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Abstract The Turpan Oasis is a typical fragile environ-
ment that lies in an arid region of eastern Xinjiang and is
affected by natural conditions and human activities. The
severity of the land degradation and desertification in this
area is increasing; therefore, ecological vulnerability
evaluations are important for environmental management
of the region. In this study, theories and methods of
evaluating ecological vulnerability and the typical charac-
teristics of ecological vulnerability were summarized. By
combining the environmental characteristics of the re-
search area and the driving factors of ecological vul-
nerability, a multilayer vulnerability evaluation index
system was built, and a pressure-state-response model was
established to evaluate the ecological vulnerability. GIS
and remote sensing technologies were applied to extract
each index and create a spatial distribution map of
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vulnerability. The results showed that the vulnerability
index values ranged from 3.08 to 6.59, with an average
value of 5.19. Regions with moderate vulnerability ac-
counted for 81.85 % of the total area, whereas regions with
light and serious vulnerability accounted for 4.19 and
13.95 % of the total area, respectively. Thus, more than
80 % of the area had moderate vulnerability, and nearly
14 % of the area had serious vulnerability. The degree of
vulnerability increased from east to west, and the eco-
logical vulnerability in the inner oasis was significantly
lower than that in the outer oasis. The key factors for
ecological restoration and reconstruction are to control
desertification and to ensure ecological water use to the
greatest extent.

Keywords Ecological environment - Vulnerability -
Desertification - Index system - Turpan Oasis

Introduction

The research on ecological vulnerability involves financial
systems (Benjamin et al. 2013; Zou et al. 2013), disaster
systems (Fuchs et al. 2012; Lashkari and Bannayan 2012),
climate changes (Moreno and Becken 2009; Yoo et al.
2011), and watershed ecological systems (Ippolito et al.
2010; Shao et al. 2014; Wan et al. 2014). The concept of a
vulnerable ecological environment was developed from the
study of ecotones, and it has been defined by multiple re-
searchers from different disciplines. Watts and Bohle
(1993) postulated that vulnerability is the degree of nega-
tive responses that occur after a disaster event. Hufschmidt
(2011) considered vulnerability to be the ability to prevent
natural disasters and self-recovery. From these expressions
of ecological vulnerability, three implications can be
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derived: the ecological system is inherently unstable, the
system is sensitive to interference and environmental
change, and the system is vulnerable with difficulties in
recovery.

The study of ecological vulnerability mainly focuses on
two aspects, namely the evaluation of vulnerability and its
causes. The evaluation of ecological vulnerability is one of
the most important aspects of ecological research, and its
goal is to obtain knowledge regarding vulnerable systems
and the evolution of global ecological environments. The
evaluation of ecosystem vulnerability is important not only
for ecological construction guidance and maintenance but
also for land management and the rational use of resources
(Sullivan 2011; Manfre et al. 2013). The successful im-
plementation of a restoration project requires analysis of
the present conditions of the ecological environment and its
evolving trends (Aspinall and Pearson 2000; Santos et al.
2013). Moreover, ecological vulnerability evaluations can
be combined with ecological security, pollution manage-
ment, disaster resistance and insurance, and also provide a
theoretical basis and reference for the development of the
regional environment. Ecological vulnerability evaluation
has developed rapidly in recent years, and many theories
and methods have been proposed, such as the multi-index
comprehensive evaluation method (Zhou et al. 2011;
Duguy et al. 2012), the fuzzy evaluation method (Farshad
et al. 2013; Aryafar et al. 2013), the artificial neural net-
work evaluation method (Dzeroski 2001; Kia et al. 2012),
the landscape evaluation method (Kangas et al. 2000;
Antonio et al. 2003; Salvati et al. 2013), the analytic
hierarchy process (AHP) method (Huang et al. 2010; Song
et al. 2010), and the principal component analysis method
(Khan 2012). GIS and remote sensing technologies have
become powerful tools for index acquisition and spatial
distribution mapping for ecological vulnerability studies
(Babiker et al. 2005; Saidi et al. 2010; Bagdanaviéiate and
Valitinas 2013). The establishment of index systems is a
key step for such evaluations. Recently, a series of index
systems were created for different ecosystem types. For
example, Li et al. (2006) used a spatial principal compo-
nent analysis method and selected nine indexes to evaluate
the vulnerability of the Minjiang River. These indexes in-
cluded natural and social factors, such as elevation, slope,
accumulated temperature, drought index, vegetation, soil,
water—soil erosion, land use, and population density.
Scheuer et al. (2011) modeled flood vulnerability by inte-
grating economic, social, and ecological indicators of
hazard and response capacity such as residential buildings,
land value per floor space, and affected population. The
indexes used for the assessment of vulnerability in the
oasis usually involve vegetation coverage, landscape
fragmentation, desertification sensitivity, soil salinization,
grazing capacity, population, and economic pressures.
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Desertification degree is an important index in the study of
vulnerability in the oasis (Gao et al. 2013; Mao et al. 2013).
The existing studies demonstrate two key points in vul-
nerability assessment. One point is how to choose the in-
dexes, and the other is how to assign a weight to each
index. Different ecosystems have different characteristics,
and the indexes that reflect ecological vulnerability change
are very complex. Therefore, there is no uniform standard
in choosing vulnerability assessment indexes and the index
system should be indicative, operational, and representa-
tive. Regarding the choice of weight, there are many
methods to determine the weight of each index listed
above. AHP is the most widely used method; however,
artificial neural network and fuzzy comprehensive eval-
uation methods are also widely applied, which reduce the
subjective judgment of weight assignment.

