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Abstract

It is of great significance to analyze the longdiseries spatiotemporal dynamics of water
use efficiency (WUE) to formulating appropriate ragament measures in response to the
growing water scarcity in arid and semi-arid regiofhis study analyzed the long time-series
variations of WUE in the Lower Heihe River Basintypical arid and semi-arid region in China.
The net primary productivity (NPP) was first esttesawith the C-fix model, then WUE during
2001-2010 was calculated with the NPP and evapspiaation (ET) data, and the accumulative
WUE was further calculated. The results showed ttimtannual NPP and WUE in the study area
ranged from zero to 448.70 gCfum) and from zero to 2.20 gC ReH,0, respectively, both of
which showed an overall increasing trend during122010. Besides, the spatial pattern of WUE
kept overall unchanged during 2001-2010, but wéimarkable change in some part of the study
area. In addition, the accumulative WUE of the wehsilidy area showed a first sharply decreasing
and then gradually increasing trend, but there stiissome scope to improve the WUE, and it is
necessary to carry out some more specific politefurther improve the water allocation and
WUE within the Lower Heihe River Basin. Althoughtiwvisome uncertainties, these results still
can provide valuable reference information for ioying the water resource management and
ecological conservation to guarantee provision séeatial ecosystem services in arid and
semi-arid regions.
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1. Introduction

Decline of ecosystem services triggered by clinchEnge and human activities is one of the
most serious ecological problems in the world, eisly in the arid and semi-arid regions that are
very sensitive to disturbances due to the sevesk ¢d water resources (Biggs et al., 2012;
Burkhard et al., 2012; Foley et al., 2005; Ye et2010). The arid and semi-arid regions are home
to more than 38% of the global human population pley an important role in providing
ecosystem services and guaranteeing human wellbélBmmerich, 2003; Foley et al., 2005).
However, there are numerous signs that human wader exceeds the sustainable levels
(Inman-Bamber et al., 2012; Nielsen, 2003; Pos800), aggravating the water scarcity and
leading to considerable contradictions in watevcation in the arid and semi-arid regions around
the world (Gomez-Baggethun et al., 2010; Li et aD15a; Molden et al., 2010). It is very
necessary to study the long time-series dynamicecoSystem services caused by the water
allocation under the influence of climate changd haoman activities in the arid and semi-arid
regions (Postel, 2000; Zhao et al., 2015). In paldir, extracting water to meet human needs in
the middle reach has jeopardized the health of eitasystems and provision of a wealth of
ecosystem services in the lower reach of somedniaer basins in the arid and semi-arid regions
around the world (Postel, 2000; Tian et al., 20¥an et al.,, 2014), and the rational water
allocation and enhancing the water use efficiendUE) or water productivity have been
considered as the fundamental method to solve @mblesulting from water scarcity (Faramarzi
et al., 2010; Khare et al., 2007; Wang et al., 20TBere is a pressing need for analyzing impacts
of water allocation on the provision of ecosystarviges and WUE in order to provide decision
support information for improving the water alldoat to guarantee the provision of essential
ecosystem services in these inland river basingfazi et al., 2010; Li et al., 2015b; Molden et
al., 2010).

The term efficiency is generally used to quantifg telative output obtainable from a given
input (Ali et al., 2007), and the WUE can be ddiirie various ways, depending on the nature of
the inputs and outputs to be considered (Deng,e2@14; Zhang et al., 2014b). For example, it is
generally expressed as grain yield (e.g., kilografgrain) per unit water evapotranspired (e.g.,
cubic meters of water and millimeters of evapotp@asion (ET)) or grain yield per unit total
water input (irrigation plus rainfall) (Faramarziad., 2010; Singh et al., 2014). There are mainly
three widely used definitions of WUE, including @joss Primary Production (GPP) based WUE:
GPP/ET; (2) Net Primary Productivity (NPP) based BYUNPP/ET; (3) Net Ecosystem
Production (NEP) based WUE: NEP/ET (Hu et al., 2008 et al., 2015; Lu et al., 2007; Tian et
al., 2010). ET is the most active process in thdrdipgical cycle and is also a major component
of energy and water balance in agriculture ecosystand it is widely assumed to be the water
consumed by vegetation to provide the ecosystewicssr (Burba and Verma, 2005; Oki and
Kanae, 2006).

