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A B S T R A C T

The Water Framework Directive (article 2, paragraph 21) as well as the Marine Strategy Framework Directive (MSFD, Descriptor 4) stress the need for assessing the
quality of the structure and the functioning of ecosystems. The MSFD also underlines the urgent need for development, testing, and validation of ecosystem state
indicators. Holistic function-based criteria and indicators as provided by Ecological Network Analysis (ENA) could be used to define and assess the ‘Good
Environmental Status’ of marine ecosystems. This approach also feeds Ecosystem Based Management (EBM). ENA generally analyses the fluxes' quality of a single
medium such as here the carbon fluxes in a food web and produces a number of useful metrics that indicate, inter alia, the total carbon flow through the system, the
quality of the functioning of the system or the trophic efficiency of system. A short list of indices [i.e. Detritivory over Herbivory ratio (D/H), Connectance Index (CI),
Transfer Efficiency (TE) over trophic levels, System Omnivory Index (SOI), Finn's Cycling Index (FCI), relative Redundancy (R/DC), Average Mutual Information
(AMI) and Interaction Strength (IS)] is proposed for practical use. This paper presents a first framework for OSPAR Regional Sea Convention food web indicators
based on ENA. These are presented here focusing on their applicability and what is needed for implementation, illustrating their potential use by case studies.

1. Introduction

1.1. The ecosystem-based approach for the management of marine
ecosystems

The call for integrated or holistic approaches and ecosystem-based
management (EBM) to the governance of our marine ecosystems is well-
known and well-established (de Jonge, 2003, 2007; Borja et al., 2010;
UNEP, 2011; Katsanevakis et al., 2011; de Jonge et al., 2012;
Rodriguez, 2017; Oakley et al., 2018). The EBM philosophy stresses the
necessity for decision makers to understand and decide upon entire
ecosystems (Curtin and Prellezo, 2010) instead of food web subsets (de
Jonge et al., accepted B) or independent species. Over the last two

decades, the European Commission has launched different directives
fostering the implementation of ecosystem-based management in the
European Union (van Leeuwen et al., 2014). The Water Framework
Directive (WFD, article 2, paragraph 21) (EC, 2000) stresses the need
for assessing the quality of the structure and the functioning of eco-
systems. The Marine Strategy Framework Directive (MSFD; Descriptors
4) (EC, 2005a, b; 2008) mentions the urgency to develop, test and
validate ecosystem state indicators. The ecosystem approach, including
the assessment of food webs, is explicitly suggested in the MSFD as
means to attain a ‘Good Environmental Status’ (GES) of marine eco-
systems. The recent revision of the MSFD (EC, 2017) has even re-
inforced the importance of considering marine ecosystem structure,
ecosystem functioning and other processes toward achieving GES.
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Further development of MSFD food web indicators should be directed
towards more integrative or holistic and process-based ones (Rombouts
et al., 2013; Tam et al., 2017). The view has emerged that holistic
approaches are essential to account for the complexity, the dynamics,
accumulated natural variation as expressed in the functioning and the
structure of the biota and the additional effects of human interventions
(see de Jonge et al., accepted B). Knowledge from the natural sciences is
needed to understand and assess the state of an ecosystem. The
knowledge of natural as well as the social sciences is needed to un-
derstand what changes took place due to what sort of interventions (e.g.
engineering, fishing, sand mining, dredging, and drilling activities) and
how human behaviour in combination with societal structures as well
as laws may impact the ecosystem state and development potential both
directly and indirectly (UNEP, 2011). This has been reiterated by the
European Marine Board's newest Future Science Brief on ecosystem
modelling, which calls for “making marine ecosystem models more re-
levant to management and policy by being more transparent about model
limitations and the uncertainties in their predictions; including socio-eco-
nomic drivers; promoting co-design and dialogue between model developers
and users” (Heymans et al., 2018).

The call for holism seems, however, to be a bottleneck for both
decision makers and scientists. In theory, EBM decision makers need
knowledge that reflects interconnected social and ecological complexity
for their step-by-step decisions in a process that fits the idea of adaptive
management (Holling, 1978; Walters, 1986; Giebels et al., 2013). Evi-
dence is growing that these principles are not easily implemented in
practice. Although progress has been made, cases from Norway, Aus-
tralia, US, Canada, Philippines, Japan, China and the European Union
(Rodriguez, 2017; Giebels et al., 2016; Kirkman, 2013; Garces et al.,
2013; Furukawa, 2013; Huang et al., 2013; Peng et al., 2013) show that
problems remain when establishing holistic management regimes and
when gaining holistic knowledge. Often, mono-disciplinary perspec-
tives dominate the knowledge production and utilization process – such
as in environmental impact assessments – evidencing difficulties in
combining social and ecological approaches. Moreover, the socio-eco-
nomic and ecological approaches cannot be combined or integrated
easily. In practice, EBM also suffers from a lack of holistic description of
each of its constituents (i.e. socio-economic and ecological perspec-
tives). There is further a clear friction between what can be delivered in
terms of ‘useful holistic indicators’ and what decision makers require in
terms of ‘simple, easy to understand and affordable’ while the real si-
tuation is extremely complex when considering all the parameters such
as the required monitoring, the data analysis etc. (see de Jonge et al.,
2012). By fostering the call for such ecological indicators, so far the
decision makers have not yet been able to create a holistic overview and
perspective about the functioning of the entire ecosystem. Available
indicators only reflect small parts of the ecosystem.

1.2. Ecological Network Analysis (ENA): a promising method for a holistic
ecological perspective under contemporary European Directives

Ecological Network Analysis (ENA) is a systems ecology oriented
methodology to analyse all fluxes (e.g. carbon flow or nutrient or en-
ergy transfer) among all constituents of a food web. It is used to identify
holistic properties that are otherwise not evident from direct observa-
tions (see Fath et al., 2007). ENA aims to characterize, inter alia, the
functioning of food webs, i.e. the complex flow of matter or energy
between groups of organisms in an ecosystem (Niquil et al., 1999). ENA
allows (1) assessing the functioning of food webs based on the analysis
of the interactions among the living (biological compartments) and the
non-living (carbon pools) components; (2) identifying the most im-
portant trophodynamic links between compartments at the species level
or functional group level; (3) identifying limiting resources and key-
stone species in a food web; (4) analysing and identifying the main
energy flows within a food web; and (5) analysing the effect of specific
pressures on the biomass distribution of specific food webs (e.g. Baird

and Ulanowicz, 1989; Wulff et al., 1989; Ulanowicz, 1986, 1997, 2004;
Libralato, 2008; Baird et al., 2012, Heymans et al., 2014, de Jonge and
Schückel, this volume).

Over the past 40 years, ENA has been demonstrated to be a pro-
mising tool to capture and assess the complexity of ecological systems
with the potential to bridge the ecological and socio-economic systems
(de Jonge, 2003; de Jonge et al., 2012; Borrett et al., 2018). Therefore,
here we start to build a framework to integrate food web indicators as
potentially valid measurements of aspects related to critical ecosystem
characteristics such as ecosystem status. In the WFD (EC, 2000) the
Ecological Status is defined as “an expression of the quality of the structure
and functioning of aquatic ecosystems associated with surface water, clas-
sified in accordance with Annex V” (WFD Article 2, paragraph 21). The
purpose of the ENA indices is to conduct an integrative, holistic and
also unambiguous assessment of the status of marine ecosystems by
analysing their functioning. Studies are required (see e.g. de Jonge and
Schückel, this volume) to establish the effects of specific pressures on
quantitative shifts of species biomasses for specific (parts of) ecosys-
tems and if possible its effect on indices representing the system
‘functioning’. This is now the main challenge. However, recent years
have seen studies tackle this challenge in a context of a wide variety of
pressures such as fisheries (Bentley et al., 2017; Corrales et al., 2017;
Serpetti et al., 2017; Preciado et al., 2019), invasive species (Baird
et al., 2012; Corrales et al., 2017), port extensions (Tecchio et al.,
2016), offshore wind farms (Raoux et al., 2017), eutrophication in
terms of time (Schückel et al., 2015) and finally also the effects of
human interventions such as dredging (changing light conditions) and
loads of organic waste (de Jonge and Schückel, this volume).

