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Executive summary

Despite the disturbance they cause, quarries can
provide opportunities for biodiversity, ecosystem
services and nature restoration by providing a
diverse physical and ecological conditions, that
enable the development of unique habitats,
supporting rare and specialist species.

This chapter aims at providing the basics theo-
retical elements to use this ecological potential,
when possible - both during and after exploita-
tion. Instead of focusing on active restoration,
successful quarry restoration could combine
passive/spontaneous restoration with targeted
interventions such as species planting, hydro-
logical engineering, or soil amendments. These
strategies must be customized to local site con-

ditions and long-term restoration goals.

Nature management in quarries goes much
beyond biodiversity, by integrating ecosystem
services (ES) into management, planning and
restoration to create and reflect the multifunc-
tionality of landscapes, in terms of ecological, so-
cietal, and economic needs. ES are grouped into
provisioning (water, wood, food, etc), regulating
(flood, disease regulation, carbon sequestration,
erosion control, etc) and cultural (recreation,
aesthetic, education, etc). Assessment of ES re-
quires communication with stakeholders and
can be measure by surveys (cultural ES), eco-
nomic parameters (provisioning) or ecological
modelling based on biophysical data (regulating).
Of particular importance in quarry contexts are
biodiversity conservation and carbon seques-
tration, both central to global conservation and
climate agendas.

In particular, quarry restoration can contribute
to climate mitigation by sequestering carbon in

vegetation and soils. Even if carbon capture occurs
at short timescale in vegetation but is inherently
a long-term process in vegetation succession
and soil storage. Carbon capture goals can still
be incorporated using tools such as ecological
simulation models, remote sensing, and field-
based sampling.

Carbon storage can be assessed by allometric
models in vegetation and measured in soils
through core or extrapolated from digital maps.
It should be noted however, that carbon storage
potential varies widely depending on climate,
soil composition, vegetation type and growth
rate and previous land use.

Biodiversity is both a goal and a key performance
indicator of restoration success. Key Perfor-
mance Indicators (KPls) should be defined based
on clear objectives, replicable and standardized
protocols. They can be of qualitative and quanti-

tative nature.

Common metrics include species richness, in-
dicator species presence, vegetation structure,
and habitat quality scores. These data support
adaptive management and progress evaluation.

Frequent and long-term monitoring are essen-
tial, preferably through standardized protocols.
with the help of emerging technologies—such as
drones, automated sensors, and citizen science
platforms.

Ecosystem services do not operate in isolation;
trade-offs are inherent and must be managed
strategically, with clear objectives defined. For
example:

Carbon-focused vs biodiversity-focused strate-
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gies: while dense afforestation increase car-
bon storage potential, it also hampers habitat
availability for early-successional species or
open-habitats which can be rich in biodiversity.
Recreation and access can increase human

pressure on sensitive habitats.

Balancing those trade-offs requires clear goal-setting,
and use of decision-support tools such as scenario
analysis or multi-criteria evaluation. Multifunctional
design—allocating different site zones for different
services—can help mitigate conflicts, support

biodiversity, and maximize resilience.

Quarry landscapes are typically seen as scars, so
aesthetic integration is critical to build the founda-
tion for a successful restoration. Visual strategies
include designing landforms that mimic natural
geomorphology, reconnecting sites to surrounding
landscapes with native plantings, managing visibility
through strategic planning of viewpoints and

corridors.

In a final stage, unexploited areas can be re-
stored for other use. The first steps is to define
clear goals and, if restoration target nature and
biodiversity, clear questions arise about which
reference to choose from: (i) historical restoration
(pre-quarry environment) or (i) new environments
based on ecosystems of interest (species, richness,

threatened, etc) or new species assemblages.

Restoration methods go from active restoration
(artificially recreating ecosystems by planting,
soil translocation, etc) to a spontaneous recolo-
nization where natural succession occurs without

intervention.

Each approach benefits from continuous
monitoring and an adaptive management
loop, particularly regarding invasive species
management. Low-cost, well-timed interven-
tions—such as soil conditioning, invasive species
control, or selective planting—can yield signifi-

cant ecological improvements.

While historically regarded as environmentally de-
graded spaces, quarries offer substantial ecological
potential when restored with a multifunctional
and long-term perspective. Their physical com-
plexity enables the support of rare species and
novel habitats, while restoration can also deliver
high-priority ecosystem services like biodiversi-

ty enhancement and carbon sequestration.

Success requires a holistic, interdisciplinary
approach that integrates geomorphological re-
shaping, ecological engineering, stakeholder in-
volvement, and robust monitoring. By aligning
restoration practices with ecosystem service
delivery, quarry sites can evolve into resilient,
multifunctional landscapes that serve as exemplary

models for sustainable post-industrial land use.

Executive summary



List of Abbreviations

Abbreviation | Description

BMP Biodiversity Management Plan

ES Ecosystem

EU European Union

KPI Key Performance Indicator

Surrounding Natural Environment
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Biodiversity decline has been emphasized as being
a major interest and challenge by the European
Commission, which has adopted the EU Biodi-
versity Strategy for 2030 and its action plan. The
aim of the plan is to protect and reverse nature
degradation. It will be applied alongside the EU
habitat (Directive 92/43/EEC) and Birds Direc-
tives (Directive 2009/147/EC) which protects
endangered species and habitats through the
Natura 2000 network.

Quarries are an active part of their territory
as through their life cycle, extraction modifies
the landscapes, provides economic and cultural
services to the population as well as providing
important biological functions and ecosystem
service provisions. In Europe, a long history of
anthropogenic land-cover changes and large
population areas has made lowly-degraded to
untouched nature space increasingly scarce. In
this context, quarries offer many opportunities
to manage and restore ecosystems.

The extractive industry in Europe is dissemi-
nated over the entire continent, sitting both
within natural and rural areas and in peri-urban
areas (Séleck et al., 2022). The network covers
32 000+ active sites and many more inactive
or abandoned ones spreading from the Atlan-
tic Ocean to the continental areas and from the
Mediterranean to the Arctic. Hence, on top of
their intra-site variability, European quarries
cover a broad range of climatic, geomorphological
and biogeographical regions.

At the site-scale, quarries play a pivotal role in bio-
diversity management. These extraction sites,

Introduction

through a dynamic interplay of geophysical pro-
cesses and human activity, create unique habitats
that host diverse flora and fauna. The hetero-
geneous topography resulting from quarrying
operations creates a multitude of microhabitats
with varying abiotic conditions, promoting the
establishment of a wide array of plant species
(Maebe et al., 2021; Séleck et al., 2022). Exposed
rock faces and disrupted substrates offer niches
for specialized organisms, contributing to the
overall biodiversity of the ecosystem. Quarries may
act as biodiversity hotspots in regions where
natural habitats are increasingly compromised,
such as agricultural landscape or peri-urban
landscapes. Consequently, recognizing the eco-
logical value of quarries is essential for informed
conservation strategies and sustainable land-use
planning, emphasizing the need to integrate
these human-altered landscapes into broader

biodiversity management frameworks.

At the landscape-scale, and if adapted con-
servation measures are applied, quarries may
act as connectors within ecological networks
(Maebe et al., 2021; Séleck et al., 2022). Their
spatial configuration and habitat heterogeneity
contribute to enhancing landscape connectivi-
ty, facilitating the movement of species across
fragmented landscapes. Additionally, quarries
may act as stepping stones for species move-
ment across the landscape as well as supporting
population dynamics for both flora and fauna.
Recognizing these elements within the context
of landscape connectivity underscores the im-
portance of incorporating these human-altered
ecosystems into ecological network strategies
for sustainable biodiversity management.
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This section will address the role of quarries in
biodiversity management and ecosystem ser-

vices provision.

1.1 Key Concept definitions

Biodiversity: the variability amongst living or-
ganisms from all sources including, inter alia,
terrestrial, marine and other aquatic ecosys-
tems and the ecological complexes of which they
are part; this includes diversity within species,

between species and of ecosystems.

Conservation status: it is a measure of the proba-
bility that a species will continue to exist in the
present or in the near future, given not only the
size of the current population, but also the trends
they have shown over time, the existence of predators
or other threats, the expected changes in their
habitat, etc. From the state of conservation derives

(or should) its legal protection.

Ecological restoration: refers to the process of
managing or assisting the recovery of an ecosystem
that has been degraded, damaged or destroyed as a
means of sustaining ecosystem resilience and con-
serving biodiversity. Degradation is characterized
by a decline or loss of biodiversity or ecosystem
functions. Degradation and restoration are
context-specific and refer to both the state of
ecosystems and to ecosystem processes.

Ecological niche: It is the strategy that a species
uses to survive in the habitat, understood as a set
of biotic and abiotic factors with which it is related.

Ecological vocation: set of plant and animal
communities to which an altered landscape

tends due to ecological succession processes.

Ecosystem: set of species in each area that in-
teracts with each other and with their abiotic

environment.

Ecosystem restoration is a complement to
conservation activities and provides many
benefits both inside and outside of protected
areas, which brings multiple benefits. Priority
should be given to conserving biodiversity and
preventing the degradation of natural habitats
and ecosystems by reducing pressures and
maintaining ecological integrity and provision of

ecosystem services.

Ecosystem services: those benefits that an eco-
system provides to society and that improve
people’s health, economy and quality of life and
that result from the proper functioning of eco-

systems.

Endemism: biological term to indicate that the
distribution of a taxon is limited to a geographic
area smaller than a continent and that it is not
found naturally in any other part of the world.

Geomorphology: it is a branch of geography
and geology whose objective is the study of the
forms of the earth’s surface focused on describing
them, understanding their genesis and their

current behaviour.

Habitat: set of physical and geographical factors
that affect the development of an individual, a
population, a species or group of determined

species.

Indicator is in ecology and environmental planning,
a component or a measure of environmentally
relevant phenomena used to depict or evaluate
environmental conditions or changes or to set

environmental goals.

Invasive Alien Species (IAS): animals and plants
that are introduced accidentally or deliberately
into a natural environment where they are not
normally found, with serious negative conse-
quences for their new environment. They are

a major threat to native plants and animals in
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Europe and are one of the five major causes of
biodiversity.

Natural environment restoration plan: it is the
process of reducing, and even reversing in some
cases, the damage produced in the physical en-
vironment to return as far as possible to the
structure, functions, diversity, and dynamics of
the original ecosystem. For this, the original con-
ditions must be restored, and the environmental
impacts caused by the action carried out in the

environment must be corrected.

Trophic chain: flow of energy and nutrients that
is established between the different species of

an ecosystem in relation to their nutrition.

Rehabilitation: an action that aims to recover de-
graded ecosystem functions and increases its ca-
pacity to provide ecosystem goods and services.
It does not consider necessary the recovery of the
structure, composition, and diversity of the his-
torical ecosystem. A rehabilitated ecosystem may
contain species that perform similar functions to
the historical reference ecosystem, but these are
not necessarily the same species that were present

in the ecosystem before the disturbance.

Passive refaunation: colonization processes by
different faunal taxa that take place spontaneous-
ly, without direct anthropogenic intervention
(that is, without introduction of species). These
processes can be facilitated or expedited by
adapting the intervening terrain to the needs of
the target species.

Species: basic unit of biological classification.
It is a set of organisms or natural populations
capable of interbreeding and producing fertile
offspring, although —in principle— not with mem-
bers of populations belonging to other species.

Vegetation series: the successional and land-
scape geobotanical unit that tries to express

the entire set of plant communities that can be
found in related tessellar spaces because of the
succession process, which includes both the
types of vegetation representative of the ma-
ture stage of the plant ecosystem as the initial or

subserial communities that replace them.

1.2 EU framework:
relevant policies and
good practices

Human impact on ecosystem is becoming in-
creasingly widespread and adding pressure on
natural areas, as the United Nation’s biodiversi-
ty panel IPBES (IPBES, 2019) and climate panel
IPCC (IPCC, 2022) have been stressing in their
respective reports. Preserving natural areas as
well as restoring degraded ones is then needed
to address both the nature and climate crises.
Halting ecosystems degradation is urgent and
could be achieved by (i) increasing the areas un-
der protection (see, i.e. N2000 framework) and
(ii) restoring degraded land. The latter has been
put to the forefront by the UN with the Decade
on Ecosystem Restoration and the EU with the
Nature Restoration Law.

This section will address the policies and strate-
gies for nature conservation, biodiversity and
carbon sequestration at the EU level which are

relevant for the extractive industry.

Nature conservation and biodiversity are a key
component of the EU policies. Several strate-
gies, plans and directives have been adopted in
the last years, acknowledging the importance
of well-functioning ecosystems on human
well-being. Among those, the EU Biodiversity
Strategy for 2030 aims at delivering abetter pro-
tection of nature and reversing the degradation
trend of Europe’s ecosystems. A cornerstone of
the strategy is the Natura 2000 Network which

Introduction
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has been protecting rare and endangered habitats
and species while creating a network of sites at
the continental scale. This connectivity is a key
aspect of biodiversity management and protec-
tion and has been highlighted by the EU Green
Infrastructure strategy in which natural and
semi-natural areas should be arranged in a re-
gional network allowing for better ecosystem

services, biodiversity routes and improvement

sity and nature at the Europeans level. Please
note however, that discrepancies regarding le-
gal frameworks at the national level may exist
and affect nature and biodiversity management
methods. These Inconsistencies in regulations
pertaining to land use, habitat preservation, and
restoration practices contribute to a fragmented
approach to biodiversity management. Addressing
this challenge ensures () the quality of data and

as well as climate mitigation and adaptation.

Table 1 below summarizes the relevant laws,

policies and good practices regarding biodiver-

Table 1a

List of relevant environmental laws in the EU.

Topic Subtopic

evaluation of the restoration initiatives effective-
ness and (ii) consistent and robust biodiversity
conservation measures across diverse national

contexts.

Europe

General

Directive 2011/92/EU of the European Parliament and of the Council of 13 December 2011 on the assessment of the effects
of certain public and private projects on the environment
(https://wecoop.eu/wp-content/uploads/2020/04/EIA-Directive.pdf)

Directive 2004/35/EC on environmental liability with regards to the prevention and remedying of environmental damage
(https://wecoop.eu/wp-content/uploads/2020/04/Environmental-Liability-Directive.pdf)

Directive 2003/35/EC providing for public participation in respect of the drawing up of certain plans and programs relating to
the environment.

