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Abstract: The rehabilitation planning is a necessary action to
sustain disturbed landscape in mine closure area. In our study,
we demonstrate how a spatially explicit approach integrating
Geographic Information Systems (GIS) and multi-criteria
vulnerability assessment can help to plan rehabilitation
treatments towards to vulnerability mitigation. An indicator
system and framework for assessing and reducing vulnerability
was proposed. Using remote sensing and field investigation,
geological and ecological data were acquired from a case area
in the western mountainous area of China. It was found that
the high exposure and sensitivity are main cause of heavier
vulnerability in the seriously disturbed post-mining landscape.
Considering the heterogeneous vulnerability pattern and
environmental condition, the vulnerability mitigation requires
a spatially and structurally valid arrangement of rehabilitation
treatments. The pre-evaluation of effectiveness shows that the
planned rehabilitation treatments have a convergence effect to
cluster the ecological vulnerability index (EVI) towards a lower
level. The features of the proposed approach involve, a
combination of vulnerability scores and rehabilitation
treatment, which enables planner and stakeholders gain more
insight into the vulnerability. It allows managing it
appropriately, and in a spatially explicit manner, as well as,
offers great opportunities for the spatial analysis and cost-
saving investigation of vulnerability. Altogether, the approach
could facilitate the ecological assessment and treatments
planning emphasizing vulnerability mitigation with direct
implication at the landscape scale of heavily degraded land
rehabilitation.

I. INTRODUCTION

Ecological vulnerability (EV), a built-in attribute of a
system, refers the potential of an ecosystem to modulate its
response to stressors over time and space, where that
potential is determined by characteristics of an ecosystem
that include many levels of organization (Williams and
Kapustka 2000). Although this concept still needs further
research to understand its mechanism and connotation, it
had been widely recognized that the analysis and assessment
of vulnerability is a core task to ensure sustainability of
interested system (Adger 2006). However, as the insufficient
literature shows, studies in the past two decades made more
efforts to build and reveal the framework of vulnerability
than to apply it in guiding ecological practice (Song et al.
2015). Especially in the field of ecological rehabilitation, an
ultimate goal of any ecological engineering or practice is to
reduce vulnerability so as to obtain a sustainable ecosystem
that can constantly provide ecosystem service (Doley and
Audet 2013; Grant 2006). In other words, the mitigation of
ecological vulnerability is a prerequisite for the achievement

315

of ecological rehabilitation purpose (Goklany 2007; Seidl et
al. 2011). Hence, it is imperative to take the ecological
vulnerability into consideration of planning and
implementation of rehabilitation engineering (Wilson et al.
2005).

Provide that ecological process may occur at several
hierarchical levels (organism, community, landscape,
regional and global). Among of them, landscape is a
synthesis consists of land and associated space and physical
environment, and it is believed a pivotal scale to bridge local
ecosystem and regional scale thereby providing an optimal
space unit to research and application of sustainability
science (Wu 2013). A number of ecological engineering and
projects are carried out at landscape scale in those large
degraded area and heterogeneous regions, this enable
ecological planning can make a full consideration of
ecological pattern and process, spatial optimization,
systematic identification and protection (Bell et al. 1997,
Simmons et al. 2007, Wiens 2009). Many researches
preliminary attempt to interpret some intrinsic properties of
landscape such as sustainability, resilience, adaption,
transformation, etc, but only a few of them give special
importance to ecological vulnerability in the stage of
condition assessment and diagnosis before planning
ecological engineering (Song et al 2015; White and
Stromberg 2011). Actually, the social, economic,
environmental conditions of landscape gain more analysis
and assessment (Beroya-Eitner 2016; Worrall et al. 2009).
For the purpose of acquiring a self-sustaining landscape, the
restored landscape will be in high risk if vulnerability lacks
understanding and mitigation.

Those anthropogenic perturbations like mining associated
activities impose intense disturbance on both abiotic and
biotic elements of landscape in mining area, resulting in a
big loss and disorder of ecosystem service (Bell 2001;
Worrall et al. 2009). Rehabilitating the vulnerable landscape
to provide acceptable and stable outputs has become an
urgent task in which rehabilitation treatments planning is
one of the key steps (Bullock et al. 2011). Substantial works
had been done to explore quick acting and direct methods
for rehabilitation planning, these methods featured by
providing practical operating pathway and remarkable
output (Hu et al. 2015; Xiao et al. 2011). While some
evaluation and consideration of basic environmental
condition had been strongly underlined (Bell 2001; Wiegleb
and Felinks 2001), the examining of ecological vulnerability
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remains in shortage thus it is hard to ensure if the
vulnerability of future landscape will have been reduced.

Therefore, this paper attempts to present a framework
approach to incorporate the vulnerability assessment into
rehabilitation treatments planning in the hope of examining
and mitigating ecological vulnerability using a post-mining
landscape as a contextual backdrop for study. After a brief
introduction of the study area, we give an interpretation of
ecological vulnerability in post-mining area, and then a
framework that combines vulnerability mechanism and
rehabilitation stage will be proposed. In addition, we apply
the approach in the case area with vulnerability assessment
and pre-evaluation of effectiveness.

