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Executive summary
The present report forms the building blocks to provide evidence for the efficacy of nature-based
solutions (NBS), designed and implemented to tackle impacts of hydro-meteorological risks. The NBS
deployed in 10 open-air laboratories (OALs; 7 located in EU countries, 3 in non-EU countries) are
developed to mitigate the adverse effects of the considered natural hazards while bringing along
socio-economic benefits.
To provide evidence for the multiple effects and co-benefits of NBS, indicators are needed
representing environmental and socio-economic conditions. In a first step, suitable indicators must be
identified which are affected by both, the considered hydro-meteorological hazards and the principles
of the implemented NBS. In a second step the developed indicators will be assessed over time by
means of suitable, cost-effective monitoring experiments and respective modelling approaches
(objective of subsequent tasks in the OPERANDUM project). Based on the resulting data representing
the development of environmental and socio-economic conditions in space and time, the effects of
the implemented NBS can be derived.
Furthermore, the indicators should be suitable to inform various stakeholders and decision makers
and their diverse levels of pre-knowledge, interests and objectives. Therefore, a superior criteria
concept including four criteria categories was introduced defining the necessary standards of
indicators. The indicators should fulfil the proposed criteria in a balanced way to meet the demands
of expert and non-expert stakeholders on equal terms. The four categories include criteria on the i)
credibility (scientific validity), ii) salience (political relevance), iii) legitimacy (inclusive in terms of
considered stakeholders) and iv) feasibility (affordable in terms of data availability, funding and time).
Particularly the criteria belonging to the category ‘feasibility’ may in the end decide, whether an
indicator can be considered for monitoring experiments in the respective OAL.
Indicators potentially suitable for providing evidence of the environmental and socio-economic effects
of NBS were collected from the involved OALs using a standardized table. The resulting indicators were
then divided into two categories (‘Integrated environmental performance’ and ‘Socio-economic
performance and well-being’) with six thematic indicator groups each. For the category ‘Integrated
environmental performance’, indicators were assigned to ‘water balance’, ‘water quality and
chemistry’, ‘Land cover, land use’, ‘Soil conditions’, ‘Landform changes’ and ‘Subsurface conditions’.
For the category ‘Socio-economic performance and well-being’, indicators were assigned to ‘Human
health and well-being’, ‘Acceptance of NBS’, ‘Property and land value’, ‘Employment generation’,
‘Stakeholder engagement’ and ‘Implementation and maintenance of NBS’. In total, 117 potential
indicators were collected and assigned thematically to one of the defined groups.
At the current stage of the OPERANDUM project the compiled list of indicators and their classification
must be considered a preliminary result. During the co-creation phase of the NBS the relevance of
individual indicators might change over time depending on their alignment with the proposed criteria.
Depending on the involved stakeholder’s needs certain indicators may be favoured while others will
not be pursued. However, the superior criteria concept presented in this report will help to maintain
the relevance of the respective indicators while the indicator framework is flexible enough to add new
ones.
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1 Introduction
1.1 Challenges
In the light of degrading life-support systems on a global scale the concept of nature-based solutions
(NBS) has been introduced, aiming at mitigating impacts of contemporary environmental and socioeconomic challenges on a local scale (IUCN 2009, 2012). This concept has been taken up by the
European Commission aiming at strengthening the knowledge base, encouraging innovation and
enhancing the implementation of novel NBS (EC 2015, 2016). In the recent past, NBS have proven
feasible for tackling environmental and socio-economic challenges in urban areas (e.g. Carinanos et
al. 2017, Kabisch et al. 2016, Kabisch et al. 2017ab, Raymond et al. 2017ab). However, several studies
conclude that a stronger and more comprehensive evidence base is necessary, providing proof of the
effectiveness of NBS for tackling various challenges including food security, water resources, disaster
risk management or climate change (Balian et al. 2014, EC 2015, Kabisch et al. 2016). Based on
provided evidence, an increasing number of innovative NBS could be implemented, raising awareness
for this new way of addressing environmental and socio-economic challenges in a sustainable way (EC
2015, Kabisch et al. 2016).
Besides urban areas the concept of NBS also applies for natural environments in the context of natural
hazards and climate change. In this framework, one of the objectives of the OPERANDUM project is
to demonstrate the efficacy of NBS for tackling various hydro-meteorological risks considering
potential impacts of climate change, while bringing along environmental and socio-economic cobenefits. To provide evidence of the multiple effects of NBS, indicators have to be developed for
monitoring environmental and socio-economic conditions over time. Furthermore, the indicators
must be suitable for informing non-expert stakeholders and decision makers. Therefore, a criteria
concept shall ensure that the developed indicators meet the demands of scientists and various
stakeholders on equal terms.
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1.2 Objectives
The objective of task 3.4 is to develop and select indicators, suitable for monitoring the efficacy of NBS
to mitigate hydro-meteorological risks, also in context of climate change. Thus, the objectives of this
report are to:





Define the necessary terms regarding indicators and the criteria they have to fulfil
Collect suitable indicators from the involved OALs
Deduce a classification for the collected indicators
Establish a criteria concept for developing and selecting suitable indicators

The subsequent monitoring of the developed indicators will in the end provide evidence for answering
the following questions relating to the environmental and socio-economic performance of NBS:




To what extent do the implemented NBS mitigate environmental impacts of the considered
hydro-meteorological hazards?
Do the implemented NBS increase the resilience against the influence of climate change in the
OALs?
What are the socio-economic benefits provided by the implemented NBS?

The indicators must therefore be sensitive to the underlying environmental processes and socioeconomic effects and to the intended impacts of the implemented NBS. The finally selected indicators
will show the evolution of the targeted parameter or variable over time (descriptive indicator, type A;
see section 1.1.5) and relative to a desirable level or reference variable (performance indicator, type
B; see section 1.1.5). Indicators also have to be suitable with respect to the expected time scale on
which the intended NBS will show effects.
For evaluating the suitability of the developed performance indicators for monitoring purposes, a
superior criteria concept was derived from respective literature. The established criteria shall
guarantee that the information provided by the indicators is valid, relevant, widely accepted and that
a monitoring is feasible within the scope of the OPERANDUM project. Only indicators which fulfil these
criteria qualify for (further) monitoring in the respective OALs.
The results of the present report form the building blocks for further tasks in the OPERANDUM project.
The socio-economic indicators collected in Task 3.4 will serve as a preliminary list of indicators for Task
1.1.6 (‘Identify data gaps for developing social, economic and environmental performance indicators’).
In this task, indicators will be refined and updated based on an ‘expert knowledge co-production
approach’. In this task also the indicator classification scheme described in the present report will be
evaluated and – if necessary – adapted. The later cost-benefit analysis of the economic efficiency of
NBS (Work package 5, Task 5.3 – ‘Socio-economic analysis’) will then build on the set of socioeconomic indicators updated in Task 1.1.6. The collected indicators may also be used as input for the
development of vulnerability indicators (Work package 6, Task 6.2 – ‘Co-design of vulnerability and
risk assessments’).
The collected indicators for monitoring the environmental performance of NBS will be used for
developing a monitoring framework and proposing monitoring experiments to assess the efficacy of
NBS in the considered OALs (Work package 4, Task 4.4 – ‘Experiments to measure performance and
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impacts of NBS’). For each OAL relevant indicators can be selected from the presented collection to
define suitable monitoring techniques. The monitoring experiments carried out in work package 4 will
then focus on identified indicators in each OAL.
This report and its results will provide a basis for several specific objectives of the OPERANDUM
project. It particularly aims at results of SO1 (Integrate knowledge about NBS efficacy against hydrometeorological risks) aiming at providing evidence for the efficacy of NBS:




R3 Assessment of new NBS in OPERANDUM OALs
R5 Performance analysis of new NBS between green and blue/grey/hybrid
R7 Impact evaluation framework for new NBS using existing and new KPI

In subsequent tasks of OPERANDUM, the results of the present report will be evaluated, refined and
extended. The presented results are therefore of preliminary character. However, further specific
objectives and results of the OPERANDUM project will indirectly build on the outcome of the present
report and the subsequent tasks.
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1.3 Definitions
Nature-based solutions
Nature-based solutions (NBS) ‘[…] are inspired and supported by nature and simultaneously provide
environmental, social, cultural and economic benefits.’ (EC 2016, p.28). NBS are actions targeting
societal challenges which are cost-effective, simultaneously provide environmental, social and
economic benefits, and help build resilience. In general, NBS can provide a long-term sustainable way
to tackle various environmental and socio-economic challenges (EC 2015, Eggermont et al. 2015). In
terms of hydro-meteorological risks, NBS will strive to mitigate impacts by respective natural hazards
while bringing along environmental and socio-economic co-benefits. NBS include interventions which
can be classified into green, blue, grey and hybrid measures and structures.
The risk concept
The term ‘risk’ in the context of natural hazards, and subsequently the terms ‘hazard’, ‘exposure’ and
‘vulnerability’ can be defined in various ways, depending on the research field and objectives. For the
OPERANDUM project, definitions of these terms were outlined in deliverable D7.1, adopting the
definitions of the IPCC Fifth Assessment Report (IPCC 2014, Figure 1). Within OPERANDUM broader
definition of risk will be considered but for the purpose of this report we focus on IPCC mainly.
Therein, ‘risk’ is defined as ‘the potential for consequences where something of value is at stake and
where the outcome is uncertain, recognizing the diversity of values. Risk is often represented as
probability of occurrence of hazardous events or trends multiplied by the impacts if these events or
trends occur’ (IPCC 2014, p.1048). Risk R is typically referred to as the product of hazard H, and the
vulnerability V and exposure E of elements at risk:
𝑅 =𝐻∗𝑉∗𝐸
The term ‘hazard’ is defined as the ‘potential occurrence of a natural or human-induced physical event
or trend or physical impact that may cause loss of life, injury, or other health impacts, as well as
damage and loss to property, infrastructure, livelihoods, service provision, ecosystems, and
environmental resources’ (IPCC 2014, p.1048). An environmental or human-induced process becomes
a hazard when it spatially interacts with vulnerable elements of human living. With this respect the
term ‘exposure’ is defined as the ‘presence of people, livelihoods, species or ecosystems,
environmental functions, services, and resources, infrastructure, or economic, social, or cultural assets
in places and settings that could be adversely affected’ (IPCC 2014, p.1048). The potential impacts of
a hazard depend on the vulnerability of elements at risk, defined as the ‘propensity or predisposition
to be adversely affected. Vulnerability encompasses a variety of concepts and elements including
sensitivity or susceptibility to harm and lack of capacity to cope and adapt’ (IPCC 2014, p.1048).
In the OPERANDUM project, NBS will be implemented in ten open-air laboratories (OALs). Each OAL
is affected by one or more of the following hazards, bearing the potential of causing damage to
elements at risk:




Floods (OALs China, Germany, Ireland, Greece and Italy)
Droughts (OALs Greece, Italy and China mainland)
Coastal erosion and storm surge (OALs Scotland and Italy)
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Increased nutrient and sediment loading (OAL Finland)
Salt intrusion (OAL Italy)
Landslides (OALs Austria, Scotland and Australia)

In the context of hydro-meteorological risks and climate change, NBS can help i) reducing the hazards
by tackling adverse effects of the respective environmental processes and ii) reducing the vulnerability
of elements at risk by introducing socio-economic co-benefits. Both effects reduce the total risk.
Therefore, indicators must be developed for tracking both, the environmental and socio-economic
performance of the implemented NBS. Depending on the considered hazards, customized NBS will be
developed and implemented in each OAL.

