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Temporal changes of vegetation water use efficiency and its influencing factors in Northern
China
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College of Forestry, Beijing Forestry University, Beijing 100083, China

Abstract

Aims Water use efficiency (WUE) is an important variable for evaluating the growth adaptation of vegetation; it
links carbon and water cycles of terrestrial ecosystems. Charactering the spatial and temporal variations in WUE
and the driving factors not only can help understand the processes and regulations of ecosystem carbon and water
cycles, but also provides scientific basis for formulating sustainable regional development policies and guiding
water resources management. This study was conducted to determine the patterns of temporal changes for differ-
ent vegetation types in northern China.

Methods Flux and meteorological data of nine field observation sites in northern China were used to analyze the
changes of WUE under different temporal scales, including half-hourly, daily, 8-day intervals, and monthly. The
effects of temperature (7,), relative humidity (RH), vapor pressure deficit (VPD) and photosynthetically active
radiation (PAR) on WUE under different time scales were also examined.

Important findings (1) Diurnal change of WUE displayed an asymmetric “U” shape, with greater values at the
sunrise than at the sunset. The seasonality of WUE in the Gobi and desert areas displayed a pattern of “U” shape,
while it occurred as a single peak in other regions. The seasonal changes of WUE can be further divided into the
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types of gross primary production (GPP)-driven and the evapotranspiration (E7)-driven; the significance of either
driven type increases with time. (2) T,, RH, VPD and PAR were the main factors influencing the changes of WUE
on a shorter temporal scale (half-hourly and daily). With increasing temporal scale, 7, and RH continue to remain
the main factors affecting the changes of WUE, and their correlations with WUE were influenced by the prevailing
role of GPP or ET. Moreover, the correlation coefficients became more significant with increasing temporal
scales. (3) WUE increased with increases in leaf area index (LA/) until a certain value, beyond which the sensitiv-
ity of WUE to LAI decreased at the Changbai Mountain, Haibei and Zhangye stations. The relationship between
precipitation and WUE was not significant in all the study areas. (4) Among the vegetation types, WUE ranked in
order from high to low as forest, cropland, grassland, wetland and desert.

Key words water use efficiency; flux measurement; gross primary production; evapotranspiration; meteorologi-
cal factor
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TV 7K 53 R 3R (WUE) /& F AR RS Bl 72
HHHFE KT BOE ML TR I BE AR AR, 2 e fE A A
A KK G B s ALK o BB B ZE R AR (Bohn &
Kershner, 2002), & M7E— R M 7 HEY
FEK AN T 5238 B 1 (Munns, 2005). HY16E1F
FRIZE S 2 2R3 RS Re &S A T 6 0 1
ANEAAE AR, WUER ~HB RN EEL
W (T SUHISE, 2006) . = I WUERE &P 86 K 43 75
BRIK)— B HLEN (=I5, 2008), 2 HEPE B
TR IEE ) —Fh i B A B R bR (Jaleel ef al., 2008).
WAL WUE B B (8] AR A R AIE R 55 48 3R 8 IR 7 2
B 1) 9% R AN BT 38100 A2 25 RGUKBAE IR 2
SRS I FEAR(Wang et al., 2016), T H A
FNPEAl A2 25 22 GoS AR SR AZ A (e BB A B R
X (Guo et al., 2010). 1 EJb 77 K5 H X 8 T 52
TR2AM%, MESTF AR WA TR0 L3R
AR, 123 X K 43 B 55 TR P JE H 28 R, Al
JKC YR I RS ) 249 X 3k e 1 = B R 3R (B0
5, 2004; TEORMESE, 2013) AAH XK i AT
XPAEAR AP, EURF R TR ) e K 7 R A BB
TS 7% ZEAH LR AR

H 8% B WUEMLIN J7 4 3 BA s = [k
ki, NI RIECA SR ARG, . 8 2= AR SRS ki E:
JH S U 5 2 P % (] P BRI COL RTH, O 14 I B A2 #t f
Kb H, FEMH T M REEH 5T (Farquhar & Shar-
key, 1982), XFI7VEHERAE T . TTERGE, Hi T
FLIAS e e ROBE R HE 5 KRR SR 1 5 &R
WIANH A, ASBEIR I b AT RS B 5 2 M (IR
%, 2010). [RIAZZEA AL E FIAL F (o C) i
T AE— E I 1B N SR WUE, A3 T 5 i 18] RS
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A TE B K X 3 ] 9 A ) AR 7S 2R B WUE ) I []
)7 A5 e K] 33547 068 B 23 i 1) A (Beer et al.,
2009; Zhang et al., 2014; Z=/ZR5%, 2015; Wang et al.,
2016; Liu et al., 2017). 1B iAW 78 K% R 1EH
— W R E N R . AR RM, AR
A 18] R WUE L BAS R PRI (A AR AL RFAIE (Song et al.,
2017), #=HIAEL RGEWUER £ 5 K72 i
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Table1l Information on geography and vegetation of the study sites
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A A 25 S s I ) WL KAl s (2) 50 B B /K BT A 1 iy
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AILiuZE(2016). M [ AR B (LAD K 2 8] 73 55N
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gov/cgi-bin/MODIS/global/subset.pl).
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H(Liu et al., 2017):
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Fig. 1 Geographical location of the flux sites.

gy i g Ha it 3 LERRKE PR K P& A Tt
Site Latitude Longitude Data Mean annual Mean Altitude  Height of  Vegetation type
(°N) (°E) period precipitation annual (m) Instrument
(mm) Temperature (m)
(©)