II. MATERIAL AND METHODS

A. Study site and available data

The study area is Mengjiagou (Figure 1) located in the
middle north of Shanxi province, China (37° 53’ 05" -37
° 54" 51" and 112° 16" 02" -112° 17" 19" ), which
is about 20 km away from the Taiyuan City. It is a natural
village with an area of 6.27 km2 and a population ranging
from 300 to 400. With a monsoon climate of medium
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latitudes, the dominant vegetation type is xerophytic shrub.
The landscape is characterized as a heterogeneous and
mountainous area with scenery legacy and a mixed pattern
of land use of forest, agriculture and mined field. Several
coal seams were found under the surface of land, most of
them could be acquired by using open pit or shallow
underground mining. Such activities without advanced
procedure and environmental care lead to a tremendous
disturbance to the local landscape. As a consequence, large
amount of forest and farmland had been deposited and
excavated. Considering that the fragile landscape is hard to
provide ecosystem services as before, the higher-level
government intends to rehabilitate all of such legacy land
around the city in order to restore natural environment and
improve villager’s live hood. According to the regional
planning at province and city level, Mengjiagou was chosen
as a pilot project to be rehabilitated towards an ecological
protective screen and suburban agricultural support of
Taiyuan city. Thus, a site-based rehabilitation planning at
landscape scale is necessary to mitigate vulnerability so as
to sustain ecological function.
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Study area

Landscape units

]
613000

Figure 1. The location of the study area in Shanxi province, China. The underlying map is high-resolution remote sensing image acquired by GeoEye-1.
Landscape unit stands for an ecological patch within which environmental conditions such as land use, vegetation and landform are relatively homogeneous.

Its boundary was drawn on the ground of natural dividing line like mountain shape and artificial line like road.

316



16TH INTERNATIONAL CONGRESS FOR MINE SURVEYING, BRISBANE, AUSTRALIA, 12-16 SEPT 2016

The data employed in vulnerability and rehabilitation
planning was obtained by remote sensing, field and social
investigation, and mainly processed by Geographic
Information Systems (GIS). The image data was acquired in
23rd may, 2014 with a resolution of 1.41 meter (multi-
spectral) and 0.41 (panchromatic), which can be used to for
land cover classification, vegetation parameter extraction
and disturbance detecting. In addition, we also adopt Google
Map imagery to assist ecological monitoring. In order to
recall the mining history and geological condition,
geological exploration report, geologic topographic map and
graphic map for coal mining at a scale 1:2000 were
collected. A filed work was carried out in May 2015 to
investigate the vegetation and soil such as diversity, biomass
and topsoil quality both at landscape and patch scale. Other
data in form of database and documentation, land-use and
planning vector at a scale of 1:10000, regional ecological
conversation planning, mined land rehabilitation policy,
expectation and preference of rehabilitation, climatic and
hydrographic record came from associated stakeholder like
government departments, environmental association,
investment enterprises and landowners.

B. Vulnerability assessment

1) Indicator system of vulnerability

In a perspective of ecology, it is believed that
vulnerability is a function of exposure, sensitivity (also
termed potential impact, effect), and resilience (also termed
recovery or adaptive capacity) (Turner et al. 2003).
Obviously, mined landscape is a typical area exposed to
anthropogenic and natural disturbance, resulting in multi
ecological consequences. The hazard and impact are

actually linked by vulnerability that determines the
performance of the system when facing change and
disturbance. Exposure indicates that the susceptibility to
environmental stressors such as land subsidence and topsoil
stripping, as this aspect depends upon both environmental
traits of landscape patch and characteristics of disturbance.
Another aspect of this vulnerability is the sensitivity that can
be described as the sensitiveness of landscape components
like landform, vegetation and soil. For instance, the slope is
one of the significant factors, as mining activities on a steep
slope would cause heavier erosion than on a flat ground.
Resilience stands for recovery potential of the landscape
under disturbances and given environmental condition,
which is a type of inherent capacity determined by response,
adaption, feedback, ecological storage and others. For
example, a higher reserved diversity of vegetation can
ensure a quicker succession on the disturbed land.

The three aspects of vulnerability are all influenced by
the existing environmental conditions, which determine the
potential landscape to modulate its response to stressors and
disturbance. Furthermore, various feedback loops exist in
the different aspects and components. For instance, between
resilience and sensitivity, a complicated vegetation structure
will reduce the erosion so as to reduce the sensitivity of
landform to mining disturbance like land subsidence. The
bottom part of Figure 2 depicts these concepts and
processes. It is worth noting that the concept of ecological
vulnerability is many-sided and relative, this means that
vulnerability are closely linked with the environmental
conditions of the studied landscape and that vulnerability of
different landscape units always comparable and existent.