Figure 1: Risk concept (IPCC 2014)

Monitoring and evaluation
The efficacy of mitigation measures designated to reduce hydro-meteorological risks can be assessed
by means of monitoring and evaluation (M&E) methodologies. Monitoring can be defined as ‘a
systematic procedure for checking for the effectiveness (outcomes and impacts) and the efficiency
(outputs) of interventions during implementation’ (Gaskin-Reyes 2016, p.1). M&E relies on indicators
reflecting the past and current status of a parameter, process or project.
Environmental monitoring was previously defined as ‘[…] as a time series of measurements of physical,
chemical, and/or biological variables, designed to answer questions about environmental change’
(Lovett et al. 2007, p.253). Measurements can be conducted at single or multiple selected points,
along lines or area-wide (e.g. Pfeiffer et al. 2018). Typically, research questions aim at finding potential
causes for the monitored environmental changes. In case of the OPERANDUM project, the effects of
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implemented NBS on various environmental processes and conditions shall be quantified by various
means of M&E.

Definition and relevance of indicators
An indicator is defined as ‘a measure, generally quantitative, that can be used to illustrate and
communicate complex phenomena simply, including trends and progress over time’ (EEA 2005, p.7).
Indicators simplify complex processes and interactions to provide information for understanding
reality and decision-making (Hammond et al. 1995, Stanners et al. 2007). They are based on verifiable
data and can be used to measure, monitor and communicate the effectiveness of NBS (Kabisch et al.
2016). Indicators are widely used in various research disciplines including environmental sciences (e.g.
Carpenter et al. 2006, Niemeijer and de Groot 2008), engineering (e.g. Chan and Chan 2004, Cox et al.
2003), economics (e.g. Ameer and Othman 2012, Pilcher 2005), sports (e.g. Hughes and Bartlett 2002,
Lames and McGarry 2007), political science (e.g. Carter et al. 2002), life science (e.g. Neiger et al.
2012), and social science (e.g. Nederhof 2006). However, there are no pre-defined sets of universally
applicable indicators. Their purposes differ depending on the focuses and objectives of the respective
studies. Therefore, they need to be defined properly in order to provide sufficient information for the
individual case of application. A proper selection process and its documentation are essential for later
usage of the prepared indicators (Carpenter et al. 2006, Niemeijer and de Groot 2008).
However, it is important to differentiate between data and information when indicators should be
used in an assessment (Alegre et al. 2017). The term ‘information’ in this context can be defined as
‘data that can be used for the purpose of making decisions’ (Alegre 2017, p.13). Hammond et al. (1995)
point out that indicators convey highly aggregated information based on primary data obtained from
monitoring and data analyses. This scheme of deducing indicators from primary data is represented
in the ‘information pyramid’ (Figure 2).

Figure 2: Information pyramid (adopted from Hammond et al. 1995)
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A framework for selecting suitable indicators was introduced by the Organization for Economic Cooperation and Development (OECD 1993). The proposed pressure-state-response (PSR) framework
included indicators describing societal pressures acting on environmental conditions, state indicators
representing environmental conditions and response indicators reflecting the actions taken by society
as a reaction to environmental change (OECD 1993, Pakzad and Osmond 2016). This framework was
later adopted and extended by the European Environment Agency (EEA), suggesting the DPSIR
framework (Driving forces – Pressures – States – Impacts – Responses). In this framework additional
classes of indicators are introduced representing (socio-economic) driving forces of pressures and
impacts expressing the resulting environmental effects (EEA 1997, EEA 2005, Singh et al. 2012, Pakzad
and Osmond 2016; Figure 3). For the objectives of the present report and the OPERANDUM project,
indicators must be suitably defined to convey and summarize information about impacts on
environmental and socio-economic processes and conditions for supporting appropriate decisions and
responses. If properly defined and understandable, these indicators can be a powerful tool to raise
public awareness and strengthen the support for policy measures.

Figure 3: Extended DPSIR framework – drivers, pressures, state, impact and responses after Pakzad and
Osmond (2016). The authors included a conceptual framework for assessing the environmental
and socio-economic impacts of green infrastructure (GI) used in urban planning by monitoring
selected key performance indicators.

Types of indicators
Following Smeets and Weterings (1999) and Stanners et al. (2007), five different types of indicators
can be distinguished:






Type A: Descriptive indicators (‘What is happening?’)
Type B: Performance indicators (‘Are we reaching targets?’)
Type C: Efficiency indicators (‘Are we improving?’)
Type D: Policy effectiveness indicators (‘Are the political measures working?’)
Type E: Total welfare indicators (‘Are we on the whole better off?’)
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Descriptive indicators (type A) typically present trends of one or more parameters or variables over
time. They are used to monitor changes over time and typically represent pressures, states and
impacts in the DPSIR framework. Descriptive indicators can be difficult to understand and interpret
for stakeholders and decision makers if they are presented in absolute units without providing a
reference indicator or level (Stanners et al. 2007).
An example for a descriptive indicator is presented in Figure 4. The plots show the water balance
derived for the Nadym basin in northwestern Siberia (Karlsson et al. 2012). The water balance
indicator is composed of several parameters which are plotted over time. However, there is no
normative target level or additional variable for comparing the actual values of the indicator. It is
purely descriptive and is preferentially informative for scientists familiar with the research field and
probably with the region. Therefore, it may not be suitable to inform stakeholders in the presented
form.

Figure 4: Water balance indicators for the Nadym basin in northwestern Siberia, representing water input
and output within the basin (modified after Karlsson et al. 2012). Dashed lines show the actual
time series, solid thick and thin lines represent the respective mean and standard deviation
within a 10-year moving window. In the left figure, time series of temperature (red),
precipitation (blue), discharge (black) and the difference between precipitation and discharge
(green) are shown, representing key parameters for the water balance. In the right figure, the
difference between precipitation and discharge (green, same as in left figure) is shown
together with the actual evapotranspiration (brown) and the water storage change (blue).

Performance indicators (type B) are typically a combination of descriptive indicators and compare
actual conditions with a specific or desired set of reference conditions. They represent the gap
between a current situation and desired target situation either relative to a defined level or relative
to a reference variable. Type B indicators are typically better understandable for non-experts and
facilitate deductions and decisions (Alegre et al. 2017, Stanners et al. 2007). Following Alegre et al.
(2017, p.16) a performance indicator should contain information on the quality of the constitutive
variables and be:




Clearly defined, with a concise meaning
Reasonably achievable
Auditable

D3.4 | Report on monitoring criteria of OALs for effective
reduction and prevention of risks related to natural hazards

15 / 66

GA no.: 776848





As universal as possible
Simple and easy to understand
Quantifiable so as to provide an objective measurement

An example for performance indicators is presented in Figure 5. It shows the change in global average
upper ocean heat content relative to the period of 2006 to 2010 (Figure 5a) and the global mean sea
level change relative to the mean of the period 1900 to 1905 (Figure 5b) (IPCC 2013). The presented
time series are shown relative to reference periods (a defined level for comparison). Both indicators
are based on a vast amount of data, analyzed and aggregated to understandable plots with simple
messages.

Figure 5: Observed indicators of a changing global climate: (a) change in global mean upper ocean (0–700 m)
heat content aligned to 2006−2010; (b) global mean sea level relative to the 1900–1905 mean
(modified after IPCC 2013). The colours indicate different data sets with the shadings
representing uncertainties where assessed.

Efficiency indicators (type C) relate efforts to outcomes. They can provide a measure of efficiency for
processes and conditions over time. Efficiency indicators are typically compiled and employed for
measuring progress and preferably used for analyzing and continuously improving process chains
(Stanners et al. 2007, UN 2009).
An example for (eco-) efficiency indicators is presented in Figure 6, showing intensities of water,
energy and land uses for the period 1990 to 2007 relative to the development of the gross domestic

D3.4 | Report on monitoring criteria of OALs for effective
reduction and prevention of risks related to natural hazards

16 / 66

GA no.: 776848

product (GDP) of Vietnam (UN 2009). The indicators show that the usage of water, energy and land
generally decreased relative to the development of the GDP of Vietnam. During the considered period,
the country used less resources to generate the same GDP, due to the increasingly efficient usage (UN
2009).

Figure 6: Trends in the intensity of resource usage in Vietnam (UN 2009). GDP: Gross domestic product, VND:
Vietnamese Dong.

Policy effectiveness indicators (type D) relate policy efforts to the change of target variables. These
indicators are used to represent the impacts of political actions on targeted processes and conditions
over time. Policy effectiveness indicators must be intuitive to understand and typically represent an
enormous amount of data. Hence, their compilation requires time and expert knowledge (Hammond
et al. 1995, Stanners et al. 2007).
A prominent example for a policy effectiveness indicator for future conditions is presented in Figure
7, showing the expected greenhouse gas emission pathways for the period from 2000 to 2100
considering the AR5 scenarios (IPCC 2014a). It relates expected annual emissions of potential future
pathways to the pre-industrial and shows the (potential) effect of policy efforts.
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Figure 7: Global greenhouse gas emissions (gigatons of CO2-equivalent per year) in baseline and mitigation
scenarios for different long-term concentration levels (modified after IPCC 2014a).

Total welfare indicators (type E) are used to monitor and compare the (progress of) welfare of states
or regions. It reflects the development of a country or region in terms of resources, property and
standard of living. However, the definition of welfare remains disputed. One example of a total welfare
indicator is the Human Development Index (HDI), shown in Figure 8. The HDI combines indicators on
life expectancy, education, income and distribution (UNDP 2018).

Figure 8: Human Development Index (HDI) for Italy (UNDP 2018). The HDI is the geometric mean of three
indices representing i) life expectancy, ii) education and iii) gross national income (GNI) per
capita, which are all normalized before.
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For the scope of providing evidence for the efficacy of NBS for mitigating hydro-meteorological risks,
descriptive (type A) and performance indicators (type B) are suited best. Descriptive indicators can be
particularly suitable if a target level or other variables for comparison purposes cannot be defined
beforehand. In the course of the monitoring experiments, descriptive indicators could then be
transformed to performance indicators.
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2 Criteria concept for indicators
Monitoring the environmental and socio-economic impacts of implemented NBS requires carefully
selected indicators which must be sensitive to the relevant hazard processes and socio-economic
effects of the targeted hydro-meteorological risks. Furthermore, the selected indicators must be
suitable for communicating the respective impacts to various stakeholders, including decision makers.
To insure that the indicators meet their purpose, the criteria framework outlined by Cash et al. (2003)
and extended by Van Oudenhoven et al. (2018) was adopted. Van Oudenhoven et al. (2018) distilled
16 criteria which indicators should fulfil to be effective and useful in the science-policy interface. The
study was based on a systematic review of scientific literature and the experience gained in seven case
studies related to the topic. Following the proposed CLSF superior criteria scheme, indicators must
meet criteria of four categories (Figure 9, Table 1):





Credibility
Salience
Legitimacy
Feasibility

2.1 Credibility
Criteria belonging to the category ‘credibility’ refer to the scientific validity and technical adequacy of
an indicator. Parameters and variables belonging to an indicator must be sufficiently backed by
scientific literature deemed trustworthy. They must be quantifiable by means of quantitative and/or
qualitative scientific methods based on good scientific practice ensuring reliability, transparency and
reproducibility. In addition to emphasizing what is currently well-known and accepted in the scientific
community, it also must be pointed out what is less known or even remains unknown. The credibility
of indicators can be enhanced by involving reputable scientists from respective research fields during
their development process and for an external review (Ash et al. 2010, Cash et al. 2002, Van
Oudenhoven et al. 2018).

