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Abstract

The Heihe River Basin (HRB) is a typical arid inland river basin in northwestern China. From
the 1960s to the 1990s, the downstream flow in the HRB declined as a result of large, artifi-
cial changes in the distribution of water and land and a lack of effective water resource man-
agement. Consequently, the ecosystems of the lower reaches of the basin substantially
deteriorated. To restore these degraded ecosystems, the Ecological Water Diversion Proj-
ect (EWDP) was initiated by the Chinese government in 2000. The project led to agricultural
and ecological changes in the middle reaches of the basin. In this study, we present three
datasets of land use/cover in the middle reaches of the HRB derived from Landsat TM/ETM
+images in 2000, 2007 and 2011. We used these data to investigate changes in land use/
cover between 2000 and 2011 and the implications for sustainable water resource manage-
ment. The results show that the most significant land use/cover change in the middle
reaches of the HRB was the continuous expansion of farmland for economic interests.

From 2000 to 2011, the farmland area increased by 12.01%. The farmland expansion
increased the water resource stress; thus, groundwater was over-extracted and the ecosys-
tem was degraded in particular areas. Both consequences are negative and potentially
threaten the sustainability of the middle reaches of the HRB and the entire river basin. Local
governments should therefore improve the management of water resources, particularly
groundwater management, and should strictly control farmland reclamation. Then, water
resources could be ecologically and socioeconomically sustained, and the balance
between upstream and downstream water demands could be ensured. The results of this
study can also serve as a reference for the sustainable management of water resources in
other arid inland river basins.
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Introduction

Land use/cover is significant to key land surface process [1-2] by significantly impacting
regional climate change [3], water resource availability [4-5], and biodiversity loss and soil deg-
radation [6]. Land use/cover is therefore a major consideration for sustainable development
and is emerging as a core issue in global environmental change and sustainable development
[7-8].

Changes in land use/cover have occurred on a global scale in recent decades, with the con-
version of forests to cropland and the ongoing conversion of cropland to urban areas [6]. The
rapid expansion of farmland is associated with a large increase in the quantity of water used for
irrigation, which can be linked to a decrease in the amount of water available to ecosystems in
nearly all arid areas [9]. At the same time, industrial and domestic water demands have
increased rapidly as a result of increasing economic development and urbanization. Thus,
water resource utilization has approached or exceeded the threshold of natural water resources
in some arid inland basins [10]. The exploitation of water resources has resulted in devastating
environmental and ecological disasters in downstream areas and throughout the entire river
basin [11].