Once the assessment is available, these ENA indices can be used in
the decision-making process at the appropriate scale, i.e. local, regional,
national and/or international scale. This scale-transferability is an im-
portant asset for contemporary EBM implementation in the European
Union. It allows decision makers in a variety of governance settings to
apply the indices. EBM approaches are typically emerging as processes
of regional governance, urging cooperation and integration across ac-
tors representing most diverse public and private institutions as well as
governance scales (Giebels et al., 2013; van Leeuwen et al., 2014; Soma
et al., 2015; Oakley et al., 2018). Hence it is important to develop in-
dices that can speak to a variety of governance levels. Furthermore, we
know from survey research (see Hendriksen et al., 2014), that actors
responsible for EBM implementation in European seas under the um-
brella of MSFD prefer tailor-made solutions rather than standardized
one-size-fits-all approaches when implementing EBM. Although the
ENA framework needs to be built on standardized procedures and
protocols to calculate ecosystem state, it does so using what is known
about the regional entities of an ecosystem. The regionally calculated
state index can thus be used as an additional knowledge input (= Vi-
tamine ENA) for a decision-making process that might also use other
calculations and approaches.

If already existing monitoring programs are adapted to the re-
quirements set by the ENA application, these indices can also serve the
long-term monitoring of ecosystem state. Indices that deviate from their
reference that reflects the optimum ecological situation, should then be
a reason for investigating the effects of human activities (e.g. pollution,
constructions, loads or organic waste, dredging, fisheries) that translate
to quantitative shifts in species abundance or biomass and thus a
change in the indices' mean value. At the end, policy makers should be
offered the possibility to test experimentally the effects of measures in
terms of index or metrics values. That means that they would then have
a tool where they can change the stresses or the foreseen measures so
that the index under consideration reaches a desired value. The value of
the different ENA indicators informs policy makers and managers about
the required development direction in a process that can be indicated as
‘adaptive ecosystem management’. The challenge is to use the indices as
reference while establishing the optimum ecological situation for a
given case.
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1.3. Aim of paper

Ecological Network Analysis indices are numerous and each ENA
index describes different aspects of the food web. In this paper, eight
indices are presented [i.e. Detritivory over Herbivory ratio (D/H),
Connectance Index (CI), Transfer Efficiency (TE) over trophic levels,
System Omnivory Index (SOI), Finn's Cycling Index (FCI), relative
Redundancy (R/DC), Average Mutual Information (AMI) and
Interaction Strength (IS)] which reflect the outcome of European ex-
perts' work and discussions on ENA in the context of the OSPAR
Commission between 2011 and 2017. The paper describes the potential
of ENA indices to be incorporated in general management strategies in
order to give a holistic assessment of the status of marine ecosystems as
intended within MSFD, WFD or Regional Sea's conventions programs.
This is done by presenting a first framework for OSPAR Regional Seas
Convention food web indicators based on ENA, explaining what these
selected ENA indices calculate, highlighting what needs to be in-
corporated for example in monitoring programs and what needs to be
understood to start using these indices in global assessment evaluation
programs and illustrating results using different case studies.

2. The ENA methodological framework

2.1. Building the network

Food webs, or ecological networks, are simplified representations of
functional species interactions in a certain geographical area and set-
ting. Food webs are thus diagrams that depict compartments (species,
functional groups and carbon/nutrient/energy pools) as nodes and their
interactions represented as edges. The abstracted set of connections can
represent an ecosystem, community or habitat.

Ernst Haeckel not only coined in 1869 the term “ecology” but he
also introduced the concept of “patterns of eating and being eaten” or in
a more recent and popular fashion as patterns of “who eats whom or what
and how much” (Pimm, 1982). Ulanowicz (2004) split the formulation
by Pimm (1982) into two questions: (1) who eats whom?, and (2) at
what rate? The first of the two needs to be extended as “Who eats whom
or what?”: it refers to the non-living pools (detritus) which play a major
role in the functioning of ecological networks. Prior to the first ques-
tion, it is necessary to identify the significant taxa (species or functional
groups) comprising the living part of the ecosystem. Once that in-
formation is available, the system can be presented graphically as a
diagram (Fig. 1-A), where each transaction is represented as an arrow
that originates from the (to be eaten) prey taxon node or detritus and
terminates (with an arrowhead) at the predator node.

Ecosystems are open, meaning that they exchange material and
energy with their surroundings. These exchanges are represented by
three kinds of arrows: (i) Exogenous inputs to the ecosystem (e.g. pri-
mary production, transport of nutrients, POC or DOC or immigration),
which is represented by an arrow that originates out of no visible taxon
and terminates (with an arrowhead) into the actual receiving node
(Fig. 1-B); (ii) Exogenous outputs from the ecosystem, which is the
export of material or energy still useful for other ecosystems of com-
parable scale (e.g. physical transport of POC and or DOC, emigration of
species or harvesting by humans), and represented by an arrow that
originates from the given taxon but terminates in an empty space re-
ferring to surrounding ecosystems (Fig. 1-B); and (iii) Exogenous dis-
sipation of energy: that part of the exogenous output that may be dis-
sipated into mainly respiration, and is represented by arrows directed to
the ground as ground wire (striped arrowhead) (Fig. 1-B). The second
query “at what rate?” invokes linear matrix algebra to analyse network
patterns in a systematic fashion. To do so, a single medium (e.g. organic
material expressed in organic carbon, wet mass, energy, or other che-
mical elements such as N and P) is required to express flows. Then,
literature or local measurements are used to define metabolic rates of
each compartment (e.g. the total consumption/demand by the

population or organisms can then be estimated). Given the scarcity of
some chemical elements such as N and P, in the biosphere, it is in-
evitable that the same material be used repeatedly by many of the
biological species. This is called “recycling” of the medium and is
quantified also in the network construction, by cyclic pathways. Finally,
the model can be balanced in order to force fluxes to have the same
property for each compartment i.e. sum of entering fluxes = sum of
exiting fluxes. It is worth noting that the choice of balancing procedure
can influence the ENA indices (see Odum, 1969, 1973, Polovina, 1984,
Allesina and Bondavalli, 2003, Fath et al., 2007, Jørgensen et al., 1999,
de Jonge and Schückel, this volume for more details).

Once the ecosystem network has been constructed, the performance
of the system as a whole can be evaluated by using ENA indices. These
indices represent the nature of the connections between compartments
through an analysis of several types of fluxes in comparison to the total
flux through the system, the trophic structure based on a linearization
of the network and the degree of redundancy or specialization of the
flows (Ulanowicz, 1986, 1997, 2004; Fath et al., 2007; Saint-Béat et al.,
2013). The levels of both anthropogenic and natural stress of aquatic
ecosystems on the functioning of the ecosystem is then captured by the
ENA indices (Heymans et al., 2014; Tecchio et al., 2016, de Jonge and
Schückel, this volume).

