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Temporal and Spatial Variation Characteristics and Attribution Analysis
of Wheat Water Footprint in Baojixia Irrigation Area, China

FENG Dongpu WEI Xiaomei JIANG Ya’ nan
(College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract; Irrigation areas, as the major wheat producers in China, are facing water resources and
environment problems which were led by huge water and fertilizer consumption in wheat production. To
comprehensively assess these issues, the total water footprint ( WFT) of wheat and production water
footprint ( WF) for per unit mass of wheat were calculated based on monthly meteorological and
agricultural data from the Baojixia Irrigation Area ( BIA) during the period of 1994—2010. Mann —
Kendall trend test and the GIS based inverse distance weighted spatial interpolation were applied to
analyze the temporal and spatial variations of wheat water footprint indices. Furthermore, the logarithmic
mean Divisia index decomposition ( LMDI) method was employed to quantify the contributions of driving
factors for changes in WFT. The result showed that the average values of wheat WFT and WF were
673 million m® and 1.04 m’/kg, while the green, blue and grey components accounted for 34.51% ,
30.16% and 35.33% , respectively. The WFT and WF of wheat were declined significantly with slops of
—17 million m*/a and -=0.02 m’/(kg-a), respectively. The averages of WF and its green and blue
components ( 1994—2010) rose gradually from southeast to northwest in BIA, however, the grey
production water footprint was increased from center of the BIA to both sides. By LMDI method, the WFT
in BIA was highly depended on human activities ( —113.57% ) rather than climate change (13.57% ).
The driving factors in order of importance were irrigation quota ( — 56.58% ), total plant area
( =55.78% ), rate of wheat plant area ( — 43.76% ), nitrogen fertilizer per hectare (39.96% ),
climate change (13.48% ) and irrigation water utilization coefficient (2.59% ). Excessive fertilization

was common in BIA, which caused serious water pollution and huge amount of grey consumption.
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Meanwhile, the low irrigation water utilization coefficient in BIA led to more water wasted in conveyance.

Based on the research, the practical suggestions for improving WFT and WF were fertilizer reduction and

construction for high irrigation water utilization coefficient.

Key words: wheat water footprint; temporal and spatial variations; logarithmic mean Divisia index

method ; water consumption; Baojixia Irrigation Area
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Fig.1 Temporal variations of total water footprint and production water footprint for wheat in BIA during 1994—2010
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Fig.2 Spatial variations of average of wheat production water footprints in BIA during 1994—2010
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Fig.3 Spatial distributions of annual change of wheat production water footprints in BIA during 1994—2010
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Fig.4 Normalized driving factors in BIA during 1994—2010

2.2.2  WKEh AT ik o A

FIA LMDI B 1994 4k B8, B ¢ oy 1995—
2010 4, 7 fifp HE X /N A2 WK 2B AE AL B S fr
TIN5 TR TN T DX /N A2 R KR 8 A Ak Y BT R A A
Tfa) A2 Al 52 W WU AR 5 1, 3% W Bt A A () A2 1k 4% [R5
TR I W O B XN 2 KO i 32 T B R R
A B i Bt R R B R Y o ik A
K, —IE— TR M AR A B, £E 2007 4Fd k. X HEdk
3, HE DX /N BOK 38 2010 4EAE AL A -3.00 42 m,
Hor SR ARG R STl - 1. 67 12 m”, BTHRR



5 12 3]

IR 45 52X e DX /N A2 K R I S AR AR AR AE 45 UH B A 275

2.0x108
1.5x10°

1.0x108

= 5.0x107

0

0x107

7 —1.0x10°
%

2 -1.5x10°

-2.0x108

-2.5x108

Bl5 X 1994—2010 4E 5K 5l B % /N2 8K 2 3 A8 4k
FA DT K
Fig.5 Contributions of driving factors to change in WET
for wheat in BIA during 1994—2010

N =55.78% /N A Fp AT L Sk R — 1,31 42 m*, ¢
Tk —43.76% ; W 2 B STkl - 1.70 {2 m’, 5T
BRAEN - 56. 58% ; E W 7K A %0 I T & £ 5T ik Ry
0.08 2 m" , TTER R Ky 2. 59% 5 24 1f ARt 460 = 1) B3
Bkl 1.20 12 m’, TTERE K 39.96% , L AKIE )
W B stm N - 3.4 {2 m, 5tk %R
= 113.57% S A5 22 Ak BV 5 A5 ThD BR 2 /K T4 #6 o1 Mk &
F0.41 2 m’  TTHRE K 13.57%

