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A B S T R A C T

Numerical models o ecological systems are increasingly used to address complex environmental and resource
management questions. One challenge or scientists, managers, and stakeholders is to appraise how well suited
these models are to answer questions o scientifc or societal relevance, that is, to perorm, communicate, or
access transparent evaluations o ecological models. While there have been substantial developments to support
standardised descriptions o ecological models, less has been done to standardise and to report model evaluation
practices. We present here a general protocol designed to guide the reporting o model evaluation. The protocol
is organised in three major parts: the objective(s) o the modelling application, the ecological patterns o relevance
and the evaluation methodology proper, and is termed the OPE (objectives, patterns, evaluation) protocol. We
present the 25 questions o the OPE protocol which address the many aspects o the evaluation process and then
apply them to six case studies based on a diversity o ecological models. In addition to standardising and
increasing the transparency o the model evaluation process, we fnd that going through the OPE protocol helps
modellers to think more deeply about the evaluation o their models. From this last point, we suggest that it
would be highly benefcial or modellers to consider the OPE early in the modelling process, in addition to using
it as a reporting tool and as a reviewing tool.

1. Introduction

Scientists, managers, and stakeholders increasingly rely on numeri-
cal models o ecological systems. One challenge is to appraise the ef-
ciency o these models to tackle complex environmental questions.
Providing clear evaluations omodel perormance is one way to address
this challenge. Models can be constructed, analysed, and used by
dierent actors, rom scientists to policymakers, and these actors have
dierent understandings and expectations rom models. Assessing how
good a model is at addressing specifc problems is difcult when
ecological modellers use a variety o model types, have dierent

modelling cultures and practices, and use dierent vocabularies. This
can hinder communication, transparency, reproducibility, and the
general development o good practices within the modelling commu-
nity. It is thereore essential to provide tools to support a collective
understanding owhat can be expected rom amodel and how amodel is
to be evaluated (Cartwright et al., 2016; Eker et al., 2018; Heymans
et al., 2020).

Transparency and reproducibility are at the core o the scientifc
method. However, the complexity o the tools used to observe andmodel
ecological systems challenges reproducibility and transparency (Powers
and Hampton 2019). The ongoing so-called reproducibility or
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replicability crisis reects this difculty. The crisis has primarily been
identifed in the felds o psychology (Pashler and Wagenmakers 2012),
clinical studies (Begley and Ioannidis John 2015) and economics
(Camerer et al., 2016) and is much less discussed in ecological research
(but see Ives 2018; Nichols et al., 2019, 2021). It may not be possible to
strictly replicate ecological observations, but transparency in workow
and data analyses can acilitate reproducibility. It should be possible to
reproduce ecological model simulations, given that the relevant inor-
mation is provided or that purpose. In addition to replicating a model
and the associated simulations, it is equally important to be able to
understand, assess and replicate howmodel perormance was evaluated.
This step is critical, given that almost every new method published
claims to outperorm existing ones, but are seldom re-evaluated (Bou-
lesteix et al., 2020). Providing relevant and comprehensive inormation
is a frst step towards replicability, which needs to be complemented by
appropriate communication and quality standards. How is the inor-
mation communicated? Is it accessible? Is it unambiguous? Is it suf-
cient? A standardised protocol or reporting model evaluation
procedures would address these questions and contribute to increased
transparency and reproducibility o ecological models.

There have been considerable collective eorts in recent decades to
develop standardized modelling practices, rom model building to
evaluation o model perormances. A major advancement has been the
development o standardised protocols such as the ODD (Overview,
Design concepts, and Details, Grimm et al., 2006). The ODD protocol
was originally developed to respond to the lack o a standard protocol
or describing individual based models (IBMs). The protocol was
reviewed and updated twice since its original publication (Grimm et al.,
2010, 2020b) and it is now commonly used by ecological modellers,
beyond the original IBM community, to describe their models in reports
and publications. The ODD protocol has been inspirational to groups o
modellers with diverse ocus, such as on model optimisation (ODDO,
Mahévas 2019), data-mapping (ODD+2D, Laatabi et al., 2018), and
inclusion o human decisions (ODD+D, Müller et al., 2013). In each case
these groups have borrowed rom the original ODD protocol idea and
extended it or their specifc purpose, thereby contributing to the har-
monisation and communication o modelling practices.