The oasis is an important type of ecosystem in China,
and because it is a complex and specific natural environ-
ment, it is particularly sensitive to outside interference. As
human activity has increased, the environmental problems
in the oasis have become increasingly prominent. The
Turpan Oasis in east Xinjiang was chosen for this study
because it is an important section of the vulnerable arid
oasis region of China. It is suitable for farming and animal
husbandry because of its abundant land resources and high
levels of light and heat. However, interference from human
activities has intensified its ecological vulnerability, which
is gradually becoming more serious. Desertification and
particularly salinization have become the most serious
ecological problems. These issues have had an important
influence on the economic development of the region and
even on the livelihood of the local population. Thus, it is an
important region for ecological restoration in China. The
main objective of this study was to provide a feasible
method for studying the ecological vulnerability of the
oasis and to determine the typical environmental vul-
nerability characteristics of arid regions. The results can
provide suggestions for the sustainable development and
reconstruction of environments in hyper-arid areas.

Study region

The Turpan Oasis is located in the hyper-arid region of
eastern Xinjiang and is a typical arid oasis with strong
ecological vulnerability and sensitivity. It lies between
31-33°N and 102-104°E and has an area of approximately
69,713 km”. The topography of the Turpan Oasis is char-
acterized by an interlaced distribution of hills and plains
and ranges in elevation from —155 to 3,600 m. Influenced
by the Tarim thermal depression and strong solar radiation,
it has a climate with particularly high temperatures, ex-
tended hot periods, and frequent strong winds. The Turpan
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Oasis is very dry, with an average annual rainfall of only
6.9-25.2 mm; the evaporation is extremely strong, with an
average evaporation capacity of 2,727-3,837.8 mm, which
is 110-540 times higher than the average rainfall. At pre-
sent, desertification, and particularly salinization, have
become the most serious ecological problems and have
already negatively influenced the local economic devel-
opment. The study area is located northwest of the Turpan
region and consists of 14 towns. Figure 1 shows the rela-
tionship between the study area and the Turpan Oasis.

Methodology

Study data

The basic data used in this study include the following: (1)
SPOT-5 data (October 2004), with a resolution of 10 m; (2)
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70 topographic maps at a scale of 1:50,000 that cover 14
towns in the study area; (3) a map of soil type, ground
water level, and water quality monitoring data; and (4)
socioeconomic statistics such as the population and GDP
for each town. SPOT-5 data were corrected based on to-
pographic maps and matched to form a mosaic image. A
digital elevation model (DEM) was built from the vector-
ized contour line and resampled to a 10-m resolution. The
decision tree classification method was used to extract the
land use and land cover information, particularly for the
desertification information.

The overall technology course of the study

The selection of evaluating indexes plays an important role
in evaluating the regional ecological vulnerability. First,
the ecological vulnerability evaluation index system was
built. Using remote sensing and GIS technologies, SPOT-5
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Fig. 1 Administrative and remote sensing map of the Turpan region, and the relationship between the study area and the Turpan Oasis
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data (10 m resolution) were used to abstract land use,
vegetation, and other indexes. The DEM was built from
contour lines and added to the SPOT-5 images as a spatial
feature to aid in classification. Second, an AHP and com-
prehensive evaluation method were combined to evaluate
the ecological pressure, ecological sensitivity, ecological
stability, and comprehensive vulnerability. The spatial
distribution of vulnerability and its driving factors were
then analyzed. Finally, the ecological restoration and re-
construction strategies were introduced according to the
vulnerability evaluation results. Figure 2 shows the steps of
the research.