The Heihe River Basin (HRB) is a typical inland river basin in the arid region of northwest-
ern China. The river originates in the Qilian Mountains in Qinghai Province, flows through
the Hexi Corridor of Gansu Province, and then enters the Alxa Plateau of the Inner Mongolia
Autonomous District. The water from the Heihe River is important to agricultural production
and ecosystem stabilization in the middle and lower reaches of the HRB and is highly sensitive
to climate change and human activities in the area [12-15]. The climate in the HRB has
remained in a relatively stable warm-wet state since the 1960s and has not experienced strong
changes due to global warming [15-18]. Human activities have therefore become the dominant
driver of changes in the water resources of the HRB over the last 60 years. With large-scale
developments in the use of both water and land resources, human-induced water shortages
have become a serious environmental, economic and social problem [19-22]. Water consump-
tion increased dramatically between the 1960s and the 1990s due to a continuous increase in
the population and the expansion of farmland in the middle reaches of the HRB. This increased
consumption resulted in a sharp decline in the amount of water in the lower reaches of the
basin. In the 1950s, the annual runoff into the lower reaches was approximately 12x10* m’
year ', but in the 1990s, the runoff was less than 7x10® m’ year™' [23-24]. Consequently, a
large area of Populus euphratica forest died, and the plant coverage in the area dramatically
declined [25]. Gaxun Nuur Lake dried up in 1961, and Sogo Nuur Lake dried up in 1992 [26].
To prevent further ecosystem deterioration and to restore the environment in the lower
reaches, the Chinese Government implemented the Ecological Water Diversion Project
(EWDP) in 2000. According to this project, the middle reaches must transfer 9.5x10% m” of
water to the lower reaches in ‘normal’ years (a ‘normal’ year is defined as a year in which the
upper reaches discharge 15.8 x 10° m” of water). Additionally, to achieve this water reallocation
goal and to alleviate the conflicts between upstream and downstream consumption demands,
the implementation of particular water conservation and ecological protection policies was also
recommended within the framework of the EWDP. These policies include the Water Conser-
vation Society, ecological migration, the ‘grain-for-green’ policy (referred to as the Conversion
of Farmland to Forests and Grassland Program) [27-28], and the Wetland Conservation Proj-
ect. The implementation of these policies has substantially restored the environment in the
lower reaches of the basin. For example, the inland lake has reappeared, and the vegetation cov-
erage has started to increase [29-30].
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The use of surface water resources in the middle reaches of the HRB was restricted as part of
the EWDP because more stream flow was reallocated for the downstream areas. This restric-
tion has impacted the income of local farmers and has affected environmental and social stabil-
ity in the region [31-32]. Competition between supply and demand for water in the middle
reaches of the basin has intensified over the last ten years as land resources have continued to
be exploited. An updated land use/cover dataset is therefore necessary to quantitatively evalu-
ate the relationships between land use/cover, water resources and sustainable ecological-eco-
nomic-social development. The most recent studies on land use/cover in the middle reaches of
the HRB are based on a dataset for 1960-2005 [31, 33-36]; thus, data for recent years are not
included. More importantly, there is no clear and definitive assessment of the relationships
between land use/cover and water resources, particularly under the strict water-land conditions
implemented by the EWDP. The research and monitoring of changes in land use/cover in the
middle reaches of the HRB after the implementation of the EWDP are therefore critical to the
planning and management of water resources and the sustainable development of the HRB.

The aim of this study is to supply updated, accurate and reliable information on changes in
land use/cover between 2000 and 2011. A further aim is to investigate the impact of land use/
cover on sustainable water resources management in the region. The allocation of water
resources for upstream, midstream and downstream reaches in inland river regions is an active
international field of study and topic of debate [9, 37]. For example, similar problems have
been investigated in the Aral Sea Basin in Central Asia [38-40] and in the Tarim River Basin in
northwestern China [41]. We therefore hope that the present study will serve as a reference for
the management of water resources in these regions.

Study area

The HRB is located between 97.1°-102.0°E and 37.7°-42.7°N, which covers a total area of
143,000 km? (Fig 1). Based on the locations of two key hydrological stations along the main
branch of the Heihe River, the Yingluoxia and Zhengyixia stations, the entire river basin can be
divided into three sections. The upper reaches are located upstream of the Yingluoxia hydro-
logical station and represent the water resource formation area of the Heihe River. The middle
reaches are located between the two hydrological stations and are a major consumer of water
resources. The lower reaches are located downstream of the Zhengyixia hydrological station. In
this region, the natural oases are dominated by grasslands, which are relatively small, frag-
mented and easily disturbed. Our study focused on the middle reaches of the HRB. The study
area includes the Ganzhou District, Linze County and Gaotai County (10,685 km?).

The study area is an irrigated agricultural district, typical of many in the HRB. The annual
average air temperature is 6-8°C, the annual precipitation is approximately 150 mm, and the
annual potential evaporation is 1000-2000 mm. The Heihe River water flowing past the Yin-
gluoxia hydrological station is the primary surface water resource in the study area. The use of
surface water in the study area is high and dominated by irrigation, which accounts for 90% of
the total water consumption in the area [42].

Materials and Methods
Land use/cover data

The analysis of land use/cover changes in the middle reaches of the HRB was based on three
land use/cover datasets, i.e., 2000, 2007 and 2011. The EWDP was formally implemented in
2000; hence, we chose this year as the baseline for our analysis. In 2008, the middle reaches of
the HRB were subjected to major policy changes in the form of the Wetland Conservation Proj-
ect, which was implemented by the local government to restore wetlands along the Heihe River
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Fig 1. Location of the study area.

doi:10.1371/journal.pone.0128960.g001

and to protect existing wetlands from being converted into farmland or built-up land. Thus, we
chose 2007 as an important transition point for land use change. We chose 2011 to evaluate the
spatial-temporal dynamics of land use/cover over the 12 years following the implementation of
the EWDP.

