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a  b  s  t  r  a  c  t

Ecological  network  analysis  (ENA)  provides  numerous  ecosystem  level  indices  offering  a valuable
approach  to compare  and  categorize  the  ecological  structure  and  function  of  ecosystems.  The  inclusion
of ENA  methods  in Ecopath  with  Ecosim  (EwE)  has insured  their  continued  contribution  to ecosystem-
based  management.  In  EwE,  ENA-derived  ecological  conclusions  are  currently  based  on  single  values  of
ENA indices  calculated  from  a unique  input  flow  matrix.  Here,  we  document  an  easy-to-use  routine  that
allows  EwE  users  to  incorporate  uncertainty  in  EwE  input  data  into  the  calculation  of ENA  indices.  This
routine,  named  ENAtool,  is  a  suite  of  Matlab  functions  that  performs  three  main  steps:  (1)  import  of  an
existing  Ecopath  model  and  its associated  parameter  uncertainty  values  in  the  form  of uncertainty  inter-
vals into  Matlab;  (2)  generation  of an  ensemble  of Ecopath  models  with  the  same  structure  as  the original,
and  with  parameter  values  varying  based  on the  prescribed  uncertainty  limits;  and  (3)  calculation  of  a
set of 13  ENA  indices  for each  ensemble  member  (one  set  of  flow  values)  and  of  summary  statistics
across  the  whole  ensemble.  This  novel  routine  offers the  opportunity  to  calculate  ENA  indices  ranges
and  confidence  intervals,  and  thus  to perform  quantitative  data  analyses.  An  application  of  ENAtool  on  a
pre-existing  Ecopath  model  of  the  Bay  of  Biscay  continental  shelf  is presented,  with  a  focus  on  the  robust-
ness  of  previously  published  ENA-based  ecological  traits  of  this  ecosystem  when  the  newly  introduced
uncertainty  values  are  added.  We  also  describe  the  sensitivity  of  the ENAtool  results  to both  the  number
of  ensemble  members  used  and  to the  uncertainty  interval  set  around  each  input  parameter.  Ecological
conclusions  derived  from  EwE,  particularly  those  regarding  the  comparison  of  structural  and  functional
elements  for  a range  of  ecosystem  types  or  the assessment  of  ecosystem  properties  along  gradients  of
environmental  conditions  or  anthropogenic  disturbances,  will  gain  in  statistical  interpretability.
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1. Introduction

Marine ecosystems are affected by climate change (Beaugrand,
2004; Hoegh-Guldberg and Bruno, 2010) and by other natural or
human-caused disturbances (Pauly et al., 1998; Borja et al., 2010).
Ecosystem models are useful to get a better understanding of
the structure and function of a system and for predicting how it
may  change over time when facing single or multiple pressures
(Plagànyi, 2007). Ecopath with Ecosim (EwE) is a widely used mod-
elling approach to represent marine food webs (Polovina, 1984;
Christensen and Walters, 2004; Christensen et al., 2008). Since its
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development in the early 1980s, about 400 EwE models represent-
ing a wide variety of ecosystems worldwide have been published
(Colléter et al., 2013a,b). Coupling EwE models to Ecological Net-
work Analysis (ENA; Ulanowicz, 1986) was proposed as a relevant
method to estimate energy flows and to characterize emergent
properties of food webs, i.e. characteristics not directly observable
that can only be detected by analysis of within-system interac-
tions (Christensen and Pauly, 1992). ENA is a suite of tools that
include input–output analysis, trophic structure analysis, pathway
analysis, biogeochemical cycle analysis, and information analysis
(Dame and Christian, 2006; Borrett and Lau, 2014). The main chal-
lenge for ENA is to capture the properties of entire food web  in
terms of a limited number of indices. In the scope of the European
Marine Strategic Framework Directive (MSFD; http://ec.europa.eu;
Directive 2008/56/EC), the EU Member States have to report on
the environmental status of the seas under their jurisdiction and
to work on achieving “Good Environmental Status” (GES) using
food-web indicators as one possible metric. In this direction, nine
food-web indicators are currently under evaluation as potential
indicators of GES; the Ecological Network Analysis indices are
among these candidate indicators (Rombouts et al., 2013; Niquil
et al., 2014).