2.2. Algorithms to calculate ENA indices

ENA indices are based on an instantaneous estimate of the value of
each flow type within the food web. This estimate is generally calcu-
lated based on annual averages by different algorithms (e.g. Ecopath,
NETWRK, enaR). Today, to our knowledge, five different software tools
are available which can calculate ENA indices, namely NETWRK
(Ulanowicz and Kay, 1991), Ecopath with Ecosim or EwE (Christensen
and Pauly, 1992), R package NetIndices (Soetaert, 2009), R Package
EcoTroph (Colléter et al., 2013) and R package enaR (Borrett and Lau,
2014; Lau et al., 2015). Several methods have evolved recently to allow
the estimation of uncertainty intervals using the ENA-tool for Ecopath
(Guesnet et al., 2015), LIM-MCMC for the Linear Inverse Modelling (R
package limSolve, van der Meersche et al., 2009), the ENA uncertainty
function implemented in enaR (Hines et al., 2018) and linking LIM with
enaR (R package FlowCAr, Waspe et al., 2018). Considering the un-
certainty around each input value is the most used approach to begin
this estimation. Then, the application of the linear equations of the
model transfers this uncertainty to the output unknowns – i.e. the flows
– and, from them, to the values of the ENA indices. Thanks to this
uncertainty intervals determination, it is now possible to test the sta-
tistical significance of the difference between two values, describing
two situations for the same index (Tecchio et al., 2016, Raoux et al. in
press), for example by comparing the impact of an event by comparing
before and after situations. The uncertainty analyses, implemented in
enaR, have also recently been used to compare the impact of differences
in diet input on the calculation of food-web indices such as FCI and
others (Bentley et al., 2019).

2.3. Data requirements

The first step prior to calculating the ENA indices is the construction
of the model for the targeted ecosystem (Odum, 1973; Pimm, 1982;
Ulanowicz, 2004). The complexity of the model (e.g. the number of
species or compartments included, the level of aggregation of species in
the trophic compartments, the spatial resolution, etc.) is strongly re-
lated to data availability and to the policy question that needs to be
answered. However, whatever the complexity of the model that is built,
any local system's specific information based on ENA is highly appre-
ciated because it provides an indication on the status of the local food
web. In general, the plankton biomass (i.e. phytoplankton, micro-
phytobenthos on the intertidal flats/sediment bed plus its re-suspended
fraction and micro-meso- macro-zooplankton) is required along with
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bacteria, benthic organisms, fish and invertebrates, mammals, and bird
biomass data (Saint- Béat et al., 2013, 2015, de Jonge et al. accepted
A,B). Information on the organisms < 1 mm (e.g. algae, micro-
zooplankton, meiofauna, bacteria) can be essential for the analyses (de
Jonge et al., accepted B). If this information is not locally available,
literature from ecosystems expected to be close to the studied eco-
system can be helpful to estimate the biomasses although this will in-
troduce unknown uncertainty in the model.

The food web is normally characterized by biomass values of a
single medium such as the carbon biomass values of the compartments.
To gain a better understanding of the strength of the relationships oc-
curring within a food web, a measure of the amount of carbon (or en-
ergy/nutrient) needed from each prey item is required. Stomach con-
tent and stable isotope analyses are used to account for these measures
(see as examples Velasco et al., 2003; Le Loc'h et al., 2008, Jennings and
Molen, 2015). The quantity of a specific prey in the stomach of a pre-
dator and/or the isotope signature is then a proxy of the strength of the
link between predator and prey (Arroyo et al., 2017).

Once this information is available, the model can be parameterized
with biomasses per unit area, with all the required ratios of processes
over biomass [such as production over biomass ratios (P/B, usually
determined as mean per annum), consumption over biomass ratios (C/
B, as mean per annum) or respiration over biomass (R/B) and egestion
(E/B)] and a diet matrix which establishes the interactions between
predators and preys in the ecosystem. Whatever the modelling ap-
proach, a system of assumed linear relations (equations) between total
food intake and the relative importance of certain prey species will then
lead to fluxes of prey food per species. As a result, a rectangular n x n
matrix containing all flows is obtained which forms the basis for the
ENA analysis (e.g. Fath et al., 2007).

3. Applying ENA indices under regional cooperation towards EBM
approach

3.1. ENA indices as guidelines to advise on regional monitoring programs:
the OSPAR case

Strongly institutionalized management regimes have the advantage
of long-term institutional existence and stability. They can typically
build up and upon extensive databases, integrating monitoring para-
meters and efficiently advising to decision-making through in-
stitutionalized procedures. Regarding such databases, ENA indices are
increasingly considered to be useful to develop and operationalize
monitoring parameters accounting for holistic systems ecological ap-
proaches at large temporal and spatial scales.

The OSPAR commission represents such a long-term institutional
entity (www.ospar.org). Based on the OSPAR convention it represents
an international cooperation for the North East Atlantic marine en-
vironmental protection, and an international structure by which EU
Member States, sharing marine regions or sub-regions, can cooperate to
ensure that the MSFD's objectives are achieved. Within OSPAR, the
necessary actions on each step of the marine strategy can also be co-
ordinated. Following the adoption of the MSFD (EC, 2008), EU Member
States are required to cooperate to ensure the coordinated development
of marine strategies. Member states are encouraged to conduct joint
assessments of their shared waters to obtain coherent and integrative
perspectives of their environmental status.

Ecological Network Analysis are among the OSPAR indicators
(OSPAR FW9 indicator). The holistic rationale behind ENA, capturing
functional aspects of the food web, rather than only fish and commer-
cial species (Rombouts et al., 2013), led to its inclusion as a potential
food web indicator in the OSPAR list of indicators (Table 1). So far,
under the OSPAR framework, the Intersessional Correspondence Group

Fig. 1. Schematic representation of the information
required for the Ecological Network Analysis indices.
A- A directed flow graph; B- The trophic exchange of
here energy (kcal.m−2.y−1) but it could also be in
organic Carbon (gC.m−2.y−1), nitrogen, or even wet
weight. The arrows not originating from a box re-
present exogenous inputs, arrows not terminating in
a box portray exogenous outputs and ground symbols
represent mainly respiration. Figures are from
Ulanowicz (2004).
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for Coordination of Biodiversity Assessment and Monitoring (ICG-
COBAM) proposed a list of nine indicators (Table 1) to capture food
web characteristics (i.e. structure, functioning and dynamics) (Niquil
et al., 2014a).

To date, however, only fisheries related indicators [i.e. Size
Composition in Fish Communities, (Typical Length, OSPAR FW3 in-
dicator) and Mean Trophic Level (MTL, OSPAR FW4 indicator)] are
currently adopted as common indicators (Table 1). The Typical Length
indicator, represents the average length of fish and is expected to de-
cline in response to high fishing pressure as fishing is a size-selective
process (Boudreau and Dickie, 1992; Rossberg, 2012; Fung et al.,
2013). The MTL gives information on the structural changes in the
ecosystem as a result of fishing (Pauly et al., 1998). However, although
these two indicators describe some important features of the ecosystem
(i.e. fish, elasmobranch and invertebrates) and are used for assessing
the environmental status in OSPAR regions, they do not provide the
“holistic” view as desired or foreseen by the political will and the in-
tention of the directives (e.g. EC, 2008, 2017).

OSPAR, by functioning as one of the advisory commissions on the
supranational level could provide further “experimental room/oppor-
tunity” for ENA approaches to become operationalized at larger re-
gional scales. This space can be seized to close existing data gaps via
monitoring and to develop ecologically robust assessment models. The
supranational level of OSPAR as advisory body to the EU Commission
presents an important advantage as national constraints do not directly
influence or compete (e.g. competition between the ministries of
economy and nature protection; monitoring cut backs due to financial
crisis; fragmentation of the administrative system due to reforms; lack
of cooperation between administrations; lack of common monitoring
standards because of administrative fragmentation).

