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Abstract
Environmental policies employ metaphoric objectives such as ecosystem health, resilience

and sustainable provision of ecosystem services, which influence corresponding sustain-

ability assessments by means of normative settings such as assumptions on system

description, indicator selection, aggregation of information and target setting. A heuristic

approach is developed for sustainability assessments to avoid ambiguity and applications

to the EU Marine Strategy Framework Directive (MSFD) and OSPAR assessments are pre-

sented. For MSFD, nineteen different assessment procedures have been proposed, but at

present no agreed assessment procedure is available. The heuristic assessment frame-

work is a functional-holistic approach comprising an ex-ante/ex-post assessment frame-

work with specifically defined normative and systemic dimensions (EAEPNS). The outer

normative dimension defines the ex-ante/ex-post framework, of which the latter branch

delivers one measure of ecosystem health based on indicators and the former allows to

account for the multi-dimensional nature of sustainability (social, economic, ecological) in

terms of modeling approaches. For MSFD, the ex-ante/ex-post framework replaces the cur-

rent distinction between assessments based on pressure and state descriptors. The ex-

ante and the ex-post branch each comprise an inner normative and a systemic dimension.

The inner normative dimension in the ex-post branch considers additive utility models and

likelihood functions to standardize variables normalized with Bayesian modeling. Likelihood

functions allow precautionary target setting. The ex-post systemic dimension considers a
posteriori indicator selection by means of analysis of indicator space to avoid redundant

indicator information as opposed to a priori indicator selection in deconstructive-structural

approaches. Indicator information is expressed in terms of ecosystem variability by means

of multivariate analysis procedures. The application to the OSPAR assessment for the

southern North Sea showed, that with the selected 36 indicators 48% of ecosystem variabil-

ity could be explained. Tools for the ex-ante branch are risk and ecosystem models with the

capability to analyze trade-offs, generating model output for each of the pressure chains to

allow for a phasing-out of human pressures. The Bayesian measure of ecosystem health is

sensitive to trends in environmental features, but robust to ecosystem variability in line with

state space models. The combination of the ex-ante and ex-post branch is essential to
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evaluate ecosystem resilience and to adopt adaptive management. Based on requirements

of the heuristic approach, three possible developments of this concept can be envisioned,

i.e. a governance driven approach built upon participatory processes, a science driven func-

tional-holistic approach requiring extensive monitoring to analyze complete ecosystem vari-

ability, and an approach with emphasis on ex-ante modeling and ex-post assessment of

well-studied subsystems.

Introduction

“The validity of a conclusion may be regarded as a compound event, depending upon the
premises happening to be true; thus, to obtain the probability of the conclusion, we must
multiply together the fractions expressing the probabilities of the premises.”W. S. Jevons,
The Principles of Science, 1877, p. 209

Lakoff and Johnson [1] argue that human cognitive concepts are all embedded in metaphors
determining thought, language and action. Metaphors are either descriptive (size, orientation)
or map complex structures onto simpler objects, and are therefore easy to communicate and
aspirational, figurative or iconic [1,2]. The understanding of metaphors depends on the cul-
tural context and its societal value framework within a ‘metaphoric web‘, but also on subjective
understanding [3–5].

Environmental policies such as the 1992 Rio Declaration on Environment and Development
(Principle 7), the Millennium Ecosystem Assessment [6] and the Sustainability Development
Goals as follow-up (e.g. [7]), the EUMarine Strategy Framework Directive (MSFD, 2008/56/
EC, Art 3(5)) and the US National Ocean Policy (Executive Order 13547 on July 19th, 2010)
commonly employ a range of ecological metaphors to convey their valued objectives and goals:
inter alia ‘healthy environment’, ‘blue wealth, ‘productive ecosystems’, ‘ecosystem services’.
‘Ecosystem health’ appears as anoverarching principle indicative of unimpaired ecosystem
functioning and sustainable use of ecosystem services [8–11]. ‘Ecosystem health’ is considered
integrative and trans-disciplinary in that it combines the knowledge of the ecosystem with the
knowledge of what is desirable, which necessitates consideration of all determinants of societal
values, e.g. economic and cultural opportunities and human health [12,13].

Rationale and outline of article
Environmental metaphors express complex concepts (‘principal subject’ [14]) by means of sim-
ple analogous sets of known entities (‘subsidiary subject’ [14]). This replacement is not possible
without change of cognitive contents of the two subjects [14], and thus metaphors represent a
certain cognitive strategy of analogical problem solving [1,15]. As such, Moser [15] interprets
metaphors as tacit and a priori knowledge. Mikkelson [16] sees a danger in applying definitions
that turn an empirical matter regarded as important into a generic a priori exercise. A single
observation of ecosystem disorder would be such an empirical matter, but its generalization
would then place it inside the metaphoric web of ecosystem health and thus establish it as part
of the a priori tacit knowledge around this subject. Black [14] refers to this replacement process
as ‘interaction’ (i.e. interaction metaphors, ‘conceptual metaphors’ [5] or 'structural metaphors'
[1]), and distinguishes between ‘interaction views’ in the application of metaphors as opposed
to ‘substitution’ and ‘comparison views’ with a 1:1 replacement in meaning (‘strong as a lion’).
The transition from ‘comparative’ to ‘interaction view’ is gradual, since each metaphor
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comprises both descriptive and evaluative elements ('lion' comprises also a value) [5]. Evaluative
elements inherently contain reflections on goals (‘is/ought problem‘, [5,17]), and metaphors with
predominantly evaluative character are termed ‘generative metaphors’ according to Schön [18].
Schön identified three stages in the replacement process to support policy making: ‘Generative
metaphors’ provide or restructure a decision making framework (stage 2) for problem solving
(stage 3) after problems have been identified in a first stage [18]. Thus, at the second step meta-
phors have a heuristic and stimulating value expressing something that could not be expressed
otherwise but are not yet operational [5,19–21]. From step 2 to step 3, generative metaphors
require additional interpretation and–multiple–transformations within the metaphoric web to
become a policy instrument in an operational context [14]. Examples from the OSPAR conven-
tion area and the Great Lakes show that the term ecosystem health was adopted after negative
observations in certain environmental sectors (e.g. eutrophication, pollution as indicators of eco-
system distress, step 1) had led to the term (and metaphor) of ecosystem approach to manage-
ment, which was transformed into the concept of ecosystem health as policy tool (step 2)
operationalized in the first place by a suite of performance indicators (step 3) [22,23].

Two implications arise from this translation process: Scientific analysis may lose its specific-
ity and rigor, because scientific assertions are made that are not entirely based on data but val-
ues [18,24–27]. This constitutes 'normative science', and in this context Sarewitz speaks of
'scientization' of political disputes ([4], and references in [28]). Secondly, metaphors act as
selection filters for the understanding of systems (for ecosystem services see discussion in Men-
zie et al. [29]), channel the flow of information in scientific analyses [27,30] and influence
methodologies and analytical concepts [2,31].

In line with these arguments, we reverse Rapport's claim of being explicit about the dual
character of metaphors in political debate comprising scientific facts and policy goals ([12],
p. 42), and in turn postulate that metaphors of ecosystem health have a strong influence on the
development of environmental assessments where this explicit differentiation has not been
achieved. We argue that it is possible to develop a formalistic heuristic approach to functional-
holistic assessments of ecosystem health, minimizing metaphorical influence and separating
value system and scientific methods. The method applied is reconstructive metaphor analysis
[32,33], i.e. to determine metaphor use in relation to an external reference system, which here
is the use of metaphors in the context of sustainability assessment methodologies. Lakoff and
Johnson term this ‘grounding a metaphor’ in a framework which can be directly understood
([1], p. 57), and Black defines this as a process of certification of meaning, which allows one to
check a metaphor against its necessary associated statement ([19], p. 64). The latter may con-
tain axiomatic statements like mathematical expressions and logical statements. Since meta-
phors possess no ‘truth condition’ as opposite to falsifiable scientific theories, the question of
metaphor use is not whether they are wrong but where they are misleading [19–21]. The link-
age between sustainability and ecosystem health [8,34,35] allows us to adopt the methodology
of sustainability assessments to assessments of ecosystem health. After reviewing the metaphor
‘ecosystem health’, we will provide an overview of sustainability assessment methodologies to
obtain building blocks for the heuristic approach: the model of Binder et al. [36], the ex-post/
ex-ante framework, indicator selection and indicator aggregation methodologies. The heuristic
approach is outlined in the third section, in the first place as tailor-made approach for the
MSFD, given that MSFD to date has no operational assessment protocol. The fourth section
considers comparing the heuristic approach to environmental policies such as HOLAS for the
Baltic Sea [37], OSPAR indicator based ecosystem assessments [38], for which an example is
calculated, and EUWater Framework Directive (2000/60/EC; see [39]). These policy applica-
tions are discussed against the background of existing scientific literature on ecosystem health
assessments.

Assessment of Ecosystem Health
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Ecosystem health as metaphor
Ecosystem health is a two-stage metaphor with regards to the terms 'ecosystem' and 'health'. As
a transformation of the concept of human health it has helped to facilitate a better understand-
ing of ecosystem state for management, providing a language to describe dysfunctions and ill-
ness of ecosystems [13,23,24,40,41]. In this negative definition, health thus means being free of
disease and distress (in [42]). This way of understanding is linked to a background where eco-
systems can develop their full potential in the absence of serious anthropogenic perturbations
and cumulative impacts [40,43,44]. Accordingly, Calow [45] distinguishes between weak and
strong analogies of health, with strong analogies making profound assumptions on system
dynamics such as homeostatic processes and equilibrium states, whereas weak analogies simply
state deviations from normality. The provisioning of ecosystem services appears often as an
intrinsic component of the positive understanding of the term 'health' describing "the system's
ability to realize functions desired by society and to maintain structures needed by its functions
and by society over a long time" [42]. However, the application of ecosystem services to assess
ecosystem health is problematic, since it remains unclear how changes in ecosystem services
will affect changes of ecosystem health [9], and how this depends on the selection of ecosystem
services to describe ecosystem health [29].

The system's part of the metaphor either understands health as an emergent property of the
entire system as a unit, with the possibility to assess overall ecosystem health as part of system's
integrity [9,13], or as a characteristic of the parts of the system evidenced through individual
indicators [46,47], of which ecosystem services are regarded as one type of indicator [13].
Emergent properties are linked to the capabilities of a system to self-organize [48,49]. However,
opposite to homeostasis in organisms, ecosystems have completely different control systems
based on non-mutualistic mechanisms such as competition or predation [45]. In fact, the prev-
alence of communality as a principle of ecosystem organization constitutes a significant misun-
derstanding of ecosystem functioning [50].

For assessments of ecosystem health, Borja et al. [51] distinguish between a deconstructive-
structural assessment type based on compartmentalized ecosystem information in terms of
indicators (the whole is the sum of parts as metaphor, see Table 1), and a functional-holistic
approach assessing ecosystem health as a whole (metaphor of ecosystems as meta-organisms
[8,9,23], but see [9,13]). Both approaches imply that recombining a set of characteristic features
provides an accurate representation of ecosystem functioning, but the deconstructive-struc-
tural method is characterized by significant a priori assumptions about the functioning of the
system [51]. As for the selection of ecosystem services, the sum-of-parts metaphor may lead to
considerable confusion in selecting indicators and metrics, in particular in cases where guid-
ance warrants the analysis of “the essential features and characteristics" [52].