Net primary productivity (NPP) lays the foundatifer provision of various ecosystem
services and is essential to the human well-befigaal and regional people (Feng et al., 2001;
Xiao and Cheng, 2006), it is of great significatec@nalyze the spatiotemporal dynamics of NPP
based WUE (Koschke et al., 2014; Peng and App<9;188ang et al., 2010). Numerous models
have been developed for estimating NPP at globakgional scales, which can be generally
categorized into climate-related models, light efficiency models and process-based models



(Mu et al., 2013; Peng and Apps, 1999). The climatated and process-based models have been
widely used in previous studies. However, the dayalated models (e.g., the Miami model) can
only estimate the potential vegetation productiyityu et al., 2013a; Yan et al., 2015), while the
process-based models (e.g., the LPJ-GUESS modelpmig simulate the dynamics of natural
vegetation under certain climatic conditions, timeking these models unsuitable for estimating
NPP in regions with extensive human activities @R@arzi et al., 2010; Pappas et al., 2015). In
contrast, parameter models (e.g., the C-fix modat) accurately estimate NPP with real time
remote sensing data and have been widely usedudy she spatiotemporal dynamics of NPP
(Peng and Apps, 1999; Veroustraete et al., 2002ngtet al., 2014b).

There have been over 20 major inter-basin wateerdion projects to improve the water
allocation in China (Liu et al., 2013), one of whiis the Ecological Water Diversion Project in
the Heihe River Basin, the second largest inlawer ibasin in China (Hu et al., 2015; Mu et al.,
2013; Wang et al., 2015c). A number of studies hmapped the provision of ecosystem services
and estimated their economic values in the HeiheerRBasin, however, there is still a broad
knowledge gap about the influence of water diversim provision of ecosystem services and
WUE in the Lower Heihe River Basin after over texags of water diversion (Lu et al., 2005; Shi
et al., 2014; Song et al., 2015a; Wang et al., 20¥an et al., 2014). In particular, the long
time-series spatiotemporal variation of ecosystemises can provide valuable information for
improving the local water management and ecologioakervation, but there is still lack of long
time-series information of the provision of ecosystservices in this region. There are urgent
calls at the basin level for quantitative studiestbe long time-series provision of ecosystem
services and WUE in the lower reach to provideisieffit supporting information for promoting
the rational water allocation and improving the WhliEa way to mitigate water scarcity in this
river basin (Liu et al., 2005). With the objectit@ provide a sound scientific foundation for
improving water resource management and ecologmaservation, this study analyzed the long
time-series spatiotemporal variation of NPP and Wiuthe Lower Heihe River Basin. The C-fix
model was first calibrated and used to estimate MBEng 2001-2010, then the WUE was
estimated with the NPP and ET data. Finally, mamege implications were discussed. The
results of this study can provide valuable spatiperal information for improving the water
resource management and ecological conservatigndmntee sustainable provision of essential
ecosystem services.

2. Methods and materials

2.1. Sudy area

The Heihe River Basin is a typical inland river ipa# the arid and semi-arid region of
China, the middle reach of which is an importarigproduction base and the lower reach is an
important pastoral region and serves as an imppdeological barrier of the northern part of
China. The Lower Heihe River Basin is located betw87.13°-103.12° E and 39.87°-42.79° N,
with the total land area of approximately 7.71%10n’ (Fig. 1). The plain accounts for
approximately 60% of the total area of this regiwith the altitude ranging from 869 to 1885 m.
The local vegetation mainly includes grassland famédsts, there is some cropland in the oases



