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a b s t r a c t
Water is the major guarantee for ecological restoration and a virtuous ecological cycle. This study 
is based on spatial information processing technology and mathematical modeling. The results 
demonstrate that the overall trend in regional modulus of eco-water conservation (MEC) and 
quantity of eco-water conservation (QEC) was dropped dramatically and then gradually increased 
from 2007 to 2017. The restoration process of eco-water conservation capacity cannot match both in 
time and space. Moreover, there are significant differences in MEC between different land types. 
Serious destruction of forestland are the leading factors of the 14.27% decrease in MEC of the study 
area after earthquake. Besides, there is an apparently positive correlation between MEC distribution 
and slope changes on the whole (p < 0.05), so the earthquake has the greatest impact on MEC if the 
surface slope is between 15° and 35°. Furthermore, the average MEC in areas below 3,000 m above 
sea level is higher than in other areas, and the MEC reduction rate after the earthquake is 31.85% 
higher than the areas above 3,000 m. In addition, the disturbance of MEC around faults was more 
often than that in other areas.

Keywords:  Eco-water (layer); Remote sensing inversion model; Wenchuan earthquake; Ecological 
restoration; Dynamic change

1. Introduction

Eco-water (layer), a new concept put forward by 
research groups from the perspective of eco-hydrology in 
recent years, which refers to the water body closely related 
with plants on the surface of the earth. It is a layer after the 
transformation of atmospheric precipitation and stored by 
vegetation, vegetation humus layer, and root soil layer, in 
other words, eco-water layer which centered around veg-
etation [1]. Eco-water (layer) is essentially different from 
terms like ecological water, ecological water demand, and 
ecological environment water demand in common doc-
uments. It’s the water body closely related with plants on 

the surface of the earth and a key storage water body in the 
surface of the terrestrial ecological environment. It has the 
function of buffer, distribution, and regulation for precipi-
tation and plays an important role in the improvement of 
ecological environment and hydrological cycle. Besides, 
eco-water (layer) is the center of determining the dynamic 
distribution of water resources, it also has noticeable spec-
ificity and complexity in the whole hydrological cycle 
system. It is of great scientific significance to study and 
accurately quantify the eco-water (layer) of land vegetation 
for the entire water environment research [2,3].

The vegetation, soil, and water were severely dam-
aged in Wenchuan earthquake in May 12, 2008, which 
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changed the original ecological process of the vegetation 
and hydrology in this area and deteriorated the basic con-
ditions for vegetation growth and development, leading 
to ecological vulnerability, and landscape fragmentation 
[4–6]. Moreover, the earthquake and its secondary geolog-
ical disasters destroyed the underground confining bed, 
changed the geological condition and hydrological process, 
reduced water and fertilizer storage capacity of the soil and 
resource utilization efficiency of water, and then threaten 
the stability and security of regional ecosystem [7]. As a 
crucial factor for vegetation ecology restoration in earth-
quake stricken areas, water, the source of human survival 
and development, plays a significant part in regulating the 
ecological environment and hydrologic cycle. At the same 
time, as an important indicator to measure the quality of 
ecological environment, water conservation capacity plays 
an essential role in regional and global ecosystem stability 
[8,9]. Therefore, water ecological environment and its spa-
tiotemporal changes in earthquake stricken areas should be 
explored in a profound and accurate way, and correspond-
ing protection measures should be proposed. They are full 
of great importance for the scientific management of the 
ecological environment in the earthquake stricken areas 
and the formulation of long-term ecological restoration.

The water environment has remarkable diversity and 
complexity in the huge terrestrial ecosystem, so research-
ers try to study on the separation of water resources from 
groundwater, soil water, and surface water according to the 
characteristics of time and space, movement, and storage 
of water. In particular, they separated “green water” from 
other water resources from the perspective of ecological 
water demand, and this caused the scientific community 
to rethink the concept of water resources and hydrologi-
cal functions [10]. In recent years, hydrologists have used 
hydrological methods as the basis and many new technol-
ogies like remote sensing (RS) and geographic informa-
tion system (GIS) to carry out researches on many issues 
around the world as the combination. The issues involved 
distributed hydrological cycle model [11–14], estimation, 
and variation analysis of water reserves [15–17], simula-
tion of water–soil–vegetation–atmosphere transmission 
system [18–20], remote sensing hydrological coupling 
model [21–23]. These methods provide a scientific basis for 
researches on water resource in stricken areas. Based on 
these researches, relevant scholars analyzed the changes 
of surface hydrology [24,25], water quality [26–28], and 
underground water [29–31] in earthquake stricken areas, 
which provided scientific bases for forecast assessment 
and integrated management of water resources.

