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ARTICLE INFO ABSTRACT

Keywords: Nature-based Solutions function (NBS) as an umbrella concept for ecosystem-based approaches
Quantification that are an alternative to traditional engineering solutions for Disaster Risk Reduction. Their
Co-benefits rising popularity is explained partly by their entailing additional benefits (so-called co-benefits)

Disbenefits ) for the environment, society, and economy. The few existing frameworks for assessing co-
Nature-based solutions benefits are lacking guidance on co-benefit pre-assessment that is required for the NBS selec-
Disaster risk reduction . - . . . .

. 3 tion and permission process. Going beyond these, this paper develops a comprehensive guidance
Environmental impact assessment . . . . . . . .
Pre-assessment on quantitative pre-assessment of potential co-benefits and disbenefits of NBS tackling Disaster
Sustainability Risk Reduction. It builds on methods and frameworks from existing NBS literature and related

disciplines. Furthermore, this paper discusses the evaluation of the quantified results of the pre-
assessment. In particular, the evaluation focuses on the significance of change of the estimated co-
benefits and disbenefits as well as the sustainability of the NBS. This paper will support decision-
making in planning processes on suitability and sustainability of Nature-based Solutions and
assist in the preparation of Environmental Impact Assessments of projects.

1. Introduction

Nature-based Solutions (NBS) function as an umbrella term for ecosystem-based approaches. According to the recently universally
agreed-upon definition by the United Nations Environment Assembly (UNEP/EA5/L9/REV.1), NBS are ‘actions to protect, conserve,
restore, sustainably use and manage natural or modified terrestrial, freshwater, coastal and marine ecosystems, which address social,

Abbreviations: CBD, Convention on Biological Diversity; DRR, Disaster Risk Reduction; EIA, Environmental Impact Assessment; LULCC, Land Use and Land Cover
Change; NBS, Nature-based Solutions; SDGs, Sustainable Development Goals.
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economic and environmental challenges effectively and adaptively, while simultaneously providing human well-being, ecosystem
services and resilience and biodiversity benefits.” NBS are increasingly adopted for Disaster Risk Reduction (DRR) considering that
healthy ecosystems can cope better with occurring hazards and reduce the magnitude, duration, or frequency of hazards [1,2]. NBS are
further implemented to tackle other societal challenges including climate change mitigation and adaptation, biodiversity loss, and
health and well-being [3].

NBS are known and promoted for their entailing co-benefits - referred to as positive side effects or unintended effects [4]. They
gained popularity in the context of climate change as positive side effects of climate change mitigation policies on health and
well-being [5]. In the context of NBS for DRR, co-benefits range from ecological to socio-economic sectors assisting global frameworks
such as the Sustainable Development Goals (SDGs), the Paris Agreement, or the Convention on Biological Diversity (CBD). However,
negative side effects, so-called disbenefits, often remain unmentioned in the shadow of co-benefits. Nonetheless, they are more
frequently integrated into decision-making on NBS [4,6].

To date, a broad spectrum of NBS co-benefits and a smaller number of disbenefits were identified and reported within NBS research
[7-12] (depicted in Fig. 1). Ecological co-benefits are largely representing regulating ecosystem services defined by Maes et al. [13]
such as the improvement of air, water, and soil quality, climate regulation, and carbon sequestration. While recreational and touristic
areas are associated with cultural ecosystem services. Green spaces and the co-design of NBS can further support social cohesion and
inclusion [14]. Other co-benefits of NBS can be the attenuation of noise through vegetation or the reconnection of existing habitats
benefiting biodiversity. However, some ecological co-benefits may be perceived as disbenefits such as increased pollen in the air or
mosquito populations [15]. Moreover, NBS can serve societies and economies by creating job and business opportunities or lowering
energy expenses through greened buildings. Overall, NBS, especially in urban areas, can increase the attractiveness of an area leading
to boosting property prices. In some cases, a co-benefit may cause disbenefits (e.g., a rise in property prices can cause segregation or
social exclusion [16-18]) or a co-benefit may turn (partly) into a disbenefit, for instance, basins can have a cooling effect on the
microclimate during the day but a warming effect during the night [19]. Another example is high density planting of trees that can lead
to a barrier for air pollutants rather than enhancing sequestration [20]. Rising tourism and property prices but also new jobs and
businesses can be beneficial for local tax revenues and the overall socio-economic development. Whilst ecological and socio-economic
co-benefits and disbenefits are influencing the health and well-being of the citizens. For instance, increased air and water quality but

NES co-benefits and disbenefits
- S —

Fig. 1. Commonly reported NBS co-benefits and disbenefits.



Table 1

Summary of existing frameworks and tools related to co-benefit and disbenefit assessment (Type: M&E (Monitoring & Evaluation); M/A (Mapping/Assessment); Pre-A (Pre-assessment)).

Source

Focus

Type

AirQuality

CarbonStorage

SoilHealth

WaterQuality

TemperatureRegulation

HabitatConnectivity

EcosystemDisservices

Biodiversity

NoiseAttenuation

EnergySavings

Recreation

Tourism

JobOpportunities

TaxRevenue

PropertyValues

Health&Well — being

SocialCohesion

Co-benefits Assessment Framework [9,37]

Integrated valuation of NBS [21]
Benefit of NBS Assessment Framework [27]
Environmental Impact Assessment of Projects (EIA) [31]

Evaluating the impact of Nature-based Solutions [7]

EU Ecosystem Assessment [13,32]
Recreational Opportunity Spectrum [34]
Urban Ecosystem Service Assessment [33]
i-tree Tool [29]

Benefit Estimation Tool (B£ST) [30]
InVEST Tool [35]

Climate Mitigation and Adaptation
Water Management

Coastal Resilience

Green Space Management

Air Quality

Urban Regeneration

Participatory Planning and Governance

Social Justice and Cohesion
Health & Well-being
Economic Opps and Green Jobs
Water Pollution

DRR

Climate Change

DRR

Biodiversity

Climate Resilience

Water Management

Natural Hazards

Green Management
Biodiversity

Air Quality

Place Regeneration
Sustainable Urban Transformation
Participatory Planning

Social Justice & Cohesion
Health & Well-being
Economic Opps & Green Jobs
Ecosystem Services
Ecosystem Services
Ecosystem Services

Climate Change Mitigation
Flood Management

LULCC

Ecosystem Services

M&E

M&E
M&E
Pre-A

M&E

M/A
M/A
Pre-A
Pre-A
Pre-A
Pre-A
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also noise attenuation can have positive effects on health while attractive and recreational areas or regulated temperature can boost
their well-being. Nonetheless, perceived ecological disbenefits such as pollen or mosquitoes can cause health issues or distress,
respectively.