such as Ejina Oasis, and most part of this regarovered by unused land such sandy land and
Gobi. However, there is one of the largest PopHRlyshratica forests of the world in Ejina Banner,
which serves as the first ecological barrier teeriogépt sandstorms into China and plays an
important role in guaranteeing the ecological sadéthe northern part of China (Yan et al., 2014).
In the Lower Heihe River Basin, the average anpuatipitation is only 37 mm while the annual
ET is above 1000 mm, making this region extremely ahd sensitive to climate change and
human activities. The runoff of the Heihe Riverysla key role in supplementing the groundwater
and sustaining the local ecosystems in the Lowehéd®iver Basin (Xiao and Cheng, 2006).
Unfortunately, the spatiotemporal dynamics of watesources in the Heihe River Basin has
changed greatly under the influence of climate geaand human activities during past decades.
The water overexploitation in the middle reach tiyeeeduced the runoff into the lower reach
during past decades, posing a great threat torthésmpn of essential ecosystem services such as
primary production and soil conservation in thedoweach (Kang et al., 2007; Yan et al., 2014).
To address the severe ecological degradation aadchgiee the provision of essential ecosystem
services in the Lower Heihe River Basin, the Chingsvernment carried out the Ecological
Water Diversion Project was implemented in 2000.
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Fig. 1. Location and land use of the Lower Heihe RiveriBas2010.
2.2. Estimation of NPP and WUE

Since it is difficult to directly measure NPP iaage area, this study estimated NPP with the
C-fix model (Veroustraete et al., 2002), one of Widely used light use efficiency models. The
C-fix model is driven by temperature, radiatiorgciion of Absorbed Photosynthetically Active
Radiation {APAR) and carbon dioxide (C{pconcentration (Veroustraete et al., 2002). Itqffias
NPP as a function of absorbed photosyntheticaliiy@cadiation (APAR) and light use efficiency
of vegetation types as follows.

NPR, =[p, , XCQ, fertxex fAPARXCX G, || X(1-A) 1)

whereNPPy is the daily NPPpram is the normalized temperature dependency factoichwvas
calculated with the method described by Wang dWéhng, 1996)CO,fert is the normalized CO



fertilization factor estimated with the air temperea and C@ concentration (Veroustraete et al.,
2002),¢ is the radiation use efficiency, which is 1.10 gd) in the original C-fix model, and in
this study its values for major vegetation typesewvassigned with the parameter values of
Running et al. (2000) on the basis of land use.d®BAR is the fraction of Absorbed
Photosynthetically Active Radiation, which is cdited as a linear function of the Normalized
Difference Vegetation Index (NDVI) (Fensholt et, @004).c is the climatic efficiency giving the
ratio of PAR to global radiation, which is 0.48 (vastraete et al., 200254 is the daily
incoming global solar radiation, which was obtairieain the daily meteorological observation
data;Aq is the autotrophic respiratory fraction of grosnary productivity, which is estimated as
A=(7.825+1.145%,)/100, whereT, is the air temperature (Unit: °C) (Goward and D887).
More details can be found in literatures (Lu et2005; Veroustraete et al., 2002).

The WUE measures the net return for a unit of wased, and NPP/ET has been widely used
to calculate the WUE of the primary production (ke et al., 2010; Tian et al., 2010), and in this
study the WUE was calculated with the annual NRPaaomual ET as follows.

WUE =NPP/ET (2)
whereWUE is the water use efficiency (Unit: gC/kg®), NPP (Unit: gC/(nfsa)) andET (Unit:
mmea) is the annual NPP and ET in a specific gridl, crespectively. Additionally, the
accumulative WUE of the whole study area was catedlin a similar way with the accumulative
NPP and ET.

2.3. Data collection and processing

A database for estimating NPP and WUE was builinipacovering the climate data, land
use data, NDVI data and ET data during 2001 and 2éll of which were processed with the
same spatial reference and resolution. Climate olefaded daily air temperature, daily solar
radiation, and monthly CO during 2001-2010. Thdydair temperature and solar radiation data
were derived from daily records of meteorologicahtiens maintained by the China
Meteorological Administration in the study area andighborhood regions. The daily air
temperature and solar radiation data were originalved in form of text and were then
interpolated into 1 km resolution grid data usimrgdient plus inverse distance squares method
(Wu et al., 2013b; Zhan et al., 2010). The dailpperature data were further adjusted with the
1km resolution digital elevation model (DEM) and mtfdy temperature lapse rates provided by
Heihe Plan Science Data Center since temperatareates with the altitude. The monthly £O
concentration data were downloaded from the website
http://www.esrl.noaa.gov/gmd/ccgg/trends/globallhémd were further converted into grid data.
Besides, the land use data were derived from Lafndd&=TM images in 2000, 2005, 2008 and
2010, which was interpreted by Chinese Academy aériges, with the overall interpretation
accuracy of 92.7% (Deng et al., 2010; Liu et ab0%). In addition, the NDVI data were also
provided by Heihe Plan Science Data Center, whietevthen used to calculd®PAR (Fensholt
et al., 2004; Li and Jie, 2013). The ET data ara ritmoff data of the Heihe River in the
Zhengyixia Station were provided by Heihe Plan BoieData Center (Wu et al., 2012).



