
Journal of Hydrology xxx (2016) xxx–xxx
Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier .com/ locate / jhydrol
Research papers
An ecology-oriented exploitation mode of groundwater resources in the
northern Tianshan Mountains, China
http://dx.doi.org/10.1016/j.jhydrol.2016.10.012
0022-1694/� 2016 Published by Elsevier B.V.

⇑ Corresponding authors.
E-mail addresses: wenkew@chd.edu.cn (W. Wang), daiz@lanl.gov (Z. Dai).

Please cite this article in press as: Shang, H., et al. An ecology-oriented exploitation mode of groundwater resources in the northern Tianshan Mou
China. J. Hydrol. (2016), http://dx.doi.org/10.1016/j.jhydrol.2016.10.012
Haimin Shang a, Wenke Wang a,⇑, Zhenxue Dai b,⇑, Lei Duan a, Yaqian Zhao c, Jing Zhang a

aKey Laboratory of Subsurface Hydrology and Ecology in Arid Areas, Ministry of Education, Chang’an University, Xi’an 710054, Shaanxi, PR China
b Earth and Environmental Sciences Division, Los Alamos National Laboratory, Los Alamos, NM 87545, United States
cUCD Dooge Centre for Water Resources Research, School of Civil, Structure and Environmental Engineering, University College Dublin, Newstead, Belfield, Dublin 4, Ireland
a r t i c l e i n f o

Article history:
Received 3 April 2016
Accepted 8 October 2016
Available online xxxx
This manuscript was handled by G. Syme,
Editor-in-Chief, with the assistance of
Richard Silberstein, Associate Editor

Keywords:
Arid and semiarid regions
Groundwater resources
Ecological evaluation
Exploitation mode
Supergene ecological type
Tianshan Mountains
a b s t r a c t

In recent years, ecological degradation caused by irrational groundwater exploitation has been of grow-
ing concern in arid and semiarid regions. To address the groundwater-ecological issues, this paper pro-
poses a groundwater-resource exploitation mode to evaluate the tradeoff between groundwater
development and ecological environment in the northern Tianshan Mountains, northwest China’s
Xinjiang Uygur Autonomous Region. Field surveys and remote sensing studies were conducted to analyze
the relation between the distribution of hydrological conditions and the occurrence of ecological types.
The results show that there is a good correlation between groundwater depth and the supergene ecolog-
ical type. Numerical simulations and ecological assessment models were applied to develop an ecology-
oriented exploitation mode of groundwater resources. The mode allows the groundwater levels in differ-
ent zones to be regulated by optimizing groundwater exploitation modes. The prediction results show
that the supergene ecological quality will be better in 2020 and even more groundwater can be exploited
in this mode. This study provides guidance for regional groundwater management, especially in regions
with an obvious water scarcity.

� 2016 Published by Elsevier B.V.
1. Introduction

Groundwater resources is the most important, even the only
water supply source in arid and semiarid regions. For a long time
groundwater was taken only as a natural recourse and the studies
of its ecological attributes were neglected intentionally or uninten-
tionally (Cooper et al., 2006). As groundwater circulation mode and
its ecological value have not been well understood in the past, the
unreasonable exploitation of water resources altered catchment
hydrology and induced a series of environmental problems, such
as decline of water level, reduction of spring discharges, degrada-
tion of vegetation, soil secondary salinization, and desertification
(Stromberg et al., 1996; Rao et al., 2001; Zacharias et al., 2005;
Dai and Samper, 2006; Diggelen et al., 2006; Zhu et al., 2007; Dai
et al., 2010, 2014; Vasilache et al., 2012; Yang et al., 2014; Bassi
et al., 2014). Therefore, a rational or optimal groundwater exploita-
tion mode is needed for addressing the above-listed ecological
environment issues.

