6 T PR B SIOUL A AR 0 (T, 38 B
afg (5] 422 b 5 i 2 K = W R R PR SR RN Bt i =2 26 7 A T Rk . B R LI, Ak B IR % e R | R
TSR , BB S A A P 4R T Rt 452, TR Akt BR ) 1 Aol 2B 7= i i FndeoR D) R, L
SEALREFNA 24 1 3t BE A, AT B8 25 /K At B s i 0 7 v S o, Uk £ IR R G iR vk L dh 2k
S AFE T TR 57 8 1 A RN e 0 BOR A5 | 5 M A B 0443 98 R AE 7™ DS 328 T 2 i) 7K = 9 058 7 T AR
N CRAVEAG AR w2 6 T A 35 55 2R A 7 A DR T, 0 T A RE A 2 B ARl B LA G
YEM .

LI 2R 28 A Ry 3 R e R AR IRt S8 A 7 i | i 4 W U5 R PR G 4 B R i 3 7l LA s e e Y AR
WS BULZR B A ZRBIIX, K - B2 05 A RS Jo A Rl A0 &) RS 3 A 7 v K W TR
BRI B GGRE RABA S LT RN RRA R, 8% 1R A Bits 524 7= 7K 4 8 U A F R0
PR AT , AR SN B T O A S VR R, 2 i R FH AR 1 X R 0 X350 28 4 8 it i 532 7l 1) 7T 4
S e ELA T B NS ERANME

http ; //www.ecologica.cn



20 41 FESCEE  AF A (R A LA T Bt S A 7K b B I 9425

1 #REFE

1.1 WFsExtsg

S B 0 T AR A A R BBt i = ) e R AR e AR | AR 5 e BCSE i 7 0h  EE BEIN IRitE  T A
VMG SABAE PN 1) 4 Frsitiss SE o pFoent 4, LLILZR S 16 T R AFST X8, %5t ik 32 4= 7 il 7K %8 5 0
TEOLIEAT AT . ST T B R AR = A FE H O T & FE AR TR %, AN 3 (B LTI, I JHL b 4 AR 4 it
IRt AE
1.2 W5k
1.2.1 Wi s /K R iAo

HKEE AR T 2002 4EPl M7 2425 Hoekstra' ™ B2 H | J5 28 % 5238 N I K WE R i FH 28 G 16 b, 1
KR T A O AEY A R AR R BT AR A M R K it Rk ) DB S5 B K R (WF,, ,m® ke )
ANV S A 7 A 7K R IR AR 2 T A P ROR TR AT .

10 x Y, ET,
d=1
WF,,. = 1
blue Y ( )
ET, =K, x ET, (2)

K, ET, (mm/d) FR it e B SEPr 2 BURE 5 o JEAEY) AR T IR 10 Dy PRI 5640 R A Y e A1 JAr
E*ﬂfxi(kg/hmz) ; K, %*ﬁﬁéﬂéﬂ*ﬁﬁﬂgf/ﬁ%ﬁ%%ﬁ,%%W%%ﬁ%%i ET, FFH Penman-Monteith 2>
#id T CropWat 8.0 FRPFMIL , Wil % 5 L S HURIE Bt el 2545 2 M e S B e T .

PRIAKFE I TE LAy LAZK 5 J57 S B 1 Ay A K 75 G 070 £ R 22 1 7 o8 BB 7K BT b M T 0 ¥R K 1 1
BUS 20T 7 M SR K T5 et LG R B R (W, k) Ferm B HGT  7=
FEZK BEIR T L 2 T A A P05 TR AR

WF a XA

7 (G = Cu) Y 3)
o, a MEAEMIAE SR A N EIE R (kg/hm?) 5 €, A RNE IR BV HEBOR B (keg/m?) 5 € A IRK
TS P Ih TR (kg/m’)
1.2.2 Witk A K R BRI R 5

