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Abstract. During the last decades, large-scale land usesocio-economical development and to prevent desertification
changes took place in the Hailiutu River catchment, a semi-and ecological impacts on streams, more water-use-efficient
arid area in northwest China. These changes had significardrops such as sorghum, barley or millet should be promoted
impacts on the water resources in the area. Insights intdo reduce the consumptive water use. Willow trees should
groundwater and surface water interactions and vegetationbe used as wind-breaks in croplands and along roads, and
water dependencies help to understand these impacts artfought-resistant and less water-use intensive plants (for in-
formulate sustainable water resources management polistance native bushes) should be used to vegetate sand dunes.
cies. In this study, groundwater and surface water interac-
tions were identified using the baseflow index at the catch-
ment scale, and hydraulic and water temperature methods
as well as event hydrograph separation technigues at th#& Introduction
sub-catchment scale. The results show that almost 90 % of
the river discharge consists of groundwater. Vegetation deArid and semi-arid areas occupy around one third of the ter-
pendencies on groundwater were analysed from the relarestrial earth surface (Scanlon et al., 2006). In arid areas,
tionship between the Normalized Difference Vegetation In-water resources are extremely scarce and the environment
dex (NDVI) and groundwater depth at the catchment scalgs very fragile. Surface water resources are usually limited
and along an ecohydrogeological cross-section, and by medeside occasional flood events, and groundwater is the main
suring the sap flow of different plants, soil water contentssource of water-sustaining stream flow and vegetation. Veg-
and groundwater levels at different research sites. The reetation plays a crucial role in protecting against desertifi-
sults show that all vegetation types, i.e. trees (will@al{x  cation. Sustainable use of groundwater resources is funda-
matsudanp and poplar Populus simon)i bushes (salix — mental for the co-existence of human society and nature in
Salix psammophila and agricultural crops (maize Zea  arid and semi-arid areas. However, achieving sustainable use
may$), depend largely on groundwater as the source forof groundwater remains a major challenge (Gleeson et al.,
transpiration. The comparative analysis indicates that maiz€012). The practice of using groundwater based on the “safe
crops use the largest amount of water, followed by poplaryield” policy has led to stream flow reduction and loss of wet-
trees, salix bushes, and willow trees. For sustainable watelands and riparian ecosystems (Sophocleous, 2000). In a river
use with the objective of satisfying the water demand for basin where complex interactions exist between groundwa-
ter, surface water and ecosystems, the simplistic safe yield
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2436 Y. Zhou et al.: Implications for water resources management in the semi-arid Hailiutu River catchment

concept based on groundwater balance equations is not ca
pable of delivering a sustainable groundwater-use plan. Sus:
tainable use of groundwater requires balancing the water re-
quirements for societal use, stream environmental flow, and
terrestrial vegetation (Sophocleous, 2007; Zhou, 2009). The
scientific challenges include quantifying groundwater and
surface water interactions, estimating environmental flow re-
quirements for groundwater dependent ecosystems, and t
link these interdependencies to sustainable water resource
management.

Groundwater and surface water interactions can be identi-
fied and quantified using a number of methods (Sophocleous
2002; Kalbus et al., 2006; Brodie et al., 2007). Apart from
traditional hydraulic methods, water temperature methods|Legend
(Constantz et al., 2002; Constantz and Stonestrom, 2003) ani| A Crop water use research site
hydrograph separation techniques using environmental iISO-| 3 o s X
topes as tracers (Sklash and Farvolden, 1979; Buttle, 1994 = weteorological station
and combinations of different geophysical and tracer meth- | _*_ [ feereroe ave
ods (Uhlenbrook et al., 2008; Wenninger et al., 2008) are River
widely used. Groundwater is an important source for ter- | = i L 0510 207%™
restrial vegetations in arid and semi-arid areas (Miller et | ™ Etevation contours mass.| I N Kilometers
al., 2010). A number of methods have been developed for
identifying vegetation dependency on groundwater (Eamug-ig. 1. Location of the Hailiutu catchment and measurement sites.
et al., 2006). Actual total evaporation rate (soil evaporation
and transpiration) can be measured directly by the eddy- o )
correlation method (Moreo et al., 2007). Transpiration rates | 1€ Objectives of this study are to analyse groundwater—
of the vegetation can also be measured in situ with sap flowurface water interactions and to identify vegetation depen-

sensors (Granier, 1985: O'Grady et al., 2006), and the partEiency on groundwater in order to provide scientifically-based
of transpiration c’>riginaiing from groun’dwater’ can be es.Information for sustainable water resources management in
timated from diurnal groundwater level variations (White, the semi-arid Hailiutu catchment. Groundwater—surface wa-