(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32003L0035)

Directive 2003/4/EC on public access to environmental information
(https://wecoop.eu/wp-content/uploads/2020/04/Access-to-Environmental-Information.pdf)

Rehabilitation/
Restauration

Proposal for Natural Restauration Law
(https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52022PC0304)

Biodiversity

Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31992L0043)

Directive 2009/147/EC of the European Parliament and of the Council of 30 November 2009 on the conservation of wild birds
(Codified version)

(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32009L0147)

Landscaping

Council of Europe Landscape Convenion
(https://rm.coe.int/16807b6ébc7)

Environmental
Soil

Proposal for a directive of the European parliament and of the council on soil monitoring and resilience (Soil Monitoring Law).
(https://environment.ec.europa.eu/system/files/2023-07/Proposal%20for%20a%20DIRECTIVE%200F%20THE%20EU-
ROPEAN%20PARLIAMENT%20AND%200F%20THE%20COUNCIL%200n%20S0il%20Monitoring%20and%20Resilience_
COM_2023_416_final.pdf)

Water

Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a framework for Com-
munity action in the field of water policy.
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02000L0060-20141120andqid=1690361492737)

Directive 2006/118/EC of the European Parliament and of the Council of 12 December 2006 on the protection of groundwa-
ter against pollution and deterioration
(https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2006:372:0019:0031:EN:PDF)

Directive 2008/105/EC of the European Parliament and of the Council of 16 December 2008 on environmental quality standards in the
field of water policy, amending and subsequently repealing Council Directives 82/176/EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC,
86/280/EEC and amending Directive 2000/60/EC of the European Parliament and of the Council
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0105)

Regulation (EU) 2020/741 of the European Parliament and of the Council of the 25 May 2020 on minimum requirements for
water reuse

(https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32020R074 1andfrom=EN)

Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the assessment and management
of flood risks

(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32007L0060)

Climate
neutrality

Directive 2010/75/EU of the European parliament and of the council of 24 November 2010 on industrial emissions (integrated
pollution prevention and control) (recast)
(https://wecoop.eu/wp-content/uploads/2020/04/1ED.pdf )
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Table 1b

List of relevant environmental law, policies and good practices in the EU.

Executive summary

Topic Subtopic Europe
8th Environment Action Programme: Decision (EU) 2022/591 of the European parliament and of the council of 6 April 2022 on
General a general unioan environment action Programme to 2030

Environmental

(https://wecoop.eu/wp-content/uploads/2020/04/8EAP.pdf )

Rehabilitation/
Restauration

Pioneering proposals to restore Europe’s nature by 2050 and halve pesticide use by 2030.
(https://ec.europa.eu/commission/presscorner/detail/en/ip_22_3746)

Biodiversity

Non-energy mineral extraction and Natura 2000
(https://euromines.org/publications/guidance-document-non-energy-mineral-extraction-and-natura-2000)
Communication from the commission to the European parliament, the council, the European economic and social committee
and the committee of the regions EU biodiversity Strategy for 2030 Bringing nature back into our lives.
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A52020DC0380)

Landscaping

Policy recommendations for sustainable landscape management strategies
(https://ec.europa.eu/research/participants/documents/downloadPublic’documentlds=080166e5d31ac38aandappld=PPGMS)

Soil

Communication from the commission to the European parliament, the council, the European economic and social committee and the
committee of the regions EU soil strategy for 2030 reaping the benefits of healthy soils for people, food, nature and climate.
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0699

Groundwater

Surface water

Water reuse

Water

Water scarcity and droughts

Floods

Ensuring groundwater quantity and quality across the EU
(https://environment.ec.europa.eu/topics/water/groundwater_en)

Supporting surface water ecosystems and protecting EU surface waters from chemical pollution

(https://environment.ec.europa.eu/topics/water/surface-water_en)

Managing water resources more efficiently and facilitating water reuse in the EU
(https://environment.ec.europa.eu/topics/water/water-reuse_en)

Preventing and mitigating water scarcity and droughts in the EU
(https://environment.ec.europa.eu/topics/water/water-scarcity-and-droughts_en)

EU measures to manage the risks floods pose to human health, the environment, the economy and cultural heritage.
(https://environment.ec.europa.eu/topics/water/floods_en)

European Green Deal
Climate

neutrality

(https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en)
Communication: ‘Fit for 55’ - delivering the EU’s 2030 climate target on the way to climate neutrality
(https://ec.europa.eu/commission/presscorner/detail/en/IP_21_3541)

Natura 2000 is a network of protected areas in
Europe that protects the most significant and
endangered species and environments. It is the
world’s biggest coordinated network of protected
areas, covering all 27 EU Member States on land
and at water. The Natura 2000 sites are desig-
nated under the Birds (Directive 2009/147/EC)
and Habitats Directives (Directive 92/43/EEC).
The goal of both directives is to preserve the
long-term viability of the ecosystems and species

they were designed to conserve.

The Birds Directive (Directive 2009/147/EC)
aims to protect all naturally existing wild bird

species and their most critical habitats in the

EU. The Directive intends to allow bird species
to recover and thrive in the long run, in addition
to stopping their decline or extinction. To attain
these goals, EU nations must take whatever
steps are necessary to preserve or recover bird

populations.

Member States must designate Special Protection
Areas (SPAs) for the 197 species and subspe-
cies specified of the Birds Directive, as well as
for other migratory birds, with a focus on
the conservation of wetlands of international
importance. SPAs are protected areas that are
part of the Natura 2000 network, together with
Special Areas of Conservation (SACs) declared
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under the Habitats Directive. These sites are
commonly referred to as “Natura 2000 sites”
together, and they currently form the world’s
biggest coordinated network of protected areas.

Today, thanks to the Birds Directive, Member
States have designated over 5400 SPAs across
the EU. This covers more than 832 000 km? of
land and sea, which is larger than Germany, Po-
land, and Greece combined.

The Habitats Directive (Directive 92/43/EEC)
aims to protect over a thousand species, in-
cluding mammals, reptiles, amphibians, fish,
invertebrates, and plants, and 230 characteris-
tic habitat types. The overall goal is to maintain
or restore these species and habitat types to a
favourable conservation status within the EU.
The Directive aims to allow these species and
habitats to recover and thrive in the long term,
in addition to preventing further decline or

extinction.

Today, thanks to the Habitats Directive, Member
States in the EU have classified over 23 500 SCls.
They cover nearly 950 000 km2 of land and sea,

an area larger than Spain and Sweden combined.

1.3 General concepts

1.3.1 Ecosystem services (ESS)

Ecosystem services are defined as any con-
tribution of ecosystems to human well-being,
from providing raw material (excluding mineral
resources) to recreational and cultural aspects
of societies. Biodiversity is a key component
of a well-functioning ecosystem and therefore
should be at the heart of ecosystem manage-
ment to target long-term ecosystem health and
maximize both intrinsic and utilitarian values

ecosystem.

Given the wide range of processes and interac-
tion covered by the ESS, classification systems
of ecosystem services have been numerous over
the years. Here after we will base our analysis on
the CICES (Common International Classification
of Ecosystem Services) classification, which has

been used by the European Environment Agency.

Inthis classification, three main ES categories can
be identified: provision, regulation of natural cy-
cles and processes, and cultural (recreation, edu-
cation, spiritual) (Maebe et al., 2021), which rely
on the supporting services. Provision ES include
products obtained from nature for consumption
or use, either directly or after processing. Regu-
lating services refer to ecological processes that
enhance, or in some cases make possible, citizen
life such as pollination, dust and noise mitigation,
air and water quality, etc. Support ecosystem
services, which encompass the ecological pro-
cesses necessary for the production of the other
three types. Finally, cultural services designate
non-material benefits that people obtain from
ecosystems. These services include the aesthet-
ic impression, cultural identity, the feeling of
attachment to the territory and the emotional
experience related to the natural environment.
Typically, this group also includes opportunities
for tourism and recreational activities. The diver-
sity of ecosystems is one of the determining fac-

tors in the cultural diversity of a territory.

Table 2 provides an overview of the main ESS
provided by quarries. A list of relevant ecosys-
tem services in quarry, based on study cases in
Belgium (LIQ) is provided hereafter. If provi-
sioning ecosystem services are quite straight-
forward to understand (see table 2), regulating
services may require additional information,

which is provided hereafter.

1
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Table 2

Llist of the ecosystem services provided by quarries (source: Maebe et al., 2021).

Introduction

Topic Subtopic Europe Topic Subtopic Europe
Commercial cultivated crops Biological environment of living, working and
Non-commercial cultivated crops ST GEEEES
Commercial breedin Biological environment of health and rehabilitation
g Everyday institutions
iz iseommerealBEedily environment | Non-exclusive natural space suitable for daily
Food Wild terrestrial animals outdoor activities
Edible wild terrestrial plants and mushrooms Exclusive natural space suitable for daily outdoor
Fresh water fishes and shellfishes reared by in-situ activities
aquaculture for nutritional purposes
q ElIE Non-exclusive natural space suitable for outdoor
Wild freshwater plants recreation
Edible freshwater plants . Exclusive natural space suitable for outdoor
Enwrfonment recreation
or
OIS P e recreation Non-exclusive natural space suitable for productive
Ornamental animals leisure activities
Wood Exclusive natural space suitable for productive
Other plant materials Cultural leisure activities
Raw .. . . . . . . .
S material Medicinal plants, animal and micro-organisms Zl:ct:roaflsgtauc;and biodiversity supporting the experi-
Organic matter from agriculture for soil improvement Sources of
Organic matter from waste for soil improvement exp:‘;ldence E)itggiLZ?;c: andbiodiversity servingas support
Fodd
oader knowledge Natural space and biodiversity serving as support
Genetic material of all living organisms for scientific research
Surface water for drinking Natural space and biodiversity sources of
- e inspiration and entertainment
resh water Fn : :
Surface water for non-drinking purposes 2‘:(;‘;2: tsipmaec:tzr\cliall):lc;cilversny sources of heritage
Groundwater for non-drinking purposes isniu?:::ig: Natural space and biodiversity sources of symbolic
. . p and cultural values
Organic matter from agriculture used as an energy and values
source Natural space and biodiversity sources of sacred
Organic matter from waste used as an energy aidiieliforsnialucs
Energy source Natural space and biodiversity sources of intrinsic
X values of existence and heritage
Trees and wood residue used as energy source
Animals reared to provide energy (including
mechanical)
Bio-remediation by microorganisms, algae, plants . :
and animals Regulation Services
Regula}tion Surface water purification and oxygenation The regulation services described in the follow-
of Var|9us Groundwater purification and oxygenation . . .
pollution ing four sections were evaluated using the meth-
Capture dust, chemicals and odours
Mitigation of noise and visual impacts od outlined in section 2.2.3.
Control of erosion rates
Rezikiian Hydrological cycle and water flow regulation Al RegUIatlon of Extreme Events
of extreme | Flood control Various ecosystems contribute — each to varying
events .
Storm protection degrees— to the regulation of solid (e.g., sedi-
Regulatin Fire protection . .
sulating ment), liquid (e.g., water), and gaseous (e.g., wind)
Pollination .
flows, thereby helping to control extreme events
Seed dispersal
Ef"}tr‘?l °If Maintenance of habitats throughout the life cycle such as mudslides, floods, droughts, and storms.
iologica .
processes | Pestcontrol Vegetation cover and root systems protect the
fiumandiseases control soil from precipitation and wind and contribute
Soil weathering, decomposition and fixing processes . . . . . .
to soil stabilization, preventing sediment dis-
Regulation of the global climate by sequestering
. greenhouse gases placement'
Climate
regulation Regulation for regional climate

Regulation of micro-climate
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Ecosystems play a major role in influencing the
water cycle, regulating both the quantity and
quality of water. They contribute to cloud
formation through evapotranspiration, water
storage in soils, wetlands, water bodies, and
aquifers, and regulate water transfer via runoff

and infiltration.

They further mitigate the risk and intensity of
flooding by acting as temporary reservoirs for
rainwater and runoff, storing part of this water

inthe soil, and intercepting it through vegetation.

A.2 Regulation of Various Forms of Pollution
Through the organisms they host, ecosystems
contribute to the capture, dilution, filtration,
and retention of pollutants. Microorganisms
play a key role in capturing, sequestrating and
degrading these substances, maintaining air, wa-
ter and soil quality. Vegetation also helps reduce
noise and visual disturbances generated by human
activities and infrastructure. Plants can reflect or
absorb sound and act as visual barriers.

A.3 Regulation of Biological Processes

Ecosystems maintain conditions essential for
the survival and reproduction of living organisms.
They support pollination, seed dispersal, habitat
maintenance, biological pest control in agricul-
ture and forestry, regulation of human diseases,
soil fertility,and more. The proximity and variety
of habitats offers various opportunities to meet
the needs of organisms (e.g., reproduction, nu-
trition, protection). This service can also be seen
as a supporting service, necessary for the provi-
sion of all other ecosystem services. Biological
control refers to the use of antagonistic living
organisms to manage pests (e.g., crop pests such
as insects, mites, nematodes), diseases, or inva-
sive plants. It relies on predators, parasitoids,
pathogens, or herbivores, which ecosystems

may host. In addition, this biological controls ex-

tend to controlling invasive species settlement
and development.

A.4 Climate Regulation

Ecosystems help regulate greenhouse gases by
sequestering carbon dioxide through photosyn-
thesis and by microbial degradation of methane
and nitrous oxide, thereby helping to mitigate
climate change. Ecosystems influence local cli-
matic conditions, affecting variables such as
temperature, humidity, and wind speed. Vegeta-
tion provides shade, serves as windbreaks, and
contributes to local humidity through evapo-

transpiration.

Ecosystem services characteristics
Servicescanbeinherenttotheecosystemchar-

acteristics and structures or related to human
interacting with them (management, energy,
cultural value) (Maebe et al., 2021). Hence, de-
pending on these interactions, one ES can have
multiple values attributed which may be con-
flicting but still valid. For example, a forest
will absorb carbon through photosynthesis and
store it in wood. The value of this carbon uptake
can be estimated using the carbon market prices,
while the wood provides raw material and em-
ployment when exploited. At the same time, the
forest has cultural significance as a recreational
and education areas, all the while providing

refuge for biodiversity.

Ecosystems are dynamic, evolving over time.
This evolution can be natural as ecological succession
changes the compositions and structure or after
a perturbation in the environment / disturbances
(Figure 1-1). In human-managed landscapes,
ecosystems will then respond to changes in the
management practices. As they evolve, so do the
ES whose nature, quality and diversity are related
to the ecosystem characteristics.
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Fig. 1-1.
Ecosystems dynamics through time.
(source: Maebe et al., 2021).

