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The Heihe River Basin, the second largest inland river basin in China, plays a vital role in the ecological sustainability of the
Hexi Corridor. However, the requirements for regional economic development and ecological balance cannot be fully met due
to water resource shortage and overexploitation induced by an extremely dry climate and population growth, especially in the
middle and lower basins. Thus, environmental conservation projects that reallocate water resources have been planned and
implemented step by step since 2001. The aim of this study is to evaluate ecosystem restoration benefits by identifying vegetation
dynamics and sensitivities. The MODIS Normalized Difference Vegetation Index (NDVI) and its derivative indices, coupled with
Geographic Information System (GIS), are introduced to explore ecosystem evolution at the pixel level, based on the hydrological
and meteorological data in the whole region at varying temporal and spatial scales. Results indicate there are slight vegetation
restoration trends in the upper, middle, and lower basin; the results of correlation analyses between vegetation and runoff into the
lower basin suggest that the impact of a water supplement lasts at most three years, and engineering or nonengineering measures

should be maintained for permanent ecosystem recovery.

1. Introduction

The Heihe River Basin (HRB, see Figure 1), the second largest
inland river basin in China, plays a vital role in sustaining
ecological balance in the Hexi Corridor. However, in recent
decades, the HRB has suffered serious ecosystem degrada-
tion and desertification due to its extreme dry climate and
population growth, particularly in the middle and lower
basins [1-3]. The water resource situation of the HRB can
be summarized in two major points. (1) Water resource
shortage: the continental climate of the whole basin affects
the water resource availability. The mean annual precipitation
drops from 140 mm in the southwest to 47 mm in the north-
east, whereas the mean annual evaporation increases from
1410 mm to 2250 mm. Most areas in the HRB, approximately

93% of the total basin, hardly yield runoft in the middle and
lower basins. (2) Water resource overexploitation: with the
rapid social and economic development, the sharp increase
in water consumption in the middle basin for living and
production uses (from 1.5 billion m? in the early 1950s to
2.45 billion m> in the late 1990s) has resulted in a continuous
decrease in runoff into the lower basin (from 1.16 billion m?
to 0.77 billion m’). Water usage waste and inefficiency are
rather serious, resulting from unmanaged and unsupervised
water resources in the whole basin. Thus, ecological problems
of varying extents appear; specifically, natural forest and
grassland degradation and biodiversity loss occur in the
upper basin; soil salinization and desertification occur in the
middle basin; and a series of prominent problems such as
zero-flow rivers, dried-up lakes (the East and West Juyan
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FIGURE 1: Map of study area.

Lakes), declining water tables, and a sharp reduction in
natural forest and grassland areas occur in the lower basin,
aggravating desertification and sandstorms.

Because of ecological problems resulting from water
resource shortage and overexploitation, the near-term envi-
ronmental conservation program (NTECP) has been planned
and implemented for the HRB since 2001 by the Ministry
of Water Resources (MWR) in China [4]. The objective of
the NTECP is to reallocate water resources between ecologi-
cal system maintenance and social-economic development.
Moreover, the allowable water resource amounts have also
been reallocated among upper, middle, and downstream river
basin. In the upper basin, ecological restoration projects were
implemented including forest and grassland conservation
and artificial afforestation. Water-saving projects, especially
for the irrigation regions, were undertaken in the middle river
basin to ensure enough water releasing into the lower basin.
The projects, such as water diversion canal construction,
river regulation, irrigation system improvement, and grazing
control, have been implemented in the lower basin for
ensuring sufficient water reaching the most downstream
region, where ecological system is significantly vulnerable.

Vegetation has a significant impact on interactions
between terrestrial ecosystems and atmospheric processes
[5, 6]. Identifying the response mechanisms of vegetation
dynamics and sensitivities to water resource availability at
varying temporal and spatial scales makes it possible to
evaluate the ecosystem restoration benefits. For a long time,
the response of vegetation variability to air, water, and soil
has been an active study subject because of various natural
and cultural statuses in the context of changing climate and
frequent human activities [7-9]. Water resource availability
dominates the temporal-spatial distributions and dynamics
of vegetation, which maintains a regional ecosystem [10, 11].

