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Abstract: Mining in general, and particularly mining for energy resources such as coal and lignite,
results in massive impacts on the surrounding landscape and ecosystems. Post-mining reclamation
that takes account of the disturbed ecosystem services requires a research approach that links the
mining impact to ecosystem functions and ecosystem service potentials. The method used in this
paper combines the Driving Forces–Pressures–State–Impact–Response (DPSIR) framework and
the ES cascade approach by complementing the limitations of each approach with the strengths
of the other. The DPSIR framework is extended to a causal network to account for the multiple
interconnected causal chains of coal and lignite mining impacts. The presented causal network
supports the identification of ES indicators for the assessment, planning, and monitoring of post-
mining reclamation in coal/lignite mining landscapes. The presented approach can also inform
political and administrative decisions by identifying the ecosystem elements at risk of being degraded
from mining.

Keywords: DPSIR; ecosystem services; causal network; mining impact; ES cascade; coal

1. Introduction

The ongoing degradation of ecosystems worldwide, together with the developing
climate crisis, challenges the current and future well-being of humans globally and is thus
a key issue of concern in both science and policy [1,2]. An important strategy to counteract
climate change impacts before becoming catastrophic is the quick and resolute decarboni-
sation of all aspects of human life, which, of course, includes the “energy question”. This
includes an effective exit from the use of fossil energy resources, including coal in all its
fossil variations. To avert the further decline in biodiversity, not only the conservation of
remaining natural ecosystems but also the reconstruction of disturbed ecosystems into a
healthy natural or at least semi-natural state is needed [3].

Post-mining landscapes pose a special challenge for reclamation efforts aiming to
recreate natural ecosystems. Typical negative side effects of the mining process include
distinctive changes in land cover such as pits, shafts, and heaps; changes in hydrological
conditions; settlement and traffic structures on the regional level; and pollution of air, soils,
surface, and groundwater. The disturbance of the original pre-mining landscape can be
so drastic that any reconstruction of the pre-mining condition of ecosystems is at least
extremely costly, if not practically impossible, and thus unimaginable [4]. However, by
taking the consequences of the disturbances of mining into account, there is an option to
direct reclamation towards reinforcing or recreating the ecosystem services (ES) damaged
or destroyed by mining. This requires systematically linking the drivers and damaging
effects of mining with the damages and the resulting consequences for the potential of the
damaged ecosystems to deliver ES.
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This paper presents an approach that brings together the Driving Forces–Pressures–
State–Impacts–Response (DPSIR) framework [5]—representing the causal chain from
drivers to the damaging effects of mining—and the ES approach [6–8]—representing the
potential to deliver in post-mining landscapes. The overlap between the two approaches—
that is, the impacts interpreted as changing the potential to deliver ES—is used to link
the approaches in a pragmatic manner to ensure the straightforward identification of ES
relevant for the reclamation of post-mining landscapes [9]. The approach was applied in
the EU Research Fund for Coal and Steel (RFCS) research project “Recovery of degraded
and transformed ecosystems in coal mining-affected areas—RECOVERY” (Contract Num-
ber 847205). The RFCS project examines mining and post-mining landscapes and their
respective ES, with a focus on assessing and valuing ES in different mining landscapes, as
well as developing assessment and decision tools for the restoration or redevelopment of ES
in post-mining landscape transformations and reuse management. This paper contributes
to the knowledge base of ES assessments by proposing a science-based framework for
ES assessment that can be applied to different mining contexts. The combination of the
frameworks applied in this paper contributes to the analysis of nature–society interaction
and the information of decision makers in policy and economy [10–12].

2. Materials and Methods

To inform decision makers about the state of environmental conditions and human–
nature interactions, the scientific community constantly develops, tests, discusses, and re-
vises models and analytical frameworks, with different emphasis and approaches [2,13,14]).
Depending on what the models or frameworks intend to represent, different weights are
assigned to biophysical or socioeconomic model compartments. Two influential and widely
applied/discussed approaches to representing the interaction between nature and human
society are the ES concept and the DPSIR framework [2,15].