3. Results and discussion

3.1. Model validation and uncertainties

The results from the C-fix model showed that NPRhim Lower Heihe River Basin ranged
from zero to 448.70 gC/(fe) (Fig. 2), with the average NPP ranging betw2@77 and 33.19
gCl/(nfea) during 2001-2010, both of which fall within th@nges in previous studies (Lu et al.,
2005; Zhang et al., 2014a; Zhou et al., 2013).ex@mple, the mean NPP of forest land from the
C-fix model (102.37-178.10) is consistent with dfetresults of Zhang et al. (2014a)
(103.06-187.59), while the average NPP of cultigdsed in this study (157.02 gC-fa ) was
only slightly lower than that of Zhang et al. (2@14170.76 gC-n5-a°) and MOD17 (174.57
gC-m?a"). Besides, the WUE in the Lower Heihe River Basinged from zero to 2.20 gC Kg
H,O during 2001-2010, with an average of approxinya®e29 gC kg" H,O, which is consistent
with results in previous studies (Liu et al., 2015; et al., 2007). Overall, there are still some
differences between the results in this study aedipus studies, which may be due to differences
in the spatial extent of the study area, data ssuend so on, but the results of this study still
agree well with that of previous studies.

There are inevitably some uncertainties in thelteslue to the model parameters, input data
and model algorithms and so on since both NPP dnar& influenced by very complex processes
and various interactive factors. First, the paramsein the C-fix model have been adjusted
according to the previous literatures and localdéons of the study area, but they may be not
perfectly suitable for the study area, which madiéo biases in the estimated NPP. Besides, the
model algorithms may also contribute to uncertasitin the estimated NPP, for example, the
water limitation is not explicitly modelled in the C-fix model, which is only implicitly involved
by assimilation of APAR (Veroustraete et al., 2002; Verstraeten et abg20n addition, although
most input data are from available data sourceshifiee been validated, the data accuracy may
still contribute to the uncertainties in the estiima of NPP and WUE. For example, the climate
data were obtained by interpolating daily obseoratiata from meteorological stations, but there
are only a few meteorological stations within anduad the study area, which may lead to some
bias in the interpolated climate data and subsdbjestimated NPP. In particular, the ET data
used in this study may have been slightly overegtich according to the comparison with other
ET data (Jia et al., 2013; Wu et al., 2012), whitdy lead to slight underestimation of the WUE.
Moreover, all the data were processed at 1km r#ésnlin this study, which may be not precise
enough to accurately reveal the spatial heterogeaécharacteristics of the seriously fragmented
landscapes in this region. It is necessary to essifPP with more accurate data and evaluate the
ecosystem models against ground and satellite-asedurements and observations in order to
improve the estimation accuracy, but even with sameertainties, the results of this study still
suggests it is still feasible to analyze the effedftwater allocation on NPP and WUE based on the
results from the C-fix model.