The existing research results have apparent advantages 
in the quantitative analysis of groundwater, surface water, 
soil water, and vegetation water. But Wenchuan earthquake 
stricken area is a place with complex geology and landform, 
conventional approaches are difficult to meet the needs of 
accurate eco-water quantification and dynamic monitoring 
on the surface. Researches on the spatiotemporal change 
features and quantitative analysis of land surface vegetation 
eco-water (layer) in the severely earthquake stricken area 
are still in the blank stage. Recently, the coupling model of 
remote sensing hydrology is a significant direction with 
broad prospects for the development of water resources 

prediction mode [32–34]. The practice of research groups 
in recent years shows that using remote sensing technology 
to study the eco-water (layer) in Western Sichuan Plateau 
and earthquake stricken areas with poor environment 
is desirable on theoretically and technically [1–3,35].

Thus, based on the previous research results of the 
research group and 3S technology (RS, GIS, and GNSS), 
this paper constructs a quantitative inversion model of eco- 
water (layer) due to the lack of ecological water research in 
Wenchuan earthquake stricken areas. The dynamic moni-
toring of eco-water (layer) conservation by remote sensing 
during 10 y before and after the earthquake in the study 
area revealed the distribution structure and spatiotempo-
ral variation features of eco-water (layer) in earthquake 
stricken areas, enriched the theoretical system of ecological 
recovery research in earthquake stricken areas, and pro-
vided a theoretical basis for the promotion of the ecologi-
cal restoration process and the optimization of restoration 
measures in this area.

This paper is organized as following. The first part 
is a review of the research status of hydrological remote 
sensing and a description of the significance of eco-water 
(layer) remote sensing dynamic monitoring for ecological 
restoration in earthquake stricken areas. The second part 
presents the research region status, research data acquisition, 
and processing procedure, eco-water (layer) remote sens-
ing inversion method, and model. The third part includes 
the analysis of characteristics of inter-annual and spatial 
changes of eco-water (layer) conservation in the research 
area, the study of the impact of earthquake on regional 
eco-water (layer) conservation capacity, and the discussion 
of spatiotemporal differences of eco-water conservation 
capacity. The last part discusses and summarizes the study.

2. Materials and methods

2.1. Study area

Beichuan, a county in the northwest part of Sichuan 
Province, is located at 103°44′42.41″E to 104°43′15.37″E 
and 31°33′35.63″N to 32°13′10.97″N, covering an area of 
3,083.30 km2, shown in Fig. 1.

Most parts of the county are dominated by mountains 
with an elevation of 540–4,769 m. Generally speaking, the 
terrain is high in the northwest and low in the southeast. 
With intense tectonic movement and complex underly-
ing lithology and geological structure, the main part of 
Longmen Mountain fault zone (from Beichuan County to 
Yingxiu Town) is one of the areas with the strongest seis-
mic activity and of highest frequency. Soil and vegetation 
are characterized by vertical distribution. From high alti-
tude to low altitude, the distribution of vegetations are from 
alpine screes vegetation, alpine meadow, sub-alpine shrub 
meadow, coniferous forest, coniferous and broad-leaved 
mixed forest, evergreen deciduous broad-leaved mixed for-
est to subtropical evergreen broad-leaved forest. The soils 
are from alpine cold desert soil, alpine meadow soil, sub-al-
pine meadow soil, brown soil, dark brown soil, and yel-
low–brown soil to yellow soil. As an important water con-
servation area in Chengdu Plain, the study area is of great 
importance to China’s ecological shelters and biodiversity 
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protection zones. Due to the Wenchuan earthquake and 
its secondary geological disasters, the vegetation coverage 
has declined significantly; the landscape fragmentation has 
intensified; water has been seriously damaged; the ecolog-
ical carrying capacity has declined; the biodiversity has 
been threatened, and the ecological service function has 
been seriously degraded in this area. Restricted by many 
factors, the ecological recovery after earthquake is quite 
long and difficult, so long-term dynamic monitoring and 
evaluation on ecological environment should be done.

2.2. Datasets

2.2.1. Remote sensing data

The thesis is divided into five parts according to time, 
2007 (pre-earthquake), 2008 (earthquake year), 2011 (early 
recovery), 2014 (recovery mid-term), and 2017 (recovered 
mid-to-late term). Remotely sensed Landsat time series 
images from Landsat 5 TM images (acquired on 18 July 
2008; 05 August 2011), Landsat 7 ETM+ images (acquired 
on 19 September 2007), and Landsat 8 OLI images (acquired 
on 12 July 2014; 06 September 2017). The 2007–2017 data-
set was at 30 m spatial resolution. The data from the US 
Geological Survey (USGS) at http://glovis.usgs.gov/. Image 
processing is done in eight main steps: radiometric cali-
bration, atmospheric correction, removing striping, image 
fusion, projection transformation, image registration, image 
mosaic, and image cutting.