3 itig

X B At 2 35 BF 5 405 S, S G W IX /N A A
TR 8 A%, A MEKONNEN 2510 25 iy # 3] 7 45 /)
M PR K R 1996—2005 4ESEH(E Ky 1. 54 m*/kg,
ZEK WK KRB K AR 7 K R 3B 43 5 R 0.70.,0. 54
0.31 m*/kgo A E BRI B 6 X S8 /N 32 7K A2 7 L 3
BT A X1 261 45t 2010 4Rk BH i A9 /0 2 7
KL ¥ A 0.83 m/kg, X 5 A SC R FH
0.93 m’/kg (945 F4EE . CAO 45 45 1 2010 4Bk
PG IME R 113 m* kg, 2 A3 450 15 H B PT 4 2
fHEN1.29 m*/kg, LA EBFSSRIAXH —E2FEH
BRI, 3 2 ph 22l R Y e A e X A
KV v, B ) T R IR L 56 rP M X AR P
A BT AR 5 LUK R 58 e T B 48 SR A R R
[l , A% SCEJH USDA H R 2 2 09 X 52 e v Tk
B Aok R T, XA 2 e K A AR
ALtk CAO 2 2k USDA #) R A 3t
K, s I A0 I S o Ok A i K, T
TESE bR Al K H A BB B R AR 78 70 HE R P
X Ja, BH 3 45 ok B 7l 4 4 BB B A S X A AR K X
AR SCR A 1T ASE (X)) 35 08 B RITE K 98K,
T4 AT A HE X S PR

VE IX /N2 B KR T TR A3 B 22 W B A

TR R TG AR A o R AR 1R AR R L 4
R (15 0 MR 10 0 T LRI LL 1) R B, 2 AR
) B 1) T, A X A B B AR B TR AT A
Sy /N 2 KR SIS T R TR H S R R
B2 4 SR 75— 25 0 SRR T AR /N 32 R 191
A EAS IR AT o 2 v HE W K A5 ORI 2 B80T LA U
D AR 2 BT B/ 7K R R R A 9 A1 KR 3
i DX B K A ROR R B 0.55 Za 4, R v
T4 [ 3K, H L 2 48 0k th T 30t & 1k ik A %
VN BE B T W o S B 32 W5 EL A9 G 2800 8 T DA 5
U R A I R 43 7 BT 43 0 AR AR R T
SR A AELEAR T 7%= 8 T 3 9T ) A A B
TFi) B D I LR A R B R i Y R R H
i/ i N K5 B e I, A S IR O 1
A5 45 0k B AL 22 Bl A W A, i R TP R IR B
S Xof 4% PR BTk A A, A USSR IR 20 G M R 3
HUBRE AT, 45 B0 vt A, 389 00t A W, 11 448 32 £ 7k )
BN , %2 JE 47 7K T 45 1 i, Sf A A0 AR AR IX /N 22
ARS8k / 1N K W O R R AR S R R

4 it

(1)1994—2010 4 52 X e JfE [X. /N2 s 7K JE 3,
K KRR R 52 0 3 B 5, K Rl 454 &
AT BT AR AL, KR I 3R A O OK R  F R
IINGE A PRI A K R 3 A KR A 2
RS A T IOK R T AR A, 7EVE X 45 [
RUBE b /INZAE PR 30 A 7= S K R 328 T ZKAE 30
A DTG i) 245 22 380 B R 34, A 7 IR 8 DA DS D v
Tia] P8 185, 45 T4 s b L2 [ 28 0 W

(2) F T oK 2 B F LMD ¥k S 7 S A s
AT 83 X K R I 5T R A DG A S, FE s R
SeE TR A R A3 BT 5 1%, Ry TR 280 48 78 KR i 5
M P 2 AR T AT &G A%, BT RA T2 T A AR ]
DX 380 RBE ) KRS 28 U PR A T e