3. ES and DPSIR Approaches

The ES concept (Daily, 1997) has had a considerable impact since its mainstreaming in
2005 (MEA, 2005). It has undergone a number of critical revisions [16–22] and applications,
such as the Common International Classification of Ecosystem Services (CICES) [23], the
Economics of Nature and Biodiversity (TEEB) Report [24], the Mapping and Assessment of
Ecosystems and their Services (MAES) initiative [25], and National Ecosystem Assessments
(NEA) [26]. It has also been subjected to modifications, ranging from the addition of new
aspects of human–ecosystem interaction, such as ecosystem disservices [27–29], or the
reformulation of the concept with a broadened focus, such as Natures Contributions to
People (NCP) [30] (c.f. Diaz et al., 2018).

ES assessment follows the ES cascade [7,23]. The ES cascade displays the dependence
of human well-being on nature ecosystems by establishing the connection via several
cascading steps leading from the neutral ecosystem functions via beneficial ES to the
utilised benefits required to fulfil human needs [7]. The assessment of ES is one of the most
influential approaches when applying economic methods, such as trade-off, opportunity
cost, and cost–benefit analysis, involving ecological decisions [18,31,32]. One step further
is the valuation of ES [33], which is helpful in displaying the dependence of society on
functioning ecosystems [6,34], as intended by the Millennium Ecosystem Assessment [8]. It
is important to recognise the transformative aspect of ES that highlights the necessity of
capital input, in its different possible manifestations, by humans to transform the ecosystem
functions into ES, for example, water, food, and clean air becoming inputs to the processes
of economic value generation [34]. Critics of the ES approach raise the point that ES can also
facilitate the commodification of nature’s benefits [35]. However, if different value domains
are considered [36] and the valuation of ES is limited to relevant contexts and applicable
valuation methods [31,37], ES valuation can provide additional decision support.

Despite its name pointing to a descending dynamic within the framework, the ES
cascade forms a causal circle, starting from the biophysical structures and processes con-
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stituting the ecosystem functions from which the ES are utilised by societal interaction
processes [31]. ES utilisation feeds back on ecosystem structures and processes, thereby
closing the circle [7]. The ES framework focuses on nature’s contributions to human
well-being [6,8,34].

The DPSIR framework, instead, starts with the societal interaction represented by
driving forces and resulting pressures that cause the change in the state of the ecosystems,
resulting in impacts from the changed ecosystem states [5,15]. The responses to these
impacts influence some of the driving forces and/or pressures, thereby closing the circle
(see Figure 1). The DPSIR framework focuses on the impact of societies’ actions on ecosys-
tems [2]. One main point of criticism of the DPSIR framework is the causal chain structure
nested in the framework, which fails to account for the interdependencies of real-world
cause–effect relationships [38]. This can be handled by extending the causal chain structure
into a causal network. The DPSIR framework extension to a causal network approach
follows similar ideas of causality along the causal chain, with the extension including
interconnections that lead to the causal network structure [38,39].
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Figure 1. Comparison of ES cascade and DPSIR framework (inspired by [11]). Terms describing
similar concepts are adjacent. The position of the starting points of the two frameworks (ES: biophys-
ical structure/process, upper left corner; DPSIR: driving forces, lower right corner) illustrates the
different perspectives of the approaches.

Extending the causal chain to a causal network introduces a structured approach based
on nodes that represent the respective factors of the different stages in the DPSIR framework.
The network structure offers additional insights into the importance of the different factors
in the causal network and the importance of the respective indicators. Niemeijer and de
Groot [38,39] characterised three types of nodes of particular importance (key nodes), as
they show the different roles that certain driving forces, pressures, state factors, and impacts
play for the causal network. Based on the connections to other nodes within the network—
that is, the number of connections—as well as whether they are incoming or outgoing
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from the respective node, this kind of characterisation leads to an enhanced understanding
of these differences between the nodes in the causal network and, respectively, offers
additional insights into the indicator selection to assess the environmental impact and
select efficient responses (ibid.).

4. Theoretical/Conceptual Considerations

The DPSIR and ES frameworks approach the relationship between the natural envi-
ronment and society from opposite sides and focus on different aspects of the relationship
(Figure 1).

Following the idea that both approaches—the DPSIR framework and the ES cascade—
are representations of the socioecological system (SES) [2], several approaches have been
presented that combine the two approaches. As both approaches share some features but
differ in others, they complement each other [10–14,40–43].