TABLE 1: INDICATOR SYSTEM OF ECOLOGICAL VULUERABLIITY IN POST-MINING LANDSCAPE

First level index Second level indicators Third level factors Weight

Coal mined-out intensity 0.637

Exposure (E) Geological hazard intensity 0.258

Other human activity intensity 0.105

Slope 0.538

Ecological vulnerability index (EVI) Sensitivity (S) Vegetation type 0.297
Lithology type 0.165

Net primary production 0.649

Resilience (R) Species diversity 0.123

Topsoil quality 0.228

Based on the features of ecological vulnerability, an
indicator system (Table 1) to quantitatively measure EVI
was established with three levels, including indicators of
exposure (E), sensitivity (S) and resilience (R). These
second level indicators were expanded into 9 factors in third
level. The intensity of different disturbance activities such as
coal mined-out, geological hazard (subsidence, ground
fissure, landslide, etc.) and other human activities (road
construction, village construction, vegetation cutting, etc)
were used for reflecting exposure. In order to indicate
sensitivity, three factors involve slope, vegetation and
lithology type were drawn from landscape biotic and abiotic
components (Tongway and Ludwig 2011). Given that the
study area is a site-based landscape without climate and
socio-economic variation, hence climatic and economic
factors have not been considered. As for indicating

resilience, a useful way is employing some surrogates to
convey something of concern (Burke 2002). Among the
selected factors, net primary production and species
diversity both 1is informatics indicator for ecological
condition, majority studies concluded that the higher two
indicators represent a better adaption and recovery potential
(Haberl 1997; Lindenmayer et al. 2000). Topsoil quality is
another surrogate because not only that it is an easy-
disturbed object in mining area but also the establishment
and growth of any vegetation must be dependent upon it
(Mukhopadhyay et al. 2014).

Given the disadvantages of subjective weighing method
and objective weighing method, this study adopts
combination-weighting approach to determine the weight of
different factors (Yan et al. 2014). This approach first
determine the factor weights by using Analytic Hierarchy
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Process (AHP) and Variation Coefficient method
respectively, and then combine them to take full advantage
of expert knowledge and give full consideration to specific
conditions. Table 1 lists the results, at the second level, the
exposure, sensitivity and resilience play a same important
position whose weights are 0.333. However, for the third
level, weights of those factors range from 0-1 according to
their importance and variation. Coal mining intensity, slope
and net primary production hold the heaviest weights, 0.637,
0.538 and 0.649 respectively. These figures are consistent
with the actual situation, firstly, it is easy to realize that coal
mining is main disturbance in the studied landscape that is
rich in coal resource, and secondly, slope and net primary
production seriously varies due to the landscape’s feature of
heterogeneous and mountainous. All these factors have a
greater influence on vulnerability.

2) Spatially explicit assessment

Considering the patchiness of disturbance and
environmental condition, landscape patches are regard as

basic units to measure ecological vulnerability. The first step
of vulnerability assessment is to acquire spatially explicit
data of each landscape unit. For exposure factors, the spatial
distribution of different disturbance activities was mapped
using remote sensing with field verification (Prakash et al.
2001), and the intensity was calculated as the proportion of
disturbed area of unit area. The value of slope and net
primary production with a spatial resolution of 2 x2 meters
pixel were obtained from digital elevation model and
GeoEye-1 image respectively (Hou et al. 2015).
Furthermore, the average value of pixels within a unit were
regarded as the factor value of this unit. Vegetation and
lithology category in each unit were investigated in the field
with assistance of remote sensing image and geologic data.
The data of species diversity and topsoil quality based on
the field sampling and testing with recommended methods
from related reference (Mukhopadhyay et al. 2014; Niyogi
et al. 2002).

TABLE 2: CRITERIA FOR SCORING ECOLOGICAL VULNERABILITY INDICATORS

Scoring criteria

Indicators Factors

20 40 60 80 100
Coal mining intensity (t/m”) <2 2-4 4-6 6-8 >8
Exposure (E) Geological hazard intensity (%) <20 20-40 40-60 60-80 >80
Other human activity intensity (%) <20 20-40 40-60 60-80 >80
Slope (° ) <5 5-8 8-15 15-25 >25
Sensitivity (S) Vegetation type Forest Shrub Shrub-grass Grass Bare land
Lithology type Soil Gravel soil Stiff clay Soft rock Hard rock
Net primary production (gC/m?* a) <150 300-150 450-300 600-450 >600
Resilience (R) Species diversity <0.7 0.7-1.4 1.4-2.1 2.1-2.8 >2.8
Topsoil quality <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8

After acquiring the absolute value or category of different
factors of each unit, relative score for the purpose of
comparability was figured out according to the interval
scoring criteria in Table 2 where lower score of factor stands
for slighter vulnerability of landscape while higher score
stands for a heavier vulnerability. The design of the criteria
considered both the range of absolute value and the baseline
of the extremely vulnerable status of different factors. The
intensity of disturbance factors were classified into five
grades according to the actual range of absolute value, each
grade marked a score. For those sensitivity factors, the place
with slope>25°, bare land or hard rock is most sensitive at
where there has a highest potential to suffer impact after
disturbance. Based on this baseline, the value or category of
each factor was ranked to different scoring interval. Because
resilience factors can express the biological status range
from degraded to healthy (Cardoch et al. 2002; Xu et al.
2001). From the field investigation, the places directly
exposed to mining activities were regard as the extremely
degraded status, whose net primary production, species
diversity and topsoil quality mostly below 150 gC/m* » a,
0.7 and 0.2 respectively. In view of these, the values of
resilience factors were classified to relatively identify the
degree of resilience.