Deconstructing-structural assessment types either apply linear or hierarchical schemes. Lin-
ear schemes at indicator level likely indicate how deconstructing-structural approaches have
developed: Jörgensen et al. [53] describe this for ecosystem health assessments, starting with
single observations and the question: "What is wrong?", followed by a subsequent management
measure, so that a reference to the system level is not needed. In practice, most concepts are
deconstructive-structural (see [54]), with a hierarchical aggregation of information (top of pyr-
amid as metaphor) retrieved from key indicators or key functions (key role as functional meta-
phor) (Fig 1). At the regional scale in marine assessments, Helsinki Commission (HELCOM)
assessments for the Baltic Sea region (HOLAS) aggregate information from 3 thematic assess-
ments for contaminants, biodiversity and eutrophication condensed into one measure of eco-
system health accompanied by analyses of human pressures [37]. Oslo-Paris Commission
(OSPAR) assessments for the North-east Atlantic apply 9 thematic assessments that are
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qualitatively aggregated into regional summaries [55]. The MSFD applies a hierarchy of attri-
butes, indicators, criteria and descriptors to assess ecosystem health. In the Great Lakes region,
as part of the NOAA goals for healthy oceans and coastal communities (http://www.ppi.noaa.
gov/goals/) aligned to the US National Ocean Policy, ecosystem health is assessed by means of
53 indicator reports aggregated into reports on physical, chemical and biological integrity [56].
All aforementioned deconstructive-structural approaches lack guidance to achieve the overall
assessment (see for Great Lakes [57], HOLAS [37,58], MSFD [59–61], OSPAR [55] despite
some progress during the ‘Utrecht workshop’ [62]).

Functional-holistic assessments focus on the analysis of the entire ecosystem, which is
expressed by means of emergent properties such as energy (e.g. exergy), network complexity
(e.g. entropy, ascendency) [35,44,47], homeostasis, balance between system components, and
the constituting criteria for ecosystem health, i.e. system vigor, resilience and diversity
[26,40,43]. This in part reflects the influence of the metaphoric web, since vigor, resilience and
diversity themselves are metaphors, which in turn are further described along dimensions
termed brittle, eutrophic and crystallized [8].

Sustainability assessment methodology

Dimensions of sustainability assessments: the Binder et al. model
Sustainability assessments provide decision-makers with evaluations of social-ecological sys-
tems within a multi-dimensional context to support decision making [68,69]: ecological, eco-
nomic, social (i.e. triple baseline; further spatial and human health dimensions according to
Rapport [70] can be assigned to the former three). Sustainability assessments comprise four
generic features: consideration of equity (among people, species, generations, geographic
regions), adopting a holistic perspective (view the entire system, integrate across sectors and

Table 1. Examples of interaction metaphors with regards to ecosystem health in relation to assess-
ment type. Sources: [2,5,26,48,63–67]

Interaction metaphors associate d with. . .a

. . . deconstructive- structural assessment type Ecosystem as suite of components

Ecosystem services

. . . functional- holistic assessment type Ecosystem as meta-organism

Emergence (self-organization)

Ascendency (self-organization)

Gaia theory b

. . . both Ecosystem health

Ecosystem approach

Resilience

Tipping points (early warning)

Vulnerability

Vitality of socio-ecological systems

. . . assessment methods Hierarchy, hierarchical designs (pyramid, spider webs)

Everything must be in healthy condition (one-out-all-out)

Keystone, flagship species

a Fischherz [65] lists 494 metaphors for sustainability, of which 36 originated from an ecological and 336 from

a sociological context. 24 metaphors were directly linked to ecosystem health. In turn, Larson [5] lists

ecosystem health under the topic conservation biology, together with 19 other metaphors in this category.
b Larson [5] links the origin of holistic approaches to the Gaia theory.

doi:10.1371/journal.pone.0159481.t001
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disciplines), incorporation of the triple base-line into the decision-making process (i.e. norma-
tive settings, participatory processes, methodology and treatment of uncertainties and risks,
adoption of the precautionary approach), and support of decision-making (governance issues,
communicative processes)[69,71]. Two different lines of assessment approaches have evolved
with regards to the treatment of the multi-dimensional context: firstly, integrated social, eco-
nomic and ecological sustainability assessments in terrestrial and marine ecosystems [6,72,73],
and secondly ecosystem-based assessments, mainly applied to marine systems, with subsequent
consideration of the socio-economic context [74,75].

Binder et al. [36,76] described a workflow to coordinate the assessment features into three
interacting assessment dimensions, i.e. normative, systemic and procedural (Fig 2), of which
the procedural dimension can be considered as umbrella for the normative dimension defining
the boundary conditions, and the systemic dimension making the assessment operational. The
normative dimension transfers political preferences and value-based assumptions into an
assessment framework: It defines the sustainability concept and the choice between weak and
strong sustainability [77]. It comprises a formulation of target setting [78], a definition of the
assessment type, assessment method and method of aggregation of assessment information
[79]. The normative dimension further prescribes how those social-ecological components
identified during a scoping phase interact within and between the normative and systemic
dimensions and thus how to integrate multidimensionality [36,75,80](Fig 2).

Fig 1. Deconstructing-structural hierarchical metaphors of ecosystem health. (A) Scheme applied in the EUMarine Strategy Framework Directive
(after [59]); (B) Scheme applied Holistic Assessment (HOLAS) of the Baltic Sea (after [37]). GES–good environmental status, HA–holistic assessment, SR–
scientific reports, TR–Thematic reports

doi:10.1371/journal.pone.0159481.g001
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The ex-ante/ex-post framework
Assessment method can be described in terms of the ex-ante/ex-post methodologies. Ex-ante
assessments based on modeling allow for a prospective look on the social-ecological system and the
assessment of alternatives. In turn, ex-post assessments are based on existing data and put an
emphasis on retrospective evaluation [54,69,71]. Accordingly, Ness et al. [69] distinguish between
integrated or model based and indicator based assessments for ecosystems, but add product-related
indices with emphasis on the production process as third category. It is widely accepted that neither
applying indicators in an ex-post approach [81,82] nor applying ex-ante modelling [83] let alone
are not sufficient for a holistic assessment, but that a combination of ex-ante and ex-post methods
is essential for adaptive management designs, revealed through explicit modelling and monitoring
steps [75,84].The ex-ante/ex-post distinction is needed for evaluating the resilience in the dynamics
of social-ecological systems as sustainability assessment criterion [85,86].

Indicator selection in the systemic dimension
The systemic dimension describes the system in quantitative terms in a way that allows for
detection of change towards the sustainability goal (see [36]). System description is considered

Fig 2. Dimensions and flow chart of sustainability assessments modified after Binder et al. [36].

doi:10.1371/journal.pone.0159481.g002
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a priori if the interpretation framework is existing before the analysis takes place and is typical
of deconstructive-structural assessments ('top-down' sensu [79]). This hampers the flow of
information and thus can create bias in the analysis [29,30]. In turn, data driven approaches
based on system variability are unbiased and considered a posteriori (e.g. [87]). A priori
approaches cannot be easily transferred into a posteriori approaches, given that the partitioning
of system variability is not transparent in a priori approaches.

Indicators provide a simplified and inherent measure for a complex system [88,89]. The
generating process is not translation as for metaphors, but adequate representation of system
information in the assessment, and accordingly indicator selection is based on sets of scientific
criteria and standards [82,90–93].

Three schools of indicator selection procedures can be identified: participatory, non-reduc-
tionist and reductionist [94,95]. Participatory indicator selection reflects on democratic pro-
cesses to enable stakeholder involvement and to facilitate user needs (bottom up, see [79,82]).
Reductionist approaches in terms of a priori concepts apply theory-driven indicator develop-
ment [88] or system based approaches [96], consider key areas and keystone species [91,97] or
key functions (ecosystem services, [10]). Except for non-reductionist approaches (see below),
indicator selection follows the principles of parsimony (few as possible) and sufficiency (cover-
ing all aspects) [36,88]. Key to the indicator selection problem in a posteriori structuring of eco-
system information is the non-redundant representation of system information in the
assessment [88,98]. Links between indicators can exist in either way, i.e. several indicators can
be linked to the same cause [39,99], and multiple causes may affect the same ecosystem compo-
nent or indicator [100]. OSPAR ecological quality issues (EcoQI) and NRC ecosystem indica-
tors represent theory driven indicator selection concepts [88] as opposed to multivariate
analyses revealing key variables (redundancy analysis [101], principal components analysis
[102]). Wiek and Binder [76] solved this by analyzing the indicator interaction matrix thus
reweighting contributions from each indicator to the final assessment, and Samhouri et al.
[103] identified links between indicators and model parameters by means of a generality index.
Surrogate variables from multivariate analysis such as principal components are less informa-
tive to exact indicators due to problems with regards to time series interpretation (i.e. time
series are not invariant), unclear pressure-state-response relationships (PSR) and unclear target
setting [104]. One important feature of multivariate techniques is that the selected indicators
can be interpreted in terms of the amount of system variability they explain. In marine assess-
ments, only few studies considered indicator interactions and reduction, mostly addressing
practical problems [102,105,106].

Non-reductionist approaches claim that the multidimensionality of sustainability assess-
ments can hardly be condensed into one single metric and that in particular different concepts
of value in economic and environmental assessments warrant the combined application of eco-
logical and economic indicators and metrics [95]. Bossel [96] presented a theory-based
approach selecting an a priori set of 14 indicators for each of the three sustainability dimen-
sions (ecological, social, economic). The Bossel approach has been highly influential in socio-
economic sustainability assessments in facilitating stakeholder participation and social learning
[71,94].

The non-reductionist view on indicator selection leads to a tendency in sustainability assess-
ments in moving towards an ‘indicator zoo’, where the increasing number in indicators has a
reciprocally decreasing influence on decision-making [82]. The tendency to focus on individual
indicators and their selection criteria generally overlooks the relevance of each indicator in the
overall assessment in terms of system information contained in these indicators [89]. Conse-
quently, the systemic dimension includes the analysis of interactions between indicators to
exclude redundancy [76]. For Great Lakes assessments, the initial set of more than 800
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indicators was melted down to 53 indicators [57], and for ecosystem assessments in the Baltic
Sea, a special CORESET program was initiated to straighten the indicator portfolio [107].

The reduction of the number of indicators results in an increased level of abstraction for the
remaining indicators in relation to the system they represent, so that “objectivity may come at
the expense of usability” when specific problems are to be addressed [94].

Indicator aggregation methods in the systemic dimension
In ex-post assessments, constructing a composite index is the most common way to aggregate
information from the suite of selected indicators [54]. A clear policy goal is essential to develop
an index, and components of the index then can be based on theory, empirical evidence or
pragmatism [54,108].

Two ways of aggregating indicator information exist; i.e. additive and exclusive, and the
aggregation method must be coherent with the target setting. In exclusive integration, assess-
ments depend on either indicator A or indicator B (If A or B fail, overall evaluation is also nega-
tive). In an ecological context this either-or evaluation denies knowledge about system
variability. If the sum of indicator information is considered to form an aggregate index, i.e. the
integration method is additive (logical conjunction: A and B). Both methods differ in terms of
their probability characteristics. In case of either conditionally independent conjunctive or dis-
junctive assessment elements, the overall probability of indicating a certain state S, i.e. P(S),
decreases as the number of assessment elements Xi increases (see [109]):

PðSÞ ¼ Q
PðXijSÞ ð1Þ

This relationship from Eq 1 applies to all indicators in exclusive, but selected independent
indicators in additive assessments, so that exclusive and additive assessment frameworks can-
not be combined into one assessment with consistent statistical properties. Additive aggrega-
tion is the most common integration procedure to calculate indices by means of the additive
utility model [54,86,110]. This has two implications, both of which refer to the indicator selec-
tion problem.

Firstly, conditional independence of variables is a prerequisite (see seminal paper from
[111]), although essential criteria on independence and commensurability of indicators are
often disregarded (see Discussion in [112]). Independence is defined by set theory as such that
entities A and B originate from C (i.e. are indicators of C) but share no common subset:

A; B 2 C and A \ B ¼ ; ð2Þ

The set approach allows establishing regional and sectorial filters while assigning indicators
to logically independent entities. Accordingly, any correlation between them will be spurious.
Otherwise, zero conditional and partial correlations between A and B are used to indicate con-
ditional independence (e.g. [113]).