Both approaches illustrate the relationships between human society and natural ecosys-
tem elements in coupled SES [2]. Both approaches form circles with causal relationships and
feedback circles (Figure 1). However, they have their strengths in different aspects of eco-
logical assessments (ibid.). The DPSIR framework does not systematically account for the
potential benefits of ecosystems—that is, ES. The ES approach does not explicitly consider
factors leading to environmental degradation, biodiversity loss, and climate change.

The two approaches partially overlap (Figure 2), but they focus on different aspects
of the nature–society interface. Based on this overlap, both approaches can complement
each other in assessing environmental degradation and its consequences for ES delivery.
The main reason for combining the frameworks in this study lies in taking advantage
of the positive features of each framework. For the ES cascade, the advantages are the
connection between the natural system and the benefits for human well-being, which allows
assessment and indicator selection for ES based on land cover [25,44,45]. The cascade is
also adaptable to valuation methods [33,34,46] and economic decision making [16,47] by
including environmental/ecological costs. The positive aspects of the DPSIR framework
are the different categories and functional connections of the indicators, which provide a
traceable way to account for the influencing factors and identify the relevant processes to
assess their share in the resulting changes in the state of the environment and the resulting
impacts. The successful application of the DPSIR framework requires its extension to a
causal network to account for the multiple causal connections within the pressure, state,
and impact dimensions [38]. This includes the influence of landscape composition and
configuration, air condition, soil condition, surface water condition groundwater quality
and quantity on the state of the biodiversity or the influence of biodiversity, air quality, and
surface water condition on the potential to supply water-related recreational ES.

The next section explains the conceptual considerations and the resulting premises to
complement these approaches. Following that, we introduce an example to demonstrate
how the two concepts can be used in combination to complement the shortcomings of each
approach with the other. The combination will be based on the DPSIR approach, which is a
framework designed to assess environmental impacts, rather than the ES approach, which
has its strength in the conceptual representation of the nature–human relationship [12].
The design of the causal network was outlined by Niemeijer and de Groot [38,39], who
proposed this approach as an extension of the DPSIR approach. The categories of the DPSIR
framework are used to assign the different processes and consequences of coal/lignite
mining impacts to the corresponding DPSIR categories. The relevance of each aspect is de-
termined by the secondary literature research. The impacts resulting from the DPSIR-based
causal network are interpreted in the sense of the ES concept. The presented workflow does
not include the response dimension of the DPSIR-based causal network, because the main
objective of the presented framework is the identification of the impact of mining on ES
potentials, providing guidance for the identification of suitable indicators to assess mining
impact and requirements of reclamation efforts from the perspective of ES. The inclusion of
a response section would unnecessarily increase the complexity of the network approach.
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concept from the ES cascade corresponds to the concept of the (ecosystem) state from the DPSIR
framework. The ES concept from the ES cascade corresponds to the impact concept in the DPSIR
framework [11,12,42].

The resulting framework illustrates the multiple interdependent pressures and
environmental-state changes resulting from coal/lignite mining activities. It can be a
useful tool in several evaluation processes related to mining. The combined framework
is compatible with the selection and classification procedures for environmental indica-
tors as outlined by the European Environmental Agency (EEA) [5,48] or the Organisation
for Economic Co-Operation and Development’s (OECD) Pressure–State–Response (PSR)
approach, a simpler version of the DPSIR framework that interprets the driving forces as
indirect pressures and attributes the impacts to the state of the environment [49].

5. Demonstration Project

As introduced earlier, a mining impact assessment is used in this paper to demonstrate
the application of the ES concept within the DPSIR framework. Mining landscapes represent
a good example of the integration of the ES cascade and the DPSIR framework. The ES
concept is used in this context to assess the ES that can be extracted from the mining
landscape. In the given context, ES refers to the services delivered by the natural elements
of the ecosystems constituting the mining landscape. The different mining impacts on the
landscape and ecosystems are comparably easy to determine, as mining technologies and
processes are well known, and their impacts on landscape and ecosystems can be clearly
identified. This allows an assessment of the pressures caused by mining and their effects
on the state of the involved ecosystems, as well as the impacts resulting from the change in
the state of ecosystems.
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Coal and lignite mining, especially surface or opencast mining, has multiple profound
impacts on the landscape and the natural environment [4,9,50–56]. The natural processes
for restoring the landscape after the completion of mining activities are insufficient, and
thus, the need for human-aided reclamation to avoid devastated post-mining landscapes is
obvious [4]. Considering the environmental hazards originating from active and abandoned
coal and lignite mines and dumps [4,56–59], the goals of reclamation are fairly clear. The
devastated landscapes and ecosystems must be repaired, and the environmental hazards
originating from abandoned mines must be prevented [4].

