Geographical Science Research MR 225, 2021, 10(2), 126-136 h'ansixmi
Published Online May 2021 in Hans. http://www.hanspub.org/journal/gser
https://doi.org/10.12677/gser.2021.102016

hETFEEFER K FARENHESTRE
ERME R

HER

i B MY R 2 B Sl =Ebe, AR HIR
Email: zhuosan@163.com

ks H . 20214F4H10H; FHBEM: 20214F5H14H; KA HM: 20214F5421H

wm B

KO F MR (WUEMENMGHAES RETBOKBERZ ANEEERE, HETESRGEKIEESHRE
ZIAHIR R . & ETMODISEHHIZAF 11 (NPP)RIEB(ET)™ RE#E, ot 7T FETREETREXWUE
KRB R R EEHER. ZR2EH: 1)2001F20144E, ENMHAXNPPHIETH L EFHEH, WUEE
TR&EH: 2) WIEREX FESAETRERERLX, HEREHE EFAEY; WUEREX EESMHE
FRILEAIAWCT R TEEE, WUEERZILE TRHEES: 3) AR KH X WUESEKEIEHER, &
HFREEREEGX, WIEGEEEAMS, MAEARTHRERFEAX, WIESEEEIEMX. 4 A
]} ) R B I SPEIS WUEAH S A KR — 2, BT RRHE KR 45-8F 5 X H $f WUE ELSPEI-12 5 WUER]
BEMHRBIR K

Xiid
KAFIRRE, #EE BMER, PEFREETFREX

Spatiotemporal Variation of Water Use
Efficiency and Its Influencing Factors
in Arid and Semi-Arid Areas of China

Qingchen Xu

College of Geography and Tourism, Qufu Normal University, Rizhao Shandong
Email: zhuosan@163.com

Received: Apr. 10", 2021; accepted: May 14", 2021; published: May 21%, 2021

EG A RERE. D EF R R ORI R A R LR R R ] MR ABEAL, 2021, 10(2): 126-136.
DOI: 10.12677/gser.2021.102016


http://www.hanspub.org/journal/gser
https://doi.org/10.12677/gser.2021.102016
https://doi.org/10.12677/gser.2021.102016
http://www.hanspub.org

Abstract

As an important link between carbon and water cycle in terrestrial ecosystems, water use effi-
ciency (WUE) measures the relationship between water consumption and carbon. In this paper,
net primary production (NPP) and evapotranspiration (ET) data from MODIS products were used
to analyze the spatial and temporal characteristics of water use efficiency in arid and semi-arid
areas of China, and the response of vegetation to climate factors. Results showed that, 1) During
2001-2014, both NPP and ET showed an upward trend, while WUE showed a downward trend. 2)
Spatially, the low WUE values are mainly distributed in the Tibetan plateau and show an upward
trend; while the high WUE values are mainly distributed in the north of Xinjiang and the west of
Songnen plain. 3) WUE of different vegetation types is shown as follows: Evergreen Needle leaf
forest > Croplands > Mixed forest > Closed shrub lands > Grasslands > Open shrub lands. 4) Preci-
pitation is positively correlated with most areas of the study area; temperature is negatively cor-
related with the alpine meadow on the Tibetan plateau and positively correlated with the tempe-
rate meadow on the Inner Mongolia plateau. A certain degree of drought can promote water use
efficiency of vegetation.
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1. 518