Past studies indicate that climate change affects water
resource availability in the long term, and human activ-
ities have recently become more dominant in the short
term, particularly in arid and semiarid regions with high
population density but limited water resources [12, 13]. In
general, rainfall and runoff are the two major direct water
sources for nourishing regional vegetation. However, in an
arid/semiarid region, the rainfall is so scarce that it plays little
role in supplying water, making runoff the major water source
[14, 15]. It is necessary to study the underlying correlations
between vegetation and hydrometeorological impact factors
to better manage limited water resources for ecosystem
conservation or restoration in arid and semiarid regions.

Because there is little field survey data, remote sensing-
based vegetation indices have been widely used to study land
uses and cover changes, including the Normalized Difference
Vegetation Index (NDVI) [16], the perpendicular vegetation
index (PVI) [17], soil-adjusted vegetation index (SAVI) [18],
and green index (GI) [19]. The NDVI is the normalized
difference between the near-infrared reflectance and visible
red waveband [16, 20]. It reflects the vigor and greenness
of the vegetation canopy by measuring the chlorophyll
content changes using visible red radiation absorption and
by measuring spongy mesophyll changes using near-infrared
radiation reflection [21]. The NDVI and its derivative indices
such as coefficient of variation (CV) [22] and vegetation
condition index (VCI) [23] have been proved effective for
vegetation dynamics identification [24, 25]. The NDVT has
also been successfully applied in many other fields, including
land cover classification [26], plant phenology [27], drought
assessment [28], and evapotranspiration estimation [29].

In this paper, ecosystem restoration benefits are evaluated
by identifying vegetation dynamics and sensitivities since
the environmental conservation projects in the HRB were
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FIGURE 2: Meteorological and hydrological conditions in the Heihe River Basin (1957-2010). *Bars indicate standard deviation of monthly

runoff during 1957-2010.

planned and implemented in 2001. This paper differs from
previous efforts [2, 30-32] through investigating vegetation
dynamics in the upper, middle, and lower HRB after imple-
mentation of the NTECP. Additionally, vegetation sensitivi-
ties and the corresponding time lags of vegetation change to
water reallocation in the lower basin are quantitatively identi-
fied at the pixel level, rather than qualitatively at the regional
scale. The paper is organized as follows: Section 2 describes
the study area; Section 3 introduces the data acquisition and
processing, along with the Normalized Difference Vegetation
Index (NDVI), based on the MODIS images, along with
its derivative indices, coupled with Geographic Information
System (GIS); Section 4 explores the vegetation dynamics and
sensitivities in response to the NTECP, using historical data
from the entire region; and Section 5 presents conclusions
and suggestions.

2. Study Area

The Heihe River Basin (HRB) is located in northwestern
China, covering an area of approximately 14.29 x 104 km*
(between 37°43'-42°41' N and 97°23'-102°72' E), as shown in
Figure 1. The Heihe River originates from the north of the Qil-
ian Mountains in Qinghai Province, flows through the middle
Hexi Corridor in Gansu Province, and reaches the Ejina
basin in the Inner Mongolia Autonomous Region. The annual

mean runoff generated from the Qilian Mountains (the
Yingluoxia station) is approximately 16 x 10® m® from both
rainfall and melt water from glacier/snow in the mountain
region. As shown in Figure 2(a), approximately 80% of
precipitation occurs during the period of May to October. At
this period the melt water from glacier/snow also significantly
increases due to temperature rising (Figure 2(b)). Both of
them result in runoff increase at the mountainous region
(the Yingluoxia station, Figure 2(c)). However, irrigation in
the middle Hexi Corridor consumes large amount of water,
leading to little surface water recharge to the lower Ejina basin
(the Zhengyixia station, Figure 2(d)). Therefore, the HRB
can be characterized with its extreme dry climate with low
precipitation, high potential evaporation, and low runoff.
The HRB is divided into the upper, middle, and lower
reaches by the Yingluoxia (YLX) and Zhengyixia (ZYX)
hydrologic stations, with lengths of 303 km, 185km, and
333 km, respectively. The upper basin is characterized by
a wet and cold climate and serves as the major runoff
yield region, with annual precipitation of approximately
350 mm/yr. The elevation in this region is 2000-5000 m, with
steep topography, and the vegetation cover in the upper basin
is diversified and complex. The mountainous zone in this
region is covered with relatively dense vegetation (consisting
of forest, shrub, and grassland), and the plain terrain contains
oasis and gobi/desert. The middle basin is located in a dry



