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Abstract: Precipitation is a main factor that controlling the dynamic change of ecosystem structure and affecting the
ecosystem biodiversity. In the arid and semi-arid areas of China, precipitation plays a particularly important role in the
growth of vegetation. Vegetation is one of the most important indicators of ecological environment change, and it is also the
most active and important components of the ecosystem in arid and semi-arid areas. Precipitation use efficiency ( PUE) of
vegetation is an index that represents the response characteristics of vegetation productivity to precipitation changes and the
ability of vegetation to convert precipitation into biomass. More and more researches have been conducted on the PUE of

vegetation precipitation. Nowadays, based on remote sensing data and model estimation, there are still few studies on the
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impact analysis of the PUE in arid and semi-arid areas of China which need to be further improved. Based on the data of
average annual precipitation, air temperature, land use type, topographic, and net primary productivity of vegetation in arid
and semi-arid areas of China from 2000 to 2020, this study analyzed spatial and temporal characteristics of vegetation
precipitation use efficiency in arid and semi-arid areas. The results showed that: (1) The average PUE of all vegetation in
arid and semi-arid areas of China from 2000 to 2020 was 0.41 ¢ C m™ mm™", and the order of PUE of different vegetation
was grassland < wetlands < bush<arable land <forest land. (2) The inter annual variation of vegetation PUE showed an
overall fluctuating upward trend, with an increasing rate of 0.004 ¢ C m™> mm™". For trend analysis, the area of significant
improvement trend accounted for 12.24% of the total area. (3) Increasing temperature promoted the PUE of most vegetation
to varying degrees while increasing precipitation inhibited the PUE increase of vegetation in most regions. In the area with
less vegetation, the two climatic factors of temperature and precipitation almost did not affect the use efficiency of vegetation
precipitation. (4) With the increasing of altitude, the PUE of vegetation showed a trend of first decrease, then increase,
and then decrease. The maximum of the PUE of vegetation occured when the elevation gradient was 3001—4000 m, and the
minimum vegetation PUE occured when the elevation gradient was 5001—6928 m. With the change of altitude, air
temperature was still positively correlated with vegetation PUE, while precipitation was still negatively correlated with
vegetation PUE. The results can provide scientific reference for the protection, restoration and sustainable utilization of

ecosystems in arid and semi-arid areas in China.

Key Words: precipitation use efficiency; net primary productivity; climate changes; land use types; arid and semi-

arid areas
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Fig.1 The scope of the study area
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Fig.2 Annual Average Precipitation and Annual Average Temperature in arid and semi-arid areas of China during 2000—2020

BE' o R B2 R SR R T v [ A b7 5 B A7 ( China Land Cover Dataset, CLCD) . AHF5E
JIT 1 2000—2020 4 LAI( Leaf Area Index) Fl NPP ¥4k B Jb 5t il K24 7= 1Y) GLASS-LAI #l GLASS-NPP
AR, FPAR M FVC B85 & B GLASS-LAT B8 Il Fi Al o 7ed 2 4 S A5 S BT 459 390 GLASS 4K
e e iy 2 T S5 Ao ] 2 i K 10 A BR M F AR AE 7= i 22— | e T 22 YR e SRR 3 0 ot e i 0 BB | Iz 3 A 5
) R T8 1) A BR Ml 2 S L BRZS I3 R N 500 m, IR0 8 ., H VR ( DEM) 25 6] 23
A B R R 2 [ Ay E 5 iR ALY R A HUJE I 2 SRTM ( Shuttle Radar Topography Mission, SRTM ) £(#&, 4%
W52 FH Matlab “F- & X R EUE -1 T i i B 4 R8T R FEE AL B, 5 R AH & 2K NPP
B R B A B F R AN Oy B8 B K RN SRR B A A1 B B, 1R B 4R 3 of NPP |+ i
I P RECAE |  E BR A BOB R A 1000 m 43 HEE