Several terms are often used synonymously to refer to the concepts connected to the
“repair” or even the “healing” of degraded post-mining landscapes. Whereas the term
reclamation commonly refers to the general concept of repairing environmental damage, the
terms restoration, rehabilitation, and replacement describe different intensities of reclamation
depending on the objectives of the respective type of reclamation [4].

Restoration refers to the reconstruction of the landscape, as well as all structures and
functions of the ecosystems, to the original state. In a strict sense, complete restoration of a
landscape is impossible, as it would also involve restoring the underlying geological setup,
which was extracted by the mining operation. Rehabilitation aims to return some of the
structures and functions of the original landscape; acknowledging that restoration is usually
very cost intensive and therefore difficult to achieve, rehabilitation aims for a compromise
between the necessity and feasibility of landscape structure and function repair. Replacement
is the option that moves the farthest away from the original landscape by shaping the
post-mining landscape into an alternative landscape, with improved landscape functions
from the point of view of the involved stakeholders [4,9]. The previously described classifi-
cations represent a continuum spanning between restoration and replacement, with fluid
transitions between the reclamation types.

All types of reclamation benefit from the assessment of ES affected by mining. Even if
the reconstruction of as many disturbed ES as possible is not adopted as a guiding principle
for the post-mining reclamation, the identification of the ES disturbed by mining is useful
for finding adequate substitutes to replace the original landscape. The proposed ES-DPSIR
network approach can serve as a checklist to assess the ES lost due to coal mining activities
and to choose the best reclamation option based on the most-needed ES and the investment
required to achieve this reclamation option.

The causal network considers the two general types of mining—above and under-
ground mining [60,61]—by including the supporting secondary literature from both mining
contexts in the network connections. This highlights that even though the magnitude of
the involved processes differs, mining impacts can be generalised. The different nodes
of the causal network, which are based on the DPSIR framework, are designated by a
key term, which is intentionally abbreviated to fit into the figure illustrating the causal
network (Figure 3).

The causal network remains at the abstraction level of the categories, which is due
to the challenge of accounting for different mining methods and scales. Within these
categories, several different effects are summed up; for example, the pressure category of
gaseous emissions includes carbon dioxide emissions from mining operation equipment,
emission of methane, and the dispersal of dust from operated and abandoned mines and
mining waste dumps. The different terms used in the figure are specified in Appendix A
Table A1, which also indicates references for the designated term in the mining context. The
causal network will not be described in detail, but the important nodes will be identified,
as they convey findings that are important for the assessment and evaluation of mining
impacts, post-mining reclamation, and ES delivery by post-mining ecosystems.
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6. Results

The results section demonstrates the causal network developed from the theoreti-
cal/conceptual considerations with examples from mining/post-mining contexts and the
ES concept applied to the impacts within the causal network. For coal/lignite mining, the
driving forces are identified as economic development and energy demand [62,63]. These
two processes originate mostly outside the mining area. Economic development is the most
important driving force in this context. Economic development drives the energy demands
of the economy. Energy demand by households also plays a role as a driving force and
is, as such, included in energy demand. Energy demand is a direct driver of coal/lignite
mining, whereas economic development is an indirect driver of coal/lignite mining, trans-
mitted by the energy demand for economic growth. It could be argued that economic
development could be excluded from the driving forces, as it is arguably too indirect or
universal as a driving force; however, considering that changes in economic development
have a strong influence on the energy demand of national economies [62], this illustration
of driving forces is justified. Additionally, the inclusion of economic development as a
driving force illustrates the response option of energy demand reduction by increasing the
energy efficiency of the economy or challenging the economic growth paradigm.