ES quantity

Both quality and quantity of ESS also depend on
the health of the considered ecosystem; with
healthier ecosystems providing more stable ESS

over time than degraded ones.

As the ESS provided are inherent to the ecosystem
nature, state of development and health, different
habitats provide different level of services. For
quarries which are highly dynamic places with
relatively quick changes in edaphic and physical
conditions, managing and restoring nature can
lead to radically different results in terms of ESS
depending on the strategies. Indeed, in many
cases, maximizing one variable will lead to a de-

crease of another ESS (Figure 1-1).

Despite their complexity, assessing ESS is
becoming increasingly used to monitor and
manage resources more sustainably. However,
the most common approach still relies on an es-
timation of their monetary value, which reduces

their intrinsic range of values.

Pi land land Shrubland Young forest Old forest

Time

Regulating

time

1.3.2 Nature-based solutions and
green infrastructures

Following the International Union for Conserva-
tion of Nature (IUCN) definition, nature-based
solution groups actions to “protect, sustainably
manage and restore natural and modified eco-
systems” which benefits both nature and people.
The concept emphasizes the social, environmen-
tal and human well-being benefits of healthy
ecosystems. Green infrastructures are defined
as a network of semi-natural or natural areas

providing ecosystem services.

In a largely human-influenced and fragment-
ed landscape, enhancing connectivity between
similar habitats increases ecological resilience
and ecosystem services provisions. To address
this concept, in 2013, the Green Infrastructure
Strategy was adopted by the European Com-
mission with the aim to develop and manage
planned network of which connect physically
or functionally different places across the land-
scape, using nature-based solutions. This would
improve on biodiversity conservation, pollution

management and climate mitigation.

Quarries offer unique opportunities to test,
implement and extent nature-based solution
as their extraction-related transformations in-
crease the habitats diversity through the alteration
and creation of topographies and micro-climate.
These can be either temporary and during
exploitation or made permanent during the
restoration phase. Provided that adequate
management measures during exploitation and
thoughtfully designed rehabilitation plans are
developed, quarries can contribute to regulate
pollution, water and carbon cycles, increase
biological control processes or provide ma-
terials, resources and social services (Prach &
Pysek, 2001). Restoration efforts in quarries can

result in the establishment of diverse habitats
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and communities, promoting habitat heteroge-
neity (Maebe et al, 2021; Prach et al., 2019).

Due to their dynamic and varied environments,
hosting rare and more common habitats alike,
quarries play an important role in landscape
connectivity by influencing spatial patterns and
ecological interactions at the local and regional
scale (Maebe et al., 2021). This stresses the im-
portance of quarry restoration projects as their
effectiveness has an impact beyond the site
limit, enhancing landscape permeability, allowing
for the migration and establishment of plant
and animal species. Hence, quarries are good
candidates for green infrastructures, acting as
stepping stone and core areas for biodiversity
and providing ecosystem services. This poten-
tial extends beyond the post-extraction phase,
encompassing rehabilitation practices and the
implementation of biodiversity management
measures during active extraction. Owing to
their spatial distribution across the landscape,
often occupying large space near different land
covers, quarries could be used as transitional
zones between natural areas, particularly be-
tween Natura 2000 sites.

1.3.3 Carbon cycle: stock, fluxes,
emissions

At the global scale, the terrestrial carbon cycle
(C) is comprised of 3 main pools: the soil (1700
Petagramm of Carbon, PgC), the atmosphere
(870 PgC) and vegetation (450 PgC) (Figure 1-2,
Canadell et al,, 2021). Their evolution is regulated by
exchanges between soils and the atmosphere,
either directly or through intermediate processes
involving the biosphere via photosynthesis and
respiration (Canadell et al., 2021). It is estimated
that photosynthesis takes up to 113 PgCuyr-1,
half of which is transferred to litter, debris and
roots residues making it available to the soil
pool, the other half being respired toward the

atmosphere, and only 1% being fixed into new

living biomass.

Fig. 1-2.
The carbon cycle and budget (adapted
from Canadell et al., 2021).

Artmosphere
870 PgC

{ 113 PgCiyr

Total respirati
111 PRCHyr

Burial 0.2 PRCyr

Soil carbon stock depends on bio-climatic
factors such as vegetation, temperature and
humidity and bedrock type (Minasny et al.,
2015). Lower temperature tends to slow down
the C cycle which in turns increases the C pool,
whereas higher temperature destabilizes the
stock, mostly because of increased microbial ac-
tivity (Doetterl et al, 2016; Kirkels et al, 2014).
Conversely, warmer and more humid climate
tends to increase rock weathering, hence in-
creasing the availability of minerals on which
the organic carbon can be fixated. Deeper soil
provides more contact-space and minerals and
more opportunity for bioturbation and leaching
to vertically transfer the C from saturated and
fast-cycling environments in the topsoil to long-

term storage in deeper horizons.

Vegetation type plays a major role in soil C stock
as denser vegetation increases the C transfer
to the soil (Kaplan et al, 2012). Root shapes and
depth influence the depth distribution, and the
stability of the C stock - the deeper the stock,
the more stable. Hence, forested areas will tend

to store more C in their soils due to the high
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input from above-ground structures (leaves,
branches) and their deeper and denser root
systems compared to grasslands or agricultural

lands.

In addition, parent material and topographic
position influence the C stock at the landscape
scale (Kirkels et al., 2014; Minasny et al., 2015).
The first one defines the biochemistry of the soil
and in particular, the abundance of clay and fine
fractions on which organic carbon material can
adsorb to be stabilized. Topography determines
the degree of topsoil erosion or deposition.
Eroding landscapes tend to show a depleted top-
soil C stock compared to stable geomorphologic
positions, while the constant addition of C-rich
topsoil-derived material in deposition zones
(colluvium or alluvium) significantly increases

the amount of C stored.

Finally, timescales involved in C cycling vary
significantly (Kaplan et al., 2012). Whereas C
stored in biomass has a typical turnover rate
ranging from yearly, for annual-growth habitats,
to centennial for old forests, soil carbon evolves
much more slowly, ranging from decadal turnover
at the surface, at best, to centennial or millennial

in deeper soil horizons.

Biomass carbon stock on the other hand is much
more challenging to assess and highly variable
in time and space. Typically, and at the local to
ecosystem-scale, the above-ground biomass is a
function of the allometry of the vegetation, i.e.
its dominant form. Herbaceous vegetation actually
stores little carbon in their above-ground bio-
mass, ranging from 6 to 20% of the total amount
stored in the soil-plant system (Liu et al., 2023).
Conversely, forested ecosystems hold more
above-ground biomass since their tissues are
larger and denser owing to their size. In Europe,

the total living biomass in forested area in tem-

perate biome was estimated at 10.5 PgC and
2.5 PgC in the boreal biome in 2007 (Pan et al.,
2011). When in mixed-vegetation ecosystems,
the amount of above-ground biomass carbon
will be dominated by a few large structures.

Given the size of the pools and fluxes involved,
any little perturbation of the cycle can have a
large impact on the total budget. However, hu-
man activity has long been altering this balance
by (i) clearing forested areas for agricultural pur-
poses which removed both biomass C and soil C,
(ii) accelerated soil-erosion and (iii) changing lo-
cal and regional edaphic conditions.

In the extractive sector context where most of
the soil is removed and displaced and the associated
carbon stock returned to the atmosphere, na-
ture restoration offers an opportunity to take
up carbon from the atmosphere and storing in
into the biosphere and soil reservoir, partially
offsetting the initial losses in the long run. However,
it should be noted that given the timescales in-
volved in C cycling, a vegetation regrowth and
soil C storage would occur over timescales spanning
from, respectively, a few years to decades depending
on the ecosystem targeted, to decades to centu-
ries for soil formation and C accumulation after
revegetation.

Evaluating Carbon storage in ecosystems at Euro-
pean scale still remains a challenge as aggregation
is subject to large uncertainties, owing as much
to the natural interplay between climate and
soil, and their impact on vegetation, as to the
small-scale processes creating large spatial
heterogeneity. Reconciling both scales is currently a
difficult task as carbon data is spatially and tem-

porally heterogeneous.

To assess carbon storage by ecosystems requires

splittingthe question between the below-ground
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C storage and above-ground C biomass (AGBM)
storage to establish meaningful baselines and

trajectories.

Concerning vegetation and AGBM, aggregation
can take place by using biogeographical region
and vegetation types in each of the biogeographical
region. As pointed earlier, carbon content in
vegetation is mostly governed by vegetation
allometry and, as a first approximation, can be
categorized as follows: (i) grassland/meadows,
(ii) shrublands, (iii) forests, (iii) wetlands and
aquatic ecosystems. Cross-referencing this with
the literature, local surveys and available GIS
data (local or regional) will provide a refined
range of values and potential sub-categories like
deciduous vs coniferous forests, grasslands vs

meadows, partially wet vs dry ecosystems.

If forest carbon stock is relatively well-studied
and some maps exists at the EU-scale, carbon
stocks in (semi-)open ecosystems such as grasslands,
meadows, wetlands are still poorly constraint at a

regional scale, so are aquatic ecosystems C stock.

For soil carbon stock, European modelling such
as the LUCAS database - based on soil samples

taken across the EU - can be used as baseline for
local to regional potential carbon storage in soils
under a generic land cover for a given soil-cli-

mate setting.

EU products such as the aforementioned LUCAS
and the Corine Landcover maps could be used
to build potential organic carbon storage in the
soils and associated range. Provided those es-
timates account for climate factors, they could
offer local to regional insights into soil C storage

under typical ecosystems.

This method is still subjected to uncertainties
related to the age of ecosystem, its state and
potential management, all of which impact the
maturity of soil development and associated C

pools.

Furthermore, it should be noted that the C storage
in restored ecosystem will take time to reach its
equilibrium value, which could be significantly
lower than the reference one, owing to long-term
processes which need to take place to build bio-
mass and stabilize soil organic carbon and the
fact that ecosystems may never fully recover to
their initial state.
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2.1 Management plan:
current strategies

A Biodiversity Management Plan (BMP) con-
sists of a series of measures, designed specifical-
ly for each site, aimed at making the extractive
process compatible with the conservation and
improvement of biodiversity on the land of an

exploitation.

To optimize the process of both the implementation
of the plan and the management tasks themselves,
it is necessary to have the greatest possible amount
of information taken in the field in an objective, sys-
tematic and updated manner in order to guide bio-
diversity management through decision making as

suitable as possible

For this purpose, four work blocks are established,
which are broken down into the following sections.
Each of them will accommodate a series of indica-
tors to evaluate different ecosystem services that
may occur depending on the phase in which the ex-

ploitation is located.

The four blocks for data collection in the field
are detailed below:

2.1.1 Initial block for implementation
of the BMP

This is mandatory in all cases: objective and
quantitative assessment of the state of the
natural environment of the exploitation with
respect to the surrounding natural environ-

ment (outside the exploitation).

iodiversity management
nd Strategies toward

The objective and comparative assessment of
the state of the surrounding natural environ-
ment, compared with the state of the natural
environment on the exploitation land, will allow
establishing a starting point for the design of the
BMP. There are two main tasks to develop:

A. Quantification of the surrounding natural
environment and exploitation:

For its implementation, a comparison of each
exploitation with its surrounding natural envi-
ronment must first be established, which serves
to evaluate the scope of impact-opportunity for

different species.

Therefore, a quantitative comparison protocol
must be established between the richness, value,
functionality or state of conservation of the
spaces of an exploitation with respect to its
Surrounding Natural Environment (SNE) on a
percentage basis:

Reference value (%) = (Value in the holding / Value
in the SNE) * 100

For the assessment of the SNE, a surface area of
the space immediately adjacent to the exploita-
tion must be taken as a reference, with an area
equal to that of the total surface area of the ex-
ploitation analysed, so that the comparisons are
referred to the same amount of land. In every
exploitation, the aspects to be assessed must
be previously defined both on the exploitation’s

land and in the surrounding environment.
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B. Functional zoning:

The objective of this delimitation is to obtain a
quantitative assessment of the distribution of
the different designated categories, to be able
to relate possible changes in the fauna-flora
species with the variation in the proportion of
the different categories present throughout the
application period of the Biodiversity Management
Plan.

The criterion for defining each functional patch
is that its general ecological functions are equivalent,
which facilitates its classification into a single
functional category. For example, on a given
exploitation, all those areas of active exploita-
tion (lacking vegetation cover, without soil and
with regular use of machinery, blasting, etc.) are
grouped in a functional category that could be
called Zones of active exploitation. On the
opposite, those unaffected areas, which maintain
the same ecological functionality, for example,
Scrub areas in transition would form another
functional category.

As the exploitation and restoration plans vary
annually the use and therefore the ecological
function of different areas of the exploitation,
the functional delimitation must be duly updated
to reflect these changes.

2.1.2 Work block during active ex-
ploitation phase: (temporary habitats,
active areas, reserve areas)

To apply the BMP during the active phase, that
is, incorporating not only the undisturbed or
restored areas, but also those in which mining
exploitation is actively taking place, these work
phases must be considered:

A. Typification of the intensity of use:
In this block, each of the previously delimited

tiles must be assigned a qualitative value that

refers to the degree-intensity in which mining

exploitation occursinit.

B. Analysis of presence and abundance of fau-
na and flora.

The development of a series of systematic track-
ing and monitoring campaigns for fauna and flo-
ra will be contemplated with special attention
(specific systematic sampling) for those pro-
tected species or those that may be negatively
affected by the extractive-productive process.

C. Monitoring for early detection of possible
effects on vulnerable or protected species.

The data from the previous section will be used to
early detect, or even predict, unwanted situations
or negative interactions between the exploitation
process and the presence of vulnerable or legally

protected species.

D. Design of improvement actions for target
species, promotion of species-habitats, promo-
tion of ecological connectivity or nature-based
remediation.

The information systematically collected during
successive years in the tasks described above will
allow the design, under the guidelines of a specialist
team, of a series of very valuable strategies to the
manage biodiversity during the active phase. These
strategies are aimed at anticipating the phase ex-
ploitation or adequate rehabilitation, to achieve a
neutral to positive balance of biodiversity for the

exploitation lands.