2.2 Salience
Criteria belonging to the category ‘salience’ aim at ensuring that the information an indicator provides
is relevant to the needs of respective stakeholders and decision makers. Answering purely scientific
research questions is typically not of interest for solving real-world issues. Therefore, an indicator
must convey useful information in an understandable way for drawing conclusions and supporting
comprehensible decisions (Cash et al. 2002). Furthermore, for being considered salient, indicators
should go along with respective legal restrictions and show a connection to political goals. At the same
time, an indicator should be scalable and transferable across multiple spatial scales and areas to
guarantee its comparability (Van Oudenhoven et al. 2018). Ideally, indicators should be suitable to
raise awareness about the key message in order to motivate responsible stakeholders to take action.
Ash et al. (2010) identify four subsequent steps to enhance the relevance for stakeholders:





Identifying the questions for policy or decision making to be answered
Answering these questions
Indicate the levels of certainty of the findings
Summarize the answers in an executive summary
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Figure 9: Superior criteria concept (CSLF) for selecting indicators for monitoring the effects of NBS (modified
after Cash et al. 2003, Van Oudenhoven et al. 2018).

2.3 Legitimacy
Criteria belonging to the category ‘legitimacy’ pursue the question whether the data acquisition and
deduction of information was unbiased and politically fair. The generation of information for
considered indicators should consider various points of view. Later, the legitimacy of an indicator may
be judged based on who collaborated and contributed to the gathering and interpreting of
information and who did not (Cash et al. 2002). This can be taken into account by an initial stakeholder
analysis. For the selection and development of indicators an inclusive process should be implemented,
involving the respective stakeholders, decision makers and experts on equal terms (Reed et al. 2009,
Wissen Hayek et al. 2016). By directly engaging the stakeholders as final users of the gathered
information, the indicators will more likely be accepted by them and may have greater impact.
Furthermore, involving all stakeholders may build and enhance trust amongst them and between
researchers and stakeholders (Ash et al. 2010, López-Rodríguez et al. 2015, Van Oudenhoven et al.
2018).

2.4 Feasibility
Criteria belonging to the category ‘feasibility’ refer to the actual viability of the assessment of an
indicator. This includes the availability of funding, data, time and resources for assessing an indicator
(Schröter et al. 2015). Available data should ideally cover the whole study area and the desired time
span. Moreover, it must be of sufficient and homogeneous quality for being considered for further
processing and analyzing. Also the time necessary for concurrent processing, interpreting and
preparing of the acquired data for informing stakeholders must be considered. These criteria may be
limited by the available funding (Van Oudenhoven et al. 2018).
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Table 1: Criteria and criteria categories for indicators (Van Oudenhoven et al. 2018, p.421).

Criteria category

1. Credibility
(Indicators and
information that they
provide are perceived
as scientiﬁcally
adequate.)

Criteria
A. Valid representation of
subject
B. Agreed by scientiﬁc
community or experts
C. Backed by scientiﬁc
literature
D. Embedded in conceptual
framework
E. Quantiﬁable and robust

F. Relevant to information
needs

2. Salience (Indicators
to convey useful,
relevant information
for decision makers on
a speciﬁc policy
objective as perceived
by potential users.)

G. Scalable and transferable

H. Monitor change over
time

I. Understandable

J. Raise awareness
3. Legitimacy
(Indicators,
information and the
process are perceived
as legitimate and
politically fair by the
audience of an ES
indicator study.)

K. Selected through an
inclusive process

L. Widely accepted

M. Data availability
4. Feasibility (Criteria
ensuring that
indicators can be
assessed and
monitored
continuously.)

N. Time availability
O. Aﬀordable
P. Flexible

Description
The indicator represents the subject to be
indicated.
The indicator has been backed by expert
judgment and agreed on by the scientiﬁc
community. It has been objectively veriﬁed
by experts.
The indicator is backed up by scientiﬁc
literature.
The indicator is embedded in, or meets
criteria of a conceptual framework.
The indicator is evidence based, can be
quantiﬁed, measured over time under
various conditions, and is backed up by
high-quality data.
The indicator is relevant to the information
needs of decision makers, policy actors
and, ideally, aﬀected stakeholders.
The indicator is applicable at diﬀerent
spatial scales and can be compared and
aggregated across diﬀerent geographical
areas.
The indicator is temporally explicit and
allows for monitoring over time. It
measures progress and provides early
warning when needed.
The indicator is readily understood by
decision makers and, preferably, the broad
audience. Indicators combined convey a
simpliﬁed, broad message.
The indicator contributes to raising
awareness and motivates to take action.
The indicators have been selected through
an inclusive process.
The indicator is widely accepted and
agreed upon by the multiple stakeholders
involved.
There is sufficiently detailed data available
for the indicator.
There is sufficient time available for
developing and quantifying the indicator.
The process of selecting, generating and
using the indicator is aﬀordable and costefficient.
The indicator can be revisited and
updated, if required.
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Van Oudenhoven et al. (2018) suggest to consider the CSLF criteria for developing and selecting
suitable indicators from the onset of a project or case study. Depending on the objectives of a study,
a trade-off between the criteria will have to be considered. For example, indicators intended for
decision making must be credible and accurate while they could lack in salience and legitimacy.
Indicators designated to raise awareness on the other hand have to be salient while requiring a lower
accuracy. If indicators must meet several criteria in terms of credibility, salience and legitimacy their
feasibility may suffer due to the increasing costs and requirements of data needed. The importance
of individual aspects of indicators may vary in the course of a project. To guarantee the relevance of
indicators it is important that the main aspects of the CSLF criteria remain balanced. To prevent later
shortcomings of indicators, Van Oudenhoven et al. (2018) provide a checklist (Figure 10) which can be
used as a guideline during the development and selection of suitable indicators (Van Oudenhoven et
al. 2018).
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Figure 10: Checklist for developing indicators which meet the key issues of the CSLF criteria (Van
Oudenhoven et al. 2018).
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3 Indicators for monitoring the efficacy of NBS
For developing suitable indicators capable of showing the integrated environmental and socioeconomic performance of the NBS considered in the OPERANDUM project, measurable parameters
and variables were collected from the OALs by means of a standardized table. In the table general
information about the respective parameters and variables had to be assigned (e.g. research
discipline, type of indicator). Furthermore, for each proposed indicator, information about its type and
assessment strategy were requested. More specifically, details about envisaged measurements
regarding the spatial and temporal dimensions had to be assigned to each indicator. The supplemental
information will be exploited to suggest suitable monitoring experiments for the proposed indicators.
This will be part of Task 4.4 (Experiments to measure performance and impacts of NBS).
The collected parameters and variables were cross-checked for redundancy and consistency.
Indicators addressing the same issue but described with diverging terminology were homogenized. If
the suggested parameter or variable met the demands of a descriptive or performance indicator it
was integrated into the indicator framework (Figure 11). Therein, the derived indicators were
categorized thematically into two indicator categories (integrated environmental performance and
socio-economic performance and well-being) and 12 indicator groups. The 12 thematic indicator
groups were developed based on the 117 suggested indicators and their covered subject areas. In
addition, several groups go along with existing indicator classification schemes applied in an urban
context (e.g. Kabisch et al. 2016, Pakzad and Osmond 2016, Raymond et al. 2017ab). Indicators
addressing the integrated environmental performance of NBS were assigned to 6 indicator groups:







Water balance
Water quality and chemistry
Land cover, land use
Soil conditions
Landform changes
Subsurface conditions

Indicators designated to capture the socio-economic performance and co-benefits contributing to
human well-being were also categorized in 6 indicator groups:







Human health and well-being
Acceptance of NBS
Property and land value
Employment generation
Stakeholder engagement
Implementation and maintenance of NBS

In the standardized table, the criteria dimensions described in section 2 were asked to be evaluated
for each proposed indicator by means of expert judgement. For the criteria categories ‘credibility’,
‘salience’ and ‘legitimacy’ the levels ‘LOW’, ‘MEDIUM’ or ‘HIGH’ could be assigned. The credibility of
the indicators was evaluated based on available scientific literature. The salience of a suggested
indicator was based on previous experience with stakeholders and their perception of the respective
utility. The legitimacy was based on the expected acceptance of a suggested indicator in the local
stakeholder setting. For the ‘feasibility’ criterion the options ‘YES’ or ‘NO’ could be assigned,
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depending on the available data and resources for monitoring a suggested indicator. At the current
stage the assigned levels and options for the CSLF criteria should reflect the potential of each indicator
for being considered for monitoring experiments. The evaluation of the criteria was aggregated to the
level of indicator groups to generalize the subjective estimate of the CSLF criteria.
At the current stage of the OPERANDUM project, variables and indicators collected from the OALs
must be considered a preliminary result. During the ongoing co-creation phase of the NBS and based
on the results of Tasks 6.1 and 6.2, further indicators not yet considered may be added. Furthermore,
in the course of envisaged monitoring experiments, indicators may become irrelevant due to
redundancy or because of changes in priority. However, the results represent the general topics
indicators will cover in the OPERANDUM project and provide a list useful for future indicator selection
for further tasks and during the co-creation and monitoring phase of NBS.

Figure 11: Indicator framework of the OPERANDUM project for assessing the efficacy of NBS in terms of
environmental and socio-economic performance.
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3.1 Indicators for integrated environmental performance
The various NBS to be implemented in the OALs are co-designed to mitigate adverse environmental
impacts of hydro-meteorological hazards. To provide evidence for their effectiveness, the conditions
of the underlying environmental processes must be assessed before, during and after the deployment
of the respective NBS. In order to provide evidence for the intended effects of the NBS various
environmental processes and conditions will be monitored and/or simulated over time. The collected
indicators are potentially suitable for being quantified over time based on continuous, periodic or
sporadic measurements at single or multiple selected points, along lines or area-wide. Short-term
effects of NBS can be efficiently assessed by various kinds of monitoring techniques while mediumand long-term effects will require modelling approaches.
In the following, each indicator group related to the assessment of the environmental performance of
NBS are presented in individual fact sheets. The fact sheets include general information about the
thematic indicator group, its relevance in the context of NBS and hydro-meteorological risks and the
associated sustainable development goals (SDGs). Furthermore, the criteria levels are provided in an
aggregated form for all indicators assigned to the respective group. Indicators assigned to each group
are listed in tables including a primary identification number and a brief description. For each group a
selection of relevant scientific literature as well as online resources are presented.
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1. WATER BALANCE
Hazard types

Type of indicators

Discipline

Assessment

All considered hazards

Physical indicators

Meteorology/
Hydrology

Monitoring &
Modelling

Credibility

Salience

Legitimacy

Feasibility

HIGH

MEDIUM - HIGH

MEDIUM - HIGH

12/15 YES

CRITERIA

RELEVANCY
The water balance is one of the key causative factors for hydro-meteorologically driven natural
hazards. Hence, the monitoring of surface and subsurface water plays a key role for understanding
the interaction of the hydrological system and related hazardous environmental processes.
Furthermore, monitoring hydrological indicators allows to identify critical conditions and is a
prerequisite for evaluating and improving the efficacy of NBS, particularly when aiming at the
reduction of hydro-meteorological risks. Furthermore, NBS influencing elements of the water
balance can have additional positive effects such as the reduction of peak runoff and related surface
erosion.
COLLECTED INDICATORS
ID Indicators