The second aspect of additive aggregation refers to the ‘apples and oranges’ problem [110].
The optimization of the additive utility model as known from consumer theory can be
described as [110,114]

UðX1; . . . :;XnÞ ¼ max
P

iwiuiðXiÞ ð3Þ

where U is the overall utility score obtained from n indicators, and wi is the weight for the util-
ity function ui of indicator Xi. Every indicator Xi has its own value function ui, which in order
to simplify the assessment procedure can be understood as the transformation of the different
measurement scales for Xi into an identical scale for the function U. This process is called nor-
malization (with respect to ui) and scaling or weighting (with respect to wi). Differential scaling
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and normalization procedures account for 68% of variability in the performance of environ-
mental indices [115]. Ebert and Welsch [116] analyzed data requirements of different aggrega-
tion methods. Their assessment criterion was the known ordering of ecosystem states which
should be unambiguous in relation to different aggregation methods. As such, additive treat-
ment can only be applied if indicators are fully comparable, i.e. have the same unit measure
and scale. Incommensurable indicators mainly require multiplicative integration under certain
conditions or cannot be integrated at all [116,117].

Assigning weights through expert judgment introduces a source of (un)wanted subjectivity,
intuition and a priori knowledge to the assessment [88,108,117], and some methodologies
strive at reducing the influence of expert judgment in favor of evidence based assessments [55].
If weighting and scoring is applied, the analyzed alternatives can only be evaluated in relation
to each other but not in relation to a specified absolute goal or in terms of trend analysis due to
the ordinal character of resulting figures ([84], 'disputable baseline problem', see [88]). Apply-
ing weights thus necessarily has the meaning of–presumed—substitution rates (trade-offs) and
reflect a value judgment [77,80].

Normalization has to be considered in relation to the indicator aggregation method and
whether data from the same domain (commensurable data) or different domains (incommen-
surable data) are analyzed. Methods such as ranking, normalizing to a range by reference value
or maximum, standardizing to zero mean and unit variance (z-score) or other convenient mea-
sures [54,80,115] imply a normative value judgment [80,117]. Due to element wise normaliza-
tion and pre-processing data with new properties are created (variances, order of indicators,
distributions, see Fig 3), i.e. normalizing to reference value changes the scaling of data from
interval (cardinal) to ratio-scale (ordinal) warranting the use of the geometric rather than the
arithmetic mean in data aggregation [77,116].

In exclusive aggregation with element wise evaluations of indicators, the procedure of ele-
ment wise normalization is acceptable for both commensurable and incommensurable data. In
additive indicator aggregation in accordance to Eq 3, independent element wise normalization

Fig 3. Effects of normalization procedures on data properties. (A) Two different series (X1, X2) with a 10-fold
difference in value, are standardized to zero mean and unit variance (z-score, bold line), which eliminates the
difference between both. (B) Normalizing to range [0,>1] (so-called Ecological Quality Ratios EQR or Contamination
Ratios, resp., where 1 represents the EQR reference condition (vertical line in B)) practically changes the distribution
of X1, X2 from normal to uniform [37,39]. The normalized value 0.5 for both series indicating a 50% probability of
reaching the target eliminates distributional differences between both series since one indicator (narrow curve) had a
real probability of 100% being below. Red line indicates uniform distribution function.

doi:10.1371/journal.pone.0159481.g003
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is not applicable. For indicators from different domains and to create commensurable data, a
domain-generating function is required to generate values within a common domain and to
normalize against a commensurable reference value (see [118]). This can be achieved by appli-
cation of likelihood functions (domain = probability, see Bayesian analysis, this paper), mone-
tary valuation and accounting techniques (domain = economic value, see [69,73]) or
productivity functions [119,120]. Accordingly, comparisons can be made on cardinal scale.

The heuristic approach for holistic assessments
The heuristic approach (hereafter HA, Fig 4) follows the outline of the canonical framework
from Levin et al. [75] for ecosystem-based management including a distinct link to policy
requirements as defined above, here MSFD (see S1 Text), while nesting Wiek and Binder’s [76]
dimensional approach into an ex-ante/ex-post framework as a unit (hereafter EAEPNS). This
combined approach establishes formal interfaces in the ex-ante/ex-post branches to confine
metaphorical influence at the normative level while applying an a posteriori description at the
systemic level by means of a formalized language, i.e. mathematical models as external refer-
ence system. HA development thus comprises five building blocks, i.e. assessment method with
a corresponding normative dimension to link ex-ante modelling as phasing-out of pressures
and ex-post evaluation of indicators of ecosystem health, and within each branch, choice of
assessment type as systemic component, and the method of aggregation of assessment infor-
mation including normalization and target setting as normative procedural component. Essen-
tially new for HA is the development of building blocks in the ex-post branch. HA delivers two
different measures, i.e. the assessment of ecosystem health in the ex-post branch and the model
based outputs in the ex-ante branch.

Fig 4. First tier level in MSFD assessments separatesmeans related to phasing-out of pressures from the assessment of ecosystem state.
Numbers refer to chapter 'EuropeanMarine Strategy Framework Directive (MFSD)'. Policy requirements need to be considered to adopt the assessment
procedure, and in turn output determines the future policy needs as outlined in the canonical concept of Levin et al. [75].

doi:10.1371/journal.pone.0159481.g004
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Detailing building blocks: The ex-ante systemic dimension
The ex-ante branch allows to analyze trade-offs as part of pressure reduction scenarios and
does not need to be unified (see [121]). The multiple pressures in the phasing-out lead to the
concept of causal networks as systemic dimension in the ex-ante branch ([51] with MSFD
example; [89]), which requires the use of comparative tools such as risk assessments [121,122],
ecosystem models [123], multi-criteria-decision-making tools [84] or economic-ecological pro-
duction models [124]. These models allow for accounting for externalities as unwanted side
effects, a basic element in the development of sustainability indices and sustainability assess-
ments [125]. It implies scaling of effects in relation to reference conditions as normative com-
ponent enabling straightforward target setting (e.g. maximum sustainable yield in fisheries
models or gain as relation between regeneration and loss processes in risk models
[120,122,126]) as opposite to un-scaled impact assessments. Scenario modeling is the means by
which multi-dimensionality is introduced into the assessment.

Hence, the ex-ante branch is also the place to incorporate links to other (environmental)
policies. The corresponding utility function can be rewritten as

UðM1; . . . :;MnÞ ¼ max f ðP1; . . . ; PnjY1; . . . ;YmÞ ð4Þ
maximizing the utility from measuresMn expressed as function of pressures Pn under bound-
ary conditions set by policy requirements Ym [122]. It is evident that the solution for U(M) is
dependent on policies Y, so that reaching an overall solution could compromise one part of Y
while satisfying the other. This means that paradigmatic solutions like one-out-all-out cannot
apply to the ex-ante branch (for one-out-all-out see S1 Text).

Detailing building blocks: The ex-post systemic dimension
The HA ex-post assessment of ecosystem health is absolute with a single solution for ecosystem
health following the concept of strong sustainability [22,79], considers selection of independent
indicators in relation to ecosystem variability (functional-holistic) and utility models with
within-domain normalization to aggregate information.

Indicator state at time t of indicator Xi (e.g. concentrations, age, weight, length) depends on
the state at time t-1 plus new data at time t and thus is a time series for which change can be
measured [106,127,128], i.e.

Xi;t ¼ f ðXi;t�1; dataÞ ð5Þ

so that Xi,t is the mean of observations with error at time t. Each element Xi is assigned the
probability PXi of passing (good environmental status, GES) and of 1- PXi of non-passing (non-
GES) the target value. This probability is 50% when Xi,t reaches the target value (Fig 5).

In multivariate techniques to select indicators, not all variability in the data set is covered by
the selected surrogate variables and they are they change with new data. Time series of indica-
tors are invariant to new data at time t and thus the condition expressed in Eq 5 with a definite
Xi,t-1 is fulfilled.

As normative setting, we consider GES as function of indicators Xi (additive, exclusive)
while applying the relationship from Eq 5.

UGES ¼ f ðXÞ ¼ f ðX1;t�1; . . . ;Xi;t�1; dataÞ þ E ð6Þ

Accordingly, UGES comprises present information (data) and prior information, i.e. Xi,t-1, as
well as one error term E denoting utility that would have been obtained from unexplained eco-
system information. Evidently the associative law applies so that Eq 6 inserted into Eq 3 is a
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generalized description of aggregation of information across the selected set of indicators for
all descriptors considered–there is no need to further elaborate on any aggregation hierarchy in
information. Eq 6 can be written as likelihood function of the data, given that GES is reached,
and thus likelihood serves as domain-generating function allowing us to apply Bayesian ratio-
nale. Bayesian methods reckon on all available information, present and past. The ‘data’-part
of Eq 6 represents their present sampling distributions [131], i.e.

LðXjGES; EÞ ¼ LðX1;datajGESÞ � LðX2;datajGESÞ � . . . � LðXi;datajGESÞ ð7Þ

In censored data (here: GES, non-GES), the likelihood function employs the probability dis-
tribution function instead of the density function [132]. We now ask for the overall probability
of GES given the data and the available prior information Xi,t-1 from Eq 6, and consider Bayes’
theorem, where the probability of A and B is the conditional probability of A given B times the
probability of B, i.e. conditional dependence between indicator and GES,

PðA;BÞ ¼ PðAjBÞ � PðBÞ ; and ð8Þ

P BjAð Þ ¼ PðA;BÞ
PðAÞ ð9Þ

Inserting Eq 8 into Eq 9 yields:

P BjAð Þ ¼ PðAjBÞ � PðBÞ
PðAÞ ¼ PðAjBlÞ � PðBlÞP

lPðAjBlÞ � PðBlÞ
ð10Þ

The formulation of the denominator is a reformulation of Eq 8, considering the probability
for A as sum of shared sets of A in conjunction with all hypotheses Bl. This requires hypotheses

Fig 5. Time trajectory of indicator Xi representing a state indicator. Xi increases in the recent time period
from time tn-1 to time tn and reaches the target value S. The target value Smay be pragmatically derived as
some percentile of the time series [129] or frommodeling [130]. Time series data have a confidence interval
around the mean so that a probability distribution at any time t is obtained. The mean for normally distributed
data indicates a 50% probability of reaching the target value S.

doi:10.1371/journal.pone.0159481.g005
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Bl to be exclusive, which is true for the two possible states of GES and non-GES,

P GESjX; Eð Þ ¼ LðXdatajGES; EÞ � prior ðGESÞ
LðXdatajGES; EÞ � prior ðGESÞ þ LðXdatajnon� GES; EÞ � prior ðnon� GESÞ ð11Þ

The consideration of prior information renders Eq 11 trend-sensitive in that it 'remembers'
the former state and the denominator is the within-domain normalization of Eq 3. GES is now
described as probability of reaching GES given the data representing a certain amount of eco-
system variability and dynamics. The indication of probability of GES from Eq 11 provides a
flexible alternative to either-or solutions as obtained from exclusive assessment methodologies,
in particular in a stage when the system is improving but has not reached GES (see Fig 6A).

The increase of objectivity by reducing the number of indicators to obtain a probability
measure of GES does not necessarily lead to a reduction of user-friendliness due to an increased
level of abstraction which has been argued in the literature [94,133]. Eq 7 shows that GES can
always be traced back to the individual indicators and their likelihoods and the corresponding
indicator groups and thus the degree of variability explained by these selected indicators in the
indicator space (S1 Appendix).