3.2. ENA indices proposed by the food web experts under the OSPAR ICG-
COBAM group

ENA indices are numerous and each describes different aspects of
the food web. In this section, eight indices are presented as listed in
Table 2. These indices are proposed as a first set of ENA indices to be
considered under the “OSPAR FW9 indicator” (Table 1). The eight in-
dices reflect the outcome of the ICG-COBAM Food Web expert working
group between 2011 and 2017. Their function is here restricted to a
graphical representation and description of what the different indices
represent in a network plus the equations and the theoretical meaning
underneath.

3.2.1. Detritivory/herbivory (D/H)
3.2.1.1. Description of the index. Detritivory and Herbivory reflect the
transfer of carbon (or energy, nutrients) from detritus and/or
autotrophs (e.g. plants) to level II (i.e. to detritivores and herbivores,

respectively) in a food web (Odum, 1969; Kay et al., 1989; Ulanowicz,
1992; Niquil et al., 2014b). A detritivore increases recycling (Saint-Béat
et al., 2013), in parallel with the microbial loop, which plays an
important role in marine ecosystems (Odum and Heald, 1975; Heymans
et al., 2002). Thus, an ecosystem that shifts from high Detritivory to low
Detritivory is less dependent on Detritus (Fig. 2), and more dependent
on plant material (phanerogams and/or algae) for the transfer of energy
from level I to level II (Luong et al., 2014).

3.2.1.2. What are the implications of varying D/H for food web
status?. High D/H values reflect an ecosystem where detritus plays an
important role in the medium recycling such as carbon recycling, while
low D/H reflects an ecosystem where primary producers
(phytoplankton and/or algae) play a vital role as food for the second
level (Luong et al., 2014; Chrystal and Scharler, 2014, de Jonge et al.,
accepted A). An increase in the D/H ratio indicates a shift to a more
detritus-based food web. The reasons for a shift can be several. Odum
(1969) relates the increase in Detritivory to the maturity of ecosystems.
Following experiments with computer models, detritus-based systems
seem to be more stable and show higher resilience than ecosystems
based solely on primary production (Lassalle et al., 2011). However,
observations on real life ecosystems show that disturbances may
increase the D/H in situations like a flood event in an estuary (Niquil
et al., 2014b), eutrophication (Schückel et al., 2015), in a salt-marsh
disturbed with high stress conditions (Dame and Christian, 2007) and
with high waste loads (de Jonge and Schückel, this volume).

3.2.2. Connectance Index (CI)
3.2.2.1. Description of the index. Connectance is a measure of network
complexity and can generally be defined as the number of actual
interactions in a food web divided by the total possible number of
interactions or links – essentially the density of interactions in binary
networks (Martinez, 1991; Warren, 1994; Christensen and Walters,
2004; Banasek-Richter et al., 2009). Going from high CI towards low CI
(Fig. 3) is represented by a loss of pathways or edges between
compartments. Naturally stressed ecosystems, such as estuaries, show
low CI values (Lobry et al., 2008). CI also decreases under stressing
conditions such as fishing impacts (Eddy et al., 2017).

3.2.2.2. What are the implications of varying CI for food web
status?. Stability increases with the number of links in a food web,
and therefore the higher the CI, the more stable and robust the food
web (Rooney and McCann, 2012). Studying the CI is important for
ecologists wishing to understand what determines the stability of a
community. However, by its very definition, CI is strongly correlated
with the level of aggregations considered in the system (Martinez,
1991). It is thus important to restrain its use for comparing systems
with the exact same level of aggregation.

Table 1
OSPAR Food Web (FW) list of indicator descriptions (Niquil et al., 2014a). FW3 and FW4 are currently adopted as common
indicators in some of the OSPAR regions. These indicators are applied in the OSPAR 2017 intermediate assessment (https://oap.
ospar.org/en/ospar-assessments/intermediate-assessment-2017/). The rest of the indicators (i.e. FW1, FW5, FW6, FW7, FW8
and FW9) are still candidate indicators, for which development work is ongoing, or which are under consideration for potential
future development for EU MSFD Descriptor 4. FW2 is the only candidate indicator that contributed partially to the OSPAR
2017 intermediate assessment. For more details, see www.ospar.org.

OSPAR indicators code Indicator descriptions

FW1 Reproduction success of marine birds in relation to food availability
FW2 Production of phytoplankton
FW3 Size composition in fish communities
FW4 Changes in average trophic level of marine predators
FW5 Change of plankton functional types (life form) index ratio
FW6 Biomass, species composition and spatial distribution of zooplankton
FW7 Biomass and abundance of functional groups
FW8 Changes in the distribution of biomass and species over trophic levels and body size
FW9 Ecological Network Analysis
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3.2.3. Transfer efficiency (TE) over trophic levels
3.2.3.1. Description of the index. The basic process in trophic dynamics
is the transfer of carbon (or energy, nutrients) from one trophic level to
another (Lindeman, 1942; Odum, 1973; Kay et al., 1989). All functions
and indeed all forms of life within an ecosystem depend upon the
utilization of an external source of energy such as solar radiation
(Lindeman, 1942). Phytoplankton production is the first process where
light energy is used to convert relatively simple resources into complex
organic substances. Lindeman (1942) was first to define transfer
“efficiency” (TE) for each trophic level as the percentage of the
production of one trophic level converted to production by the next
trophic level. The shift from high to low TE (Fig. 4) is reflected by an
increase in the time duration for energy to transfer from low trophic

compartments (e.g. level I) towards higher ones (e.g. level IV) (Odum,
1973).

3.2.3.2. What are the implications of varying TE for food web status?. A
high value of TE is characteristic of a mature ecosystem or of an
oligotrophic ecosystem with scarce element (Lobry et al., 2008;
Scharler et al., 2015). However, it is important to note that TE is
related to the type of ecosystem described, as Heymans et al. (2014)
showed that TE is significantly different in ecosystems of different
average depths (i.e. shallow estuaries vs. deep sea ecosystems that
include the water column), so for management purposes, it is best to
only compare TE within a system, not across systems. Disturbances of
various origins (e.g. species invasions, Baird et al., 2012;

Table 2
List of ENA indices proposed in the OSPAR Convention context. This list is not adopted by OSPAR Commission at the date of writing this paper. It only reflects the
current discussions between Food Web experts in the context of the OSPAR ICG-COBAM Food Web working group.

ENA indices Symbol Definition and calculation Literature

Detritivory over
Herbivory ratio

D/H Importance of living trophic interactions compared to detritus chain. D/H is a simple ratio where
Detritivory corresponds to the sum of al l predation flows (i.e. flows from detritus to consumers) on
the detritus compartment, and Herbivory represents the flows of predation on plants.

Kay et al. (1989), Ulanowicz
(1992), Baird et al. (2009).

The connectance index (CI) is measured following the equation =Cl L/S2

Connectance Index CI where L is the actual number of l inks and S2 represents the number of possible l inks (S being the
number of species).

Martinez (1991), Warren (1994)

Transfer Efficiency over
TLs

TE Proportion of outbound flows of a discrete trophic level that throughput into the next. TE is calculated
as the fraction of the total carbon input to a given level that is transmitted to the next higher level. The
overall transfer efficiency of the system is then derived from the logarithmic mean of the efficiencies
of the trophic levels.

Lindeman (1942), Baird and
Ulanowicz (1989)

System Omnivory Index SOI Mean of consumers' omnivory indices, weighted by the logarithm of their consumption. Christensen and Pauly (1993),
Christensen and Walters (2004),
Libralato (2008)

Finn's Cycling Index FCI Finn Cycling Index can be calculated by the total cycling throughflow (Cycled flow of node i is

TSTci = ((ni i −1)/ni i)Ti) divided by total system throughflow (TSTflow): =FCI TSTci
TSTflow

Odum (1969), Finn (1976, 1980,
1983)

Relative Redundancy R/DC Proportion of internal flows overhead on total development capacity. R/DC is calculated

= = =
+

= ( )Tijlog Tijlog2 T.j / 2R
DC i j

n
i
n

j
n Tij

T, 1
Tij2

Ti . 1
2

0 .. Where Tij is the flow from compartment i to

compartment j; Ti. Is the sum of all flows leaving compartment i; T.j is the sum of all flows entering in
compartment j; T. is the sum of al l flows.