DIZKBEIRIE A J7 ( BWS) RAE WA /K FERE R 2 R 7, HiIX 5 1 BWS /& SCRRERE B 10 P 85 52
VERI K 5 XA M T FH K B g LA >

Bw,
BWS, = (4)
T BWA,
Buyj = WFl)lue X 71/ (5)
AWU
BWA, = WR x (6)
! TWU

o BW, g KI5 2 7 W K R (m®) 5 7 KIS MR 3 10 7 i (kg ) 5 BWA, Ay DX ST v ]
K (m®) 3 WR R XIS (m®) s AWU FTTWU 4350 5 384 b 838 7K B Fn s FH K & (m)
IKEEPRIG YR ST (GWS) 8 A HILIX. j 350t 5% 352 AE 7= i A 7= A B0 IR 7K 38 5 IX s AT P 7Kk A L A, 6 AE
ANy ACFE R a2 A RS, T EAR T .
WF,_. XT,
GCWS, = —=> 7 (7)
7 BWA,

SHPFIARBE ) 12 SC A T B 7 (LSS ) 2 S DX I8 it 5 S A 11 AR 5 DX 3B b S T AR

http ; //www.ecologica.cn



9426 xR 44 %

PUAHL, LSS i o 2R W B0t it S A AR AS AR A, Bt IR o, I3 Al

Lveget
Lss,=- (8)

total

T Lo DB B AR AR 5 L 9 DX S T AR

24 e OE XA A Rl i e B N w41 VA S 51K /oAl N e R | B i w51 = £ AR e wb
UG R T, A2 BRI (A T BRI, AR5 A8 FH A5 b T 1t i S SRR B o3 A 43 LS A HLTL )
A E A LS UEAT R AR R AP, . R AR ) (LDS) /2 X M IX % Az - 39 R/ Bl Ak 51 1 36 ML
O EREAR SR R A R, A R B AR R R R TR, AT .

LDS, =1 = (P X Pgy) (9)

v, LDS, Syt j E MR Ty 5 Py o XIS A28 pH S B B A3 A0 5 LG 5 Pgy 0 DX HER B &
LIS FLAY AT H A

IKBEWHE T (WRS) 28 B g AE 7 7 A W 7K B8 5T FE s 0 FUOK B85 G IR D S kA R 8, &
A B0 R R A K SRR R R, KRR TR A

WRS; = 1 = (Pygy X Pyew) (10)
Py =1 - BWS; (11)
Pyw =1 - GWS; (12)

S, WRS, A HUT KRR 75 Py 3K BRI A K W TR T B 2 A P 9 BT K
T Y 1 0 e 2 R

LRI 7 (LRS ) 52 SRR S 7 A - M AT A0 MO (b TR A PR 2 B, e
M R VR SRk . R A A T

LRS; =1 = (Pys % Pyy) (13)
Pys =1-1SS; (14)
Py, =1 - LDS; (15)

P LIRS, T j i BT IR I S7 5 Py D IXOAN = A - MR R T T B A2 R B Py, o XKIOAR =2 2 3
B T K AR
123 ME RN E

AW S BRI A DM JR EASE R 20T XS % 3 A 7 B /K W URE 18- T e A, o T B AR R b 4 A Y
22XV B RZ R, B SR K L08R R G0 R A TAn AL b B
 WRS-WRS,,
VRS = WRS. —WRs,. (16)
LRS,-LRS,
LRS' = d (17)

/"LRS, -LRS, .

FA T R A B A | 2 55 22 6] B R E 1 29 R B2 D8 8 Rl AR B B RDIR B A B 45127 L AR RS 3E
SRR BE R Sl FAE A3 b T /K B IR ) A AH B OGRS PME K, HHEARINTE .
WRS', x LRS, 2

= (18)
[(WRS’, + LRS") 17

T=a WRS', + BLRS', (19)

D=./CT (20)

Krf,C AR FEESI REFMEE; T K HRET RGEHE,; D Fook LR RGER A UMEE BT

IRV 3 R - b 8 5 T K - BRI 3 P Al vh R A LA o = B = 0.5,
F2 HR LR A8 45 T 5 M B2 ) RN KK R W U g AR 5 P I R 0 23 by BRI 28 i JRE Y 2R e 2 =

http ; //www.ecologica.cn



20 41 FESCEE  AF A (R A LA T Bt S A 7K b B I 9427

KIEH 6 MW WL 1, MEA DMK /K L3RR A R K £ R G e 23 6] LY
S g 5 WS IR LN K R B UR T R G I e s B) L S Bk g SRR B — BN 5 B A TS
FIH