To identify suitable NBS for DRR, NBS are advised to be selected based on their potential to reduce the magnitude, duration, or
frequency of the targeted hazard(s) [9,21] considering their effectiveness in current and future climate [22-24], with respect to
place-based characteristics, perceptions and needs of citizens and stakeholders [23-26]. Recent frameworks highlight the importance
of integrating co-benefits (and partly disbenefits) into decision-making [4,6,7,9,26]. However, the expected impact of co-benefits is
communicated only in qualitative terms (e.g., low to high) as their quantification remains a great challenge in NBS research. Quan-
tification is vital to evaluate, firstly, the significance of the potential impact of side effects and, secondly, the sustainability of the NBS
considering their contribution towards other societal challenges. Existing NBS co-benefit assessment frameworks [7,9,21,25,27] focus
primarily on assessment, monitoring, and post-project evaluation while largely neglecting disbenefits. Hence, guidance on quantitative
pre-assessment of co-benefits and disbenefits is urgently needed to answer the following questions to support decision-making in the
NBS selection process:

1) How significant is the actual impact?
2) When can co-benefits turn into disbenefits?
3) How sustainable is the NBS in the area of interest?

This paper builds on existing research to provide guidance on quantifying co-benefits of NBS and on answering the above questions
to support decision-making in the NBS selection processes. Therefore, in Section 2, we reviewed existing co-benefit assessment
frameworks and quantification methods from NBS literature and related research fields for the co-benefits and disbenefit indicators
introduced above. Building on the existing knowledge, Section 3 presents guidance on the quantification of each indicator while
Section 4 discusses the evaluation of the quantitative results to respond to the questions above.

2. Assessment frameworks and tools

This Section presents a narrative review of existing co-benefit assessment frameworks and quantification methods from related
disciplines. The aim of this review is the identification of methods that can be adopted for the pre-assessment of NBS co-benefits and
disbenefits. Table 1 summarises these frameworks and tools introduced in this Section along with their focus, assessment type, and
approached indicators.

Multiple frameworks and methods for assessing co-benefits were developed within NBS research: Raymond et al. [9] developed a
seven stage assessment framework built on the work of Kabisch et al. [28], but remains superficial when it comes to the quantification.
Liquete et al. [21] proposed a multi-criteria analysis for assessing co-benefits with emphasis on integrating multiple interests of
stakeholders. This framework primarily aims to ease decision-making on NBS based on multiple criteria by assessing different al-
ternatives towards the interests. Watkin et al. [27] targeted the quantification of the rate of change with a scoring approach where
co-benefits are classified into five scores from low to high by also allowing negative scores. An issue unravelling here, is the fact that the
proposed assessment frameworks are primarily designed for monitoring and post-project assessments; thus, they cannot be directly
adopted for the pre-assessment of co-benefits and disbenefits. The indicators incorporated in the frameworks introduced above are
covering direct benefits and co-benefits, but do not always separate between these. In the context of climate change mitigation and
flood reduction, two tools were developed to estimate and monetise potential carbon storage and air pollution mitigation (i-Tree tool
series [29]), and sustainable urban drainage systems (Benefit Estimation Tool (B£ST) [30]).

At EU-scale, guidance for pre-assessment is provided in context with the Environmental Impact Assessment (EIA) (Directive 2014/
52/EU) [31] and within the NBS impact evaluation handbook [7]. The planning of NBS projects incorporates the assessment of po-
tential impact on the environment as new projects must undergo an EIA to receive permission for it. Nonetheless, the guidance on the
EIA Directive is neglecting the quantification of indicators. While the NBS impact evaluation handbook [7] offers guidance on the
pre-assessment, monitoring, and evaluation of co-benefits, but specific assessment methods for each indicator are orientated towards
monitoring and evaluation — oversighting the pre-assessment.

Also at EU-scale, the ecosystem service assessment framework [13,32] provides guidance on mapping and assessing the current
status of ecosystems (and their services) along with an extensive list of European scale datasets that can assist in finding baseline data.
This framework is broadly applied by researchers, for instance, Balzan et al. [33] quantitatively pre-assessed a number of regulating
ecosystem services to support the prioritisation of NBS for dense urban areas, while a few cultural ecosystem services were qualita-
tively estimated by experts using a scoring approach. Their method for regulating ecosystem services could be adopted for assessing
co-benefits, but pre-assessed co-benefits are limited to air quality, carbon storage, temperature regulation, noise reduction and
socio-economic factors. Paracchini et al. [34] aimed at mapping cultural ecosystems in Europe, in particular the recreation potential.
The GIS tool InVEST [35] was developed for decision-making support by monetizing potential ecosystem service provisions calculated
based on land cover types. This tool is applicable e.g., for the assessment of potential impacts from Land Use and Land Cover Changes
(LULCQ).

The review and Table 1 highlight the fact that pre-assessment of ecological indicators is more commonly practiced than of socio-
economic indicators. This phenomenon mirrors global challenges of socio-economic data collection and availability [36]. The
following Section aims at balancing this difference by suggesting proxies and methods for the pre-assessment. Outputs of the
assessment frameworks vary between indicator units [7,29,33], monetized values [29,30,35,37], dimensionless values [34] or scores
[27], and qualitative results from experts, interviews and surveys [21,27]. This diversity in outputs challenges the integration of
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Summary of quantification approaches for co-benefit and disbenefit indicators along with suggested baseline data, and thresholds.

Indicator Quantification/Reported Values Threshold Baseline Data
Air Quality Quantification: changes in air quality can be Directive 2008/50/EC Air Quality Statistic maps

Proxies: NO,, PM10, SO,, O3

Carbon Storage & Sequestration by
Vegetation

Carbon Storage & Sequestration by
Soil

Noise Attenuation

Water Quality
Proxies: Nitrate, Phosphor,
and Sediments

Soil Health
Proxy: Bulk density

Temperature Regulation
Proxy: Thermal Comfort
Habitat Quality
Proxy: Habitat Connectivity/
Fragmentation

Ecosystem disservice
Proxy: Pollen

Ecosystem disservice
Proxy: Mosquito

Recreation

estimated with the Pollutant Flux [39,40]
based on estimations of the leaf area index or
directly with the i-tree tool [29]

Reported values: Horton et al. [41] summarised
average pollutant uptake values for the
above-mentioned proxies by trees and green
roofs

Quantification: sequestration by vegetation
can be estimated with allometric equations
based on dry weighted (above ground)
biomass as applied by the i-Tree tool [29]
Reported values: the Urban Nature Navigator
[42] summarises carbon storage values per
square meter for different urban NBS
Quantification: carbon stocks in soils are
dependent on land cover and land use [35,43],
climate regions and soil types [43], and
urban-rural areas [44]. InVEST [35] provides
estimates for different land uses/covers
Quantification: the Noise Attenuation Potential
by Tiwary et al. [40] can be used to estimate
noise reduction with average leaf biomass and
canopy area of trees and hedges

Reported values: a buffer of 15-30 m width can
attenuate about 6-10 dB while an avenue
reduces about 4 dB [45,46]. In comparison, a
3 m high wall can reduce road noise by 15 dB
[45]

Quantification: nutrient retention by
vegetation can be estimated with the InVEST
tool [35]

Reported values: e.g., nutrient load reduction
by riparian buffer strips [47]

Quantification: bulk density can be used as a
proxy for soil quality. Bulk density is
dependent on the soil type but also the land
cover.