Remote sensing image classification and desertification
information extraction

Land use and land cover information, particularly deserti-
fication information, is an essential aspect of ecological
vulnerability evaluations that indicate ecological pressures.
Therefore, a classification system should be constructed,
and a suitable classification method should be selected to
acquire land use and desertification information. There are
several desertification types in the Turpan Oasis, such as
vegetation degradation, wind erosion, and salinization
(Fang et al. 2010). In this study, the land of the study area
was classified into two main categories, namely desertifi-
cation and non-desertification. Non-desertification is di-
vided into six types, including water bodies, AiDing Lake,
urban land, cultivated land, garden and forest lands, and
grasslands. Desertification is divided into four types, in-
cluding saline land, mild wind erosion desertification,
moderate wind erosion desertification, and serious wind
erosion desertification. Among the desertification types,
mild desertification was characterized by an in situ sand

Vulnerability theory P-S-R model

v
Building vulnerability
evaluation index system

GIS spatial
analysis

Remote sensing
classfication

v

Constructing evaluation model

v

Dividing evaluation unit

A J
Comprehensive evaluation of
ecological vulnerability

v
ecological vulnerability
characteristics and land use effect

v
ecological restoration and
reconstruction strategies

Fig. 2 The technique flow chart of the study
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source and had a tendency of desertification; moderate
desertification indicated wind monadnocks, dunes, half-
naked gravel, and bare grasslands; and serious desertifica-
tion referred to desert with no vegetation. According to the
land use and land cover classification system, the decision
tree classification method was adopted to extract the land
use and land cover information.

Establishment of the ecological vulnerability index
system

According to the ecological vulnerability concept defined
by the author and the regional ecological problems, 16
indicators, including the desertification index, ground wa-
ter level, and population density, considered to be the most
critical in the study area were selected. The selected vul-
nerability indicators can be grouped into three broad
classes: ecological (natural and social) pressure, ecological
sensitivity, and ecological stability.

Ecological pressure indexes

Ecological pressure includes natural and social pressure. In
this paper, indexes representing population, environment,
and social economic pressure were selected. The calcula-
tion methods for part of the indexes are listed below.

Population density (A;;): A large part of the area in an arid
region is desert; therefore, it is unreasonable to calculate
the population density by dividing the regional population
by the area. The desert area should be deducted. According
to the classification system, the desertification area is re-
moved from the total area of each evaluation unit.

Desertification index (A,;): Desertification is the direct
response of the ecological environment to human activity
and has brought many adverse effects to local human
populations. In this study, the desertification index is de-
fined as the ratio of the desertification area to the total area
of each evaluation unit.

Salinization index (A,,): In this study, the land salinization
index is defined as the ratio of the salinization area to the
total area of each evaluation unit.

Land use degree index (Aj,): The land use degree represents
the degree of human damage to the land. The dimensionless
standard for land use degree is listed in Table 1.

Ecological sensitivity indexes

The most serious ecological environment problems in the
Turpan Oasis are desertification and salinization. The oc-
currence of wind erosion desertification is more sensitive to
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Table 1 Quantitative grading

> Land Water  Forested land,  High Woodland, Non-forested Saline-alkali land,
of the land use degree indexes use type farmland, cover spinney, middle land, low cover  industrial and
artificial land grass  cover grass grass unused land
Index 0 2 4 6 8 10

climate dryness, wind, and soil texture, whereas saliniza-

tion is related to the groundwater level, soil types, and

evaporating capacity (Chatterjee et al. 2014).

Dryness (B;;): Based on the existing research (Shi et al.

2010), dryness is calculated as follows:

By = 016 1 (1)
r

where Y 7 is the sum of average daily air temperatures

exceeding 10 °C and r is the precipitation for the same

period.

The observed temperature and precipitation values from
18 weather stations were collected and the dryness was
obtained. Then the dryness was interpolated to obtain raster
data of the study area.

Soil texture (B;3): Combining the findings of existing
studies (Li et al. 2006), a standardized score of desertifi-
cation sensitivity for different soil textures was produced
(Table 2).

Ground water level (B,;): The groundwater levels at 32
existing wells were collected and these data were imported
into the ArcGIS software based on their geographical co-
ordinates to produce the point layer of the groundwater
level. Based on the kriging interpolation algorithm, a
groundwater level map was constructed (Fig. 3).

Soil types (B;;): Based on the relevant research (Bi et al.
2013) the standardized score to different soil types was
assigned with the following results (see Table 3).