1932: Loheide et al.. 2005: Butler et al.. 2007 Lautz. 2008:t€r interactions were quantified using the baseflow index
Yin et al. 2013). ' ’ ' ’ ' "at the catchment scale, and using hydraulic, temperature

The Hailiutu River catchment is located within the Er- @nd hydrograph separation methods at the sub-catchment

dos Plateau in northwest China (Fig. 1). The catchment are§¢2/€- Vegetation dependencies on groundwater were iden-
is around 2645kf characterized by a continental semi- tified using the relationship between groundwater depth and

arid climate. Land cover is dominated by sparsely vegetatedn® Normalized Difference Vegetation Index (NDVI) (Lv et
sand dunes and cropland is only found in river valleys andal" 2,013) at the ca}tchmept spalg and along an.ecohydroge-
flat areas on upland part of the catchment. The area suffer@l0gical cross-section; using in situ sap flow, soil water and

from frequent sandstorms, and farmland has been threatenéb’oundwater measurements at vegetation research sites were

by moving sand dunes. At the beginning of the 1980s thedlso taken. Conclusions from this study will have significant

Chinese government started an afforestation project callednPlications for land and water management in similar semi-
“Three North Forest Shelterbelts” (Wang et al., 2010). Since?rid areas in northwest China and worldwide.

the year 2000, a project called “Return Farmland to Forest

and Gra;sland" has being implemented (Wang et al., 2009), Materials and methods

Meanwhile, large-scale development of natural resources

(coal and natural gas) is taking place (Yin etal., 2011). Allo- 2.1  General research set-up

cating scarce water resources for socio-economical develop-

ment and maintaining ecosystem health must be based on scThis study targeted measurements using various methods to
entific information. However, the groundwater—surface wa-quantify groundwater—surface water interactions, and vege-
ter interactions and vegetation dependencies on groundwaté¢ation dependency on groundwater depth at different scales.
have not yet been systematically investigated. The implica-Table 1 summarises the experimental methods, collected
tions of these multiple interactions on sustainable water re-data, and methods for data analysis at different scales.
sources management have not been analysed so far, and are

poorly understood.

China,

1350

Waushengi
\ 1300

Yulin/

Henan

Wuding River
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Table 1. Measurements and data analysis methods.

2437

Research topics  Scales Measuring methods Data Analysis methods
Groundwater- Catchment  Gauging station Daily river discharges From HYSEP baseflow
surface water 1957 to 2007 separation
interactions Sub- Gauging station Hourly river stages and Isotope-aided
catchment river discharges in 2011 hydrograph
Isotope samples Oxygen-18 and Deuterium  separation
in 1-5 July 2011
Observation wells with  Hourly groundwater levels  Hydraulic gradient
data loggers in 2010-2011
Temperature sensors at  Hourly temperature series  Steady-state
various depths in 2010-2011 analytical solution
Vegetation Catchment  Landsat-5 Thematic NDVI in July 2010 Comparison and
dependency on Mapper regression analysis
groundwater Well inventory Contour map of
depth groundwater depths in
July 2010
Cross- Landsat-5 Thematic NDVI in July 2010 Comparison and
section Mapper correlation analysis
Well inventory Groundwater depths in
July 2010
In situ plant ~ Sap flow sensor Hourly sap flow velocity Water balance
water use in 2011 computation and
research Time Domain Hourly soil water content  correlation analysis
sites Reflectometry sensor in 2011
Observation wells Hourly groundwater levels
with data loggers in 2011
Insitucrop  Sap flow sensor Hourly sap flow velocity Water balance
water use in 2011 computation and
site Time Domain Hourly soil water content correlation analysis

Reflectometry sensor in 2011

Hourly soil evaporation
rate in 2011

Mini lysimeter

Hourly groundwater levels
in 2011

Observation wells with
data loggers

1957; daily discharges from 1957 to 2007 were available for
analysis.