F1 KEHBEENBEHRDEN S LG R RIS IRHE

Table 1 Classification system and criteria for coupling evaluation of the water and land resources pressure
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Table 2 Influence factors of coupling coordination degree of water and soil resources

IS AR i 44 AT AR AR
Influence factors Variable Influence factors Variable
PR B A FH K 8 o L PR 2 15—59 & AF s BE N AL
Resource endowment et AR M AR I B 7 L Socio-economic factors NI A
NI K R ARl B (i
3 A LRI LR AR B ST R
VT TN LAV ALK RN T
Agricultural input LAV ALEREA
AN FH Ha
A< FH BRRE S REfe FH o
1.4 Bk

L ZR A8 25 M T Rk b T AR R 7 i DA B A IS it o 5 R it S ok U T QLU AR SE T HAE 5 2020) & b Tl
2020 AFGEIHAR S LU (A A" SR 31 4 2020) 5 Bt s S AR T AROR UL T b [ B BUSE THAR 48 2020) 5 4%
iy T A b T TR FE KR SR G TR S R AR FR R ORI T (2019 4 1 ZR A4 K B TR AN ) 5 A% 33 18 it i S A 7 T K AL 5
Frs B G 5 e >k B 38t e 72515 B (hitp :// data. sheshiyuanyi. com/ Environmental Control/ ) ; £ 2855 5% i) AE
KJEI ¢ 71K, 2R FRARHZUEHESCHFE 56 5 5 B2 MK R Pl i AR % o (ORI RIFIREEC,, R IR T

http ; //www.ecologica.cn



9428 JAE = 44 %

SCRRTEIAIE > 20" it 3 - A AL & i pHL (B B X IR 43 A BT 4 OO VR T SCHR IR A ') | 3 AT HLRR 5 i
A DL A B M EOR AT, e i R 80 1,724 1) 4% 1 Ti7 BAL07 T RIS it i 330 7 e 45 b T R i SR 7 e b 1
TSR AT S R B e U8 T (L R SR 1H4E % 2020) 4 H T 2020 4E S8 4R % (b E KA G4 %
2020) H5 Lk A E N A A R H AR TEIRE

2 HRESH

2.1 B SR AE K £ R RSCE

LI AR A8 R i S 2 7 v BE AR UK - W IR BRIt i 32 0 1 /K 75 2 {E R 0.08 m/ kg JK K AL iF
SEHIH 0.03 m kg, BER F K RSB AUR K T 2 25 18] L 5 Bk (1), 7= 25 5 i R R A 25 F 45 i
SRS HERACR LA AT R, A B K R a8 A 8 B B T 1T (0.10 m®/kg) Al
T (0.10 m’/kg) |, BE/K AR B AR AR A2 T T TIT (0.06 m*/kg) 5 HAL AR K A i fi i A 2 H B TTT (0.07 m’/kg)
HYCE AT (0.06 m*/kg) JHETT(0.05 m’/kg) , SR AIEZE LTI (0.007 m’/kg) ., £ iT HEWEH AR & ek
S B R T i A KR 5 2 S A S R IO T A KR T ) 2 S D)5 4l T IR R I S A 7 RIS R A 7 P
B AT R YD,

2 2B ) 112 1
§ 250 ég g 250 Eé,g
L0.0 %ﬁéﬂ 5.00 ]E‘té %éﬁ 5.00 E.oé
T 750 B BT g0 ES
= 10005 < = H10.00E L
g-; 29.00 iy ﬁ 29.00 2

‘ B
Y Ea R 570 %
B 200 mE g _ p650 g
BE 400 =2 w2 700 =
L400 &= Bso0 H3 22 §750 ﬁ
= 200 ¥ 2 B80033
g 95000 § O 100km g 8.30

B 1 gl EF KT REA AR

Fig.1 Water and land resources use efficiency of protected vegetable production
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Fig.2 Water and land resources stress of protected vegetable production
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Fig.3 Coupling coordination degree of water and land resources stress
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Table 3 Spatial Lag Model (SLM) estimation results
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