Ecological stability indexes

Ecological stability can be evaluated according to the
structure, function, vitality, and elasticity of the system
(Tasser et al. 2008; Walz and Syrbe 2013; Walz 2015); in
this paper, the landscape diversity index, soil organic
matter, surface water resources per unit, biological abun-
dance, and vegetation coverage were selected to reflect
these four indexes.

Table 2 Quantitative grading for soil texture in the desertification
sensitivity index

Soil Matrix Clay Gravelly Loamy Sandy
texture soil soil soil soil soil
Index 1 3 5 7 9

Landscape diversity index (Cp;): In general, when the
component of a system is more complex, it will be more
stable. Landscape diversity can be calculated as follows
(Ramezani and Holm 2011):

n

C[]Z—Z(P,‘XIIIPZ‘) (2)
i=1

where P; is the proportion of i landscape area and n is the

number of landscape types.

Soil organic matter (C,;): According to relevant studies
(Wang et al. 2008), a standardized score to different or-
ganic matter contents was obtained (Table 4).
Biological abundance index (Cs;): The biological abun-
dance index can indirectly reflect the biomass in an eval-
uation unit and can be calculated as follows:

C5; = (0.35 x forest area + 0.21 x grassland +
0.28 x water area + 0.11 x farmland 4+ 0.04 x con-
struction land + 0.01 x unused land)/unit area.

Vegetation coverage (C4;): Vegetation coverage can reflect
the production capability of a natural system and can be
calculated as follows:

_ NDVI — NDVI,,
~ NDVIjpax — NDVIyin

Cy (3)
where NDVI is the normalization vegetation index and
NDVI,,;, and NDVI,,,, are the values of NDVI for the bare
ground and fully vegetated ground, respectively, in the
evaluation area.

The specification of indexes used in the vulnerability
framework is presented in Table 5.

Evaluation model

Except for the land use degree index, desertification sensi-
tivity index, salinization sensitivity index, and soil organic
content, which were assigned standard values as described
above, all other indexes were standardized to have the same
dimensions by the maximum and minimum value standard-
ization methods. The AHP method was used to determine the
index weight. Then the ecological vulnerability evaluation
model was constructed from the weighted summation of
ecological stability, ecological sensitivity, and ecological
pressure for the data from the three partial target levels.

3
EVI= Fix W (4)

i=1
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Fig. 3 The groundwater level
map of the study area

Table 3 Quantitative grading for soil types in the salinization sen-
sitivity index

Soil Rocky Brown Sandy Irrigated Saline
type soil desert soil soil silting soil soil
Index 0 2 3 7 9

Table 4 Quantitative grading for soil organic content

Soil organic content (%) >1.5 1.0-1.5 0.8-1 0.6-0.8 <0.6
Index 2 4 6 8 10
n
Fl' = le X Pi (5)
i=1

In this formula, EVI is the ecological vulnerability index;
F; represents the value of the ecological sensitivity, eco-
logical stability, and ecological pressure; W; is the weight
of sensitivity, stability, and pressure; I; is the standard
value of the indexes representing ecological sensitivity,
ecological stability, and ecological pressure; and P; is the
weight of the corresponding indexes.

Evaluation unit

In this study, the vector evaluation unit and the raster
(10 x 10 m) evaluation unit were combined for wvul-
nerability analysis. The initial value of each grid for several
indexes, such as the biological abundance index, could not
be directly obtained; therefore, the administrative border of
each town was used as the evaluation unit, and the mean
value of the index was calculated to represent the value of
all grids in the town.

Vulnerable gradation

The result calculated from the EVI model is a continuous
value that should be sorted into several grades representing
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the different levels of ecological vulnerability. Combining
the existing research results with the natural conditions of
the Turpan Oasis and the ecological system vulnerability
characteristics, vulnerability was divided into five grades,
with each grade corresponding to one section of the eco-
logical vulnerability index (EVI). The results are listed in
Table 6.

Results
Results for land use and land cover classification

The map of land use was obtained according to the clas-
sification method introduced in the methodology section, as
shown in Fig. 4. In total, 1,000 points were selected from
stratified sampling, and the precision of the classification
result was tested according to the topographical map and
visual interpretation. Table 7 is the accuracy report of the
classification. It showed that both the producer’s accuracy
and the user’s accuracy are above 0.8 for all land use types
except saline land. This exception occurs because the
spectral value of saline land is similar to those of moderate
wind erosion and grasslands, and it is difficult to differ-
entiate them accurately. The total classification precision is
87.9 %, and the classification accuracy meets the applica-
tion requirements.