A discharge gauging station was constructed at Yujian-
wan in the Bulang sub-catchment in 2010 (Fig. 1). The sub-
The Hailiutu catchment was instrumented with meteorolog-catchment area monitored by the discharge station is around
ical and hydrological stations (Fig. 1). One meteorological 90 kn?. An automatic water level recorder{eWATER L,
station is located inside the catchment, and three other staEijjkelkamp, Giesbeek, the Netherlands) was installed to reg-
tions are located in the surrounding areas. All meteorolog-ister water levels at hourly intervals. River discharges were
ical stations have measured daily precipitation, air tempermeasured with the salt dilution method, and a rating curve
ature, pan evaporation, relative humidity and wind speedwas established to convert the hourly water levels to hourly
since 1961. A hydrological station is located at the outlet of
the catchment and has measured daily river discharges since

2.2 Measurements for quantifying
groundwater—surface water interactions
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river discharges. The hourly river discharges have been measoil water contents at various depths were measured by Time
sured since November 2010. Domain Reflectometry sensor (TDR, Wintrase SEC Co. Ltd,
During a heavy rainfall event in 1-5 July 2011, water sam-USA), and groundwater table depths were measured by a
ples were taken every 30 min for the analysis of stable iso-monitoring well equipped with an automatic recorder (Mini-
tope (Oxygen-18 and Deuterium) concentrations. A total ofDiver, Schlumberger Water Services, Delft, the Netherlands).
110 samples were collected. The isotope concentrations wergleasurements were performed on an hourly basis between
used to separate the discharge hydrograph into direct surfacZd May and 12 July 2011.
runoff and baseflow components. Instruments were installed at the tree water-use site to
In a cross-section close to the discharge station, eightietermine the tree water use of a willoalix matsu-
groundwater monitoring wells were constructed, and ground-dang and a poplar treeRopulus simon)i and the water
water levels were recorded hourly with automatic data log-sources for transpiration. The examined trees were selected
gers (MiniDiver, Schlumberger Water Services, Delft, the carefully; they are representative of the region in terms of
Netherlands). The hydraulic gradient from measured groundphysiological development, age, surrounding vegetation and
water and river water levels were computed to indicate themicro-climatic conditions. The water use of tress was mea-
directions of groundwater and surface water exchanges.  sured with sap flow sensors (FLGS-TDP XM1000, Dyna-
In addition, four temperature sensors (HOBO Pro v2, On-max, Houston, USA). Soil water contents were monitored
set Computer Corporation, Bourne, USA) were installed be-using a TDR (Wintrase SEC Co. Ltd, USA) at various depths.
low the riverbed at various depths to register hourly temper-Groundwater levels were measured hourly using an auto-
atures of the riverbed deposits. One sensor was placed on theatic recorder (MiniDiver) installed in a borehole under the
riverbed to register the river water temperature. The tempertree. Measurements were performed on an hourly basis be-
atures have been measured since September 2010 and ugegken 27 April to 7 November 2011.

to quantify groundwater—surface water interactions. An experimental site to investigate the crop water use was
set-up in May 2011 (Fig. 1). Since the dominant crop in
2.3 Measurements for quantifying vegetation the catchment is maize&Z¢a mayys maize water use at a
dependency on groundwater depth representative site was studied in further detail. The mea-

surements included transpiration measurements of six maize
At the catchment scale, relations between the normalizedtems monitored with sap flow sensors (Flow 32 1K), soil
difference vegetation index (NDVI) and groundwater depth water content recorders (TDR, Wintrase SEC Co. Ltd, USA),
were established to identify groundwater-dependent vegetamini lysimeters (organic glass; diameter: 102 mm; depth:
tions (Jin et al., 2008, 2011; Sun et al., 2008). A Landsat-108 mm) to observe soil evaporation, groundwater levels
5 remote sensing image of 10 July 2010, with a 30 m res{MiniDiver), and irrigation water application observations.
olution was obtained from the Computer Network Informa-
tion Center, Chinese Academy of Sciendes://datamirror.
csdb.cn). The NDVI values were computed and classified 3 Groundwater—surface water interactions
for land cover types. During July 2010, field measurements
of groundwater levels in the catchment were conducted aB.1 Catchment scale
46 sites. Historical groundwater level measurements were
collected. A total of 540 measurements were used to conThe automated hydrograph separation tool HYSEP (Sloto
struct a groundwater depth contour map. These data werand Crouse, 1996) was used to separate baseflow from daily
used to analyse vegetation dependency on groundwater deptlverage river discharges using three baseflow separation
at the catchment scale and at an ecohydrogeological crossnethods: fixed interval, sliding interval, and local minimum.