The last step is to calculate EVI by using the equation 1,
in which E;, S; and Ry are the score of exposure, sensitivity
and resilience. Accordingly, w;, w; and wy stands for the
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combined weight of indictor and factors. With the symbols
as 1, m and n being the number of factors, which equal to 3
in this case study. The calculation performed by ArcGIS
platform. After the score of E, S, R and EVI have been
figured out, the EVI was further ranked into five levels by
the natural break method to reflect the extent of ecological
vulnerability of the studied landscape, shown to be potential,
slight, light, medial and heavy respectively.

/ m n
EVI =Y Exw,+Y 8 xw + Y (100-R, )xw,
i=1 Jj=1 k=1

C. Rehabilitation treatments planning

1) Framework for planning

The framework presented in Figure 2 is inspired by De
Lange and King (De Lange et al. 2010; King and Hobbs
2006). It's main point is to provide a structural
understanding for the vulnerability mitigation in the process
of ecological rehabilitation, especially in those seriously
disturbed landscape like the mining area. In this study, we
take a landscape in mine closure area to instantiate the
proposed approach. As discussed before, the mining
activities associated disturbance and impact on landscape
linked by wvulnerability. The existence of vulnerability,
heavy or slight, will always control the potential of
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landscape to modulate its response to stressors or
disturbance. The key idea of the proposed framework is to
embed the rehabilitation treatments appropriately (upper
light-grey area). The treatments such as disturbance
removal, modification of physical condition, manipulation
of vegetation and improved management, whose have a
direct mitigation function on the change of threes aspects of
vulnerability and an indirect function on the feedback loops
between the threes aspects. However, mechanism can be
present as indicated by thin arrow and the mark of +/-.

For mitigating vulnerability, four stages of rehabilitation
(from left to right of the framework) treatments are
recommended to be adopted. The first stage is disturbance
removal & control, this treatment have an immediate effect
on the exposure reduction because mined landscape suffers
massive visible and extensive hazard like unstable spoil.
Secondly, the modification of physical environment is the
second stage, which is required where the disturbed
landform or soil had crossed the abiotic threshold, this
treatment can improve the physical condition so as to reduce
the exposure and sensitivity of landscape to those hazards.
Thirdly, the manipulation of vegetation can be described as
a process to establish or improve vegetation structure and
function, this action would not only reduce the impact of
sensitivity on resilience but also enhance the resilience of
ecosystem. Lastly, some improved management should been
considered in order to foster adaptability and resistance to
some unknown hazards. Hence, because of the existence of
bio-geochemical feedback in different hierarchy and
organization, the functions of different stages are associated.
For instance, soil remediation towards a better topsoil
quality is a way to lower the land sensitivity to stressor like

erosion, it also can facilitate the establishment of vegetation
community thereby promote resilience.

2) Treatments and quality criteria

The framework can guide planners to understand the
relationship  between rehabilitation treatments and
vulnerability of landscape. However, it is a conceptual
model but not an operating scheme, so the determination of
treatments on each landscape units needs the combination
with the result of wvulnerability assessment. The four
rehabilitation stages are selectable at a purpose of ensuring a
goal-oriented vulnerability —mitigation planning. For
example, when it was found that a landscape unit featured
by low score of exposure, sensitivity and resilience, Stage 3
and 4 should mainly be employed to foster resilience. For
different unit, the execution intensity of treatments needs to
be adjusted spatially according to the results of vulnerability
factors and rehabilitation goal. With regard to the detailed
methods of treatments, pertinent techniques satisfying the
principle of the framework and environmental conditions
can be used. Backfilling of ground fissure and mined-out
area, fixing of unstable side slope, removal of polluted soil,
etc., are suit for disturbance and hazard control in mining
area. The modification of physical environment, abiotic
components such as soil, landform, and lithology, mainly
includes reconstruction of soil profile, terrain flattening,
irrigation and drainage engineering etc. Manipulation of
vegetation refers to the techniques to restore vegetation
community such as revegetation, replanting and
afforestation. The improved management consists of long-
term  ecological conservation such as vegetation
maintenance and harm control.
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Rehabilitation treatments

Disturbance Modification of
(mining, human
activity, etc.)
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optimization)
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Figure 2. Framework for planning rehabilitation treatments to mitigate ecological vulnerability