Ulanowicz (1986), Christensen
(1995), Ulanowicz (2001), Saint-
Béat et al. (2013)

Average Mutual
Information

AMI Measures the organization of the exchanges between compartments. AMI is calculated with the

following formula: = =
+

= ( )AMI k log2i
n

j
n Tij

T
TijT

Ti T j1
2

0 ..
..

. . Where Tij is the flow from compartment i to

compartment j; Ti. Is the sum of all flows leaving compartment i; T.j is the sum of all flows entering in
compartment j; T. is the sum of al l flows.

Hirata and Ulanowicz (1984),
Latham and Scully (2002)

Interaction Strength IS The formula for interaction strength between a predator and a particular prey item is: =l m /imij ij ij
formulated as the diet contribution (mij, in biomass or volume) of species i to the diet (gut content) of
consumer species j

McCann (2000), Arroyo et al.
(2017)

Fig. 2. Schematic representation of the concept of Detritivory (D) and Herbivory (H).
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eutrophication, Libralato et al., 2004) have been shown to lower the
ecosystem TE. In different case studies it has been demonstrated that
there is a correlation between higher fishing pressure levels and lower
TE (Libralato et al., 2008; Coll et al., 2009; Heymans et al., 2012).
However, the phenomenon is not a systematic one as indirect effects
may lower the efficiency of some trophic levels but increase the mean
efficiency as estimated at the ecosystem level (Duan et al., 2009).

3.2.4. System Omnivory Index (SOI)
3.2.4.1. Description of the index. Omnivory in the common sense is
understood as the practice of feeding on more than one type of food
sources such as detritus, plant material or fauna. Libralato (2008)
presented the System Omnivory Index (SOI) as a mean index that
quantifies the distribution of feeding interactions among trophic levels
of the food web through the weighted average of omnivory of the
consumers (Christensen and Pauly, 1993, Christensen and Walters,
2004, Libralato, 2008). Omnivory is then defined as the variability of
trophic levels of preys. Going from higher to lower SOI mean values
represents (Fig. 5) the transitional shift from a food web with a wide
web-like structure (i.e. with several pathways and omnivory
relationships between compartments/species) to a narrower chain-like
structure (i.e. with fewer pathways and a structure consisting of several
simplified food chains) (Dimitrios et al., 2018).

3.2.4.2. What are the implications of varying SOI for food web

status?. Omnivory increases the complexity of food webs and
therefore, SOI represents an overall measure of the complexity of a
given ecological network, allowing comparison among ecosystems and
for assessing their development stage and maturity (Lobry et al., 2008).
SOI has been often applied as a quantification of the web-like structure
of weighted and directed food webs (Libralato, 2008), and it has also
been described as a relevant indicator of stress (Lobry et al., 2008;
Selleslagh et al., 2012). SOI has been shown to decrease with the level
of fishing pressure (Heymans et al., 2012). As omnivory gives flexibility
to the system, more omnivorous systems are able to absorb
perturbations and to recover quicker after them (Fagan, 1997;
Libralato, 2008). And, according to Fagan (1997), an increase in the
degree of omnivory may have a stabilizing role on the system.

3.2.5. Finn's cycling index (FCI)
3.2.5.1. Description of the index. Christensen and Walters (2004)
described the cycling index as the fraction of an ecosystem's
throughput that is recycled, i.e. that is circulating in cycling
pathways (forming loops). FCI quantifies the importance of cycling in
the system (Finn, 1976) and is presented as the percentage of flows
generated by cycling. Going from high FCI towards low FCI is
represented by the reduction in the number of cyclic pathways within
the food web (Fig. 6) or the reduction in the flow value within those
cycling pathways (Finn, 1976, 1980; Scharler and Baird 2005; Tecchio
et al., 2015).

Fig. 3. Schematic representation of the concept of food web Connectance (CI).

Fig. 4. Schematic representation of the concept of transfer efficiency (TE).
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3.2.5.2. What are the implications of varying FCI for food web status?. The
FCI is often considered as a possible indicator of stress and an increase
in recycling is usually interpreted as a response to stress (Odum, 1985;
Scharler and Baird 2005; Tecchio et al., 2015; Pezy et al., 2018).
However, cycling can also act as a buffer during perturbation and
increase the ability of the system to resist changes, increasing its
resistance (Sain Béat et al., 2015). The consideration of the recycling as
an indicator of stress must also be adapted to the hydrological features
of the studied system. This is especially true for estuaries, where the
strong influence of physical factors such as hydrodynamics should be
accounted for when interpreting FCI results (Niquil et al., 2012, de
Jonge and Schückel, this volume).

3.2.6. Relative redundancy (R/DC)
3.2.6.1. Description of the index. Relative redundancy (R/DC) measures
the extent to which internal flows within a food web follow parallel
pathways. Thus, R/DC decreases as the food web's specialization
increases, i.e. the food web becomes more dependent on one of the
sources as for example a source from level I (Fig. 7) or from another
level (Ulanowicz, 1986). Considering only internal flows means
excluding export, import, and dissipation flows from the calculation,
and focusing uniquely on prey-predator interactions (Tecchio et al.,
2016). Hence only internal flows are considered in the R/DC
calculation.

3.2.6.2. What are the implications of varying R/DC for food web
status?. R/DC corresponds to an indicator of the inefficiency of the
network (Hirata and Ulanowicz, 1984; Bondavalli et al., 2000; Saint-

Béat et al., 2013) as it measures the number of parallel trophic
itineraries connecting the different trophic compartments, but it is
also a way for ecosystems to show a high resilience as one pathway can
replace another one (Ulanowicz, 1997). It has been shown as sensitive
to persistent ecosystem changes such as overfishing combined with
acute impacts such as temperature fluctuations (Heymans and
Tomczak, 2016; Tomczak et al., 2013).

3.2.7. Average mutual information (AMI)
3.2.7.1. Description of the index. The Average Mutual Information
(AMI) is a measure of how efficiently material is transported through
the network (Rutledge et al., 1976; Hirata and Ulanowicz, 1984;
Latham and Scully, 2002). AMI measures the organization of the
energy exchanges between compartments/components of a food web
and thus reflects the system's overall organization. A rise in AMI
signifies that the system is becoming more constrained and is
channelling flows along more specific pathways. Lower values of AMI
mean a system evolving towards a web-like network, while a higher
value indicates an increase in specialization/constraints (Fig. 8)
(Ulanowicz, 1997, 2004).

3.2.7.2. What are the implications of varying AMI for food web
status?. Historically, ecosystems were theorized to tend for higher
efficiency (higher AMI) throughout succession, but currently it is
foreseen that systems with excessive (high AMI) or too little
efficiency (low AMI) are less likely to persist (Ulanowicz, 2009;
Ludovisi and Scharler, 2017). AMI values are highest in networks
where there are fewer pathways for energy to get to the top trophic

Fig. 5. Schematic representation of the concept of System Omnivory Index (SOI).

Fig. 6. Schematic representation of the
concept of Finn's Cycling Index (FCI). In the
left part (High FCI), the number of cyclic
loops and their magnitude is higher which
reflects a higher amount of material that is
circulating within/among loops. The dif-
ferent loops are presented with different
colours. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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levels, and lowest in networks that are fully connected and all links
transport an equal amount of material (Ulanowicz, 1980, 2009).