Reported values: e.g., Vandecasteele et al. [48]
reports on examples of bulk density changes
due to LULCC

Quantification: universal thermal climate
index (UTCI)

Quantification: green spaces can be
implemented to connect habitats and
therefore, increase their quality. Habitats are
fragmented by built environments including
roads (so called Fragmentation Geometry).
The mesh density is a measure to determine
the wildlife corridors and fragmentation
Quantification: can be calculated on local
changes e.g., tree species

Quantification: can be estimated based on area
of standing water or in extreme low flow
river/stream sections. Different habitats and
distribution areas need to be considered
Reported values: Sunahara et al. [50] reported
that mosquito larvae in habitats smaller than
0.1 m? have a better chance to survive (in
regard to predators) as in water areas greater
than 0.1 m2 Mosquito breeding is also
dependent on habitat connectedness and
water temperature

Quantification: according to Lee et al. [51] and
Schégner et al. [52], the attractiveness of a
space for recreational purpose is depending on
the size of the area, the proximity to

Vegetation tolerance: air pollution
tolerance index

Topsoil organic carbon contents/capacity
depends on the soil

Directive 2002/49/EC

Directive 76/160/EC

Bulk densities of 1.47-1.8 g/cm3 are
restricting root growth

UTCI Index

Minimum habitat sizes for animal species

Daily mean concentration per m3 [49]: low
(1-10), moderate (10-100), high
(100-1000), and very high (>1000)
Nuisance Thresholds

A few sources (i.e., Abdullah et al. [53] or
Niemela et al. [54]) report on minimum
sizes of recreational spaces for different

by the European
Environment Agency

Carbon sequestration (by
forests) by the Joint
Research Centre

Soil organic stocks by the
European Soil Database

NOISE maps by the
European Environment
Agency

Waterbase Water Quality
by the European
Environment Agency

Topsoil physical
properties data by the
European Soil Data Centre

UTCI (1981-2010) by
Copernicus Climate Store
Mesh density by the Joint
Research Centre
Ecosystem map by the
European Environment
Agency

European Aeroallergen
Network

European Center for
Disease Prevention and
Control

Recreational Opportunity
Spectrum by the Joint
Research Centre

(continued on next page)
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Table 2 (continued)

Indicator

Quantification/Reported Values

Threshold

Baseline Data

Tourism

Job Creation

Property Values

Tax revenue

Proxies: property/real estate
transfer tax (or tourism, tax
income from increased
number of jobs)

Social Cohesion/Inclusion

Energy savings

Biodiversity

Proxy: Birds

population, the accessibility in terms of
transportation but also the quality and
aesthetic of the space. This indicator shall
estimate visitor numbers of green or blue
spaces which can be further linked to health
and well-being but also socio-economic
development. Usage can be estimated in
different ways, for instance, the travel cost
method or with the Recreational Opportunity
Spectrum [34]

Quantification: the Recreational Opportunity
Spectrum concept can be used to assess the
NBS area based on its naturalness, proximity,
and other factors (e.g., species richness) [34]
Quantification: the number of employees in
green space maintenance can function as a
proxy for job creation. However, this co-
benefit also includes job and/or business
creation for the implementation of an NBS.
Estimations could be based on average
monthly/annual maintenance hours per unit
of green space or from reported impact in NBS
case studies

Quantification: air quality, noise levels,
thermal comfort, and the proximity to green/
blue spaces are influencing property prices
which can be calculated with the hedonic
pricing method

Quantification: tax revenue benefits from
increased property values. Increased tax
revenue can be calculated based on e.g.,
transfer taxes

Reported values: Property/Real Estate Transfer
Tax for Europe can be found in Barrios et al.
[56]

Quantification: social inclusion can be
enhanced by green spaces promoting social
contacts and the feeling of inclusion. While
the co-creation of NBS can increase social
cohesion and feeling of ownership of the
place. Equal access to green space can be
estimated by assessing households in
proximity and the diversity of incomes. Other
estimates of the cohesion and the feeling of
ownership of the place can be made based on
the potential of co-creation of the NBS. The
type of green/blue space can imply the
potential interactions (e.g., playgrounds may
offer more possibilities to interact with others
than a wetland)

Quantiﬁcatian: InVEST [35] suggests an
energy saving equation comparing baseline
temperature and estimated temperature
reduction

Reported values: Santamouris et al. [57]
provides global energy cost examples for 1 K
increase in temperature

Quantification: biodiversity is influenced by
soil health, habitat connectivity, water
quality, and ecosystem disservices. Many
proxies are identified for biodiversity like
species richness of specific taxa or the number
of distinct plant functional types, but they
must be integrated with other metrics to fully
capture biodiversity. EASAC [58] defined a set
of biodiversity indicators including
population trends, land use change,
threatened species, coverage of protected
areas, and trends in abundance and

activities and the maximum distance to the
space

No threshold was found but a limitation could
be the maximum number of people per km2 to
preserve the naturalness of the place

No threshold found

Unaffordable housing costs can function as
a threshold which lies around 40% of the
disposal income within Europe [55]

No threshold found

Threshold for exclusion - see property values

Energy Performance of Buildings Directive
(EPBD)

Species (Plant and Animal) Thresholds

LUISA base map by the
Joint Research Centre

Recreational Opportunity
Spectrum by the Joint
Research Centre

Unemployment data by
Eurostat or local data or
from local datasets

Property Values: local
datasets from e.g.,
housing gencies.

Income by households: by
Eurostat or local data

No baseline data found

Local household income
data is needed

Energy prices and
consumption statistics by
Eurostat or local datasets

Bird Atlas by European
Bird Census Council
(EBCC)

(continued on next page)
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Table 2 (continued)

Indicator Quantification/Reported Values Threshold Baseline Data

distribution of selected species. For urban
environments, the city biodiversity index is
another option [59,60]

Health & Well-being Quantification: this indicator is determined considering several aspects: increased recreational areas, reduced heat stress (e.g.,
quantifiable with the Universal Thermal Climate Index), air quality improvement, noise attenuation, ecosystem disservices
but also by enhanced social cohesion and inclusion or the created jobs and income from tourism. Literature has been focusing
on monetizing this indicator, for instance, by estimating avoided costs in the health sector or with the willingness to pay
method.

Health thresholds: see air quality, noise attenuation, thermal comfort

different approaches. To counteract this, the following pre-assessment guidance aims at calculating a numerical value (in its actual
unit) for each indicator. The numerical values can then be used for evaluation or further analysis (e.g., monetization, composite
indicators).