The desertification area was 3,990.55 km? in 2004 and
accounted for 80.88 % of the total area. Wind erosion
desertification was the main desertification type in the
study area and accounted for 64.05 % of the total area; it
was mainly distributed on the edge and periphery of the
oasis and was composed of gravel and naked rock. Mild
wind erosion desertification was mainly distributed in the
inner part of the oasis and accounted for 7.58 % of the total
area; it was formed by the degradation of natural grass-
lands, with part of the land exhibiting badly weathered
characteristics. Serious wind erosion desertification



Environ Earth Sci

Table 5 Ecological vulnerability evaluation index for the Turpan Oasis

Target level Partial target Layer  Rule layer Rule layer Index layer Index layer
level weight weight weight
Ecological environment  Pressure (A) 0.31 Population pressure (A;) 0.24 Population density (A;;) 1
vulnerability Environment pressure (A;)  0.36 Desertification index (A,;) 0.6
Salinization index (A,»,) 0.4
Social economic pressure 0.4 Per capita GDP (Aj3;) 0.55
(A3) Land use degree index (Ajz;) 0.45
Sensitivity (B)  0.23 Desertification sensitivity 0.5 Dryness (B;) 0.29
B1) Average wind speed (Bj,) 0.33
Soil texture (B;3) 0.38
Salinization sensitivity (B,) 0.5 Ground water level (B,;) 0.53
Soil type (B) 0.21
Evaporating capacity (B,3) 0.26
Stability (C) 0.46 Structure (C,) 0.25 Landscape diversity 1
index (Cy;)
Function (C,) 0.25 Soil organic matter (C,;) 0.5
Per unit surface water 0.5
resources (C»y)
Vitality (Cj) 0.25 Biological abundance (Cj) 1
Elasticity (Cy) 0.25 Vegetation coverage (Cy;) 1
The consistency index of each layer satisfies RI < 0.1
Table 6 The results of Comprehensive Mired Light Moderate Serious Extreme
ecological vulnerability evaluation grade vulnerability vulnerability vulnerability vulnerability vulnerability
classification in the Turpan
Oasis EVI 0-2 2-4 4-6 6-8 8-10

accounted for 2.23 % of the total area and was completely
covered by desert. Saline land was the other main deser-
tification type in the study area and was mainly distributed
around AiDing Lake, with the salt exposed to the surface in
certain areas. The degree of desertification in the study area
is very high, and the desertification has aggravated the
ecological vulnerability.

Results for ecological vulnerability

According to Formula (5), the degree of ecological pres-
sure for the entire research area and each town were cal-
culated as shown in Table 8. The minimum, maximum, and
average pressure degree indexes were 1.12, 7.76, and 4.75,
respectively. The average pressure index results (Table 8)
of each town show that the average pressure indexes of
AiDing, GuoLeBuYi, BoSiTan, and the 221st state farm
were all higher than five. For AiDing, the average pressure
index reached 7.65, and 99.46 % of the area was consid-
ered to be a serious pressure region, which is considered to
represent a serious threat to the regional ecological secu-
rity. Among the 14 towns, YuanZhongChang and SanBao

had the lowest average pressure degree index because these
two towns are located in the inner oasis and have low
degrees of land use, desertification, and salinization.

The evaluation results of ecological sensitivity show that
the lowest ecological sensitivity index of the study area
was at YuanYiChang (2.83), and the maximum ecological
sensitivity index was at XiaXiang (7.41). The average
ecological sensitivity index was 6.1. The proportion of
lightly sensitive areas was 0.34 %, the proportion of
moderately sensitive areas was 35.49 %, and the proportion
of severely sensitive areas was 64.16 %. The sensitivity
level in the Turpan Oasis increased from north to south.
The sensitivity index of YuanYiChang, YaEr, and Turpan
in the northern oasis was approximately 4—6, and the values
for the other towns were between 6 and 8, indicating that
they reached a high level of sensitivity. The main reason
for the high sensitivity in these towns is the higher ground
water level and strong evaporation, which causes serious
salinization.

The stability index in the Turpan Oasis was between
2.06 and 7.6, with an average stability index of 4.98, which
indicates an unstable level. The stability of the eastern
region was higher than that of the western region.