A major step in the development and application o ecological
models is the evaluation phase. There exists a large body o literature on
how to perorm model evaluation or various classes o models (e.g.
Stow et al., 2009; Allen and Somerfeld 2009; Bennett et al., 2013; Conn
et al., 2018; Hipsey et al., 2020), but much less work has been done to
standardise the reporting o model evaluations. The TRACE (TRAns-
parent and Comprehensive Ecological modelling) documentation
(Grimm et al., 2014) is a notable exception which provides a ramework
or documenting the modelling process, including several aspects o
model evaluation. Standardised protocols or reporting model evalua-
tion can constitute useul tools or modellers and end-users to easily
understand and compare evaluation procedures and appreciate the
perormance o models in relation to specifc objectives. Making such
tools available is thereore anticipated to beneft the scientifc commu-
nity and model end-users.

The issue o model validation and evaluation in environmental sci-
ence has been the subject o extensive research and debate. Oreskes
(1998) argued that quantitative models cannot be validated but only
evaluated. In Oreskes view, evaluation is described as “an assessment in
which both positive and negative results are possible, and where the
grounds on which a model is declared good enough are clearly articu-
lated”. This assessment implies an examination omodel outputs against
pre-specifed perormance criteria. In the literature, the term model
validation has remained pervasive (Eker et al., 2019) although oten
overlapping with the concept o evaluation as originally presented by
Oreskes. In their 10-step procedure or developing and evaluating
environmental models, Jakeman et al. (2006) introduced a stepwise
approach in which every stage is open to critical review and revision, in
consort with end-users. The evaluation step is let to the end and is

concerned with the model being ft or purpose, although the criteria or
achieving this goal are not ully developed by these authors. More
recently, Parker (2020) explores the meaning o a model being adequate
or purpose or dierent classes o models, whether pedagogical,
explanatory or predictive. In the works o Jakeman and Parker, model
evaluation is primarily achieved by measuring the perormance o a
model against pre-specifed objectives, thereby ollowing the original
argument o Oreskes. This excludes the idea o a general validity o a
model and avours the principle o an evaluation o a model or a specifc
objective (or a set o objectives). This mirrors George Boxs notorious
statement that "all models are wrong; the practical question is how wrong do
they have to be to not be useul" (Box and Draper 1987), where useul
implies use and thereore purpose. This is also in line with Augusiaks
review o the literature on model evaluation and validation which
concludes that despite little agreement on terms and underlying notions
in the literature, it has repeatedly been pointed out that the evaluation o
a model should depend on its purpose (Augusiak et al., 2014).

Evaluating that an ecological model is ft or purpose implies that the
same model can (and should) be evaluated each time it is used or a new
purpose. This is a rather trivial implication o the ft or purpose evalu-
ation, however examples o re-evaluation o the perormance o complex
ecological models are scarce. Complex ecological models require
extensive development eorts, and these materialise in the frst publi-
cation o the model, together with a global evaluation (or validation) o
the model (see e.g., Radach and Moll 2006; Link et al., 2010; Tra-
vers-Trolet et al., 2014; Pedersen et al., 2021). A ft-or-purpose
approach would require that this frst model evaluation be revised and
reported or each new application o the model. One challenge in doing
so is that the task o reporting model evaluation, which is already sub-
stantial when the model is frst published, may seem daunting i it is to
be repeated or every new model application. This can possibly be eased
by reporting primarily on aspects o the model evaluation that are spe-
cifc to each new application. An additional help can be provided by
ollowing a template in which a set o questions can guide the modeller
through the reporting process.

By taking inspiration rom the success and utility o the ODD pro-
tocol and the ollowing extensions, we here present a complementary
protocol or the reporting o ecological model evaluation procedures:
the OPE (Objectives, Patterns, Evaluation) protocol. We discuss the
rationale or the dierent elements o this protocol and provide a list o
questions that can guide modellers to report in OPE ormat. We sum-
marise the protocol (Table 1) and provide an easy-to-use Word template
to support documenting model evaluations. (Supplementary material
S1). Finally, we test the protocol on six case studies taken rom a
collection o marine ecosystem models with which the authors are
amiliar. These case studies are presented in detail in the supplementary
material (S2). These modelling applications pre-existed the OPE proto-
col. The OPE has thereore not been used to guide the model evaluations
presented here, but only to report how these evaluations were
perormed.

2. Elements o the OPE protocol

The elements o the OPE protocol are divided into three sections:
Objectives, Patterns and Evaluation. Each section is then divided in
subsections which contain one to six questions.