Fx1 MREAFHER
Table 1 Data used in this study

L EITEN ZE [ B I H] 73] K AU

Data name Spatial resolution Time series Data sources

A Kokt 51527 L Y2 2

EAKAR 1000 m 2000—2020 4 AR

Monthly precipitation https://data.tpdc.ac.cn/zh—hans/

% H 4R s e ) i

B H Sl 1000 m 20002020 4F I 537 o SR 2 e

Monthly mean temperature https : //data.tpdc.ac.cn/zh—hans/

AR TR R LIRAFRFHES H (GLASS) 77 il

Annual leaf area index 500 m 20002020 4 http : // www.glass.umd.edu/Download. html

A NPP A KR RAFIES AL (GLASS) 72

2000—202f
Annual NPP data 500 m 000—2020 4 http : //www.glass.umd.edu/Download. html
NRES] i o

LR . 20002020 4 EREP

Land use type https://essd.copernicus.org/articles/13/3907/2021/
d DEM £t VRRFR Rl SRR O

%Iﬂ .’i.ﬂliﬂ . 1000 m 2000 4¢ PRI Rl 5 H0E L

National Digital elevation model https : //www.resdc.cn/

1.3 W57k
1.3.1 f# NPP R 545
AT R MuSyQ-NPP >/ ( Multi-source data Synergized Quantitative remote sensing production system-Net
Primary Productivity ) B AEHE NPP ., MuSyQ-NPP H44 GPP BT 15 11 S50 Wi T2 7 1 19 /S FH X6 2 <7 By
WA, Hod GPP D ERER AR AT AR, E RO TAER RS A AR S FOLRER HIZ . GPP h
FER A FRIF B B NPP TR AT
GPP =&, x FPAR X PAR x f,(T) X f,(B) (1)
NPP = GPP - R, (2)
A, e AEPERIOCREF IR, KT o, WAAES % MODIS NPP HIEIUH 5 PAR J e A U S .
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Rg:’y(GPP —Rm) <5)

R, AAEREENG R AN i ORI 25 =008 MO S SR A,
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PUE :% (6)

K NPP \PPT RAEM WAL J1 (g C m™ a™") FAERE/K i (mm)
1.3.3 Pearson X R %L

A58 F Pearson A5 REERAE K FIRS PUE BRI SEME | 1% 2 BEAE B 5 A8 A 7 (R BIF 5% Hp
RS2 2 ARFGE T MATLAB R2022a #RUFSF & HEA7 2 B, AT S B2 AR 00 AH 26 R A 115, o
Pearson F1¢ REOTHE AT .

S (5, =) (0, - )
(7)

Ji (v, —x)° /i (y, = y)°

X, n A AR, My SRR @ AR IR (K L) A B B Ay 2350 0 G T A
MR B (I ME, r, RAE « 5y BOAHDCEREL, 8l P<0.1 MUAHDCHESS R T LU i & VR . ARBFS0 R
IR AH DG R r FIBTRAE AN SR 2 PR ™

F2 HEEXREXSR
Table 2 Correlation coefficient divisions

MR ZRH r BUEE R I AR Z B r BUE SR

The range of correlation The degree of relatedness The range of correlation

HHRRRE

The degree of relatedness

coefficient r coefficient r

r<-0.4 [EibiiPS 0.1<r<0.4 1IEAHE
-0.4<r<-0.1 fAH r>0.4 (NP
-0.1<r<0.1 FARToHR

1.3.4 Theil-Sen median 5 Mann-Kendall #2337
Theil Sen median 5 Mann-Kendall # %Ak J8 H 773 T 18] e 0 o B HI W  — FrAE S 5050
TAROTE R AT R Theil Sen median 5 Mann-Kendall #4345 134 4381 4 4% B K R R
DTNt e R R 1 VS €7y R g = R 1
B= Median(xj._j'cij Y > (8)
j-i
2, B R E IR G0 B R S I/ N TSR o0, D oo, R B TR S0 B3 v A0 0 R j X oy A 0
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S = ngn(xj - x;) (9)
i=1j=i+1
+1, x, —x; >0
sgn(x, — ;) =10, x, —x; =0 (10)
-1, x, —x; >0
mi=1
VAR(S) = (n(n - 1)(2n +5) = X, t,(1, = 1) (2, + 5))/18 (11)

sgn (=, ) AT 5 R B ge it i S 2R AR (9) AR, 2 n<10 B2 S>0, N RIFHFLE LT
. S=0 W, THH; S<0 NN FIIIETE FRBEHE. Y n=10 B, g itHE S KBURMIEAS MG, Var(S) 2 S 4t
e 2%, HatE WA (10)  fkgit & 2 AR (1) 5,