These land use/cover data were derived from 30-m-resolution Landsat TM/ETM+ images.
The Landsat TM/ETM+ images were acquired in the three study years (2000, 2007 and 2011)
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over the entire study area. The path/row numbers were 133/033 and 134/033 (Table 1). These
images were downloaded from the U.S. Geological Survey (USGS) (http://glovis.usgs.gov/). In
addition, 2.5-m-resolution Satellite Pour 'Observation de la Terre (SPOT) images were also
used for an in-depth investigation into land use/cover changes and for validation in typical
regions. The high-resolution SPOT images were acquired on March 29, 2008, and July 4, 2008,
for Ganzhou District and Linze County, respectively.

Each of these images was rectified with an Albers Equal-Area Conic Projection based on
topographical maps at a scale of 1:50,000. The SPOT images were also projected onto the same
framework (Albers, WGS84 datum) using Google Earth images for reference. For geometric
rectification, 20-30 control points at uniformly distributed locations were selected in each
image. The root-mean-squared errors (RMS) were less than one pixel.

The land use/cover data in 2000 were obtained from the National Land Use/cover Database
of China (NLUD-C) at a scale of 1:100,000, which was compiled by Liu [42-43] via visual inter-
pretation. In the visual interpretation method, interpreters first analyze and interpret remote
sensing images on a computer based on their experience and knowledge and then interactively
draw boundaries and label attributes for every polygon of different land use/cover type using
GIS software [43-44]. This method can ensure the consistency and accuracy of the data pro-
cessing [43-44]. The land use/cover data in 2007 and 2011 were updated by visual interpreta-
tion based on the land use/cover data in 2000 and Landsat TM/ETM+ images in 2000, 2007
and 2011. Following the NLUD-C classification system [43] and land use characteristics in the
HRB, a two-tier hierarchical classification system was applied. This classification system com-
prehensively considered the characteristics of land use and land cover in the HRB and included
seven primary land use/cover types: farmland, forestland, grassland, water body, built-up land,
wetland and desert. The farmland type was subdivided based on cultivation conditions; the for-
estland and grassland types were subdivided based on vegetation coverage; and the water body
type was subdivided to emphasize the difference between natural and anthropogenic attributes.
Descriptions of these land use/cover types are presented in Table 2 [43-44].

The land use/cover data in 2000 were verified by Liu, and the interpretation accuracy for the
land use/cover classification was greater than 90% [43-44]. We used high-resolution SPOT
images in place of ground-truth information to estimate the accuracy of the land use/cover clas-
sification in 2007 as follows. First, high-resolution SPOT images for two typical regions (the
northern area of Ganzhou District and Pingchuan in Linze County) were manually interpreted.
Second, the 2.5-m-resolution interpreted results of the SPOT images were resampled to a resolu-
tion of 30 m to approximate the ground-truth data from the TM/ETM+ images [45-46]. Finally,
a superposition analysis was conducted on the interpreted results of the TM/ETM+ and SPOT
images, and a confusion matrix was established. The validation results produced a classification
accuracy of 82.96% and a Kappa statistic of 0.731 in the northern area of Ganzhou District. In
Pingchuan in Linze County, the classification accuracy was 92.40%, and the Kappa statistic was

Table 1. The TWETM+ data used in this study.

NO. Acquisition date Path-row number Sensor
1 2000-08-10 133/033 ETM+
2 2000-06-14 134/033 ETM+
3 2007-08-22 133/033 ™

4 2007-08-13 134/033 ™

5} 2011-08-01 133/033 ™

6 2011-08-08 134/033 ™

doi:10.1371/journal.pone.0128960.t001
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Table 2. Description of the land use/cover classification system used in this study.