section (Fig. 1). The separated daily baseflows obtained were very close and
The in situ plant water-use research site (Fig. 1) include athe average values were used for analysis. Annual averages
bush water use-site and a tree water-use site. of daily discharges and baseflow are plotted in Fig. 2. River

At the bush water-use research site, various instrumentslischarges have decreased since the 1970s because of the
were installed to determine the salix busBalix psam- construction of reservoirs and diversion works for irrigation.
mophilg water use and rates of transpiration. The investi- River discharges decreased to less than half of natural dis-
gated salix was carefully selected so that it was represeneharges during the 1990s due to the increase of crop areas
tative of features such as size, number of branches, typéYang et al., 2012). River discharges have recovered since
and density of surrounding vegetation and micro-climatic 2000 to values comparable to the 1980s after the implemen-
conditions. The water use by salix was measured with aation of the policy to return farmland to nature (Yang et al.,
sap flow sensor (Flow 32 1K, Dynamax, Houston, USA). 2012).

The meteorological variables were measured by a weather The ratio of baseflow to total discharge is defined as base-
station. Rainfall was recorded by an automatic rain gaugdlow index. From Fig. 2 it can be seen that the annual average
(HOBO RG3, Onset Computer Corporation, Bourne, USA), baseflow constitutes 80 to 95 % of the annual average total
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discharge. The average baseflow index for the last 40yr isg | .
around 0.88, indicating that the vast majority of the stream
flow is formed by groundwater discharge in the Hailiutu
River. A recent StUdy showed that the regional baseflow in- 26510—‘09—14 2010-10-12 2010—I11—09 2010—‘12—07 2011—‘01—04 2011—‘02—01 2011—|03—01
dex was between 37.1 to 62.3 % in the conterminous United Date [yyyy-mm-dd]

States (Santhi at al., 2008). Only in a few catchments was the
baseflow index between 80 to 90 %. The baseflow index in
the Hailiutu catchment is comparatively high, indicating that Fig. 4. Temperature measurements at various depths in the riverbed
the dominant hydrological process is groundwater rechargeleposits at Yujiawan station: ClI0 at 10 cm depth, CBO at 30cm

from precipitation by infiltration and delayed discharge to the depth, C150 at 50 cm depth, and G20 at 80 cm depth below the
river. riverbed.

—C1.10 ——C1.30 ——C1.50 ——C1_80

3.2 Sub-catchment scale "
Boundary conditions are

Groundwater levels decrease in general from the hillslop o= T,
(Well_a) towards the flood plain (Web), at the riverbank =0=70
(Well_c), and in the mid-river (Welt)) from 1 Septemberto 7 lz=2 = T (2)

28 October 2011 (Fig. 3), a clear indication of groundwaterwhereT is the temperaturefy is the temperature at the top

discharge towards the river during the whole measuremenboundary;TL is the temperature at the bottom boundary (all

period. in K); cw is the specific heat capacity of water (JRd<~1);
Temperature measurements also indicate groundwater dis- ); cw b pacty (TR );

, . . bw is density of water (kgmd); v, is vertical groundwater
charges to the river (Fig. 4). In winter, groundwatertempera-]t ow velocity (cms1); andk is the thermal conductivity of
ture is higher than the river temperature. Upward seepage OtLe soil-water matrix (Js m~1 K1),
groundwater increases water temperature in the riverbed de- The solution of the above equations is as follows (Arriaga
posits, so that water temperature increases with the increasefland Leap, 2006):
of depths. In summer, river temperature is much higher than ’
the groundwater temperature; diurnal fluctuation of river 7. _ 7, oAG/L) _ 1
temperature did not appear in the riverbed deposits, indicat-TL T =T 1 3)
ing also the upward seepage of groundwater.