HA in relation to existing assessment methodologies and policy
frameworks

European Marine Strategy Framework Directive (MSFD)
The goal of MSFD is to attain ecosystem health by means of good environmental status (GES)
in EU marine waters by 2020. At European Commission level, this is understood as a yet unde-
fined combination of indicators into one measure of GES [52,59,104]. Specifications of the
MSFD as detailed in the respective legal documents (S1 Text) indicate that a deconstructing
structural assessments type is pursued based on 11 descriptors of ecosystem integrity (S1
Table), with two specific forms of policy measures, i.e. one related to assessing ecosystem and
the other related to a remediation of human pressures. Nineteen assessment methods have
been proposed to date for MSFD assessments (S2 Table), based on 56 generic indicators which

Fig 6. The probabilistic approach for assessing ecosystem health exemplified by means of two indicators. A 50% probability of reaching good
environmental status (GES) is indicated by the horizontal lines, x-axis is time, grey area indicates state space with high probability of reaching GES. (A)
Gradual approach towards GES, (B) GES state in variable environment, and (C) early warning as one indicator (X1) consistently scores low (or high).

doi:10.1371/journal.pone.0159481.g006
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have been specified to 557 indicators at species and habitat level [134]. Mainly mixed concepts
are advocated, with exclusive aggregation for pressure and additive aggregation for state indica-
tors but without guidance how to achieve the overall assessment. The method for the exclusive
assessment is one-out-all-out (OOAO, see S1 Text).

HA resembles the basic structure of the MSFD, i.e. the assessment of GES in the ex-post
branch and the model based outputs in the ex-ante branch (Fig 7 step 1). The difference
between ex-ante and ex-post assessments indicates system resilience and is the key to adaptive
management. For each ecosystem component, a respective succession-time trajectory has to be
anticipated [122], so that the ex-ante assessment will apply to features with both high (rapid
recovery) and low resilience (slow recovery), whereas the ex-post assessment will best apply to
features that are very responsive to changes of pressures (see [41]). The potential of combining
both approaches for MSFD purposes was recognized, when stating that risk based and indica-
tor based assessments could be applied to pressure and state descriptors differentially [51,104].

Fig 7. Detailed assessment tree following the EAEPNS structure for HA sustainability assessments to indicate good-environmental-status (GES)
under the Marine Strategy Framework Directive (MSFD). Steps 1–3 explained in text, steps 1 and 3 refer also to Fig 4. Circles indicate external normative
inputs. OOAO–one-out-all-out, + or -PP–preserving or abandoning the precautionary principle.

doi:10.1371/journal.pone.0159481.g007
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The systemic dimension identifies the relevant pressures and indicators for each of the
branches, either in terms of causal networks of pressure relationships (pressure space) or in
terms of the analysis indicator space to select indicators based on the criteria of independence
and ecosystem variability they represent (a posteriori selection). They can be linked to a hierar-
chical concept, but this is not essential for the assessment. The selected indicators receive no
particular weighting.

At step 2 (Fig 7), the treatment of uncertainty determines whether exclusive or additive
assessment methods are chosen. Exclusive assessments (e.g. OOAO) are non-reductionist pre-
cautionary tools and thus try to incorporate indicator information as much as possible with
high costs of implementation [78]. The probability of rejecting a true GES state as incorrect is
high (Eq 1, type II error). This does not apply to additive models with a subset of conditionally
independent indicators. In additive models, the precautionary principle is re-introduced by
means of precautionary target setting in the likelihood function, i.e. targets can be developed to
be either disturbance friendly or environmentally friendly, i.e. precautionary (see [135]).

The Bayesian model (Eq 11) provides a probability value of reaching GES, now integrating
uncertainty and PP. The inclusion of prior information in the Bayesian model enables easy
tracking of incremental changes in selected indicator ensembles ranging from 0% to 100% (Fig
6A). Accounting for subtle changes in ecosystem state and trend information is one of the key
challenges in ecosystem based management [59,136].

The same GES probability (Fig 6B) can be obtained by different combinations of likelihoods
from the individual indicators (S1 Appendix). Thus, indicators are allowed to vary within a
given range to account for stochastic variability and short-term perturbations in ecosystem
properties. This is consistent with methods that account for an allowable range of indicator val-
ues [86,137] and the state space approach to evaluate ecosystem health [41]. In Eq 7, consis-
tently under- or over-scoring in likelihoods over a certain period of specific indicators would
indicate persistent changes in certain ecosystem components while not in others. This would
allow to install an early warning system ([138], see Fig 6C). Both, the capability to deal with
unequal indicator probabilities and the buffer towards ecosystem variability equip the Bayesian
model with two realistic features to assess ecosystem state.

OSPAR, HELCOM andWater Framework Directive (WFD): A worked
example
Assessments undertaken by regional conventions OSPAR and HELCOM and the European
Water Framework Directive screened with regards to HA building blocks of assessment type,
assessment method and indicator aggregation and normalization indicate significant differ-
ences in relation to HA (Fig 8, S3 Table). OSPAR, HELCOM andWFD apply the deconstruc-
tive-structural assessment type with a priori selection of indicators, i.e. the amount of
ecosystem information contained in these assessments is unknown. Only one methodology
comprises an ex-ante/ex-post structure, i.e. the HELCOM ecosystem assessment HOLAS (see
Fig 1). OSPAR and the WFD apply indicator-based assessments, although OSPAR assessments
include trends of ecosystem states and pressures as parameters in the ex-post assessment,
based on expert judgment rather than detailed trend modelling.

With regards to aggregation methods, WFD applies exclusive aggregation (one-out-all-out).
HOLAS applies a combination of additive and exclusive indicator aggregation without consid-
ering the associated statistical problems, and weighting by means of expert judgment. HOLAS
andWFD both undertake between-domain normalization with subsequent changes of the
properties of the input variables (see Fig 3). OSPAR assessments are different in that they apply
qualitative, i.e. narrative aggregation without any normalization of the time series data, so that
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their statistical properties are maintained [55]. A first holistic assessment approach, i.e. the
‘Utrecht Workshop’methodology, applying exclusive aggregation methods is considered pre-
liminary [55,62].

A worked example for HA based on OSPAR assessments reveals (S1 Appendix) that HA
cannot be applied to existing assessment frameworks without difficulties. OSPAR assessments
are based on Ecological Quality objectives (EcoQO) which provide a link between human activ-
ities and impacts on biodiversity, but also specify the desired state of an ecological component
or mechanism [55,139]. This would allow to consider EcoQOs within a PSR framework, but
since PSR relationships are not always clear [139], also as part of an indicator-based ex-post
assessment (see S3 Table). In line with the latter, the southern North Sea with the adjacent
Wadden Sea area is one of the few regions within the OSPAR area to have sufficient data

Fig 8. Decision tree of existing methodologies for assessing ecosystem health and the heuristic approach (HA). Screening is undertaken with
respect to building blocks of the ex-post heuristic approach. Assessment methodologies are described in S3 Table. HOLAS–Holistic Assessment for the
Baltic Sea, WFD–Water Framework Directive assessments, OSPAR–OSPAR ecosystem assessments

doi:10.1371/journal.pone.0159481.g008
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coverage published in OSPAR andWadden Sea status reports. Since 6 out of 11 OSPAR Eco-
QOs directly refer to Wadden Sea quality objectives, OSPAR and Wadden Sea status reports
are acquired as data sources to create an indicator space for the southern North Sea. Multivari-
ate analysis based on 36 deliberately selected variables explains 57% of variance by the first two
principal components (PCA1, PCA2), with 44% of variance assigned to PCA1, indicating a
high degree of correlation between the variables as a matter of their joint responses to maritime
environmental policies and/or pressures; they are logically dependent. Variables dependent on
river loads were assigned to PCA2, accounting for 13% of variance. In redundancy analysis,
42% of variance can be explained from 2 variables, i.e. large fish indicator (LFI) representative
of PCA1 and ppDDE concentrations in bird eggs related to PCA2. Since ppDDE is an ecosys-
tem parameter but not an element of the respective EcoQO with a corresponding target value,
a tentative target value was calculated for the purpose of this example for ppDDE based on the
DDT target given that ppDDE is a breakdown product of DDT. Depending on the prior, likeli-
hood of reaching target values for the years 2007 and 2008 was<0.01% (Table 2) with two res-
ervations, i.e. the ppDDE value was taken from the most contaminated site, the island of
Trischen, whereas other sites were already below the tentative target value in both years, and
secondly, that 58% of ecosystem variance were not explained. Simulations with increasing
trend (simulations II and III) and decreasing trend (simulation IV) indicate conservative
behavior of the GES index due to the effect of the prior. The respective OSPAR 2010 assess-
ment concluded, that EcoQOs for fish populations, the large fish indicator (LFI), and contami-
nants in bird eggs eutrophication were not met, and partly met for seals and for oiled seabirds
[38]. The following EcoQOs were not included in the analysis: Plastic particles in bird stom-
achs (short time series), imposex in dogwhelks (not operational), harbor porpoise by-catch (no
local data).

Discussion

Metaphors in the Heuristic Approach
The question in evaluating metaphors is whether the use of metaphors is misleading in scien-
tific terms. Hierarchical metaphors in deconstructive-structural assessments promote assess-
ments that do not indicate the amount of ecosystem information explained but rely on a priori
knowledge, which is expressed in terms of confidence in assessments [62,67], of certainty in
relation to values [112], and of importance of indicators [10,92,105]. Further normative com-
ponents include a priori indicator selection, aggregation of partially redundant indicators,
between-domain normalization of indicators and associated weighting and scoring procedures.
HA instead builds a generic framework based on five building blocks where metaphorical

Table 2. Worked example for OSPAREcoQOs for the southern North Sea based on two EcoQO elements, LFI and ppDDE (Trischen). Explained var-
iance in simulations not indicated. Data and calculations in S1 Appendix.

Model specification Likelihood GES
2007

Likelihood GES
2008

Explained ecosystem
variance

Real values 2007 and 2008; prior 2007 = 0.01 <0.01% <0.01% 42%

Simulation I: ppDDE on target, LFI real values <0.01% <0.01% NA

Simulation II: both first year on target in 2007, 2007 = 2008, prior
2007 = 0.45

45.0% 45.1% NA

Simulation III: Both first year at target +10% in 2007, 2007 = 2008,
prior2007 = 0.45

59.7% 72.9% NA

Simulation IV: Both first year at target -10% in 2007, 2007 = 2008, prior
2007 = 0.55

40.9% 28.2% NA

doi:10.1371/journal.pone.0159481.t002
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influences are minimized: an ex-ante/ex-post framework as outer normative-procedural
dimension, and inner normative-procedural and systemic dimensions for each of the branches
(EAEPNS). The systemic dimensions in each of the branches provide a built-in check of system
variability. Thus the basic difference between deconstructive-structural assessments and HA
may be seen in the treatment of explained system information, which in HA is the variance
model embedded in the additive utility function (Eq 6) or uncertainty in risk models.

HA employs two metaphors. The metaphor in the functional-holistic assessment is the eco-
system as entity. This metaphor is inconsequential, since the additive utility model is open and
the only basis to select indicators in the ex-post branch is their non-redundant information con-
tents retrieved out of observable system dynamics: If a system consisted of two or more indepen-
dent subsystems, this would be revealed in the a posteriori analysis and a respective change in the
indicator portfolio (see worked example). In the same way HA is open to extended concepts inte-
grating health and environmental impact assessments (i.e. HIA/EIA, [140,141]), leading to more
indicators in the ex-post branch and respective pressure chains in the ex-ante branch. The second
metaphor in ecosystem health implies that there is a certain properly measurable ecosystem state,
for which a reference level exists for target setting. This is challenged by the view, that ecosystems
are dynamic self-organizing adaptive systems [48,63]. Intrinsic ecosystem dynamics can lead to
self-organized criticality, generating new structures in the ecosystem so that envisaged gradual
changes in ecosystem properties (Fig 6A) are replaced by abrupt changes, i.e. ‘tipping points’
[63]. Management of systems with changing stability conditions needs adaptive target setting
[64], which can be accounted for in the target setting procedure, but not necessarily is a matter of
changing the assessment structure (see Fig 6C).