Obviously, the execution of rehabilitation treatments
would have impact on the both abiotic and biotic

environment. It is important to set criteria to control the
completion quality of ecological engineering. Because any
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ecological engineering usually are implemented in a local
landscape context, so it is better to satisfy the minimum
quality requirements set by local management regulation
and technical specifications. Besides, consistency of
employed factors should be emphasized in the assessment of
rehabilitation quality and success. For the case area in this
research, the quality requirements of different factors were
drawn from Technical Specifications of Eco-environmental
Protection and Reclamation of Mining (HJ 651-2013) and
Completion Standards on Land Reclamation Quality (TD/T
1036-2013). According to the regulation about minimum
rehabilitation objective, 60% of area with disturbances such
as coal mined-out, geological hazard and other human
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activities should be rehabilitated, and then, suited objective
of land use and vegetation cover should be chose for the
different units within the landscape. The demand of slope is
varies from the land use objective such as <15° for
farmland and <25° for grassland. The regulation also set a
completion standard of topsoil quality and surface lithology
different land use objective. It is required that the coverage
of forest and grassland should reach 30% in five years after
the completion of rehabilitation. The net primary production
and diversity need to reach the average level of surrounding
and undisturbed landscape in five years as well.
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Figure 3 Maps of different factors

III. RESULTS
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D. Results of vulnerability assessment

1) Factors results

As a typical mountainous area of the central part of Loess
Plateau, the matrix of landscape consists of hillside and
gully with loess, weathered rock and thin shrub. A channel
across the central landscape from south to north plays a role
of ecological corridor. Many types of patch such as grassy
slope, bosk and cropland formed during the long history of
ecological succession and land use. However, the mining
activities brought serious disturbance to natural landscape.

As can be seen from Figure 3, coal resource was mined
out from the central mountain thereby generating associated
geological hazard such as coal fire, ground fissure,
subsidence, etc. Apart from these, other human activities
like vegetation cutting occurred in the south central area.
The land bearing disturbance accounts for 42.05% of the
total area. An overall situation of elevation, slope and aspect
can be observed from the image of heterogeneous
topography. The south mountaintop is covered by loess soil
while north surface is mostly hard rock, as a result, topsoil
quality is heavily influenced by soil parent material as soil
with high quality index cluster in south area. The
distribution of vegetation is coincided with the physical

N

A

Exposure

Ecological
vulunerability

Potential

environmental condition, that is, vegetation community with
high biodiversity and net primary production exist in the
south part and along the channel corridor. Most of the soil
profile and vegetation community had been disturbed and
removed by mining activity, especially in the central part on
the both side of the channel. Meanwhile, those geological
hazards underground also pose a risk on the surface
ecosystem. Nevertheless, some area with good ecological
storage had been detected from the map of factors such as
south mountaintop with soil integrity, and the both side of
the corridor. This give opportunity to take these units as
substrate and reference system for rehabilitation.

2) Vulnerability results

Based on the method mentioned before, the vulnerability
assessment is performed and then presented in Figure 4. The
landscape units with medical and heavy grade of
vulnerability constituted about 43.59 %, implying that the
environmental condition of the study landscape was largely
under impact of mining related disturbance. 17.95% of the
landscape units hold a status of light vulnerability, which is
spatially closed to mining filed and in the suffering of
indirect impact. The rest of landscape unit along the corridor
is in potential and slight grade of vulnerability.

Figure 4. Results of vulnerability assessment displayed by map

Combining with the score maps of exposure, sensitivity
and resilience, it can be seen that the area with high
exposure to disturbance is in heavy grade vulnerability
ignoring the score of sensitivity and resilience (e.g. unit 11,

16, 22, 28 in Figure 4). What is more, those units with low
resilience also are usually in heavy grade vulnerability (e.g.
6, 13, 14). Units in potential vulnerability appear in those
areas with low exposure, sensitivity and resilience (34, 36,
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37, 38). For units in slight and light vulnerability, the cause
is more various such as the unit with high resilience but
medium sensitivity (10, 31) and low exposure but low
resilience (3, 5). However, understanding the spatial
contribution of different indicators to EVI is beneficial for
rehabilitation by allowing the design of compatible
treatments.

E. Planning of rehabilitation

1) General planning at landscape scale

Before determining the rehabilitation treatments for each
unit, a general plan is essential for designating the
rehabilitation objective and optimizing the detail treatments
planning at each unit. Main principles involve making full

use of the existing landscape resource, avoiding producing
new disturbance, arranging rehabilitation objective based on
the consideration of local environmental condition and
vulnerability mitigation. The disturbed landscape in
Mengjiagou is expected to be an ecological protective
screen and suburban agricultural support of Taiyuan city,
thus, ecosystem services such as material production, air
purification, aesthetic value and diversity conservation
should be given much attention in the process of landscape
rehabilitation. Therefore, the endpoint of the entire
landscape is considered in a direction of hybrid eco-
agricultural ecosystem.

Road corridor

Gully corridor

—— Study area

Figure 5. A general planning of future landscape objective based on the allocation of landscape resources

It can be seen from the investigation of vulnerability
factors, the areas used to exposed heavy mining pressure are
in poor surface lithology and topsoil, most of which are bare
land. An economic and technological feasible choice is to be
rehabilitated towards shrub-grass landscape so as to improve
ecosystem function such as matter cycle and community
establishment. Those areas with soil resource, like the
mountaintop in south Mengjiagou once are used as
farmland, have a good foundation to be rehabilitated to
farmland for food production. Village and mine hesitate can
be reconstructed to a better place for living and
commemorating. While planning, this case study considers

repair the pattern of patch-corridor-matrix, gully and road
corridor for ecological network was design based on original
landscape traits. As presented in Figure 5, the general
planning of future landscape was a combination of original
land use pattern and rehabilitation adjustment.