2.1. Objectives

2.1.1. Context and motivations
In our experience, many ecological models are not developed with

the sole purpose o answering a single, well circumscribed question.
Rather, complex ecological models take time to develop, are oten built
to address multiple, and sometimes diuse, purposes and are gradually
applied to a range o questions (Fulton et al., 2011; Planque and Mullon
2020). For example, dynamic global vegetation models (DGVM) which
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were originally conceived to assess ecosystem-level responses to
atmospheric-CO2 concentration (Prentice et al., 2000) have later been
applied to deliver projections based on uture climate scenarios (Sitch
et al., 2008) and are being continuously developed to address new
questions, such as the impacts o dierent management practices on
terrestrial ecosystems (Prentice et al., 2007). In a similar ashion, the
ecosystem model Atlantis developed or the northwest Atlantic shel
(Link et al., 2010) was frst used to explore the combined eects o
climate and fshing (Nye et al., 2013), then to address the impact o
ocean acidifcation (Fay et al., 2017) and more recently to quantiy
combined eects o acidifcation, fshing and marine protection (Olsen
et al., 2018). Models o natural systems are inevitably embedded with
multiple sources o uncertainty, and modellers make decisions during
model construction (e.g., on which processes to include or simpliy)
which will aect the fnal outcome (Babel et al., 2019). There is a risk
that assumptions which are reasonable or one particular model appli-
cation are inadequate or another (Parker 2020; Saltelli et al., 2020). It is
thereore essential that model suitability and perormance are assessed
and described or each application, and a crucial frst step is describing
the purpose o the specifc application. In other words, to evaluate that a
model is ft or purpose one must frst speciy the purpose. In this
contribution, we reer to model as the generic description o the
modelling tool (e.g. Ecopath with Ecosim, Polovina 1984a, 1984b;
Christensen and Walters 2004), we use the terms goal, purpose and
objective in an interchangeable manner to express the motivation driving
the study and we reer to a model application when the model is applied
towards a pre-defned objective or set o objectives. Central in the OPE
ramework is our conception that it is sensical to evaluate the same
model against dierent patterns or data when applied or dierent
purposes.

Describing the main objectives o the study and how modelling will
contribute to reach these objectives is perhaps the most crucial step in
evaluating model perormance and suitability, and it should be a key
reerence point throughout the evaluation process. Without a clear un-
derstanding o the purpose, it becomes difcult to communicate credi-
bility and generate trust in the modelling work. Furthermore, it may be
sensible to evaluate the same model against quite dierent patterns or
data when applied or dierent purposes. Defning the aims and objec-
tives o the model application early in the research process can save
time, or instance with the realisation that objectives may depend on key
processes or which the model o choice lacks unctionality.

The aims and objectives o a model application should be stated in
simple, clear language. We suggest using active sentences (e.g.,
construct, produce, test, document) and avoid vague wordings (e.g.,
explore, study, investigate). Beware that ambiguity in the description o
the purpose o a model oten leads to multiple (subjective) in-
terpretations o whether an outcome was successul or not (Parker
2020). This hinders a reliable evaluation process. The ollowing ques-
tions guide the reporting o objectives:

1 What are the objectives o the model application?
2 Why is the model suitable to address the objectives?
3 What would count as successul in achieving these objectives?

2.1.2. Specifc model setup
Ideally, the ecological model has already been ully described

ollowing a standardized protocol such as the ODD. It is possible that the
original description is adequate or a new application o the model, but
specifc applications may also require adjustments o the model struc-
ture, parameters, or assumptions. Assumptions are particularly impor-
tant to report when the model is used to perorm predictions at other
points in time and space, which requires that the model has some degree
o transerability (Wenger and Olden 2012; Yates et al., 2018). This is
the case when the objective o the model is to produce orecasts or to
predict ecosystem properties in one region based on a model developed
in another. It is wise to explicitly state what lies behind the

oten-implicit assumption o ceteris paribus (everything else being equal).
For example, are trophic interactions assumed to ollow the same rules
in dierent regions? Are spatial distributions or environmental condi-
tions assumed to be unchanged in the uture? When models are used or
conditional orecasting, one should also report assumptions about ex-
pected changes that can aect the system studied. For example, how are
possible uture changes in water temperature, fshing eort, accidental
oil spill or increase in noise due to shipping represented in the model? A
model can be revised to better reproduce the ecological components or
processes that are relevant to a new application. It is also possible that
revised model structure, estimates o input parameters or new data on
the orcing conditions o the model become available. All these updates
should be reported in this section which describes any changes or ad-
ditions which have been made since the original model description.

4. Are there any deviations rom the original model description?
a In the model assumptions,
b in the model structure (e.g., addition o submodels, variables,
components, modifcations o spatial or temporal scales),

c in the model details (e.g., changes in parameter values, unctional
relationships),

d in the model orcing (e.g., initial conditions, boundary conditions,
orcing time series and maps).

2.2. Patterns

2.2.1. Selected patterns
A pattern may be defned as a characteristic and clearly identifable

structure in nature, or in data extracted rom nature (e.g., population
cycles, animal space use, species diversity etc.), that can be attributed to
a generative process (Levin 1992; Grimm et al., 1996). Thus defned, a
pattern is key to ecological understanding and prediction. Ecological
patterns emerge rom multiple ecological processes, which operate at
multiple spatial and temporal scales and levels o organization (indi-
vidual, population, community, and ecosystem). Understanding the
causal mechanisms responsible or pattern ormation is a primary goal o
ecology (Levin 1992).