ASTER digital elevation model (DEM) with spatial res-
olution of 30 m. DEM data from the geological data cloud 
at http://www.gscloud.cn/. Image processing is done in eight 
main steps: coordinates correction, eliminate noise, image 
mosaic, and image cutting.

The data of land use classification comes from China’s 
second land survey results data set.

2.2.2. Sample collection and processing

Soil and vegetation samples were collected from differ-
ent places and types in the study area, including 118 soil 
samples and 103 vegetation samples. Soil samples were 
collected by cutting rings with a diameter of 50.46 mm, 
height of 50 mm, and volume of 100 cm3. Each sample 
was weighed and numbered. The latitude and longitude 
coordinates of each sample were recorded, respectively. 
Then soil samples were weighed one by one through an 
analytical balance with a precision of 0.0001 g. Sample 
was weighed three times and the average of the results 
was taken. Next, these samples were put in an oven at 
105°C and dried continuously for more than 72 h until they 
reached a constant weight. The unit of soil water content is 
expressed by the thickness of soil water layer (Wc) in g/cm2.

W H
G G
Gc = ×
−

×1 2

2

ρ  (1)

The internal height of the cutting ring used in this paper 
is 5 cm. In Eq. (1), H refers to the overall soil layer thick-
ness used for calculation; G1 is the soil quality in wet; G2 is 
the soil quality after drying; ρ is the soil bulk density.

Representative canopy leaf samples were selected at 
each sampling site, and 3–5 plants of each type were taken. 
After sampling, these samples were weighed immediately, 
then they were sealed in the sample bags and marked with 
their number and coordinate. Then plant samples were 
baked in a 70°C oven for about 24 h in the laboratory until 
they reached a constant weight. The unit of vegetation water 
content is expressed by equivalent water layer thickness 
(EWT) in g/cm2.

EWT FW DW
=

−
×

A
100%  (2)

Fig. 1. Location of the study area.



279M. Xiang et al. / Desalination and Water Treatment 219 (2021) 276–286

In Eq. (2), EWT refers to the content of water per unit 
area; FW is the fresh weight of vegetation, DW is the dry 
weight of vegetation; A represents the leaf area.

ASD FieldSpec Pro FR (measuring range 350–2,500 nm) 
was used to collect spectral data of the soil and vegetation. 
As the spectrometer was exposed to environmental fac-
tors, the spectral reflectance of soil and leaf may have some 
error. Therefore, respective values were corrected using a 
standard whiteboard. The reflectance was measured thrice 
and values recorded three times each using a spectrometer 
for each measurement.

2.3. Methods

2.3.1. Remote sensing inversion method of soil water content

In the paper, Nir-Red eigenspace method was used to 
carry out the remote sensing inversion in soil water content. 
Some scholars believe that Nir-Red spectral feature space 
image is referring to typical triangle distribution which is 
shown in Fig. 2 [36–39].

In Fig. 2, the straight line formed by B and C is the soil 
line. The soil from point B to C was changed from wet to dry. 
The regression equation of B–C as the soil baseline can be 
gotten through the two-dimensional spectral point fitting. 
Eq. (3) is as follows:

R Inir redMR= +  (3)

In Eq. (3), Rnir refers to the reflectivity of near-infra-
red band; Rred is the reflectivity of red band; M is the slope 
of soil line; I is the intercept of soil line in the ordinate.

In Fig. 2, L is the line perpendicular to the soil base-
line through the origin of coordinates, the calculation 
equation of L is:

R
M
Rnir red= −

1  (4)

In Nir-Red two-dimensional feature space, the ver-
tical distance from any point to line L reflects the drought 
degree of surface soil. The larger the distance is, the drier 
the surface soil is. Otherwise, the wetter the surface soil is. 
The equation is as follows:

EF MRred nir=
+

+( )1
12M
R  (5)

When the soil is dry, the soil water content is very low 
or even zero, then the EF is infinitely close to 1. When the 
soil water content is extremely high, the soil water con-
tent reaches 100%, then the EF will approach 0 infinitely. 
Based on this relationship, the constant 1 is introduced to 
subtract the EF value. The equation for prediction model 
of soil water content in Nir-Red two-dimensional feature 
space is as follows.

SMMRS red nir= −
+

+( )1 1
12M
R MR  (6)

According to Eq. (6), the slope of soil line needs to be 
determined to calculate SMMRS. Qin et al. [42] found that 
the soil line extracted from the two-dimensional spectral 
feature space constituted by infrared and near-infrared 
bands based on remote sensing images met the linear 
relationship, and this was verified by field measurement 
in different regions [39].