Unit

1.1

Channel width

1.2

Discharge

1.3

Evaporation

1.4

Groundwater level

1.5

Infiltration

m/s (m³/m²s)

Laminar movement of a quantity of water within a
porous material per unit area and time

1.6

Interception

m/s (m³/m²s)

Amount of precipitation caught and held back by
foliage per unit area and time

1.7

Interflow

m/s (m³/m²s)

Subsurface movement of a quantity of water in slopeparallel direction per unit area and time

1.8

Irrigation

m³/s

Artificially applied amount of water per unit area for
the purpose of maturing its crop

1.9

Surface runoff

m³/s

Above-ground movement of a quantity of water
before reaching a stream per unit area and time

1.10 Sea level

m

Description
Width of a stream or river at a defined, revisitable
cross section

Quantity of water flowing through a defined cross
section of a stream or river in unit time
Quantity of vaporized water per unit area and time
m/s (m³/m²s) from free water, snow, ice and land surfaces,
excluding transpiration
Depth of the surface between the zone of saturation
m
and the zone of aeration
m³/s

m

Level of the sea surface when stationary without tides
relative to a reference
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1.11 Stem flow
1.12 Surface water level

m/s (m³/m²s)
m

Movement of a quantity of rainwater down the stems
of plants per unit area and time
Elevation of the free water surface of a water body
relative to a reference

1.13 Transpiration

m/s (m³/m²s)

Amount of vaporized water given off by plants per unit
area and time

1.14 Wave energy

J/m²

Kinetic energy transmitted by the movement of waves
per unit area

1.15 Wave height

m

Vertical distance between the trough of a wave and
the following crest

LITERATURE (Selection)
Scientific literature:
Bogaard, T. A. & Greco, R. (2016). Landslide hydrology: from hydrology to pore pressure, Wiley
Interdisciplinary Reviews: Water 3(3), 439-459.
Gonzalez-Ollauri, A. & Mickovski, S. B. (2017). Hydrological effect of vegetation against rainfallinduced landslides, Journal of Hydrology 549, 374-387.
Sivapalan, M.; Blöschl, G.; Merz, R. & Gutknecht, D. (2005). Linking flood frequency to long-term
water balance: Incorporating effects of seasonality, Water Resources Research 41(6).
Yeh, H.-F. & Lee, C.-H. (2013). Soil water balance model for precipitation-induced shallow landslides,
Environmental Earth Sciences 70(6), 2691-2701.
Zieher, T.; Markart, G.; Ottowitz, D.; Römer, A.; Rutzinger, M.; Meißl, G. & Geitner, C. (2017). Water
content dynamics at plot scale - comparison of time-lapse electrical resistivity tomography
monitoring and pore pressure modelling, Journal of Hydrology 544, 195.

Online resources:
Reports of the YPEKA/Special Secretariat for Water (Ministry of Environment and Energy Greece):
www.ypeka.gr (accessed 13/02/2019)
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2. WATER QUALITY AND CHEMISTRY
Hazard types

Type of indicators

Discipline

Assessment

All considered hazards

Physical indicators

Hydrology

Monitoring &
Modelling

Credibility

Salience

Legitimacy

Feasibility

MEDIUM - HIGH

LOW - HIGH

MEDIUM - HIGH

16/16 YES

CRITERIA

RELEVANCY
The quality of surface and sub-surface water and its chemical composition can be adversely affected
by hydro-meteorological hazards. In the course of extreme events, solution processes of surface and
sub-surface water interacting with its surrounding materials may be enhanced. Furthermore, an
increased runoff will increase surface erosion and raise the sediment load of streams and rivers. NBS
tackling the impacts of hydro-meteorological risks on water conditions may go along with an
improvement of water quality.
COLLECTED INDICATORS
ID Indicators
Biochemical oxygen
2.1
demand (BOD)

Unit
kg/s

2.2

Chlorophyll-a
concentration

kg/m³

2.3

Dissolved oxygen (DO)

kg/m³,
mol/l

2.4

DOC/TOC
concentration

kg/m³

2.5

Electrical conductivity

S/m

2.6

Nitrate concentration

kg/m³

2.7

Nitrogen (N)
concentration and
transport

2.8

Area of algal blooms

2.9

Phosphate
concentration

Phosphorus (P)
2.10 concentration and
transport

kg/s (kg
m³/m³s

Description
Amount of dissolved oxygen needed by aerobic
biological organisms per unit time
Amount of specific type of chlorophyll necessary for
oxygenic photosynthesis per volume unit
Amount of dissolved oxygen in the water per volume
unit
Amount of dissolved organic carbon (DOC)/total
organic carbon (TOC) per volume unit (e.g. Meybeck
1982)
Capability of water to pass electrical flow, depending
on the concentration of ions
Amount of nitrogen compounds (nitrate) in the water
per volume unit
Amount of dissolved nitrogen dislocated due to
water flow per unit time (e.g. Meybeck 1982)

m²

Area of water body covered by algal blooms during
the vegetation period

kg/m³

Amount of phosphorus compounds (phosphate) in
water per volume unit

kg/s (kg
m³/m³s

Amount of dissolved phorphorus dislocated due to
water flow per unit time (e.g. Olli et al. 2009)
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2.11 pH-value
Ratio of stable oxygen
isotopes
Suspended solid
2.13
transport
2.12

2.14 Water color
2.15 Water temperature
2.16 Water turbidity

-

Negative logarithm to the base 10 of the
concentration of hydrogen ions in moles per volume
unit

-

Ratio of stable isotopes in water (d18O and d2H)

kg/s (kg
m³/m³s
°C; K
-

Amount of suspended sediment load transported by
water flow per volume unit and time
Color of water as an indicator for its composition
(e.g. amount of suspended load)
Temperature of water in a defined depth
Haziness of a fluid due to suspended particles and
solubles

LITERATURE (Selection)
Scientific literature:
Huttunen, I.; Huttunen, M.; Piirainen, V.; Korppoo, M.; Lepistö, A.; Räike, A.; Tattari, S. &
Vehviläinen, B. (2016). A national-scale nutrient loading model for Finnish watersheds VEMALA, Environmental Modeling & Assessment 21(1), 83-109.
Meybeck, M. (1982). Carbon, nitrogen, and phosphorus transport by world rivers, Am. J. Sci 282(4),
401-450.
Olli, G.; Darracq, A. & Destouni, G. (2009). Field study of phosphorous transport and retention in
drainage reaches, Journal of Hydrology 365(1), 46-55.
Panagos, P.; Borrelli, P.; Poesen, J.; Ballabio, C.; Lugato, E.; Meusburger, K.; Montanarella, L. &
Alewell, C. (2015). The new assessment of soil loss by water erosion in Europe, Environmental
Science & Policy 54, 438-447.
Strauhal, T.; Loew, S.; Holzmann, M. & Zangerl, C. (2016). Detailed hydrogeological analysis of a
deep-seated rockslide at the Gepatsch reservoir (Klasgarten, Austria), Hydrogeology Journal
24(2), 349-371.

Online resources:
Reports of the YPEKA/Special Secretariat for Water (Ministry of Environment and Energy Greece):
www.ypeka.gr (accessed 13/02/2019)
Database of the Finnish Environment
/Seurantatiedot (accessed 05/03/2019)

Institute:

https://www.syke.fi/fi-FI/Avoin_tieto

Measurement guidelines of the Finnish Environment Institute: http://hdl.handle.net/10138/299105
(accessed 05/03/2019)
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3. LAND COVER/LAND USE
Hazard types

Type of indicators

Discipline

Assessment

All considered hazards

Physical indicators

Ecology/Biology

Monitoring &
Modelling

Credibility

Salience

Legitimacy

Feasibility

MEDIUM - HIGH

MEDIUM - HIGH

MEDIUM - HIGH

19/22 YES

CRITERIA

RELEVANCY
Ecological impacts of hydro-meteorological extreme events will affect both, flora and fauna. Hydrometeorological hazards typically go along with extreme events which exert stress on local
biocoenosis. They can cause enhanced erosion, a loss of biodiversity and degraded ecosystem
services. However, hydro-meteorological hazards can also have positive effects, particularly where
ecosystems depend on their occurrence. Nature-based solutions (NBS) may help to mitigate or even
invert adverse ecological impacts of hydro-meteorological hazards.
COLLECTED INDICATORS
ID
Indicators

Unit

Description
Spatial extent of forests, according to a definition of
forest

3.1

Area of forest cover

m²

3.2

Area of agricultural
land

m²

Spatial extent of agricultural land, including arable land,
meadows and pasture

3.3

Area of histosols
(organic soils)

m²

Spatial extent of histosols (soils rich in organic matter
and undecomposed plant material)

3.4

Area of irrigated
agricultural land

m²

Spatial extent of irrigated agricultural land

3.5

Carbon mass
balance

3.6

Crop phenology

3.7

Fish catch

1/m²;
kg/m²

Catch from commercial fishing per unit area

3.8

Livestock per
agricultural area

1/m²;
kg/m²

Animal production per unit of agricultural area

3.9

NDVI/NPP

-

Normalized difference vegetation index/net primary
production

3.10

Number of species
(biodiversity)

-

The variability among living organisms from terrestrial,
marine and other ecosystems within a defined area

3.11

Root profile (RAR;
root area ratio)

1
(m²/m²)

kg/m²s

Total of carbon emissions and carbon sequestration over
a period of time for a defined area

-

Variability of phenological phases of crops (e.g. Tao et al.
2006)

Vertical distribution of area covered by roots along a
defined cross section
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3.12

Root pull-out force

3.13

Plant biomass

3.14

Plant cover

3.15

Plant growth

3.16

Plant mortality

3.17

Population of
protected species

3.18

Quality of harvested
products

3.19

Shellfish counts

3.20

N

Resisting force of roots against extraction from the soil
matrix

kg/m²

Living plant and animal material both above-ground and
below-ground per unit area

m²
kg/m²
1/m²

Area covered by individual plant species
Net annual increment of a plant plus annual growth of
branches, twigs, foliage, top and stump per unit area
Number of dead plants per unit area
Number of protected plant species within a defined area

-

Variability of quality indicators of agricultural products
(e.g. acid content in wine)

1/m²

Counts of the number of individuals colonizing shellfish
reefs per unit area

Shellfish diversity

-

Species diversity established on the shellfish reef based
on counts and diversity indices