3.2. Spatiotemporal variation of NPP

The spatial pattern of NPP kept generally unchargysihg 2001-2010, with remarkable



change in only a few part of the study area (Fjglr22001, regions with annual NPP above 150
gCl/(nfea) concentrated in the core part of oases, whne tis mainly cultivated land and forest
land, and the annual NPP declined to 50-150 g&#(nin the fringe of oases and regions near the
Heihe River and Gurinai Lake. By comparison, thewah NPP reached only 20-50 gC#g) in

the northwest and southeast part of the study avbare there was mainly sandy land and
low-coverage grassland, while it was generally we® gC/(nfsa) in most part of the study area,
where the major land use types were sandy landGaid. The annual NPP showed remarkable
change in a few part of the study area during 20@10. For example, the regions with NPP
above 150 gC/(fwa) expanded obviously in Yuanyangchi Oasis andg&in Oasis in Jinta
County in 2010, and the annual NPP in regions batwithese two oases showed noticeable
increase. By comparison, the spatial pattern of NF®ved no obvious change in most part of
Ejina Banner except East Juyanhai Lake in 2010 @ig

pr————— _

Y Y
) 1
\}\ i R o | \\,_//’_‘_\\ % )
8 y § i
P Jinta County ~~——=—""NPPin 2001 2 Jinta County - ~~ =" NPP in 2010
\’\ o /,/ 10-20 i\ : f // 10-20
LR = | AN —
& ! 50-15 L 50-15
b"“\«—\: //'/ B 150- 250 h"m\ﬁ—\: //'/ 150 - 250
- B - 250 - - 250

Fig. 2. Spatial pattern of the annual NPP (Unit: gGka) in the Lower Heihe River Basin in
2001 and 2010.

3.3. Spatiotemporal variation of ET and WUE

The annual ET in the Lower Heihe River Basin ranfyech less than 20 mm to over 1400
mm, the spatial pattern of which kept overall umzyed during 2001-2010 (Fig. 3). For example,
the annual ET above 150 mm concentrated in thespdsast Juyanhai, regions along the
mainstream of Heihe River and a few region neaiir@utake in 2001. The highest ET generally
occurred in the forests, water bodies as well dtivated land, and the annual ET of the water
body generally exceeded 1000 mm. While the anntialv&s very low in most part of the study
area, ranging between 50-75 mm in most part ofaHianner and 75-100mm in most part of Jinta
County. The lowest ET was found in deserts and Gelgi, some mountainous regions in the
northwest part of the study area. Besides, thealrfl increased to some extent in most part of
the study area during 2001-2010, but its overaditiap pattern kept unchanged, with obvious
change in only a few part of the study area. Famg{e, the annual ET increased significantly in
East Juyanhai Lake and Jinsutuhaizi Lake, wherewttier body expanded significantly after
years of water diversion (Fig. 3).
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Fig. 3. Spatial variation of ET (Unit: mm) in the Lower iHe River Basin in 2001 and 2010.

The spatial pattern of WUE kept unchanged in mast @f the study area during 2001-2010,
which was generally high in the high vegetationezage regions such as the oasis and lower in
low vegetation coverage regions such as Gobi andysiand far from the Heihe River (Fig. 4).
The WUE showed a spatial pattern similar to thatiBP and ET, but with some differences in the
northwest and southeast part of the study areaentrer major vegetation types were shrub,
low-coverage grassland and desert plants. The tdplserts may have high WUE under water
deficit conditions (Lu et al., 2007), and in thesgions the annual NPP was low but the annual ET
was even lower, resulting in high WUE. This indéatthat both the water availability and
vegetation composition had important influence lenWUE. Besides, there was some significant
change in the WUE in some regions in the northvaest south part of the study area during
2001-2010. For example, the WUE showed widespreating in the northwest part of the study
area, where there are water scarce mountainousnethat are very sensitive to climate change.
Meanwhile the WUE showed widespread increase innyaagchi Oasis, Dingxin Oasis and
regions between them in Jinta County. The annud Mereased significantly in these regions
during 2001-2010, while the annual ET declined wstpart of these regions, which may be due
to the technical progress in agricultural irrigati®ang et al., 2015a; Zhou et al., 2015). However,
the increase and decrease of WUE coincided in Hjiaaner (Fig. 4). On the one hand, the
increase of runoff of the Heihe River increaseddtailable water, which further increased both
NPP and ET in this region. On the other hand, dlsallhuman activities changed the vegetation
coverage and consequently led to the coincideméase and decrease of the WUE. In patrticular,
the WUE declined obviously in regions near Eastditigi Lake and Jinsutuhaizi Lake, which was
mainly due to sharp increase of ET caused by tparesion of water bodies after years of water
diversion.
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Fig. 4. Spatial pattern of the WUE (Unit: gC K¢H,0) in the Lower Heihe River Basin in 2001
and 2010.