(3) H R 4341 R W, 52w 98 X /N 22 K i AR
o) W F R ANLWE S 7, Lok RN
—113.57% , 1 S A5 A5 Ak 19 DT ik R ALK 13,57 % 5 N
J5 3 B v LA T R i 2R o 0 AR E K A ORI &R
BURRARXT B KL AT 1E BTk . X K2 5 4% 0048 bR
SR 56 Hp b ORI PG 48 1 - KO o e R R 45
A I v i TR R R L A 1 0D /N B2
PR AN A A, TR R R ORI B, R
VE DR AR AR A 77 KA T W B3R R . AR R IR
3l P 14 BT oA, 4 R T A i A, B DAk D
A T i 280 R 4R 1 R M KA ORI R B A Ok
DX 7K A T A1 b 1Y) 3 A i



276 & ol HLOM ¥ R 20174

11

14

15

17

18

19

20

21
22

& % x Wt

TURRAL H, BURKE J, FAURES J M. Climate change, water and food security. FAO reports 36[ R]. Rome: FAO, 2011.
HAE N R E K FIER. 2015 4 p ER BEIRA MR IR ] dbat: s EZKFK L AL, 2016.
AEE, 2K, FifRp. S B ARAEYRE K > AR AT [T] . AR TR AR, 2008, 24(11) : 46 - 50.
ZHENG Jie, LI Guangyong, HAN Zhenzhong. Sino-US irrigation water use efficiencies of main crops [ J]. Transactions of the
CSAE, 2008, 24(11) : 46 =50. (in Chinese)
BERT BT, Sk, EASC, 5. EEEARMEYAREEMGELT]. ROl IR 5384, 2017, 34(4) : 360 -367.
HOU Mengyao, ZHANG Li, WANG Zhiwen, et al. Estimation of fertilizer usage from main crops in China[]J]. Journal of
Agricultural Resources and Environment, 2017, 34(4) : 360 —367. (in Chinese)
RARS, EROE, KT, % b EEEREEWIACE A AR IDR SR EERIT]. LR, 2008, 45(5) : 915 -924.
ZHANG Fusuo, WANG Jiqing, ZHANG Weifeng, et al. Nutrient use efficiencies of major cereal crops in China and measures for
improvement[ J]. Acta Pedologica Sinica, 2008, 45(5): 915 -924. (in Chinese)
AR, RER, TEFE, F KR RIS 2 25 KK KR[T]. KPR, 2014, 25(2) : 268 -274.
CAO Xinchun, WU Pute, WANG Yubao, et al. Temporal and spatial variation and correlativity of water productivity indexes in
irrigated land of China[J]. Advances in Water Science, 2014, 25(2): 268 —274. (in Chinese)
HOEKSTRA A Y, CHAPAGAIN A K, ALDAYA M M, et al. The water footprint assessment manual; setting the global standard
[M]. London; Earthscan Press, 2011.
S, SRAR, BrYEAE. M EERAEY R AEOKEBEIRE )] TR K E RS, 2012, 26(7) :26 -30.
SU Mingtao, ZHANG Yu, JIN Yinghua. The water footprint of main crops in Jilin Province from a production perspective[J].
Journal of Arid Land Resources and Environment, 2012, 26(7): 26 —30. (in Chinese)
MEKONNEN M M, HOEKSTRA A Y. A global and high-resolution assessment of the green, blue and grey water footprint of wheat
[J]. Hydrology and Earth System Science, 2010, 14. 1259 - 1276.
WANG Y B, WU P T, ENGEL B A, et al. Application of water footprint combined with a unified virtual crop pattern to evaluate
crop water productivity in grain production in China[ J]. Science of the Total Environment, 2014, 497 —498. 1 -9.