Energy demand is the driving force that leads to the extraction of energy resources [63];
in the example, this is coal and lignite extraction. The coal/lignite extraction is the most
important root node of the pressure section in the causal network. It triggers other coal-
/lignite-mining-related pressures: mining waste disposal, landscape transformation, mine
drainage, gaseous emissions, and liquid emissions [58]. Mining waste disposal is a second im-
portant root node of the pressures, as it induces additional landscape transformation, gaseous
emissions, and liquid emissions [56,57,59]. The emissions accounted for in this causal network
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do not include emissions produced from transforming the energy resources to generate
energy. Even though energy resource extraction is a prerequisite for the burning of fossil
fuels, it is not part of the model in the assumed boundaries determined by the process of
mining energy resources. To account for the generation of energy from the energy resources,
the causal network would have to feed the energy resource consumption as pressures into
a connected causal network of energy generation from fossil fuels. This, however, would
exceed the physical boundaries of the mining landscape.

Gaseous and liquid emissions are central nodes in the causal network. Central nodes,
defined by Niemeijer and de Groot [39] as nodes with many incoming and outgoing arcs,
typically play an important role in the causal network (ibid.). The pressures of landscape
transformation, gaseous emissions, liquid emissions, and mine drainage lead directly to changes
in the environmental state. In this sense, these pressures can be considered transmis-
sion pressures because they transmit the pressures caused by the resource extraction and
overburden disposal processes on the state of the environment. A similar relationship
is described for the state compartment by Gabrielsen and Bosch [48], who described the
primary and secondary effects of state indicators. In a simplified description of the network,
the direct pressures and the resulting transmission processes could be summed up in a
term called “mining procedures”, but this would neglect the different ways of pollution
and disturbance by mining activities.

Changes in the environment due to mining activities are represented in the state section
of the DPSIR-based causal network [5,48]. The state of the environment can be influenced
directly by pressures; for example, landscape transformation has direct consequences on
the landscape composition/configuration, and the state compartment can be influenced by
the change in another environmental component. For example, the state of biodiversity is
influenced by landscape composition/configuration, air quality, soil organisms, water organisms,
and the quality and quantity of ground water. The state of vegetation is also dependent on
precipitation, but this variable is not influenced by mining activities and is therefore left
out of the causal network.

In the state dimension of the causal network, some of the nodes overlap thematically;
for example, the nodes termed soil condition and surface water condition combine the biotic
and abiotic components of the respective conditions and are therefore partially contained
within the biodiversity node. Although there may seem to be a lack of clarity regarding
the state indicators, it is a necessary step because the network is designed to illustrate the
different indicators to be considered in mining impact assessment.

The network illustrates that the soil condition, surface water condition, and biodiversity are
central nodes of the causal network at the level of the environmental state. This underlines
the importance of biological ecosystem elements for the healthy state of the environment.
Landscape composition/configuration can be considered a root node in the state dimension, as it
has a substantial number of outgoing causal connections. This highlights the importance of
considering the transformation of the landscape, with mining-related landscape elements,
such as mining subsidence and depressions, the removal of mountaintops, waste dump
mounds, or acid waters, in the environmental assessment of mining [51,53,54,64–68].

The last section of the DPSIR framework for consideration in this paper concerns the
impacts. In the DPSIR framework, the impacts represent the consequences of the changes
in state for ecosystem functions. In the strict sense of the DPSIR definition, impacts are
parameters that represent environmental use functions beneficial to humans [48] (p. 8). The
concept of environmental use functions is very similar to the concept of ES [69], so the ES
concept can easily illustrate the integration of ES into the causal network. Figure 3 differen-
tiates the respective ES categories according to the MEA or CICES, respectively [8,23].

In the impacts section, some of the nodes can be characterised as end-of-chain nodes
(Figure 3). These represent the endpoints of several causal chains within the network [39].
In the presented causal network, which explicitly considers the impacts on ES provision,
the end-of-chain nodes represent the multiple, often indirect, effects of mining activities
for the provision of ES, which are transmitted via diverse pathways through the causal
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network [39]. The end-of-chain nodes in the impacts dimension represent the ES, which
are based on the support of a number of ecosystem structures/processes, which have been
degraded by mining activities. The causal network identifies end-of-chain nodes among all
three displayed ES categories. For reclamation, this means that the services identified as
end-of-chain nodes require coordinated responses that address all the underlying degraded
ecosystem structures and processes to support the respective ES.