3.4. Impacts of runoff on ET, NPP and WUE

The runoff of the Heihe River played a key rolarfluencing ET in the study area, where
there is very limited annual precipitation, and tmenual runoff volume increased obviously
during 2001-2003 and kept overall stable during422009 but declined in 2010, showing an
overall increasing trend during the entire studsique(Fig. 5). However, the variation of the total
annual ET of the study area was not synchronous thvé runoff, showing no obvious changing
patterns during 2001-2010 (Fig. 5). Besides, ttmumulative runoff and ET during 2001-2010
were further calculated, and the results showet libth of them showed an increasing trend.
However, the slope of the curve of the accumulativeoff was much higher than of that of the
accumulative ET, which was 11.12 and 6.51, respelgfiindicating that the increasing rate of
accumulative ET was much lower than that of theiaedative runoff (Fig. 5). In fact, the annual
ET was influenced by not only the runoff but alshes factors such as climate and land use
change in the study area. More importantly, theofuprovided available water for not only ET,
but also the groundwater supplementation, and ge lgroportion of runoff was used to
supplement the groundwater during the study pdhidahg et al., 2014; Wang et al., 2011).
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Fig. 5. Annual and accumulative runoff and ET (Unit? b6) in the Lower Heihe River Basin
during 2001-2010.
The total annual NPP of the study area was bet&dghand 2.09 * 16 gC/a and showed an
overall increasing trend during 2001-2010, and dbeumulative NPP of the whole study area
showed a slope of 1.88, which was much lower thahdf the accumulative runoff and ET (Fig.



6). By comparison, the average WUE of the studg amaged between 0.25 and 0.33 gC' kO
and showed only slight overall change during 20012 which is mainly because the water
diversion can influence the WUE in regions nearHlieéhe River while the vegetation structure of
the whole study kept overall unchanged during thdiree study period. In particular, the
accumulative WUE of the whole study area declinlegrgly during 2001-2002 and showed an
increasing trend since 2002 (Fig. 6). The annuabfflincreased significantly from 6.31 * 1én°

in 2001 to 9.33 * 1dm?® in 2002, which led to rapid increase of ET. Bigrthwas one year lag of
the response of the vegetation dynamics and Ni#htiff change and not all the runoff was used
by the vegetation, consequently leading to the pstdecrease of WUE during 2001-2002.
Nevertheless, the water diversion had overall pesiccumulative effects on NPP and WUE,
which may be because more water was used by thetatemn after the groundwater was
effectively supplemented after 2002.

NPP
WUE
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Fig. 6. Annual and accumulative NPP (Unit:'#@C/a) and WUE (Unit: gC/kg #®) of the Lower
Heihe River Basin during 2001-2010.

3.5. Management implications

The average WUE of the study area increased a0@2,but it was still lower than it was in
2001, indicating that there was still some scopénprove the WUE, however, the question of
how to improve WUE is rather complex given the loegronomic, hydrogeological and
socio-economic conditions (Faramarzi et al., 201t0has been reported that uneven changes in
environmental factors can lead to spatially hetenegus responses of WUE (Tian et al., 2010).
The land use and land cover change (LUCC) and tirdhange are among the primary driving
forces for terrestrial ecosystem productivity anatev availability (Deng et al., 2015b; Liu et al.,
2013; Yin et al., 2014; Zhang et al., 2014b). Clienehange and LUCC in the upper and middle
reach influenced the total runoff into the loweacle and indirectly influenced the WUE in this
region (Deng et al., 2015a; Jin et al., 2015),dhiutate change and LUCC within the lower reach
played a more important role in influencing NPP &84dE of the study area (Deng et al., 2013;
Song et al., 2015b). On the one hand, the runadf the study area increased since 2001, but
meanwhile the oases in Jinta County expanded,asuorg the runoff for agricultural irrigation and
consequently reducing the runoff into Ejina Banf®wng and Zhang, 2015; Wang et al., 2015b).
For example, the runoff into the lower reach wasreximately 9.91 * 1®m?® in 2010, but 4.06 *
10° m® out of which was consumed in Jinta County, onlpragimately 5.79 * 1 m® finally
entered Ejina Banner, which may greatly lesserfitia effects of the Ecological Water Diversion
Project. On the other hand, the water bodies inaEBanner expanded obviously since 2001,
where the ET consumed considerable amount of wassurces. For example, previous study