K53 FIFH %% (Water Use Efficiency, WUE)E X 9 #1442 4 77 73(Net Primary Production, NPP)5
7% i (Evapotranspiration, ET)IELAE[1] [2], Fastad)pir E ik il #Er /K E[3]. X —fabrsia 1 it
BRGNS R IR, XA A S R 5 KRR RoKE &R A F B2 R X[4]. WUE
MRS RGUE IR DRe,  [RI HOR B SR ) AR A RS B M R AR[5]. fERERME T,
SARANBE KRS R AL AR RS WUE &R 2 mi[6]. AW &N RE EJFRE T WUE 1525
AU TE: BRI L, Ito [715 NFET VISIT BB A 70 R LA MR A 765 R G BRI WUE; 1
X RE B, Tian [8]155H A DLEM BRI 7 ME=ZR XX WUE, &I{E 1948 % 2000 4F[1] WUE &1
By, JUHAE 20 Hhad 90 EA T M v % 7EuG AU L, Warren Webb [6]% 36 [ =5 R4
WUE #HTHEFR R I, MMRAES RSN WUE B R &S TREMES RS, BRI REAS RS . WUE
S R R AR AU CAEA A RS I R A5 B M 1 4518 TEABRIUE |, Yang [9]5 R WUE S %
R 5T WUE 5B IEF8 ORI ER /R T S A B 7] 1) 20 SRR I, /R EBONB I AR R G, T84 WUE
EEHIHIER, MER KR EECN T RIAES RGP, T84 WUE &Z2{2EM: Ling Huang [10]
S5 NHIH MODIS #dfaxf 422k WUE PRSI [FIRE AR B, R HIES RS WUE SEREL K28 B3
(Standardized Precipitation Evapotranspiration Index, SPEI) 2 7AH5¢. 7EXIRE L, I RES RS
WUE [ E R R LK, HEEERKKEZ WUE ETF[11]; M7ESCNEIE ) 2 8a #g WUE NIEEE
B /K R0 22 M0 T R [12]; TR 2R ARG [13] 7 S WE TR B, o B PO g sy Ll X WUE b5 1 52 2 35 A
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5, T b JEH X WUE 59R 2 1E M 6[14]. T4 X 45 WUE RIS2ma s A/ 8F 5T, 4l Limai
Guo [15]% AF1 Yibo Liu [16]%F A #B ) 15 21554 Hh [ 356 73 1 X 1) WUE 2R HEHEH; ABAR[171% A
HHTE O X 56 WUE FR3 J5 RS AR AR DRI 9T . 70 SURE b, ) BR[18] 55 AR A T 75 7 i A 11
e B dE B X 2003 43 2005 4FfmFE R A KA TR, MR mFER A AES RS WUE
KR IEMEX K R; Maricar Aguilos [19]55 A FH 5N 5 38 5 450 4R 0t i J 22 0 A #4i F Ak 2004
% 2014 FESE 11 41 WUE BHTAE I 08T, 45 R Bk Z 0 AR RS0 ET 520 22 e & 1F H
FR) 5 B K

ZE L, WUE FEZZSRHZEEM, (HARR X WUE [ 2548 5 sk Z AN, DR 7E 3 22 X 5k
JFREXS WUE I EZm R R R B OCEZ o [J T AT 52 1 X RS e U I L X 22—,
WFFLIZIX WUE B 2578 53 K LIRS PR 32 BT 3 A 28 R GO0 SRR AL K& R SR I « AL MODIS %4
=i, 0 WUE FIAR FE7KRT SPEI ARG E &, 18 2001 %2 2014 4F WUE 7E /[ T BT 2 X
(RIS 23 AR A RFAIE DA B SR AR AR R ¥, B 58 1) T o T R X AR RS R G B — 2 AR .

2. MRS E
2.1. REER

T e R XA T AR EACES, B SO T RIREUNT 05 Xk, BPRF/KRIZE B L2/ T 0.5
PIX 3 E R} HAX KR R 2). SRR RS 73°29'~125°51", 4iEVERZL4 27°14'~50°08",
ELFEHTR . PR . NEENE 12 MY FEEX AR/ R, SR, SRR,
o R S R A GCT R PG, TN 4,556,650 km? [20]. 3B A ARSI Ky iR
ORIt P S A v S L S . R SR A O Bt L R R RO RR B A

2.2. HEFKIFESATE

2.2.1. MODIS #i#5

IR I EHR A MOD17A3 7=, 25— MR A ERIEA A 7 J SRR 4L . NPP 2545 1 []
RN, FESPERN 1 x 1 km. ET 2R MOD16A2 7=, BIEHERN 8 K, TR HEEA
1 x 1 km. FJH Matlab ¥4 8 K ET Hida & OS54G5 M NASA (https://search.earthdata.nasa.g
ov/search/)3R X .