In recent years, the advancement of the ecological hydrology
provides valuable insights for conceptually understanding of the
role of groundwater in supergene ecosystem (Kløve et al., 2011;
Bormann et al., 2012; Kong et al., 2005; Han et al., 2013; Shang
et al., 2014; Lu et al., 2015; Hu et al., 2016). Numerous studies have
shown that there is an obvious correlation between groundwater
depth and ecological status (Cooper et al., 2006; Jin et al., 2007;
Kopeć et al., 2013; Shafroth et al., 2000; Tian et al., 2015; Zhang
et al., 2015; Zhu et al., 2015a) and groundwater level is one of
the major factors that affects the ecological type (Froend and
Sommer, 2010; Zhang et al., 2012; Zhu et al., 2015b). A better
understanding of the interaction between groundwater and vege-
tation has been obtained by ecology-hydrology models or environ-
mental tracer studies during the water-level fluctuating processes
(Cheng et al., 2011; Chui et al., 2011; Jeevarathinam et al., 2013;
Karimov et al., 2014; Karunasingha et al., 2013; Milzow et al.,
2010; Xin et al., 2013; Wang et al., 2013; Zhu et al., 2016). The con-
cept of the groundwater-ecological value was studied by Wang
et al. (2004), in which they derived the groundwater threshold val-
ues for protecting the dependent ecosystems and evaluating
groundwater resources.

Northwest China is one of the driest regions in the world (Shi
and Zhang, 1995). As many other arid and semi-arid regions, this
region has experienced increased groundwater exploitation and
degraded ecological environment (Cheng et al., 2002; Fang et al.,
ntains,
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2015; Li et al., 2011; Wang et al., 2012, 2016; Bai et al., 2014; Liu
et al., 2015). Previous studies about groundwater and ecological
environment have been mainly focused on features and distribu-
tions of groundwater resources, as well as the relation between
groundwater and ecosystem in a local scale (Wu et al., 2015; Zhu
et al., 2015a). There is no study focuses on quantifying groundwa-
ter exploitation modes based on the groundwater circulation
modes and the relation between groundwater and ecosystem at a
regional scale (Luo et al., 2010; Liu et al., 2015; Sun et al., 2015).
This study combined field surveys, remote sensing studies, and
numerical simulations with ecological assessment models in the
northern Tianshan Mountains of Xinjiang, China. The purpose of
this study is to quantitatively delineate an ecology-oriented devel-
opment mode of groundwater resources for evaluating the tradeoff
between groundwater development and ecological environment in
arid and semiarid regions.
2. Study area

The study area is located in the northern Tianshan Mountains,
the southern part of Junggar Basin (Fig. 1), which is bounded by
the Ganhezi River to the east, the Guertu River to the west, the
Tianshan Mountains to the south, and the Gurbantunggut desert
edge to the north. The distance from east to west is 380 km and
the width (from south to north) is 80–150 km with a total area
of 34,000 km2. The region is in an arid and semi-arid climate with
a mean annual rainfall between 220 mm in the South and 100 mm
in the North, approximately 70% occurring in the wet season from
June to September. Coinciding with the wet season is high poten-
tial evapotranspiration or evaporation and plant transpiration
(1300 mm, approximately 61% of annual potential evapotranspira-
tion). There are 14 inland rivers in the study area including the
Urumqi River, Hutubi River, Manas River, Kuitun River, etc., which
are derived from meteoric water and glacier water in the moun-
tains, flowing northward and draining into the lakes or subducting
in the deserts. The area gently slopes from southeast to northwest
with an average elevation of 450 m above the sea level, striding
across multiple geomorphic types: mountains, alluvial-proluvial
fan, alluvial plain, lakes and deserts. Because of the similar deposi-
tional environment, each river and the beneath groundwater sys-
tem are featured by a similar hydrogeological structure from
south to north. Along this direction the aquifer laminarity and lay-
ers become thinner and the groundwater depth varies from deep to
shallow and finally to deep when close to the northern boundary
(Qiao et al., 2005).
3. Data collection and methods