HA as methodology
The most palpable element of HA is the building block containing the ex-ante/ex-post frame-
work with the associated inner normative procedural and systemic dimensions of each branch
(EAEPNS framework). It provides a means for translation of a policy aim into a scientific tool,
capable of adaptive management and the analysis of policy scenarios. Mee et al. [78] present a
similar two pillar approach for comprehensive management of human activities that reflects
the ex-ante/ex-post part of EAEPNS, addressing in particular the different behavior of slow
and fast variables. However, in most publications on ecosystem health assessments, the distinc-
tion between parallel ex-ante and ex-post assessments is not made in favor of linear schemes of
increasing complexity from indicator based assessment to model based assessments [35,47].
The Ocean Health Index [10] can be seen in an intermediate position, combining modeling
and indicator assessments in one index. It models ecosystem state as mean of present state and
future prospects, including a trend factor and the difference between pressures and resilience
and thus in part resembles the structure in risk models (but difference approach [10] vs ratio
approach [120,122,126]).

The separation into two branches is essential to provide an ex-post ecosystem index under
the concept of strong sustainability, whereas ex-ante assessments in particular tend to provide
indices under weak sustainability (in [77]). As explained earlier, the choice between weak and
strong sustainability determines the choice of assessments in the outer normative-procedural
dimension [69]. The inclusion of resilience for 'slow variables’ is the probable difference to
actively adaptive management schemes as outlined by Linkov et al. [84],where modeling,
implementation of measures and monitoring are treated as subsequent steps which requires an
instant response of the managed system, but would be insufficient to treat 'slow variables'.

In both branches valued metaphoric expressions were transformed and replaced by sys-
temic, algebraic contents. In HA, the normative element in setting up a model is further
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balanced by the need to express its uncertainty and statistical properties. In the worked exam-
ple, the redundancy analysis showed to what degree system dynamics were represented in the
model. The replacement of value-laden metaphoric contents with algebraic expressions follows
the line of argument from Lackey [24] stating that the most straightforward alternative to met-
aphors is the simple and clear description of what is proposed. Similarly, Pickett et al. [142] for
the metaphor ‘ecosystem’, Hurlbert [143] for the metaphor ‘keystone species’, and Mikkelson
[16] exploring the application of machine metaphors in community ecology, suggest the use of
formalistically defined functional or algebraic expressions to avoid ambiguous metaphor con-
tents. Referring to Schön's 3-stage model for applying generative metaphors in policy making
[18], this formalistic 'grounding' refers to stage 2, making metaphors operational within a pol-
icy framework. However, in the literature on metaphor applications much stronger emphasis
was laid on the stage 1 process of identifying a problem and phrasing the appropriate meta-
phor. Larson’s [5] ‘feedback metaphor’-model describes the interference between society and
science in the evolution of an interaction metaphor (Fig 9A). Public values behind metaphors
need to be assessed in order to avoid metaphors to become misleading (Fig 9B), hence to apply
'appropriate language' ([19], p. 229) or 'language planning' [17].

In interaction metaphors both the principal subject and the subsidiary subject consist of
‘systems of things’ rather than of plain ‘things’, and the user has to apply a “system of implica-
tions as a means for selecting, emphasizing, and organizing relations in the (two) different
fields” [14]. The EAEPNS framework can be understood as tool to facilitate this process. Imple-
menting EAEPNS as further ingredient into Larson’s [5] ‘feedback metaphor’-model creates a
by-pass for assessments independent from societal prerogatives but with a link to value system
analysis (Fig 9C). Likewise, Sarewitz [4] also advocates a clear separation of scientific contents
from societal value system, and that scientific progress in solving environmental problems
occurs only after adjudicating on the value system.

Bayesian methods as applied in the ex-post assessment are the only tools to test multiple
hypotheses simultaneously (e.g. GES, non-GES, [109]), and are a mathematically consistent
way of incorporating information into decision making processes [131,145]. The likelihood

Fig 9. Modification of Larson's 'feedbackmetaphor'-model under the heuristic approach. (A) Environmental metaphor understanding is generated
through multiple feedbacks between society and science [5]. (B) Obligation for science to assess public values associated with a metaphor to avoid
misleading metaphors [5,144]. (C) The EAEPNS framework as interface for assessments between science and society.

doi:10.1371/journal.pone.0159481.g009
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function without weighting of components reflects Black’s statement [19] that in terms of
‘grammar’ (algebra) there is no consistent method to distinguish between ‘ontologically essen-
tial units’ (high weight) and 'non-essential parts of language' (low weight) without introducing
an extra-grammatical concept (applying weights). The ex-post assessment delivers one value of
ecosystem health, normalized in terms of overall probability and related to explained ecosystem
variability. The link to ecosystem variability defines the functional-holistic character of HA,
since ecosystem functioning is evident in the variability of its components. While accounting
for multi-dimensionality in the ex-ante branch, HA thus avoids problems of condensing infor-
mation of the entire social-ecological system into one sole index [77,86,95].

Feasibility of HA
A transition fromWFD, HOLAS, and OSPAR and other methodologies to HA though difficult
(see worked example) can be considered by adopting EAEPNS building blocks to existing con-
cepts. Firstly, a distinct separation in ex-ante and ex-post branches could be undertaken. This
would partly relieve the pressure-state-response (PSR) paradigm in environmental policies
from the burden of providing explicit knowledge on pressure-state relationships where these
are treated as indicators. PSR chains in practice are hard to interpret due to combined effects of
anthropogenic pressure and natural variability including resilience and the multiple links
between state indicators and pressures. Therefore the pressure side is more effectively treated
in modeling reduction scenarios of the ex-ante branch (e.g. [122]). Secondly, a ‘re-posterioriza-
tion’ could be considered to shift from deconstructive-structural to functional-holistic assess-
ments, which means the analysis of available indicator space and indicator interactions in
relation to ecosystem variability. Thirdly, normalization could be undertaken by means of
Bayes' theorem and likelihood as domain-generating function to obtain a probability value
without arbitrary scaling and weighting.

Establishing an ex-ante/ex-post framework in favor of the concept of strong sustainability
would be achievable at low costs for society. The second process, i.e. re-posteriorization, would
require considerably more effort to monitor ecosystem variability with sufficient coverage in
the future, which has been identified as a significant impediment for ex-post based assessments
of ecosystem health and associated socio-economic parameters [57,60,78,146,147]. The worked
example shows that sufficient data coverage was available only where OSPAR and Wadden Sea
assessments overlapped. Accordingly, Heslenfeld and Enserink [139] report on the hesitant
commitment of North Sea countries to contribute effort to monitoring the even smaller list of
OSPAR EcoQOs, and data demanding approaches such as the Multiple Marine Ecological Dis-
turbance program [148] proved to be not successful in the long-term. Whereas from a societal
viewpoint it could appear questionable to further expand effort for monitoring of the entire
ecosystem for functional-holistic assessments, from a scientific viewpoint this means to aban-
don the concept of functional-holistic assessments where the entire ecosystem cannot be ana-
lyzed. Thus opposite to expanding monitoring effort as first solution, the second way ahead
could be applying HA with an emphasis on the ex-ante branch (see [11]), applied against a
background of unknown total ecosystem variability but still with a necessary understanding of
change in the ecosystem towards ecosystem health. The ex-post component would then pro-
vide evidence from well-studied subsystems, e.g. OSPAR EcoQOs, applying a posteriori indica-
tor selection and avoidance of redundancy, additive aggregation and Bayesian normalization,
while modeling would reflect pressure space in the ex-ante branch [89]. This resembles the
'pressures only'-option in solving problems in MSFD assessments [59]. Appropriate language
planning would be required to put a focus on for instance EcoQOs instead of ecosystem health,
where the normative decision would be to accept information from well-studied subsystems as
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being representative of the entire ecosystem. Besides existing time series like OSPAR EcoQOs
[38], fisheries information could provide reliable long-term data base for such assessments in
marine ecosystems, e.g. IndiSeas project [93,101,149]. A third solution could be to further
down weight science driven aspects in favor of governance driven approaches and build upon
participatory processes and stakeholder involvement as described for indicator selection (bot-
tom-up, integrated participatory approach [36]). Increased stakeholder participation will pro-
mote regional approaches [36] and could positively influence achieving conservation targets
[150]. This was shown for the assessment of the Bay of Fundy ecosystem [151]. Selection and
trend based assessment and management of key indicators was consensually agreed upon by
all stakeholders [151], comparable to procedures in OSPAR and HOLAS assessments. Accord-
ingly, principles for building resilience in ecosystems as part of sustainability strategy as out-
lined by the Resilience Alliance Young Scholars network [152] put a strong emphasis on
governance. The principles comprise to maintain diversity and redundancy (P1), manage con-
nectivity (P2), manage slow variables and feedbacks (P3), foster complex-adaptive-system
thinking (P4), encourage learning (P5), broaden participation (P6) and promote polycentric
governance systems (P7). P1-P3 could be ideally treated within the ex-ante/ex-post framework
of HA, with P1 being a typical ex-post and P2 an ex-ante assessment, whereas P3 could be
inferred from the differences between both branches (see Fig 7). Principles P4-P7 refer to the
governance system of the social-ecological system and thus are part of the value system of eco-
system health according to Rapport [70].

Conclusion
In the face of high risks for society and environment, society urgently seeks decision support
from scientific tools that can deal with high degrees of uncertainty and data limitations. Several
authors have thus claimed to develop a ‘post-modern’ science [23,153]. However, the recon-
structive metaphor analysis and the subsequently developed heuristic approach show, that
tools are at hand to cope with assessment problems within an ex-post/ex-ante framework to
integrate scientific knowledge into decision making. In particular the need to have assessments
under the primacy of strong sustainability asks for carrying out ex-post assessments in relation
to explained ecosystem variability. Regionalized and governance driven assessment and deci-
sion making processes can also be linked to the HA framework, accompanied by ex-post
assessments in well studied sub-systems which may play a sentinel role revealing how resilient
the ecosystem is in responding to changes in human pressures. The separation between ex-ante
modeling and analysis of complexity in the entire indicator space and ecosystem variability
resembles the bifurcation foreseen by Hilborn [154] for fisheries management, stating that
future management decisions will be based on simple rules and models rather than on complex
models which in turn have their value in checking the robustness of the simpler assumptions.

Supporting Information
S1 Appendix. (2 files) Worked examples of an assessment of Good Environmental Status
(GES) in the ex-post branch in relation to (a) a theoretical case study focusing on one-out-all-
out (OOAO) and the heuristic approach (HA) and (b) an application of HA to OSPAR data
and EcoQOs for the Southern North Sea
(ZIP)

S1 Table. MSFD qualitative descriptors for determining good environmental status. As
indicated in European Commission Directive 2008/56/EC Annex I.
(DOCX)

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 22 / 29

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159481.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159481.s002


www.manaraa.com

S2 Table. Approaches proposed for the MSFD for aggregation of different metrics, indica-
tors or criteria to assess good environmental status, including the advantages and disad-
vantages of each approach, covering modeling and indicator based methods.
(DOCX)

S3 Table. Comparative screening procedure for selected maritime environmental ecosys-
tem health assessment methodologies. Screening is undertaken with respect to three proce-
dural steps essential to the heuristic approach.
(DOCX)

S1 Text. MFSD assessment framework.
(DOCX)

Acknowledgments
This work has been supported through the BMBF funded project ‘NOAH–Assessment of sea-
floor state in the German North Sea’ (FKZ 03F0671A). The comments of three anonymous
reviewers and Howard Browman on an earlier version of this manuscript are gratefully
acknowledged.

Author Contributions

Wrote the paper:HOF GK.

Developed the concept: HOF.

References
1. Lakoff G, Johnson M. Metaphors we live by. 2003 repri. Chicago: Univ. of Chicago Press; 1980.

2. Raymond CM, Singh GG, Benessaiah K, Bernhardt JR, Levine J, Nelson H, et al. Ecosystem Services
and Beyond: Using Multiple Metaphors to Understand Human-Environment Relationships. Biosci-
ence. 2013; 63: 536–546.

3. Strauss S. Metaphor Contests and Contested Metaphors: FromWebs Spinning Spiders to Barcodes
on DNA. In: Nerlich B, Elliott R, Brendon M. Larson H., editors. Communicating Biological Sciences—
Ethical and Metaphorical Dimensions. Ashgate Ltd; 2009. pp. 153–166.