5, XIME, 2R, G5 K RBIA T A BRI TTA R A7 AR 04T [1/0L ] R HLd "= 4, 2017, 48(6) : 184 - 192.
http: / www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? flag = 1&file _no = 20170624 &journal _id = jesam. DOI; 10.
6041/j. issn. 1000-1298.2017. 06. 024.
FU Qiang, LIU Ye, LI Tianxiao, et al. Analysis of water utilization in grain production from water footprint perspective in
Heilongjiang Province[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2017, 48 (6): 184 —192. (in
Chinese)
CAO Xinchun, WU Pute, WANG Yubao, et al. Water footprint of grain product in irrigated farmland of China[ J]. Water
Resources Management, 2014, 28 2213 -2227.
X, R, EESE, S WEWEDR AR LS B LK 2 AR [T ]. HREAL TR 24, 2014, 32(5) : 435 —440.
LIU Jing, WU Pute, WANG Yubao, et al. Temporal and spatial variation of grain production water footprint and net virtual water
export in Hetao Irrigation District[ J]. Journal of Drainage and Irrigation Machinery Engineering, 2014, 32(5) : 435 -440. (in
Chinese)
SUN Shikun, WU Pute, WANG Yubao. The impacts of interannual climate variability and agricultural inputs on water footprint of
crop production in an irrigation district of China[ J]. Science of the Total Environment, 2013, 444 . 498 - 507.
KT, FRIF, IAE S, 5. A0V AN E—E B KA KoK R 38 J o B RO SRR IE [ T]. R340, 2015,
35(20) :6647 — 6654.
ZHANG Yu, LI Yunkai, OUYANG Zhiyun, et al. The grey water footprint of the winter wheat—summer maize crop rotation
system of the North China Plain[ J]. Aeta Ecologica Siniea, 2015, 35(20) :6647 - 6654. (in Chinese)
M, EES, RER, & NEEPKEBKEERERAE ST £l TSR, 2015, 31(13) :142 - 148.
SUN Shikun, WANG Yubao, WU Pute, et al. Spatial variability and attribution analysis of water footprint of wheat in China[ J].
Transactions of the CSAE, 2015, 31(13): 142 —148. (in Chinese)
ANG B W, LIU F L. A new energy decomposition method: perfect in decomposition and consistent in aggregation[ J]. Energy,
2001, 26 537 —548.
XU Yanjie, HUANG Kai, YU Yajuan, et al. Changes in water footprint of crop production in Beijing from 1978 to 2012: a
logarithmic mean Divisia index decomposition analysis[ J]. Journal of Cleaner Production, 2015, 87 180 - 187.
ZHAO X, TILLOTSON M R, LIU Y W, et al. Index decomposition analysis of urban crop water footprint[ J]. Ecological
Modeling, 2017, 348 25 - 32.
PRV GEit R, BRI AR A S A BRPT A S AR (M), deat R SE Tt kit , 1995—2011.
BV 45 KRR AR FEIT , PEACAE KA. BRI A /R T K ik B A3 DXHEEAR S [ M) bt ORI H A, 1992.
ALLEN R G, PEREIRA L S, RAES D, et al. Crop evapotranspiration-guidelines for computing crop water requirements[ M ].