Man-Kendall JF 2506 8+ E 501 7.
S -1

—F, S$>0
VVAR(S)
Z =10, S=0 (12)
S+1
—, S<0
vV VAR(S)

KW TR X, = (2,25, ,x,) ,  SEBEITARMBIE (x, x>0 x5 o FIRNER (BN S)
ARG Theil-Sen median #EFEIHT4E A1 Mann-Kendall #5645 B 3647200, 153 PUE ZR{b#a 3 E0E
TG EE LR 43R e 3 Hhig 5 R A (LAY .

x3I BEBTUSERER

Table 3 Classification criteria of trend change

71 PUE #&# 251k 74 PUE #3251k

S pue 7 Val The trend variation S pue 7 Val The trend variation
aue of PUE aue of PUE

=0.0005 =1.96 BN <-0.0005 -1.96—1.96 B

=0.0005 -1.96—1.96 A <-0.0005 <-1.96 2>

-0.0005—0.0005 -1.96—1.96 REARAE

Spue ; PUE [ slope &

2 ERAW

2.1 NPP Y PUE %3 [a)/3 A #5iE

HE TR TR XA NPP A5 (814345 48 J5) B A b 75 B 1) P b s ol , FErb g b3 o L Bl R 22 1
HuIX NPP 527, PUE HA W8 A2 fa) Stk (181 3) , PUE 5 {B X35 32 404 1 P9 558 ol o B AR 3 3 LA T
VT X35 K L BRI 7R 2 LU BT, 25 ) 43 A A ey R B0 NPP =5 00 PUE @& A (&1 3)

R4 PUE ATHAZ58 ,2000—2020 4Frf [ T2 T RXFEY PUE 8041 ¢ Cm ™ mm™' 2™, B3 R,
AR L KARFB ORI B /RZE 10 BRIV B PUE RZHF 2.0 g C m™ mm™ a™' 5 NS HLIX AR HR | 2 + i i
PUE 24+ 0.5—2.0 g C m™ mm™" a™" i [l ; F 5% DX U0 LR 40 by | k45 25 200 b | VMBS IR 20 1l | S35 R 4
Hby, PR ST D PG R R R P G R 43 X PUE SA/NF 0.5 g C m™ mm™ ™',
2.2 HE#E PUE B[] AR fLRRAE 5 a3

& 4 0], 2000—2020 4EAF5E X N PUE P39 {E 30K b 230k o E A EHE, EF# %4 0.004 ¢ C m™
mm~" a”', ZENEEIE K 0.415 gC m > mm ™ a, A R E B ELAE 2020 4F 1A% 0.479 g C m mma’, &%
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Fig.3 Annual Spatial pattern of NPP and annual Spatial pattern of PUE in arid and semi-arid areas of China during 2000—2020

NPP A BT AE 77 7 s PUE A 9 e 7K R I A%

JME HBEEE 2003 45,5 0.325 g Cm > mm ™ a™'

¥ PUE AR (a3 AR A 98 2 FF T X S,y
SCPRIG L, #i B PUE B3 AR (b 23R (R 3) Kl vy
S E RN RN R e R AR R D | A ek 45
S ARG N S B, B AR S in 4R v e
BT e ek i b DXORIT - v BB 40 o A X TR
M1 12.24% Fil 26.36% ; Fa i A2 H i B 53 X T AR
44.47% , FB43 A TEIE B 20 P9 5l v D e P S A
SETRR Z M b 2 U D R Ak DX S B AR A N 5
e R AR S R A AL S B AR 4 ) A A X AR
1.81%F1 15.12% .,
2.3 fHHE PUE 50 f i SCHK