3.1. Data collection

Field surveys have been conducted since 2003 in the study area.
A total of 188 observing wells were distributed to measure ground-
water levels half-monthly. The shallow water-table records were
taken for a short time (or periodically) to study the relation
between groundwater and vegetation (black solid circles in
Fig. 2). Long-term observation data from 45 wells were selected
to calibrate and validate the numerical simulation models (green1

solid circles in Fig. 2).
Three typical profiles were selected for observing the succession

of surface vegetation along groundwater flow and vegetation
growth in 35 plots with 10 m � 10 m. In the study area, supergene
ecological transformation in four periods was detected by inter-
1 For interpretation of color in Figs. 2 and 4, the reader is referred to the web
version of this article.
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preting multi-spectral Landsat MSS/TM.ETM imagery of
1:100,000 acquired on August 1973, September 1990, August
2000 and September 2009. The spatial analysis for supergene eco-
logical dynamics was finished by the use of ESRI ARCGIS 9.3 (ESRI,
2008).

3.2. Groundwater flow model

In the study area, a single super-thick aquifer composed mainly
of loose gravel and sand lies in the alluvial-proluvial fan, while a
multilayer aquifer system alternated with sand and clay is located
in the alluvial plain. The groundwater in the porous sediments is
assumed to be a linear Darcy flow. Precipitation and snow-melt
water in the southern mountain area are the major recharge
sources for groundwater in this area. The groundwater discharges
in forms of evapotranspiration, spring, lateral flow and groundwa-
ter abstraction while flowing to near the north boundary. Based on
mass conservation and energy conservation law, the groundwater
flow equation in the study area is expressed as (Dai and Samper,
2004):

r � ðKrhÞ �
Xm

i¼1

Qidi ¼ Ss
@h
@t

ð1Þ

where h represents the hydraulic head (m) at spatial coordinates (x,
y and z), K is the hydraulic conductivity (m/d), m is the number of
wells; Ss is specific storability (1/m), Qi is the flow rate of the ith well,
di is Dirac function for the ith well, and t is time (d).

The finite difference method was applied for solving above
mathematical Eq. (1) numerically. The numerical model was cali-
brated and validated by trial and error method to define the major
model parameters, such as hydraulic conductivity, specific storage
and specific yield. The calibration processes obtained a reasonable
good match between simulated and observed hydraulic heads in
45 observation wells. About 74% of the observation wells have an
averaging absolute head error less than 0.5 m and 92% of the wells
have an error less than 1 m. The fitting results from four wells
(whose locations are shown in Fig. 2) are presented in Fig. 3. The
fitting results indicate that both of the observed and simulated
heads have a similar variation trend although the simulated
groundwater heads have smaller variation amplitude than the
measured heads. Overall, the developed groundwater-flow model
shows a higher simulating accuracy and may reasonably reflect
the groundwater circulation in the study area.

3.3. Ecological assessment model

In this study, the assessment of supergene ecological effects
induced by groundwater-level fluctuation was conducted using
comprehensive index method. A supergene ecological index (SEI,
dimensionless) was evaluated using the following formulas (Li
et al., 2005):

SEI ¼
Xn

i¼1

Yi � Gi ð2Þ

Yi ¼ Xi � Xmin

Xmax � Xmin
� 10 ð3Þ

where n is the number of driving factors, Gi is the weight of driving
factors, Xi and Yi are original data of driving factors and their stan-
dard values, respectively, and Xmax and Xmin are the maximum and
minimum of original data, respectively. The driving factors include
geology, geomorphology, hydrogeology, which is mainly quantified
by groundwater depths and computed numerically from Eq. (1), and
hydrometeorology.
tion mode of groundwater resources in the northern Tianshan Mountains,
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Study area 

Tianshan Mountains 

Junggar Basin 

Fig. 1. Location map of the study area (bounded with red line) in China (the horizontal and vertical axes are geographical coordinates). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Sample locations in the study area (the horizontal and vertical axes are geographical coordinates).
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Fig. 3. Observed and simulated groundwater levels of typical observation wells during the validation period.
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In order to assess quantitatively the quality of supergene ecol-
ogy, the SEI (from 1 to 10) was classified into five grades: excellent
(1–2), good (3–4), common (5–6), poor (7–8) and very poor (9–10).
A higher value indicates a worse supergene ecological quality.
More detailed discussions can be found from Li et al. (2005),
Zhang et al. (2015); and Zhu et al. (2015a).