environment with low annual precipitation (60-160 mm)
and high annual potential evaporation (1000-2000 mm). The
elevation in the middle basin is 1300-1700 m, with relatively
flat topography. Most of the areas in this region are artificial
oases supported by highly developed irrigation systems with
a history of more than 2000 years, with the fastest expansion
of agricultural development occurring in the last 50 years.
The lower basin is in an extremely arid environment with
little annual precipitation (less than 100 mm) and high annual
potential evaporation (more than 3500 mm). The elevation
in the lower basin is 910-1450 m, with very flat topography.
The lower basin is covered mainly by Gobi and desert, except
for regions close to the river. The Heihe River is separated
into two branches at the Langxinshan station, that is, the
East River and the West River, which end in the East and
West Juyan Lake, respectively. Water usage in the middle and
lower basins is primarily dependent on the runoff from the
upper basin. The middle basin serves as the major water usage
region for human beings (the population in the middle basin
occupies approximately 94% of the whole river basin) and has
an extensive irrigation system.

There are 10 cities/counties belonging to three provinces
in the HRB, and the total population is approximately 1.4
million, as of 2009. The upper HRB is dominated by shrub-
and grassland-based animal husbandry, with a small amount
of farming. Most areas in the middle HRB are covered by
artificial oases (3533 km?) which consume large amounts of
irrigation water. Part of the lower HRB, mainly the Ejina
oasis, is composed of grassland-based animal husbandry.
According to previous studies, the population in the HRB
increased by more than 100,000 from 1999 to 2009, with
the most dramatic increase occurring in the middle HRB
(approximately 80% of the total increase). The irrigation area
in the HRB increased by approximately 200 km? from 1999
to 2009, with the most obvious increase also occurring in the
middle HRB. Overall, the HRB can be summarized as a region
with a shortage of water resources and a consistent increase
in population and water consumption, which stress the water
resources.

3. Materials and Methods

The geographic data, including the basin boundary, rivers
and lakes, and the locations of hydrologic stations, were
downloaded from the Cold and Arid Regions Science Data
Center at Lanzhou (http://westdc.westgis.ac.cn/). The hydro-
logical and meteorological data, including the historical
runoff at hydrologic control stations (i.e., the Yingluoxia, the
Zhengyixia, and the Langxinshan hydrologic stations) and
precipitation, were collected from the Heihe River Bureau
of the Yellow River Conservancy Commission and the CRU
TS3.21 database [33], respectively.

The Normalized Difference Vegetation Index (NDVI)
is acquired from the Terra-MODIS Vegetation Indices
MODI13Al products from the Earth Observing System of
the National Aeronautics and Space Administration (NASA)
[34]. These products provide the vegetation conditions with
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a 500-meter spatial resolution and a 16-day temporal resolu-
tion. For analysis, the time series of NDVI data from 2001 to
2010 are smoothed using the Savitzky-Golay filter to reduce
noise [35], and only NDVI data for the vegetation growing
season (from April to October) are selected to avoid distorted
orlow values [36, 37]. Note that a higher NDVI value of a pixel
represents more vegetation coverage, and a lower NDVI value
represents less or no vegetation coverage.

To identify the vegetation dynamics at the pixel level,
derivative indices based on NDVI data are introduced,
including (1) annual mean of NDVI (referred to as the mean
NDVTI hereafter): this is the mean NDVI value from April to
October of each year and represents the average overall state
of vegetation coverage; (2) annual variation trend of NDVTI:
this depicts the linear regression of NDVI data through the
year; the slope of the linear regression (referred to as the
NDVI slope hereafter) can represent restoration when the
value is positive and degradation otherwise and can therefore
assist in qualitative and quantitative analyses of vegetation
change direction and magnitude; (3) interannual coefficient
of variation (CV) of NDVT: this is the dispersion of NDVI
data over multiple years to its mean value; the value can
indicate the variation amplitude at the pixel level, with a
higher value representing a greater variation [22].