Modelling complex adaptive systems (see Levin 1992), such as ma-
rine ecosystems, is challenging, but pattern-orientated modelling (POM)
may acilitate the task (Grimm et al., 1996, 2005; Grimm and Railsback
2012). POM “starts with identiying a set o patterns observed at mul-
tiple scales and levels that characterize a system with respect to the
particular problem being modelled” (Grimm and Railsback 2012). In
other words, the selection o patterns to be used in model evaluation,
depends on the objective(s) or hypothesis o the study.

Relevant ecological patterns may be related to numbers, biomass,
production, or consumption o relevant ecological entities, to dynamic
behaviour at equilibrium, or to character o state transitions in pertur-
bation studies or in systems undergoing change (e.g. Beisner et al.,
2003). Other examples are spatial patterns such as spatial synchrony or
travelling waves (e.g. Sherratt and Smith 2008). More complex
emerging patterns (e.g., spatial structure described by a variogram,
degree o spatial overlap between species) may also be candidate targets
or model evaluation. The selection o specifc patterns is motivated by
the objectives o the modelling application and is generally driven by the
hypotheses that can explain the emergence o these patterns. As pointed
by Cury et al. (2008), it might be relatively easy to reproduce a single
ecological pattern with all kinds o alternative models, but simulta-
neously reproducing an entire set o patterns is much more demanding
and requires that the model is structurally realistic. Rather than tying a
model to a specifc pattern, via heavy calibration, it can be more useul
consider several weak patterns at the same time - because then the risk
that we orce the model to look right, but or the wrong reasons, is
reduced. This is particularly true in the case o complex ecosystem
models which include many processes and parameters that can be
adjusted to tune the model to ew selected outputs. While some patterns

B. Planque et al.



Ecological Modelling 471 (2022) 110059

4

may be used to inorm the model construction (e.g., some empirical
relationships between ecological variables), other are emergent prop-
erties o the model. Model evaluation based on these emergent patterns
may be o greater interest since models that succeed in getting emergent
patterns right may also have greater potential or transerability to other
time, place or systems (Radchuk et al., 2019). It is thereore critical to
report on the selection o patterns and on the justifcation or this
selection.

5. Which ecological patterns are used or the model evaluation?
a temporal patterns such as cycles, regime shit or trends, measures
o temporal variability, and autocorrelation.

b spatial patterns such as spatial synchrony, travelling waves,
patchiness, and autocorrelation.

c structural and unctional patterns, such as taxonomic diversity,
biomass ratios, integrated production, diet ractions, and trait
distributions.

d Other relevant patterns
6. Why are these patterns important/essential to address the
objectives?

In the ollowing part o the OPE one must describe the data used or
evaluation purposes, which can include both data rom themodel output
and data which are independent o the model. Inormation on data used
or model building should be provided in the model description (typi-
cally, an ODD protocol) and data used or optimization should be re-
ported in the optimization description (e.g. in an ODDO protocol,
Mahévas 2019).

2.2.2. Independent data
Independent data – that is data that exists independently o the

model being built – are oten derived rom feld observations, and pro-
cedures or collecting and processing these observations should briey
be summarized in this part o the OPE. Relevant inormation includes i)
whether the data originate rom a dedicated feld survey, an open
database, or another model, ii) the spatial/ temporal/ taxonomic/ etc.
extent and resolution o the data, iii) data representativeness, and iv)
accuracy, precision, bias, or uncertainty. Data representativeness is the
degree to which data can be used to represent the ecological patterns
that are relevant or the objective o the study. For example, daily,
weekly, or monthly time-series will have dierent representativeness i
the ecological pattern o interest is related to phenology. Similarly, the
representativeness o data collected at a single sampling station is also
expected to vary with the spatial scale o the ecological question o
concern, being more representative or small scale modelling studies
centred around the sampling station than or larger scale investigations.
Deriving ecological patterns (Section 2.2.1) rom observations can
involve extensive data processing, and this should be reported here.
When the same type o data can be used or model optimisation and
evaluation (as in cross-validation) this should be reported in this section.
In some cases, although the data is collected independently o the model
being built, the model and data may not be completely independent
rom each other (or example, knowledge rom historical data used to
build the model, or input data in an Ecopath model is also expressed as
an output o the model) and this should be reported. The ollowing
questions guide the collection o inormation about the independent
data used to evaluate the model, given selected pattern(s).