The measured thickness of soil water layer and SMMRS 
linear fitting model were established to estimate the soil 
water content in the study area [Eq. (5)]:

W a bc = × +SMMRS  (7)

2.3.2. Remote sensing inversion method of 
vegetation water content

As the change of vegetation water content, its spectral 
characteristics will change accordingly. Relevant studies 
have found that the response of vegetation water content 
at 820; 860; 900; 950; 1,240; and 1,600 nm is relatively high, 
so it is more accurate to estimate vegetation canopy water 
content by establishing a relationship model between veg-
etation index and measured vegetation water content 
[3,40,41]. The correlation between vegetation index (like MSI, 
SR, SRWI, OSAVI, etc.) and canopy water content was cal-
culated in turn, and the relevant data is shown in Table 1. 
According to the previous findings of the research group, the 
moisture stress index (MSI) was selected for study [3,35,42].

Eq. (6) established the vegetation water content measured 
system and MSI linear fitting model to estimate the vegeta-
tion water content in the study area:

EWT MSIc a b= × +  (8)

2.3.3. Inversion method of eco-water (layer)

According to the definition of MEC, the eco-water 
conservation modulus model (MEC(i,j)t) in pixel (i,j) at 
time t is:

L

Fig. 2. Schematic diagram of soil moisture monitoring model.
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MEC EWTi j i j W i j
t C t c t

, , ,( ) = ( ) + ( )  (9)

The QEC of the whole area is:

QEC MEC= ( ) × ( )
==
∑∑ i j A i j

t
j

n

i

m

t
, ,

11
 (10)

The A(i,j)t refers to the area of pixel (i,j) at time t.

3. Results and analysis

3.1. Remote sensing inversion results of eco-water (layer) 
conservation in stricken areas

Linear regression models of Wc and EWTc were estab-
lished based on Eqs. (1)–(8) and Table 1, and the correla-
tion coefficient (r) and root mean square standard error 
(RMSE) between measured results and predicted results 
of the model were used as effective indexes of the evalu-
ation model. The fitting model and its prediction results 
are shown in Table 2.

High prediction accuracy of these two prediction mod-
els was observed. At last, the MEC of each time sequence in 
the study area is estimated by remote sensing according to 
Eq. (7), shown in Fig. 3.

3.2. Analysis on annual changes of eco-water (layer) conservation

From Fig. 3, we can see that the MEC spatial distribution 
characteristics in the study area are basically similar every 
year. Areas with high eco-water conservation capacity are 
mainly distributed in Jian, Duba, and Baicao river basin. 
The middle and western edges of the study area, while 
areas with low conservation capacity are mainly distrib-
uted in the south, north-central parts, and central areas of 

counties and towns. From the perspective of changes in the 
spatial distribution of MEC, earthquake, and its secondary 
geological disasters have the greatest impact on the east-
ern part of the study area and the smallest impact on the 
western part of the study area, so the MEC changes are 
highly spatially coupled with regional damage. In 2011, 
the MEC in the eastern part of the study area was obvi-
ously higher than that in 2008, but the change in other 
parts of the study area was not evident. In 2014, the spa-
tial distribution of MEC in the study area was more even, 
and the central and western part had a certain increase 
compared with 2011. During the restoration in 2017, the 
regional MEC is at a relatively high level, but the spatial 
distribution change is not obvious compared with 2014, 
which indicating that the stability of the ecosystem in the 
study area has gradually increased [43–45].

From Fig. 4, the MEC in the study area is normally dis-
tributed in different years overall. Before the earthquake, the 
MEC index was mainly between 1.3695 and 2.0214 g/cm2, 
accounting for 68.28% of the sum total. After the Wenchuan 
earthquake in 2008, the MEC distribution curve shifted to 
the left as a whole, and the MEC index is mainly between 
1.0926 and 1.8062 g/cm2, accounting for 68.95% of the sum 
total. Therefore, regional eco-water conservation capacity 
decreased significantly at that time. After 3 y restoration, 
the MEC distribution curve moved to the right, and the 
MEC distribution was mainly between 1.1566 and 1.9276 g/
cm2, accounting 68.85% of the sum total. The eco-water 
conservation capacity was recovered greatly. By 2014, the 
MEC distribution curve still moved to the right. The MEC 
index was mainly distributed between 1.1932 and 1.9630 g/
cm2, accounting for 68.21%. The regional eco-water conser-
vation capacity was further improved. In 2017, the MEC 
distribution curve moves slightly to the left, and the MEC 
index was distributed between 1.1793 and 1.9438 g/cm2, 
accounting for 68.16%. The regional eco-water conservation 