3.21

Wood decay

m

Decomposition rate of wood based on quantifying the
diameter of stems and logs

3.22

Yield

kg/m²s

Mass of agricultural yield per unit area and time

LITERATURE (Selection)
Scientific literature:
Gonzalez-Ollauri, A. & Mickovski, S. B. (2017). Plant-Best: A novel plant selection tool for slope
protection, Ecological Engineering 106, 154-173.
Tao, F.; Yokozawa, M.; Xu, Y.; Hayashi, Y. & Zhang, Z. (2006). Climate changes and trends in
phenology and yields of field crops in China, 1981–2000, Agricultural and Forest Meteorology
138(1), 82-92.
Schwarz, M.; Cohen, D. & Or, D. (2012). Spatial characterization of root reinforcement at stand scale:
Theory and case study, Geomorphology 171-172, 190-200.
Online resources:
Schönthaler, K.; von Andrian-Werburg, S.; van Rüth, P. & Hempen, S. (2015). Monitoringbericht 2015
zur Deutschen Anpassungsstrategie an den Klimawandel, Umweltbundesamt, Dessau-Roßlau.
https://www.umweltbundesamt.de/monitoringbericht-2015-startseite
(accessed
05/03/2019)
Albert, C.; Burkhard, B.; Daube, S.; Dietrich, K.; Engels, B.; Frommer, J.; Götzl, M.; Grêtregamey, A.;
Job-Hoben, B.; Keller, R.; Marzelli, S.; Moning, C.; Müller, F.; Rabe, S.-E.; Ring, I.; Schwaiger, E.;
Schweppe-Kraft, B. & Wüstemann, H. (2015). Empfehlungen zur Entwicklung bundesweiter
Indikatoren zur Erfassung von Ökosystemleistungen, BfN-Skripten 410, Bundesamt für
Naturschutz. https://www.bfn.de/fileadmin/BfN/service/Dokumente/skripten/Skript410.pdf
(accessed 05/03/2019)
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4. SOIL CONDITIONS
Hazard types

Type of indicators

Discipline

Assessment

All considered hazards

Physical indicators

Soil science

Monitoring &
Modelling

Credibility

Salience

Legitimacy

Feasibility

MEDIUM - HIGH

HIGH

MEDIUM - HIGH

12/12 YES

CRITERIA

RELEVANCY
Soils in terms of pedology are the interface between atmosphere and lithosphere and are
continuously influenced by manifold natural and anthropogenic processes and interactions.
Therefore, the type, composition and condition of soils can have major effects on hydrometeorological processes. Furthermore, soils play a crucial role in ecosystem functioning, providing
important ecosystem services for human living. Nature-based solutions for mitigating hydrometeorological bear great potential in generating co-benefits when considering impacts on soils.
COLLECTED INDICATORS
ID Indicators

Unit

4.1

Erosivity

-

4.2

Fertility of
agricultural soils

-

4.3

Permeability

4.4

Soil matric
suction

4.5

Soil moisture

m³/m³;
%

4.6

Soil organic
matter

kg/kg; %

4.7

Soil respiration

kg/m²s

4.8

Soil salinization

kg/kg; %

4.9

Soil nutrients

4.10 Soil strength
4.11 Soil temperature

Description
Susceptibility of soil material towards dislocation by
environmental forcing (e.g. Renard et al. 1991)
Soil fertility according to the Soil Quality Rating (SQR;
Mueller et al. 2007)

m/s
The capacity of a rock or soil for transmitting an amount of
(m³/m²s) water per volume unit and time
Pa

Negative gauge pressure, relative to the external gas
pressure on soil water
Water stored per defined soil volume unit in liquid or frozen
form
Mass of soil organic matter (plant and animal rests) per soil
unit
Oxygen uptake or carbon dioxide evolution by bacteria,
fungi, algae and protozoans, including gas exchange of
aerobic and anaerobic metabolism
Mass of soluble salts of sodium, magnesium and calcium per
soil volume unit

kg/kg;
ppm

Concentration of primary and secondary nutrients in the soil
including Nitrogen, Phosphorous, and Potassium

Pa

Mechanical strength of soil material to resist deformation by
external forcing

°C; K

Temperature of the soil in a defined depth
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4.12

Soil water
retention

Pa

Soil materials capability to retain water against gravity (e.g.
van Genuchten 1980)

LITERATURE (Selection)

Scientific literature:
Gonzalez-Ollauri, A. & Mickovski, S. B. (2017). Plant-soil reinforcement response under different soil
hydrological regimes, Geoderma 285, 141-150.
Lu, N. & Godt, J. (2013). Hillslope Hydrology and Stability, Cambridge University Press, New York.
Passioura, J. B. (2002). Soil conditions and plant growth, Plant, Cell & Environment 25(2), 311-318.
Patil, N. G. & Singh, S. K. (2016). Pedotransfer Functions for Estimating Soil Hydraulic Properties: A
Review, Pedosphere 26(4), 417-430.
Raich, J. W. & Tufekcioglu, A. (2000). Vegetation and Soil Respiration: Correlations and Controls,
Biogeochemistry 48(1), 71-90.
van Genuchten, M. T. (1980). A Closed-form Equation For Predicting the Hydraulic Conductivity of
Unsaturated Soils, Soil Science Society of America Journal 44(5), 892-898.
Online resources:
Mueller, L.; Schindler, U.; Behrendt, A.; Eulenstein, F.; Dannowski, R.; Schlindwein, S. L.; Shepherd,
T. G.; Smolentseva, E. & Rogasik, J. (2007). The Muencheberg Soil Quality Rating (SQR): Field
manual for detecting and assessing properties and limitations of soils for cropping and grazing,
Leibniz-Zentrum für Agrarlandschaftsforschung (ZALF), Müncheberg, Germany.
www.zalf.de/de/forschung_lehre/publikationen/Documents/Publikation_Mueller_L/
field_mueller.pdf (accessed 05/03/2019)
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5. LANDFORM CHANGES
Hazard type

Type of indicators

Discipline

Assessment

Landslide, Flood

Physical indicators

Geology/
Geomorphology

Monitoring &
Modelling

Credibility

Salience

Legitimacy

Feasibility

HIGH

HIGH

MEDIUM

6/7 YES

CRITERIA

RELEVANCY
Landforms are formations on the Earth's surface, either formed by environmental processes or
anthropogenic action. Landforms are continuously formed and reshaped, also in the course of
hydro-meteorological extreme events. These landform changes must be monitored and quantified
to assess the impact of certain events and the potential effects of mitigation measures.
COLLECTED INDICATORS
ID Indicators
Aeolian
5.1
desertification

Unit
m²

Description
Land degradation through wind erosion (e.g. Tao 2014)

5.2

Erosion due to water

m³/s; kg/s

Volume or mass of soil material dislocated due to
forcing of water per unit time

5.3

Erosion due to wind

m³/s; kg/s

Volume or mass of soil material dislocated due to
forcing of wind per unit time

5.4

Gravitational mass
movement

m/s

5.5

Volume balance

5.6

Size of cracks and
fissures

5.7

Surface/object
deformation

Dislocation of material due to forcing of gravity per
unit time

m³/s; kg/s

Volume change due to depletion and accumulation of
dislocated material; if density of involved material is
known, the mass balance can be derived

m

Emerging and enlarging of surficial cracks and fissures
due to stresses in the material caused by
environmental forcing

m/s

Structural changes of topography or man-made objects
due to external forcing
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LITERATURE (Selection)
Scientific literature:
Barbarella, M.; Fiani, M. & Lugli, A. (2015). Landslide monitoring using multitemporal terrestrial laser
scanning for ground displacement analysis, Geomatics, Natural Hazards and Risk 6(5-7), 398418.
Pfeiffer, J.; Zieher, T.; Bremer, M.; Wichmann, V. & Rutzinger, M. (2018). Derivation of ThreeDimensional Displacement Vectors from Multi-Temporal Long-Range Terrestrial Laser Scanning
at the Reissenschuh Landslide (Tyrol, Austria), Remote Sensing 10(11), 1688.
Tao, W. (2014). Aeolian desertification and its control in Northern China, International Soil and
Water Conservation Research 2(4), 34-41.

Online resources:
Landslide monitoring in Tyrol (Austria), federal state of Tyrol, division of geoinformatics:
https://www.tirol.gv.at/sicherheit/geoinformation/monitoring/ (accessed 05/03/2019)
The landslide blog, Prof. Dave Petley: https://blogs.agu.org/landslideblog/ (accessed 05/03/2019)
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6. SUBSURFACE CONDITIONS
Hazard type

Type of indicators

Discipline

Assessment

Landslide

Physical indicators

Geology/Geophysics

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM - HIGH

MEDIUM

LOW - MEDIUM

1/5 YES

CRITERIA

RELEVANCY
Repeated indirect measurements of slope material characteristics based on geophysical principles
allow to assess subsurface conditions and changes. Such changes can be attributed to causes and/or
effects of most hydro-meteorological hazards. This information can be crucial for the understanding
of the underlying environmental process and its reaction to subsurface processes (e.g. ground water
flow, dislocation of solubles). The derived process understanding may affect the decision concerning
mitigation measures. If applied in a long-term monitoring setup, subsurface changes as a result of
the effectiveness of NBS can be assessed.
COLLECTED INDICATORS
ID Indicators

Unit

6.1

Acoustic emission

Hz

6.2

Electrical resistivity

Ωm

6.3

Electromagnetic
emission

Hz

6.4

Electromagnetic
reflection

Hz

6.5

Seismic refraction
and reflection

s

Description
Frequency of emitted acoustic waves resulting from
fracturing of brittle material
Measurement of a material’s property to oppose the
flow of electric current
Frequency of electromagnetic radiation (EMR) pulses
caused by crystal deformation prior to and during the
nucleation phase of nanocracks
Frequency of emitted and received electromagnetic
pulses along profiles for characterizing subsurface
electrical properties
Travel time and characteristics of spreading seismic
waves allow assessing subsurface mechanical properties
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LITERATURE (Selection)
Scientific literature:
Archie, G. E. (1942). The electrical resistivity log as an aid in determining some reservoir
characteristics, Transactions of the AIME 146(01), 54-62.
Samouëlian, A.; Cousin, I.; Tabbagh, A.; Bruand, A. & Richard, G. (2005). Electrical resistivity survey
in soil science: a review, Soil and Tillage Research 83(2), 173 - 193.
Ward, S. H. (1990). Geotechnical and Environmental Geophysics, vol. 1, Review and Tutorial, Society
of Exploration Geophysicists Tulsa, Oklahoma, Tulsa, Oklahoma, chapter Resistivity and
induced polarization methods, pp. 147-189.
Zieher, T.; Markart, G.; Ottowitz, D.; Römer, A.; Rutzinger, M.; Meißl, G. & Geitner, C. (2017). Water
content dynamics at plot scale - comparison of time-lapse electrical resistivity tomography
monitoring and pore pressure modelling, Journal of Hydrology 544, 195.