7. Where do the independent data originate rom? (e.g. feld survey,
open database, another model, …)

8. What are the extent and resolution o the independent data?
(spatially, temporally, taxonomically, …)

9. How representative o the ecological process are the independent
data?

10. Are there estimates o independent data accuracy, precision, bias,
or uncertainty?

11. How are the independent data processed to represent the selected
patterns? Are assumptions made to derive these patterns rom the
data?

2.2.3. Model outputs
Oten, only parts o the model outputs are used in a specifc appli-

cation and the aim o this section is to describe which outputs have been
used and evaluated. In some cases, the data may be post-processed (e.g.,
aggregation o results by guild, geographical region, or integration in
time). The purpose o post-processing can be to generate indicators o
the relevant patterns (ex. species spatial distribution, biomass ratios,
index o seasonality, see Section 2.2.1) or to generate model outputs that
are comparable with independent data (Section 2.2.2). The post pro-
cessing step can require new assumptions (e.g., assume that conversion
rates such as C:Chla are constant in time/space/taxa). The aim o this
section is to describe the selection omodel outputs, the post-processing
operations, and to report on quality, quantity, representativeness, un-
certainties, or potential bias in the model outputs.

12. Which model outputs are used or the evaluation?
13. Have the outputs been post-processed, and how?
14. Are there estimates omodel outputs accuracy, precision, bias, or

uncertainty?
15. Are additional assumptions made when deriving patterns rom

model outputs?

2.3. Evaluation

2.3.1. Evaluation methodology
We reer here to the evaluation method applied in the context o a

specifc application o a model to address stated objectives (Section
2.1.1). Model verifcation (sensu Gräbner 2018) - the act o testing
whether the model does what it is supposed to do, i.e., that it is tech-
nically unctional - should precede any application o the model and is
not considered here. A frst model evaluation step is oten to conduct
sanity checks. These are rapid explorations o the model outputs which
ensure that, even though the model is technically unctional, it is not
behaving poorly. Sanity checks are oten non-quantitative and based on
domain knowledge rather than on quantitative comparisons o obser-
vations vs. model outputs. Though these are not oten reported in model
evaluation procedures, they inorm about key conditions that the model
must satisy to be considered useul. Examples o sanity checks can
include an inspection that population sizes or biomasses are within
plausible ranges, that seasonal patterns are plausible or that emerging
spatial patterns are visually credible. These can be done via Fermi es-
timations, oten reerred to as back o the envelope calculations o plau-
sible ranges. Sanity checks are oten perormed in an unormal way and
the intention o this section is to clariy and document this step. In cases
when no sanity checks are perormed, this should be justifed.

16. Are sanity checks conducted? I so, what is the method used? I
not, explain why.
a Which data and patterns are used or this?
b Does this apply to patterns that are not otherwise evaluated or
this model application?

The core o the evaluation process is the comparison o patterns
emerging rom model outputs against those obtained rom independent
observations. This frst raises the issue o the comparability between
independent observations and model outputs, i.e., whether model out-
puts and independent data are directly comparable and whether
modelled patterns are directly comparable to observed patterns. For
example, are modelled biomass integrated over a large continuous
geographical domain comparable with biomass feld observations rom
a limited number o sampling sites? The second issue is the methodology
used to compare ecological patterns derived rom observations to those

B. Planque et al.



Ecological Modelling 471 (2022) 110059

5

derived rom the model. There can be many methodological approaches,
ranging rom qualitative visual comparisons to ully quantitative esti-
mates o the model perormance at reproducing observed patterns
(Allen and Somerfeld 2009; Bennett et al., 2013). The latter can include
univariate or multivariate approaches, and can be based on error-based
measures, inormation theory measures, parametric tests,
non-parametric tests, distance-based measures, and combined measures
(Hora and Campos 2015). This stage o the evaluation is sometimes
reerred to as skill assessment.

The choice o methods and metrics used in model skills evaluation
will depend on the relevant patterns. For example, when dealing with
cycles, the degree o congruence between modelled and observed cycles
amplitude and requency should be reported. When modelling state
transitions, agreement in the rate o change o a trend should be re-
ported. With ecosystem models addressing ecological stability or tem-
poral variability, the stability measure should be reported at multiple
levels o organisation (e.g., species, unctional group, community etc.).
The quantitative criteria to evaluate the match between observed and
simulated patterns must be reported. For example, i the mean o the
simulations is within a certain range (e.g. 1 standard deviation) o the
observed pattern, the model satisactorily addresses the pattern (e.g.
Kramer-Schadt et al., 2007). The selection (or lack o selection) o
particular skill assessment methods can also be partially dictated by
existing skills, available sotware or discipline culture and habits. Some
evaluation methods may have been tried without success. In those cases,
one should report on the attempted evaluation steps with some discus-
sion on how and why these were deemed unsuccessul.