2.1.3 Work block during restoration
phase

When approaching the total or partial restoration
of an exploitation, it is necessary to assess the
potential of the place to respond to its ecologi-
cal vocation and consider two key aspects: the
ecological functionality and the ecological

connectivity of the land.
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For this reason, the unaltered areas of the exploita-
tion (temporary habitats and reservoir areas) that
function as reservoirs, ecological corridors and
transition zones, in which spontaneous processes
of natural colonization and ecological succession

will end up being triggered, are very beneficial.

It is necessary that the design and development
of the restoration plans adjust to the environ-
mental, geomorphological, ecological and social
reality of each location, and must include all
these singularities, to gradually return the
functionality of these lands, and, ultimately, re-
habilitate ecosystem services.

Restoration plans must act in a comprehensive
and coordinated manner, addressing the land-
scape as a whole, modelling specific habitats for
vegetation and faunato allow connectivity of the

exploitation and its surrounding environment.

For this, the following tasks are considered:

A. Design of a comprehensive restoration model:
Afunctional restoration plan must be built based
on a geomorphological remodelling capable of
providing functional support to the flora and
faunaof the surroundingenvironment, favouring
ecological connectivity processes through habi-
tat modelling: the unique habitats surrounding
the area can be replicated to facilitate the func-
tional and landscape integration of the restored
area. To do this, a multifactorial study must be
carried out that considers phytogeographic cri-
teriathat gives prominence to endemism and allows
modelling of habitats equivalent to those of the
surrounding natural environment.

B. Evaluation of changes in population parame-
ters over time.
In the same way as during the active exploitation

phase, it is proposed to systematically monitor

Biodiversity management and Strategies toward restoration

the fauna and flora in the restored areas. In this
way it is possible to draw correlations between
the milestones in the restoration process and
the progress that occurs in the spontaneous
colonization processes of both flora and fauna
from the surrounding natural environment, both
outside the exploitation and inside. To that end,
standardized methods should be used to allow
for comparisons between years and areas, with
a specific focus on legally protected species, rare

species and invasive alien species.

C. Valuation of ecosystem services inside and
outside the exploitation (before/during/after).

In parallel with the monitoring of flora and fauna
proposed in the previous point is the assessment,
before, during and after the restoration process,

of the ecosystem.

In order to identify the trade-offs and most
suitable species in each location or bioclimatic
region, analysing pre-exploitation and post-ex-
ploitation biodiversity and ecosystem services is
required. Correlation between both stages can
then be atarget for nature management and res-

toration actions.

2.1.4 Work block for unexploited
areas (prior to the start of mining
activity or reserve areas which will
not be exploited for at least 5 years):

In the reserve areas that are not going to be
exploited in the medium-long term (minimum 5
years) within the limits of active exploitation, as
well as the set of spaces of a new concession in
which mining exploitation work is going to begin,
evaluation tasks must be carried out to optimize
both the management processes initiated (in the
first case) and, on the other hand, minimize the
effects in the case of a newly implemented ex-
ploitation.
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A. Evaluation and assessment of populations,
especially of threatened or affected species in
exploitation areas.

Systematic monitoring of fauna and flora in
these reservoir areas is crucial for population
management planning, especially for those
threatened or affected. This activity will identify
options for improving connectivity between these
spaces, both within the quarry and with their ex-
ternal environment. The methodology used must
be robust and organized, allowing for data com-
parisons between different periods and areas.
Special attention will be paid to species with
legally protected status, unique species, and

invasive species.

B. Typification of habitats of interest: taking
reference parameters for modelling specific
habitats in restoration.

The existence in these areas of habitats of spe-
cialinterest (whether they are catalogued in the
Habitats Directive (Council Directive 92/43/
EEC) or simply have a special local uniqueness)

will allow their details to be studied.

C. Actions to improve structural ecological
connectivity towards the rest of the quarry.

Actions aimed at improving the structural per-
meability of the reserve areas with the rest of
the exploitation may be considered, so that the
processes of ecological succession and refaunation
originating in these strategic areas are stimulated.

2.2 Defining objectives
for biodiversity and
ecosystem services

2.2.1 Biodiversity Indicators

2.2.1.1 General concepts

Through the creation of many small ecological
niches, temporary habitats and a wide range

of eco-pedological condition, quarries actually
host and sometimes locally improve biodiver-
sity (Pitz et al., 2016). However, quarries, until
recently, were considered as heavily degraded
environments from which biodiversity is absent
(Maebe et al., 2021; Pitz and Mahy, 2016). In or-
der to assess and monitor the hosted biodiver-
sity, Key Performance Indices (KPI) need to be
developed and applied to synthesize the infor-
mation. The provided results could be used to
address the perception that quarries are only a
degraded type of environment. Furthermore, in
achanging regulatory landscape putting emphasis
on nature restoration with the EU biodiversity
strategy, “no net loss concept” and many national
to regional laws, these indicators become in-
creasingly helpful and necessary for operators
to plan and implement effective strategies
managing and improving both biodiversity and

ecosystem services.

Given the complex and fluid nature of biodiver-
sity and ecosystem services, a set of KPI's are
needed to meaningfully report on them. Despite
academic research having developed numerous
biodiversity indicators over the years (Pitz and
Mahy, 2016), many of those can be challenging
to implement or effectively use in a quarry con-
text. Choosing the right KPI set, relies on the
set goals to be achieved in terms of biodiversity,
available resources and the stakeholders (Pitz et
al., 2016; Prach et al.,, 2019). Hence, the selec-
tion process de facto leads to prioritization and
choices on key aspects that can be managed and

measured.

A good set of indicators should answer clear
goals and targets, while looking at both the state
of the ecosystem as well as to its functions, and
not solely rely on presence/absence data (Pitz et
al., 2016; Prach et al., 2019). They should more-

over offer a way to track the evolution of the
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variables through time and extraction phase, to
help guiding actions and evaluating the success

of restoration measures.

Setting clear goals for restoration is key to
choosing the relevant KPIl's to evaluate and
guide actions. Improving landscape structure
will require a different set of indices than restoring
core functions of ecosystems or increasing the
population of target species, each of which will
require a dedicated monitoring scheme (Prach
etal., 2019).

Once the goals and threshold (restored surfaces,
provided ecosystems services, presence of key
species, etc) to define a successful restoration
are clearly laid out, indicators can be defined
to monitor and measure the evolution of res-
toration. A planification of data gathering and
monitoring at relevant time-steps should then
be designed to evaluate the implementation of

restoration actions.

As arule of thumb, to be efficient and cope with
inherent evolution of biodiversity and quarry
activity over time, indicators should be easily
measured, sensitive to changes in the system,
predictable in their evolution and response to
change, have a low variability in their response
and be used to make predictions about the evo-
lution of the system (Prach et al., 2019). Hence,
a good set should be composed of a carefully
selected indicators, preferably simple and few
in number as those can be easily managed and
understood by as many stakeholders as possible
(Prachetal., 2019).

Once the set of indicators is defined, the most
important part is to implement repeated
measurements to ensure that the required level
of information for decision making is obtained
(Prach et al., 2019). This follow-up ensures that

Biodiversity management and Strategies toward restoration

(i) the trajectory and milestones are reached and
(i) help adjusting the strategies to reach them
(Prachetal., 2019).

Over the years, several frameworks have been
developed and proposed to fit the context of
extractive industry, locally and at the EU level
(see, OCDE 2003, UNEPD, 2004, EEA, 2007,
etc). Based on Zhang et al (2018), indicators can
be categorized into 3 categories: ecological pro-
cesses, habitats characteristics and ecological
functions. The authors further argue that given
the degradation caused by open-pit quarries to
the structure of the soil and vegetation, KPI’s
should be able to evaluate and track the eco-
system structure, composition and patterns to
evaluate its state of recovery, balance and func-
tions integrity (Zhanget al., 2018). These targets
can be extended to a broader set of variables
including such as direct and indirect impacts in
and on site, public perception or sustainable use
of resources (Pitz and Mahy, 2016).

Those proposed KPl's relevant with the par-
ticular context of quarries have been recently
synthetized by Pitz and Mahy (2016) in their
attempt to propose a framework for the gypsum
extractive industry. In this framework, 23 indicators
divided into 6 classes aim at gathering useful
data on the biodiversity status, the potential
perturbations from the quarry activity, threats,
ecosystems integrity and public opinion percep-
tion. The list is shown in Table 3 below.

Out of the selected indicators, 11 were selected
by the quarries involved in the project through a
participatory approach, highlighting the gap still
existing between the need of meaningful data to
monitor ecosystems and the feasibility of exten-
sive surveys and data gathering on active sites.
The process also indicated the need to train peo-

ple on biodiversity issues and reporting, building
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connection between the industrial sector and
local biodiversity experts.

As ecosystem services are directly related to the
ecosystem health, the proposed framework can
also be extended to variables related to ecosys-
tem externalities and service assessment, soil
erosion control, dust minimization, carbon se-
questration estimation, etc. (Maebe et al., 2014,
Zhangetal., 2018).

Example of biodiversity indicators categories in quarry,

2.2.1.2 Developing Biodiversity Indicators

Biodiversity indicators will be created in line with
the actions and practices established in Europe
for the Extractive Industry in the New EU Strate-
gy on Adaptation to Climate which will also work
towards the fulfilment of the 2030 Biodiversity
Strategy and the 2030 Climate Target Plan.

When developing complex management pro-
cesses, indicators should always be incorporated.
During the initial scoping phases, many questions
will arise. The graphic (Figure 2-1) explains the
action that should be taken to create an indicator

following by Pitz and Mahy (2016).

Status and
trends of the
components
of biological
diversity, in

the quarry

Number of species in selected taxonomic group
Abundance of selected species in the quarry

Number of protected species in the quarry

Number of red list species in the quarry

Abundance of protected / red list species in the quarry
Number of habitats in the quarry

Size of the habitats in the quarry

Number of protected habitats in the quarry

Size of the protected habitats in the quarry

Impact outside

Adjacent protected areas of high biodiversity value
outside the quarry

Impact due to noise on animal disturbance outside the
quarry

/indirect Impact due to lighting on animal outside the quarry
TPEIGE Impact due to dust emissions on animal or habitats
outside the quarry
impact due to quarry activities on water quality in fresh-
water and riparian environments outside the quarry
Threat to . . . P
biodiversity Number of invasive alien species in the quarry
Ecosystem Fragmentation of natural and semi-natural areas
integrity and Fragmentation of river systems
ecosystem . .
goods and Trophic integrity of ecosystems
services Freshwater quality
Sustainable Forest: growing stock, increment and felling
use Surface of habitats restored
Means imple-
mented for Percentage of quarries that calculate biodiversity indicators
biodiversity

Public opinion

Percentage of quarries that implement communication
and participation actions

set:

Figure 2-1.

Workflow toward defining biodiversity indicators.

Define the biodiversity indicators
- Define the criteria with the basic questions to the sector:
why? what? when? for who? how often? how detailed?, etc.

Set management objectives

- Establish specific objectives related to developing a
fundamental indicator without the specialist expertise and
building layers with expertise levels.

- The goal should result in an environmental action.

Explore the main actions
- Discover and prioritize management initiatives that could
be used to further management goals.

Develop and select indicators

- Select the indicators that don't require specialized knowledge

- Various levels of expertise depending on how complex the
measurement is (biologist, environmental expertise)

Monitoring and reporting indicators

- Monitoring and reporting the results

- Setting up the inputs on a platform so that businesses may
access the data

Adapt and Predict changes
- Adjust supervision and/or monitoring
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Figure 2-2.
Levels of complexity.

In order to address the diversity of quarries and
therefore the ease of calculating indicators, different
levels of indicators should be established, to address
the complexity and diversity contained in the
different scenarios (areas of active exploitation,
restored areas, temporarily inactive areas which
could spontaneously recover, areas of advance-
ment-reservation):
Spatial level: number of habitats present and
their area, distribution, state of conserva-
tion-development (cover, maturity, etc).
Structural level: habitat structure and the
habitat availability 's for the fauna.
Functional level: Presence of generalist wildlife
species (non-endemic or protected). Presence

of specialist taxa.
Figure 2-2 shows the information from lower to
higher complexity of baseline information: The

complexity of the indicators has also been con-

sidered, as show in the figure below.

Increased complexity

STRUCTURALLEVEL

SPATIAL LEVEL

Lower complexity

These three levels of complexity will be the basic
pillar for developing the three levels of biodiver-
sity indicators for Rotate Project.

According to the three levels of complexity, the
development of Level 1, Level 2 and Level 3 biodi-
versity indicators have been established. Where

Biodiversity management and Strategies toward restoration

Level 1 of indicator relating to pre-assessment
of biodiversity indicator would be a basic indica-
tor where the work of an environmental expert
would not be required, because it would be a
simple answer (yes/no). Level 2, assessment of
biodiversity indicators, some expertise required
(not necessarily on biodiversity), based on other
environmental evaluations. The last level (Level 3),
Biodiversity indicators, where biodiversity indi-
cators for the extractive industry can already be
established; this Level is the most complex and
the expertise on biodiversity or environmental
field would be required. The following image
(Figure 2-3) shows the complexity and correla-

tion with the Levels of biodiversity indicators.

Figure 2-3.
Levels of Biodiversity indicators.

Functional
level

Biodiversity
indicators

Level 3

Structural

Assessment of biodiversity level

indicators

Level 2

Spatial

level
Pre-assessment of biodiversity

indicators

Level 1

To ensure a participatory approach and help
quarry operators, it i necessary to developed
surveys and questionnaires with the industry
as well as guidelines on how, when and why
gathering biodiversity data. A first step is to
guide the operator to assess (i) which data is
needed, (ii) available data, (iii) which data require
(additional) sampling or update and (iv) where to
find those data. Inventorying data is a necessary

step to avoid additional costs, time loss and to

Increased complexity

Lower complexity
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gatheri meaningful and useful data, while having
as little friction with quarry operation as possi-
ble. This should come with a clear explanation as
towhy those are required and how it will benefit
biodiversity and its management.

Once this stepis done, operators and associated
biodiversity experts from within or outside the
company can plan a strategy regarding biodiver-
sity inventories, monitoring and management at
different stages of the quarry exploitation.

As described above and given the constraints
related to cost, time and potential temporary
exploitation interruption, inventories and manage-
ment should focus on species and habitats of in-
terest, because of their protection status, their
rarity or their role as connecting parts of a wider

landscape.