@ Springer
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Fig..4 Land use and land cover
classification map of the study
area

Table 7 Accuracy report of the classification in the study area

urban land

\E] cultivated land

. water body
AiDing Lake

. garden and forest land
grass land

. saline land
mild wind erosion
desertification
moderate wind erosion
desertification

. serious wind erosion
desertification

SL UL MID MOD SED WB AD GF CL GL Producer’s accuracy User’s accuracy

SL 71 3 4 8 3 0 0 2 1 6 0.86 0.72
UL 2 69 3 2 1 0 3 3 2 0.80 0.80
MID 3 4 79 4 0 0 0 0 0 3 0.85 0.85
MOD 2 1 1 166 5 0 2 0 0 5 0.91 0.91
SED 1 1 1 1 58 0 0 1 0 0 0.85 0.92
WB 0 2 0 0 0 50 0 3 0 0 0.98 0.91
AD 0 0 0 0 0 0 36 0 0 0 0.95 1.00
GF 0 2 0 0 0 0 0 111 7 1 0.87 0.92
CL 1 0 3 1 0 0 0 5 148 1 091 0.93
GL 3 4 2 2 0 0 0 2 3 91 0.83 0.85
Total 83 86 93 183 68 51 38 127 162 109

WB is water body, AD is AiDing Lake, GF is garden and forest land, CL is cultivated land, GL is grassland, UL is urban land, SL is saline land,
MID is mild wind erosion desertification, MOD is moderate wind erosion desertification, SED is serious wind erosion desertification

Comprehensive stability was poorer in KeErJian, GuoLe-
BuYi, BoSiTan, and YiLaHu, which are four towns in the
western oasis with an average stability index higher than
six as a result of desert gravel soil, a soil organic content of
0.3, and a diversity index only one-third that of the other
regions. However, four towns in the southeast similar to
QiaTeKeLe had relatively high vegetation coverage and
landscape diversity, and the average stability index was
approximately 3.3. In general, most areas of the oasis are in
an unstable state, and it is important to improve the
restoration of the ecological environment.

The ecological sensitivity index, stability index, and
pressure index were overlaid according to their corre-
sponding weights to produce an ecological vulnerability
index. The characteristics of ecological vulnerability in the
Turpan Oasis are concluded as follows:

1. The Turpan Oasis presents strong ecological vul-
nerability. The maximum vulnerability index is 6.59,
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in BoSiTan, and the minimum value is 3.08, in
SanBao. The average ecological vulnerability index
of the entire region is 5.19, which indicates a moderate
vulnerability level. The moderate vulnerability region
accounts for 81.85 % of the total area, and the light
and serious vulnerability regions account for 4.19 and
13.95 %, respectively, of the total area. More than
80 % of the area has moderate vulnerability, and
nearly 14 % of the area has serious vulnerability.
Although no extreme vulnerability regions were
observed, the environmental quality is still not
favorable.

The spatial distribution characteristics of ecological
vulnerability are indicated by two aspects: the vul-
nerability degree increases from east to west (Fig. 5)
and is significantly lower in the inner oasis than in the
outer oasis. Scarce vegetation, intense evapotranspira-
tion, strong winds, and erosion in the outer oasis have
resulted in serious ecological vulnerability.
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Table 8 Average ecological

Town Pressure index Sensitivity index Stability index Ecological vulnerability
pressure, sensitivity, stability, index
and vulnerability index in each
town ErBao 4.54 6.06 3.39 4.35
Turpan 4.45 541 4.27 4.58
KeErJian 4.19 5.89 6.68 5.72
GuoLeBuYi 5.94 6.38 6.01 6.07
AiDing 7.65 6.87 4.37 5.97
QiaTeKeLe 4.28 6.62 3.23 4.36
XiaXiang 4.20 6.99 4.71 5.07
YiLaHu 4.39 6.22 6 5.54
BoSiTan 5.39 6.18 6.25 5.96
YaEr 4.81 5.52 4.29 4.73
YuanZhongChang 3.38 6.30 3.27 3.99
SanBao 3.83 5.90 3.34 4.08
YuanYiChang 4.60 4.72 5.22 4.92
221th state farm 5.09 6.29 4.61 5.14
Discussion grid as the assessment unit (Li et al. 2006). The adminis-

Analysis of vulnerability evaluation results

Through comprehensive evaluation, it can be concluded
that an effective evaluation result was only produced by
multi-indexing. This observation indicates that the degree
of vulnerability is decided by pressure, sensitivity, and
stability. If a certain area has a higher sensitivity but the
ambient pressure is relatively low, then its vulnerability
will not manifest. For example, ErBao (located east of the
oasis) has a high ground water level and intense evapora-
tion; thus, the sensitivity index reached 6.03. However,
because ErBao has high vegetation coverage and rich
landscape diversity, the stability of the system was im-
proved, offsetting the vulnerability resulting from sensi-
tivity. Therefore, only a comprehensive evaluation
engenders a complete and accurate understanding of the
ecological vulnerability (Gao et al. 2013).