Level 1
type
Farmland

Forestland

Grassland

Water body

Built-up
land

Wetland

Desert

doi:10.1371/journal.pone.0128960.t002

Level 2 type

Hilly dryland
Plain dryland
Arboreal forest
Shrub forest
Sparse forest
Other forest
Thick grassland

Moderate
grassland

Sparse
grassland

River and canal
Lake

Reservoir and
pond

Overflow land

Description

Rain-fed farmland without irrigation

Farmland with guaranteed water source or irrigation facilities
Natural or plantation forest with a canopy cover >30%

Woodland or shrub with a canopy cover >40% and a height <2 m
Natural or plantation forest with a canopy cover <30%

Economic woodland, such as orchards and nurseries

Natural or artificial grassland with a canopy cover >50%

Natural or artificial grassland with a canopy cover between 20% and
50%

Natural or artificial grassland with a canopy cover <20%

Land covered by rivers, including canals
Land covered by lakes
Man-made facilities for water reservation

Land between normal water level and flood level

Residences, transportation networks, and other building structures,
including land for urban occupation

Land area whose soil is saturated with moisture either permanently or
seasonally

Land yet to be utilized, including land deemed difficult to use, such as
sandy land, saline, barren soil, and bare rock

0.854. To verify the accuracy of the land use/cover in 2011, a field investigation was conducted
in September 2012. A GPS system was used to obtain the locations of ground-truth observations

in the study area. A total of 120 verification points and approximately 280 photographs were

obtained during the field campaign. The validation results indicated that the overall accuracy of
the land use/cover classification in 2011 approached 94.4%. The relevant data will be added to
WestDC (http://www.heihedata.org/).

Hydrological data

The hydrological data for this study included annual runoff and annual groundwater level
data. The annual runoff data were computed from monthly records at two stations, Yingluoxia
and Zhengyixia, which separately record runoff at the outlet of the mountainous area of the
upper reaches and the water flow reaching the lower reaches of the basin. The instrumental rec-
ords span 1990-2011. The annual groundwater-level data were computed from monthly rec-
ords at 42 observation wells of the Heihe River Bureau and the Environmental and Ecological
Science Data Center for West China (http://westdc.westgis.ac.cn/) [47].

Other data

Socioeconomic data were collected from the Zhangye Statistical Yearbook. These socioeco-
nomic data are time series of the entire study period from 2000 to 2011. Information on
national policy was obtained from local governments and from related literature. This informa-
tion includes various policies implemented during the study period, such as the so-called
‘grain-for-green’ policy, the Wetland Conservation Project and the Water Conservation
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Fig 2. Maps of land use/cover in the study area over 2000-2011 (case 1 was a typical example of land use/cover change driven by migrants).

doi:10.1371/journal.pone.0128960.g002

Society. These data were used to analyze and identify the driving forces of land use/cover
changes in the middle reaches of the HRB.

Land use/cover change detection

Three land use/cover datasets were statistically analyzed to identify changes in various land
use/cover types during the study period. In addition, a transition matrix was produced using
the ArcGIS software. Quantitative area data for the overall land use/cover changes, as well as
increases and decreases in the spatial extent of each cover type, between 2000 and 2011 were
compiled. The transition matrix provides information on the magnitude and direction of land
use changes in the study area.

Results and Analysis
Distribution of various land use/cover types

Desert, farmland and grassland are the largest and most widely distributed types of land use/
cover in the middle reaches of the HRB (Fig 2). Desert is mainly located in the piedmont region
of the study area. Farmland is mainly located along a corridor that follows the Heihe River and
on either side of irrigation canals. Grassland is mainly located in the northern mountains, hills,
within the transition zone between the mountains and plains, and along oasis edges. Forestland
is mainly located in the transition zone between oasis and desert, in overflow land, and in areas
of desert surrounded by oases. Built-up land in the countryside is dominated by residential
areas and is located on both sides of roads and on both sides of the river. Wetlands are mainly
found in the suburbs of Ganzhou District and in Yanchi, Gaotai County.

Land use/cover changes from 2000 to 2011

Considerable changes occurred in land use/cover in the middle reaches of the HRB from 2000
to 2011, as shown in Table 3. The area covered by farmland and built-up land greatly increased.
The total area of farmland increased from 2132.45 km” in 2000 to 2388.59 km” in 2011, an
increase of 256.14 km? or 12.01% of the total farmland area in 2000. The total built-up land
area increased by 31.46 km?, or 23.96% of the total built-up land area in 2000. The total forest-
land area increased by 7.17%. In contrast, areas covered by grasslands, water bodies and deserts
decreased continuously from 2000 to 2011. The total grassland area decreased by 69.24 km?,

PLOS ONE | DOI:10.1371/journal.pone.0128960 June 26, 2015
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Table 3. Changes in the primary types of land use/cover.