As biodiversity, indicators values will be evolving
in time and space, it is important to proceed on
frequent assessment on regular basis. The fre-
quency should correspond to the environment
rate of evolution and sensitivity to bioclimatic
conditions (i.e. the probability that the actions
taken may prove ineffective due to the lack of
management) to take corrective measures if
needed.

A holistic approach of biodiversity indicators at
these stages ensures that diversity of both habitats
and species is maintained throughout the quarry
phases, restoration plans are followed, goals
reached and, crucially that corrective actions or

adaptation are taken on time.

It should be noted that, realistically, all indica-
tors cannot be measured at once, nor updated at
once. It is a work in progress, during which indi-
cators could be progressively added to the avail-
able data. The crucial part is that data is taken

in a replicable, meaningful and systematic way,
to help the operators take decisions and manage
nature in the quarry.

2.2.2 Defining objectives for biodiver-
sity and ecosystem services

2.2.2.1 Time and space dynamics of biodiversity
and ecosystem services

Biodiversity and ecosystem services are highly
variable in both time and space and depend on
both edaphic conditions and disturbances in-
tensity (Maebe et al., 2021, Seleck et al., 2022).
Ecosystems tend to evolve toward a climax in
which the optimum vegetation and fauna for a
given type of conditions colonizes the environ-
ment. Disturbances will affect the structure
and function of ecosystem and create patches
of transient stages of the natural succession to-

ward the climax.

Quarry exploitation causes major changes in
land use, geomorphic and edaphic conditions by
constantly exposing bedrock or pristine substrate.
Through their life cycle, quarries present
different ecological conditions and structures.
Opening the extraction area requires removing
initial vegetation and habitat, replacing it with
bed rock, cliffs, hills, benches, water ponds, etc
which creates a new set of environmental con-
ditions where different type of vegetation and
ecosystem can develop (Maebe et al., 2021,
Zhangetal., 2018).

This creates a dynamic process whereby the
heterogeneity of landscapes such as soil heaps,
cliffs, mineral areas, etc. creates a mosaic of
habitats covering a habitat succession as most
active part of the quarry will favour pioneer
habitats and disused ones host more established
ecosystems. The latter ones can either result
from nature restoration plans or come from

spontaneous recolonization by nature.
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Figure 2-4.

schematic evolution of exploitation stages in an extractive site
based on different quarry group (source: Maebe et al, 2021).

Group 1: Group 2:
Small areas being exploited Large areas being exploited
Large areas never exploited Large areas never exploited

Start of exploitation

Over time, these functions are evolving depending
on (i) the stage of exploitation of the quarries, (ii)
the ecosystem characteristics and (iii) manage-
ment (Figures 1-1 and 2-4) (Maebe et al., 2021).

Maebe et al. (2021) showed that the nature of
provided ESS evolves with the quarry stage of
exploitation (Figure 1-1). Provisioning ESS de-
pend on the area dedicated to production while
regulating services experience a decrease early
on due to the quarry progression then progres-
sively increase back as the unused or restored
areas are extending in later stages. Cultural ser-
vices typically decrease early on then increase
again owing to the larger unused areas which
could be used for public activity, recreations or

education.

Their analysis emphasized that these evolu-
tions were depending on the ratio of exploited
areas and pre-operation or post-operation areas
(Maebe et al., 2021).

In conjunction with physical and chemical
weathering of the exposed bedrock, vegetation
plays an active role in soil development and al-
teration, which in turns influence vegetation de-
velopment. Timescales involved to develop a soil
layer depend on climate conditions and range
from a few years for a superficial to centuries.
Hence, even using soil translocation to assist

the restoration process, the soil ecosystem and

Large areas being exploited
Large post-exploitation areas

Biodiversity management and Strategies toward restoration

Group 3: Group 4:
Small areas being exploited
Large post-exploitation areas

End of exploitation

plant-soil complex will take decades to co-evolve
toward an equilibrium, implying that ecosystem

services and function will also vary accordingly.

Specifically, carbon capture and storage are slow
processes, are climate, soil nature and depth-de-
pendent, and typically range from yearly timescales.
Carbon can be easily stored in biomass form at
relatively fast rate, its quantity increasing with
vegetation cover, vegetation height and roots
density. However, depending on the climate, this
process can take decades to develop (see section
2.3). Soil carbon storage similarly requires years
to stabilize in the fast-cycling soil C reservoirs to
centuries for the most stable deeper carbon res-
ervoir, especially in cold climate where biologi-
cal activity is slowed down. Additionally, these
timescales evolve with soil erosion, soil biologi-
cal activity and vegetation development.

2.2.3 Ecosystem services and carbon
storage

2.2.3.1 Ecosystem services assessment in quarries
Despite their complexity, assessing ESS is be-
coming increasingly used to monitor and manage
resources more sustainably. However, the most
common approach still relies on an estimation of
their monetary value, which reduces their intrin-
sic range of values (Maebe et al, 2021).

Here we present an adapted version of the work
carried outin Life in Quarries project 2015-2021
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(LIFE14 NAT/BE/000364) (Maebe et al, 2021)
which addresses ESS assessment in the context
of the extractive industry to guide nature man-
agement and restoration (Table 2). The method
is based on a multidimensional approach using
indicators to assess the ES stocks (i.e. the poten-
tial services supplied by an ES, regardless on the
demand for those), the ES flow (i.e. the amount
of ES meeting the demand) and ES demand (i.e.
the needs of an individual or community for the
requiring ES usage, regardless of the stocks). In
quarries, stocks and flow can be assessed, whereas
the demand is often external to the considered
quarry and is trickier to evaluate.

Each of these categories is applied to provision-
ing, regulating and cultural ESS.

The purpose of evaluating services provided
within quarry sites is to gain a precise under-
standing of the economic, ecological, social,
and cultural significance of the quarry and its
surrounding areas.

The evaluation broadly distinguishes among
three principal value domains:
Biophysical values: the physical and quantita-
tive significance of ES;

Social values: the social, moral, and cultural
importance of ES;
Monetary values

These three value domains are addressed simul-
taneously, in order to integrate multiple types of
values within a single evaluative process and to
identify interconnections among them (e.g., syner-
gies, trade-offs, dependencies).

Given the diversity of human well-being compo-
nents and the varied beneficiaries of ES, these
values may be expressed in different forms—
qualitative importance, physical quantities (e.g.,
volume, weight, number), or monetary value.
Multiple, and at times conflicting, values may
coexist; each is considered equally legitimate.
This plurality of values is referred to as value
pluralism. These distinct values cannot be re-
duced to a single metric or unified dimension
on acommon scale suitable for straightforward
aggregation or comparison (Gémez-Baggethun
etal.,, 2014).

Figure 2-5.
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Ecosystem services

Well-being constituents

Links between ecosystem services
and human well-being adapted
from the Millenium Ecosytem
Assessment (source: Millenium
Ecosytem Assessment, 2005)
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Biophysical Assessment

The biophysical assessment of ecosystem
services is a critical component of integrated
evaluation, as it helps define and understand
the ecosystem'’s potential to provide services,

along with its limitations or “ecological thresholds.

This assessment is carried out using quantitative
indicators. For each ecosystem service considered
inthe quarry context, two types of biophysical indi-
cators are defined:

A stock indicator, reflecting the ecosystem’s

potential supply;

A flow indicator, reflecting the ecosystem’s

actual service provision.

2.3 Social Assessment

The social assessment of ecosystem services
represents a foundational pillar of integrated
evaluation. It considers the diverse perceptions
stakeholders hold regarding these services, which
are inherently influenced by the socio-cultural

and socio-economic context of the study site.

The social assessment complements the bio-
physical assessment: while the latter focuses on
ecosystem service supply, the former provides
insights into the demand for these services, the
extent to which that demand is met, and the per-
ceived adequacy of the supply.

Two types of indicators are defined for the social
assessment:
Use of the ES, corresponding to the actual
supply that meets an existing demand,;
Demand for the ES, reflecting the interest or
need for the service, regardless of whether it

is currently supplied.

Biodiversity management and Strategies toward restoration

Economic Assessment

Although monetary values are often assessed in-
dependently, they may be considered a subset of
social values. Consequently, the economic eval-
uation of ecosystem services is not a required
component of integrated assessment. It should
only be undertaken—following biophysical and
social assessments—when it adds significant
value to the intended purpose, particularly

from a sustainable development perspective.

Accordingly, within the scope of evaluating
services in quarry settings, only those ecosys-
tem services that are already linked to market

mechanisms will undergo economic valuation.

This valuationis also conducted using indicators,

with monetary units as the common standard.

Ecosystem stock

Estimating the stock of services provisioned
by ES can be based on the surface occupied by
habitats in the quarry. This requires a precise
cartography of land uses and classifications of
habitats (Maebe et al., 2021). Provisioning ES
stock in quarries mostly encompasses food pro-
duction, raw material and energy (other than the
mineral products) and drinking water. Food pro-
duction includes (but is not limited to) cultivated
crops, “huntable” wild animals including fishes
(see Table 2). Raw material is mostly limited to
wood and fodder for animal feed, while drinking
water and groundwater are present but water

resources tend be used for industrial purposes.

Stock of regulating services can be evaluated by
linking the area occupied and the capacity of a given
habitat to provide a given service. Following Maebe
et al. (2021), capacity is given by a score ranging
from O (no capacity) to 5 (very high) attributed
to each habitat, as defined by the second level of

Eunis classification, which systematically cate-
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gorizes European habitats. As previously done
by Maebe et al. (2021), we use a formula based
on the relative area occupied by each habitat in

the quarry, weighted by its capacity score.

Finally, stock of cultural services is based on
the area of quarries providing cultural services.
However, the assessment can be difficult due to
the multiple services provided by specific areas
or taking place over the entire quarry or several
habitats at once (Maebe et al,, 2021). It should
be noted too that nuisances derived from the
quarry activity are considered by negatively
affecting variables such as “everyday environ-
ment” for inhabitants and workers alike. Despite
the fact that quarriers can act dialoguing with lo-
cals’ stakeholders to mitigate those nuisances, the
degree of nuisance is difficult to assess as the
area affected can be wide and out of the scope
of these assessments.

Ecosystem flow
The estimation of the flow of provisioning services

relies on the presence of activities related to good
productions or directly to the productions (Maebe
et al,, 2021). A market is also needed to attribute
monetary values to the delivered goods. One can
estimate the nature of delivered regulating ser-
vices based on the stock indicators, derived from
the areas of habitats in the quarries. For example, a
quarry having large areas of forested areas would
score high value in climate regulation, carbon cap-
ture or erosion mitigation. These can then evolve

using the change of habitat areas.

Furthermore, flows of regulating services can
be evaluated through a questionnaire to quarry
personnel. The answer can then be used to rate
how much specificservices are provided or used.
This method needs however carefully designed
and understandable questions to rate the use

of services by the quarriers. It has been shown

however that when this happens, operators can
identify the relevant regulating services provided
by the quarry showing that they are aware of
the importance of nature and biodiversity.

Finally, evaluating the flow of cultural services
relies on assessing the activities occurring in
the quarries to which the public can participates
(Maebe et al., 2021). Relevant indicators will
then consider the number of activities organized
and the number of participants to each of them.
It should be noted that even the absence of pub-
lic activities, quarries do have a cultural role and
inherent attractiveness, which depend on the

location and accessibility of the site.

Evaluating these variables over time helps
creating a picture of the quarry evolution in

the socio-environmental landscape.

Regulating ecosystem services provided by
different habitats are sometimes difficult to
assess (Maebe et al., 2021). For these services, it
was assumed that the potential supply equates
the actual supply, and hence only the term
“supply” is used. The supply of these services is
linked to the surface area of habitats within the
quarries that provide them.

To quantify this supply, a score ranging from O
to 5 was assigned to each habitat, reflecting its
capacity to provide a given service:

0 = no capacity

1 = very low capacity

2 = low capacity

3 = moderate capacity

4 = good capacity

5 =very good capacity

These scores were determined through expert
discussions involving several researchers from

the University of Liége (ULiege) (Maebe et al.,
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2021). Based on this expert consensus, a matrix
can be developed that cross-references different
habitat types with regulation ecosystem services.
Each cell in the matrix contains a score from O
to 5, representing the current capacity of the
respective habitat to deliver the corresponding

ecosystem service.

Indicators for Cultural Ecosystem Services

The indicator of potential supply of cultural
services corresponds to the total surface area
(in hectares) within the quarry that could poten-
tially provide these services.

The indicator of actual supply refers to the total
area that effectively provided these services in
2016. Given the difficulty of obtaining this de-
tailed information, one often has to settle for
confirming the existence of some actual supply,
as activities did indeed take place at the quarries
in 2016.

The indicator of service use is the number of

people who benefited from these services.

The indicator of service demand represents the
proportion of individuals who expressed a desire

to benefit from such services.

Actual supply, use, and demand for these services
are assessed using questionnaires completed by
participants in the activities organized by various
quarry operators.

The availability of this information therefore
depends on the presence of organized activities.
Some quarries are known to have hosted none.
Nonetheless, potential supply of cultural ecosys-
tem services is present in all quarries and depends
on numerous factors such as quarry features,
proximity, and public accessibility.

Biodiversity management and Strategies toward restoration

This category includes living and working envi-
ronments, as well as everyday activities taking

place within ecosystems.

Quarry operations can generate nuisances for
nearby residents. These nuisances may take
several forms: blasting vibrations may damage
nearby buildings; dust emissions can be par-
ticularly bothersome; noise and traffic related
to quarry transport may be disruptive (CRAEC,
2010; Chaib, 1998). These effects are mostly
local but also significantly impact the landscape.
During active operation, quarries can be per-
ceived as visually intrusive, erasing any sense of
naturalness from the landscape (Mouflis et al.,
2008). These aspects negatively affect cultural
services related to the everyday living environment.

However, certain mitigation measures can be
implemented, such as planting rows of trees
along quarry boundaries to reduce noise and
dust dispersion (see regulation services). After
quarrying ceases, the site can conversely be-
come an asset when it is converted into a shared
space (e.g., green spaces, nature reserves, recrea-
tional areas, or a combination of these).

Limitations and perspectives
The ecosystem services approach has several

limitations, which have to be accounted for and

mitigated when evaluating them.