7. Discussion

The causal network displays the complex relationships and interactions of the different
processes that constitute causes and effects of coal and lignite mining. However, as every
model, it is a reduction of real-world complexity. The causal network was structured to
include as many items as were considered to be important to most of the coal and lignite
mining landscapes. This is also reflected in the general framing of most of the items and the
partial overlap in some of them. While this makes the causal network readily applicable for
general assumptions of ES degradation, items that were not considered may play a role
when the network is fitted to other mined minerals or unusual mining landscapes. The
causal network is open to elaborating sections in more detail [39], as well as adding items
and causal connections for unusual cases.

This study demonstrates the implications of combining the DPSIR and ES approaches
to complement each other in the analysis of mining-based environmental inputs. A critical
point in the combination is the assumption of a partial overlap between the two approaches
(Figure 2). The juxtaposition of the impact dimension in the DPSIR with the ES category of
the ES cascade model is an important connection between the two approaches. The outlined
overlap is largely consistent with other studies assessing the potential of combining both
the DPSIR and ES approaches [10,12–14,42,43]. It is also consistent with the definitions of
DPSIR, which although acknowledges some “. . . arbitrariness in the distinction between
the environmental system and the human system” [5] (p. 6), interprets the “use function
by humans” as being the critical criterion for the impacts section [48] (p. 8). This also
sets the state indicators as ecosystem structures/processes, with the attribution of the
state indicators relating principally to the environmental performance concept, while the
impacts relate to the social and environmental performance concepts [70] (p. 18). Despite
the manifold concepts of integrating the ES and DPSIR approaches, there has not been
an application in the mining context, especially not through an ES-DPSIR-based causal
network approach.

The exclusion of the response dimension from the causal network can be considered
a limitation, resulting from missing feedback between the different systemic circles. The
incorporation of the responses into the DPSIR framework increases its power as a planning
and management tool. However, the response to the impacts is largely based on adminis-
trative and political decisions [5,48] with multiple potential response options. Handling
response options in a causal network is a complex and ambitious task. Responses should be
considered when applying the concept in a land management or environmental monitoring
context to assess the influence of responses on different driving forces, pressures, states,
and impacts. Here, the network was used to identify suitable indicators for ES to guide the
reclamation of mining sites. Based on the ES lost due to mining activities, the inclusion of
responses exceeds the scale of the objectives of the application of the network.

The combined causal network–ES framework puts the idea of reclamation, with a
focus on the reconstruction of the ES degraded or lost due to mining impact, at the core
of the assessment. There is, however, another perspective on post-mining landscape
reclamation, which considers the socioeconomic situation, meaning the replacement of
economic opportunities for the local population and businesses, when the mining economy
ends and is replaced by other economic structures. The presented framework does not
account for the replacement of income opportunities for people from mining, but it may
guide the planning of alternative economic structures by displaying the ES potentials that
can be reconstructed following the end of the mining economy. The economic opportunities
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based on the reconstructed ES potentials can inform planning processes about the future
economic potentials of the post-mining landscape. This will be of help for policy analysts
and policymakers facing the challenges of the transition to post-mining economies by
introducing adequate funding, incentives, and regulations to accompany and support the
transition process of landscape reshaping/reuse [9].

Uncertainties in the assessment of mining impact come from land use/land cover
change processes that are not caused by mining. However, several studies have reported
distinctive patterns of land cover and land use change for coal mining landscapes, depend-
ing on regional physical and socioeconomic conditions [68,71].

8. Conclusions

This paper demonstrates the inclusion and application of the ES concept within the
DPSIR framework, thereby representing a way to pragmatically apply two broadly used
approaches in environmental science and planning. The pragmatic approach is charac-
terised by directly applying the ES concept in a DPSIR-based causal network, which builds
on the similarities shared by the two approaches and benefits from different perspectives
on social ecological systems without the need to develop new models. The combination
of both approaches draws benefits from the different focal points of each approach to
complement the other approach, and this method expands both existing approaches as
well. The extension of the DPSIR approach into the causal network compensates for the
shortcomings of the DPSIR framework resulting from the causal chain design, which fails
to take interconnections into account [38].