Year
2000

2007

2011

2000-2007

2007-2011

2000-2011

Parameter

Area (km?)
Percent (%)

Area (km?)
Percent (%)

Area (km?)
Percent (%)

Area change (km?)
Percent (%)

Area change (km?)
Percent (%)

Area change (km?)
Percent (%)

doi:10.1371/journal.pone.0128960.t003

Farmland Forestland Grassland Water body Built-up land Wetland Desert
2132.45 134.34 1106.77 328.02 131.27 157.47 6694.70
19.96 1.26 10.36 3.07 1.23 1.47 62.66
2340.79 135.93 1042.78 309.65 154.32 148.38 6553.17
21.91 1.27 9.76 2.90 1.44 1.39 61.33
2388.59 143.97 1037.52 307.14 162.73 156.48 6488.58
22.35 1.35 9.71 2.87 1.52 1.46 60.73
208.34 1.58 -63.99 -18.36 23.04 -9.09 -141.54
9.77 1.18 -5.78 -5.60 17.55 -5.78 -2.11
47.81 8.04 -5.26 -2.51 8.41 8.10 -64.58
2.04 5.92 -0.50 -0.81 5.45 5.46 -0.99
256.14 9.63 -69.24 -20.87 31.46 -0.99 -206.12
12.01 717 -6.26 -6.36 23.96 -0.63 -3.08

with a particularly dramatic decrease in the sparse grassland area. The total area covered by
water bodies decreased by 20.87 km?, which is equivalent to 6.36% of the total water body area
in 2000. The desert area decreased by approximately 3.08%. The spatial extent of wetlands only
changed slightly from 2000 to 2011 (0.63%). However, wetland areas exhibited two trends
from 2000 to 2011: a decrease of 5.78% from 2000 to 2007, followed by an increase of 5.46%
from 2007 to 2011.

Transition matrix analysis

The transition matrix for land use/cover types between 2000 and 2011 is shown in Table 4. The
increase in the farmland area is mainly attributed to a decrease in desert and grassland areas.
Approximately 181.11 km® of deserts and 71.51 km? of grasslands were converted into farm-
land. The newly reclaimed farmland was mainly located in the transition zone between the
oasis and desert. Observations from the field campaign also confirmed that farmland reclama-
tion was substantial in the middle reaches of the HRB.

The total area of built-up land increased significantly over the study period. The expansion
in built-up land mainly occurred at the expense of farmland; approximately 24.32 km” of farm-
land was converted into built-up land. The increase in the built-up land area was greatest in
Ganzhou District.

Areas of forestland increased between 2000 and 2011, primarily because of the conversion
of deserts and grasslands. During 2000 and 2011, the total areas of desert and grassland that
were converted to forestland were 18.44 km” and 16.28 km?, respectively.

Table 4. The dynamic transition matrix of land use/cover types between 2000 and 2011 (km?).

2000

Farmland
Forestland
Grassland
Water body
Built-up land
Wetland
Desert

2011
Farmland
2082.40
26.88
71.51
12.03
0.00
14.67
181.11

doi:10.1371/journal.pone.0128960.1004

Forestland Grassland Water body Built-up land Wetland Desert
6.00 5.71 2.13 24.32 6.12 5.77
100.40 2.61 0.53 0.13 0.27 3.52
16.28 907.86 2.62 0.81 4.69 103.00
2.09 8.42 298.93 0.07 6.16 0.33
0.02 0.00 0.00 131.25 0.00 0.00
0.75 8.39 0.80 0.56 132.13 0.17
18.44 104.54 2.13 5.59 7.10 6375.79
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@’PLOS ‘ ONE

Land Use/Cover Change and Sustainable Water Resource Management

The total area of grassland decreased throughout the study period as grasslands were con-
verted to farmland and desert. Between 2000 and 2011, approximately 71.51 km? of grassland
was converted to farmland. The conversion of grassland to desert mainly occurred between
2000 and 2007 as water resources became scarcer.