On one hand, the concept of ecosystem services
is fundamentally anthropocentric: ecological
functions are only considered to the extent that
they are useful, valuable, or relevant to human
societies. As a result, the intrinsic value of bio-
diversity is often difficult to capture. However,
the methodology includes this value under the
cultural service category “Natural space and bio-
diversity as sources of intrinsic, existence, and

heritage values.”
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On the other hand, the methods used to evaluate
services (indicators, data, surveys, etc.) directly
influence the assigned values. A given service
may produce different results depending on the
indicator used. This bias is reduced through inte-
grated evaluation—i.e., using multiple methods
to assess a single service and involving relevant
stakeholders. Results should thus be presented
with transparency, acknowledging this methodo-

logical bias.

Moreover, uncertainties remain due to time
constraints and data availability. Acquiring in-
formation requires contacting a wide range of
stakeholders, which is impractical. Therefore,
one can use an average management scenario to

assume in terms of its impact on services.

The evaluation of cultural services, in particular,
demands strong traceability of quarry visitors.
However, limited data on visitor numbers re-
duced the quality of the cultural services assess-
ment. Generally, many actors contribute to ser-
vice provision within the studied quarries, but
reaching all of them would have been extremely
time-consuming, albeit valuable.

2.4 Trade-offs in
ecological management
and restoration

One important element regarding environmen-
tal restoration is the trade-off. As highlighted
in the ecosystem services sections, quarries
provide a wide range of services and potential
ecosystems. Hence, depending on priorities,
one may decide to put a particular emphasis
on restoring some ecosystem, improve carbon
capture or improve societal impact. Regarding
ecosystems, trade-off is aninherent part of their
restoration, as nature evolution and ecosystem

services are highly time and space-dependant.

Specifically, owing to their dependency to eco-
system structure and characteristics, both the
amount and nature of ESS will inherently vary
from one ecosystem to another. Strategies fo-
cus on a specific ESS or ecosystems during the
quarry management or rehabilitation plan has
an impact on other ESS (Maebe et al., 2021). For
example, a quarry which would want to maxi-
mize its biodiversity may restore large areas
of meadows and grasslands instead of forests.
This will in turn increase the potential for polli-
nation, grazing and breeding. At the same time,
while grasslands and meadows hold similar car-
bon storage in the soil than forests, they tend to
sequestrate less carbon in their above-ground
biomass. Moreover, the organic carbon content
is located closer to the surface which makes it
more susceptible to soil erosion and changing
boundary conditions (Minasny et al., 2015).
Wood production on site will also be affected by
a reduced area for forested ecosystem. At the
other hand of the spectrum, restoring peatland,
wetlands or forested areas can increase carbon

storage.

Hence, by pursuing biodiversity goals, one may
reduce the carbon storage capacity of the
quarry and vice-versa. Note however, that there
is no better solution: either both are equally
relevant or one more adapted to the landscape
context the quarry is located in. If by restoring
grasslands or wetland, a quarry can locally in-
crease biodiversity and connect rare habitats
or N2000 areas in an otherwise mostly an-
thropogenic landscape, this might be an option
worth investigating. Same goes with restoring
peatlands where edaphic conditions are suited
and it can act as a stopgap during migration or
host specific species, while providing long-term
carbon storage. The latter element emphasizes
that strategic planning to use quarries as Green
Infrastructures by integrating them into a

network of natural areas can increase both
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quality and quantity of delivered ESS (Maebe et
al., 2021).

Martin-Lopez et al. (2014) highlighted that on
the one hand, valuation of the ESS depends on
the nature of the provided ESS and method of
assessment which can lead to an undervaluation
of social and cultural ESS compared to biophysi-
cal ones. In addition, the number of stakeholders,
socio-economic settings, population needs and
habits change in time and space, which makes
managing and valuing ES along the quarry life

Biodiversity management and Strategies toward restoration

cycle subject to substantial evolution (Martin-
Lopez et al., 2014). Maebe et al. (2021) point
out that given the interactions between the
stakeholders and the biophysical environment,
managing ESS should consider the diversity of
contexts by allowing for evolution in the strate-
gies. Expertise should raise the point there is not
a unique set of solutions to manage and restore
nature but rather a catalogue of sets, some of
which may be better suited to specific contexts
and objectives than others (Maebe et al., 2021).



Ecological restoration is generally defined as
the process of assisting the recovery of eco-
systems that have been degraded, damaged,
or destroyed, by creating conditions that en-
able them to progress toward a target state
of recovery. This process seeks to re-establish
native species, restore ecosystem services, and
enhance resilience to local and global environ-
mental change (Gann et al., 2019). Within this
framework, environmental restoration empha-
sizes the reduction, mitigation, or, where possi-
ble, reversal of ecological degradation, aiming
to recover the original structure, functions, di-
versity, and dynamics of the ecosystem. While
this principle has guided restoration planning in
recent decades, in practice many interventions
have been limited in scope and have often func-
tioned primarily as landscape-level mitigation
rather than achieving full ecological recovery.

Ecosystem rehabilitation adopts a more func-
tional perspective. Rather than restoring
historical species composition or ecosystem
structure, rehabilitation focuses on recovering
ecological processes and enhancing the system’s
capacity to deliver goods and services. Such in-
terventions may incorporate species that were
not present in the original ecosystem, provided
they perform comparable ecological roles. As a
result, a rehabilitated ecosystem may sustain
functionality without necessarily replicating the
biodiversity or community composition of its

historical reference state.

estoring biodiversity and
proving ESS management

The following sections analyse the opportuni-
ties that this last modality has for its application
in mining environments such as that of critical

raw materials.

3.1 Current strategies
(management & active
restoration)

3.1.1 Paradigm change of conventional
restoration in mining operations

During the last decades, the Natural Environ-
ment Restoration Plans (PREN) have focused on
providing morphological stability (in the short
term if we consider an ecological and geological
functional scale) and restoring only a scarce and
fragmented vegetation cover. However, these
models suffer from an absolute lack of ecological
functionality for the environment and do without
an aspect as important for local biodiversity as
ecological connectivity, which allows the animal
and plant singularities of the adjoining lands to
colonize again (gradually) exploited and restored

areas.

Today’s society demands comprehensive solu-
tions to the impacts generated using natural
resources, so it is necessary that restoration
plans be specifically adapted to each exploitation,
always articulating on the ecological vocation of
the land where it is located. nods, to restore
their identity and functionality in ecological

terms.
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3.1.2 Ecological targets issue

Ecological restoration implies a reference ecosys-
tem to target. In most cases, restoration aims at
re-creating one or several past native ecosystems
as they were prior to the disturbances. However,
in heavily anthropogenically-disturbed landscapes
or region with long history of human occupation,
these native ecosystems may be either already
degraded, partially replaced, or fundamentally
altered. Moreover, as Balaguer et al. (2014) indi-
cates, reconstructing the trajectory of a given eco-
system should be approached not solely using the
ecosystem community theory but also considering
the landscape evolution and human interactions
(Balaguer et al., 2014).

Ecosystems have inherent ecological memory,
whereby past events affecting a given area are
recorded and preserved in the ecosystem struc-
ture and dynamics (Thompson et al. 2001). For
example, while at regional scale, this memory
extends back to millions of years of geomorpho-
logical and climatic factors shaping the landscape,
at the local scale, soil seedbanks or extreme event
such as flooding will leave traces over a few years.
Human activity, depending on the area can be

traced back to centuries or millennial timescales.

As pointed by Van Andel and Aronson (2012),
the complexity of the processes involved over
long timescales makes it almost impossible to
target one unique historical reference to define
a “pristine ecosystem’”. Alternately, Balaguer et al
(2014) underline that, given the existing continuum
of landscape state from pristine to anthropized,
restoration should look at maximizing the ecosys-
tem services of existing ecosystems. As underlined
hereabove, support to biodiversity is a key compo-

nent of those services, but not the only one.

Setting atarget thenrelies on what is achievable

given the ecosystems connectivity at the land-
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scape scale rather than aiming toward a pristine
landscape, which in some case may not have been

present in the area for decades or centuries.

It has beenshown that this ecological memory affects
the restoration method whereby the level and
nature of interventions depends on the ability of
ecosystem to regenerate, and sometimes, heavy
level of human assistance in the early stages may

be counterproductive (Balaguer et al., 2014).

In certain cases, post-mining landscapes cannot be
restored to their pre-disturbance ecological con-
ditions once large-scale alterations have occurred.
Mining activities often leave non-natural geomor-
phological features, such as residual mine voids or
high walls, which fundamentally constrain the poten-
tial for full ecological recovery. Several authors argue
that in highly transformed environments, attempts
tore-establish reference or historical ecosystems are
neither feasible nor ecologically realistic. This is par-
ticularly evident when mining operations alter the
underlying lithology: because geological formations
result from processes that cannot be replicated on
restoration timescales, the pre-disturbance litho-
logical conditions cannot be reinstated.

Once the target state is defined, based on several
criteria, the evolution of the system can be assisted
toward a target based on the historical composi-
tion of species and functions or, as more recently
highlighted by the rewilding methods, let its own

evolution with limited to no intervention.

3.1.3 Introduction to comprehensive
rehabilitation based on habitat modelling
We have to consider that the same landscape
intervened by two different exploitations can
trigger different future landscapes depending
on the dynamics of use of each company. The
greatest perception of the impact of mining

operations is produced by the discontinuity
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of the vegetation in the landscape. Or in other
words, due to the absence of vegetation cover
with different formations (wooded, shrubby
and herbaceous). This fact, together with the
modifications in the orography, gives rise to the
profound alteration in the environment and the
negative social acceptance. Therefore, it is necessary
to carefully examine the ecological vocation of
the land, to analyse the possible options when
rehabilitating the functions that the ecosystem
provided before the disturbance.

In addition, the existence of undisturbed zones
on the contours or inside the mining extraction
zones is very beneficial. The permanence of
patches of original vegetation will suppose a sce-
nario of internal flow or importation of flora and
fauna species during the development of the res-
toration and will end up triggering spontaneous
processes of natural colonization and ecological
succession. They will also exert positive feed-
back since, the more bands, spots or boundaries
of this type exist, more new places with potential
for natural restoration will be working spontaneously
and without cost to restore the ecological balance
of the affected land.

Therefore, a new range of options is opened for
passive refaunation of the land, by facilitating
ecological connectivity and the provision of ser-
vices and resources necessary for the completion
of the biological cycle of the local fauna. An in-
depth analysis of these aspects in the case of
endemic, singular or threatened fauna species,
allows the design of specific projects to model
fully functional habitats for these species, and
compatible in terms of ecological succession is-
sues with the original ecosystem.

The revegetation base from these approaches
can be complemented with the installation of
different support structures for refaunation
(for example, a network of shallow ponds, nest
boxes, specific shelters, etc.) designed and
installed according to the specific needs and
requirements of target wildlife species. The
combination of different structures as well
as their spatial distribution must be done by
carefully studying the ecological criteria of the
different species of fauna for which they are

intended.
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Figure 3-2.

Left, structure that combines wooden perches for birds of prey and shelters for bats. Right, shallow pond
set up in the runoff collection area for maintenance of torrential rainwater. It works as a drinking fountain
for a wide spectrum of fauna and as a breeding ground for amphibians (photos: Fundacién Tormes).
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Due to the previous description on this section, it
is considered necessary that the design and de-
velopment restoration plans should be adjusted to
the environmental, geomorphological, ecological
and social reality of each site, and must include the
singularities, geomorphological, ecological, fauna
and floristic of the environment of each exploita-
tion, in order to gradually restore the functionality
of these lands, that is to say to rehabilitate them.

Restoration plans must act in a comprehen-
sive and coordinated manner, addressing the
landscape as a whole, modelling habitats for
the vegetation and flora, fauna and for the
relationships that their populations and com-
munities establish both within the exploitation

and with its surrounding environment.

3.1.3.1 Keys to a comprehensive and functional
rehabilitation of altered spaces
Adapt and evaluate “in situ” the current
revegetation proposals.
Carry out experimental revegetation.
Give top priority to connectivity, functionality
and participation criteria.
The reality of the execution environment
must be considered.
The restoration of the functioning of trophic
chains and ecological niches on exploitations

must prevail.

In short, it is about advancing towards the de-
sign of a new ecological restoration procedure,
capable of specifically improving the conditions
of the land for certain types of habitats (for example,
Habitats of Community Interest) or for specific
species that may well be those usually present
in the equivalent environment without altering
or target species, emblematic, threatened or with

specific protection status.
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3.1.3.2 Habitat Modelling Methodology in mining
restoration aimed at rehabilitating specific habitats
or for the promotion of threatened species

Habitat Modelling Methodology (HMM) in mining
restoration is a tool aimed at rehabilitating specific
habitats or for the promotion of different species,
with special interest for those threatened species.
For this reason, this methodology is considered
a great asset to address restorations focused
on functionally rehabilitating impacted terrains,
gradually returning ecological functionality in
search of the restitution of ecosystem services
or the improvement of the ecological conditions
of target species.

Therefore, it is about adapting the composition,
structure and functionality of the restoration
proposals based on the potential of the land in-
volved and the ecological needs of the target spe-
cies. This entails naturalizing both the geoforms
and the revegetation as much as possible (com-
position, densities and distribution) to favor the
processes of refauna and ecological connectivity,
as opposed to the usual inertial methodologies
based on plantation frameworks (with totally ar-
tificial densities, geometries and compositions)
that do not observe ecological needs that are
far from having a moderately valid ecological
functionality.

To respond to this challenge, plant compositions,
planting densities and other key aspects must be
considered based on exhaustive studies of the
habitats to be modelled, or, where appropriate,
the habitat conditions required by the target

species.

This approach requires a thorough prior analysis
of the options for each specific space, designing
customized solutions for each of them., compared
to the homogenization of spaces and the ecologi-

cal simplification that conventional restorations
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entail. For this reason, even the language of the
projects should be changed, ignoring, for exam-
ple, planting frameworks, since random and
naturalized distributions should be sought in
the plant formations, indicating in each zone as
a reference the densities that these formations
should reach to optimize the use by part of the
target species.

The development of this dynamic, in conditions
of absence of maintenance and external inter-
ventions, is indicative of the recovery and correct
functioning of the ecosystems rehabilitated with
this model, and therefore the objectives set in
terms of improving the conditions of the target

species.

3.1.4 Integration into the landscape
and minimization of visual impact

The landscape integration of an exploited land
has two fundamental initial components: the
naturalization and integration of the land’s
geoforms, and the naturalization of the plant
formations that will cover it (depending on the
exploitation phase in which the land is located).
In this way, the minimization of the visual impact
is mediated not by concealment, but by integra-
tion into the landscape matrix. This method is
proposed as a lasting process based on the analysis
of the surrounding natural environment to align the
geomorphological and botanical components of the

terrain in question.

