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Abstract; The various types of ecosystems and complex landforms found in the cold alpine area of southwestern China make

this region ideal for researching regional responses to global climate change. Therefore, to evaluate the responses of regional
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carbon and water cycles to climate change; it is of great importance to investigate the response of water use efficiency
(WUE) to the climate in this region. A process-based ecosystem model, Carbon Exchange between Vegetation, Soil, and
the Atmosphere (CEVSA) , was used to estimate temporal and spatial variations of WUE in the terrestrial ecosystems in the
alpine area of southwestern China during 1954—2010. First, we ran the model using the average climate data from 1954 to
2010 until an ecological equilibrium was reached, then we conducted dynamic simulations with climate data at a time-step
of 10 days during the same period. Moreover, the correlation coefficients between WUE and climate variables were
calculated to analyze the relative effects of temperature and precipitation on variations of WUE. To achieve the results,
various types of computer software were used, such as ANUSPLIN4.1, Fortran 95, Arcgis9.3, and SPSS18.0. The results
showed that the average WUE in the studied region was 1.13 ¢ C mm™'m~>during 1954—2010. The mean WUE of three
main vegetation types included 1.35 ¢ C mm™'m™ for herbaceous cover, 1.14 g C mm™'mfor evergreen needle-leaf tree
cover, and 0.99 g C mm 'm *for evergreen broadleaf tree cover. In spatial distribution, significant positive correlations were
found between the annual WUE and altitude (r=0.156, P < 0.05) , and significant negative correlation was found between
the annual WUE and annual mean temperature (r=-0.386, P < 0.01). Moreover, the annual mean WUE in the entire
region showed a significantly decreasing trend at a rate of 0.006 ¢ C mm ' 'm™> a™' (P < 0.01). Significant negative
correlations were found between the annual mean WUE and annual mean temperature (r=-0.727, P < 0.01), and no
significant correlations were found between the annual mean WUE and annual precipitation. The decrease in WUE resulting
from an increase in evapotranspiration ( ET) was more than that of net primary production ( NPP) from the temperature
increase during the study period. Furthermore, decreasing trends were highly significant in herbaceous cover at 1.37 x 107
g Cmm'm”a™", evergreen needle—leaf tree cover at 6.17 X 10 g C mm 'm™> a™', and evergreen broadleaf tree cover at
1.03 x 107 g C mm™" m™ a”' during the study period. The annual WUE showed significant negative correlations with
temperature in 76.3% of the study area (P < 0.05) and significant positive correlations with annual precipitation in 34.1%
of the study area (P < 0.05). Herbaceous and evergreen needle—leaf tree cover in the study area were both correlated
negatively with temperature (r=-0.889, P < 0.01; r=-0.863, P < 0.01) and were not correlated with annual

precipitation.
Key Words: WUE ( water use efficiency) ; alpine area; climate change; CEVSA model

Fiti A 25 R GERRAE IR KA R 2 22 R AR5 10, ad 409% 1Y IX S8k 734 R 2 il 20k 8 Ky &
LR B, 1 53 Ah 339% 9 X2 i FARIR S BUK 4 R R A . K50 R FIRCR (WUE, water use
efficiency ) 2R A ARAE S RGUKBAAI R AR EZHR bR, ARSI T AR 23 L 32 P ik BRI 11 e
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1M R G T L T2 B SCRE J1 95055 ) . Lu A1 Zhuang & IUK 53 F FIR0O% (GPP/ET) £
SZTREu, YT R E M, WUE 24 BriJhm; k2, TRmENEN, WUE f i, x5
Reichstein 55 V1 Yu %5 ORI BEAH DGR MBS0 45 SR — 2, W98 WUE X PRIEIE e 17 A BT e 00
IR AL A B R GRS W RE T .
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IR, BB WL A e R4 BRAS AR IR Y H 23 28 11, WUE IBFSEi8 W I 25 )2 FAE S R GRS
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ecosystem model ) X} 1951—2000 1 [E [X 38 WUE ( NPP/ET) FUMFFE 45 52 0], WUE B9 &5 (8 X A7 T b [ 4 B
[X,40.8—1.0 g C/kg H,O ,fIRAE X A #2210 PE 0 ML X, 1717 75 7 e SRR 7 i X WUE R 0.3—0.5 g C/kg
H,0, HTHIE LA FRAR, RF#X WUE A 225, Tian % "33 DLEM #£ %! ( Dynamic Land
Ecosystem Model, DLEM ) X 5% [ B B [X 1895—2007 4F WUE ( NPP/ET) (57 % H1-F-¥) WUE 4 0.71 g C/
kg H,O, 7ERFSEIN A BEPI AN T 25% , H A WUE MR /NI A #F AR (0.93 g C/kg H,0) >TEHb
(0.75 g C/kg H,0)>H41(0.58 g C/kg H,0) >4 H (0.54 g C/kg H,0) >#EM(0.45 ¢ C/kg H,0) ,WUE 3 K I
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2000 4E/K AT FIFHECR TRE T 3.64% , HI JLH4F TR, o BT WUE X0 A8 fh i R UL, TR
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AT AR AAAR ) Bl , 1% X e D KA BRI, AR bR R B Ty BB A 388 I 5 22 LA T AR TE 2 1k 4y ARt
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Fig. 1 The location of alpine area of southwestern China
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Fig. 2 Interannual variations between the measured values form
tree ring and CEVSA simulation values of NPP during the period