3. Quantification of co-benefits and disbenefits

The quantitative pre-assessment of co-benefits and disbenefits shall support the overall NBS selection and permission process. As
introduced above, NBS are commonly selected based on a broad range of criteria. The pre-assessment of potential side effects shall
further complement the evidence-based decision-making on suitable NBS. Before quantifying the side effects, co-benefit and disbenefit
indicators need to be selected: co-benefits and disbenefits are greatly dependent on the NBS intervention and the local context, hence,
prior to the quantification, a strategy is to narrow down the number of indicators. Potential indicators can be selected by using
developed matrices [8,11,37] or by reviewing case studies from NBS databases such as the OPERANDUM NBS Catalogue [38]. Selected
indicators can be further aligned to the needs and interests of citizens and stakeholders who represent the main beneficiaries of an NBS.
For instance, Giordano et al. [25] and Liquete et al. [21] incorporate stakeholders’ and citizens’ perceptions and needs by integrating
weighted criteria considering the level of importance of each indicator to the community.

After narrowing down the list of indicators, the actual pre-assessment of co-benefits and disbenefits can be processed. The expected
impact of each NBS can be calculated for every indicator based on methods introduced in Table 2. The methods introduced are largely
acknowledging interlinkages between indicators. For instance, property prices are not only calculated based on the distance to green
spaces but further incorporate improved air quality, reduced noise, and thermal comfort. In some cases, it might be more suitable to
use proxies (e.g., nitrate and phosphor concentrations as proxies for water quality) which are introduced in Table 2. For the calculation
of potential changes, a baseline approach [31,32] should be adopted. In many cases, it might not be necessary to assess the baseline
directly due to existing data repositories at European scale with representative and openly available baseline data. In this context,
Table 2 suggests a baseline dataset for each indicator. Considering local contexts, these baseline maps may be partly too coarse as a
baseline, but comparable datasets might be available at (sub-)national level. The quantified outcomes can then be evaluated (as
discussed in Section 4) and integrated into the comparison of different alternatives. Also, Table 2 lists thresholds found for some
indicators to support the evaluation of significance (see Section 4).

4. Evaluation

The resulting numerical values calculated for each indicator need to be evaluated to fully understand the expected extent of co-
benefits and disbenefits — i.e. how significant is the change and whether the change is positive or negative, or how sustainable is it
considering long-term effects and contribution to SDGs and other global environmental frameworks. In this Section, we discuss the
three research questions by drawing on existing frameworks and data manipulation methods to answer them.

1) How significant is the actual impact?

Significance plays a major role in the context of the EIA Directive where projects with significant impact on the environment need
to undergo this process. However, it does not define a threshold for significance — i.e. which rate of change counts as significant? As
part of the ecosystem assessment framework, Maes et al. [32] approached the analysis of significant change statistically by calculating
decadal trends and defining a ‘5% per decade rule’ - meaning that changes from+5% within a decade are of significance.

To be able to assess the significance of change, the quantification should encompass a first assessment of the pre-NBS situation of
the area (baseline) for each of the selected indicators [31,32]. A great amount of baseline data are available at European scale as
introduced in Table 2. Additional baseline data can be obtained from e.g., remote sensing, numerical modelling, social media analysis,
or crowdsourcing. Despite the large amount of available data worldwide, they can be lacking sufficient quality in terms of accuracy,
metadata, or appropriateness. In case that no sufficient data are available, a baseline can be assessed e.g., according to Maes et al. [32].
The results of the pre-assessment of co-benefits and disbenefits can then be compared to the baseline and the rate of change can be
calculated.

Furthermore, co-benefit and disbenefit values can be evaluated regarding certain thresholds (enlisted in Table 2). In particular, it
can be evaluated whether they are meeting the local needs by setting the resulting value into local context. This will further help to
understand the significance of change. As an example, if the noise pollution level is 69 dB due to traffic, introducing treelines along the
road shall diminish the traffic noise. Grown trees may then be able to reduce the noise by 9 dB which would be a reduction of 13%
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which is not sufficient to reduce the noise to an acceptable (EU threshold) level of 53 dB.
2) When can co-benefits turn into disbenefits?

Co-benefits may evoke certain disbenefits such as social exclusion due to raising property prices while in some cases co-benefits can
turn into a disbenefit. As exemplified in the introduction, high leaf density of a hedge or avenue can function as a barrier for air
pollutants causing high levels on one side and low levels on the other side [20,61].

In Watkin et al. [27], the rate of change is calculated in percentage and translated into a score ranging from 0 to+5 (low to high)
while 0 indicates no change. This approach further allows negative scores that can unveil when a co-benefit may turn into a disbenefit.
Applying the statistical method by Maes et al. [32], the percentage of change can also indicate whether the change is positive or
negative. For instance, in the above example, a negative change of air pollution would indicate a ‘good’ change while a positive rate of
change would indicate an increase in pollution.

3) How sustainable is the NBS in the area of interest?

Considering the range of co-benefits and disbenefits, it is obvious that they are covering the three pillars of sustainability (economy,
society, and environment). For a specific analysis about how co-benefits cover and support them, a composite indicator can be
calculated [62]. Furthermore, quantified outcomes of the indicators can be discussed in context with global frameworks such as the
SDGs or the targets of the CBD, but also local/municipal goals. This will establish an understanding of how the NBS simultaneously
address other challenges and goals.

Sustainability also refers to addressing the needs of the future. In order to evaluate how an NBS will perform in the future
considering changing climate, Calliari et al. [22] proposes a framework for backcasting NBS to pre-assess direct and indirect benefits
linked with costs and to evaluate the suitability of NBS in projected future climate conditions.

Schaubroek [63] questions whether NBS are sustainable referring to the temporal aspect of their impact. In this context, it needs to
be understood how the impact is to be expected in time (but also in space). Raymond et al. [37] highlights the issue of uncertainty of
the effect in time due to local changes or changes in climate but considering the impact in time and space is non-neglectable. In
accordance with the above example, reaching a 9 dB reduction is highly dependent on the tree height, canopy density, and the season —
in the view of existing differences between evergreen and deciduous trees. For some indicators, a difference in effectiveness may even
be detectable between day and night. Nonetheless, the time scale over which an NBS becomes effective depends primarily on the
growth time of vegetation. Overall, it should be considered whether the NBS has short- or long-term impacts [28].

Also, co-benefits and disbenefits can have different spatial effects which are further dependent on local characteristics e.g., rural
and urban growth differences but also on the size of the intervention, and on the indicator characteristics itself. Taking into account the
vegetation growth time, impact may vary between urban and rural areas due to restrictions in vegetation growth [37,64,65].