22.2. SREE
AR HHE L FE R T X S R Rk AR R B K =, B SRR T KR R B o
(http://data.cma.cn/). F|FH Auspline 77724 M5 2 0t sl s R 4GB A5 1) 1 x 1 km 23 [8) 43 FR 2R (1B 9 X 0%

2.2.3. fRELBEKFEREES

FRUELL %K 7% B+ % (Standardized Precipitation Evapotranspiration Index, SPEI) & —fth 22 i &) ] EE Y+
FaE, T DA A T RBE R T R = E R . BONT 2 AP KR 10 30 64 12 f124 M. Ak
WEFRIRATR I B ) 25K 1.3.6.12 H RUEE i) SPEL i%%#E 2k H T 1 Begueria Santiago £l Vicente Serrano
Sergio M.Jt & [#] SPEIbase v.2.5 (https://digital.csic.es/handle/10261/153475).

224, :HFIBAEE
Hh [ 5 X R PR - 378 e EdE SR A MODIS () 3R 7 5 MCD12Q1 #idide, =8
(BN 1 x 1 kmoe ASHF TR 2 2011 4R 3t 78 sa 2hE, R A 1 b s Pl A= 470 B8l 1R (1IGBP) 1 42
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BRI RTT S, 2 RS 17 DL s 1R 1IGBP MR RANHT FL X A B AR 00, et
TR BRI /N R A SR A AT 32 B M o R TR AR B/ IMR VR S AR T AR AN L VR AZAR
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Figure 1. Land use type map of study area
1. fFR X i F 2R E

23. BIRAZE

2.3.1. WUE it&
WUE X H NPP 5 ET I HUE R IR:
NPP
WUE = = (1)
X WUE AR R (@ Cmmm™?); NPP fsE gl e & 1F A i SEHLTYm ) a &, 2k
Bl A BT A A LSS Bk 25 E IR BTV AR S R AR50 [21]: ET NAES RELIRABK
(mm), RIS Y 28 G 1R S AN [22]

2.3.2. EHSH

K — oLk k[l 2001~2014 £E8F 70X NPP. ET #1 WUE #E4720#7, 53] NPP. ET 1 WUE
ARk, mARQ)FR, FHKH Pearson A REENT WUE HiIJE . F/KFI SPEI HEATAHIE 4T,
HEEREEKTR0.05, HHHEARXWMT:

SLOPEZ = i=1 i=1 i:; (2)

py =T @3)
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3. HREHH
31 BHREFNIRZEESR

2001~2014 4F[a] o [H T 52 TR X K NPP 4E P84 134.92 g Cm 2, AFERHER (1) NPP 411
HAFEESR IS NPP S, B N 306.1 g Cm2, H&ketmtkiky, HAt N 2853 gCm2. HE
VEIN . A FH ORI BE A NPP 43519 271.7 g C-m 2. 249.4 g C-m 2. #1134.1 g C-m 2. WBi B NPP #%
fiK, HAE N 401 g Cm?, HETEETRX NPP LEZ A0 A6 L IR ALK AH 7R X 5o, 7 it
X AR RE A WEFCIAIE], BFFEIX NPP 52 FTh A X8 5 e H AR 17.93%, AT N 500 R A 50 #a
WP TSN H R AR, E SRR B R ;B3 R BRAG X R TR 11.73%, 3
T T BB R Z LA R X (1] 2)
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Figure 2. Spatial distribution (a) and interannual variation (b) of NPP (g C-m ) in the arid and semiarid zones of China from
2000 to 2014
2. HEFREFEX 2001~2014 £ NPP(g C:m 22884376 (a) 5 NPP ZEFRIE 1L (D)