The index system for ecological vulnerability evaluation
constructed in the study is comparatively complete com-
pared with other vulnerability studies of arid regions. The
indexes include ecological (natural and social) pressure,
ecological sensitivity, and ecological stability, particularly
the desertification index and salinization indexes, as a re-
flection of the most serious environmental problems in arid
regions and factually reflect the ecological vulnerability of
the oasis. This comprehensiveness provides a distinct ad-
vantage compared with other ecological vulnerability
evaluation studies. The index system can also be applied to
vulnerability research in similar regions, particularly arid
regions. Moreover, the assessment method adopted in this
study differs from the conventional method, using the ad-
ministrative region (Shi et al. 2007; Zhou et al. 2011) or the

trative regions and raster units were combined in this study.
Spatial analysis based on a GIS approach was applied to
conduct spatial interpolations and operations, and it ex-
tended all of the indexes to the same spatial scale to acquire
the same resolution. Therefore, the vulnerability charac-
teristic of any location in the study area can be obtained.
This is beneficial for ecological restoration and recon-
struction. However, the evaluation results are somewhat
subjective because of the weight determined by the AHP
method. In further studies, other vulnerability evaluation
methods such as the fuzzy evaluation method and artificial
neural network can be applied to ensure more objective
results.

The effect of land use on ecological vulnerability

Land use and land cover are the main determinants of the
structure, function, and dynamics of most landscapes
throughout the world (Wu and Hobbs 2002; Li et al. 2007).
Changes in land use, particularly in ecologically important
land use categories, may significantly affect ecosystem
processes and services. Studies on the relationship between
vulnerability and land use may help ensure reasonable land
use planning. The percentage of different land use areas
occupied by each vulnerability level was calculated, and
then found that ecological vulnerability is closely related to
land use type in the study area. The desertification area
increased from 17.75 to 96.31 % along with increasing
vulnerability levels (Table 9), but all other types of land
showed a decreasing trend. Desertification areas were
positively correlated with the degree of vulnerability. To
further indicate the relationship between desertification and
vulnerability, the value of the desertification index with the
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Fig. 5 Distribution of
ecological vulnerability in the
study area

value of the vulnerability index of each town were com-
pared. The analysis showed that the towns with the most
serious vulnerability, such as GuoLeBuYi, BoSiTan, and
AiDing, all have the highest desertification degree. De-
sertification plays a key role in the formation of ecological
vulnerability. Through remote sensing classification, it can
be found that wind erosion desertification and salinization
were the main desertification types in the study area.
Moderate wind erosion desertification was located on the
edge and the periphery of the oasis, which accounted for
64.05 % of the total research area. Salinization land, mild
and serious wind erosion desertification types were located
in the inner portion of the oasis and accounted for 6.6, 7.58,
and 2.23 % of the total research area, respectively. Thus,
desertification is extensive in the study area, and ecological
restoration and reconstruction are urgently needed.