5. Conclusion

This paper highlighted the need for quantifing co-benefits and disbenefits for NBS selection and permission processes. We reviewed
available co-benefit assessment frameworks as well as tools and guidance from other disciplines such as the ecosystem service
assessment. Available frameworks were found to be focusing primarily on monitoring and post-project evaluation of co-benefits by
largely neglecting potential disbenefits. Whereas a number of tools were suggesting methods for pre-assessing co-benefits. Building on
the existing research, this paper provides pre-assessment guidance to support decision-making on NBS for DRR by quantifying po-
tential impact and evaluating its significance. The guidance was designed to assist in decision-making on suitable NBS and for the
preparation of an EIA for NBS projects.

The variety of quantification methods for indicators discussed in this paper underlines the need for an integrative model or tool by
incorporating the existing interrelationships. As regards specific categories, the prediction of biophysical indicators as well as the
availability of baseline data with sufficient quality and suitable resolution is at an advanced stage. Whereas this does not account for
most of the socio-economic indicators. To overcome this lack of data, more research is needed for estimating socio-economic indicators
i.e., based on new data sources such as social media. An additional challenge is the resolution of baseline data at European scale as fine
resolutions are associated with large files. Fine resolution datasets likely exist at municipal level but are often not openly available.
Another key point of this paper was the investigation of potential disbenefits and the need to include them into the assessment process.
Additional studies are needed to unveil disbenefits to fully integrate them into decision-making and impact assessment.

Nature-based Solutions are of increasing importance around the world due to their co-benefits for the environment, society, and
economy. While NBS are addressing Disaster Risk Reduction, co-benefits are rather supporting the SDGs, targets of the Paris Agreement
and the CBD. This trend of NBS is a significant step towards the aforementioned global frameworks. However, to fully grasp the
contribution of NBS to these frameworks, it is necessary to quantify the co-benefits and the disbenefits. Only with the quantification of
those it is possible to make evidence-based statements on the impact of NBS on those frameworks.

Funding

This work was supported by the European Union’s (EU) Horizon2020 research and innovation program. It was funded by and
carried out within the framework of the OPERANDUM (OPEn-air laboRAtories for Nature baseD solUtions to Manage hydro-meteo
risks) project (Grant No. 776848). H. L. Cloke is supported by the LANDWISE project funded by the Natural Environment Research
Council (NERC) (Grant No. NE/R004668/1).



J. Ommer et al. International Journal of Disaster Risk Reduction 75 (2022) 102966

Declaration of competing interest

infl

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
uence the work reported in this paper.

References

[1]

[2]
[3]
[4]
[5]
[6]
[7]
(8]
[91
[10]
[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]
[31]

[32]

Y. Depietri, T. McPhearson, Integrating the grey, green, and blue in cities: nature-based solutions for climate change adaptation and risk reduction, in:

N. Kabisch, H. Korn, J. Stadler, A. Bonn (Eds.), Nature-Based Solut. To Clim. Chang. Urban Areas Linkages between Sci. Policy, Pract., first ed., Springer
International Publishing AG, Cham, 2017, pp. 91-109, https://doi.org/10.1007/978-3-319-56091-5 6.

UNDRR, Nature-Based Solutions for Disaster Risk Reduction Words into Action, 2021. Geneva, https://www.undrr.org/publication/words-action-nature-based-
solutions-disaster-risk-reduction.

E. Cohen-Shacham, G. Walters, C. Janzen, S. Maginnis, Nature-based Solutions to Address Global Societal Challenges, IUCN International Union for
Conservation of Nature, Glend, Switzerland, 2016, https://doi.org/10.2305/IUCN.CH.2016.13.en.

E. Gomez Martin, M. Ménez Costa, K. Schwerdtner Manez, An operationalized classification of Nature Based Solutions for water-related hazards: from theory to
practice, Ecol. Econ. 167 (2020) 106460, https://doi.org/10.1016/j.ecolecon.2019.106460.

IPCC, Climate Change 2001: Synthesis Report. A Contribution of Working Groups I, II, and III to the Third Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, New York, 2001. https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_TAR_full report.pdf.

T. Croeser, G. Garrard, R. Sharma, A. Ossola, S. Bekessy, Choosing the right nature-based solutions to meet diverse urban challenges, Urban For. Urban Green. 65
(2021) 127337, https://doi.org/10.1016/j.ufug.2021.127337.

European Commission, Evaluating the Impact of Nature-Based Solutions: A Handbook for Practitioners, 2021, https://doi.org/10.2777/2498. Luxembourg.
NWRM, Benefit Tables, 2015. http://nwrm.eu/catalogue-nwrm/benefit-tables.

C.M. Raymond, N. Frantzeskaki, N. Kabisch, P. Berry, M. Breil, M.R. Nita, D. Geneletti, C. Calfapietra, A framework for assessing and implementing the co-
benefits of nature-based solutions in urban areas, Environ. Sci. Pol. 77 (2017) 15-24, https://doi.org/10.1016/j.envsci.2017.07.008.

G. Somarakis, S. Stagakis, N. (Eds. . Chrysoulakis, Nature-based solutions handbook, in: ThinkNature Project Funded by the EU Horizon 2020 Research and
Innovation Programme under Grant Agreement No. 730338, 2019, https://doi.org/10.26225/jerv-w202.

L. Wendling, V. Rinta-Hiiro, Performance and impact monitoring of nature-based solutions D3.1 deliverable. https://unalab.eu/system/files/2020-02/d31-nbs-
performance-and-impact-monitoring-report2020-02-17.pdf, 2019.

Y. Xing, P. Jones, I. Donnison, Characterisation of nature-based solutions for the built environment, Sustainability 9 (2017) 149, https://doi.org/10.3390/
su9010149.

J. Maes, A. Teller, M. Erhard, C. Liquete, L. Braat, P. Berry, B. Egoh, P. Puydarrieux, C. Fiorina, F. Santos-Martin, M.L. Paracchini, H. Keune, H. Wittmer,

J. Hauck, I. Fiala, P. Verburg, S. Condé, J.P. Schagner, J. San-Miguel-Ayanz, G. Bidoglio, Mapping and Assessment of Ecosystems and Their Services: an
Analytical Framework for Ecosystem Assessments under Action 5 of the EU Biodiversity Strategy to 2020, 2013, https://doi.org/10.2779/12398.

V. Ferreira, A. Barreira, L. Loures, D. Antunes, T. Panagopoulos, Stakeholders’ engagement on nature-based solutions: a systematic literature review,
Sustainability 12 (2020) 640, https://doi.org/10.3390/5u12020640.

J. Lyytiméki, M. Sipila, Hopping on one leg — the challenge of ecosystem disservices for urban green management, Urban For. Urban Green. 8 (2009) 309-315,
https://doi.org/10.1016/j.ufug.2009.09.003.