4. Results and discussions

4.1. Relations between groundwater and supergene ecology

4.1.1. Groundwater circulation mode
Analysis of groundwater circulation is important when studying

an ecology-oriented exploitation mode of groundwater resources
because it can provide valuable information about potential
threats to both the quantity and quality of the groundwater.
Groundwater circulation research is based on the spatial structure
of aquifer systems and the runoff features of flow system (Wang
et al., 1995); the former determines the evolution of groundwater
circulation while the latter controls the strength. Formation, evolu-
tion, and exploitation of groundwater resources and ecological
environment problems have a great difference from mountains to
alluvial-proluvial fan, to alluvial plain, and to lakes or desert. To
illustrate the groundwater circulation modes of the study area, a
typical profile of groundwater flow along Manas River was simu-
lated (Fig. 4). From mountain to alluvial plain, the hydrogeological
structure shows a transitional feature from single layer towards
multi layers while the seepage velocity of groundwater indicates
an obvious horizontal stratification. According to the magnitude
of seepage velocity, hydrodynamic field can be divided into four
zones: a strong-runoff zone (1–0.5 m/d), a common-runoff zone
Please cite this article in press as: Shang, H., et al. An ecology-oriented exploita
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(0.5–0.1 m/d), a weak-runoff zone (0.1–0.01 m/d), and a very
weak-runoff zone (<0.01m/d). The strong-runoff zone is located in
the alluvial-proluvial fan while the very weak-runoff zone is at the
fringes of desert. We can differentiate among three distinct flow sys-
tems: local flow system, intermediate flow system and regional flow
system (Toth, 1963; Tóth and Almási, 2001). The local flow system
(green line in Fig. 4) is often near the surface and occurs over short
distances, with characteristics of strong flow velocity and short res-
idence time; intermediate and regional flow systems (blue and red
line in Fig. 4, respectively) usually occur at a greater depth and over
greater distances with characteristics of a weaker flow velocity and a
longer residence time. The hydrodynamic field indicates that
recharge takes place in the mountains areas, and water flows into
the alluvial plain after multiple transformations between groundwa-
ter and surface water in the alluvial-proluvial fan, and finally sub-
ducts into the desert, marking the completion of a whole water
cycle from the formation zone to transformation zone, to evapotran-
spiration zone, and to subduction zone.

Above described circulation mode is consistent with previous
studies (Li and Hao, 1999; Pan et al., 2003; Huang and Pang, 2010).
Moreover, we depicted the natural flow paths, flow field characteris-
tics, and recharge and discharge relationships between groundwater
and surface water more comprehensively and quantitatively.