The spatial extent of water bodies decreased between 2000 and 2011. Approximately 12.03
km? of water bodies was transformed into farmland and 8.42 km” was transformed into grass-
land over the study period. The primary causes of the reduced area of water bodies were the
conversion of overflow land to farmland and grassland and the reduction in surface water
resources following the EWDP implemented in 2000.

Because of the impact of the EWDP, the wetland area decreased at the start of the study
period and then increased. Between 2000 and 2007, wetland areas decreased by 9.09 km?; how-
ever, between 2007 and 2011, wetland areas increased by 8.10 km? (Table 3). Between 2000 and
2007, a large wetland area was reclaimed for farmland (approximately 13.16 km?), and surface
water resources decreased. The subsequent increase in the wetland area can be explained by the
implementation of the Wetland Conservation Project in 2008 within the framework of the
EWDP, which resulted in an overall increase in wetland areas between 2007 and 2011.

Discussion

The above analysis reveals that farmland significantly expanded between 2000 and 2011. Why
did farmland substantially increase after the implementation of the EWDP in the HRB in
2000? Was the increase in the farmland due to a significant increase in water resources, the
implications of a national policy or economic factors?

Water resource availability vs. land use/cover change

To address these questions, the relationships between water resource availability and land use/
cover change must be analyzed. We first analyzed the runoff measured at the Yingluoxia
hydrological station. Between 1945 and 2000, the mean annual runoff observed at the Yin-
gluoxia hydrological station was 16.08 x 10° m’. However, the mean annual runoff observed
between 2000 and 2011 was 17.57 x 10® m’, which represents an increase of 9.3% compared
with 1945-2000. Only three years between 2000 and 2011 (2000, 2001 and 2004) corresponded
to a total runoff of less than 16.08 x 10® m®, whereas the annual runoff for all other years
exceeded 16.08x10® m? (Fig 3). These data suggest that the average runoff from the Heihe
River has been greater than the ‘normal’ level since 2000 and has been continuously high since
2005. This conclusion is consistent with the findings that runoff in the upper reaches of the
HRB is characterized by high flow due to the warm-wet climate [17-18]. Thus, the surface
water resources from the Yingluoxia hydrological station flowing into the middle reaches of
the basin have slightly increased.

Nevertheless, the available surface water resources observed in the middle reaches over
2000-2011 decreased compared with the 1990s. The amount is equal to the difference in the
water allocation between the Yingluoxia and Zhengyixia hydrological stations (Fig 3) and is
approximately equal to the total water consumption of the middle reaches. From 1990 to 1999,
the average available surface water was 8.10 x 10® m”. However, during 2000 and 2011, the
average available surface water was reduced to 7.55 x 10® m”, a decrease of 0.55 x 10* m*. Fur-
thermore, the available surface water significantly decreased between 2000 and 2006. There-
fore, the available surface water was limited between 2000 and 2011, although a significant
increase in the water from the Yingluoxia hydrological station flowed into the middle reaches.
The implementation of the EWDP in 2000 controlled the amount of water diversion in the
middle reaches. Simultaneously, the total area of farmland increased by 12.01% (256.14 km?)
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Fig 3. Run-off flows released between the Yingluoxia and Zhengyixia hydrological stations and the available surface water resources in the middle
reaches of the HRB from 1990 to 2011.

doi:10.1371/journal.pone.0128960.9003

between 2000 and 2011. Based on an irrigation quota of 4,856 m>/acre, the new farmland
required approximately 3.07 x 10® m® of water for irrigation. However, the surface water for
irrigated farmland decreased by 1.25 x 10® m? from 2000 to 2010 in Ganzhou District, Linze
County and Gaotai County [48]. The surface water resources were therefore insufficient.