Each methodology usually comes with associated assumptions that
need ulflling or the method to be valid, and these should also be re-
ported here.

The core issue at the end o the evaluation process is whether the
model outputs can be considered satisying or the purpose o answering
the modelling objective, i.e., that the grounds on which a model is
declared good enough are clearly articulated (Oreskes 1998).

17. What is the methodology used to compare ecological patterns
derived rom independent data with patterns derived rom the
model?
a What is the rationale or choosing this method?
b How are observational and/or model output uncertainties
handled?

c Does the methodology rely on specifc assumptions?
d Were other methods experimented? I they didnt succeed,
explain why.

18. Is there a threshold level (in the match between observed and
modelled patterns) that can separate acceptable rom unaccept-
able models?

19. How comparable are the patterns derived rom the model and
those derived rom the independent data?

By answering the above questions, researchers should also discuss i
there are patterns that cannot be well evaluated with the chosen
method.

2.3.2. Sensitivities
We distinguish between two types o sensitivities to be reported.

First, model sensitivity which is the result o a sensitivity analysis (SA),
usually perormed on model structure and parameters. Second, evalua-
tion method sensitivity, which reers to the sensitivity o the model eval-
uation to the choice o evaluation methodology and available
observational data.

Sensitivity analysis scrutinizes how variations in model inputs in-
uence variations in model outputs, a undamental step in model eval-
uation and corroboration (EPA 2009). A sensitivity analysis inorms
about which input parameters the model is most sensitive to (and
thereore which parameters should be obtained with greater precision

and accuracy), and about the relative importance o processes in the
model. A diverse array o SA approaches has been developed to help
cope with the various needs dictated by diering model assumptions,
computational complexity, and availability o relevant inormation
(Saltelli et al., 2004; EPA 2009). Reviews and guidelines or best SA
practice in the context o ecological and environmental modelling are an
important aid to SA planning, implementation, and reporting (Saltelli
et al., 2004; A. 2021; EPA 2009; Thiele et al., 2014; Pianosi et al., 2016).

Attributes o SA methods worth considering in reporting include:
independence o model linearity and additivity assumptions, ability to
address interaction eects amongst input actors, capacity to handle
dierences in scale and shape o input probability distribution unctions,
ability to deal with dierences in input spatial and temporal dimensions,
and capacity to evaluate the eect o an input while all other inputs are
allowed to vary as well (Frey 2002; Saltelli et al., 2004).

In this section, one should consider the sensitivity o the model
outputs that are relevant to the objective o the study i.e., the modelled
patterns (Section 2.2.3). Priority should be given to reporting sensitivity
analyses that were conducted specifcally or the model application.
Sensitivity analyses perormed in earlier stages o model development
can be reported i also relevant or the objective(s) o the study.

20. Has a model sensitivity analysis been perormed? I so, how? I
not, explain why.
a on the model structure?
b on the model parametrization?
c on other aspects o the model?

21. Which elements are the modelled patterns most sensitive to?
a input parameters
b priors and assumptions
c structural elements
d processes

22. How sensitive are the modelled patterns to the choice o initial
conditions, boundary conditions, spatial and temporal
resolution?

While there is no perect model to address a specifc ecological
question, there is no perect method either to evaluate the perormance
o a model (Makridakis et al., 2020). Typically, the choice o the sensi-
tivity analyses depends on the availability o observational data with
which the model can be compared, on the computational requirements
to perorm certain types o model evaluation, on the availability o
evaluation methodologies to the modellers, and on modellers skill sets.
This section reports on the rationale and criteria or choosing a partic-
ular approach to evaluate the model perormance. It stresses when the
choices are dictated by the objectives o the study as opposed to
computational constraints, lack o relevant inormation or other con-
siderations. For example, models with complex architecture and high
computational costs - two common eatures or ecosystem models
(Steenbeek et al., 2021) - impose restrictions on the exploration o the
parameter space. This in turns limits the scope or global SA and
simultaneous exploration o known sources o uncertainty, which are
two desirable eatures o SA. This section also reports on how sensitive
the evaluation method is to the data used or evaluation (section 2.4).
Could the model evaluation give signifcantly dierent results i sup-
ported by other/new/more precise data or i other skill assessment
methods had been used? It is also the place where one can report ailed
attempts to evaluate the model or discuss possible uture development in
evaluation methodology. Alternative or complementary approaches to
standard sensitivity analyses (e.g., robustness analysis, Thiele and
Grimm 2015; Grimm and Berger 2016) can also be reported here. In
summary, this section highlights the relevant attributes o the model
evaluation, caveats, possible limitations, and possible developments,
clariying the perormance o the model evaluation in relation to the
objectives.
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23. How sensitive is the model evaluation to availability and uncer-
tainty o the independent data?