3.2. BHHNZ=ER
2001~2014 4 [a] Fp [E] T X 252 X ) ET 45 FHIME A 255.81 mm . H2 HE M 1) ET 5 =, HAE A 410.60
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Figure 3. Spatial distribution (a) and interannual variation (b) of ET (mm) in the arid and semiarid zones of China from 2001

to 2014
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mm; BRI Z, HAEY 399.9 mm; SR A i NPP [ SREF AR ET JEA R, HARN 288 mm; &
P, FEHUFIRGBRHE M ET 20 %4 260.61 mm. 256.31 mm A1 239.97 mm. [%] 3 45 B4R, e R X
FRFFE X AR 00 ET B, Hramdb s Ay 52k s 5 X () ET B, RO AR 25 R G000 A 52 ol i i B I
ME RN ET 257 HE, SEEE ET WEH TEWG R, HRgE, ET 2825 LA mHHA
R FLIX S HIAR Y 42.88%, FEALT A5 E BRI ZR AU ERAIAA WP IR K P s AR X R 0.6%11) [X 35
ET 2R #E N, T2 TR kb,

3.3. KKNFIPAMENRZTER

2001~2014 4E[a], W55 X A WUE “F¥{E A 0.52 g Ckg . &£ H#R ) WUE SE~F I8 S e, A 0.99
g Ckg ™ty HUCAA AL, {4 0.96 g C-kg ™5 TRAC MRANHE 25 MM 43 )8 0.77 g Ckg ™ F1 0.67 g C-kg ™
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Figure 4. Interannual variation of WUE (g C-kg ) of different vegetation types in the arid and semiarid zones of China from
2001 to 2014
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Figure 5. Spatial distribution (a) and interannual variation (b) of WUE (g C-kg ™) in the arid and semiarid zones of China
from 2001 to 2014
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R, (5 8052gCkg s ARMERGHEN, HAE N 0239 Ckg™e &4 NHFFTIX AR HEE
T WUE Zfbiass, 45 RE/RIE 14 FERE WUE IRGUE/R R BE, 5 NPP 43 H 45 A I . A F R0 A 2%
VEI R BRAR R R O SRR NN B, (HAE 2012 SEA AR s . 185 Bon, HEe R
X WUE ] B THAM X, SHZFHERARBE. X5 ET MEREREeMR, RHEIRX ET K
AR5 WUE RS20 NPP BB GBS . 78 2001 3| 2014 4EHiR], WUE &35 b Hm AR G070 X R AR
2.7%, LT e S b DR B SE R R 2R L AR L X s 35 R AR A T X R TR Y 27.53%, LT
SRR R B AT R PR

3.4. imBEREKIT WUE RYSENE

AR R R AR PR AR AL AL e v [ R R X WUE SR R .l v SR WUE AR EE . B 7K
FIARSGNE, fE7r 1 WUE XM 5 A Ut

il 6(b)&oR, BEFEIXCORER >y XK WUE 5FK B R 3EIEMR, B3 IEMRHIBUET] 76.62%. £
WRIEFE DR HB 2 ML WUE 2 Bl B /K (08 22 1 T v s 225 DR SR R T AR R 5 31 9.05%, ARG BRI A N .
M5 6(a) 4 R EoR, TREERTH R A4 WUE S2m 22 R B S WUE B8 35 IEAH S X AR
WEFE D TIAR ) 55.6%, 2 EAL TR SR A TR LORIRR ZR 28 1 X3, A 58 oty i DU R A B PG S, 3 A
BERA il 5 s 5 R 35 SO DR A DX AR 7T X BN AR 15.17%, T EAL T VU, 5 i LU H
X, EERREE RO S R R A Y SRR .
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Figure 6. Spatial distribution of correlation coefficients between WUE and temperature (a) and precipitation (b) in the arid
and semiarid zones of China from 2001 to 2014
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3.5. FRI5% SPEI 3 WUE R