4. Sarewitz D. How science makes environmental controversies worse. Environ Sci Policy. 2004; 7:
385–403.

5. Larson BMH. Metaphors for Environmental Sustainability: Redefining our Relationship with Nature.
New Haven: Yale University Press; 2011.

6. Millennium Ecosystem Assessment. Ecosystems and human well-being: Synthesis. Washington:
Island Press; 2005.

7. Visbeck M, Kronfeld-Goharani U, Neumann B, Rickels W, Schmidt J, van Doorn E, et al. Securing
blue wealth: The need for a special sustainable development goal for the ocean and coasts. Mar Pol-
icy. 2014; 48: 184–191.

8. Costanza R. Ecosystem health and ecological engineering. Ecol Eng. 2012; 45: 24–29.

9. Rapport DJ, Costanza R, McMichael AJ. Assessing ecosystem health. Trends Ecol Evol. 1998; 13:
397–402. PMID: 21238359

10. Halpern BS, Longo C, Hardy D, McLeod KL, Samhouri JF, Katona SK, et al. An index to assess the
health and benefits of the global ocean. Nature. 2012; 488: 615–622. doi: 10.1038/nature11397
PMID: 22895186

11. Arkema KK, Samhouri JF. Linking Ecosystem Health and Services to InformMarine Ecosystem-
Based Management. Am Fish Soc Symp. 2012; 79: 9–25.

12. Rapport D. Need for a new paradigm. In: Rapport D, Costanza R, Epstein PR, Gaudet C, Levins R,
editors. Ecosystem Health. Malden, MA: Blackwell Science; 1998. pp. 3–14.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 23 / 29

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159481.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159481.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159481.s005
http://www.ncbi.nlm.nih.gov/pubmed/21238359
http://dx.doi.org/10.1038/nature11397
http://www.ncbi.nlm.nih.gov/pubmed/22895186


www.manaraa.com

13. Rapport D. Defining Ecosystem Health. In: Rapport D, Costanza R, Epstein PR, Gaudet C, Levins R,
editors. Ecosystem Health. Malden, MA: Blackwell Science; 1998. pp. 18–33.

14. Black M. Metaphor. Proc Aristot Soc. 1955; 55: 273–294.

15. Moser KS. Metaphor Analysis in Psychology—Method, Theory, and Fields of Application. Forum Qual
Sozialforsch. 2000; 1: Art 21. Available: http://nbn-resolving.de/urn:nbn:de:0114-fqs0002212

16. Mikkelson GM. Methods and Metaphors in Community Ecology: The Problem of Defining Stability.
Perspect Sci. 1997; 5: 481–498.

17. Carolan MS. The Vaulues and Vulnerabilities of MetaphorsWithin the Environmental Sciences. Soc
Nat Resour. 2006; 19: 921–930.

18. Schön DS. Generative metaphor: a perspective on problem-setting in social policy. In: Ortony A, edi-
tor. Metaphor and Thought. Cambridge: Cambridge Univ. Press; 1993. pp. 137–169.

19. Black M. Models and metaphors. Studies in Language and Philosophy. Ithaca: Cornell University
Press; 1962.

20. Hoffman RR. Metaphor in Science. In: Honeck RP, Hoffman RR, editors. Cognition and Figurative
Language. Hillsdale, N.J.: Lawrence Erlbaum Associates; 1980. pp. 393–423.

21. Proctor JD, Larson BMH. Ecology, Complexity, and Metaphor. Bioscience. 2005; 55: 1065–1068.

22. Johnson D. Environmental indicators: their utility in meeting the OSPAR Convention’s regulatory
needs. ICES J Mar Sci. 2008; 65: 1387–1391.

23. Ross N, Eyles J, Cole D, Iannantuono A. The ecosystem health metaphor in science and policy. Can
Geogr. 1997; 41: 114–127.

24. Lackey RT. Values, Policy, and Ecosystem Health. Bioscience. 2001; 51: 437–443.

25. Lackey RT. Science, Scientists, and Policy Advocacy. Conserv Biol. 2007; 21: 12–17. PMID:
17298504

26. Carpenter S, Walker B, Anderies JM, Abel N. FromMetaphor to Measurement: Resilience of What to
What? Ecosystems. 2001; 4: 765–781.

27. Kueffer C, Larson BMH. Responsible Use of Language in Scientific Writing and Science Communica-
tion. Bioscience. 2014; 64: 719–724.

28. Schoon ML, Robards MD, Brown K, Engle N, Meek CL, Biggs R. Politics and the resilience of ecosys-
tem services. In: Biggs R, Schlüter M, Michael L. Schoon, editors. Principles for Building Resilience.
Cambridge: Cambridge University Press; 2015. pp. 32–49.

29. Menzie CA, Deardorff T, Booth P, Wickwire T. Refocusing on Nature: Holistic Assessment of Ecosys-
tem Services. Integr Environ Assess Manag. 2012; 8: 401–411. doi: 10.1002/ieam.1279 PMID:
22275080

30. Kirkebooen G. Decision Behaviour—Improving Expert Judgement. In: Knut Fredrik Samset, Sunne-
vag KJ, Williams T, editors. Making Essential Choices with Scant Information: Front-end Decision
Making in Major Projects. Palgrave Macmillan; 2009. pp. 169–194.

31. Norgaard RB. Ecosystem services: From eye-opening metaphor to complexity blinder. Ecol Econ.
2010; 69: 1219–1227.

32. Schmitt R. Systematic metaphor analysis as a method of qualitative research. Qual Rep. 2005; 10:
358–394.

33. Kruse J, Biesel K, Schmieder C. Metaphernanalysen—Ein rekonstruktiver Ansatz. Wiesbaden: Ver-
lag für Sozialwissenschaften; 2011.

34. Hull RB, Richert D, Seekamp E, Robertson D, Buhyoff GJ. Understandings of Environmental Quality:
Ambiguities and Values Held by Environmental Professionals. Environ Manage. 2003; 31: 1–13.
PMID: 12447571

35. Lu Y, Wang R, Zhang Y, Su H, Wang P, Jenkins A, et al. Ecosystem health towards sustainability.
Ecosyst Heal Sustain. 2015; 1:2. doi: 10.1890/EHS14-0013.1

36. Binder CR, Feola G, Steinberger JK. Considering the normative, systemic and procedural dimensions
in indicator-based sustainability assessments in agriculture. Ennironmental Impact Assess Rev.
2010; 30: 71–81.

37. HELCOM. Ecosystem Health of the Baltic Sea 2003–2007: HELCOM Initial Holistic Assessment
[Internet]. Helsinki: HELCOM; 2010. Available: http://www.helcom.fi/stc/files/Publications/
Proceedings/bsep122.pdf

38. OSPAR Commission. Evaluation of the OSPAR system of Ecological Quality Objectives for the North
Sea (update 2010). London; 2009.

39. Hatton-Ellis T. The Hitchhiker’s Guide to theWater Framework Directive. Aquat Conserv Mar Fres-
water Ecosyst. 2008; 18: 111–116.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 24 / 29

http://nbn-resolving.de/urn:nbn:de:0114-fqs0002212
http://www.ncbi.nlm.nih.gov/pubmed/17298504
http://dx.doi.org/10.1002/ieam.1279
http://www.ncbi.nlm.nih.gov/pubmed/22275080
http://www.ncbi.nlm.nih.gov/pubmed/12447571
http://dx.doi.org/10.1890/EHS14-0013.1
http://www.helcom.fi/stc/files/Publications/Proceedings/bsep122.pdf
http://www.helcom.fi/stc/files/Publications/Proceedings/bsep122.pdf


www.manaraa.com

40. Costanza R. Toward an Operational Definition of Ecosystem Health. In: Costanza R, Norton BG, Has-
kell BD, editors. Ecosystem Health: New goals for environmental management. 1992. pp. 239–256.

41. Tett P, Gowen RJ, Painting SJ, Elliott M, Forster R, Mills DK, et al. Framework for understanding
marine ecosystem health. Mar Ecol Progess Ser. 2013; 494: 1–27.

42. XuW, Mage JA. A review of concepts and criteria for assessing agroecosystem health including a pre-
liminary case study of southern Ontario. Agric Ecosyst Environ. 2001; 83: 215–233.

43. Rapport DJ, Fyfe WS, Costanza R, Spiegel J. Ecosystem Health: definitions, assessment, and case
studies. In: Bodine A, Klotz S, editors. Encyclopedia of Life Support Systems (EOLSS). UNESCO;
2009. pp. 325–364.

44. Costanza R, Mageau M. What is a healthy ecosystem? Aquat Ecol. 1999; 33: 105–115.

45. Calow P. Can ecosystems be healthy? Critical consideration of concepts. J Aquat Ecosyst Heal.
Kluwer Academic Publishers; 1992; 1: 1–5.

46. Levin R. Environmental Assessment: ByWhom, for Whom, and to What Ends? Ecosystem Health.
Malden, MA: Blackwell Science; 1998. pp. 53–61.

47. Jörgensen SE, Xu F-L, Salas F, Marques JC. Application of Indicators for the Assessment of Ecosys-
tem Health. In: Jörgensen SE, Costanza R, Xu F-L, editors. Ecological indicators for assessment of
ecosystem health. Boca Raton, FL: Taylor & Francis; 2005. pp. 5–64.

48. Keller EF. Ecosystems, Organsims, and Machines. Bioscience. 2005; 55: 1069–1074.

49. Loreau M. From Populations to Ecosystems: Theoretical Foundations for a New Ecological Synthesis.
2010.

50. Mars MM, Bronstein JL, Lusch RF. The value of a metaphor: Organizations and ecosystems. Organ
Dyn. 2012; 41: 271–280.

51. Borja A, Elliott M, Carstensen J, Heiskanen A-S, van de BundW. Marine management—Towards an
integrated implementation of the European Marine Strategy and theWater Framework Directives.
Mar Pollut Bull. 2010; 60: 2175–2186. doi: 10.1016/j.marpolbul.2010.09.026 PMID: 20965524

52. Borja A, Elliott M, Andersen JH, Cardoso AC, Carstensen J, Ferreira JG, et al. Good Environmental
Status of marine ecosystems: What is it and how do we know when we have attained it? Mar Pollut
Bull. 2013; 76: 16–27. doi: 10.1016/j.marpolbul.2013.08.042 PMID: 24054784

53. Jörgensen SE. The role of ecosystem health assessment in environmental management. In: Jörgen-
sen SE, Costanza R, Xu F-L, editors. Ecological indicators for assessment of ecosystem health.
Boca Raton, FL: Taylor & Francis; 2005. pp. 1–4.

54. Singh RK, Murty HR, Gupta SK, Dikshit AK. An overview of sustainability assessment methodologies.
Ecol Indic. 2012; 15: 281–299.

55. OSPAR Commission. Quality Status report 2010. London: OSPARCommission; 2010.

56. Environment Canada, U.S. Environmemntal Protection Agency. State of the Great Lakes 2011 [Inter-
net]. 2014. Available: http://binational.net

57. Shear H, Bertram P, Forst C, Horvatin P. Development and Application of Ecosystem Health Indica-
tors in the North American Great Lakes Basin. 2005. pp. 105–126.

58. HELCOM. Final draft project description for HELCOMHOLAS II. 2014. Report No.: HOD 46–2014.

59. Claussen U, Connor D, Vrees L de, Leppänen J-M, Percelay J, Kapari M, et al. Common Understand-
ing of (Initial) Assessment, Determination of Good Environmental Status (GES) & Establishment of
Environmental Targets (Articles 8, 9 & 10 MSFD) [Internet]. 2011. Available: https://circabc.europa.
eu/sd/d/ce7e2776-6ac6-4a41-846f-a04832c32da7/05_Info_Common_understanding_final.pdf

60. CPMR. Technical Paper from the CPMRGeneral Secretariat—Marine Environment and Develepment
of the regions: Issues raised by Maritime Strategy Framework Directive (MSFD) [Internet]. Rennes;
2014. Available: http://www.crpm.org/pub/docs/423_tp_marine_environment_and_development_of_
the_regions.pdf

61. van Leeuwen J, Raakjaer J, van Hoof L, van Tatenhove J, Ronán Long, Ounanian K. Implementing
the Marine Strategy Framework Directive: A policy perspective on regulatory, institutional and stake-
holder impediments to effective implementation. Mar Policy. 2014; 50: 325–330.