3.1.4.1 Geomorphological slope aspect:
smooth and rounded forms

The post-mine landscape reconstruction is essen-
tial to ensure that water and sediment flows
from the new landscape are abiotically and bi-
otically optimised for the disturbed system and
the flows integrate with the surrounding land-
scape. To reach this state it is required that the

landscape have a growth medium that allows

flora and fauna to recruit, occupy, and evolve
as well as to seamlessly move from the natural
surrounds to the post-mining landscape. The
goal is a landscape that is ecologically indistin-
guishable from its disturbed surrounds (McDonald
etal, 2016).

Landscape forms follow universal geomorphic
principles, being in most of the ice-free areas
are organised in drainage basins that have been
formed essentially by fluvial and hillslope pro-
cesses. These are divided into streams, hillsides,
and watersheds, all of them interacting with
each other. So, it is very interesting to use the
drainage basins as the fundamental planification
in mines rehabilitation (Stiller et al., 1980).

The first initiative to consider in a restoration
project is the creation of a new topography that
is stable and functional.

A first phase must be carried out to obtain a
diagnosis of the environment and the initial
conditions, because knowing the environment
in which the space to be restored is located and
the conditions and limitations that will deter-
mine the design and planning of the restoration
is afundamental step prior to the decision-making
process.

The physical environment, the socio-economic
environment and the extractive activity will be
described. A good knowledge of these three as-
pects will ensure a good restoration project in
accordance with the environment and in tune

with what the society of that area demands.

One of the fundamental points to be carried
out in the restoration project is the restitution
of the terrain from a geomorphological point of
view, so it is necessary to analyze the initial con-

ditions of the exploitation area and its contour,
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reconfiguring the area affected by the exploita-
tion with the aim of achieving a morphology that
is better adapted to the landscape and is more
suitable for its rehabilitation. Depending on the
final geomorphology, economic limitations and
the availability of backfill material, different
solutions can be proposed to carry out the geo-
morphological restoration.

The starting point in a mining operation is a
short pit with a variable surface, gentle slopes,
at heights that are usually below the level of the
surrounding terrain and high working benches
with steep slopes. For land restoration, there are
several options depending on what is described
earlier, we can carry out a slope splitting with a
berm-slope model, remodelling with fill material
present in the exploitation, where we can choose
whether to carry out a berm-slope model or a
geomorphological restoration or stabilisation

and integration of the fronts.

The use of natural analogues in mine rehabilita-
tion results in a significant increase in habitat di-
versity and relief, compared to the conventional
relief design, which has a very homogeneous to-
pography. Thus, the use of this type of relief de-
sign proves to have advantages from a biodiversi-
ty point of view. Other approaches for adequate
geomorphologic analogues in mine rehabilitation
are:
For rock debris, its located stable geologic en-
vironments on terrestrial non-consolidated
materials, like the waste rocks dumps, formed
through time in similar climatic conditions.
Despite uncertainties associated to the simi-
larities of physical and chemical properties
between the natural analogue and the waste
rock, this approach has demonstrated its ef-
fectiveness.
In consolidated rocks in high walls and terraces
with banks, the natural cliffs developed through
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thousands of years on the same type of rocks,
slopes, features and climate, provide natural
analogues. This approach is often used to reply

to natural reliefs in consolidated rock quarries.

The primary objective of restoring the morpholo-
gy of mining operations should be the creation of
landforms like natural ones that are functional in
the short and long terms. Hence, geomorphological
restoration has come to be described as a pro-
cess of designing and constructing landforms
that replicate the morphology and dynamics of
natural landforms. That is to say, designing the
shapes that would occur “naturally”, using the
materials available to the operation without the
need to bring in external materials, and considering
the climatic and physiographic context (relief,
soils and vegetation) that characterise the area

affected by the extractive activity under study.

With this methodology, slope profiles are de-
signed with sigmoidal shapes (convex-concave)
that withstand erosion very well, not generating
straight and perfect slopes, and rough surfaces,
with a certain irregularity in the materials, and

not uniform.

When this is possible, stable hills and water-
courses are created, from the point of view of
their geotechnical stability, with very little ero-
sion, very similar to what we can find in a relief
or natural drainage network. If we add the soil
protection that is generated, we are laying the
foundations for valid revegetation that can have
afuture and not be controlled by runoff and erosion.

In this sense, a very interesting tool is the Geo-
fluv method (Duque., 2012) for the ecological
restoration of sites affected by mining, which
is based on the introduction of geomorphologic
criteria to achieve the maximum stability of the

mining sites to be restored and maximize the
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economic, social,and ecological benefits. The ba-
sis of this reasoning is that, since surficial mining
modifies the terrain formations and generates
new ones, the geomorphology gives rational cri-
teria to achieve a better stability of these new
morphologies in the long term. These additional
criteria are more complex than the geotechnical
criteria, because of the hydric erosion.

The development of this new concept for the
mining restorations appears due to the existence
of many failures in the implementation of different
mining restoration techniques. These failures
have been very common in restoration where
the focus was only decreasing the visual impact,
or search only the geotechnical stability, for-
getting the resistance to water erosion and the
ecological functionality of the restored terrain

forms.

In the Geofluv method the software replaces
long and tedious operations for fast and efficient
designs. These designs are realised intopographic
maps and 3D images of the resulting landscapes
of each design. At the same time, the software
allows to make accurate volumetric operation
about the more efficient ground movement,
identifying regions of excavation and backfilling,
and optimum operations of compensation be-
tween excavation and backfilling. Also, it allows
to make evaluations about the stability of different
design alternatives through the check of the
erosive capacity of the channels or the vulnera-
bility of the hillside erosion using empirical models
as RUSLE (Renard and Ferreira, 1993).

A typical Geomorphological Restoration pro-
cess consists of these phases: (1) Locate stable
and natural landforms in materials analogous
to those of the scenario under restoration, de-
veloped in environmental conditions similar to

those of the project; a series of morphometric

parameters, such as drainage density or dis-
tance between divides and the start of channels,
among others, should be measured against this.
(2) Define the topographic conditions of the de-
sign space in Computer Assisted Design (CAD),
analyse the trajectories, inflows, and outflows
of runoff, and identify local hydrographic base
levels. (3) Create a geomorphological design in
CAD format and validate its feasibility, functionality;,
and stability. Feasibility is defined by the eco-
nomic conditions or volumes of materials that
can be used. Estimates of excavation and fill
balances, locates centroids of material masses,
and establishes optimal routes for earth move-
ment are estimated using appropriate software.
In this way, design drafts can be modified until
they fit the specific local conditions. Functionality
and stability are evaluated in terms of the ero-
sive energy of river channels, or through the
application of erosion and landscape evolution
models, or geotechnical stability, which allow
for comparison of results with conventional
solutions. (4) Prepare the information for topo-
graphic re-surveying or automatic control of
machinery, along with the subsequent designed
construction. (5) Monitor hydrological behaviour

and erosive-sedimentary processes.

In this context, the design and terrain forms re-
construction are demonstrating to be decisive
for the almost exclusive management of the
runoff or for the restitution of key ecological
processes. The normative development and a
growing global environmental sensibility have
converted this method into an essential part of
the mining process and has demonstrated that it
has different benefits in many fields (economic,
social, ecological, etc.).

Many mining sites depend on vegetation for its
stability against erosion, so that a successful

rehabilitation is guaranteed with a successful
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revegetation. The revegetation and the ero-
sion control are often not cause and effect, but
rather, every relief system must have a stable
topography to erosion with vegetation which
provide the basis for the ecological succession,
since there are not guaranties of regular rains to
maintain a uniform vegetal cover. Is in drought
or fires scenarios where the unvegetated slope
becomes unstable (Striller et al., 1980).

While Geofluv provides a powerful framework
for achieving stable and naturally integrated
geomorphological forms, a truly comprehensive
landscape restoration, aimed at both ecologi-
cal functionality and minimized visual impact,
necessitates the incorporation of broader ad-
vanced methodologies for habitat modelling and
a holistic assessment of landscape integration.

This aspect is developed below.

3.1.4.2 Advanced methodologies for habitat
modelling and integrated landscape assessment
The successful integration of post-mining land-
scapes requires a comprehensive approach that
extends beyond traditional geomorphological
and revegetation techniques. It necessitates
the application of advanced methodologies for
habitat modelling and a holistic assessment of
landscape integration, ensuring both ecological
functionality and minimized visual impact. These
methodologies leverage spatial data, predictive
models, and stakeholder engagement to opti-
mize restoration outcomes (Palazzo et al., 2017;
Burger & Gochfeld, 2019).

Quantifying and modelling visual impact

While the primary goal of landscape integration is
to naturalize geoforms and vegetation, effectively
minimizing visual impact requires a quantifiable
approach to assess aesthetic outcomes. This
moves beyond subjective judgment to incorporate

objective metrics and advanced visualization

Restoring biodiversity and improving ESS management

tools. The use of specialized software for 3D
photorealistic rendering and simulations is crucial,
as these tools enable the creation of “before”
and “after” scenarios, allowing designers, stake-
holders, and the public to visualize the proposed
changes in the landscape. This includes simulating
different lighting conditions, seasonal vegeta-
tion changes, and various viewpoints, and the
output from geomorphological design software,
such as Geofluv’s 3D renderings, can be further
enhanced and integrated into more sophisti-
cated visualization platforms (Shekhar & Singh,
2013; Bishop & Lange, 2005).

To objectively measure visual integration, it is
essential to define and apply specific metrics.
This includes viewshed analysis, which identifies
areas from which the restored site will be visible,
calculates the extent of visibility,and determines
critical viewpoints (e.g., from major roads, resi-
dential areas, scenic trails, or tourist attractions)
(Lothian, 2008). Furthermore, visual prominence
indices quantify how much the restored elements
stand out against the existing landscape, which
can involve analysing contrast in colour, texture,
form, and scale. Another key metric is Visual Ab-
sorption Capacity (VAC) Assessment, evaluating
the landscape’s inherent ability to absorb changes
without significant visual impact, based on existing
topography, vegetation density, and landforms.
Finally, line-of-sight analysis precisely de-
termines direct visual connectivity between
observers and specific points on the rehabilitated
site (Appleton & Slaymaker, 2013).

Recognizing that visual impact is, to some extent,
subjective, incorporating human perceptionis vi-
tal. This can be achieved through visual preference
surveys, conducting surveys with local commu-
nities and stakeholders to gauge their aesthetic
preferences and evaluate their perception of

proposed restoration designs. Focus groups also
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facilitate discussions to understand public
concerns, values, and expectations regarding
landscape aesthetics and the future of the
restored site. Moreover, community mapping
engages local residents in identifying culturally
significant viewpoints or areas where visual
impact is a particular concern (Daniel & Vining,
1983; Stamps, 2004). The ultimate aim is to
ensure that “minimizing visual impact” trans-
lates into a positive and acceptable aesthetic
for those most affected by the changes in the

landscape.

Integratin ial for habitat modellin
Effective habitat modelling in the context of
mine restoration hinges on the robust integra-
tion of diverse spatial datasets. This multidisci-
plinary approach ensures that the design of new
geoforms and vegetation communities supports
ecological functionality and long-term sustaina-
bility. It involves leveraging various geospatial
data sources and remote sensing techniques,
such as high-resolution satellite imagery, aerial
photography, and Light Detection and Ranging
(LiDAR) data to generate highly accurate Digital
Elevation Models (DEMs). These are comple-
mented by geological maps, hydrological data,
soil surveys, and existing land cover/land use
maps, forming a comprehensive baseline data
crucial for understanding the pre-mining land-
scape and characterizing the surrounding undis-
turbed environment (Franklin & Wulder, 2004;
Turner et al., 2001).

Furthermore, compiling detailed ecological
and species databases is essential, providing
information on the distribution, ecological re-
quirements, and characteristics of native flora
and fauna. This includes data on species habi-
tat preferences, trophic interactions, dispersal
mechanisms, and their role in ecological succession,

informing the selection of appropriate plant

communities and strategies for supporting lo-
cal wildlife (Guisan & Zimmermann, 2000).
Advanced algorithms and spatial models are
employed as predictive species distribution
models (SDMs) to forecast the potential distri-
bution and success of target species within the
restored landscape. These models integrate
environmental variables (e.g., elevation, slope,
aspect, soil type, climate data) with species
occurrence records to predict suitable habi-
tat, allowing for informed decisions on where
to place specific plant communities or create
microhabitats to support desired biodiversity
outcomes (Elith & Leathwick, 2009). Ecological
succession simulation tools are also integrated
to model the temporal dynamics of vegetation
communities, projecting the likely evolution of
plant cover, biomass accumulation, and com-
munity composition over time, thus helping to
visualize long-term habitat development and
guide adaptive management strategies to en-
sure that initial restoration efforts contribute to
aself-sustaining and ecologically functional eco-
system (Botkin et al., 1993; Shugart, 1984). Be-
yond basic stability, hydrological and geochemi-
cal modelling integrates models that simulate
water flow paths, erosion potential, and nutrient
cycling within the new landscape. For example,
geochemical models can predict potential acid
mine drainage and inform strategies for its neu-
tralization or containment, ensuring the long-
term ecological health of water bodies and soils
within the restored habitat (Younger, 2007).

Long-term monitorin n valuation of
landscape integration

Given that landscape integration is a dynamic
and long-term process involving the temporal
evolution of the ecosystem, continuous moni-
toring and evaluation are essential to ensure
the success and sustainability of restoration

interventions. This proactive approach allows
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for adaptive management and continuous im-
provement. It necessitates the establishment of
detailed, long-term monitoring protocols that
assess both ecological aspects (e.g., vegetation
establishment, biodiversity metrics, ecosystem
services such as carbon sequestration or water
purification, soil health, and habitat functionali-
ty) and visual aspects (e.g., changes in landscape
perception, achievement of aesthetic objec-
tives). Monitoring intervals should be defined
based on the expected rate of change and the
specific parameters being measured (Ruiz-Jaen
& Potvin, 2007; Clewell & Aronson, 2013).