2) Rehabilitation treatments at unit scale

After the mining activities, many disturbance patches are
embedded into the original landscape pattern; this process is
a function of heterogenization. As a result, the
environmental condition is homogeneous within one unit but
differential between unit and unit. Hence, rehabilitation
treatments at landscape unit will be more appropriate for
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targeting at the mitigation of vulnerability. When planning,
the strategy of applying the stages, shown in the framework
of vulnerability migrations, can be different according to the
type of vulnerability. Under the guidance of the framework

approach, the detailed treatments for landscape units are
chosen and arranged with the consideration of the
environmental conditions and rehabilitation objective.

TABLE 3: REHABILITATION TREATMENTS PLANNING AT UNIT SCALE

Rehabilitation treatments

Type Stage 1:

Stage 2:

of Serial nu{nber of Reha?)lllt.atlon Disturbance Modification of Stage 3 Stage 4:
unit objective . Manipulation of Improved
EVI removal & physical .
. vegetation management
control environment
Terrain flattening;
soil profile Reconstruction
7,11,14,16,18,20,22,  Shrub, grass . .
reconstruction; of vegetation
23,28 land . . .
H-M- irrigation drainage community
L facilities
Terrain flattening; ..
. . Cultivating
30 Mine heritage water supply and
. landscape plant
. drainage
Backfilling of .
. Slope reducing,
mined-out area . ”
Terrain flattening;
and ground soil profile
21,25,26,27 Farmland fissure; coal fore P . . Crop planting
H-L- reconstruction; soil
control; removal SRR L.
M . fertility; irrigation Monitoring (any
of polluted soil; . T
fixing of dra}ma{ge fa011.1t1es damage on
19,33 Forest unstable side Irrlggt.lon drainage Afforestation landscape
. facilities components )and
slope (landslide, . .
Shrub. erass rock collanse Reconstruction maintenance of
M-M- 4,6,9,13 land '8 etc.) pse, Soil dressing; of vegetation landscape
L o Irrigation drainage community function
15,31 Forest facilities Afforestation (optimization,
10,17, 29, 35 Forest Afforestation improvement)
Slope reducing,
M-M- Terrain flattening;
H 32,36 Farmland soil fertility; Crop planting
irrigation drainage
facilities
13.8.12.39 Shrub, grass Fixing of . Soil shessmg; Soil Extra planting
land unstable side dressing;
L-H- . .
slope Terrain flattening; ..
L . Cultivating
24 Village water supply and
. landscape plant
drainage
L 55343738 Forest / Irigation drainage
H facilities

Notes, the score of indictor was ranked into three level, high (H), medium (M), low (L) by equal interval method for
identify the causes of vulnerability. For example, H-M-L stands for a unit is in a status of high exposure, medium

sensitivity and low resilience.

Table 3 lists the rehabilitation treatments for landscape
units. There are 6 kinds of vulnerability type, namely H-M-
L, H-L-M, M-M-L, M-M-H, L-H-L, and L-L-H. Because of
the general planning gave at landscape scale, each
vulnerability type may involve several rehabilitation
objectives. Units with the same vulnerability and objective
were grouped to be rehabilitated in a similar strategy. For
example, with vulnerability type of H-M-L and objective of
shrub-grass, units 7,11,14,16,18,20,22, 23 and 28 should
adopt four stages to mitigate vulnerability, thus the
treatments include backfill of mined-out area, soil profile
reconstruction and others.

As can be seen form Table 3, more quantity of treatments
occurs in the wunits with high exposure and high
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requirements of rehabilitation quality. The reason is that to
mitigate the vulnerability of those units needs more high-
input and foundational treatments to control disturbance and
improve abiotic conditions. Some special treatments like
coal fire control only placed in the units at where special
disturbance or hazard was detected. Due to the poor soil and
vegetation condition in the studied landscape, soil
improvement and vegetation manipulation were employed
by most of the units to assist landscape recovery. What is
more, the treatments such as vegetation maintenance and
harm control in stage 4 were put to use in all units for
maintaining a continuous and stable landscape function.
However, these planned treatments are not a detailed
implementation plan but an orientation for future
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rehabilitation. Optimization, feedback control and other

work will be essential to ensure a high rehabilitation quality.

TABLE 4: ADJUSTMENT COEFFICIENT OF THE SCORE OF DIFFERENT FACTORS WITH CONSIDERATION OF 3 SCENARIOS

Adjustment coefficient (%)

Factors of vulnerability

Higher standards Minimum standards Without rehabilitation
Coal mined-out intensity 25% 40% 0%
Geological hazard intensity 25% 40% 0%
Other human activity intensity 25% 40% 0%
MR MR
Slope SS><115% C—SSXIOO% 0%
MRS MRS
Vegetation type S x115% S x100% 95%
MR MRS
Lithology type SS x115% EXIOO% 0%
AS AS
Net primary production EXI 15% ax 100% 105%
AS AS
Species diversity EXI 15% aXIOO% 105%
MRS MRS
Topsoil quality S x115% S x115% 105%

Note, MRS stands for the minimum required score, which is figured out according to the scoring and minimum quality
criteria. CS is the current score. AS is the average score of surrounding and undisturbed landscape.