Since the temperatures at various depths are stationaryhere
from 20 to 28 January 2011 (Fig. 4), the steady state heat L
transport equation satisfies (Bredehoeft and Papadopulog = % (4)
1965):

L (cm) is the vertical distance between the top and the bottom
(1) boundaries, and (cm) is the depth of the temperature sensor
below the top boundary.

2T  cwpwvs 0T
— =0
972 k 9z
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Table 2. Computed groundwater seepage velocity values.

Parameters Value  Unit Computed
velocity

(cmd™)

Density of watefpy 1000 kgnt3

Specific heat capacity of watey, 41800 Jkglk-1

Thermal conductivity of fine sank 1.8 Jsim-1ik-1 —12.1

Lower limit k** 1.4 Jsim1k-1 —9.4

Upper limitk** 22 Jsim1lk-1 —-14.8

* from Anibas et al. (2011)¥* from Stonestrom and Blasch (2003).

The average temperatures from 20 to 28 January 2011 a 4o |
the 4 depths were used to solve Eq. (3) in order to identify the z;g ]
B value. When the average temperature atl0ls defined 250
as the top boundanf}) and C180 as the bottom boundary 200 -
(Tp), the left side of Eq. (3) can be computed with the aver- £ 150 -
age temperatures in the temperature depth profile. The righi” -
side of Eq. (3) can be computed once thé-) is found. The 04
sum Of Squared dlﬂ:erence between the |eft and rlght Sldes of 2011-07-01 2011-07-02 2011-07-03 2011-07-04 2011-07-05 2011-07-06
the Eq. (3) can be minimized to find the optimal valuegof pete b mm-dcl

as used by Boyle and Saleem (1979):

rge [m?3/s]

Total discharge

pre-event component event component

L B(z/L) 2 Fig. 5. Results of two-component hydrograph separation with
minF(B) = Z |:TZ —To _¢ - 1:| (5)  Oxygen-18 as tracer at Yujiawan station.

S| T-To -1

The Microsoft Excel Solver was used to perform the stream hydrograph during the event. A rapid reaction of the
minimization and the optimal value g8 was found to  pre-event runoff component could be caused by fast ground-
be —2.2843. The minimized sum of squared differences waswater discharge from the near-stream riparian zone, whereas

only 0.00467. the delayed behaviour of the event water, showing the peak
The vertical groundwater flow velocity, (cmd™) can  contribution after the maximum of the stream hydrograph, is
then be computed with Eq. (4) as likely due to a delayed contribution of surface runoff compo-

nents. The two-component isotope-based hydrograph sepa-

v, = kB ) (6) ration method has been applied in many cases studies world-
cw pw L wide and the pre-event water contribution to the total dis-

The parameters used and computed velocities are showfarge was found varying greatly from 10 to 99 % (Jones et

in Table 2. The velocity is negative, indicating upward al., 2006).

groundwater discharge to the river. The estimated velocity

is 12.;cm q‘l corre;ponding tq the.fine sand of the rivgr 4 Vegetation dependency on groundwater

deposit. This value is on the high side of groundwater dis-

charge velocities estimated by Anibas et al. (2011). The value;.1  Catchment scale

is much larger than the infiltration velocity estimated by

Arriaga and Leap (2006). Lv et al. (2013) investigated the dependency of vegetation
Groundwater contribution to river discharges during aon groundwater in the Hailiutu River catchment with NDVI

heavy rainfall event on 1 to 5 July 2011 was estimated withdata and observation data of groundwater depth. The sta-

the two-component tracer-based hydrograph separation techistical characteristics of NDVI values (mean, standard de-

nique (cf. Buttle, 1994, for methodology) using the stable viation and coefficient of skewness) change systematically

isotope oxygen-181f0) as a tracer (Fig. 5). The results in- in relation to the groundwater depth. Decreasing trends of

dicate that the flood discharge consists of mainly increasedboth mean and standard deviation of NDVI values with in-

groundwater discharge. Even during the peak time of thecreasing groundwater depth were found. The NDVI values