3.2.8. Interaction strength (IS)
3.2.8.1. Description of the index. The Interaction Strength (ai,j) of
species j on species i, is generally defined as the per capita measure
of the instantaneous rate of population change of species i owing to a
change in species j. This can be interpreted as the rate of biomass flux
between species j and i (e.g. the IS, in terms of biomass flux, of predator
j on prey species i is the per capita functional response) (Rooney and
McCann, 2012). The relationship can be assimilated to the biomass of
prey species i consumed by predator/consumer species j (Fig. 9), and
thus the calculation of IS between these elements be based on diet
analysis of the various predator/consumer species conforming a specific
food web (Velasco et al., 2003; Le Loc'h et al., 2008). From the obtained
values, a mean (and a variance) of the IS for that specific food web can
be obtained (Arroyo et al., 2017).

3.2.8.2. What are the implications of varying IS for food web status?. The
distribution of IS in nature is such that there are many weak links and
few strong interactions, various theoretical and empirical studies
showing this stabilizing effect in the species relationship (McCann,
2000; Kokkoris et al., 2002; Gellner and McCann, 2012). In general, a
decrease in the mean and the variance of IS within a food web is a sign
of increasing stability, and thus, of an increased resistance/resilience of
the system to perturbations (McCann, 2000; Gellner and McCann, 2016;
Arroyo et al., 2017).

4. Applying ENA indices: a promising approach to satisfy the
decision makers quest for ecosystem-holism in management

4.1. Bottlenecks for administrative and political implementation of ENA
indices

When it comes to Ecosystem Based Management (EBM) im-
plementation, the scientific quest for holism typically overlaps with the
political-administrative quest for holism. In organizational terms, EBM
implementation requires “[…] management actions across a range of
spatial scales and attention to connections among spatial as well as gov-
ernance units” (Lester et al., 2010). These connections need to be driven
by cooperation and integration to result in effective management re-
gimes (see Soma et al., 2015). Simultaneously, EBM requires decision
makers to work at clearly defined local levels “As structures and func-
tioning of ecosystems are diverse and formed at the local levels so too must

Fig. 7. Schematic representation of the concept of food web Relative Redundancy (R/DC).

Fig. 8. Schematic representation of the concept of Average Mutual Information (AMI).

Fig. 9. Schematic representation of the concept of Interaction Strength (IS).
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management be varied and be tailored to the characteristics of each specific
location.” (Curtin and Prellezo, 2010; Oakley et al., 2018).

The level of available knowledge is an important factor often re-
stricting decision maker's possibilities to apply good knowledge for
decision-making (Tallis et al., 2010). The analysis and comparison
across contemporary practice of successful EBM knowledge governance
revealed that decision makers have applied a variety of practices to
organize knowledge for decision-making, but still struggle to in-
corporate ecosystem-holism (Giebels and de Jonge, 2014). The fol-
lowing cases show that Ecological Network Analysis is a promising
approach in that respect, because it can be applied for decision-making
to satisfy the quest for ecosystem-holism in a variety of organizational
contexts.

4.2. Case studies reflecting the (potential) benefits of applying ENA indices

4.2.1. Ecological implications of the EU landing obligation and fishing
mortality

In the context of the reformed Common Fisheries Policy (EC, 2013),
the landing obligation of all fisheries catches including discards was
implemented. Dimitrios et al. (2018) assessed the ecological implica-
tions of the EU landing obligation on the Ionian Sea food web. Simu-
lations showed that discards are cascading up the food web and changes
in the management of discards lead to significant consequences for top
organisms (mainly marine seabirds) especially when applying this
regulation without any change in the fishing effort. However, the Ionian
Sea food web seemed to be not impacted by the application of the
landing obligation as the main commercial fish species showed low
biomass changes. This was enhanced by the estimated values of the
ecological indicators, including ENA indices (TE, FCI, CI and SOI), in
which no deviations were observed from the initial condition. The
overall low impact of changes in discarding policy is due to the fact that
most of the species groups did not rely on the small amounts of discards
estimated for the Ionian Sea. The Ionian Sea is described as a mature
system (Finn, 1976), presenting a good resistance to unexpected per-
turbations (Ulanowicz and Norden, 1990) with a food web with a high
web-like structure having the highest SOI values compared to other
Mediterranean systems (Piroddi et al., 2015, 2016).

Fishing mortality, and particularly overfishing, can have impacts on
ecosystem functioning. Eddy et al., (2017) studied the ecosystem effects
of invertebrate fisheries by analysing twelve ecosystem models world-
wide. These authors demonstrated the important role of invertebrates
in marine ecosystems and that their exploitation can have strong eco-
system impacts with a reduction in ecosystem connectance (CI). Gen-
erally, exploitation of cephalopods had the greatest impacts across the
twelve studied ecosystems, with more than 20% of other groups af-
fected by a 40% biomass change in cephalopods at high exploitation
levels. Cephalopods had the highest CI values and low relative abun-
dance indicating their strong predatory role in the various studied
ecosystems and thus, underlying their top-down regulation role in these
ecosystems. Overall, Eddy et al., (2017) concluded that relative abun-
dance and CI of exploited invertebrate groups were good predictors of
ecosystem impacts.

Further effects of overfishing and ecosystem's recovering trends
after the enforcement of fisheries regulations were recorded by Arroyo
et al. (2017) in the Cantabrian Sea. Here, fishing reached its peak in-
tensity during the 90's causing the mean trophic level of the catches to
reach minimal levels (Sánchez and Olaso, 2004). Nowadays, an in-
creasing body of evidence indicates that the system seems to be on a
recovery trend after the enforcement of quotas and fisheries regula-
tions. In this study, consumer network structure (i.e. all trophic levels
above primary producers, all consumers) variations were used over a 22
year period (1992–2013), together with species and functional group
indicators, to investigate the extent to which biological diversity and
functionality have been restored in this area with the reduction in
fishing pressure. Arroyo et al., (2017), showed that trends of increased

species richness and diversity of functional groups were paralleled by
an increase in links per species and a reduction in the mean and the
variance of interaction strengths (IS) between the main consumer spe-
cies and their potential prey, indicating a progression towards increased
stability of the bentho-demersal assemblages in this area, in accordance
with ecological theory. Specifically, while the role of strong interactors
as keystone species is well established, weak interactors have important
stabilizing roles as buffering agents in production transfer processes (de
Ruiter et al., 1995, O'Gorman and Emmerson, 2009), allowing the co-
existence of many species and adding stability to the system (McCann
and Rooney, 2009). These results provide additional evidence on how
network structure analyses may provide a convincing tool for evalu-
ating and monitoring both impacts and recovery trends in well-sampled
ecosystems.

Another example of how ENA can be applied was shown in the
northern Benguela ecosystem (Heymans and Tomczak, 2016). Here
ENA analysis showed how fishing and the environment (most likely)
combined to re-organize the ecosystem. Heymans and Tomczak (2016)
showed with ENA indices how the structure of the ecosystem had
evolved between 1956 and 2003. The large fishing effort that occurred
in this ecosystem before the mid-1970's combined with the Benguela
Niño (a lack of upwelling and increased sea surface temperature due to
changes in wind patterns) in 1972 changed the internal structure of the
ecosystem (reflected by an increase in the Average Mutual Information
(AMI) index). This change in the internal structure, combined with
another Benguela Niño in 1984 which caused very low primary pro-
duction, created a regime shift which was as a statistically significant
reduction in the redundancy (R/DC), when the system abruptly
changed. This was manifested in a large change in the most important
fished species, with the ecosystem changing form a system dominated
by pelagic fisheries, to one dominated by demersal species, and the
pelagic energy flowing through species that cannot be fished such as
jellyfish and gobies (Utne-Palm et al., 2010). Heymans and Tomczak
(2016) suggested that the system should now be managed as one with
reduced redundancy, thus imposing a reduced fishing pressure. A si-
milar regime shift in the ecosystem due to changes in the exploitation
and nutrients was also shown in the Baltic Sea by Tomczak et al.
(2013), and in this case the reorganization (changes in the redundancy;
i.e. R/DC) in the ecosystem was shown to last about 10 years.