Online resources:
Critical
Zone
Observatories,
U.S.
NSF
National
https://criticalzone.org/eel/infrastructure/gis-remote-sensing-geophysics-eel
05/03/2019)

Program:
(accessed

Editors’ Vox: Perspectives on Earth and space science. A blog from AGU’s journal editors:
https://eos.org/editors-vox/downhill-all-the-way-monitoring-landslides-using-geophysics
(accessed 05/03/2019)
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3.2 Indicators for socio-economic performance and well-being
In addition to assessing the effectiveness of the NBS to be implemented in the OALs to mitigate the
adverse environmental impacts of the hydro-meteorological hazards, it is also important to
demonstrate the co-benefits of NBS. Co-benefits are the environmental, social, and economic benefits
that a NBS can provide at the same time (Raymond et al. 2017ab). Since many NBS are multifunctional, they are likely to have benefits that go beyond the mitigation of impacts due to the hydrometeorological hazard. For example, NBS can increase biodiversity and improve or add ecosystem
services, which in turn can lead to additional social and economic benefits, such as job and income
generation and more robust livelihoods (WWAP 2018). These co-benefits can be substantial and may
be crucial in favoring NBS over conventional, typically engineering measures in decision-making
processes on hazard mitigation. Demonstrating the co-benefits of NBS can be done by developing
indicators that will capture the impacts of the NBS on socio-economic performance and wellbeing in
the OAL and possibly beyond.
Similar to the environmental performance indicators, each indicator group related to the assessment
of the socio-economic performance and effects on well-being of NBS are presented in individual fact
sheets. The fact sheets include general information about the thematic indicator group, its relevance
in the context of NBS and hydro-meteorological risks and the associated sustainable development
goals (SDGs). Furthermore, the criteria levels are provided in an aggregated form for all indicators
assigned to the respective group. Indicators assigned to each group are listed in tables including a
primary identification number and a brief description. For each group a selection of relevant scientific
literature as well as online resources are presented.
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7. HUMAN HEALTH AND WELL-BEING
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Psychology/Sociology

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM-HIGH

MEDIUM - HIGH

LOW - MEDIUM

5/6 YES

CRITERIA

RELEVANCY
Impacts of hydro-meteorological hazards on human health and well-being are expected where
human livelihoods are directly or indirectly affected by natural hazards. This includes physical harm
to people and their assets as well as psychological/emotional consequences for residents living
within a hazard prone area. The severity of respective societal impacts depends on the resilience
and vulnerability of the affected population. The assessment and the monitoring of such impacts is
a crucial step in risk management, particularly considering the acceptance and co-benefits of NBS.
COLLECTED INDICATORS
ID Indicators
Changes in the sense of
7.1
well-being

Unit
-

Description
(self) Evaluation of levels of stress and/or anxiety
(e.g. MEA 2005)

7.2

Level of noise and
vibration

7.3

Number of affected
buildings

-

Number of buildings (inhabited or not) affected by a
natural hazard

7.4

Number of fatalities

-

Number of fatalities due to impacts of a natural
hazard

7.5

Number of injuries

-

Number of injuries due to impacts of a natural
hazard

7.6

Provisioning of drinking
water

Pa

m³/s

Measurements of noise and vibration during the
implementation and operational service of NBS

Steadiness and amount (volume per time unit) of
drinking water provided
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LITERATURE (Selection)
Scientific literature:
Islam, M. N.; Rahman, K.-S.; Bahar, M. M.; Habib, M. A.; Ando, K. & Hattori, N. (2012). Pollution
attenuation by roadside greenbelt in and around urban areas, Urban Forestry & Urban
Greening 11(4), 460-464.
Maller, C.; Townsend, M.; Pryor, A.; Brown, P. & St Leger, L. (2005). Healthy nature healthy people:
‘contact with nature’ as an upstream health promotion intervention for populations, Health
Promotion International 21(1), 45-54.
MEA (2005). Ecosystems and human well-being. Millennium Ecosystem Assessment, Island Press
Washington, DC.
Peschardt, K. K.; Schipperijn, J. & Stigsdotter, U. K. (2012). Use of Small Public Urban Green Spaces
(SPUGS), Urban Forestry & Urban Greening 11(3), 235-244.
Wood, L.; Frank, L. D. & Giles-Corti, B. (2010). Sense of community and its relationship with walking
and neighborhood design, Social Science & Medicine 70(9), 1381 - 1390.

Online resources:
MEA (2005), Ecosystems and human well-being, Millennium Ecosystem Assessment, Island Press
Washington, DC. http://www.millenniumassessment.org/documents/document.356.aspx.pdf
(accessed 05/03/2019)
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8. ACCEPTANCE OF NBS
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Psychology/Sociology

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM

HIGH

MEDIUM

5/5 YES

CRITERIA

RELEVANCY
Depending on the targeted hydro-meteorological hazard, NBS still may have to compete with
traditional, technical mitigation measures. Hence, it must be shown that NBS perform at least as
well as previously applied techniques. Deploying NBS therefore requires trust of stakeholders who
may critically pursue their performance. By providing evidence of their potential to mitigate impacts
of hydro-meteorological risks and their socio-economic co-benefits, the acceptance of NBS amongst
stakeholders can be fostered.
COLLECTED INDICATORS
ID Indicators
Accessibility of natural
8.1
space

Unit
-

8.2

Aesthetic perception

-

8.3

Hazard mitigation
perception

-

8.4

Number of NBS
measures

-

8.5

Subsidies provided for
private NBS

€

Description
Public accessibility of areas occupied and/or
protected by NBS (e.g. Nagendra et al. 2003)
Attractiveness of OAL and/or NBS (desirable views,
e.g. Schirpke et al. 2013)
Evaluation of factors contributing to risk awareness,
worry, and preparedness of a community (e.g.
Raaijmakers et al. 2008)
Number of NBS units and sub-units deployed in the
OAL
Number and amount of subsidies granted to
stimulate private investment in NBS
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LITERATURE (Selection)
Scientific literature:
Petrova, E. G.; Mironov, Y. V.; Aoki, Y.; Matsushima, H.; Ebine, S.; Furuya, K.; Petrova, A.; Takayama,
N. & Ueda, H. (2015). Comparing the visual perception and aesthetic evaluation of natural
landscapes in Russia and Japan: cultural and environmental factors, Progress in Earth and
Planetary Science 2(1), 6.
Nagendra, H.; Southworth, J. & Tucker, C. (2003). Accessibility as a determinant of landscape
transformation in western Honduras: linking pattern and process, Landscape Ecology 18(2),
141-158.
Raaijmakers, R.; Krywkow, J. & van der Veen, A. (2008). Flood risk perceptions and spatial multicriteria analysis: an exploratory research for hazard mitigation, Natural hazards 46(3), 307-322.
Schirpke, U.; Hölzler, S.; Leitinger, G.; Bacher, M.; Tappeiner, U. & Tasser, E. (2013). Can We Model
the Scenic Beauty of an Alpine Landscape?, Sustainability 5(3), 1080-1094.

Online resources:
Flood risk management of the Danube river (ICPDR): https://www.icpdr.org/main/activitiesprojects/flood-risk-management (accessed 06/03/2019)
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9. PROPERTY/LAND VALUE
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Economics

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM

HIGH

MEDIUM

9/9 YES

CRITERIA

RELEVANCY
Hydro-meteorological hazards can cause impacts in terms of economic losses where man-made
objects and infrastructure (elements at risk) are present in an area directly and indirectly affected
by a hazardous environmental process. The implemented NBS aim at mitigating these impacts to
prevent any losses in property and land value. Furthermore, NBS will bring along socio-economic cobenefits which may even enhance the value of property and land within the affected area.
COLLECTED INDICATORS
ID Indicators

Unit

Description
Damage costs to property and land avoided due to the
implemented NBS/year

9.1

Avoided damage costs

€

9.2

Damage costs of
buildings

€

Damage costs of buildings (inhabited or not) due to
impacts of a natural hazard/year

9.3

Damage costs of
agriculture

€

Damage costs of agricultural land due to impacts of a
natural hazard/year

9.4

Damage costs of
forests

€

Damage costs of forests due to impacts of a natural
hazard/year

9.5

Damage costs of
infrastructure

€

Damage costs of infrastructure due to impacts of a
natural hazard/year

9.6

Prices of homes

€

Market prices of homes per unit area

9.7

Prices of land lots

€

Market prices of lots per unit area

9.8

Prices of second
homes

€

Market prices of second homes per unit area

9.9

Value of provided
resources

€

Value (monetary or qualitative) of resources provided
by the NBS
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LITERATURE (Selection)

Scientific literature:
Baines, C. (2000). A forest of other issues. How trees can improve health and benefit the
environment, Landscape Design, 46-47.
Clark, K. H. & Nicholas, K. A. (2013). Introducing urban food forestry: A multifunctional approach to
increase food security and provide ecosystem services, Landscape Ecology 28(9), 1649-1669.
Shoup, L. & Ewing, R. (2010). The economic benefits of open space, recreation facilities and walkable
community design, Robert Wood Johnson Foundation, Active Living Research Program,
Princeton NJ and San Diego CA.

Online resources:
Statistical information on real estate transactions (National Land Survey of Finland):
https://khr.maanmittauslaitos.fi/tilastopalvelu/rest/API/kiinteistokauppojentilastopalvelu.html?v=1.2.0&lang=en# (accessed 06/03/2019)
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10. EMPLOYMENT GENERATION
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Economics/Sociology

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM

MEDIUM - HIGH

MEDIUM

8/8 YES

CRITERIA

RELEVANCY
Hydro-meteorological hazards can adversely affect employment generation in the OAL and beyond
by physically destroying or damaging businesses or by negatively influencing the demand for goods
and services. Mitigating these hazards by implementing NBS results in the prevention of job losses.
At the same time, implementing NBS can also lead to co-benefits resulting in additional employment
generation.
COLLECTED INDICATORS
ID Indicators
Number of additional/less
10.1
jobs

Unit
-

Description
Number of jobs created or reduced due to the
NBS

10.2

Number of commercial
fishermen affected

-

Number of commercial fishermen affected by the
considered natural hazard

10.3

Number of businesses
attracted/lost

-

Number of businesses attracted/lost in the
vicinity of the OAL due to the NBS

10.4

Number of nights spent in
the OAL by tourists/year

-

Number of nights spent in and next to the OAL by
tourists per year

10.5

Number of people involved
in implementing NBS

-

Number of people involved during the physical
implementation of the NBS

10.6

Number of people involved
in monitoring NBS

-

Number of people involved in monitoring the NBS

10.7

Number of recreation
visits/year

-

Number of recreation visits in the OAL per year

-

Number of tourists visiting the OAL per year

10.8 Number of tourists/year

D3.4 | Report on monitoring criteria of OALs for effective
reduction and prevention of risks related to natural hazards

47 / 66

GA no.: 776848

LITERATURE (Selection)
Scientific literature:
Gobster, P. H. & Westphal, L. M. (2004). The human dimensions of urban greenways: planning for
recreation and related experiences, Landscape and Urban Planning 68(2), 147-165.
Maes, J. & Jacobs, S. (2017). Nature-based solutions for Europe’s sustainable development. J.
Conserv. Lett., 10, 121-124.
Nowak, D. J.; Noble, M. H.; Sisinni, S. M. & Dwyer, J. F. (2001). People and Trees: Assessing the US
Urban Forest Resource, Journal of Forestry 99(3), 37-42.
Willis, C. (2015). The contribution of cultural ecosystem services to understanding the tourism–
nature–wellbeing nexus, Journal of Outdoor Recreation and Tourism 10, 38-43.
Wolf, K. L. (2004). Trees and business district preferences: A case study of Athens, Georgia, US,
Journal of Arboriculture 30(6), 336-346.