event, the discharge consists of more that 70 % of pre-evendf shrubs Salix psammophileand the dominant tree species

water (i.e. groundwater). The dominance of pre-event wa-{Salix matsudanand Populus tomentogadecrease almost

ter is also visible in the ascending and receding limbs of thelinearly with increasing groundwater depths. However, the
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NDVI values of grassland, represented by the meadow land 1300 -
cover type, were not sensitive to groundwater depth because¢ Hailiuturiver - Bulang river
of the shallow root systems. The relationship between NDVI z = |
and groundwater depth in farmlands was more complex be-5 1100 |
cause of the influences of human activities. g

NDVIIndex [-]

Elev:

1000 -

4.2 Atthe ecohydrogeological cross-section 000 |

3 6 9 12 15 18 21 24 27 30 33 36
Distance from western to eastern water divide [km]

The relationship between land surface elevation, groundwa-
ter depth, and vegetation distribution can be investigated
along ecohydrogeological cross-sections. The ecohydrogeo-

Surface elevation NDVI30

logical cross-sections should run across the river valley from -° Mt
wi H e = Hailiutu ri Bulangri

the water divide on one side to the water divide on other £ * N 1 ¢g L o8

side. On these cross-sections, large variations of groundwate§ ° L o6

depths and vegetation types are expected. The investigate2 ° | oa
ecohydrogeological cross-section is running from the west- ¢ °
ern water divide (W) across the Hailiutu River to the eastern s % m ’
water divide (E) (Fig. 1). The surface elevation, groundwater A
depth, and NDVI are shown in Fig. 6. The NDVI values in
general follow the pattern of variations of groundwater depth.
The correlation coefficient between NDVI value and ground-
water depth was calculated to be).68. At the west (W)  Fig. 6.Relations between NDVI30 (30 by 30 m grid values) and sur-
and east water divides and at hilly areas in the catchmentface elevation, NDVI500 (500 by 500 m grid values) and groundwa-
the depth to the groundwater is large and NDVI is low, rep- te_r depth along a ecohydrogeological cross-section in the Hailiutu
resented by a low density shrubland vegetation type. In theRiver catchment.

Bulang River and Hailiutu River valleys, groundwater levels

are shallow, and NDVI 'S very high, as indicated by crops anOIis as high as 0.99. For the same period, the total transpira-
trees. In local depressions on the west and east slope are

atiSOn rate of the willow tree was calculated about 19.4 mm
groundwater levels are shallow; NDVI is also high, as indi-

1 . .
cated by upland crop areas mixed with wind-breaking trees(l'3 mm d*). The estimated groundwater storage depletion

N ~from groundwater level hydrograph amounts to 10.2 mm
The cross-section mdu_:ate_s the dependency of the veg(_atat|o&3 % of the transpiration rate), the depleted soil water stor-
on groundwater depth in different geomorphologic locations. '

age was estimated to be 9.2 mm (47 %) from measured soil
water contents. Therefore, it can be concluded that the willow
tree is also a groundwater-dependent plant under the condi-
ions prevailing in the Hailiutu River catchment.

NDVI Index [-]

Groundw
o
N

o

Distance from western to eastern water divide [km]

Groundwaterdepth = NDVI500

4.3 In situ ecohydrogeological research sites

The cumulative sap flow of the measured salix bush and thet:
willow tree were compared in relation to groundwater depths
and the depletion of soil and groundwater storage in the dn  comparison of water use by different plants

period from 29 May to 12 June 2011 (Fig. 7).

At the bush water-use research site, the measured cum.1  Comparison of sap flow velocities of poplar and
lative sap flow of the salix bush increased while ground- willow trees
water level decreased. The correlation coefficient between
the cumulative sap flow and groundwater depth is as highWNater scarcity is a natural phenomenon in the semi-arid Hail-
as 0.99. The water balance method was used to compute thatu River catchment. For water and soil conservation, it is
soil and groundwater storage depletions in the measured perery important to select plants which use little water for tran-
riod. The total soil evaporation and transpiration of salix for spiration. Figure 8a compares the sap flow velocity of a rep-
the investigation period was computed to be around 41 mnresentative willow tree with a representative poplar tree in the
(2.9mmd1), which could be separated in groundwater of tree water-use research site at 3 measured periods in July, Au-
25mm (60 %) and soil water of 16 mm (40 %). It became gust, and September 2011. The average values of the plateau
clear that salix uses more groundwater for transpiration insap flow velocity (from 08:00 in the morning to 18:00 Local
this dry period. Beijing Time in the afternoon) of the willow tree were 9.0,