1. Anguelovski, J.J.T. Connolly, H. Pearsall, G. Shokry, M. Checker, J. Maantay, K. Gould, T. Lewis, A. Maroko, J.T. Roberts, Opinion: why green “climate
gentrification” threatens poor and vulnerable populations, Proc. Natl. Acad. Sci. Unit. States Am. 116 (2019) 26139-26143, https://doi.org/10.1073/
pnas.1920490117.

A. Haase, The contribution of nature-based solutions to socially inclusive urban development - some reflections from a social-environmental perspective, in:
N. Kabisch, H. Korn, J. Stadler, A. Bonn (Eds.), Nature-Based Solut. To Clim. Chang. Adapt. Urban Areas Linkages between Sci. Policy Pract., Springer
International Publishing, Cham, 2017, pp. 221-236, https://doi.org/10.1007/978-3-319-56091-5_13.

L. Shi, Beyond flood risk reduction: how can green infrastructure advance both social justice and regional impact? Socio-Ecol. Pract. Res. 2 (2020) 311-320,
https://doi.org/10.1007 /s42532-020-00065-0.

A. Solcerova, F. van de Ven, N. van de Giesen, Nighttime cooling of an urban pond, Front. Earth Sci. 7 (2019), https://doi.org/10.3389/feart.2019.00156.
K.V. Abhijith, P. Kumar, J. Gallagher, A. McNabola, R. Baldauf, F. Pilla, B. Broderick, S. Di Sabatino, B. Pulvirenti, Air pollution abatement performances of
green infrastructure in open road and built-up street canyon environments — a review, Atmos. Environ. 162 (2017) 71-86, https://doi.org/10.1016/j.
atmosenv.2017.05.014.

C. Liquete, A. Udias, G. Conte, B. Grizzetti, F. Masi, Integrated valuation of a nature-based solution for water pollution control. Highlighting hidden benefits,
Ecosyst. Serv. 22 (2016) 392-401, https://doi.org/10.1016/j.ecoser.2016.09.011.

E. Calliari, A. Staccione, J. Mysiak, An assessment framework for climate-proof nature-based solutions, Sci. Total Environ. 656 (2019) 691-700, https://doi.org/
10.1016/j.scitotenv.2018.11.341.

E. Cohen-Shacham, A. Andrade, J. Dalton, N. Dudley, M. Jones, C. Kumar, S. Maginnis, S. Maynard, C.R. Nelson, F.G. Renaud, R. Welling, G. Walters, Core
principles for successfully implementing and upscaling Nature-based Solutions, Environ. Sci. Pol. 98 (2019) 20-29, https://doi.org/10.1016/j.
envsci.2019.04.014.

T. Emilsson, A. Ode Sang, Impacts of climate change on urban areas and nature-based solutions for adaptation, in: N. Kabisch, K. H., S. J., B. A. (Eds.), Nature-
Based Solut. To Clim. Chang. Adapt. Urban Areas. Theory Pract. Urban Sustain. Transitions, Springer, Cham, 2017, pp. 15-27, https://doi.org/10.1007/978-3-
319-56091-5_2.

R. Giordano, 1. Pluchinotta, A. Pagano, A. Scrieciu, F. Nanu, Enhancing nature-based solutions acceptance through stakeholders’ engagement in co-benefits
identification and trade-offs analysis, Sci. Total Environ. 713 (2020) 136552, https://doi.org/10.1016/j.scitotenv.2020.136552.

M. Kuller, P.M. Bach, S. Roberts, D. Browne, A. Deletic, A planning-support tool for spatial suitability assessment of green urban stormwater infrastructure, Sci.
Total Environ. 686 (2019) 856-868, https://doi.org/10.1016/j.scitotenv.2019.06.051.

Watkin, Vojinovic Ruangpan, Weesakul, Torres, A framework for assessing benefits of implemented nature-based solutions, Sustainability 11 (2019) 6788,
https://doi.org/10.3390/5u11236788.

N. Kabisch, N. Frantzeskaki, S. Pauleit, S. Naumann, M. Davis, M. Artmann, D. Haase, S. Knapp, H. Korn, J. Stadler, K. Zaunberger, A. Bonn, Nature-based
solutions to climate change mitigation and adaptation in urban areas: perspectives on indicators, knowledge gaps, barriers, and opportunities for action, Ecol.
Soc. 21 (2016), https://doi.org/10.5751/ES-08373-210239 art39.

USDA Forest Service, Davey Tree Expert Company, The arbor day foundation, in: Society of Municipal Arborists, International Society of Arboriculture, Casey
Trees, SUNY College of Environmental Science and Forestry, I-Tree, 2006. https://www.itreetools.org/. (Accessed 21 September 2021).

B.£S.T. Susdrain, Benefits Estimation Tool), 2019. https://www.susdrain.org/resources/best.html. (Accessed 21 September 2021).

A. Lantieri, Adrien, Zuzana Lukacova, Jennifer McGuinn, McNeill, Environmental Impact Assessment of Projects. Guidance on the Preparation of the
Environmental Impact Assessment Report. (Directive 2011/92/EU as Amended by 2014/52/EU), 2017, https://doi.org/10.2779/8247. Luxembourg.

J. Maes, A. Teller, M. Erhard, S. Condé, S. Vallecillo, J.I. Barredo, M.L. Paracchini, D. Abdul Malak, M. Trombetti, O. Vigiak, G. Zulian, A.M. Addamo,

B. Grizzetti, F. Somma, A. Hagyo, P. Vogt, C. Polce, A. Jones, A.I. Marin, E. Ivits, A. Mauri, C. Rega, B. Czicz, G. Ceccherini, E. Pisoni, A. Ceglar, P. De Palma,
1. Cerrani, M. Meroni, G. Caudullo, E. Lugato, J.V. Vogt, J. Spinoni, C. Cammalleri, A. Bastrup-Birk, J. San Miguel, S. San Roman, P. Kristensen, T. Christiansen,
N. Zal, A. de Roo, A.C. Cardoso, A. Pistocchi, F. Del, Mapping and Assessment of Ecosystems and Their Services: an EU Ecosystem Assessment, Publications
Office of the European Union, Luxembourg, 2020, https://doi.org/10.2760/757183.