L4 2000—2020 4t [ 22 T R X PUE 5 4F F¥
KA AR IR AT Pearson AH IR 43 A, 1R 141 %
PUE 505K 71 QAR (B 6) o ARG T R <
5 PUE M4 R T 7£-0.87—0.89 [h], /K 5
PUE MYHHSE R 504 T -0.98—0.77 X 6] N, Ui B K
[F] PUE [i] (% 48 OC R 500 - 348 43 71 R 0.08 F1-0.18,
S5 PUE [ 23 A (P<0.1) A9 X3 A7 S AR
) 64.18% ,B#7K 5 PUE [A] B EHIE(P<0.1) 1 X
W5 B 82.22% ,
2.4 SEAEE S TS PUE AR &R
2.4.1 MR FIXHE B PUE f5200

FEARERAME AR LTS T, A% T 02 5
PUE R ZE R K | 3 4 v, AR L s A A28
HELHE Y 2000—2020 41 PUE 22 748K, #E#E PUE 2

0.50
0.48
0.46
0.44
0.42
0.40
0381} ..--

0.36 y=10.004x + 0.3717
0.34
0.32

MR R IR0 PUE

Precipitation use efficiency/(gC m™? mm™ a™)

0.30
2000 2002 2004 2006 20082010 20122014 2016 2018 2020
It ] Time

E 4 2000—2020 £HEFEFTEKX PUE ERER HEL
Fig.4 Changes of PUE values in arid and semi-arid areas of

China during 2000—2020

PUEAZ fLit 3

W R T 2aesd B REsE

[ am I YR
5 2000—2020 F£HEFREFLTEXER PUE HELER
Fig.5 Variation trend of vegetation PUE in arid and semi-arid

areas of China from 2000 to 2020
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Bl <-0.8 1-03—0.1 9 0.1—0.2 N 0.4—0.5
N -0.8—0.5 [1-0.1—0 N 0.2—03 N 0.5—038
E9-05—03 [70—0.1 N 03—04 I >0.8

6 2000—2020 F£HETEETEXEH PUE 5H/kRIHEX R4 PUE 5SSBEMHEXEY
Fig.6 Correlation coefficient between vegetation PUE and precipitation, correlation coefficient between PUE and air temperature in arid

and semi-arid areas of China from 2000 to 2020

YR 0.41—1.22 ¢ C m” mm ™" a™' . HAMMF-H) PUE B, 5% 1.22 ¢ C m™ mm™' a™'  #i# PUE th/)h3
KM« B b, < b < TR < B 3 < PR

F4 AEL#F FALERIEWFY PUE
Table 4 Average PUE of different vegetation

e VS i) Ty AR B Mt
Land use type Grassland Wetland Shrub Cultivated land Woodland
PUE/(gCm™ 2 mm™) 0.61 0.71 0.97 1.14 1.22

PUE . A# 8% F% 7K F1| FHA R Precipitation use efficiency

SR, i E TR T R IXOR R L ORI S RI4E PUE 28k 22 5 B8 (| 7). Bl AR 18 i
FHHb AR R PUE S230 1 T34 s + MR 2R A4 PUE ZEREANAE , ARHRIF b AE-SF-34) PUE 72T 13
AR T 1.00 g C m ™ mm ™" a™" , ARHAEF- PUE 77 1.00—1.40 ¢ C m ™ mm ™" a” JEFEIPN, 4ERF7E 1.20 g C m™>
mm™" a” ZEAT s HEHAE T4 PUE K 1.00—1.20 g C m™2 mm ™' a 'JEREIN, G330 F IS 78 2014 4£H1 2020 4E
I AR PUE AP  BEARAESEY) PUE 7E 0.80—1.00 g C m ™ mm ™" a™' JE P, 75 2008—2020 4F N 22 {k g B
AN HERFAE 1.00 g € m™ mm™" a” SMAGEA I FRUE B HBAE Y PUE 7E 2000—2019 4F440F 0.40—0.80 g C m™ mm™
a”,fE 2019—2020 4EHEKE] 1.3 0g C m™ mm™ a™' ABAUIR R Hilh PUE 4ER57E0.60 ¢ C m™ mm™" a™', 3)