At the tree water-use research site, groundwater levels als8.8, 6.2 cm h'l, respectively, in July, August and September.
decreased in response to the increase of the measured clihe average sap flow velocities of the poplar tree were 12.3,
mulative sap flow of the willow tree. The correlation coeffi- 14.1, 15.6 cm h?, respectively, in July, August and Septem-
cient between the cumulative sap flow and groundwater leveber. The sap flow velocity of the poplar tree is larger than that
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Fig. 7. Cumulative sap flow, groundwater depth, and depletion of soil and groundwater storage of the salix bush and the willow tree during
the dry period from 19 May to 12 June 2011.

of the willow tree in all periods. Especially in September, the it can be concluded that maize uses more water than the wil-
sap flow velocity of the willow tree is low, but the sap flow low tree, and most likely also more water than the poplar
velocity of the poplar tree remains very high, more than twotree.

times higher than the willow tree. It can be concluded that the

poplar tree uses more water than the willow tree in the Hail-5-3 Comparison of sap flow of salix bush and willow tree
iutu catchment. Schaeffer et al. (2000) measured higher saP , . .
flow velocities of cottonwood and willow trees along active Lis not straightforward to compare the water use of a salix

and abandoned stream channels of alluvial flood plains in th ush with othgr plants since salix have various numbers of
Southwest USA. They didn't find a significant difference in . faf?CheS- Sa-hlx bushes with about 60 gctlve branches are typ—
sap flow velocity between the cottonwood and willow trees. ical in thg Ha|I|utu River catchment. Fl_gure 8c c.ompares_dl—
They found the transpiration rate of young forest patches agurnal variations of sap flow flux of a salix bush with 60 active

jacent to the active stream channel is higher than more suc_?_LanCheS Witz thle sap f1|‘|ow flux 101f Gagﬂi?w trr]ee fol_r 1b5 dﬁys.
cessionally advanced patches on abandoned channels. e averagel ally sap flux was ' orthe salix bus !
and 51.4Ld- for the willow tree. It shows that the salix

bush with 60 branches uses twice the amount of water of the
willow tree. It is remarkable to see that the salix consumes
more water than the willow tree since salix is perceived as a

Th o f1h : 4 the wil dry resistant plant and widely planted in the catchment as a
e transpiration rates of the maize crop and the willow tree, o < e for soil conservation.

were compared in July, August and September (Fig. 8b). The

average values of the plateau transpiration rate (from 08:00 in

the morning to 18:00 Local Beijing Time in the afternoon) of 6 Implications for water resources management

the maize crop were 13.9, 11.9, 3.8 mmidrespectively, in

July, August and September. The average transpiration rateEhe presented results clearly demonstrate that both the
of the willow tree were 5.8, 5.7, 4.0 mnTd, respectively, —surface water and the vegetation system strongly depend
in ‘]u|y, August and September_ In the growing periods fromoOn grOUndW&ter. The water resources and ecosystem man-
July to August, the transpiration rate of the maize is more@gement requires essentially a sustainable groundwater re-
than two times higher than that of the willow tree. Therefore, Sources management approach in the Hailiutu catchment.

5.2 Comparison of transpiration rates of maize and
willow tree
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Fig. 8. Comparison of water use by different planta) sap flow velocities between poplar and willow trees in July, August and Septem-
ber 2013;(b) transpiration rates between maize and willow in July, August and September(2p4dp flow fluxes between salix bush and
willow tree from 29 May to 12 June 2011.

The groundwater balance equation under natural condivegetation management in the Hailiutu catchment. Maintain-
tions in the Hailiutu catchment can be formulated as theing sufficient river discharge with natural variations is not
long-term average groundwater rechar§eminus ground-  only important for the riparian ecosystem and local commu-

water evaporationt, equal to the baseflow componey, nities, but also for downstream water users. The water re-

of river discharge: sources management objectives must satisfy both the envi-
ronmental water use by vegetation and in-stream ecosystems

R—E—-Qp=0. (7) as well as the water use for socio-economical development.