62. OSPAR Commission. Report of the Utrecht Workshop—Regional Assessment. 2009.

63. Levin SA. Self-organization and the Emergence of Complexity in Ecological Systems. Bioscience.
2005; 55: 1075–1079.

64. Selkoe KA, Blenckner T, Caldwell MR, Crowder LB, Erickson AL, Essington TL, et al. Principles for
managing marine ecosystems prone to tipping points. Ecosyst Heal Sustain. 2015; 1: 17.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 25 / 29

http://dx.doi.org/10.1016/j.marpolbul.2010.09.026
http://www.ncbi.nlm.nih.gov/pubmed/20965524
http://dx.doi.org/10.1016/j.marpolbul.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24054784
http://binational.net
https://circabc.europa.eu/sd/d/ce7e2776-6ac6-4a41-846f-a04832c32da7/05_Info_Common_understanding_final.pdf
https://circabc.europa.eu/sd/d/ce7e2776-6ac6-4a41-846f-a04832c32da7/05_Info_Common_understanding_final.pdf
http://www.crpm.org/pub/docs/423_tp_marine_environment_and_development_of_the_regions.pdf
http://www.crpm.org/pub/docs/423_tp_marine_environment_and_development_of_the_regions.pdf


www.manaraa.com

65. Fischherz B. Metaphors of sustainability: A study of metaphors in the public discourse on sustainanbi-
lity [Internet]. Cardiff; 2010. Available: http://www.didanet.ch/wp/wp-content/uploads/2011/10/
metaphors_of_sustainability.pdf

66. Borja A, Rodriguez JG. Problems associated with the “one-out, all-out” principle, when using multiple
ecosystem components in assessing the ecological status of marine waters. Mar Pollut Bull. 2010; 60:
1143–1146. doi: 10.1016/j.marpolbul.2010.06.026 PMID: 20619425

67. Borja A, Prins T, Simboura N, Andersen JH, Berg T, Marques JC, et al. Tales from a thousand and
one ways to integrate marine ecosystem components when assessing the environmental status.
Front Mar Sci. 2014; 1:22. doi: 10.3389/fmars.2014.00022

68. Kates RW, Clark WC, Corell R, Hall JM, Jaeger CC, Lowe I, et al. Sustaínability Science. Science (80-
). 2001; 292: 641–642.

69. Ness B, Urbel-Piirsalu E, Anderberg S, Olssona L. Categorising tools for sustainability assessment.
Ecol Econ. 2007; 60: 498–508.

70. Rapport D. Dimensions of Ecosystem Health. In: Rapport D, Costanza R, Epstein PR, Gaudet C, Lev-
ins R, editors. Ecosystem Health. Malden, MA: Blackwell Science; 1998. pp. 34–40.

71. Waas T, Hugé J, Wright T, Benitez-Capistros F, Verbruggen A. Sustainability Assessment and Indica-
tors: Tools in a Decision-Making Strategy for Susstainability Development. Sustainability. 2014; 6:
5512–5534.

72. Michigan Sea Grant, Graham Environmental Sustainability Institute. Tackling Wicked Problems
through Integrated Assessment [Internet]. 2009. Available: www.miseagrant.umich.edu/ downloads/
research/tackling-wicked-problems.pdf

73. Bebbington J, Brown J, Frame B. Accounting technologies and sustainability assessment models.
Ecol Econ. 2007; 224–236.

74. Garcia SM, Cochrane KL. Ecosystem approach to fisheries: a review of implementation guidelines.
ICES J Mar Sci. 2005; 62: 311–318.

75. Levin PS, Fogarty MJ, Murawski SA, Fluharty D. Integrated Ecosystem Assessments: Developing the
Scientific Basis for Ecosystem-Based Management of the Ocean. PLoS Biology. 2009. p. 11. doi: 10.
1371/journal.pbio.1000014

76. Wiek A, Binder C. Solution spaces for decision-making—a sustainability assessment for city-regions.
Environ Impact Assess Rev. 2005; 25: 589–608.

77. Rickels W, Quaas MF, Visbeck M. How healthy is the human-ocean system? Enviromental Reserach
Lett. 2014; 9: 15.

78. Mee LD, Jefferson RL, Laffoley D d’A., Elliott M. How good is good? Human values and Europe’s pro-
posed Marine Strategy Directive. Mar Pollut Bull. 2008; 56: 187–204. PMID: 18036545

79. Mori K, Christodoulou A. Review of sustainability indices and indicators: Towards a new City Sustain-
ability Index (CSI). Environ Impact Assess Rev. 2012; 32: 94–106.

80. Nardo M, Saisana M, Saltelli A, Tarantola S, Hoffman A, Giovannini E. Handbook on constructing
composite indicators: methodology and user guide. OECD Statistics Working Paper. 2005.

81. Kates RW, Parris TM. Long-term trends and a sustainability transition. Proc Nat Ac Sc USA. 2003;
100: 8062–8067.

82. Pinter L, Hardi P, Martinuzzi A, Hall J. Bellagio STAMP: Principles for sustainability assessment and
measurement. Ecol Indic. 2012; 17: 20–28.

83. Herrick C, Sarewitz D. Ex post evaluation: a more effective role for scientific assessments in environ-
mental policy. Sci Technol Hum Values. 2000; 25: 309–331.

84. Linkov I, Satterstrom FK, Kiker G, Batchelor C, Bridges T, Ferguson E. From comparative risk assess-
ment to multi-criteria decision analysis and adaptive management: Recent developments and applica-
tions. Environ Int. 2006; 32: 1072–1093. PMID: 16905190

85. Walker B, Carpenter S, Anderies J, Abel N, Cumming G, Janssen M, et al. Resilience Management in
Social-ecological Systems: aWorking Hypothesis for a Participatory Approach. Conserv Ecol. 2002;
6: 14. Available: http://www.consecol.org/vol6/iss1/art14

86. Mayer AL. Strengths and weaknesses of common sustainability indices for multidimensional systems.
Environ Int. 2008; 34: 277–291. PMID: 17949813

87. Möllmann C, Diekmann R, Müller-Karulis B, Kornilovs G, Plikhs M, Philip Axe. Reorganization of a
large marine ecosystem due to atmospheric and anthropogenic pressure: a discontinuous regime
shift in the Central Baltic Sea. Glob Chang Biol. 2009; 15: 1377–1395.

88. Niemeijer D. Developing indicators for environmental policy: data-driven and theory-driven
approaches examined by example. Environ Sci Policy. 2002; 5: 91–103.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 26 / 29

http://www.didanet.ch/wp/wp-content/uploads/2011/10/metaphors_of_sustainability.pdf
http://www.didanet.ch/wp/wp-content/uploads/2011/10/metaphors_of_sustainability.pdf
http://dx.doi.org/10.1016/j.marpolbul.2010.06.026
http://www.ncbi.nlm.nih.gov/pubmed/20619425
http://dx.doi.org/10.3389/fmars.2014.00022
http://www.miseagrant.umich.edu/ downloads/research/tackling-wicked-problems.pdf
http://www.miseagrant.umich.edu/ downloads/research/tackling-wicked-problems.pdf
http://dx.doi.org/10.1371/journal.pbio.1000014
http://dx.doi.org/10.1371/journal.pbio.1000014
http://www.ncbi.nlm.nih.gov/pubmed/18036545
http://www.ncbi.nlm.nih.gov/pubmed/16905190
http://www.consecol.org/vol6/iss1/art14
http://www.ncbi.nlm.nih.gov/pubmed/17949813


www.manaraa.com

89. Niemeijer D, De Groot R. A conceptual framework for selecting environmental indicator sets. Ecol
Indic. 2008; 8: 14–25.

90. FAO. Indicators for Sustainable Development of Marine Capture Fisheries. FAO Techn. Guidelines
for Responsible Fisheries 8. Rome; 1999.

91. Dale VH, Beyeler SC. Challenges in the development and use of ecological indicators. Ecol I. 2001; 1:
3–10.

92. Rice JC, Rochet M-J. A framework for selecting a suite of indicators for fisheries management. ICES J
Mar Sci. 2005; 62: 516–527.

93. Shin Y-J, Shannon LJ, Bundy A, Coll M, Aydin K, Bez N, et al. Using indicators for evaluating, compar-
ing, and communicating the ecological status of exploited marine ecosystems. 2. Setting the scene.
ICES J Mar Sci. 2010; 67: 692–716.

94. Reed M, Fraser EDG, Morse S, Dougill AJ. Integrating methods for developing sustainability indica-
tors to facilitate learning and action. Ecol Soc. 2005; 10: r3.

95. Gasparatos A, El-HaramM, Horner M. The argument against a reductionist approach for measuring
sustainable development performance and the need for methodological pluralism. Account Forum.
2009; 33: 245–256.

96. Bossel H. Assessing Viability and Sustainability: a Systems-based Approach for Deriving Compre-
hensive Indicator Sets. Conserv Ecol. 2001; 5: 12. Available: http://www.consecol.org/vol5/iss2/art12/

97. Zacharias MA, Roff JC. Use of focal species in marine conservation and management: a review and
critique. Aquat Conser Mar Freshw Ecosyst. 2001; 11: 59–76.

98. Parris TM, Kates RW. Characterizing a sustainability transition: Goals, targets, trends, and driving
forces. Proc Nat Ac Sc USA. 2003; 100: 8063–8073.

99. Smith C, Papadopoulou N, Barnard S, Mazik K, Patrício J, Elliott M, et al. Conceptual models for the
effects of marine pressures on biodiversity. DEVOTES deliverable 1.1; 2014.

100. Knights AM, Koss RS, Robinson LA. Identifying common pressure pathways from a complex network
of human activities to support ecosystem-based management. Ecol Appl. 2013; 23: 755–765. PMID:
23865227

101. Fock HO, Kloppmann M, Probst WN. An early footprint of fisheries: changes for a demersal fish
assemblage in the German Bight from 1902–1932 to 1991–2009. J Sea Res. 2014; 85: 325–335. doi:
10.1016/j.seares.2013.06.004

102. Greenstreet SPR, Fraser HM, Rogers SI, Trenkel VM, Simpson SD, Pinnegar JK. Redundancy in met-
rics describing the composition, structure, and functioning of the North Sea demersal fish community.
ICES J Mar Sci. 2012; 69: 8–22.

103. Samhouri JF, Levin PS, Harvey CJ. Quantitative Evaluation of Marine Ecosystem Indicator Perfor-
mance Using FoodWebModels. Ecosystems. 2009; 12: 1283–1298.

104. Prins T, Meulen M van der, Boon A, Simboura N, Tsangaris C, Borja A, et al. Coherent geographic
scales and aggregation rules for environmental status assessment within the Marine Strategy Frame-
work Directive. Deltares/AZTI/HCMR; 2014.

105. Kershner I, Samhouri JF, James CA, Levin PS. Selecting Indicator Portfolios for Marine Species and
FoodWebs: A Puget Sound Case Study. PLoS One. 2011; 6: e25248. doi: 10.1371/journal.pone.
0025248 PMID: 21991305

106. Blanchard JL, Coll M, Trenkel VM, Vergnon R, Yemane D, Jouffre D, et al. Trend analysis of indica-
tors: a comparison of recent changes in the status of marine ecosystems around the world. ICES J
Mar Sci. 2010; 67: 732–744.