The impact of upstream runoff, that is, runoff at the
Langxinshan (LXS) station, on vegetation in the Ejina region
is expected to show a one-year lag due to agricultural activ-
ities and groundwater recharge [9]. To quantify the detailed
distribution of time scales at the pixel level, we investigated
the relation between anomalies of LXS runoff and NDVT at
different time lags (0-4 years) by shifting runoff anomalies
by one year at a time. In the correlation analyses, only the
positive time lags are considered because the water supply
generally leads the growth of vegetation. Additionally, the
specific time lags between anomalies of NDVI and LXS runoft
in these derived pixels are identified. The Pearson correlation
analysis is used to analyze the relationship between runoft
and vegetation to identify the vegetation sensitivities. Signif-
icant pixels are selected to produce a statistically valid value
using the two-tailed ¢-test (where P < 0.05 means statistical
significance).

4. Results and Discussion

4.1. Overall Vegetation Dynamics. The overall vegetation
dynamics of the HRB are analyzed with the abovementioned
indices. The mean NDVI, NDVI slope, and interannual CV
from 2001 to 2010 are shown in Figures 3(a)-3(d). As shown
in Figure 3(a), there is a high vegetation coverage in the upper
basin but relatively low coverage in the middle basin (mostly
distributed among the irrigation regions) and lower basin
(mostly distributed among the riverside regions). Figures 3(b)
and 3(c) show that the vegetation evolutions exhibit obvious
distribution differences: vegetation restoration trends are
distributed throughout most regions (depicted in green), but
vegetation degradation trends still exist in a small portion
of regions (depicted in red), mostly in the upper portion of
the upper basin, the central irrigation region in the middle
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basin, and the West Juyan Lake in the lower basin. As
shown in Figure 3(c), the significant increase of vegetation
mostly occurred in the middle and lower basins, rather than
in the upper basin. Moreover, vegetation increase mostly
occurred along the Heihe River in the upper and lower
basins. In the middle basin, a large proportion of areas show
significant improvement and a small region along the river in
the Linze and Ganzhou County shows a significant decrease
due to anthropogenic activities. The intensive restoration
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or degradation of vegetation in the irrigation region in
the middle basin is probably due to the adjustment of
irrigation areas since the implementation of environmental
conservation projects in 2001. On average, vegetation has
recovered at the whole basin scale since 2001; the overall
vegetation restoration rates of the upper and middle basins
are similar to each other and faster than in the lower basin,
as the slopes of their linear regressions are similar to each
other and larger than that of the lower basin (see Figure 4).
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The vegetation variation is very small in the mean interannual
CV at the whole basin scale, as shown in Figure 3(d). The
high interannual CV values are distributed either in regions
of the upper and middle basins where vegetation coverages
are relatively low or in regions close to the rivers or water
bodies. This is likely because the regions with low vegetation
coverage are very unstable and sensitive to rainfall and runoft
variations in the upper and middle basins; the variation in
surface water level leads to the frequent transition between
high vegetation coverage and swamp near the rivers or water
bodies. The low interannual CV values are distributed in the
regions with no vegetation coverage because these regions are
significantly affected by desertification and in regions with
high and stable vegetation coverage but which are far away
from rivers or water bodies.

With the continuously increasing water discharge from
the middle basin to the lower basin, the ecological situation of
oases in the lower basin has significantly improved. For this
study, several years of data from the oases in the lower basin
are extracted from the NDVI data and shown in Figure 5.
Because the water resources’ management was implemented
in 2001, the area of East Juyan Lake (depicted in black
dotted lines) has increased significantly, at an average rate
of approximately 4 km* per year. The maximum area of the
East Juyan Lake has reached 46.8 km” in 2010. The ecological
impact of water resource reallocation is positive for the
regions close to the East Juyan Lake. However, it is worth
noting that water resource reallocation has not prevented
the West Juyan Lake (depicted in red dotted lines) from
shrinking; the vegetation in the regions close to the West
Juyan Lake also shows a slight decreasing trend. The results
indicate that the water resource reallocation only brought
about benefits to the East Juyan Lake.