Table 1
Common vegetation index and equation

Vegetation index Linear regression model r RMSE

SR = R895/R675 y1 = 0.0122x + 0.6114 0.730 0.0287
NDII = (R820 – R1600)/(R820 + R1600) y2 = 0.6655x + 0.5243 0.828 0.0272
SAVI = 1.5 × (RNIR – RRed)/(RNIR + RRed + 0.5) y3 = 0.2181x + 0.6105 0.471 0.0327
MSI = R1600/R820 y4 = –0.4421x + 0.9615 0.871 0.0250
MSAVI = 0.5 × [2 × RNIR + 1 – ((2RNIR + 1)2 – 8(RNIR – RRed))0.5] y5 = 0.2776x + 0.5756 0.754 0.0282
OSAVI = 1.16 × (R800 – R670)/(R800 + R670 + 0.16) y6 = 0.2739x + 0.5588 0.528 0.0333
NDVI = (R895 – R675)/(R895 + R675) y7 = 0.2614x + 0.4933 0.815 0.0273
NMDI = [R860 – (R1640 – R2130)]/[R860 + (R1640 – R2130)] y8 = 0.7944x + 0.2154 0.624 0.0320

Table 2
Linear regression model and prediction

Number Models of linear regression Calibration Prediction

rc RMSEc rp RMSEp

1 Wc = 6.5156 × SMMRS – 3.3704 0.914 0.012 0.911 0.089
2 EWTc = –0.216 × MSI + 0.1593 0.912 0.028 0.902 0.007
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capacity decreased slightly. In general, the overall eco-wa-
ter conservation capacity of the study area showed a sharp 
decline and then gradually increased. Compared with the 
previous stage, regional eco-water conservation capacity 
still declined during ecological restoration, which indi-
cates significant effects on the regional ecological environ-
ment restoration. However, the stability of the ecological 
environment is relatively poor, and it is easily affected by 
human activities and natural disasters.

According to Eq. (8), QEC at any time was calculated 
and counted respectively in Table 3.

Table 3 shows that the total amount of eco-water con-
servation in the study area decreased and then increased 

gradually. Before the earthquake, the eco-water conser-
vation in the study area was at the highest level, and it 
dropped 14.35% after the earthquake. With the promotion 
of ecological restoration, the amount of eco-water conserva-
tion increased continuously after the earthquake. By 2017, 
it had recovered to 48.8169 million tons. The increased 
amount of eco-water conservation was obvious in 2008, 
but the gap was still existed comparing with before. It 
shows that with the restoration of the ecological envi-
ronment in the study area, the regional eco-water (layer) 
conservation capacity was increasing, but the increment 
was slowing down over time. The ecological water conser-
vation capacity is difficult to recover to the level before the 
earthquake in a short time, so the ecological restoration in 
the stricken area requires continued attention.

3.3. Analysis on spatial change characteristics of eco-water 
conservation in the study area

3.3.1. Characteristics of eco-water conservation variation in 
different land use types

According to China’s Second Land Survey data set, land 
use types in the study area was divided into cultivated land, 
forest land, garden land, grassland, bare land, construction 
land, and water area. According to the definition of eco-wa-
ter (layer), water, and construction land was not included. In 
the study, there are 213.68 km2 cultivated land, 2,550.78 km2 
forest land, 48.44 km2 garden land, 51.97 km2 grassland, 
and 103.80 km2 bare land. Through the overlay analysis of 
GIS, Table 4 showed the average conservation modulus 
and its changes of different land types in different years.

From Table 4, the water conservation capacity of for-
est land is the strongest, followed by grassland, farmland, 

Fig. 3. MEC spatial distribution of study area in 2007~2017.
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ferent years.
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garden land, and bare land. The forestland of the research 
area accounts for 82.73% of the total area. Because of strong 
eco-water conservation capacity of forestland, it occupies an 
absolute advantage from 2007 to 2017. The decline is of vary-
ing degree in eco-water conservation capacity of various land 
types after the earthquake. Among them, the reduction rate 
of MEC in woodland and garden land exceeds 24%, which is 
the main reason for the dramatically decline of regional eco-
logical water conservation. By 2011, the MEC of most land 
types had increased. With an average annual growth rate 
of more than 2.5%, forestland and bare land was the most 
prominent land type among them, which have a connect 
relationship with vegetation restoration during that period. 
However, the conservation capacity of cultivated land 
declined slightly, which mainly because a large number of 
reclamation projects of damaged land were launched in the 
study area from 2009 to 2011. The action disturbed the arable 
layer in some degree, resulting in large fluctuation of MEC 
in cultivated land during that time. With the development 
of the ecological restoration in the stricken area, by 2014, 
eco-water conservation capacity of various land types has 
been further improved, the total amount of regional ecolog-
ical water conservation has continued to approach the level 
before the earthquake. In particular, the start of agricul-
tural activities caused the average annual MEC approach-
ing 5% in cultivated land. Compared with 2014, the total 
amount of regional eco-water had a slight decline in 2017. 
However, the conservation capacity of forestland is still 
improving, which indicates that the stability of forestland 
ecosystem is better and the ecological recovery is stronger.