4.1.2. Suitable groundwater depth for supergene ecology
By using the groundwater circulation mode, we characterized

the study area with a typical inland arid ecosystem composed of
gobi, habitable zone, artificial/natural oasis, and desert. Oases are
the essence of ecosystem in arid and semiarid regions and a
well-performing oasis ecosystem is an essential precondition for
achieving a balance between groundwater development and
tion mode of groundwater resources in the northern Tianshan Mountains,
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Fig. 4. Water-circulation modes and corresponding supergene ecological effects.
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ecosystem. Among many influence factors, groundwater depth is
the most important in sustaining the ecological environment of
an oasis (Jin et al., 2007; Ye et al., 2009; Zhu et al., 2015a). Accord-
ing to the field surveys and earlier studies (Wang et al., 2001,
2013), soil secondary salinization appeared when groundwater
depth was less than 3 m, which further leads to most herbs died,
arbors and shrubs withered up, and the land began to be desertifi-
cation when groundwater depth was between 6 and 8 m; arbors
and shrubs degraded, and finally desertification became very seri-
ous when groundwater depth was more than 8 m. It suggested that
the best suitable groundwater depth for keeping a good supergene
ecology was 3–6 m in this area (Wang et al., 2013).
Fig. 5. Measured spring flow rates of the Manas River valley from 1950 to 2008 and
the increased area of soil salinization from 1973 to 2009.
4.1.3. Ecological environment problems
The northern Tianshan Mountains was the most flourishing

economic area in the Junggar Basin, with about 69% of water con-
sumption in the entire basin (Deng et al., 2010). Water demand has
increased rapidly in recent years with growing population and
booming economy. Unreasonable water-resource production has
changed the natural distribution of water resources in time and
space and destroyed the water-tied ecosystem. In the alluvial-
proluvial fan, continuous water-table decline (which leads to
reducing of spring flows and shrinking of the northward ground-
water spilling belts) occurs by intensively diverting surface water
to artificial channels and improving water efficiency of canal sys-
tems, as well as irrational groundwater exploitations. For example,
in the Manas river valley, the groundwater levels are fallen annu-
ally by 0.4–1.1 m, the spring flow is reduced annually by about
494 � 104 m3 (Fig. 5), and the groundwater spilling zone is
migrated northward by about 9 km since the 1960s. During year
1980, due to increases in precipitation, the spring flow rate had a
rebound and after that time the spring flow rate remained it down-
ward trend. In the alluvial plain, the groundwater depth is higher
than the capillary rise height, which is caused by the traditional
irrigation such as surface flooding irrigation and local groundwater
pumping. Soil salinization becomes a big concern because of the
Please cite this article in press as: Shang, H., et al. An ecology-oriented exploita
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accumulation of soluble salt generated by evaporation. Actually,
there is an average growth of about 94.4 km2 per year in saliniza-
tion according to the results of the remote sensing interpretation
from 1973 to 2009 (Fig. 5). At the edge of the deserts, expansion
of the deserts and shrinking of lakes and vegetation areas are
caused by overuse of water in the upstream. For example, the peak
of sand dune advanced by 1–2 m per year in the Urumqi river val-
ley. It is absolutely vital for the ecological environment to regulate
naturally groundwater levels within a suitable range. However, in
this area the groundwater levels are directly controlled by the
exploitation mode of groundwater resources.
4.2. Exploitation mode of groundwater resources

4.2.1. Groundwater exploitation mode
In order to utilize groundwater resources efficiently and ration-

ally, a plan of optional groundwater exploitation should be
tion mode of groundwater resources in the northern Tianshan Mountains,
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designed based on the local unique hydrogeological characteristics
and the interaction among groundwater, surface water, and eco-
logical environment. Five suggestions were presented by Guo
et al. (2001) for reasonable groundwater exploitation in the north-
west China. Shao et al. (2003) demonstrated the groundwater-
exploitation mode in inland basin of northwest China, but the opti-
mized allocation of groundwater recourses was not discussed and
the quality of supergene ecology induced by water-level fluctua-
tions was not evaluated quantitatively. In this study, an ecology-
oriented exploitation mode of groundwater resources (Fig. 6) is
proposed as follows:

(1) Water-conservation exploitation in the piedmont zone: The
amount of groundwater exploited in this area is advised to
be as little as possible. The piedmont zone including inter-
mountain basin and fan apex is sparsely distributed, where
the thick aquifers composed mainly of gravels and sands are
natural groundwater reservoirs with a groundwater depth of
more than 30m. Appropriate project measures such as
afforestation and dredging sluggish rivers should be taken
for an effective utilization of the regulation-storage function
of groundwater reservoirs. All these measures are to allow
more surface runoff to infiltrate and recharge the aquifers dur-
ing the rainy season, reducing ineffective evaporation from riv-
ers, canals and reservoirs, and guaranteeing more water to
recharge the downstream areas. Note that afforestation and
dredging sluggish rivers have the potential to increase the inef-
fective evaporation and transpiration, but since the groundwa-
ter depth is more than 30m in this zone, the impact or the
intensity of the evaporation and transpiration is very limited.