Though the vegetation has slight restoration trends in
some regions, the vegetation coverage has not changed
that much over the whole HRB. This may be because the
ecosystem conservation projects have not been completely
implemented in the upper basin; the improvement in
water usage efficiency in the middle river basin, while not
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decreasing runoff to the lower regions, has limited impact on
vegetation recovery in the middle basin.

4.2. Vegetation Transformation Characteristics. To identify
the transformation speed quantitatively at the pixel level,
the frequency distribution of the NDVI slope with mean
NDVI for the upper, middle, and lower basins is shown in
Figure 6, where the domain of the mean NDVI is divided
into seven intervals (i.e., 0-0.1; 0.1-0.2; 0.2-0.3; 0.3-0.4; 0.4—
0.5; 0.5-0.6; and 0.6-0.7). The domain of the NDVI slope
is divided into five grades (i.e., <0; 0-20; 20-40; 40-60;
and >60) and defined as “degradation,” “slow restoration,”
“medium restoration,” “fast restoration,” and “extremely fast
restoration” for conducting subsequent analysis equidistantly
based on the distribution of the NDVT slope. In the upper
basin, the vegetated area (as represented by NDVI values
more than 0.1) accounted for approximately 90% of the total
area, and 38% of these areas were covered by relatively dense
vegetation (with NDVI values more than 0.3). Approximately
84% of the total area in the upper basin showed vegetation
restoration trends, leaving only 16% of the total area in
vegetation degradation trends. Among the five intervals of
the NDVTI slope, “slow restoration” occupied most of the total
area (approximately 40%), followed by 30% for “medium
restoration” and 12% for “fast restoration.” In the middle
basin, the vegetated area accounted for approximately 44%
of the total area, and only 16% of these areas were relatively
densely vegetated. Approximately 92% of the total vegetation
in the middle basin showed restoration trends, with only 8%
in degradation trends. Among these restoration areas, 56% of
them were “slow restoration” and 20% were “fast restoration”
and “extremely fast restoration.” In the lower basin, 96% of
the areas were covered by Gobi/desert (with NDVI values less
than 0.1), leaving only 4% of the areas vegetated. 77% of the
areas in the lower basin showed “slow restoration” and 18%
showed “degradation,” with these two parts explaining 95%
of the vegetation change trends in the lower basin. Overall,
there was a vegetation restoration trend over the whole basin,
and the fastest vegetation recovery occurred in regions where
mean NDVIvalues were between 0.1and 0.5. The regions with
nearly no vegetation (mean NDVI values between 0 and 0.1)
occupied most of the basin and the restoration speed in these
regions was slow; this might be because they are far away from
the river (e.g., most desert regions in the lower basin).

To identify the transformation dispersion at the pixel
level, the correlation between interannual CV and mean
NDVI for the upper, middle, and lower basins is shown in
Figure 7. The overall trends of interannual CVs in the whole
basin showed a decrease with the increase in mean NDVI
values, indicating that the regions with high vegetation cover
were more stable than areas with low vegetation cover. The
pattern is clearly shown in the upper basin in Figure 7(a); the
regions with NDVI values less than 0.05 were highly unstable,
and the corresponding CVs were between 0.1 and 1.2. CVs
decreased to 0-0.2 when NDVT values were between 0.05 and
0.1. Finally, CVs were small when NDVI values were more
than 0.1, which indicates a relatively stable status. Similar
patterns also appear in the middle and lower basins, and the
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correlations of CVs and mean NDVI were separated into two
zones by a mean NDVI of approximately 0.05. Thus, the mean
NDVI of approximately 0.05 distinguished the stable regions
from the unstable ones for the whole basin.