F. Pre-evaluation of effectiveness

Obviously, the implementation of rehabilitation
treatments has influence on the environmental conditions,
and the ecological process of that influence is difficult to
measure and evaluated. However, those indicators and
factors of vulnerability will finally reflect the outcome of
rehabilitation. Meanwhile, the stakeholders mostly concern
the final status of those ecological indicators and factors.
Therefore, we apply scenario analysis to pre-evaluate the
effectiveness of the framework approach and demonstrate
the future status of EVI. We had drawn the minimum

rehabilitation objective in five years from local management
regulation and technical specifications. Based on this, we set
3 scenarios, current situation, without rehabilitation,
minimum standards and higher standards. Table 4 illustrates
the adjustment coefficient of the score of different factors, in
which “higher standards” means a more +15% is added on
the minimum standards. And, although “without
rehabilitation” means no treatments will be implemented,
+5% 1is added on the current score of soil and vegetation
associated factors based on the consideration of natural self-
repairing and positive succession.

1

30
25 Current situation
Without rehabilitation
220 - Minimum standards
%" ——Higher standards
> 15
Q
b=
Q
=
g 10
2
5 4
0 4
10 20 30 40

Ecological vulnerability index

50 60 70 80 90

Figure 6. The frequency distribution of EVI under different degree of rehabilitation

324



16TH INTERNATIONAL CONGRESS FOR MINE SURVEYING, BRISBANE, AUSTRALIA, 12-16 SEPT 2016

This study assumes that after completing the
implementation of those planned rehabilitation treatments,
all factors of landscape units can reach the level set by 3
scenarios, at least should the minimum standards. With that
result, the score of each factor of each unit would be
changed. We simulate these changes by multiply the current
score and the adjustment coefficient. EVI of each landscape
units were figured out under the 3 scenarios. Figure 6 shows
the frequency distribution of EVI. It indicates that the
rehabilitation treatments have significant influence on the
status of ecological vulnerability, the higher of the quality
standards, the more mitigation of vulnerability. The average
value of EVI would reduce 15.02% and 22.63% respectively
if the higher standards and minimum standards rehabilitation
can be completed according to the quality criteria. In
comparison, no significant change in five years would be
found if there is no rehabilitation. Altogether, the
rehabilitation treatments for mitigating vulnerability have a
convergence effect to cluster the EVI towards a lower level.

IV.DISCUSSIONS

A. Quantification of ecological vulnerability

This paper makes effort to explore metrics to reveal the
formation of ecological vulnerability in post-mining
landscape. An exposure- sensitivity- resilience indicator
system linking hazard and impact was established, of which
the core vulnerability factors were extracted from both
landscape components and functions. The application
obtained a distinct and comparable monitoring and
assessment of vulnerability, this indicates that system is
valid especially for that landscape suffering external
disturbance. Because the concept of vulnerability as applied
to ecology is relatively new and its indictors vary and still in
debate, it is better to conduct vulnerability assessment with a
specific objective and context (Beroya-Eitner 2016). The
indicators in this paper is on the basis of vulnerability
analysis and feature description of targeted landscape, this
experience is in consistent with the advised theoretical
framework for development of vulnerability indicators
(Villa and McLeod 2002). However, with special focuses on
single scale and natural environmental, the indicator system
was compendious for the aim of informing rehabilitation
planning at landscape scale. In future research and further
application, apart from the core factors, additional factors
such as some factors at higher or lower scale, and the
interaction or feedback between different landscape
components or functions can be considered (Tongway and
Ludwig 2011). For example, economic factors will have
significant influences on adaptability when the vulnerability
assessment is conducted at higher scale (Metzger et al.
2006).

The determination of relatively score of indicators is
another key issue for quantification of ecological
vulnerability. Before the multi-criteria comprehensive
assessment of EVI, our study devised an interval scoring
criteria for eliminating dimensional difference. Compare to
other methods, the advantage of this methods lie in that it
can deal with discontinuous variable like categorical
variable, and it sets the ecological baseline for an extremely
vulnerable or suitable status of different factors. For
example, considering the land without vegetation cover is
most sensitive to cause erosion, thus bare land was scored
20 as a highest relatively score while other alternative state

of vegetation cover was given a higher score. This approach
suits for that heterogeneous area with cognizable alternative
state. However, the disadvantage is that this approach did
not given full consideration to threshold effect. From an
absolute view, the degree of vulnerability depends on the
distance from the threshold (Adger 2006). Ecological
threshold may occur in response to change of ecological
factors with a result of undesirable ecological state, recent
research progress has widely recognized that this notion is
important for managing degraded ecosystem (Samhouri et
al. 2010; Suding and Hobbs 2009). More precise result of
vulnerability assessment could be generated if a group of
thresholds is incorporated into the scoring criteria, which
should be a potential research direction.