showed that the annual ET of lakes in Ejina Baimeeased from 0.18 * £on® in 2002 to 1.79 *
10° m® in 2010 (Liao et al., 2015), and results in thisdy also suggested that the annual ET of
East Juyanhai Lake and Jinsutuhaizi Lake in Ejinar®r reached 1.20 * 1n® in 2010, with a
much higher increasing rate than that of the wistlely area. It is therefore not surprising that
there was no significant change in the total NP& averall WUE in Ejina Banner since the
proportion of runoff for vegetation recovery wag hiagh in fact.

The annual runoff declined in 2010 (Fig. 5), andanwhile the total annual NPP and
accumulative WUE of the whole study area also desaé (Fig. 6), indicating that the influence of
internal factors of the study area on the WUE ket bverall unchanged. The WUE can only be
increased by increasing the runoff if internal dastsuch as the vegetation structure and land use
pattern in the study area kept unchanged, howévbgs been difficult to further increase the
runoff into the lower reach. It is therefore ongasible to further improve the WUE by adjusting
the internal factors of the lower reach. For exanplis necessary carry out some water allocation
schemes to coordinate the trade-offs between Qiatanty and Ejina Banner and tip the balance
between the ecological and economic water usdwsettwo regions. It is also urgent for the local
and regional ecosystem managers and policy maketarty out some policies that can further
promote the WUE by adjusting the local vegetatimacsure and land use patterns in Ejina Banner.
For example, it may be more beneficial to expamdgrassland with lower ET rather than water
bodies with high ET in Ejina Banner, and the lirditerater resources should be allocated for
ecosystem rehabilitation rather than reclamatiomefv cultivated land (Cheng et al., 2014).
Overall, more policies should be formulated acamydio the local conditions to further improve
the water allocation in order to guarantee the igion of essential ecosystem services.

4. Conclusions

It is of great importance to study the spatioterapdynamics of NPP and WUE in order to
formulate appropriate management measures thatgwdrantee the sustainable provision of
essential ecosystem services. In this study, th® MPthe lower Heihe River Basin during
2001-2010 was estimated with the C-fix model, drehtthe WUE was estimated with the NPP
and ET data. The long time-series variations ofuahmnd accumulative NPP and WUE were
further analyzed, which can provide valuable sfigtiexplicit information for supporting the
decision-making and ecological conservation.

The annual NPP and WUE in the study area rangeud fero to 448.70 gC/(fva) and from
zero to 2.20 gC Kg H,0, respectively, both of which showed an overatréasing trend with
some fluctuation during 2001-2010. Besides, theuahNPP and WUE showed a similar spatial
pattern, which kept overall unchanged but with n&@hble change in some part of the study area
during 2001-2010. In addition, the accumulative NPFhe whole study area showed a slope of
change of 1.88, which was much lower than thathefaccumulative runoff and ET. While the
accumulative WUE of the whole study area declingargly during 2001-2002 and then showed
an increasing trend, it was still lower than that2D01, suggesting there is still some scope to
improve the WUE. What's more, the water diversi@d lpositive accumulative effects on both
NPP and WUE of the study area, but it is urgentalce measures to improve the WUE by
adjusting internal factors within this region. larficular, it is necessary to carry out some more
specific policies to improve the water allocatiaiieen Jinta County and Ejina Banner. Although



with some uncertainties, these results still cavide valuable reference information for the water
resource management and ecological conservatiompoove the WUE and guarantee the
provision of essential ecosystem services.
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Long time-series NPP and water use efficiency in the Lower Heihe River Basin were estimated.
Spatial patterns of NPP and water use efficiency kept overall unchanged during 2001-2010.
Accumulative water use efficiency first sharply decreased and then increased.

There was till some scope to improve water use efficiency.

Valuable reference information was provided for water resource management and ecological

conservation.