(2) Well-spring conjunctive exploitation in the alluvial-
proluvial fan: The plan of well-spring conjunctive exploita-
tion is to increase the amount of water pumped from wells
in some extent to reduce the ineffective evaporation from
springs. Wells and springs are two ways of groundwater dis-
charge in the alluvial-proluvial fan. There is a relation
between groundwater withdrawal from wells and spring
flows, as shown in Fig. 7. With the same groundwater
recharge, the increased amount of groundwater from wells
is more than the reduced amount of spring flows, which
means a reduction of ineffective evaporation from springs.
Centralized water supply sources are chosen in the middle
and margin of the alluvial-proluvial fan to solve the water
shortage problems. The groundwater flow should be kept
in a stable state in the whole exploiting process.
Fig. 6. Exploitation modes of groundw
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(3) Shaft irrigating-draining exploitation in the upstream allu-
vial plain: Irrigation water is advised to be pumped only
from wells. Soil salinization is a serious ecological problem
in the upstream alluvial plain because the groundwater
depth is usually less than 3 m there. Pumping water from
wells is of great help to regulate the groundwater depth to
a suitable range (3–6 m). Meanwhile, soluble salts are trans-
ported downward by the infiltration water to deeper places
in the soil. The whole process is just a reverse process of
salinization.

(4) Canal-well conjunctive exploitation in the downstream allu-
vial plain: Most of the water supply is coming from surface
water and groundwater is pumped only in dry seasons. In
most of the time, the groundwater depth is kept between
3 and 6 m, and sometimes may be more than 6 m when
groundwater is pumped during the dry season. Usually
groundwater levels begin to recover when the rainy season
begins in June.

(5) Decentralized exploitation at the edge of desert: Ground-
water is pumped from numerous decentralized wells. Water
supply is completely from groundwater since no other
reliable resources can be used alternatively. Compared with
centralized exploitation, decentralized exploitation from
numerous wells can prevent water levels from significantly
declining. Desert vegetation can still survive instead of
degradation without the significant decline of groundwater
levels, which helps to stop desert expansion. Meanwhile,
modern irrigating systems should be adopted to reduce the
irrigation quota.

4.2.2. Optimized allocation of groundwater resources
At a watershed scale, optimized allocation of water resources is

based on the processes of water circulation. A three-dimensional
numerical model was established to simulate groundwater flow
in the study area. Using the above groundwater-exploitation mode
in 2008 and the related hydrogeological data, the calibrated model
was employed to forecast the evolution of the groundwater heads
from 2009 to 2020. An average precipitation (computed from the
observed precipitation data from 1950 to 2008) was used as our
model input (Shang et al., 2014). The results of optimal allocation
of groundwater resources are shown in Fig. 8. Groundwater sus-
tainable yield was intimately linked with groundwater depth to
regulate groundwater levels within a suitable range. The shallower
of the groundwater depth, the larger of the groundwater sustain-
able yield. In the upstream alluvial plain, when groundwater
ater resources in the study area.

tion mode of groundwater resources in the northern Tianshan Mountains,
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Fig. 7. Relation between groundwater withdrawal and spring flow rates.

Table 1
Weight values of driving factors used to evaluate supergene ecology.