1954—2010 in alpine area of southwestern China
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Fig. 3  Interannual variations between ET by water balance
method and CEVSA model during the period 1954—1998 in

alpine area of southwestern China

1.3 HdEabr

BT CEVSA BAISER 1954—2010 442 [F 0.1°%5 0] 0 PR MBI | B2 PG Ry LU kb DX A s A o 11 45
P AT, S AR AR RAK | - M 5 S TR AR i B W) A LA i | 4 S SRR
W IR AL S (NPP) ZERL(ET) S8 . AHOCHE TR F Pearson AHIC R £, XF CEVSA BRI S H 1)

http ; //www.ecologica.cn



6 S % 36 &

1954—2010 4F7K 73 F| FH A3 73 0 5 AF - SRR A K f B0 TR DG R 80, 1581 WUE SR Bk 1Y
FHIEREUE SR IF 1S 0.05.,0.01 PR B E HEACE X HHSE REGHTT/128 . WUE AEBRARfL R4 1 73BT R FH e 1tk
PR Ry S <20} | v A7 B =i s < e L = B 0 N 7 1 e e X0 [ Rt s e Yl o) <k
0517 35, - AR 56 2R B0 30k A b 2 AR A 75 35 % RIRR IR 0.05,0.01 19 /4 1 35 1 7K S 3o A 56 28 Ktk
P28 AR O R B FUE AR 1 05=0.261,r,,=0.339,

yx K4 FI AR
2 ERSW WUE/(g C-mm™"-m™)

B 0—0.5 1 09—1.0

2.1 WUE =5[a) 43 BN05—06 W 1.0—1.1

PR LB IK 1954—2010 4F WUE 39{H0 113 & o7 o5 M 1213
Cmm™ m, JORBFGER S WU S e R o
FRHCH Y B X, BRI (>1.1g C .
mm™' ' m™*) , WUE B0 b X 35 2R K Tl e 220 4 1
TL AL R AR DX R T 1 3 3 T P oAk s X R 2k A 71
R BB R LR FE ML IX (<0.8g C mm ™ m ™) (Kl 4), P4
B LI HBIX. WUE i e 174 FEL % 2 55 21 7Y A s i o b/
B (1.51g € mm™ m™) | UK s A M AL 5 - N
(1286 C ™ ) ARCL3Sg Conn” ) LG St R et Wi o h
B RIS (0.60 ¢ C mm™ m™) (F 1), =M EZ  period of 1954—2010 in alpine area of southwestern China
FEBE SRR 5 SR I ARORE R e I AR Y WUE 43-351)
1.35.1.14 F10.99 ¢ C mm™ m™, W UE W25 [0 5340 54 0 & IEAHDE (r=0.156,P<0.05) , SRR RIR N
IEAHE KRR A A B35 (r=0.100) , 177 -5 058 T 45 38 67 A 5, A R B -0.386 ( P<0.01)

®1 #ES LK 1954—2010 £RE LB FKE NPP, ET, WUE #3918 WUE BB HRERESEE MAkAXREH
Table 1 Annual NPP, annual ET, annual mean WUE, WUE tendency rate and its correlation coefficient with mean annual temperature and
annual precipitation of different land cover during the period 1954—2010 in alpine area of southwestern China
WUE 5
LEESES