https://doi.org/10.1007/978-3-319-56091-5_6
https://www.undrr.org/publication/words-action-nature-based-solutions-disaster-risk-reduction
https://www.undrr.org/publication/words-action-nature-based-solutions-disaster-risk-reduction
https://doi.org/10.2305/IUCN.CH.2016.13.en
https://doi.org/10.1016/j.ecolecon.2019.106460
https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_TAR_full_report.pdf
https://doi.org/10.1016/j.ufug.2021.127337
https://doi.org/10.2777/2498
http://nwrm.eu/catalogue-nwrm/benefit-tables
https://doi.org/10.1016/j.envsci.2017.07.008
https://doi.org/10.26225/jerv-w202
https://unalab.eu/system/files/2020-02/d31-nbs-performance-and-impact-monitoring-report2020-02-17.pdf
https://unalab.eu/system/files/2020-02/d31-nbs-performance-and-impact-monitoring-report2020-02-17.pdf
https://doi.org/10.3390/su9010149
https://doi.org/10.3390/su9010149
https://doi.org/10.2779/12398
https://doi.org/10.3390/su12020640
https://doi.org/10.1016/j.ufug.2009.09.003
https://doi.org/10.1073/pnas.1920490117
https://doi.org/10.1073/pnas.1920490117
https://doi.org/10.1007/978-3-319-56091-5_13
https://doi.org/10.1007/s42532-020-00065-0
https://doi.org/10.3389/feart.2019.00156
https://doi.org/10.1016/j.atmosenv.2017.05.014
https://doi.org/10.1016/j.atmosenv.2017.05.014
https://doi.org/10.1016/j.ecoser.2016.09.011
https://doi.org/10.1016/j.scitotenv.2018.11.341
https://doi.org/10.1016/j.scitotenv.2018.11.341
https://doi.org/10.1016/j.envsci.2019.04.014
https://doi.org/10.1016/j.envsci.2019.04.014
https://doi.org/10.1007/978-3-319-56091-5_2
https://doi.org/10.1007/978-3-319-56091-5_2
https://doi.org/10.1016/j.scitotenv.2020.136552
https://doi.org/10.1016/j.scitotenv.2019.06.051
https://doi.org/10.3390/su11236788
https://doi.org/10.5751/ES-08373-210239
https://www.itreetools.org/
https://www.susdrain.org/resources/best.html
https://doi.org/10.2779/8247
https://doi.org/10.2760/757183

J. Ommer et al.

[33]
[34]
[35]
[36]
(371
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]

[65]

International Journal of Disaster Risk Reduction 75 (2022) 102966

M. V Balzan, G. Zulian, J. Maes, M. Borg, Assessing urban ecosystem services to prioritise nature-based solutions in a high-density urban area, Nat. Base Solut. 1
(2021) 100007, https://doi.org/10.1016/j.nbsj.2021.100007.

M.L. Paracchini, G. Zulian, L. Kopperoinen, J. Maes, J.P. Schagner, M. Termansen, M. Zandersen, M. Perez-Soba, P.A. Scholefield, G. Bidoglio, Mapping cultural
ecosystem services: a framework to assess the potential for outdoor recreation across the EU, Ecol. Indicat. 45 (2014) 371-385, https://doi.org/10.1016/j.
ecolind.2014.04.018.

Natural Capital Project, 2018. InVEST, https://naturalcapitalproject.stanford.edu/software/invest. (Accessed 21 September 2021).

European Science and Technology Advisory Group, Socioeconomic and data challenges disaster risk reduction in Europe. https://reliefweb.int/report/world/
socioeconomic-and-data-challenges-disaster-risk-reduction-europe, 2019.

C.M. Raymond, B. Pam, M. Breil, M.R. Nita, N. Kabisch, M. de Bel, V. Enzi, N. Frantzeskaki, D. Geneletti, M. Cardinaletti, L. Lovinger, C. Basnou, A. Monteiro,
H. Robrecht, G. Sgrigna, L. Munari, C. Calfapietra, An impact evaluation framework to support planning and evaluation of nature-based solutions projects.
https://doi.org/10.13140/RG.2.2.18682.08643, 2017.

OPERANDUM, NBS Catalogue. http://www.geoikp.operandum-project.eu/nbs/explorer, 2020. (Accessed 21 September 2021).

D.J. Nowak, D.E. Crane, J.C. Stevens, Air pollution removal by urban trees and shrubs in the United States, Urban for. Urban Green, 4, 2006, pp. 115-123,
https://doi.org/10.1016/j.ufug.2006.01.007.

A. Tiwary, 1.D. Williams, O. Heidrich, A. Namdeo, V. Bandaru, C. Calfapietra, Development of multi-functional streetscape green infrastructure using a
performance index approach, Environ. Pollut. 208 (2016) 209-220, https://doi.org/10.1016/j.envpol.2015.09.003.

B. Horton, C.J. Digman, R.M. Ashley, J. McMullan, B£ST Guidance — Guidance to Assess the Benefits of Blue and Green Infrastructure Using B£ST, 2019. London,
https://www.susdrain.org/files/resources/BeST/w047b_bst_guidance release_5_vOb_issued.pdf.

Naturvation, Urban Nature Navigator, 2021. https://naturvation-navigator.com/. (Accessed 21 September 2021).

IPCC, IPCC Guidelines for National Greenhouse Gas Inventories, IGES, Japan, 2006. https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html, 2006.

R. Pouyat, P. Groffman, I. Yesilonis, L. Hernandez, Soil carbon pools and fluxes in urban ecosystems, Environ. Pollut. 116 (2002), https://doi.org/10.1016/
50269-7491(01)00263-9. S107-S118.

M. Dobson, J. Ryan, Trees and shrubs for noise control, Arboric. Pract. Note. 8 (2000). https://www.trees.org.uk/Trees.org.uk/files/8c/8c69f212-a82e-424b-
96d1-c8ff6dc02403.pdf.

C.M. Kalansuriya, A. Pannila, U. Sonnadara, Effect of roadside vegetation on reduction of traffic noise levels, in: Proc. Tech. Sess., 2009, pp. 1-6. https://
citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.552.5418&rep=rep1&type=pdf.

E. Hawes, M. Smith, Riparian Buffer Zones: Functions and Recommended Widths, 2005. https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.496.
8230&rep=repl&type=pdf.

1. Vandecasteele, I. Marf i Rivero, C. Baranzelli, W. Becker, I. Dreoni, C. Lavalle, O. Batelaan, The Water Retention Index: using land use planning to manage
water resources in Europe, Sustain. Dev. 26 (2018) 122-131, https://doi.org/10.1002/sd.1723.

A. Kurganskiy, C.A. Skjgth, A. Baklanov, M. Sofiev, A. Saarto, E. Severova, S. Smyshlyaev, E. Kaas, Incorporation of pollen data in source maps is vital for pollen
dispersion models, Atmos. Chem. Phys. 20 (2020) 2099-2121, https://doi.org/10.5194/acp-20-2099-2020.

T. Sunahara, K. Ishizaka, M. Mogi, Habitat size: a factor determining the opportunity for encounters between mosquito larvae and aquatic predators, J. Vector
Ecol. 27 (2002) 8-20. http://www.ncbi.nlm.nih.gov/pubmed/12125876.

A. Lee, H. Jordan, J. Horsley, Value of urban green spaces in promoting healthy living and wellbeing: prospects for planning, Risk Manag. Healthc. Pol. (2015)
131, https://doi.org/10.2147/RMHP.S61654.