Online resources:
Nunes, P. A.; Ding, H.; Ghermandi, A.; Rayment, M.; Varma, A.; Pieterse, M.; Kapthengst, T.; Lago,
M.; Davis, M.; Boteler, B. & others (2011), The Social Dimension of Biodiversity Policy: Final
Report for the European Commission, Brussels. http://ec.europa.eu/environment/enveco/
biodiversity/pdf/Social%20Dimension%20of%20Biodiversity.pdf (accessed 06/03/2019)
EC (European Commission) (2015) Towards an EU Research and Innovation policy agenda for naturebased solutions & re-naturing cities. Final Report of theHorizon2020 expert group on naturebased solutions and re-naturing cities. European Commission, Brussels.
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11. STAKEHOLDER ENGAGEMENT
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Sociology

Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM

MEDIUM

HIGH

3/3 YES

CRITERIA

RELEVANCY
Stakeholder engagement in designing and monitoring of NBS aiming at mitigating hydrometeorological hazards is necessary in order to assure the legitimacy of the NBS implementation
and to increase its acceptance. Moreover, engaging stakeholders in the co-creation process of NBS
implementation will help NBS to achieve a range of co-benefits, since multiple stakeholder interests
will be taken into account.
COLLECTED INDICATORS
ID Indicators
Number of stakeholders
11.1
involved in planning NBS

Unit
-

Description
Number of stakeholders involved during the cocreation phase of a NBS

11.2

Number of stakeholder visits in
the OAL

-

Number of stakeholder visits in the OAL during
the OPERANDUM project

11.3

Number of local stakeholders
involved in monitoring NBS

-

Number of local stakeholders involved in
monitoring NBS

LITERATURE (Selection)
Scientific literature:
Nesshöver, C.; Assmuth, T.; Irvine, K. N.; Rusch, G. M.; Waylen, K. A.; Delbaere, B.; Haase, D.; JonesWalters, L.; Keune, H.; Kovacs, E.; Krauze, K.; Külvik, M.; Rey, F.; van Dijk, J.; Vistad, O. I.;
Wilkinson, M. E. & Wittmer, H. (2017). The science, policy and practice of nature-based
solutions: An interdisciplinary perspective, Science of The Total Environment 579, 1215-1227.
Eggermont, H.; Balian, E.; Azevedo, J. M. N.; Beumer, V.; Brodin, T.; Claudet, J.; Fady, B.; Grube, M.;
Keune, H.; Lamarque, P.; Reuter, K.; Smith, M.; van Ham, C.; Weisser, W. W. & Le Roux, X.
(2015). Nature-based Solutions: New Influence for Environmental Management and Research
in Europe, GAIA - Ecological Perspectives for Science and Society 24(4), 243-248.
Online resources:
Pro Puruvesi ry: http://www.propuruvesi.fi/ (accessed 06/03/2019)
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12. IMPLEMENTATION AND MAINTENANCE OF NBS
Hazard type

Type of indicators

Discipline

Assessment

All considered hazards

Socio-economic
indicators

Economics/Engineering Monitoring

Credibility

Salience

Legitimacy

Feasibility

MEDIUM - HIGH

MEDIUM - HIGH

LOW - MEDIUM

5/9 YES

CRITERIA

RELEVANCY
Monitoring implementation and maintenance costs and related parameters of NBS provides
important information for decision makers deciding between grey, green, or hybrid options to
mitigate hydro-meteorological hazards. This information is also crucial for opening up funding
sources for NBS in other areas.
COLLECTED INDICATORS
ID Indicators
12.1 Amount of waste
12.2 Area of NBS measures

Unit
m³/m²;
kg/m²

Description
Volume or mass of waste per unit area of NBS during
implementation and during operational service

m²

Spatial extent of the implemented NBS measures

12.3 Energy consumption

J/m²

Energy consumption per unit area of NBS during
implementation and during operational service

Effective area of
12.4 protection
structures/total area

m²

Spatial extent of individual protection structures
relative to the total area of the NBS

12.5 Material costs
12.6

Number of protection
structures

€
-

12.7 Operational costs

€

12.8 Quality of construction

-

12.9 Water consumption

m
(m³/m²)

Material costs during operational service of the NBS
Number of individual protection structures
comprising the NBS
Total costs during the monitoring and management
phases of an NBS relative to the potential economic
income generated
Measure of engineering stability, durability and
resilience
Water consumption per unit area of an NBS during
implementation and during operational service
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3.3 Indicators per categories and groups
In total, 117 indicators were collected from the OALs. For the category ‘integrated environmental
performance’ 77 indicators (66%) were identified while 40 (34%) were assigned to the category ‘socioeconomic performance and well-being’. The collected indicators were assigned to the developed
indicator groups with six groups per category. Figure 12 shows the number of indicators assigned to
the respective indicator groups. In Annex A, a table of the compiled indicators and their relation to
the respective OALs is presented.
The most indicators were assigned to the indicator group ‘Land cover/land use’ (n=22). These
indicators consider the development of the spatial extent, the number and the mass of various
vegetation and animal types. This group is followed by ‘Water quality and chemistry’ (n=16) and
‘Water balance’ (n=15). Added up, the two indicator groups related to various measurements of water
include 31 indicators. This is certainly attributable to the thematic focus on hydro-meteorological risks.
The group ‘Soil conditions’ includes 12 indicators which are mainly soil properties monitorable in space
and time. Fewer indicators relate to physical changes of landforms (n=7) and subsurface conditions
(n=5).
The most indicators in the category ‘socio-economic performance and well-being’ were assigned to
the indicator groups ‘Property and land value’ and ‘Implementation and maintenance of NBS’ (n=9).
The indicators assigned to ‘Property and land value’ relate to damage costs and market prices to
different types of man-made objects and land. Indicators assigned to the group ‘Implementation and
maintenance of NBS’ mainly cover costs and the consumption of resources during the implementation
and operational service of NBS. The group ‘Employment generation’ includes indicators (n=7) refer to
the job market and tourism metrics. Six indicators were assigned to the group ‘human health and wellbeing’, considering numbers and factors representing the physical and mental well-being of residents
in the affected areas. The group ‘Acceptance of NBS’ (n=5) includes various indicators for aesthetics,
funding and accessibility of natural space. The fewest indicators were assigned to the group
‘stakeholder engagement’ (n=3). This group includes indicators related to the number of stakeholders
engaged during the planning and monitoring of NBS.
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Figure 12: Number of indicators per thematic indicator group they were assigned to.

D3.4 | Report on monitoring criteria of OALs for effective
reduction and prevention of risks related to natural hazards

53 / 66

GA no.: 776848

4 Conclusions
In the present report indicators suitable for monitoring the efficacy of NBS in terms of their
environmental and socio-economic performance are described. First, the characteristics of various
types of indicators are outlined, addressing their relevance and suitability for conveying and
simplifying complex real-world information. Second, a superior criteria concept is presented,
designated to guarantee a sufficient quality of the indicators in terms of credibility, salience, legitimacy
and feasibility (CSLF).
It must be emphasized that the parameters, variables and indicators collected from the OALs
represent a preliminary result, considering the current status and the respective hydro-meteorological
risks in the individual OALs. The collection represents an early stage of the project OPERANDUM
before most monitoring experiments have been started. During the co-creation phase of the various
NBS and after completing further tasks related to indicators such as T6.2, further indicators not yet
considered may be added to the compilation. In the course of the monitoring experiments, individual
indicators may become irrelevant due to redundancy or because of changes in priority. Furthermore,
the relevance of indicators might change over time depending on their alignment with the CSLF
criteria. Particularly during the co-creation phase of NBS certain indicators may be favoured or
requested by the involved stakeholders while others are neglected due to their lack in one of the
criteria. However, the superior criteria concept presented in this report will help to maintain the
relevance of the respective indicators while the indicator framework is flexible enough to add new
ones.
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5 Outlook
In the project OPERANDUM the efficacy of NBS will be assessed based on novel indicators, suitable for
monitoring environmental impacts and socio-economic co-benefits equally. The desired
environmental impacts of the considered NBS aim at reducing hydro-meteorological risks in areas
prone to natural hazards across Europe. Manifold monitoring experiments of physical parameters will
form the building stones of the developed indicators aiming at providing evidence of the integrated
environmental performance of NBS. At the same time, the socio-economic co-benefits provided by
the implemented NBS will be monitored with suitable methods to establish the data for the dedicated
indicators.
However, for providing evidence for the efficiency of NBS, a long-term monitoring of their costs and
benefits must be conducted. This would require to monitor environmental impacts of NBS as well as
their socio-economic co-benefits over a longer period of time and to relate them to the costs they
cause (e.g. implementation costs, long-term maintenance costs). The major anticipated difficulty will
lie in monetarizing both, environmental and socio-economic impacts of NBS for comparison.
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ANNEX 1: INDICATOR COMPILATION
Table 2: Table of collected and classified indicators and the respective consideration in the OALs (preliminary stage considering the early phase of the OPERANDUM project).

Integrated environmental performance

Categories

Indicator
groups

1. Water
balance

ID
1.1

Channel width

1.2

Discharge

1.3

Evaporation

1.4

Groundwater level

1.5

Infiltration

m/s (m³/m²s)

1.6

Interception

m/s (m³/m²s)

1.7

Interflow

m/s (m³/m²s)

1.8

Irrigation

m³/s

1.9

Surface runoff

m³/s

1.10

Sea level

m

1.11

Stem flow

m/s (m³/m²s)

1.12

Surface water level

1.13

Transpiration

m/s (m³/m²s)

1.14

Wave energy

J/m²

1.15

Wave height

m

2.1
2.2
2. Water
quality and
chemistry

Indicators

Measurement
unit

2.3
2.4

Biochemical oxygen
demand (BOD)
Chlorophyll-a
concentration
Dissolved oxygen (DO)
DOC/TOC
concentration

m
m³/s
m/s (m³/m²s)
m

m

kg/s
kg/m³
kg/m³, mol/l
kg/m³

2.5

Electrical conductivity

S/m

2.6

Nitrate concentration

kg/m³

Description
Width of a stream or river at a defined, revisitable cross
section
Quantity of water flowing through a defined cross section of
a stream or river in unit time
Quantity of vaporized water per unit area and time from
free water, snow, ice and land surfaces, excluding
transpiration
Depth of the surface between the zone of saturation and
the zone of aeration
Laminar movement of a quantity of water within a porous
material per unit area and time
Amount of precipitation caught and held back by foliage per
unit area and time
Subsurface movement of a quantity of water in slopeparallel direction per unit area and time
Artificially applied amount of water per unit area for the
purpose of maturing its crop
Above-ground movement of a quantity of water before
reaching a stream per unit area and time
Level of the sea surface when stationary without tides
relative to a reference
Movement of a quantity of rainwater down the stems of
plants per unit area and time
Elevation of the free water surface of a water body relative
to a reference
Amount of vaporized water given off by plants per unit area
and time
Kinetic energy transmitted by the movement of waves per
unit area
Vertical distance between the trough of a wave and the
following crest
Amount of dissolved oxygen needed by aerobic biological
organisms per unit time
Amount of specific type of chlorophyll necessary for
oxygenic photosynthesis per volume unit
Amount of dissolved oxygen in the water per volume unit
Amount of dissolved organic carbon (DOC)/total organic
carbon (TOC) per volume unit (e.g. Meybeck 1982)
Capability of water to pass electrical flow, depending on the
concentration of ions
Amount of nitrogen compounds (nitrate) in the water per
volume unit

OALAustria

OALChina
mainland

OALFinland

OALGermany

OALGreece

OALIreland

OALItaly

OALUnited
Kingdom
1

1

1

1

1

1

1

1

1
1
1
1
1
1
1
1

1

1
1

1
1
1
1
1

1
1

1
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2.7

Nitrogen (N)
concentration and
transport

2.8

Area of algal blooms

2.9
2.10
2.11
2.12
2.13

pH-value
Ratio of stable oxygen
isotopes
Suspended solid
transport

m²
kg/m³

Amount of dissolved nitrogen dislocated due to water flow
per unit time (e.g. Meybeck 1982)