Technical measures can be developed, including the mini-
Note that all water balance parameters in Eq. (7) have the unifnization of consumptive water use by agricultural crops and
mm a—l, and the change of groundwater storage is assumegater use by plants for vegetating sand dunes.
zero for long-term average. Under the steady-state abstrac- The research results show that the abstractions for irriga-
tion, the new water balance equation becomes tion and consumptive water use in the catchment is respon-

sible for the reduction of the river discharges (cf. Yang et
(R+AR) —(E—AE) — (Qb—AQp) — Ow=0 (8) al, 2012). The findings from the crop water-use site show

. . . ) that maize consumes significant amounts of water (Hou et

where Qy is the abstraction rateAR is the increased 5| 2012). The total water use of maize during 159 grow-
recharge induced by pumping,E is the decreased evapo- ng days in 2011 was estimated to 607 mm, which comprises
ration, andA Qy, is the decreased groundwater discharge toprecipitation of 157 mm (26 %), irrigation water of 177 mm
the river. Replacing Eq. (7) in Eq. (8) results in Zhou (2009) (29 %), and soil and groundwater of 273 mm (45 %). In the
river valley, irrigation water is taken directly from the river
by diversions. In the upland, irrigation water is pumped from
groundwater abstraction wells. Therefore, in order to reduce

:jn thz Ha'“u'[c;j c?tchmehnt, thire IS no postf]'b'“:)y tOf t?e In- tthe consumptive water use, more dry resistant crops, such
uced grounawater recharge by pumping, the abstraction ratg, sorghum, barley, and millet should be promoted. Fang

h?S to dbersurp])g\lllve(: ?{jithi cirecr(taaiﬁd ﬁxafo;?]tlon indn?%'t al. (2011) found also these crops are more suitable in
creased grou ater discharge to the river. \The€ CONSUMBsy ;i arig areas with an average annual precipitation of up
tive use of groundwater for irrigatiorQ, gross abstraction

minus return flow) reduces groundwater discharge to riverstO less than 300 mnT#. In Nebraska, seasonal maize wa-
. .) > 9 . 9 dter use was estimated to 658 mm (Kranz et al., 2008), while
Therefore, river discharge is a good indicator of the water an

Qw = AR + AE + AQy. ©)
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Fig. 9. Row of poplar Populus simon)itrees(a) and willow (Salix matsudangrees(b) as wind-breaking barrier, pictures taken in May 2010.

Fig. 10. Salix psammophiléa) andArtemisia Ordosicdb) planted for soil conservation, pictures taken in May 2010.

Fig. 11.Korshinsk Peashrufa) andHedysarum Laeve Maxifiv) planted for soil conservation, pictures taken in May 2010.

sorghum water use was around 530 mm; thus, sorghum is bushes use more water because they have many branches
more water-use-efficient crop (CropWatch, 2012). with a large leaf area index (Fig. 10a).

A rough estimate at catchment scale shows that almost Therefore, considering that water is the major limiting fac-
90 % of precipitation is consumed by evaporation and tran-tor in semi-arid environments such as the Hailiutu catch-
spiration of plants (Zhou, 2012). The presented research comment, poplar trees should not be used as wind-breaking bar-
cluded that poplar trees use more water than willow treesryiers in the croplands and along the roads. Instead, willow
and salix bushes may use much more water than generallifrees are a better alternative for these purposes. For vegetat-
perceived (thus widely planted for soil conservation). Poplaring sand dunes, it seems better to select native bushes which
trees use more water because they have large leaves and ngse less water, such @stemisia OrdosicaFig. 10b),Ko-
main physically active till late autumn (Fig. 9a). Willow trees rshinsk PeashrulfFig. 11a), andHedysarum Laeve Maxim
(locally called dry willows) use less water because they havg[Fig. 11b). Other studies (Xiao et al., 2005; Zhou et al., 2011)
small branches with a lower leaf area index (Fig. 9b). Salixhave demonstrated that these species can be established in
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