Driving factors Weight

Geology and
geomorphology

Geomorphic type 0.104
Lithology of the unsaturated soil 0.055
Structure of the unsaturated soil 0.031

Hydrogeology Groundwater depth 0.385
Groundwater mineralization 0.143
Hydrochemical type of groundwater 0.082

Hydrometeorology Rainfall 0.1
Evaporation 0.1
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exploitation modulus was between 0.16 and 0.2 m3/(m2�a) the
depth was less than 1 m; when the modulus was between 0.12
and 0.16 m3/(m2�a) the depth range was from 1 to 3 m. In the
downstream alluvial plain, when groundwater-exploitation modu-
lus was between 0.04 and 0.06 m3/(m2�a) the depth range was
from 3 to 5 m; when the modulus was between 0.02 and
0.04 m3/(m2�a) the depth range was from 5 to 8 m. In the middle
and margin of alluvial-proluvial fan, groundwater-exploitation
modulus was between 0.08 and 0.12 m3/(m2�a), while it was less
than 0.02 m3/(m2�a) in the fan apex and at the edge of desert.
The numerical simulation results improved the results that
obtained by a lumped parameter model (Wang et al., 2001,
2004). Through coupled optimization of groundwater flow simula-
tion and management model with ecological constrains, the
exploitation threshold of groundwater resources was computed
with a linear programming solver (or a Simplex solver). The max-
imum (or threshold) groundwater exploitation resources in this
area is 22.8 � 108 m3/a, a 4.4% increase over that of the year
2008, and the proportion of groundwater utilization was 5%, 19%,
44%, 29% and 3% for the piedmont zone, alluvial-proluvial fan,
Fig. 8. Distribution of groundwater-exploitation modulus in the study a
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upstream alluvial plain, downstream alluvial plain, and desert
edge, respectively (Fig. 8). The evapotranspiration from groundwa-
ter is 8.7 � 108 m3/a, a 14.7% decrease over that of the year 2008,
and the increased amount of groundwater exploitation is mainly
obtained from the reduced ineffective evaporation.

4.2.3. Assessment of supergene ecological effects
The evolution of supergene ecology is influenced by many driv-

ing factors, which include geology, geomorphology, hydrogeology,
which mainly quantified by groundwater depths, and hydromete-
orology. Analysis hierarchy process (AHP) is designed to deal with
complex and multi-factor problems and it is used widely to deter-
mine evaluation index weights (Solnes, 2003; Vidal et al., 2011).
Here, the AHP is used to analyze the relative importance of each
driving factor. According to the principle of AHP, a key step is to
construct judgment matrix in order to obtain the greatest eigen-
value and the corresponding eigenvector. Another key step is that
consistency test of the judgment matrix must be passed, and
finally the weight of each driving factor is obtained (Table 1). For
example, ‘‘Geology and geomorphology” with a weight of 0.19 is
a fundamental factor controlling the spatial distribution of super-
gene ecology. ‘‘Hydrogeology” with a weight of 0.61, especially
groundwater depth, is a decisive factor affecting the quality of
supergene ecology. ‘‘Hydrometeorology” with a weight of 0.2 is
an indirect factor impacting supergene ecology through vadose
zone and groundwater. Because the exploitation and utilization
of groundwater resources could cause a series of supergene
rea (the horizontal and vertical axes are geographical coordinates).

tion mode of groundwater resources in the northern Tianshan Mountains,

http://dx.doi.org/10.1016/j.jhydrol.2016.10.012


Table 2
Comparison of supergene ecological effects in different exploitation modes.

Evaluation of supergene ecological effects Excellent Good Common Poor Very poor

Area/km2 Current year 2008 1453.2 5709.0 16538.8 5639.8 5259.2
Current exploitation mode in 2020 519.0 4394.2 16608.0 7266.0 5812.8
Optimized exploitation mode in 2020 1730.0 6055.0 16988.6 5120.8 4705.6

Percent/% Current year 2008 4.2 16.5 47.8 16.3 15.2
Current exploitation mode in 2020 1.5 12.7 48.0 21.0 16.8
Optimized exploitation mode in 2020 5.0 17.5 49.1 14.8 13.6
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ecological effects through a hydrodynamic and hydrogeochemical
field, human activities would accelerate the evolution of supergene
ecology.