4.2.2. Harbour construction and offshore wind farm: building hard
structures at sea

The study of Tecchio et al. (2015, 2016) shows how ENA can be
developed as an add-on to the use of environmental impact assessment
to better understand the impacts of big national infrastructure projects
at the local level. Tecchio et al. (2015, 2016) investigated the effect on
the local ecosystem of a commercial port extension at Le Havre, in the
Seine Estuary (Northern France). ENA indices were applied, integrating
the ecological data from years 1996–2002 (before the port extension –
Tecchio et al., 2015) with those from 2005 to 2012 (after the port ex-
tension – Tecchio et al., 2016). Results showed that the two habitats
with a functioning most related to a stressed state were the northern
and central navigation channels, where building works were a-priori
considered major anthropogenic stressors. Modelling the response of
the various habitats separately permitted disclosing the specific re-
sponse of the functioning properties of the food web to the different
pressures. After the port construction on the northern flank of the Seine
estuary, results showed a food web with an increased detritivory (D/H)
and carbon recycling (FCI), which possibly regressed to a previous step
in ecological succession.

In addition to the local level, ENA is also useful to describe impacts
at the regional scale. Raoux et al. (2017, in press) investigated the
applicability of ENA indices in the context of offshore wind farm con-
struction in the French EEZ. An Ecopath ecosystem model was built
composed of 37 compartments, from the bacterial compartment, which
is at the lowest trophic level, up to seabirds' compartment, among the
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high predators. The model describe the situation “before” the con-
struction of the wind farm (Raoux et al., 2017). Then, an Ecosim pro-
jection over 30 years after the building of the wind farm was performed,
increasing the biomass of targeted benthic and fish compartments
subjected to reef effect (Raoux et al., In Press). ENA indices were cal-
culated for the two periods, “before” and “after”, to compare network
functioning and the overall structural properties of the food web. Si-
mulation results showed that the carbon recycling (FCI) and the system
omnivory (SOI) indices as well as the Detritivory/Herbivory ratio (D/H)
increased after the construction of the offshore wind farm (Raoux et al.,
2017).

4.2.3. The effects of nutrient enrichment on marine ecosystems
Luong et al., (2014) assessed the effects of continuous nutrient ad-

ditions on the structural and functional dynamics of a marine plank-
tonic ecosystem combining data from mesocosm experiments with
carbon budget modelling and ENA indices. Increasing nutrient addi-
tions showed a food web restructuring with a decrease in TE as the food
web efficiency was reduced implying that more net primary production
was required to produce the same biomass of copepods. The authors
relate the decrease in food web efficiency to inadequate food quality,
reduced assimilation efficiency and reduced growth efficiency. Nutrient
enrichment also promoted herbivory (i.e. decreasing the D/H ratio)
which resulted in a decrease in recycling (i.e. decrease in FCI). Hence,
under high nutrient addition rates, food webs show a higher degree of
utilization of primary production compared to detritivory.

4.2.4. Potential use of ENA for improving habitat restoration efforts: an
endangered Danish fish species

Denmark's second largest river restoration project was organized
alongside the goal to restore the habitat of an almost extinct fish spe-
cies, the Danish Houting (Coregonus oxyrinchus). This river restoration
project was managed by a regime that worked very well to organize
decision-making quickly and timely, successfully bridging all of the
most necessary institutional boundaries on the regional, the national as
well as the supranational level. The quest for knowledge-holism how-
ever was a big challenge here and more difficult to be achieved than
expected. Since the Danish Houting was almost extinct and not much
scientific knowledge was available about the species, the production
and use of knowledge was an ongoing quest throughout the decision-
making. Decision makers approached this problem by producing and
aligning knowledge step by step (see Giebels et al., 2015 for further
details).

Although the restoration project as such is finalized by now, the lack
of biological knowledge implies continuing research and management
questions. Different studies have been conducted, for example in-
vestigating reproduction patterns, migration behaviour and habitat
requirements (Jensen et al., 2015) as well as impact of predators on
mortality (Jensen et al., 2017). Jensen's et al. (2015 and 2017) research
results, although not directly mentioning the use of ENA, imply the
usefulness of ENA indices as additional decision-making guidance for
future conservation actions. The measurement of Interaction Strength
could for example be used as an indicator to better understand and
estimate predation risk. Jensen et al. (2017) found that predation
pressure by cormorants (Phalacrocorax carbo sinensis), increased in the
project's region due to the establishment of artificial lakes. Accordingly,
for future restoration decisions it would be important to understand
whether cormorant predation is likely to become a settled pressure
within regionally located food webs or whether indices would rather
predict that predator-prey relationships are less stable and hence likely
to change.

The advantage of ENA is that it accounts for single species and prey-
predator interactions through the inclusion of all relevant processes
that influence the successfulness of individual species in relation to
their ecosystem. Calculated factors like mortality rate, food availability
and intake, diet composition and respiration that stem from and impact

upon the species itself, but can also account for indirect effects such as
migrating species. Using ENA as an overall measurement of ecosystem
state through the combined use of indicators, like proposed throughout
this paper, can then become useful to calculate very regional threshold
values while not neglecting the external influences that typically impact
upon geographical areas as well.

5. Discussion

Environmental managers who neglect ecosystem-level structures
and functioning run the risk of taking decisions that might lead to even
higher costs in the long-term. The consequences might be a deteriora-
tion of ecosystem state, which includes degradation of its provided
services and, thus, high restoration and reparation costs. Using an in-
dicator-based representation of ecosystem-dynamics based on
Ecological Network Analysis (ENA) is considered here as a potentially
helpful tool in that respect. Although the application of the approach is
still in its infancy, the current paper shows why and how ENA can
strengthen ecosystem-holism for decision-making application.

ENA indices can be applied at all scales, from global (Heymans
et al., 2014), regional (de la Vega et al., 2018, de Jonge et al., accepted
A, B) to local scales (Tecchio et al., 2015, 2016; Pezy et al., 2017; Raoux
et al., 2017). The selection of ENA indices can be conducted under
Regional Seas Conventions, such as the OSPAR Convention, and other
international arenas when considering a regional approach. Important
is that the EU Commission supports a situation where European
Member States work together to produce new and solid common in-
dicators towards an increased coherence in the implementation of all
the relevant (existing and new) European Directives while enhancing
joint monitoring programs through collaborative efforts.