Both the ES concept and the DPSIR framework are abstract from the complex reality
of the natural environment’s interaction with human society. In the challenging task
of environmental and ecosystem assessment, it can be useful to combine the different
approaches to assess different aspects that need to be considered to obtain results that are as
complete as possible. The combination of different approaches does not necessarily require
the development of a completely new approach but rather uses the overlap to convert the
components of one approach into a form that makes them utilisable in the framework of
the other approach.

Thus, this study demonstrates how this could be carried out for the DPSIR framework
extended to a causal network in combination with the ES concept, taking advantage of the
indicator selection and classification from the DPSIR framework and the ES and benefits
valuation from the CICES, which is rooted in the ES concept and the cascade model,
respectively [7,23].

The combination of the DPSIR framework-based causal network approach and the
ES approach has several practical applications. The most important application is the
identification of suitable indicators. The EEA uses both approaches—the DPSIR framework
to guide the selection of environmental indicators [5,48] and the ES approach for the
assessment of ES based on land use/land cover (change) information [45]. Combining the
approaches offers more opportunities to include different frameworks for environmental
assessment and monitoring into local site and regional planning and decision making [72].

The application in mining impact assessment provides an approach to identify mining-
related environmental disturbances and landscape exploitations, as well as the conse-
quences for the affected population. The network structure provides a way to identify
key cause–effect relationships, which are typical in mining. The demonstration focuses on
coal and lignite mining; however, if the differences and similarities between coal/lignite
extraction and the extraction of other mineral materials, such as rare earth elements, are
considered, the presented framework can be adapted/transferred to represent the mining
impact of mineral extraction in general and thus has a more fundamental character.
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Appendix A

Table A1. Explanation of the terms used in the causal network (Figure 3).

Term Description/Explanation References

Economic development Economic activities and growth outside the mining area [62]

Energy demand Demand for energy by economy and households [62,63]

Coal/lignite extraction Extraction of coal or lignite by underground and surface mining [58,60,61]

Mining waste disposal Mining wastes on dump sites/waste heaps [56,57,59]

Mine drainage The lowering of the ground water table during and after the
mining operation [50,52,58,73]

Landscape transformation Transformation of the landscape (pits, mounts) including subsidence
of landscape [53,54,64–66,74]

Gaseous emissions Emissions of gaseous or airborne/suspended solid pollutants [75–78]

Liquid emissions Emission of liquid or dissolved/suspended pollutants [79–81]

Landscape
composition/configuration

The proportion and pattern of different land covers/land uses in
the landscape [51,67,68]

Air quality The amount of polluting substances in the air [75–78]

Soil condition Condition of biotic and abiotic components of soil [57,58,79]

Surface water condition Condition of biotic and abiotic components of surface water [63,80,81]

Ground water quality The amount of polluting substances in the ground water [63,73,80]

Ground water quantity The amount of water in the groundwater bearing soil layers [63,73,80]

Biodiversity Diversity of local plants and animals [82–84]

Local thermal regulation The regulation of extreme temperatures on the local scale [85]

Water related recreation Recreation/education activities depending on watercourses/-bodies [86,87]

Mediation of solid/liquid wastes Decomposition of harmful substances by ecosystem components [88,89]

Freshwater provision The provision of freshwater for human needs (drinking, washing,
irrigation, etc.) [90–92]

Land related recreation Recreation/education activities in (semi-) natural landscape settings [45,91]

Erosion control Prevention of the loss of topsoil due to the kinetic energy of air-
or waterflows. [45,93,94]

Hunting Hunting including recreational/sports (both provisioning/cultural ES) [91]

Agricultural production Production of food, fibres, and energy by farming and rearing animals [45,95,96]
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Table A1. Cont.

Term Description/Explanation References

Forest production Cultivation of trees for fibre and energy provision [45,97,98]

Carbon sequestration Uptake and storage of carbon in biomass by photosynthesis (not for
energy generation) [91,99]

Flood regulation Prevention of extreme events involving water courses and water bodies [45,100]

Air purification Removal of airborne pollutants [45,91]

Fishing Fishing for food (including recreational/sports fishing) [45,86]
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