Groundwater was extracted to irrigate the expanded farmland in case of a surface water
shortage. In the field survey, we found that most of the newly reclaimed farmland only relied
on groundwater irrigation. According to statistics provided by the Zhangye Water Authority,
the number of agricultural motor-pumped wells increased from 5,547 in 2000 to 9,297 in
2010 in Ganzhou District, Linze County and Gaotai County. The amount of mined groundwa-
ter for irrigated farmland increased by 1.64 x 10° m” [48]. Therefore, the groundwater was
overexploited.
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Driving factors

Land use/cover change is often correlated with the implementation of national policy [49],
which has been considered a major factor of land use/cover change [50-51]. In the framework
of the EWDP, the ecological migration and ‘grain-for-green’ policies were implemented in the
middle reaches of the HRB. The impact of these polices on the expansion and abandonment of
farmland is obvious. In the middle reaches of the HRB, the regional expansion of farmland was
at least partly driven by migrants. Figs 2 and 4 show an example of this phenomenon. Farm-
land reclamation was very common in Xusanwan, Gaotai County because of the large number
of immigrants from the piedmont irrigation district. As a result, the total area of farmland in
this region increased by 45% between 2000 and 2007. The ‘grain-for-green’ policy also had an
effect on the proportion of the landscape covered by farmland. The main feature of this pro-
gram provided free grain and cash payments to participating farmers who converted farmland
to forests and grassland [52]. After the implementation of the ‘grain-for-green’ policy, arboreal
forests, shrub forests, thick grasslands and moderate grasslands in the middle reaches of the
HRB increased, albeit by varying degrees (7.76%, 12.78%, 21.88% and 2.91%, respectively),
between 2000 and 2007. However, in recent years, some farmers who converted farmland to
grassland were not compensated with grain or cash. This outcome, and the price increase for
agricultural products, has led farmers to plant crops on farmland that had been converted to
grassland or to reclaim new farmland. In the field survey, we also observed that much desert,
sparse grassland, sparse forest and overflow land had been reclaimed as farmland by local peo-
ple (Fig 5).

Another important result of policy implications was wetland change. From 2000 to 2007,
the wetland area decreased. However, after the implementation of the Wetland Conservation
Project, the wetland area began to increase, with a greater increase in partial wetland areas. For
example, in the northern area of Ganzhou District, the wetland area increased by 5.64 km?
between 2007 and 2011, which is equivalent to an increase of 61.86% in the total wetland area
in the same period.

The above analysis and the results of the field survey indicate that the implementation of
nation policy only affected the evolution of patterns of land use/cover in particular areas of the
middle reaches. Outweighing national policy, the strong willingness to pursue economic inter-
ests significantly affected the land use/cover change. The expansion of farmland was particu-
larly driven by this factor. After 2000, socioeconomic development proceeded very rapidly in
the middle reaches of the HRB. In 2000, the GDP was 42.32 billion CNY. In 2011, the GDP
reached 178.71 billion CNY. The average annual growth rate of the GDP between 2000 and
2011 was approximately 13.99%. The average annual growth rates of primary, secondary and
tertiary industries over the same period were 10.62%, 16.67% and 15.13%, respectively (Fig 6).
The use of expanded farmland to grow crops with high economic returns, such as seed corn,
significantly increased income. In 2011, the income of the corn seed industry reached 24 billion
CNY. The per capita income of a farmer from seed corn was 1800 CNY, which accounted for
32% of the average farmer’s per capita income [53]. In the middle reaches, farmland increased
by 256.14 km” between 2000 and 2011, primarily because of seed corn, which has a high eco-
nomic return. The pursuit of economic interests was therefore a significant factor in the farm-
land expansion in the middle reaches of the basin. This finding was similar to the research
results of land use/cover change in the other arid areas of northwestern China, such as Gansu
[54], Qinghai [55] and Xinjiang [56].
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Fig 4. Case 1: farmland area changes in Xusanwan, Gaotai County, from 2000 to 2007, driven by migrants.
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Fig 5. Newly reclaimed farmland in the inter-dune zone.