KA1l Changbaishan  42.40 128.09  2003-2005 695 3.6 738 40.0 £V AT AR

Evergreen broad-leaved forest
#Z Miyun 40.63 117.32  2008-2009 615 10.9 350 26.6 TR BB Maize, fruit tree
P21l Nei Mongol 43.54 116.67  2004-2005 350 —0.4 1252 4.0 W HT R Temperate steppe
KM Daxing 39.62 116.43  2009-2010 590 11.6 20 3.0 FEK//NE Maize/wheat
##1t Haibei 37.67 101.33  2003-2005 560 -1.6 3358 22 #E\ Shrubland
Kif% Daman 38.86 100.37  2013-2014 122 7.3 1556 4.5 £k Maize
169 Huazhaizi 38.77 10032 2013-2014 130 73 1731 2.9 i Desert
K4 Zhangye 38.98 100.30  2013-2014 130 6.0 1460 5.2 HEH Wetland
E M Bajitan 38.92 100.30  2013-2014 130 7.3 1562 4.6 N Desert
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(W-m #5545 3| [¥)(Tang et al., 2015):
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Fig. 2 Diurnal changes of water use efficiency (WUE) for the study sites. The dash line indicates the time of WUE reached the
minimum.
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Fig. 3 Seasonal changes of water use efficiency (WUE) for the study sites. Data of three years from Haibei and Changbaishan, and
two years form others.
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Fig. 4 Pearson’s correlations of different factors with water use efficiency (WUE). GPP (g C-m™?), gross primary production; ET
(kg H,0-m™), evapotranspiration; PAR (W-m ), photosynthetically active radiation; RH (%), relative humidity; T, (°C), temperature;

VPD (kPa), vapor pressure deficit.
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2 IR ] R 325 18 7 i 35 R b ] U9 R B R S s RBU(RY) (p < 0.05)

Table2 Standardized regression coefficients of meteorological factors and coefficient of determination (R?) in stepwise regression equations in different time

scales (p <0.05)
Hi% Site 0.5h R 1d R 8d R % H Monthly R
KA T,(0.97), RH (-0.54),
Changbaishan VPD (091, PAR (0.17) 049  T,(0.83), VPD(-0.27) 0.68 7,(0.82) 0.67
e T,(0.29), RH (0.14), (LREHT)
Nei Mongol PAR (-0.19) 0.14 RH (0.45) 0.20 (No significant factor)
|4 T, (0.90), VPD (-0.42), 071 Ta(1.05). VPD (-0.36), 4. T,(0.89), 0.94
Haibei PAR (-0.27) . PAR (-0.12) . PAR (-0.33) :
KN T,(0.51), VPD (-0.57), T,(0.80), RH (-0.27),
Daxing PAR (-0.34) 036 yph080). PAR (037) 46 RH (0.61) 0.40 PAR (-0.85) 0.73
- T,(0.18), RH (0.26),
bk VPD (-0.13), 0.20 L.(0.71), VPD (-0.57), 049  RH(0.51),T,(0.57)  0.69 RH (0.80) 0.65
Miyun PAR (0.18) PAR (-0.33)
TRAK T.(0.30), RH (0.50), 0.45 T, (0.32), RH (0.70), 0.61 T,(0.36), RH (0.58), ¢ (LRFHT)
Zhangye PAR (-0.39) ’ PAR (-0.14) ’ PAR (-0.44) ’ (No significant factor)
- T,(0.68), RH (0.37),
Djw" VPD (-0.52), 0.57 T (Oj)i‘g’(f&(?)ﬁ)’ 0.63  T,(0.94), VPD (-0.46) 0.70 T, (0.84) 0.71
aman PAR (-0.21) .
M T,(-0.36), RH (-0.48), T, (-0.33), RH (-0.58), RH (=0.77),
Bajitan PAR (-0.24) 0.20 PAR (-0.12) 0.30 VPD (~0.46) 0.70 RH (-0.87) 0.70
T RH (-0.27), (LRFEHT)
Huazhaizi PAR (-0.27) 0.12 RH (-0.65), PAR (-0.50) 031 RH (-0.66) 040 (No significant factor)

PAR (W-m™), Je&7H BERS; RH (%), MM T,(°C), ik VPD (kPa), KAUKIFETHE.
PAR (W-m?), photosynthetically active radiation; RH (%), relative humidity; T, (°C), air temperature; VPD (kPa), vapor pressure deficit.
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Fig. 5 Relationships between leaf area index (LAI) and water use efficiency (WUF) for different sites (p < 0.05).
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Fig. 6 Relationship between annual average leaf area index
(LAID) and water use efficiency (WUE) in growing season (p <
0.05).
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Fig. 7 Relationships between precipitation (P) and water use efficiency (WUFE) at 8-days scale.
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Fig. 8 Relationship between annual precipitation (4P) and
water use efficiency (WUFE) in growing season.
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Fig. 9 The average daily gross primary production (GPP), eva-
potranspiration (E7) and water use efficiency (WUE) for the study
sites. The sites were arranged in the order of increasing WUE.
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Fig. 10 Relationships between water use efficiency (WUE) and gross primary production (GPP) for the study sites (p < 0.05).
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Fig. 11 Relationships between water use efficiency (WUFE) and evapotranspiration (ET) for the study sites (p < 0.05).
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