Ecological restoration and reconstruction measures

Environmental changes caused by human activities and
regional climate changes have long been recognized
throughout the world (Gonzalez et al. 2010; Hoegh-Guld-
berg and Bruno 2010). The formation of vulnerable envi-
ronments in northwestern China is a result of long-term
natural evolution, which has been strongly influenced by
human activities in recent times (Zhou et al. 2011). The
vulnerability of the Turpan Oasis is also caused by the
natural fragility of geological, geomorphic, climatic, and
hydrological conditions (Fang et al. 2010). Negative in-
fluences of human activities, such as excessive reclama-
tion, overgrazing and improper use of water resources, also
increases the pressure on the ecological environment.
According to vulnerability grading results (shown in
Fig. 5), the following ecological restoration and recon-
struction measures were suggested: (1) In moderately
vulnerable regions, which account for 80 % of the total
area, the development of agriculture and husbandry should
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be restricted because of the strong wind erosion, desertifi-
cation, and salinization sensitivity, as well as the low
landscape diversity and vegetation coverage. In serious
desertification regions such as Tuokexun and the area near
Kumutager Desert, surveys of the soil and water resources
should be conducted, and the ecological water use should
be monitored to maintain natural ecological conditions. In
desert-spreading regions such as ErBao, natural vegetation
should be strictly protected and windbreaks should be built
to avoid desert sprawl. In serious salinization regions near
AiDing Lake, such as AiDing and QiaTeKeLe, it is nec-
essary to reduce water usage withdrawn from rivers and to
use groundwater conservatively. In addition, irrigation
techniques should be improved to reduce water consump-
tion. (2) In seriously vulnerable regions such as GuoLe-
BuYi, land degeneration is severe due to wind erosion,
grassland degeneration, and secondary salinization of soil.
An ecosystem may be more stable if its vegetation cover is
high and be more vulnerable when its vegetation cover is
low (Wu and Ci 2002). Therefore, it is more important to
enforce measures to maintain a stable and high vegetation
cover. The desert vegetation in this area should be strictly
preserved and the destroyed vegetation should be rebuilt
over time. Logging and reclamation of forest areas should
be strictly forbidden. Moreover, measures should be taken
to control grazing activities in nature reserves to ensure the
growth of natural desert vegetation, such as H. ammoden-
dron. (3) The rational use of water resources in the entire
region is urgently required, and ensuring ecological water
use is critical for ecological construction. Water resource
development and utilization are indispensable for eco-
logical restoration in hyper-arid oasis habitats. In the
Turpan Oasis, water resource shortages are responsible for
many ecological problems. Fang et al. (2010) indicated that
the available average amount of annual water resources is
10.9 x 108 m® (excluding recycling and reuse of water
resources), whereas the ecological and agricultural water
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Tab'le 9 Percentage of the area Light vulnerability Moderate vulnerability Serious vulnerability
of different land use types in
each vulnerability grade of the Farmland 55.73 8.68 0
environment Urban construction land 0.44 0.31 0
Desertification land 17.75 80.88 96.31
Water 10.32 0.13 0
Forestland 2.00 2.49 0
Grassland 13.76 7.51 3.69

requirements are 11.204 x 108 m? , which thus exceeds the
available amount of water resources. It is anticipated that
the water requirements will further increase in the future.
With the expansion of irrigated areas in the oasis, it will be
more difficult to guarantee the amount of ecologically
available water, which might lead to further deterioration
and degradation of the ecological environment. According
to the economic and environmental characteristics of the
Turpan Oasis, the following strategies for the utilization of
water resources were suggested. First, the use of ecological
water and water for sustenance should be ensured. Second,
the use of irrigation water should be reduced, and virtual
water imports for agriculture should be improved. The
adjustment of planting structures is also an important
measure to conserve agricultural water in addition to water-
saving irrigation techniques. Third, water resource quotas
should be appropriately increased for industry sectors, in-
cluding the tourist industry.

Conclusions

This paper evaluated vulnerability as a comprehensive re-
flection of the stability, sensitivity, and degree of pressure
of the ecological environment and organized the charac-
teristics into 16 indexes, including desertification, ground
water level, and population density, to construct a com-
prehensive evaluation model for ecological vulnerability
research in typical arid oasis areas, which is a significant
potential for providing insights on ecological vulnerability
evaluation. A remote sensing classification method—de-
cision tree classification was applied to SPOT-5 data with a
resolution of 10 m; next, the land use and land cover in-
formation, particularly desertification, was extracted, and
the methods used in this paper can serve as a guidance for
regions which lack collected data. According to the
assessment results, the conclusions are as follows:

1. Wind erosion desertification and saline land account
for 80.88 % of the total area. The degree of deserti-
fication in the study area is very high, and the
desertification has aggravated the ecological vul-
nerability. The moderately vulnerable region accounts
for 81.85 % of the total area, and the light and serious

vulnerability regions account for 4.19 and 13.95 %,
respectively, of the total area. More than 80 % of the
area has reached moderate vulnerability, and nearly
14 % of the area has reached serious vulnerability.
Desertification areas are positively correlated with
degree of vulnerability. The desertification area in-
creased from 17.75 to 96.31 % along with increasing
vulnerability levels, but all other types of land showed
a decreasing trend.

2. The rational use of water resources in the entire region

is urgently required and the availability of ecological
water use is critical for ecological construction. First,
ecological water use and water for sustenance should
be prioritized. Second, irrigation water -efficiency
should be improved. Importing water-intensive agri-
cultural products is an effective measure to reduce
irrigation water use. Shifting water-intensive crop
structure into less-water-used crop structure is another
alternative option to save irrigation water. Third, water
use quotas should be adjusted from agriculture to
industry and services (particularly the tourist industry).
This measure will increase the economic efficiency of
water use.
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