doi:10.1371/journal.pone.0128960.9005

Consequences for the ecosystem

The middle reaches of the HRB are a water-scarce region, where the available surface water
resources are limited. Of the available surface water resources, approximately 90% was used for
irrigation, whereas only 6% was used for natural ecosystems. Strong competition for water
occurs between irrigated farmland and natural ecosystems in the region [22]. A substantial
increase in the farmland inevitably led to the over-extraction of groundwater and a transfer of
water from ecosystems. The over-extraction of groundwater has resulted in declining ground-
water levels in particular areas of the middle reaches. A groundwater-level analysis of 42 obser-
vation wells in the middle reaches of the HRB revealed that the groundwater levels generally
decreased between 2000 and 2010 (Fig 7). Additionally, water use data from various sectors
showed that the amount of ecological water decreased from 1.76 x 10® m? in 2000 to 1.14 x 10
m? in 2010, according to the statistics provided by the Zhangye Water Conservancy Annual
Report. The declining groundwater levels and the reduction in ecological water led to the
reduction of shrub forests and an increase in grassland desertification in particular areas of the
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middle reaches. In the field survey, we found that a large area of Elaeagnus forest exhibited
drought stress or partial die-out in the tree farms of Jiulong Jiang. This effect was probably due
to declining groundwater levels and ecological water. In addition, the large-scale reclamation
of farmland and the reduction of available surface water resulted in other changes in land use/
cover types, such as a drastic decrease in the grassland area. From 2000 to 2011, the grassland
area decreased by 6.26%.

Implications for water and land management

Based on the discussion above, the natural ecosystem has been degraded and the groundwater
has declined in particular areas of the middle reaches of the HRB basin. However, these prob-
lems are manageable because the runoff from mountainous areas is currently high. Neverthe-
less, the expansion of farmland areas in the middle reaches will present a severe challenge for
local governments when continuous low-flow years occur. This trend may also threaten the
sustainability of the entire river basin. Farmland area should thus be strictly controlled. We
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Fig 7. Average change in the groundwater level at 42 observation wells in the middle reaches of the HRB. The red line indicates trends over the past
ten years.
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recommend that farmland in the transition zone between the oasis and desert be gradually
abandoned to control the farmland area. Farmland abandonment can be implemented in two
phases over ten years. An increase in income for farmers who abandon farmland is crucial.
Therefore, a rational ecological compensation system for farmland abandonment should be
established. Compensation standards should be proposed according to the current economic
conditions. Simultaneously, the transfer program for rural laborers who may lose their land
should be revised and improved to create more employment opportunities. In addition to the
development of industry and tourism, the local government can focus on the development of
the rural service industry according to the local characteristics. Local governments should fur-
ther strengthen the management of water resources, particularly the management of ground-
water. Groundwater exploitation should be strictly controlled to successfully limit the farmland
area and to achieve sustainable water use. In summary, appropriate measures toward the sus-
tainable use of water and land include controlling the farmland area and strengthening the
water resource management.
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Conclusions

We investigated changes in land use/cover in the middle reaches of the HRB between 2000 and
2011, discussed the driving factors of these changes, and determined the implications for sus-
tainable water resource management. Land use/cover in the middle reaches of the HRB has
changed significantly over this period. Areas of farmland and built-up land significantly
increased. In contrast, the areas occupied by grasslands, water bodies and deserts continuously
decreased during 2000-2011. Wetland areas first decreased by 5.78% between 2000 and 2007
and then increased by 5.46% between 2007 and 2011.

The most significant land use/cover change in the middle reaches of the HRB over 2000-
2011 was the continuous expansion of farmland, which mainly resulted from economic inter-
ests. From 2000 to 2011, the farmland area increased by 12.01%. The expansion of farmland
increased the water resource stress, resulting in the over-extraction of groundwater and ecosys-
tem degradation in particular areas. Both consequences are negative and are potential threats
to the sustainability of the middle reaches of the HRB and the entire river basin.

We suggest that a compromise between economic benefits and sustainable water use is
needed. Groundwater should not be over-extracted, and the environmental water flow should
be increased. To achieve these goals, the farmland area should be strictly controlled. Unautho-
rized reclamation should not be allowed, and if possible, some farmland in the transition zone
between the oasis and desert should be restored to natural vegetation. Therefore, the river
basin sustainability could be guaranteed. Overall, local governments should improve the man-
agement of water resources, particularly the management of groundwater, and should strictly
control the reclamation of farmland. As a result, the ecologically and socioeconomically sus-
tainable use of water resources and a balance between upstream and downstream water
demands could be achieved.

The results of this study suggest that the rational allocation of water and land resources in
this arid inland river basin and coordinated ecological and economic development are possible.
These results can be regarded as a reference to guide the sustainable management of water
resources in other arid inland river basins.
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