3.3.2. Characteristics of eco-water conservation 
variation in different land use types

According to the method of equal interval method, the 
slope of the study area was divided into 10 grades, the aver-
age MEC of each slope is calculated and collected in turn. 

Table 5 showed the average MEC and annual change of dif-
ferent slopes in different years.

According to the method of equal interval method, the 
slope of the study area was divided into 10 grades, the aver-
age MEC of each slope is calculated and collected in turn. 
As shown in Table 5, MEC and slope are positively cor-
related with each other every year. Affected by diversified 
factors like earthquakes, secondary geological disasters, 
and human activities, ecological restoration is not synchro-
nous in different regions, so the correlation varies in differ-
ent years. It means that the ecological water conservation 
capacity of the study area is increasing with the growth of 
the slope. Interfered by various activities, the discrepancy 
of MEC in different slopes and years is apparent.

In light of the variation of MEC in every slope over 
time, the earthquake in 2008 and its secondary geolog-
ical disasters resulted in massive destruction to vegeta-
tion, soil, and water body. The average MEC reduction 
rate in every slope of the study area was more than 12%, 
so the decrease is apparent. The decrease rate of MEC in 
the range of less than 25° is directly proportional to the 
change of terrain slope (r = 0.97, p < 0.01). The reduction 
rate of MEC gradually decreases with the increase of the 
slope (r = 0.97, p < 0.01) as slope is over 25°. There was the 
same situation from 2009 to 2011 when the average annual 
increase rate of MEC in every slope was more than 1%. 
From 2012 to 2014, the average MEC in each slope contin-
ued to increase, but the increase rate was apparent slow. 
Where the slope is less than 25°, the increase rate of aver-
age MEC was significantly higher than other areas. From 
2015 to 2017, there was a certain difference in MEC change 
rate of every slope. The MEC in areas less than 20° declined 
slightly, the increase rate of MEC in other areas generally 
increased with the increase gradient of slope.

It means that topographic slope has an influence on 
eco-water conservation capacity, and its inflection point is 
around 25°. It primarily attributed to the area with slope 

Table 3
Statistics of QEC

Year 2007 2008 2011 2014 2017

QEC (104 t) 5,251.37 4,497.93 4,744.50 4,919.85 4,881.69
Rate of QEC change – –14.35% 1.83% 1.23% –0.26%

Table 4
Average MEC and its changes of different land types in different years

Land types 2007 2008 2011 2014 2017

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

Cultivated land 1.594 – 1.395 –19.89% 1.391 –0.12% 1.538 4.89% 1.450 –2.92%
Forest land 1.722 – 1.481 –24.10% 1.562 2.68% 1.596 1.16% 1.612 0.53%
Garden land 1.576 – 1.334 –24.20% 1.394 1.97% 1.457 2.10% 1.407 –1.65%
Grass land 1.666 – 1.438 –22.78% 1.482 1.45% 1.57 2.95% 1.555 –0.49%
Bare land 1.524 – 1.321 –20.31% 1.423 3.40% 1.466 1.44% 1.368 –3.26%



283M. Xiang et al. / Desalination and Water Treatment 219 (2021) 276–286

below 25° is mainly cultivated land and garden land, while 
the area with slope over 25° is mainly woodland and grass-
land. The earthquake and its secondary geological disasters 
changed many forestland, cultivated land moved into bare 
land. After the earthquake, the grass and shrubs in this area 
can cover the ground in a short time, which enhanced the 
improvement of ecological water conservation capacity. 
That’s why the increase rate of MEC is higher than other 
areas as the slope is between 15° and 30° during 2009–2011. 
As the development of ecological restoration, cultivated 
land, and gardens in low slope areas were abandoned due 
to earthquakes (some even turned into bare land). After 
land rehabilitation and ecological restoration, agricultural 
activities resumed, the conservation capacity of regional 
MEC was significantly improved. In the area with a slope 
more than 25°, grass and shrubs recovered greatly from 
2009 to 2011. However, the growth cycle of arbor forest is 
long, the soil in damaged forest is hard to recover under 
natural restoration in a short time, so the annual increase 
rate of MEC in high slope area is significantly lower than 
that in low slope area between 2012 and 2014. Low slope 
areas are the main place of human activity. Affected by 
many factors like agricultural activities and construction 
activities, MEC was fluctuated greatly. Coupled with the 
overall slow development of ecological restoration, MEC in 
low slope areas decreased slightly from 2015 to 2017.