J.P. Schagner, L. Brander, J. Maes, M.L. Paracchini, V. Hartje, Mapping recreational visits and values of European National Parks by combining statistical
modelling and unit value transfer, J. Nat. Conserv. 31 (2016) 71-84, https://doi.org/10.1016/.jnc.2016.03.001.

M.F. Abdullah, A. Abdullah, R.K. Zahari, S. Jaafar, Monitoring the performance OF state structure plan IN delivering output using dynamic model, Plan.
Malaysia J. 14 (2016), https://doi.org/10.21837/pmjournal.v14.i4.174.

J. Niemeld, S.-R. Saarela, T. Soderman, L. Kopperoinen, V. Yli-Pelkonen, S. Vare, D.J. Kotze, Using the ecosystem services approach for better planning and
conservation of urban green spaces: a Finland case study, Biodivers. Conserv. 19 (2010) 3225-3243, https://doi.org/10.1007/s10531-010-9888-8.

Eurostat, Living Conditions in Europe - Housing, 2021. https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Living_conditions_in_Europe -_
housing#Housing_affordability. (Accessed 21 September 2021). accessed.

S. Barrios, C. Denis, V. Ivaskaité-Tamosiuné, A. Reut, E. Vazquez Torres, Housing Taxation: a New Database for Europe, 2019. Seville, https://ec.europa.eu/jrc/
en/publication/eur-scientific-and-technical-research-reports/housing-taxation-new-database-europe.

M. Santamouris, C. Cartalis, A. Synnefa, D. Kolokotsa, On the impact of urban heat island and global warming on the power demand and electricity consumption
of buildings—a review, Energy Build. 98 (2015) 119-124, https://doi.org/10.1016/j.enbuild.2014.09.052.

European Academies Science Advisory Council (EASAC), A User’s Guide to Biodiversity Indicators, 2005. https://easac.eu/fileadmin/PDF s/reports_statements/
A.pdf.

L. Chan, O. Hillel, T. Elmqvist, P. Werner, N. Holman, A. Mader, E. Calcaterra, User’s manual on the Singapore index on cities’ biodiversity (also known as the
city biodiversity index), Singapore, https://www.cbd.int/authorities/doc/Singapore-Index-User-Manual-20140730-en.pdf, 2014.

L. Chan, E. Calcaterra, T. Elmqvist, O. Hillel, N. Holman, A. Mader, P. Werner, User’s Manual for the City Biodiversity Index, 2010. https://www.cbd.int/
authorities/doc/User%27sManual-for-the-City-Biodiversity-Index27Sept2010.pdf.

Y. Barwise, P. Kumar, Designing vegetation barriers for urban air pollution abatement: a practical review for appropriate plant species selection, Npj Clim.
Atmos. Sci. 3 (2020) 12, https://doi.org/10.1038/s41612-020-0115-3.

Handbook on Constructing Composite Indicators: Methodology and User Guide, OECD, 2008, https://doi.org/10.1787/9789264043466-en.

T. Schaubroeck, Nature-based solutions: sustainable? Nature 543 (2017) https://doi.org/10.1038/543315¢, 315-315.

D.E. Pataki, M.M. Carreiro, J. Cherrier, N.E. Grulke, V. Jennings, S. Pincetl, R. V Pouyat, T.H. Whitlow, W.C. Zipperer, Coupling biogeochemical cycles in urban
environments: ecosystem services, green solutions, and misconceptions, Front. Ecol. Environ. 9 (2011), https://doi.org/10.1890/090220, 27-36.

D.J. Nowak, D.E. Crane, Carbon storage and sequestration by urban trees in the USA, Environ. Pollut. 116 (2002) 381-389, https://doi.org/10.1016/S0269-
7491(01)00214-7.

10


https://doi.org/10.1016/j.nbsj.2021.100007
https://doi.org/10.1016/j.ecolind.2014.04.018
https://doi.org/10.1016/j.ecolind.2014.04.018
https://naturalcapitalproject.stanford.edu/software/invest
https://reliefweb.int/report/world/socioeconomic-and-data-challenges-disaster-risk-reduction-europe
https://reliefweb.int/report/world/socioeconomic-and-data-challenges-disaster-risk-reduction-europe
https://doi.org/10.13140/RG.2.2.18682.08643
http://www.geoikp.operandum-project.eu/nbs/explorer
https://doi.org/10.1016/j.ufug.2006.01.007
https://doi.org/10.1016/j.envpol.2015.09.003
https://www.susdrain.org/files/resources/BeST/w047b_bst_guidance_release_5_v0b_issued.pdf
https://naturvation-navigator.com/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html
https://doi.org/10.1016/S0269-7491(01)00263-9
https://doi.org/10.1016/S0269-7491(01)00263-9
https://www.trees.org.uk/Trees.org.uk/files/8c/8c69f212-a82e-424b-96d1-c8ff6dc02403.pdf
https://www.trees.org.uk/Trees.org.uk/files/8c/8c69f212-a82e-424b-96d1-c8ff6dc02403.pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.552.5418&amp;rep=rep1&amp;type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.552.5418&amp;rep=rep1&amp;type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.496.8230&amp;rep=rep1&amp;type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.496.8230&amp;rep=rep1&amp;type=pdf
https://doi.org/10.1002/sd.1723
https://doi.org/10.5194/acp-20-2099-2020
http://www.ncbi.nlm.nih.gov/pubmed/12125876
https://doi.org/10.2147/RMHP.S61654
https://doi.org/10.1016/j.jnc.2016.03.001
https://doi.org/10.21837/pmjournal.v14.i4.174
https://doi.org/10.1007/s10531-010-9888-8
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Living_conditions_in_Europe_-_housing#Housing_affordability
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Living_conditions_in_Europe_-_housing#Housing_affordability
https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/housing-taxation-new-database-europe
https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/housing-taxation-new-database-europe
https://doi.org/10.1016/j.enbuild.2014.09.052
https://easac.eu/fileadmin/PDF_s/reports_statements/A.pdf
https://easac.eu/fileadmin/PDF_s/reports_statements/A.pdf
https://www.cbd.int/authorities/doc/Singapore-Index-User-Manual-20140730-en.pdf
https://www.cbd.int/authorities/doc/User%27sManual-for-the-City-Biodiversity-Index27Sept2010.pdf
https://www.cbd.int/authorities/doc/User%27sManual-for-the-City-Biodiversity-Index27Sept2010.pdf
https://doi.org/10.1038/s41612-020-0115-3
https://doi.org/10.1787/9789264043466-en
https://doi.org/10.1038/543315c
https://doi.org/10.1890/090220
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1016/S0269-7491(01)00214-7

	Quantifying co-benefits and disbenefits of Nature-based Solutions targeting Disaster Risk Reduction
	1 Introduction
	2 Assessment frameworks and tools
	3 Quantification of co-benefits and disbenefits
	4 Evaluation
	5 Conclusion
	Funding
	Declaration of competing interest
	References