In this context, the OSPAR/ICG-COBAM food web experts worked
together between 2011 and 2017 to propose a “short list” of ENA in-
dices [i.e. Detritivory over Herbivory ratio (D/H), Connectance Index
(CI), Transfer Efficiency (TE) over trophic levels, System Omnivory
Index (SOI), Finn's Cycling Index (FCI), relative Redundancy (R/DC),
Average Mutual Information (AMI) and Interaction Strength (IS)] to
foster the common efforts between Member States. The selection of
these indices is based on the (1) experts judgment of the high sensitivity
of these indices to capture changes occurring in marine food webs, (2)
the potential of these indices to be easily communicated to policy-ma-
kers and stakeholders and (3) the complementarity of the indices in
describing the functioning of ecosystems, which is an important quest
emerging from European Directives. The complementarity of these in-
dices is related to their historical evolution. During the 20th century,
the understanding of ecosystem functioning started with a linear chain-
like thermodynamic vision (Elton, 1927; Lindeman, 1942). This vision
evolved afterwards from a chain-like vision towards a web-like vision
(MacArthur, 1955; Odum, 1969). This is related to the fact that the
importance of omnivory has been discovered (Odum, 1969). The other
important element is detritivory (Wiegert and Owen, 1971), i.e. the
entry of the energy into the ecosystem is not only due to primary
production (herbivory). This new concept of web-like ecosystem func-
tioning required thus the characterization of omnivory (SOI) as well as
herbivory and detrivory (D/H), but also recycling (FCI), which is a
crucial process within this complex web-like vision (Finn, 1976, 1980;
Kay et al., 1989; Ulanowicz, 1992; Christensen and Pauly, 1993). The
pyramidal vision of the food web and its functioning led to the calcu-
lation of transfer efficiency (TE) between the different trophic levels of
the food web (Lindeman, 1942; Baird and Ulanowicz, 1989). Food web
efficiency is however also related to the network structure and com-
plexity, which refers to the concepts of connectance (CI), average mu-
tual information (AMI) and to relative redundancy (R/DC) (Hirata and
Ulanowicz, 1984; Martinez, 1991; Christensen, 1995). R/DC is also
related by the theories of information to the system robustness with the
idea, which is originally from MacArthur (1955), that the loss of one
element can be replaced by another (Ulanowicz, 1986). However, other
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more recent approaches to stability have led to interest in the equili-
brium between interaction strength (McCann, 2000).

The political quest for indicators that would capture the food-web
functioning (EC, 2008; EC, 2017) led several groups of researchers to
coordinate their answers to this demand by publishing their work in the
context of EU collaborative projects (e.g. Devotes, Lynam et al., 2016;
Piroddi et al., 2016), ICES groups (Tam et al., 2017), or the OSPAR food
web group (Rombouts et al., 2013). The current paper reflects the re-
cent coordinated work of the OSPAR/ICG-COBAM food web group.
However, collaborations between researchers and decision makers are
still ongoing. During a recent workshop of Ecological Network Analysis
experts on invitation of the Schleswig-Holstein Agency for Coastal De-
fense, National Park and Marine Conservation and the Alfred-Wegener-
Institut (Schückel et al., 2018), there was a concerted effort to de-
termine how to reach a broader audience, specifically environmental
managers and decision makers, with network tools and perspectives.
Fath et al. (this issue) proposed a complementary set of ENA indices
[i.e. Average Path Length (APL), FCI, D/H, Mean Trophic Level (MTL),
Keystoneness, Structural Information and Flow-based Information in-
dices]. Although two common indices - FCI and D/H – emerged be-
tween Fath et al. and the present paper, additional indices are proposed
by Fath et al. The MTL is an indicator that has also been fostered by
OSPAR/ICG-COBAM food web experts but as a separate food web in-
dicator (i.e. not in the ENA indices short list). The reason for that is to
allow its application using a multiple set of data sources (such as In-
ternational Bottom Trawl Survey data or fisheries landing data) and not
only using modelling outputs (Arroyo et al. in press, Safi et al. in prep).
In line with these works and as result of the EcApRHA project (Eur-
opean Union's DG ENV/MSFD/Action Plans 2014), Preciado et al.
(2019) concluded that MTL can be a good indicator to monitor changes
in food web structure with a direct response of a manageable pressure
such as fishing. They also confirm that the impact of bottom trawling
spreads through benthic-demersal food webs, the intensity of its effects
being directly related to the intensity of fishing in a specific area at
small-scale spatial resolution. The MTL is already used by the OSPAR
commission to conduct regional environmental status assessments
(www.ospar.org). Fath et al. proposed flow-based information indices
which actually include several indices among which AMI and R/DC are
found, and also A/DC (relative ascendency) and Φ/DC (relative over-
head). APL, Keystoneness and structural information are also important
features to characterize food web functioning. This is achieved by in-
vestigating the amount of system activity generated by each unit input
into the system (APL, Finn, 1976), identifying species that play a par-
ticular role that is fundamental in structuring an ecosystem or exerts a
strong impact on its function (Keystoneness, e.g. Valls et al., 2015) and
describing the information embedded in network composition (Struc-
tural Information, Ludovisi and Scharler, 2017).

According to Cash et al. (2003) knowledge that has the potential to
impact upon decision-making needs to be credible, salient and legit-
imate at the same time. The coordinated work of OSPAR/ICG-COBAM
reveals that the request for the development of ENA indices has been
supported by decision makers themselves, indicating that in particular
the salience criterion is fulfilled. Further implementation of ENA to the
ecosystem approach should be via so-called adaptive management
policy and practice (Holling, 1978; Rogers et al., 2000; Curtin and
Prellezo, 2010; de Jonge et al., 2012; Wasson et al., 2015) as to reveal
whether ENA indices will also be able to achieve credibility and le-
gitimacy. Adaptive management is essentially ‘learning by doing’ with
policy and practice being constantly monitored and re-oriented as ex-
perience is gained during implementation. Such an approach accepts
the inherent complexities and uncertainties that often shroud the uti-
lization of marine resources. Fath et al. (this volume) ENA indices and
the indices proposed in this paper are complementary. However, the
final selection of ENA indices should be kept as an adaptive process to
increasing knowledge acquisition by conducting experimental testing
on ENA. For instance, one of the main challenges encountered by some

ENA indices is their sensitivity to multiple pressures that are not always
related (e.g. fishing pressure and climate change). Numerical experi-
ments will help disentangle pressures and quantify resilience/resistance
in terms of specific pressures. It is also imperative that multiple models,
calculating the indicators for the same ecosystem should be undertaken,
such as is done in the climate modellers, as is suggested in the Future
Science Brief on Ecosystem Modelling (Heymans et al., 2018). Ex-
ploring pressure/state relationships can be overcome by using numer-
ical experiments to mimic controlled perturbations once appropriate
models of specific ecosystems are defined (e.g. Raoux et al., 2017 for
the simulation of an offshore wind farm impact). By realizing such
numerical experiments, additional knowledge is acquired on the ENA
indices which could lead, in the adaptive management policy and
practice context, to update the ENA lists at the various scales.

ENA indices are conceptually powerful and have shown their ca-
pacity of detecting changes in ecosystems as presented in this paper.
However, these indices might be sensitive to the effect of cumulated
pressures. Thus, two major steps would need to be investigated in future
work to cope with the knowledge gaps. The various pressures effects on
ENA indices need to be studied (1) separately, and (2) under multi-
pressure conditions (the cumulative effects). The mathematical and
statistical dependence of indices between each other's should also be
investigated in future work (see as an example Niquil et al., 2012;
Tomczak et al., 2013; Kazanci and Ma, 2015).

6. Conclusion

The selection of a set of ENA indices as presented in this paper was
largely done within the framework of the OSPAR food web working
group. This kind of reflection exists also in other working groups and it
is important to be able to share the points of view and the knowledge
between groups. The main purpose of this paper is to present ENA in-
dices functioning, in a simple way with concrete case studies, to draw
attention of stakeholders and decision makers on the potential of these
indices to reach Ecosystem Based Management (EBM). EBM requires
also bridging ecological and socio-economical approaches which is
potentially achievable by mean of ENA indices. The case studies pre-
sented in this paper are used to show the variety of contexts in which
ENA indices can be applied and to show also a case study where ENA
indices would have been useful for EBM application.

This paper also underlines the importance of progressing work on
ENA indices towards their operationalisation under regional coopera-
tion (in this MS we describe as an example work under OSPAR regional
sea convention). The supranational level of work allows to progress
work in a coherent manner between EU countries and also to avoid
national constraints (e.g. competition between ministries or monitoring
cut backs due to financial crisis etc.).

Finally, in future work, it would be interesting to generalize the
approach combining ecological research and managers work under the
supervision of social sciences as described by de la Vega et al., (2018)
(project STopP approach).
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