4.3. Vegetation Sensitivity in the Lower Basin. Water supply
from the middle basin is the essential factor that dominates
ecosystem restoration in the lower basin. As seen in Fig-
ure 8(a), the runoff changes at the ZYX, LXS, LXS West,
and LXS East stations located in the downstream of the
Heihe River show increasing trend after the implementa-
tion of water reallocation projects since 2001. Similarly, in
Figure 8(b), ratios of runoffs (i.e., ratio of runoff at the
downstream stations to runoff at upstream YLX station) at
the LXS and LXS stations also present increasing trends since
2001. That means an increase of water supply to the lower
basin since the 2000s. On the other hand, the oases, which
protect wildlife habitat and prevent fast desertification, are
largely located in the lower basin. Thus, it is necessary to
identify the temporal and spatial response of vegetation in
the lower basin to the release from the middle basin. The
correlations between NDVI data and releases of several past
periods are studied, with significant and positive correlation
points (P < 0.05) picked out and shown in Figure 9. Note that
the historical release at the Langxinshan (LXS) hydrologic
station is used for the correlations, and the“n year(s) before”

denotes the correlation between NDVI data of a period
and water releases into this region n year(s) before; for
instance, in this case, “Two years before” means the cor-
relation between NDVI data from 2001 to 2010 and water
releases from 1999 to 2008, and “Current year” represents
the relation between NDVI and water release in the same
year.

From the perspectives of temporal and spatial responses,
water release from the middle basin has a remarkable impact
on vegetation in the lower basin. The affected vegetation
(80% of the total area of the lower basin) is distributed in
the regions within 50-100 km along the Heihe River and
the East Juyan Lake. The vegetation affected by upstream
water release with one-year time lag is distributed in the
regions close to the Heihe River and the Badain Jaran Desert
(40% of the total area of the lower basin). The regions
with time lag more than two years are located near the
Heihe River (20%, 5%, and nearly 0% of total area of the
lower basin, with two, three, and four years time lags,
resp.). The correlation analysis results indicate that water
release from the middle basin will generate accumulative
efforts to vegetation in the lower basin within at most three
years. Ecosystem restoration can only be achieved through
continuous efforts in water supply increasing into the lower
basin.

Figure 10 shows the distribution of specific time lags
between anomalies of NDVI and runoff at the LXS station
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FIGURE 6: Frequency distribution of NDVI slope with mean NDVI.

in the derived pixels in Figure 9. Compared with Figure 9,
vegetation along the Heihe River is influenced by runoft at
the LXS station with time lag less than three years. Most
of these regions are affected by runoff at the LXS station
one year before. Additionally, regions along the West River
are prominently impacted by the runoft one to two years
before, while only small fractions at both the beginning
and end of the East River have significant correlations
with runoff anomalies. Except for regions along the river,
a small area located at the west side of the West River
also shows an obvious relation to runoff with one-year time
lag.

5. Conclusions

In this study, the ecosystem restoration benefits in the upper,
middle, and lower HRB are evaluated by identifying the
vegetation dynamics and sensitivities in response to the
near-term environmental conservation program in progress
since 2001. Surface water area has significantly increased

in the East Juyan Lake in the lower basin, but there is no
obvious increase in the water body of the West Juyan Lake.
Most regions in the basin have vegetation restoration trends,
with the fastest increase in vegetation occurring in parts
of the irrigation area in the middle basin and along the
Heihe River in the lower basin. Parts of regions still show
vegetation degradation trends, mainly located in the less
vegetated area of the upper basin, some in the irrigation
area in the middle basin and near the West Juyan Lake
in the lower basin. In terms of the vegetation variation
represented by the interannual CV values, the high variations
are distributed in regions either close to the rivers and water
bodies or with low vegetation coverage, which is caused by
variation in the surface water level and the instability of
less vegetated regions, respectively. The NDVI slope indicates
that the fastest vegetation recovery occurs in regions with
medium mean NDVI values (between 0.1 and 0.5) instead of
the extremely sparsely (less than 0.1) and highly (more than
0.5) vegetated regions. The vegetation variations (CVs) of the
upper, middle, and lower basins are separated into two zones
by an annual average NDVI value of approximately 0.05;
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regions with mean NDVI values more than 0.05 and less than
0.05 show stable and unstable status, respectively. Finally,
the correlation between vegetation and water release into  three years, and engineering or nonengineering measures

the lower basin suggests that there is a prominent impact  should be maintained continuously for at least three years for
from the water supply (mainly the previous year’s runoff) on ~ permanent ecosystem recovery.

the vegetation in the lower basin, particularly along the river.
The significant impact of water supplement could last at most
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FIGURE 10: Time lag distribution between anomalies of NDVT and
runoff at the Langxinshan station at the pixel level.
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