3.3.3. Characteristics of eco-water conservation 
variation in different altitude

The altitude of the study area is varying from 540 to 
4,769 m. According to the vertical distribution of regional 
vegetation and soil types, the altitude of the study area 
was divided into 10 grades by the method of equal inter-
val method, then the average MEC in each altitude was 
calculated and collected in turn, shown in Table 6.

Table 6 shows that the correlation between eco-water 
conservation and altitude was not obvious every year. In 
general, the average MEC of the area below 3,000 m is higher, 
and that of 3,000–3,800 m is obviously lower. The MEC 
start increase again as the altitude is higher than 3,800 m. 

The main reason for these characteristics and differences 
are closely related to the vertical distribution of soil and 
vegetation in the study area. The soil types below 3,000 m 
are mainly yellow soil, yellow–brown soil, and brown soil, 
the land types are mainly woodland, grassland, and ara-
ble land, so the water containment capability of soil and 
vegetation are higher than other study areas. Plants above 
3,000 m are dominated by sub-alpine meadow soil and alpine 
meadow soil, while land types are mainly grassland and 
bare land, so the ecological water conservation capacity is 
weak. Study areas over 3,800 m are mainly covered by snow, 
so the MEC conservation capacity is also relatively high.

The MEC reduction rate in the study area after the 
earthquake is inversely proportional to the altitude (r = 0.75, 
p < 0.05). The MEC reduction rate in area below 1,800 m is 
over 14%, while the reduction rate in other area is about 
12%, which indicates that the low-altitude areas were even 
strongly affected by Wenchuan earthquake. The main 
reason is that the regional seismic fault is located in the 
low- altitude region, the earthquakes and their secondary 
geological hazards are controlled by these seismic faults. 
The closer to the fault, the more frequent the geological haz-
ards, and the greater the disturbance to the eco-water con-
servation capacity [24]. The MEC in different altitude was 
increased of varying degrees from 2009 to 2011. The average 
annual increase rate of MEC between 600 and 1,800 m is 
more than 2%. This indicates that under various ecological 
restoration measures, the regional eco-water conservation 
capacity has continued to increase and more artificial res-
toration measures have been taken in low altitude areas. 
Therefore, the promotion rate of this area is more apparent. 
The MEC in the whole area continued to increase from 2012 
to 2014. The average annual increase rate of MEC in areas 
less than 600 m and areas between 1,800 and 3,400 m exceeds 
over the previous period. The main reason is that the area 
over 1,800 m is mainly restored by nature itself. Therefore, 
the capacity of eco-water conservation in this period was 
enhanced significantly. From 2014 to 2017, the difference in 
the annual average MEC variation of different altitude is 
obvious. Some areas have declined slightly, which indicat-
ing that the stability of the eco-water conservation capacity 

Table 5
Average MEC and annual change of different slopes in different years

Slopes (°) 2007 2008 2011 2014 2017

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

≤5° 1.640 – 1.431 –12.79% 1.475 1.03% 1.611 3.08% 1.555 –1.15%
5~10° 1.655 – 1.438 –13.14% 1.493 1.29% 1.600 2.36% 1.559 –0.84%
10~15° 1.677 – 1.444 –13.92% 1.519 1.73% 1.583 1.42% 1.566 –0.38%
15~20° 1.687 – 1.445 –14.37% 1.529 1.95% 1.571 0.90% 1.566 –0.09%
20~25° 1.690 – 1.446 –14.43% 1.531 1.95% 1.562 0.68% 1.568 0.12%
25~30° 1.693 – 1.449 –14.41% 1.532 1.91% 1.559 0.58% 1.571 0.26%
30~35° 1.698 – 1.457 –14.21% 1.534 1.76% 1.562 0.60% 1.577 0.32%
35~40° 1.706 – 1.469 –13.93% 1.541 1.63% 1.573 0.70% 1.587 0.29%
40~45° 1.723 – 1.490 –13.57% 1.557 1.49% 1.599 0.90% 1.603 0.09%
>45° 1.782 – 1.553 –12.87% 1.614 1.32% 1.670 1.16% 1.657 –0.27%
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in these areas is poor and vulnerable responding to external 
interference.

4. Conclusion and discussion

Based on the research results of the research group 
for many years, this paper estimated the MEC and QEC 
in earthquake stricken areas during 2007 to 2017 by using 
optical remote sensing data and measured data, realized 
the dynamic monitoring of eco-water conservation in this 
area. Based on those facts, we can reach the following  
conclusions.