Based on the above driving-factor analysis, comprehensive
index method was applied to quantitatively assess the effects of
supergene ecology in the current year, and the results (Table 2)
were in accordance with the actual conditions (Zhang, 2011). Using
the index method, supergene ecological effects were assessed from
2009 to 2020 under the current groundwater-exploitation mode
and the optimized groundwater-exploitation mode. The compar-
ison of results was shown in Table 2.

Under the optimized groundwater-exploitation mode, the qual-
ity of supergene ecology will be improved in 2020. Compared to
that of the year 2008, the area of optimized mode is increased by
0.8% at the excellent supergene ecological quality, 1% at the good,
and 1.3% at the common. The area of the poor quality is decreased
by 1.5% poor and the very poor is decreased by 1.6%. This outcome
definitely illustrates that the optimized exploitation mode can
improve the trend from very poor to excellent in the supergene
ecological quality. If the current groundwater-exploitation mode
continues, the quality of supergene ecology will be worse in
2020. Compared to the year 2008, the area of current mode is
decreased by 2.7% at the excellent and 3.8% at the good, and
increased by 0.2% at the common, 4.7% at the poor, and 1.6% at
the very poor. Thus, it is demonstrated that the current exploita-
tion mode is irrational. The above results indicate, on the other
hand, that ecological negative effects induced by human irrational
activities spread quickly and widely, but their restoration is com-
paratively slow. After destruction of the ecosystems, the current
treatment or remediation techniques would not work effectively
and its cost would be huge. Hence, an ecology-oriented exploita-
tion mode of groundwater resources is instructive for regional
water resource management practices, especially for regions with
an obvious water scarcity.
5. Summary and conclusions

The following conclusions can be drawn from this study:

1. A three-dimensional groundwater flow model has been estab-
lished to simulate groundwater flow in the study area and the
model was calibrated by using the groundwater-exploitation
mode in 2008 and the related hydrogeological data. The cali-
brated numerical model was employed to forecast the evolution
of the groundwater depths from 2009 to 2020. The groundwater
depths and other driving factors are connected with the quality
of supergene ecology by the ecological assessment model.
Therefore, the patterns of supergene ecology are controlled by
the formation and evolution of groundwater resources in the
study area. There are three patterns of supergene ecology as
water moves from formation zone to seduction zone: moun-
tains, oases and deserts.
Please cite this article in press as: Shang, H., et al. An ecology-oriented exploita
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2. The ecology-oriented exploitation mode of groundwater
resources was constructed based on the interaction among sur-
face water, groundwater, and the ecological attributes of
groundwater, including water-conservation exploitation in the
piedmont zone, well-spring conjunctive exploitation in the
alluvial-proluvial fan, shaft irrigating-draining exploitation in
the upstream alluvial plain, canal-well conjunctive exploitation
in the downstream alluvial plain, and decentralized exploita-
tion at the edge of desert.

3. Through a linear programming solver of the groundwater-
ecological management model, the exploitation threshold of
groundwater resources has been computed to be
22.8 � 108 m3/a and the proportion of groundwater utilization
was 5%, 19%, 44%, 29% and 3% for piedmont zone, alluvial-
proluvial fan, upstream alluvial plain, downstream alluvial
plain, and desert edge, respectively.

4. It has been demonstrated that the ecology-oriented exploita-
tion mode of groundwater resources can achieve a tradeoff
between groundwater development and ecological environ-
ment, but the current mode of groundwater exploitation has
induced negative effects of supergene ecology, which would
spread quickly and widely, and restore slowly. While comparing
to the quality of supergene ecology of the year 2008, the opti-
mized groundwater-exploitation mode will improve it from
2009 to 2020 by increasing the area of the good quality and
decreasing the area of the poor quality.
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