24. How much is the model evaluation constrained by computational
or theoretical limits?

25. How does the perceived perormance o the model depend on the
chosen evaluation methodology?

3. OPE template

As a practical tool, we provide in Table 1 a summary o the OPE
protocol which highlights the main sections o the protocol, the 25
questions as well as guidelines on how to answer them. We also provide
in supplementary material (S1), a Word template that can be used to
provide inormation relevant to a modelling study.

4. Applications

We provide in the supplementary material (S2) examples o appli-
cations o the OPE protocol in the context o six modelling applications:

1 an Individual Based Model (IBM) used to quantiy uncertainties in
the estimates omean biomass o the copepod Calanus fnmarchicus as
a unction o sampling design (Hjøllo et al., 2021),

2 a statistical ood-webmodel used to quantiy the association between
capelin (Mallotus villosus) and its main two prey (krill and Calanus
species) (Stige et al., 2018),

3 simulations rom the Non-Deterministic Network Dynamics (NDND)
model to assess the persistence o trophic controls in the Barents Sea
(Sivel et al., 2021),

4 an Ecopath model to estimate trophic positions or ecological groups
in the Barents Sea (Pedersen 2022),

5 the Nordic and Barents Seas Atlantis Model (NoBa) simulations to
assess cumulative impact o fsheries and climate in the Norwegian
and Barents Seas (Hansen et al., 2019), and

6 the reconstructions and predictions o selected physical and
biogeochemical properties using the NorCPM1 model in the Barents
Sea (Bethke et al., 2021).

These case studies cover a range o modelling practices, modelling
tools and study objectives. Knowledge about context within which a
model is developed and o the history o the model development is
essential to understand the evaluation approach. We realise that the
OPE case studies presented in this manuscript can be difcult to read
without prior knowledge o each model context and history. In stand-
alone modelling studies, model descriptions would normally be pro-
vided in ull, but this is not the case here. To correct or this, we included
introductory paragraphs that describe the models that were used in each
case study and provide a brie history o the models, i.e., where they
originate rom and how they evolved to fnally be used in the current
case studies.

5. Discussion

The OPE protocol as we present it here is complementing other
reporting protocols, in particular the ODD protocol and the extensions
(e.g., ODDO, ODD+D), by ocusing on the model evaluation. We argue
that such a protocol can signifcantly contribute to improving model
evaluation and can in general increase transparency and reproducibility
o published models. Following Oreskes (1998); Augusiak et al., (2014);
Edmonds et al., (2019); Grimm et al., (2020a); Parker (2020), and
others, we contend that model evaluation is purpose-dependant and that
a clear description o the purpose o a modelling application must be an
integral part o the evaluation process, whether the model goal is
pedagogical, explanatory or predictive.

Model evaluation is essential and should accompany all model
studies. We have thereore developed the OPE protocol or model

evaluation, which is generic enough to apply to a wide range o
ecological modelling studies, rom coupled physical-chemical-biological
systems (NORWECOM.E2E, NorCPM1, Atlantis), to simpler models
ocussed on ood-webs interactions (NDND, Ecopath, Gompertz). In our
experience, most modellers consider their model as somewhat special (i.
e., not like other models) and thereore presume that it would be dif-
cult to evaluate models using a standardised protocol like the OPE.
Indeed, we ound that it was oten work-demanding or modellers to
answer the 25 questions o the OPE protocol. Through the six case
studies, we identifed several challenges in documenting the OPE.
Documenting model evaluation is not a standard step in most modelling
studies. Lack o experience and training in doing so made it a time-
consuming and demanding task that required several iterations, and
substantial amount o thinking and discussion. At times, the OPE exer-
cise was perceived as too time-consuming, little rewarding in the short
term and easy to postpone. It was oten difcult to fnd the balance
between providing inormative answers and remaining concise. In
several cases, it was not always obvious what was the right amount o
contextual inormation required to inorm readers about the model. The
amount o evidence to be presented in support o OPE statements was
also debated. When sensitivity analysis had been perormed in earlier
studies, it could be unclear how much this should be reported. At frst
sight, some questions appeared unclear or redundant, though these is-
sues were usually resolved ater some iterations. Some questions were
also o little relevance or some o the model applications explored here.
Nevertheless, it was possible to successully apply the OPE protocol to
each specifc case study, despite the diverse collection o model types.
We thereore anticipate that the protocol will be applicable to many
ecological modelling studies.