WUE 5K &

- TAE4r . NPP Y ET ¥ME WUE #{E B ) R iy . AHIRFREL
+ M 3525 . Correlation . .
Land . Area ratio/ Mean NPP/  Mean ET/ Mean WUE/  Tendency rate/ ficient Correlation coefficients
and cover type coefficients
P (%) (gC/m™2) (mm)  (gCmm'm?) (g€ mm™' m™?) between WUE

between WUE

and precipitation
and temperature

2 A A
Tree cover, broadleaved, 15.3 504 509 0.99 -1.37x1073 ** -0.133 -0.075

evergreen

7 I T b (IS FAT )
Tree cover, broadleaved 1.04 548 652 0.84 1.02x1073 ** -0.538"" 0.354""
deciduous, closed

HERET AR
Tree cover, needle-leaved, 31.2 443 388 1.14 -6.17x1073 ** -0.863 " -0.108

evergreen

MAHHE RS X

Mosaic : Tree cover/other 1.95 617 642 0.96 1.94x1073 ** -0.387" 0.246
natural vegetation

WU

Shrub cover, closed-open, 3.30 546 574 0.95 8.19x107* * -0.207 0.170

evergreen
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WUE 5iiEE
W v s
s WA NPP Y ETHM WUESE i Lo IS4
+ 37 w5 . Correlation . .
Area ratio/ Mean NPP/ Mean ET/ Mean WUE/ Tendency rate/ . Correlation coefficients
Land cover type S PN . o coefficients
(%) (gC/m™) (mm) (gCmm™' m™) (g€ mm™ m™>) between WUE

between WUE

and precipitation
and temperature

AT
Shrub cover, closed-open, 0.02 351 585 0.60 1.05x1072 ** -0.980 " -0.098

deciduous

i

Herbaceous cover, closed- open

TR I b i R A
Sparse herbaceous or sparse 0.14 379 250 1.51 —-1.47x1072 ** -0.850"" -0.034

shrub cover
SE WK HEREN/ Bl
Regularly flooded shrub 0.99 348 271 1.28 1.29x1073 -0.797"" -0.087

and/or herbaceous cover

BRAERIE B

Cultivated and managed areas

A RO 3T R AR A B
4 X Mosaic: cropland/tree 2.01 471 506 0.93 1.15x1073 * -0.259 0.082

cover/other natural vegetation

R H Bare areas 0.21 — — — — — _

JKR Water bodies 1.62 — — — — — _

HHIVK Snow and ice 1.74 — — — — — _
NPP(Net primary productivity) ,#¥] 4 4E 7" 1 ; ET( Evaportranspiration ) , 24 ; WUE ( Water use efficiency) , /K43 F FIRLH
*,P<0.05; xx, P<0.01. LB S 2ERIEHRRIE T hup ://www—gem. jre.it/ glc2000,,

355 430 318 1.35 -1.03x1072 ** -0.889 " -0.096

4.99 686 641 1.07 5.06x107* 0.084 " 0.043

2.2 WUE AR BRAS fb e

PR 5 L HIX 1954—2010 4F WUE 253X i 7 0.83-1.46g C mm™' m 2, AE#A% 35 (P<0.01) , T4 45
AE R 0.006g C mm™ m([&15) , WFREETEN, X3k WUE 4R BRARfb 5 i B 52 0 38 M OG (r=-0.727, P<
0.01) , FFEKENIAHCHEA B35, WUE BT & 32 202 5B B TR e is B2 T, AT 76.0% 445y WUE
SRR IR AR, A 80.6% HYAEfY WUE SIS TH 5 9, 5 IRAE 43 W1 20062007 4F, WUE 2% , (R IR4F 173
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Fig. 5 Interannual variations in temperature, precipitation (a), NPP, ET (b) and WUE (c¢) during the period of 1954—2010 in alpine

area of southwestern China
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Fig. 6 Trend of annual WUE changes(a) , and its significance test by the correlation coefficient method (b) during the period 1954—2010
in alpine area of southwestern China
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Fig. 7 Spatial distribution of correlation coefficient between annual WUE and mean annual temperature (a), correlation coefficient

between annual WUE and annual precipitation (b) during the period of 1954—2010 in alpine area of southwestern China
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