107. HELCOM. HELCOM core indicators: Final report of the HELCOMCORESET project. Helsinki; 2013.

108. Booysen F. An overview and evaluation of composite indices of development. Soc Indic Res. 2002;
59: 115–151.

109. Hobbs NT, Hilborn R. Alternatives to statistical hypothesis testing in ecology: a guide to self teaching.
Ecol Appl. 2006; 16: 5–19. PMID: 16705957

110. Triantaphyllou E, Shu B, Sanchez SN, ray T. Multi-Criteria Decision Making: An Operations Research
Approach. Encycl Electr Electron Eng. 1998; 15: 175–186.

111. vonWinterfeldt D, Fischer GW. Multi-Attribute Utility Theory: Models and Assessment Procedures.
Ann Arbor, MI: University of Michigan; 1973.

112. Andersen JH, Dahl K, Göke C, Rindorf A, Skov H, Vinther M, et al. Integrated assessment of marine
biodiversity status using a prototype indicator-based assessment tool. Front Mar Sci. 2014; 1: 55.

113. Baba K, Shibata R, Sibuya M. Partial correlation and conditional correlation as measures of condi-
tional independence. Aust N Z J Stat. 2004; 46: 657–664.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 27 / 29

http://www.consecol.org/vol5/iss2/art12/
http://www.ncbi.nlm.nih.gov/pubmed/23865227
http://dx.doi.org/10.1016/j.seares.2013.06.004
http://dx.doi.org/10.1371/journal.pone.0025248
http://dx.doi.org/10.1371/journal.pone.0025248
http://www.ncbi.nlm.nih.gov/pubmed/21991305
http://www.ncbi.nlm.nih.gov/pubmed/16705957


www.manaraa.com

114. Kailiponi P. Analyzing evacuation decisions using multi-attribute utility theory (MAUT). Procedia Eng.
2010; 3: 163–174.

115. Calbick KS. Evaluating national environmental sustainability: performance measures and influential
factors for OECD-member countries featuring Canadian performance and policy implications. Simon
Fraser University. 2011.

116. Ebert U, Welsch H. Meaningful environmental indicators: a social choice approach. J Environ Econ
Manage. 2004; 47: 270–283.

117. Böhringer C, Jochem PEP. Measuring the immeasurable—a survey of sustainability indices. Ecol
Econ. 2007; 63: 1–8.

118. Stefan D, Letier E, Barrett M, Stella-Sawicki M. Goal-Oriented SystemModelling for Managing Envi-
ronmental Sustainability. 3rd International Workshop on Software Research and Climate Change.
Lancaster, United Kingdom; 2011.

119. Ewing B, Reed A, Galli A, Kitzes J, Wackernagel M. Calculation Methodology for the National Foot-
print Accounts, 2010 Edition. Oakland: Global Footprint Network; 2010.

120. Fock H. Integrating Multiple Pressures at Different Spatial and Temporal Scales: A Concept for Rela-
tive Ecological Risk Assessment in the European Marine Environment. Hum Ecol Risk Assess. 2011;
17: 187–211. doi: 10.1080/10807039.2011.538634

121. Kiker GA, Bridges TS, Varghese A, Seager TP, Linkov I. Application of Multicriteria Decision Analysis
in Environmental Decision Making. Integr Environ Assess Manag. 2005; 1: 95–108. PMID: 16639891

122. Fock HO, Kloppmann M, Stelzenmüller V. Linking marine fisheries to environmental objectives: A
case study on seafloor integrity under European maritime policies. Environ Sci Policy. 2011; 14: 289–
300. doi: 10.1016/j.envsci.2010/11.005

123. Schernewski G, Friedland R, Carstens M, Hirt U, WeraLeujak, Nausch G, et al. Implementation of
European marine policy: New water quality targets for German Baltic waters. Mar Policy. 2015; 51:
305–321.

124. Voss R, Quaas MF, Schmidt JO, Tahvonen O, Lindegren M, Möllmann C. Assessing Social–Ecologi-
cal Trade-Offs to Advance Ecosystem-Based Fisheries Management. PLoS One. 2014; 9: e107811.
doi: 10.1371/journal.pone.0107811 PMID: 25268117

125. Yigitcanlar T, Dur F. Developing a Sustainability Assessment Model: The Sustainable Infrastructure,
Land-Use, Environment and Transport Model. Sustainability. 2010; 2: 321–340.

126. Stelzenmüller V, Fock HO, Gimpel A, Rambo H, Diekmann R, Probst WN, et al. Quantitative environ-
mental risk assessments in the context of marine spatial management: Current approaches and some
perspectives. ICES J Mar Sci. 2015; 72: 1022–1042.

127. Greenstreet SPR, Rossberg AG, Fox CJ, Le QuensneWJF, Blasdale T, Boulcott P, et al. Demersal
fish biodiversity: species-level indicators and trends-based targets for the Marine Strategy Framework
Directive. ICES J Mar Sci. 2012; 69: 1789–1801.

128. Probst WN, Stelzenmüller V, Fock HO. Using cross-correlations to assess the relationship bewteen
time-lagged pressure and state indicators: an exemplary analysis of North Sea fish populations. ICES
J Mar Sci. 2012; 69: 670–681.

129. Samhouri JF. Sea sick? Setting targets to assess ocean health and ecosystem services. Ecosphere.
2012; 3(5):41. http://dx.doi.org/10.1890/ES11-00366.1

130. Froese R, Demirel N, Sampang A. An overall indicator for the good environmental status of marine
waters based on commercially exploited species. Mar Policy. 2015; 51: 230–237.

131. Hilborn R, Mangel M. The Ecological Detective: Confronting Models with Data. Monographs in Popu-
lation Biology. Princeton; 1997.

132. Held L. Methods of statistical inference. Likelihood and Bayes (in German). Heidelberg: Spektrum;
2008.

133. Deutsch L, Folke C, Skånberg K. The critical natural capital of ecosystem performance as insurance
for human well-being. Ecol Econ. 2003; 44: 205–217.

134. Patrício J, Teixeira H, Borja A, Elliott M, Berg T, Papadopoulou N, et al. DEVOTES recommendations
for the implementation of the Marine Strategy Framework Directive. 2014.

135. Carstensen J. Statistical principles for ecological status classification of Water Framework Directive
monitoring data. Mar Pollut Bull. 2007; 55: 3–15. PMID: 16997328

136. Ojaveer H, Eero M. Methodological challenges in assessing the environmental status of a marine eco-
system: case study of the Baltic Sea. PLoS One. 2011; 6: e19231. doi: 10.1371/journal.pone.
0019231 PMID: 21559423

137. Parrish JD, Braun, Unnash. AreWe ConservingWhat We SayWe Are? Measuring Ecological Integ-
rity within Protected Areas. Bioscience. 2003; 53: 851–859.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 28 / 29

http://dx.doi.org/10.1080/10807039.2011.538634
http://www.ncbi.nlm.nih.gov/pubmed/16639891
http://dx.doi.org/10.1016/j.envsci.2010/11.005
http://dx.doi.org/10.1371/journal.pone.0107811
http://www.ncbi.nlm.nih.gov/pubmed/25268117
http://dx.doi.org/10.1890/ES11-00366.1
http://www.ncbi.nlm.nih.gov/pubmed/16997328
http://dx.doi.org/10.1371/journal.pone.0019231
http://dx.doi.org/10.1371/journal.pone.0019231
http://www.ncbi.nlm.nih.gov/pubmed/21559423


www.manaraa.com

138. CIS working Group. Common Implementation Strategy [Internet]. Brussels; 2013. Available: http://ec.
europa.eu/environment/marine/eu-coast-and-marine-policy/implementation/pdf/MSFD CIS future
work programme 2014.pdf

139. Heslenfeld P, Enserink EL. OSPAR Ecological Quality Objectives: the utility of health indicators for
the North Sea. ICES J Mar Sci. 2008; 65: 1392–1397.

140. Reis S, Morris G, Fleming LE, Beck S, Taylor T, White M, et al. Integrating health and environmental
impact analysis. Public Health. 2015; 129: 1383–1389. doi: 10.1016/j.puhe.2013.07.006 PMID:
24099716

141. Bhatia R, Wernham A. Integrating Human Health into Environmental Impact Assessment: An Unreal-
ized Opportunity for Environmental Health and Justice. Environ Health Perspect. 2008; 116: 991–
1000. doi: 10.1289/ehp.11132 PMID: 18709140

142. Pickett STA, Cadenasso ML. The ecosystem as a Multidimensional Concept: Meaning, Model, and
Metaphor. Ecosystems. 2002; 5: 1–10.

143. Hurlbert SH. Functional importance vs keystoneness: Reformulating some questions in theoretical
biocenology. Aust J Ecol. 1997; 222: 369–382.

144. Carolan MS. The Bright- and Blind-Spots of Science: Why Objective Knowledge is not Enough to
Resolve Environmental Controversies. Crit Sociol. 2008; 34: 725–740.

145. Mangel M, Clark C. Search Theory in Natural Resource Modeling. Nat Resour Model. 1986; 1: 3–54.

146. Carstensen J. Need for monitoring and maintaining sustainable marine ecosystem services. Front
Mar Sci. 2014; 1:33. doi: 10.3389/fmars.2014.00033

147. Bertram C, Dworak T, Görlitz S, Interwies E, Rehdanz K. Cost-benefit analysis in the context of the
EUMarine Strategy Framework Directive: The case of Germany. Mar Policy. 2014; 43: 307–312.

148. Sherman BH. Marine Ecosystem health as an Expression of Morbidity, Mortality and Disease Events.
Mar Pollut Bull. 2000; 41: 1–6.

149. Greenstreet SPR, Rogers SI, Rice JC, Piet GJ, Guirey EJ, Fraser HM, et al. A reassessment of trends
in the North Sea Large Fish Indicator and a re-evaluation of earlier conclusions. ICES J Mar Sci.
2012; 69: 343–345.

150. Halpern BS, Klein CJ, Brown CJ, Beger M, Grantham HS, Mangubhai S, et al. Achieving the triple bot-
tom line in the face of inherent trade-offs among social equity, economic return, and conservation.
Proc Nat Ac Sc USA. 2013; 110: 6229–6234.

151. Wells PG. Assessing Marine Ecosystem Health—Concepts and Indicators, with Reference to the Bay
of Fundy and Gulf of Maine, Northwest Atlantic. In: Jörgensen SE, Costanza R, Xu F-L, editors. Eco-
logical indicators for assessment of ecosystem health 17. Boca Raton, FL: Taylor & Francis;
2005. pp. 395–424.

152. Schlüter M, Biggs R, Schoon ML, Robards MD, Anderies JM. Reflections on building resilience—
interactions among principles and implications for governance. In: Biggs R, Schlüter M, Schoon ML,
editors. Principles for Building resilience. Cambridge: Cambridge Univ. Press; 2015. pp. 251–278.

153. Funtowicz SO, Ravetz JR. Science for the Post-Normal Age. Futures. 1993; 25: 739–755.

154. Hilborn R. The state of the art in stock assessment: where we are and where we are going. Sci Mar.
2003; 67 Suppl.: 15–20.

Assessment of Ecosystem Health

PLOS ONE | DOI:10.1371/journal.pone.0159481 August 10, 2016 29 / 29

http://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/implementation/pdf/MSFD CIS future work programme 2014.pdf
http://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/implementation/pdf/MSFD CIS future work programme 2014.pdf
http://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/implementation/pdf/MSFD CIS future work programme 2014.pdf
http://dx.doi.org/10.1016/j.puhe.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/24099716
http://dx.doi.org/10.1289/ehp.11132
http://www.ncbi.nlm.nih.gov/pubmed/18709140
http://dx.doi.org/10.3389/fmars.2014.00033


www.manaraa.com

© 2016 Fock, Kraus. This is an open access article distributed under the terms
of the Creative Commons Attribution License:

http://creativecommons.org/licenses/by/4.0/ (the “License”), which permits
unrestricted use, distribution, and reproduction in any medium, provided the

original author and source are credited. Notwithstanding the ProQuest Terms
and Conditions, you may use this content in accordance with the terms of the

License.