5 12 3] IR 45 52X e DX /N A2 K R I S AR AR AR AE 45 UH B A 277

23

24

25

26

27

28

29

30

31

Rome: FAO Irrigation and Drainage Paper, 1998.

TKREL. BV G &N R/ H ERRAIEER R TSGR [D]. e WA RMAREH K, 2011,

ZHANG Ming. Research of reasonable fertilizer application technology of winter wheat/summer maize rotation system in Guanzhong
area of Shaanxi[ D]. Yangling: Northwest A&F University, 2011. (in Chinese)

EPA. List of drinking water contaminants; ground water and drinking water [ S/OL]. Washington, DC: US Environmental
Protection Agency, 2005. https: / www. epa. gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations.
SEN P K. Estimates of the regression coefficient based on Kendall’s tau[ J]. Journal of the American Statistical Association,
1968, 63(324) . 1379 — 1389.

MANN H B. Nonparametric tests against trend[ J]. Econometrica, 1945, 13(3) . 245 -259.

KENDALL M G. Rank correlation methods[ M]. London: Charles Griffin, 1975.

Xat, #ER, EEF. LT HESEPRFEKED A=K RET]. AEPIM LA, 2014, 32(8) : 719 -724.

LIU Di, CAO Xinchun, WANG Yubao. Water footprint of grain production based on crop water consumption[J]. Journal of
Drainage and Irrigation Machinery Engineering, 2014, 32(8) : 719 —=724. (in Chinese)

CAO Xinchun, WU Pute, WANG Yubao, et al. Assessing blue-green water utilization in wheat production of China from the
perspectives of water footprint and total water use[ J]. Hydrology and Earth System Sciences, 2014,18(8): 3165 - 3178.
BN, RER, EESE, L OETEW A OK R LB TE A K EE DI [T]. P EAES R, 2015, 23(5)
650 - 658.

SHI Lijie, WU Pute, WANG Yubao, et al. Assessment of water stress in Shaanxi Province based on crop water footprint [ J].
Chinese Journal of Eco-Agriculture, 2015, 23(5) : 650 - 658. (in Chinese)

WA, XDetk, AR, S Bl EOREEY IS IR R AETERE [T ], BRI FL A, 2014, 60(3) : 84 - 86.

(#5220 I1)

22

23

24

25

26

27

28

29

O R BT R 5 ARRBHETT AT B LB B R AL e AR AE [T ] 7 A AR A5 4 4 ,2008,19(7) : 1506 - 1510.
LI Wenfeng, ZHANG Xiaoping, LIANG Aizhen, et al, Characters of infiltration and preferential flow of black soil in Northeast
China under different tillage patterns[ J]. Chinese Journal of Applied Ecology,2008, 19(7) :1506 — 1510. (in Chinese)

BLREH AL, TRV, S PO 1l 2 RO IR ALBR AR S AR SE W R R WP [T ] K AR5 2 4 ,2012,26 (4) 1263 -268.
WEI Huwei, CHENG Jinhua, ZHANG Hongjiang, et al. Relationships between soil macropores properties and preferential flow
about two kind of woodlands in simian mountains[ J]. Journal of Soil and Water Conservation,2012,26 (4):263 - 268. (in
Chinese)

SRR, TRV TRAR B, 2. R L DR M ST R K R e R R [ ] K L PR FRAA 4R ,2014,28(2) 11 -7,

ZHANG Xin, ZHANG Hongjiang, ZHANG Fuming, et al. Effect of antecedent soil moisture on preferential flow in agriculturall
and of southwest mountains[ J]. Journal of Soil and Water Conservation, 2014, 28(2) :1 =7. (in Chinese)

FLURY M, FLUHLERH, JURYW A, et al. Susceptibility of soils to preferential flow of water—a field study [ J]. Water
Resources Research,1994 30(7) :1945 —1954.

Rt R AR LR RN O S U B AR R TR AN B A 1Y 58 R A [ J/OL ). Rl ML 2 4, 2017 ,48 (1) 1220 -
227. http: // www. j-csam. org/jcsam/ ch/reader/ view_abstract. aspx? file_no =20170129&flag = 1 &journal_id = jesam. DOI: 10.
6041/j. issn. 1000-1298.2017.01. 029.

LIANG Jianhong, WU Yanhong, ZHOU Jun,et al. Quantitative evaluation of effect of soil types on preferential flow pathways and
soil phosphorus forms [ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2017,48 (1) :220 - 227. (in
Chinese)

CYMBERKNOP L J, LEGNANI W, BARRA J G, et al. Fractal dimension as an index of left ventricular ischaemia: a pilot study
[J]. Physiological Measurement, 2013, 34(1) :83 - 97.

XAESE RS A5, 55 R X E R AR B 2 H A S 2 RUE A SCRIERFFT [1/O0L ). 4k ML b 24 2, 2016,47 (6) : 163 ~
170,162. http: // www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? file _no = 20160621&flag = 1&journal _id = jesam.
DOI:10.6041/j. issn. 1000-1298.2016. 06. 021.

LIU Jilong, ZHOU Yan, FU Qiang,et al. Multifractal and multi-scale correlation characteristics of crop information of corn field in
black soil region[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2016, 47(6) :163 — 170, 162. (in
Chinese)

EEWE, R, B R, S B X R HE 13 T ORI Y £ TR AR AE [T ] el TR AR 4R, 2014, 30(4) ¢
230 - 238.

WANG Jinman, ZHANG Meng, BAI Zhongke, et al. Multi-fractal characteristics of reconstructed soil particle in opencastcoal mine
dump in loess areal J|. Transactions of the CSAE, 2014, 30(4) :230 —238. (iin Chinese)