B. Conceptual model for rehabilitation

In order to provide guidance for vulnerability mitigation
in the landscape rehabilitation planning, a framework was
presented in the light of Turner and Whisenant (Bradshaw et
al. 2002; Turner et al. 2003). The basic architecture
consists of the coupled vulnerability core with three aspects,
the rehabilitation treatments with four stages, the
environmental condition and concerned hazard and impact,
and the internal linkages between these elements. This
framework draws attention to factors and rehabilitation
treatments  that potentially affect the ecological
vulnerability. From the experience in actual example, it was
realized that there is a great need to provide a spatially and
structurally valid arrangement of rehabilitation treatments
due to the heterogeneous vulnerability pattern and
environmental condition. One insight can be gathered here is
that a conceptual model is guidance for achieving a
complete understanding of vulnerability aspects and
rehabilitation  treatments to underline vulnerability
mitigation in the development of practical rehabilitation
plan.

In the field of restoration ecology, several insightful
conceptual models were generated, which illustrate the
degradation process and restoration approach (Hobbs and
Norton 1996; King and Hobbs 2006). Some progresses also
had been made in the development of frameworks for
vulnerability analysis and understanding (De Lange et al.
2010; Turner et al. 2003; Villa and McLeod 2002). All of
these works lay a good foundation for moving the
theoretical research of vulnerability to practical application.
Our work, an innovative attempt at landscape scale, meeting
the increasing need to reduce vulnerability along
rehabilitation with expect of a sustainable outcome
(Goklany 2007). The presented framework is expected to
provide guidance to systemic diagnosis thereby generate
coping plan that can be embedded into rehabilitation
process. However, the framework highlights the pathway to
mitigate vulnerability without consideration of economic
cost and quality control. Rehabilitation is costly procedure
especially for those highly disturbed environments (Gardner
and Bell 2007), thus restoration economy should be
emphasized to acquire a high economic feasibility (Kimball
et al. 2015). Quality control is another vital aspect during
the rehabilitation. Although this study gave a pre-evaluation
of future status of effectiveness based on the assumption of
good completion at different scenario, it cannot serve as a
guarantee to ensure the success of rehabilitation. To ensure
the effectiveness, long-term monitoring and supervision
during the whole process should be insisted due to the
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unknown risk and uncertainty (Bian et al. 2012; Ruiz - Jaen
and Mitchell Aide 2005).

C. The role of spatial informatics

As demonstrated in the actual example from Mengjiagou,
vulnerability indictors and factors were monitored and
mapped with a high spatial resolution. In addition,
vulnerability type and its spatial pattern had been identified
with the assistance of GIS. These produced outputs serve as
the foundation of the wvulnerability analysis and the
arrangement of rehabilitation treatments. The experience
from Mengjiagou indicates the advantage of geo-
informatics. A significant feature of landscape involves the
spatial variation in patterns and processes, which is the root
of the spatial differentiation of vulnerability (Williams and
Kapustka  2000). Moreover, those anthropogenic
disturbances often lead to fragmentation and patchiness
during a certain period (Sklenicka and Lhota 2002).
Therefore, vulnerability analysis requires adequate data and
special tools support metrics analysis, especially when
dealing with a large scale of landscape (Birkmann and
Wisner 2006; Fekete et al. 2010). Considerable advances in
ecological informatics, involving remote sensing and GIS,
have been made over recent years, which offer great
opportunities to investigate and analysis ecological
indicators in a spatially explicit and cost-saving manner
(Feng et al. 2010; Smith et al. 2014). Hence, the idea of
making most use of geo-informatics can be extended to a
broader research practice especially the long-term
monitoring of vulnerability and spatial optimization of
rehabilitation treatments.

V. CONCLUSIONS

This paper attempts to develop a framework approach for
guiding rehabilitation treatment planning in order to reduce
vulnerability. After analysing on the ecological vulnerability
in post-mining landscape, a three levels indicator system
was established to measure vulnerability. A conceptual
framework beneficial for treatments planning was then
presented. Moreover, Mengjiagou was taken as an actual
example to demonstrate the application of that approach.

From the above work, it was found that the high exposure
and sensitivity are main cause of a heavier vulnerability,
which is accordance with the basic features of post-mining
landscape. Those features involve massive geological
hazard, heavily disturbed landscape components and poor
condition of ecological backgrounds. The mitigation of
vulnerability requires a spatially and structurally wvalid
arrangement of rehabilitation treatments. Rehabilitation
stages and ecological engineering for each landscape units
should be placed according to the vulnerability status and
environmental conditions. The effect of treatments on
vulnerability and environmental conditions need continuous
monitoring and supervision during the rehabilitation.
Ecological vulnerability of landscape in Mengjiagou is
dominated by light and medial level. For an objective of
ecological protective screen and suburban agricultural
support of Taiyuan city, some treatments for exposure
control, sensitivity reduction and resilience enhancement
should be carried out. The pre-evaluation of effectiveness
shows that the planned rehabilitation treatments have a
convergence effect to cluster the EVI towards a lower level.
The vulnerability mitigation pathway generated from the

case study can be core part of rehabilitation planning in
Mengjiagou. Approach employed in this study is expected to
be applied to similar landscape.
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