I;; 1.60 - P e bk e B - EiH o H RN~ B
= 140
g
@
5% 120
%3 00
o 1.
%g 0.80
-t
& S 060
=) 3
Eg 0.40
8
£ 020
&

0
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
FsfE] Time

7 2000—2020 £ ETFRELFEXREEHLE PUE EL
Fig.7 Annual PUE changes of different vegetation types in arid and semi-arid areas of China from 2000 to 2020
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R R E

W s P AN 2R SRR AL PUE 5 GR Y 2 IEARSE AR R BE D 0.02—0.23, IEHI R332
R g 1 1 < e L <3t <A <R, A TR M) 2R B A B PUE 587K 249 12 FURH 5C A O% 28 B [
H=0.50—-0.26 , TS5 B2 /MU Tk <3t <HE AR <FF H < bR,

®5 ARELTMFIAEBERFY PUE 5SIE . FEKEXE

Table 5 Average PUE of different vegetation’s correlation with temperature and precipitation

A A 8] ST %N Ml it
Land use type Grassland Wetland Shrub Cultivated land Woodland

PUE 5l AP R 5L
The average correlation coefficient 0.12 0.02 0.21 0.20 0.23

between PUE and air temperature

PUE 57K (-7 344156 R £
The average correlation coefficient -0.27 -0.26 -0.32 -0.49 -0.50

between PUE and precipitation

2.4.2 HIEXHEBE PUE 5200

HIEJE PUE ) — AT B H R, ANFEER T A PUE, 52 BCU5 38 Fl i (R 6) , 1
5001m ML iR IR HE PUE 5 /IME 0.03 ¢ C m™ mm™", 7E 3001—4000m % B #% PUE 35 3] K {E
0.64 g Cm> mm™',

* 6 AREEGKETHEENTEY PUE
Table 6 Average PUE of vegetation at different altitude

4R Height/m 0—1000 1001—2000 2001—3000 3001—4000 4001—5000 5001—6928

PUE/(g C m™ mm™") 0.58 0.43 0.62 0.64 0.27 0.03

7 £, ANFER Y PUE 5RE 2 IEHSE MR BEEE N 0.01—0. 14 KRR K HE 8 PUE
SRR A, MR R EGERI-0.32—-0.01,
%7 FEEHETHEE TS PUE 558 BkmmEE

Table 7 Average PUE of vegetation at different altitude and its correlation with temperature and precipitation

3K Height/m 0—1000 1001—2000 2001—3000 3001—4000 4001—5000 5001—6928

PUE 5 il i F- 25 R 4
The average correlation coefficient 0.14 0.08 0.06 0.05 0.08 0.01

between PUE and air temperature

PUE 57K (3 FHE R 5L
The average correlation coefficient -0.32 -0.16 -0.23 -0.22 -0.19 -0.01
between PUE and precipitation

SRR, N TR AR R B R AR 8 PUE 22 518K (Il 8) , Hid 0—1000 m,2001—3000 m F1 3001—
4000 m = MRS AL S PUE (B3R, HAEREE SR A3 305 1 1001—2000 m,4001—5000 m Fil 5001—
6928 m —/NEFIRELE MY PUE &/, I sh AR RE &

3 it

3.1 PETREETEHX PUE B 25 F-E
W E R IX AP PUE ()23 (0] 5040 oA B R 28 (8] 70 5% . 35 HUR G HA7AE PUE BRHR & (48 A X3, i PR mp
fiE e AR I 8k [ R S A ity SO T R XA AR & &k, R R 2R 3K i fig Jset | A
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Fig.8 Annual PUE changes of different altitude’s vegetation in arid and semi-arid areas of China from 2000 to 2020
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B PUE X AR R AW KB, SR L SH#E PUE 2 1EH52(0.02<r<0.23) , 53X 58 /NP 3 F
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3.3 LRI RIHIEXT PUE B340
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