The definition of measurable Key Performance
Indicators (KPIs, see relevant section above) is
crucial to track progress towards restoration
goals. For geomorphological integration, indica-
tors relate to slope stability, erosion rates (e.g.,
sediment yield), and the natural evolution of
drainage patterns (e.g., sinuosity of recreated
streams). Revegetation success is measured by
metrics such as percentage of plant cover, spe-
cies richness and diversity (e.g., Shannon-Weaver
index), presence of target native species, establish-
ment of the potential vegetation series, and in-
dicators of ecosystem health (e.g., plant vigour,
disease resistance). Visual impact minimization
is assessed through objective measures from
visual impact assessments (e.g,, viewshed reduction,
visual absorption capacity improvements) and
subjective feedback from public perception sur-
veys over time. Finally, habitat functionality indi-
cators relate to the presence and reproductive
success of target fauna species, connectivity of
wildlife corridors, and the overall ecological re-
silience of the restored system (SER, 2004).

Arobust adaptive management framework must
be implemented, involving regularly reviewing
monitoring data against established KPlIs. If results

deviate from expected outcomes or if unforeseen

Restoring biodiversity and improving ESS management

issues arise (e.g., unexpected erosion, poor plant
establishment, or invasive species colonization),
this framework triggers a process of re-evalua-
tion, adjustment of restoration strategies, and
implementation of corrective actions. This itera-
tive process ensures that the restoration plan
remains flexible and responsive to real-world
conditions, ultimately optimizing the long-term
success of both ecological and visual integration
(Holling, 1978; Gunderson & Holling, 2002).

Socioeconomic and governance considerations
The effective application of habitat modelling
and landscape integration methodologies in
post-mining environments is intrinsically linked
to broader socioeconomic contexts and robust
governance frameworks. Ignoring these dimen-
sions can undermine even the most technically
sound restoration plans. Active and meaningful
inclusion of all relevant stakeholders is para-
mount, including local communities, indigenous
groups, government authorities (local, regional,
national), adjacent landowners, non-govern-
mental organizations (NGOs), and the mining in-
dustry itself. Early and continuous engagement
fosters trust, ensures that diverse perspectives
and values are considered in the design process,
and increases the likelihood of long-term social
acceptance and successful project implemen-
tation, utilizing tools such as workshops, public
meetings, and participatory mapping exercises
(Reed, 2008; Arnstein, 1969).

Strict adherence to environmental regulations,
mining rehabilitation laws, and land-use planning
policies at all governmental levels is critical, as
understanding the legal mandates for restora-
tion, including specific timelines, performance
bonds, and final land-use criteria, shapes the
entire planning and implementation process,
ensuring accountability and providing a frame-

work for evaluating success against legally
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defined obligations (Owen & Kemp, 2012).
Comprehensive economic assessments are also
essential, going beyond initial project costs to
evaluate the long-term economic benefits (e.g.,
improved property values, tourism potential,
resource provision from restored ecosystems,
reduced maintenance costs due to natural sta-
bility) against the investment in different res-
toration approaches (e.g., active versus passive
restoration, varying levels of geomorphological
complexity). A thorough cost-benefit analysis
helps justify investments in more ecologically
robust and visually integrated solutions, demon-
strating their long-term value (Pearce & Turner,
1990). Finally, fostering applied research and
the dissemination of best practices in mine
restoration is crucial. This includes supporting
studies on the effectiveness of specific habitat
modelling techniques, geomorphological de-
signs, and revegetation strategies in different
climatic and geological contexts. Knowledge
transfer through publications, conferences, and
training programs ensures that lessons learned
from successful (and unsuccessful) projects are
shared, leading to continuous improvement and
innovation in the field of mine rehabilitation
(National Research Council, 2002).

This advanced framework for landscape inte-
gration, combining detailed geomorphological
design with sophisticated habitat modelling
and socio-economic considerations, provides
a robust pathway to achieving sustainable and

aesthetically pleasing post-mining landscapes.

3.1.5 Botanical aspect

The most appropriate way to select plant spe-
cies for a revegetation process that is part of a
comprehensive restoration project, therefore
aimed at recovering the ecological functionality
of the land, is to use those corresponding to the

series of potential vegetation in the area.

Vegetation series is understood as the successional
and landscape geobotanical unit that tries to
express the entire set of plant communities that
can be found in related tessellar spaces because
of the succession process, which includes both
the types of vegetation representative of the
stage mature of the plant ecosystem as the ini-
tial or subserial communities that replace them.
With this basis it is possible to design commu-
nities that, in addition to facilitating the gradual
reestablishment of functions and services, will
be essential to maintain the landscape identity
of the land and therefore minimize the visual
impact: the area of action would be revegetated
with the same species and communities that
participate in spontaneous processes in that

area.

This approach is not about hiding the extraction
lands with visual screens, often more impressive
than the impact itself, but rather about visually
integrating the lands, if the extractive process
allows it. For this reason, an evaluation of uses
and time periods must initially be carried out to
make an appropriate choice of species and commu-
nities, considering therefore that the solution
evolves over time as the species and communi-

ties vary naturally.

Taking these premises into account, in each
geographical location there will be a variable
number of species and communities poten-
tially useful for the visual integration of the
lands. They may be selected according to this
sequence of factors:

Bioclimatic factor: that is, the taxon or commu-

nity is totally compatible with the potential

vegetation series of the area.

Functional factor: that the taxon or community

meets a series of functional requirements in the

ecosystem that is intended to be rehabilitated.

For example, it provides a specific trophic
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resource for a species of native fauna that is
intended to be favoured.

Commercial factor: not all plant species are
available in the commercial channel to be
able to place an order. Therefore, it will also
be necessary to filter based on this criterion, or
failing that, contact a plant producer in advance
so that they can forecast their production with

sufficient margin.

3.2 Alternatives: rewilding,
passive restoration

The sites of active quarries are a great opportu-
nity to study nature evolution in controlled en-
vironments. At the end of the exploration cycle,
a quarry exhibits a large diversity of ecological
habitats (temporary or permanent) owing to the
variety of the edaphic and topographic conditions
(Maebe et al., 2021). Since in many EU countries
restoration is a legal obligation, the extractive
sector provides a variety of case-study which can
be compared based on their activity-status (ac-
tive or inactive), restoration methods and goals
or based on restoration protocols aiming at
evaluating active restoration versus spontaneous

renaturation.

The framework presented above is awidespread
method to restore nature based on active manage-
ment and actions requiring varying degrees of
human interventions to restore basic charac-
teristic and function of ecosystems. However,
emerging research has emphasized alternative
paths toward restoration using rewilding and
spontaneous recolonization of degraded sites
by nature (Hobbs et al., 2017). The approach
acknowledge that ecosystems are intrinsically
dynamic and changing and that, given the space
and time, they can evolve and reorganise to be

self-sustaining with minimal human-interven-

Restoring biodiversity and improving ESS management

tions (Pettorelli et al., 2018). The evolution is
based on conserving ecological functions in a
changing environmental context and, therefore
does not necessarily result in a recreation of
past benchmarks but can lead to hybrid or new
configurations (du Toit and Pettorelli, 2019).

Former extraction sites provide a unique oppor-
tunity to characterize and test the contribution
of passive ecosystem restoration not only to bio-
diversity, but also to carbon sinks and ecosystem
services, including human well-being and health

delivered by rewilded landscapes.

Hence, rewilding could be tested and applied,
alongside or in place of ecological restoration
in quarries. Whereas restorations can be a
long process involving many stakeholders,
knowledge-driven actions, interventions and
process to attain specific goals through measura-
ble indicators, rewilding is based on the recovery
of ecosystems functions and trophic interac-
tions in which the level of intervention could be
reduced (du Toit and Pettorelli, 2019).

Assessing the success of passive restoration and
rewilding is a challenge owing to its open-goal
nature, which creates a lack of reference and
the need for specific indicators. This uncertainty
in rewilding projects makes an analysis of its effec-
tiveness more difficult because of the open-ended
processes and lack of distinct goals. Hence, it
potentially makes it less desirable to implement
from a stakeholders and policy maker perspective
as its evaluation remains challenging. However,
there are examples, either from abandoned
lands or implemented by the private sectors or
NGOs.

Studies of spontaneous recolonization, rewilding
and passive restoration in European quarries

can be found in the literature, with several de-
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grees of success. Luna et al. (2022) indicated
that in the studied sites in Mediterranean cli-
mate, spontaneous vegetation can occupy most
of the available areas in the early part of the res-
toration phase (depending on soil amendment).
Despite competition aspect with native vegetation,
spontaneous vegetation acted as an important
starting point for the vegetation succession
to occur (Luna et al., 2022). Renhounkova et
al. (2018) studied spontaneous establishment
of woodlands in central Europe, in quarries
abandoned for at least 80 years, in a variety of
ecological settings. Their findings were that,
although under specific sets of circumstances
the succession can halt in early steps due to the
domination of species, in many other (such as
sand pits, limestone and peatlands extraction),
the environment was able to spontaneously re-
cover to the potential natural vegetation of the
area (Pehounkova et al., 2018). Another exam-
ple provided by Carvalho et al. (2022) based on
insect pollination service in Portuguese quarries
underlined the open-goal of passive restora-
tion. Indeed, they identified that although the
pollination service is provided equally between
actively restored areas and abandoned areas,
the species were different and so were the net-
works structures, with active restoration being
closer to natural reference areas (Carvalho et al.,
2022). The authors point out that the distinction
between actively restored areas and passively
restored ones were mostly due to local diver-

gences in environmental conditions.

It should be noted that assisted ecological resto-
ration and rewilding are not mutually exclusive
but rather offer a continuum of solution from
controlled projects with a specific set of goals
and indicators to obtain to totally spontaneous
recolonization and evolution. The ideal mix of
solutions is mostly influenced by intrinsic en-

vironmental characteristics (past and present

land use, available surface, landscape context
and ecosystem resilience) as well as human-de-
pendent variable such as targeted final state and
available resources (both financial and human).

To evaluate which solution or mix of solutions is
preferable, we analysed the available peer-re-
viewed scientific literature about nature resto-
ration in European quarries. If results are not
directly transferable into guidelines, they offer a
state of the knowledge on nature restoration in
quarries and provide useful insights to identify

trends, patterns and knowledge gaps.

First is the highly heterogeneous spatial coverage
of studies, which are mostly concentrated in
Mediterranean and continental biogeographical
regions, whereas quarries in boreal and arctic/
alpine regions have rarely been studied. The
discrepancy extends to the type of restoration
performed: whereas active restoration is widely
studied in Mediterranean quarries, passive res-
toration and spontaneous evolution was mostly

studied in Continental regions.

Regarding the restored ecosystems, both re-
stored open and forested ecosystems were
studied in continental biogeographic regions,
while open ecosystems were favoured in Atlan-
tic and Mediterranean areas, likely as a result
of restoring highly interesting habitats such as
pioneering ones (gypsophyllous vegetation) or
grasslands/meadows. Boreal and arctic region
did not exhibit a trend in studied restoration.
Across Europe, there is a gap of knowledge
about wetland and aquatic ecosystems resto-
ration in quarries, which contrasts with (i) the
importance of wetlands for biodiversity and
carbon storage and (ii) the number of quarries
having lakes or semi-wet areas being filled up
spontaneously or actively recreated.
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We also tried to identify if restorations were success-
ful, relative to the objectives set in the paper. Most
of the reviewed documents reported at least partial
success (an improvement to a partial state of recovery
compared to the reference), with few differences
between active and passive, at the EU scale or locally.
Yet regional differences exist as continental resto-
ration studies highlight a slightly better recovery
for ligneous ecosystems in spontaneous restoration
while Mediterranean area shows a slightly higher

rate for active restoration.

These observations indicate two main conclu-
sions: (i) in the scientific peer-reviewed litera-
ture, nature restoration in quarries still has large

knowledge gaps both spatial and methodological;
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(i) active and passive restoration have a similar
rate of success, varying with biogeographical
and ecosystem types, underlying the benefits of
spontaneous recolonization and low-interven-
tion methods - provided ad-hoc monitoring and

remediations.

Finally, this analysis did not consider local knowledge,
grey literature (reports, studies, projects) and
corporate guidelines which were never formally
published as peer-reviewed studies. Hence,
it is important for quarries to contact local
associations, biodiversity experts or univer-
sities to advise on best practices and develop
or adapt restoration plans suited to their lo-

cal environment.



onclusion

Quarries have conventionally been regarded as envi-
ronmentally detrimental due to habitat destruction
and ecological disturbance. Nevertheless, research
highlights their potential to serve as important sites
for biodiversity restoration and the provision of
ecosystem services. Quarries can support rare and
structurally heterogeneous habitats, thereby
offering opportunities for ecological enhancement
whenrestorationis strategically aligned with broader

environmental objectives.

Using this potential, nature management and
restoration efforts must be embedded within
integrated frameworks that explicitly address
ecosystem services, including provisioning, regu-
lating (e.g., carbon sequestration and biodiver-
sity), and cultural dimensions. The assessment
of these services necessitates a combination
of biophysical and socio-economic methodol-
ogies, employing both quantitative indicators
and stakeholder-informed approaches. Carbon
stock assessment, for instance, relies on inte-
grating remote sensing with field-based data;
however, the slow rate of carbon accumulation
and its dependence on site-specific conditions
complicates planning, precise evaluation, and
the estimation of recovery timelines before
substantive changes become evident.

Biodiversity, in contrast, can be more directly
evaluated through the application of Key Per-
formance Indicators (KPIs), which provide
a practical basis for monitoring and guiding
management and restoration activities. Such

indicators enable the systematic design and
adjustment of management and restoration
strategies. Both ecosystem services and biodi-
versity monitoring should be assessed throughout
the quarry life-cycle and at repeated time

intervals.

Restoration practices must also contend with
visual impacts, ecological functionality, and so-
cietal acceptance, thereby giving rise to trade-offs.
Addressing these trade-offs requires adaptive,
multi-criteria management strategies. Effec-
tive quarry restoration is achieved through the
integration of geomorphology, biodiversity, and
ecosystem services within a dynamic and
flexible framework. In this context, restoration
is not conceived as a fixed endpoint but as a
constructive, iterative process that is respon-
sive to ecological succession and climate variability.
Both spontaneous and assisted restoration
approaches retain relevance, depending on
local site conditions and ecological objectives.
Continuous monitoring and adaptive manage-
ment remain central to ensuring long-term
effectiveness.

When guided by informed and context-sen-
sitive strategies, quarries can transition from
degraded landscapes into multifunctional eco-
systems. Such restored sites provide compelling
models for reconciling industrial legacies with
nature-based solutions, thereby simultaneously
addressing biodiversity loss and climate change

mitigation within an integrated framework.
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