In terms of changes over time, the index of MEC and QEC 
before earthquake in the study area were largest (1.6964 g/
cm2 and 52.513 million tons), but it reached minimum 
after the earthquake in 2008 (1.4543 g/cm2 and 44.793 mil-
lion tons). In 2009–2017, the MEC and QEC were increasing 
gradually, but the change rate was decreasing over time. By 
September 2017, the average MEC and QEC in the study 
area recovered to 1.5481 g/cm2 and 48.8169 million tons, 
respectively. This means that the ecological environment 
of the study area has been recovered through diversified 
ecological restoration measures after earthquake. Besides, 
the capacity of eco-water conservation was enhanced, 
but there was still a big gap compared with the capacity 
before the earthquake. In addition, the ecological resto-
ration cycle is long, so the ecological environment needs 
further dynamic monitoring and scientific assessment.

In terms of spatial change, the characteristics of MEC spa-
tial distribution are basically similar every year. The eco-wa-
ter conservation capacity of the Jian River Basin, Duba River 
Basin, and the central and western edge areas was obviously 
high, but it was low in the southern, central northern area, 
and some market towns. Because of the fault dislocation 
during the earthquake, strong regional vibration ware gen-
erated, then more energy is released around the fault. That’s, 
why the disturbance of MEC around the fault was more fre-
quent than other parts of the study area.

The influence of Wenchuan earthquake on the eco-wa-
ter conservation capacity varies from different land types, 
slopes, and altitudes. The area of the land forest in the study 

area is the largest (accounting 82.73% of the total area). The 
land forest is of highest conservation of those land types, 
but it was damaged severely, resulting the forest coverage 
decrement by 15.2%. This is a dominant factor that caused 
the 14.27% drop in MEC. Therefore, land types have the 
greatest impact on the eco-water conservation capacity. The 
distribution of MEC was positively correlated with slope 
change overall. The correlation was more than 0.8 (p < 0.05) 
except 2014. The main reason is that as the increases of the 
slope, the proportion of land with strong eco-water con-
servation capacity like forest land and grassland continues 
to increase. The Wenchuan earthquake and its secondary 
geological disasters caused a significant decrease in MEC 
at different slope. The most severely impact areas are with 
a slope of 15°–35°, where the reduction rate exceeded 14%. 
The correlation between eco-water conservation capacity 
and the altitude variation is not obvious in the study area. 
However, the average MEC in areas below 3,000 m is higher 
than areas over 3,000 m, which is related to the vertical dis-
tribution of soil and vegetation. The types of soil and veg-
etation are both important factors that affect the regional 
eco-water conservation capacity. Meanwhile, the eco-water 
conservation capacity of the area below 3,000 m faced more 
hazards in the earthquake, because the reduction rate of 
MEC was 31.85% higher than that above 3,000 m. This is 
closely related to the distribution of seismic fault.

Eco-water conservation capacity is of closely related 
to land types, slope, altitude, and fault distribution, so 
the formulation and adjustment of ecological restoration 
measures after disasters should take account these factors. 
Appropriate repair methods should be adopted according 
to the local condition. A distinction should be made between 
what is primary and what is secondary. If the slope is more 
than 25° and the altitude is over 1,800 m, natural restoration 
should be the principal method, and closing hillsides to facil-
itate afforestation should carried out appropriately. Areas 
with an altitude less than 1,800 m and a slope below 25° are 
mainly woodland and grassland, which should be restored 
by the method of combining artificial restoration with nat-
ural restoration. Areas along the fault zone, Minjiang River, 
Duba River, and other areas that are mainly cultivated land 

Table 6
Average MEC and annual average change at different altitude in different years

Altitude (m) 2007 2008 2011 2014 2017

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

MEC Rate of 
change

≤600 1.713 – 1.451 –15.31% 1.493 0.98% 1.623 2.88% 1.541 –1.67%
600~1,000 1.735 – 1.468 –15.35% 1.563 2.14% 1.572 0.20% 1.538 –0.71%
1,000~1,400 1.695 – 1.430 –15.63% 1.564 3.12% 1.592 0.58% 1.594 0.06%
1,400~1,800 1.626 – 1.391 –14.45% 1.484 2.24% 1.489 0.11% 1.573 1.88%
1,800~2,200 1.657 – 1.461 –11.83% 1.479 0.42% 1.597 2.64% 1.599 0.04%
2,200~2,600 1.810 – 1.603 –11.45% 1.632 0.61% 1.766 2.74% 1.724 –0.79%
2,600~3,000 1.850 – 1.621 –12.35% 1.679 1.20% 1.847 3.34% 1.830 –0.31%
3,000~3,400 1.582 – 1.383 –12.55% 1.473 2.17% 1.580 2.40% 1.523 –1.19%
3,400~3,800 1.497 – 1.295 –13.51% 1.365 1.80% 1.424 1.45% 1.380 –1.04%
>3,800 1.759 – 1.666 –5.28% 1.659 –0.13% 1.718 1.19% 1.740 0.41%
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and garden land should be considered using artificially 
restored methods.
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