NS WUE X6 AN [R] isf B) OB S i 3, R AN [R] I (8] RPE (¥ SPEI SKiEAT 04T SPEI-03 £n A
3N H AR SPEL, SHEH A KZES UM, SPEI-12 Fon v 12 AN H Al R EE SPEL, A] LU A3
() S TS K A AR [23]. 19 7 o, ANFEIRFAJREE R SPEI 5 WUE etk —2, =
SPEI-12 ) R EH AL FIHR K. WFFX KER X WUE 5 SPEI £ 0AHE, MG — &R KT 20
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Figure 7. The spatial distribution of correlation coefficients between WUE and SPEI-01 (a), SPEI-03 (b), SPEI-06 (c) and
SPEI-12 (d) in the arid and semiarid zones of China from 2001 to 2014
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Figure 8. Interannual variation of NPP (g C-m2) and ET (mm) of different vegetation types in the arid and semiarid zones of
China from 2001 to 2014
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[15]% NPl T 1982~2015 4E [ A4 R4t WUE 45 R EIREE R, Him R HLX WUE K, ZRAbHLIX
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P REN . BHAIARERHE M . Warren Webb [6]7EX] 36 [ =Fh 4225 R4 WUE B 7ol [FIFE AL, ARMAS
R4 WUE ZEHE S TEAERRS, SAKRNETREAES RS, MBS B 28 BOE R, R
8 MR BN, WMBIHEN ET Zm K T-H NPP, FEMBHEN WUE &AK; XJHCRE & aket itk &
SR ET, HEIRAHERSFELE NPP, SR SE A E RS WUE; Fih 55 SEH ol & A [F 2
JE ET, NPP AU T-H4REH AR, AT B WUE 2/ T4 g4 AR WUE.

4.2. shh5rHh
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JE R AAE . TKIZ AR AR CEVSA AL ST 1954 4EF1] 2010 4F A [ 7t g iy 1L X ) WUE, & B WUE
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X T FERE Z /KRR RS RGN RA . 7EHRE FIFEBAR M LERIR 55, De Boeck 7E#EAT HI H]iat
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BT XKy X 3k WUE 5 SPEI 2 AHSC, WA e 5 e 45 /N 73 i X WUE 5 SPEI 2 1EAHSK.
Yibo Liu [16]55 AR5t & I 548 5 A B AR A6 RD P 52k X WUE by, 1 45 b o i ) WUE PRI
Limai Guo [15][FEFE & B T iX—# . Muhammad Khalifa [27]% ABF 72 EIRE R B, 2009 4E T2 S 85T
Koy L3 25 257 WUE 380, EZ TR, AATEE NN, HEERIL S Ko Drd i
JATTFEA, A — e R ) 5 248 WUE A il &, (HBLERE X WUE BRI, KL WUE £+
SRR X P R AR S R g8 o T S N 22 S B . i, Yuting Yang 5 Ling Huang [9] [10]43 514
Sl B RO BT R I, TEROMBE IS RS, TE5 WUE SEEIHIHIER: WifE 24
BRGH, TRUSEHES RS WUE. X — A2 T WA &5 @B EM NS R 9T R
BONGEAI, WUE 2 iftaE: ST 2RISR, WUE 2 3L T BEFE&[28].
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5. &hig

ASCHT 2001 % 2014 4 MODIS #HE AR E g, A B FIAESC 4T, s E+ R
BIX 14 FRAEE WUE B R, I i 3R WUE BIg2, A X HE WUE g2 N 3=
RAEZ 2%, J BT EiF IR AN R A 38 RGO SRR E RS . 5000

1) BFFUHANE, WUE 3518 0.52 g Ckgte ki i X WUE B AT HAR X I, 5 P9 58 5
TR BA S AN [FRE 2R A WUE MK BMK R : E4REF AR > ML > JRACH > PI%HEN > Bt >

FRTHE M o
2) WA, HEHE NPP 5 ET JIRMUEAA LT, AHBE WUE Z134A R %, ks R X WUE £ BT+
FEE

3) WFITIX N /K A 4 WUE; I8 FEAEAN R X 3806 WUE S2ma AR, 55 R WUE 5 5 frd
x, WEHEIR WUE 5 £ IEHE%.
4) TFFLIX KER4r X3k SPEI 5 WUE 2%, H SPEI-12 5 WUE 1158 2 A1 5 Lu 1 B K .
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