The EwE network analysis plugin has been employed in many
instances, notably to study the stability of ecosystems and their
response to perturbations (Patricio et al., 2006; Lobry et al., 2008;
Baeta et al., 2011; Selleslagh et al., 2012) or, more recently, to
assess the dynamical food-web reorganization and redirection of
energy flow pathways under environmental changes (Tomczak
et al., 2013). Nonetheless, these holistic conclusions relied on sin-
gle values of ENA indices which were derived from a single input
data matrix with no specified uncertainty. Moreover, the ecological
interpretation of these single values mostly relies on non-statistical
comparisons with values obtained for ecosystems of the same type.
Given that data uncertainties may  translate to uncertainties in
model outputs (e.g. Niiranen et al., 2012), it is generally agreed
that important scientific questions should be scrutinized with as
many models as possible (Fulton, 2010; Gårdmark et al., 2012).
One method of incorporating uncertainty into Ecopath model anal-
ysis is to use an ensemble parameterization technique, building
several Ecopath models each representing a potential manifesta-
tion of a food web and falling within the uncertainty ranges of the
observed data (Aydin et al., 2007; Kearney, 2012). This approach
results in distributions of parameters rather than specific values,
while still meeting basic thermodynamic requirements. Kearney
et al. (2012) provided a suite of Matlab functions to construct such
a distribution of parameters based on an Ecopath model and its
data pedigree, i.e. a quantification of the parameter certainty tied
to the parameter’s origin. In this study, we extend the Kearney
et al. (2012) code for generating this type of ensemble to feed into
calculations of ENA indices. This work will allow parameter uncer-
tainty to be incorporated into model-derived ENA indices, and will
also improve interpretation of these indices by allowing statisti-
cal analyses. When overhauling the EwE  source code between the
release of EwE versions 5 and 6, the EwE developers chose not
to continue support of the Ecoranger module, which had allowed
users to explore parameter uncertainty ranges in a Bayesian con-
text (Christensen et al., 2005). The code presented in this paper now
offers an alternative method for analyzing this uncertainty.

The aim of this software development is to provide an easy-
to-use routine to EwE users to generate a set of values for key ENA
indices by explicitly taking into account uncertainty in model input
data. To this end, two characteristics are identified as important: (i)
a routine that can be called by a single line of Matlab code and can
be run on all commonly used operating systems (recent Windows,
Unix-based, and Mac  platforms), independent of the EwE  software
versions used for the pre-existing ecosystem model construction

and (ii) a routine based on formulas of ENA indices currently in use
in the last version of the EwE  software. The present work is also the
opportunity to harmonize ENA indices calculations derived from
two main approaches for constructing ecological flow networks,
i.e. EwE  and linear inverse modelling (LIM; Vézina and Platt, 1988).
Different formulas for the same index exist in the scientific litera-
ture and correspond to different interpretations of the same idea.
We  demonstrate the use of this tool by applying it to a pre-existing
Ecopath model of the Bay of Biscay continental shelf (Lassalle et al.,
2011) for which data quality is already categorized using Pedigree
scores (Lassalle et al., 2014). ENA indices distributions derived from
the ENAtool routine are compared with previous point estimate
values obtained with this Ecopath model to test for robustness
of ENA-derived ecological conclusions. Finally, we test sensitivity
of ENA indices distributions to the number of balanced ensemble
members underlying their calculation and to the level of uncer-
tainty applied to specific Ecopath model parameters.

2. Materials and methods

2.1. The Ecopath concept and equations

The Ecopath with Ecosim (EwE) modelling software enables
the building and analysis of food-web models (Polovina, 1984;
Christensen and Walters, 2004; Christensen et al., 2008). The full
software package includes several modules (e.g. Ecopath, Ecosim,
Ecospace) to explore food webs across both space and time. How-
ever, for this study, we will focus only on the Ecopath component,
which calculates a static mass-balanced snapshot of the biomass
and energy fluxes between functional groups in a food web. In this
context, a functional group refers to a species or group of species
that occupy a particular niche in the food web, and can range in res-
olution from a broad grouping (e.g. pelagic fish) to specific life stage
of a species (e.g. juvenile herring). The Ecopath model calculation
is based on two “master” equations. The first equation decomposes
the production term of each functional group:

Production = fishery catch + predation mortality

+ net migration + biomass accumulation

+ other mortality

“Other mortality” includes natural mortality factors such as
mortality due to senescence and diseases.

The second equation describes the energy balance within each
functional group:

Consumption = production + respiration + unassimilated food

More formally, the two  equations can be written as follows for
functional group i and its predator j:
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where the main input parameters are biomass density (B, here
in kg C km−2), production rate (P/B, year−1), consumption rate
(Q/B, year−1), proportion of i in the diet of j (DCij; DC = diet com-
position), net migration rate (Ex, year−1), biomass accumulation
(Bacc, year−1), total catch (Y; kg C km−2 year−1), respiration (R;
kg C km−2 year−1), amount of consumed food that is unassimilated
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