-

Negative logarithm to the base 10 of the concentration of
hydrogen ions in moles per volume unit

1

-

Ratio of stable isotopes in water (d18O and d2H)

1

kg/s (kg
m³/m³s

°C; K
-

3.1

Area of forest cover
Area of agricultural
land
Area of histosols
(organic soils)
Area of irrigated
agricultural land

m²

3.5

Carbon mass balance

kg/m²s

3.6

Crop phenology

-

3.7

Fish catch
Livestock per
agricultural area

1/m²; kg/m²

Total of carbon emissions and carbon sequestration over a
period of time for a defined area
Variability of phenological phases of crops (e.g. Tao et al.
2006)
Catch from commercial fishing per unit area

1/m²; kg/m²

Animal production per unit of agricultural area

3.9
3.10
3.11

NDVI/NPP
Number of species
(biodiversity)
Root profile (RAR; root
area ratio)

3.12

Root pull-out force

3.13

Plant biomass

3.14

Plant cover

3.15

Plant growth

3.16

Plant mortality
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Amount of suspended sediment load transported by water
flow per volume unit and time
Color of water as an indicator for its composition (e.g.
amount of suspended load)
Temperature of water in a defined depth
Haziness of a fluid due to suspended particles and solubles

Water temperature
Water turbidity

3.8

1

Amount of dissolved phorphorus dislocated due to water
flow per unit time (e.g. Olli et al. 2009)

2.15
2.16

3.4

1

kg/s (kg
m³/m³s

Water color

3.3

1

Area of water body covered by algal blooms during the
vegetation period
Amount of phosphorus compounds (phosphate) in water
per volume unit

2.14

3.2

3. Land
cover/land
use

Phosphate
concentration
Phosphorus (P)
concentration and
transport

kg/s (kg
m³/m³s

m²
m²
m²

1 (m²/m²)
N
kg/m²
m²
kg/m²
-

Spatial extent of forests, according to a definition of forest
Spatial extent of agricultural land, including arable land,
meadows and pasture
Spatial extent of histosols (soils rich in organic matter and
undecomposed plant material)

1
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1

1
1
1

1
1

1

1

1

1

1

1

1

Spatial extent of irrigated agricultural land

Normalized difference vegetation index/net primary
production
The variability among living organisms from terrestrial,
marine and other ecosystems within a defined area
Vertical distribution of area covered by roots along a
defined cross section
Resisting force of roots against extraction from the soil
matrix
Living plant and animal material both above-ground and
below-ground per unit area
Area covered by individual plant species
Net annual increment of a plant plus annual growth of
branches, twigs, foliage, top and stump per unit area
Number of dead plants per unit area

1

1
1

1

1
1
1
1
1
1

1

1
1

1
1
1

1

1

1

1
1

1
1

1

1
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3.17
3.18

4. Soil
conditions

5. Landform
changes

Population of
protected species
Quality of harvested
products

1/m²
-

3.19

Shellfish counts

3.20

Shellfish diversity

-

3.21

Wood decay

m

3.22

Yield

4.1

Erosivity

-

4.2

Fertility of agricultural
soils

-

4.3

Permeability

4.4

Soil matric suction

4.5

Soil moisture

m³/m³; %

4.6

Soil organic matter

kg/kg; %

4.7

Soil respiration

kg/m²s

4.8

Soil salinization

kg/kg; %

4.9

Soil nutrients

kg/kg; ppm

4.10

Soil strength

Pa

4.11

Soil temperature

4.12

Soil water retention

Pa

5.1

Aeolian desertification

m²

5.2

Erosion due to water

m³/s; kg/s

5.3

Erosion due to wind

m³/s; kg/s

5.4

Gravitational mass
movement

m/s

5.5

Volume balance

5.6

Size of cracks and
fissures
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1/m²

kg/m²s

m/s (m³/m²s)
Pa

°C; K

m³/s; kg/s
m

Number of protected plant species within a defined area

1

Variability of quality indicators of agricultural products (e.g.
acid content in wine)
Counts of the number of individuals colonizing shellfish
reefs per unit area
Species diversity established on the shellfish reef based on
counts and diversity indices
Decomposition rate of wood based on quantifying the
diameter of stems and logs
Mass of agricultural yield per unit area and time
Susceptibility of soil material towards dislocation by
environmental forcing (e.g. Renard et al. 1991)
Soil fertility according to the Soil Quality Rating (SQR;
Mueller et al. 2007)
The capacity of a rock or soil for transmitting an amount of
water per volume unit and time
Negative gauge pressure, relative to the external gas
pressure on soil water
Water stored per defined soil volume unit in liquid or frozen
form
Mass of soil organic matter (plant and animal rests) per soil
unit
Oxygen uptake or carbon dioxide evolution by bacteria,
fungi, algae and protozoans, including gas exchange of
aerobic and anaerobic metabolism
Mass of soluble salts of sodium, magnesium and calcium per
soil volume unit
Concentration of primary and secondary nutrients in the soil
including Nitrogen, Phosphorous, and Potassium
Mechanical strength of soil material to resist deformation
by external forcing
Temperature of the soil in a defined depth
Soil materials capability to retain water against gravity (e.g.
van Genuchten 1980)
Land degradation through wind erosion (e.g. Tao 2014)
Volume or mass of soil material dislocated due to forcing of
water per unit time
Volume or mass of soil material dislocated due to forcing of
wind per unit time
Dislocation of material due to forcing of gravity per unit
time
Volume change due to depletion and accumulation of
dislocated material; if density of involved material is known,
the mass balance can be derived
Emerging and enlarging of surficial cracks and fissures due
to stresses in the material caused by environmental forcing
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1

1

1
1
1

1
1

1
1

1

1

1

1

1
1

1
1
1
1

1
1
1
1

1

1

1

1
1

1
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6.
Subsurface
conditions

5.7

Surface/object
deformation

m/s

6.1

Acoustic emission

Hz

6.2

Electrical resistivity

Ωm

6.3

Electromagnetic
emission

Hz

6.4

Electromagnetic
reflection

Hz

6.5

Seismic refraction and
reflection

7.1
7.2
7. Human
health and
well-being

7.3
7.4
7.5
7.6

8.
Acceptance
of NBS

Pa
m³/s

8.1

Accessibility of natural
space

-

8.2

Aesthetic perception

-

8.3

Hazard mitigation
perception

-

8.4
8.5

9.1
9. Property
and land
value

Changes in the sense
of well-being
Level of noise and
vibration
Number of affected
buildings
Number of fatalities
Number of injuries
Provisioning of
drinking water

s

9.2
9.3
9.4

Number of NBS
measures
Subsidies provided for
private NBS
Avoided damage costs
Damage costs of
buildings
Damage costs of
agriculture
Damage costs of
forests
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Structural changes of topography or man-made objects due
to external forcing
Frequency of emitted acoustic waves resulting from
fracturing of brittle material
Measurement of a material’s property to oppose the flow of
electric current
Frequency of electromagnetic radiation (EMR) pulses caused
by crystal deformation prior to and during the nucleation
phase of nanocracks
Frequency of emitted and received electromagnetic pulses
along profiles for characterizing subsurface electrical
properties
Travel time and characteristics of spreading seismic waves
allow assessing subsurface mechanical properties

(self) Evaluation of levels of stress and/or anxiety (e.g. MEA
2005)
Measurements of noise and vibration during the
implementation and operational service of NBS
Number of buildings (inhabited or not) affected by a natural
hazard
Number of fatalities due to impacts of a natural hazard
Number of injuries due to impacts of a natural hazard
Steadiness and amount (volume per time unit) of drinking
water provided
Public accessibility of areas occupied and/or protected by
NBS (e.g. Nagendra et al. 2003)
Attractiveness of OAL and/or NBS (desirable views, e.g.
Schirpke et al. 2013)
Evaluation of factors contributing to risk awareness, worry,
and preparedness of a community (e.g. Raaijmakers et al.
2008)

1

1

1

1

1

1

1

1

1

1

1

€

Number and amount of subsidies granted to stimulate
private investment in NBS

1

€
€
€
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1

1

Number of NBS units and sub-units deployed in the OAL

Damage costs to property and land avoided due to the
implemented NBS/year
Damage costs of buildings (inhabited or not) due to impacts
of a natural hazard/year
Damage costs of agricultural land due to impacts of a
natural hazard/year
Damage costs of forests due to impacts of a natural
hazard/year

1

1
1

-

€

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1
1
1

1
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9.5
9.6
9.7
9.8
9.9

10.1
10.2
10.3

10.
Employment
generation

10.4

10.5

10.6
10.7
10.8

11.1
11.
Stakeholder
engagement

11.2

11.3

12.
Implementat
ion and
maintenanc
e of NBS

Damage costs of
infrastructure
Prices of homes
Prices of land lots
Prices of second
homes
Value of provided
resources
Number of
additional/less jobs
Number of
commercial fishermen
affected
Number of businesses
attracted/lost
Number of nights
spent in the OAL by
tourists/year
Number of people
involved in
implementing NBS
Number of people
involved in monitoring
NBS
Number of recreation
visits/year
Number of
tourists/year
Number of
stakeholders involved
in planning NBS
Number of
stakeholder visits in
the OAL
Number of local
stakeholders involved
in monitoring NBS

12.1

Amount of waste

12.2

Area of NBS measures

12.3

Energy consumption

12.4
12.5

Effective area of
protection
structures/total area
Material costs
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€
€

Damage costs of infrastructure due to impacts of a natural
hazard/year
Market prices of homes per unit area
Market prices of lots per unit area

€

Market prices of second homes per unit area

€

Value (monetary or qualitative) of resources provided by the
NBS

-

Number of jobs created or reduced due to the NBS

-

Number of commercial fishermen affected by the
considered natural hazard

-

Number of businesses attracted/lost in the vicinity of the
OAL due to the NBS

-

Number of nights spent in and next to the OAL by tourists
per year

1

-

Number of people involved during the physical
implementation of the NBS

1

-

Number of people involved in monitoring the NBS

1

-

Number of recreation visits in the OAL per year

-

Number of tourists visiting the OAL per year

1

-

Number of stakeholders involved during the co-creation
phase of a NBS

1

1

-

Number of stakeholder visits in the OAL during the
OPERANDUM project

1

1

-

Number of local stakeholders involved in monitoring NBS

1

Volume or mass of waste per unit area of NBS during
implementation and during operational service
Spatial extent of the implemented NBS measures
Energy consumption per unit area of NBS during
implementation and during operational service

1

Spatial extent of individual protection structures relative to
the total area of the NBS

1

€

m³/m²; kg/m²
m²
J/m²
m²
€

Material costs during operational service of the NBS
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1

1
1
1

1
1

1

1
1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1
1

1
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12.6

Number of protection
structures

-

12.7

Operational costs

€

12.8

Quality of construction

-

12.9

Water consumption
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m (m³/m²)

Number of individual protection structures comprising the
NBS
Total costs during the monitoring and management phases
of an NBS relative to the potential economic income
generated
Measure of engineering stability, durability and resilience
Water consumption per unit area of an NBS during
implementation and during operational service
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1

1
1

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 776848