The protocol can be used rom the start o a modelling study, to guide
model evaluation throughout the study. Though the primary motivation
or this protocol was to construct a tool to help modellers reporting how
they evaluated their models given specifc objectives, we ound that
answering the protocol questions or the individual case studies led to
additional discussions and reections on model evaluation. In some
instances, it was identifed that additional evaluation steps could be
taken or that some steps in the evaluation process could have been better
specifed. In the case o the Gompertz case study, documenting the OPE
revealed that posterior predictive checks could have been considered to
improve the evaluation. In the NDND case study, it was only ater the
OPE was documented that the issue o determining a threshold between
acceptable and unacceptable models became clear. In the NoBa case
study, it became apparent that many aspects o model evaluation or a
complex end-to-end model like Atlantis, were still under-developed, and
that the OPE could guide uture work towards improved model evalu-
ation methodology. In all case studies the OPE helped to clariy existing
evaluation procedures and identiy possible improvements. Had the OPE
been available at the start o these studies, the model evaluation would
likely have been conducted more thoroughly. A lesson learned rom the
exercise is that documenting the OPE is more easily done i modellers
take relevant notes about model evaluation while developing their
model, rather than leaving the OPE questionnaire to the end. This
highlights the potential utility o the OPE to stimulate higher standard o
model evaluation, in addition to its original goal o merely reporting
how evaluation was conducted.

It is important to note that the OPE protocol goes ar beyond model
skill assessment. Assessing the prediction skill o ecological models has
been the ocus o recent literature (see e.g., Stow et al., 2009; Olsen
et al., 2016; Steenbeek et al., 2021 and reerences therein). Skill
assessment is an integral part o model evaluation and is clearly iden-
tifed in the frst part o the Evaluation section o the OPE protocol
(questions 17–19). The OPE protocol expands beyond skill assessment
by addressing issues related to objective, patterns, data, and sensitivity
analyses and puts balanced ocus on these dierent elements.

Documenting model evaluation is not yet standard practice. The 25
questions outlined in the OPE protocol are a guide to present an
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extensive – but not exhaustive – description o a model evaluation. A ull
description o the evaluation is oten too long to be included in the core
part o a published manuscript. We advocate that the OPE documenta-
tion be presented as a technical supplement. By documenting the details
o the model evaluation procedure, the OPE provides essential inor-
mation or the peer-review o a modelling study and directly contributes
to higher transparency. Even when not all OPE questions are answered,
it makes sense to present an OPE.We encourage modellers to try the OPE
protocol by using the word template (S1) and get help and inspiration
rom the answers provided in the six case studies (S2). We also
encourage reviewers to use the OPE questions as a guide when evalu-
ating modelling studies.

The current OPE template is qualitative, thus providing high exi-
bility in reporting, but makes the evaluation report hard to appraise or to
enter in automated systems that preer numbers over ree text. Possible
uture developments o the OPE may ocus on adding standardised
evaluationmetrics or standardised evaluation vocabularies that could be
automatically populated while perorming evaluation exercises This in
turn would acilitate analyses and comparisons within and between
models. Further development o the OPE might also include other as-
pects o model evaluation that were not explicitly addressed here, such
as robustness analysis (Grimm and Berger 2016). The questionnaire
structure could possibly be hierarchised to highlight questions that have
the highest priority (e.g., questions 1, 2, 3 and 19), or it could eventually
be ormally linked to other existing tools like TRACE (Grimm et al.,
2014; Ayllón et al., 2021).

As noted by Grimm et al., (2014), building a culture o model
reporting is about doing all these things as well as you can because you know
that peers and model clients are expecting you to; there is no point any more
in complaining about additional eort” or these things. We recognise that
we are not there yet. Promoting the OPE and similar documentation
during the peer review process would help in getting this culture in
place.

The current version o the OPE protocol is a work-in-progress. Model
evaluation is complex and the development o tools or reporting how
evaluation is conducted is not a simple problem. The case studies pre-
sented here all originate rom high-latitude marine ecosystemmodelling
research, which reects the expertise o the authors. Further applica-
tions o the OPE will show how much the experience gained rom
developing and applying the OPE protocol on these ew examples can
beneft other modelling approaches on other ecological system types.
During the discussions that ormed the basis or the current protocol, a
central point was that modellers have various cultures, experiences, and
practices when it comes to model evaluation. These points o view are
not always easy to reconcile with each other. Further discussions based
on the use o the protocol on a wider range o models are expected to
lead to revisions o the OPE protocol in the uture.

6. Conclusion

The OPE protocol is proposed as a tool to report the evaluation o
ecological models. The reporting template is organised along 25 ques-
tions which make it easier and aster or modellers to report model
evaluation. The OPE structure urther promotes comprehensive report-
ing o the evaluation process, ranging rom objectives, to data, skill
assessment, and sensitivity analyses. Our experience is that structured
reporting o model evaluation helps modellers to think more deeply
about the evaluation o their models. From this last point, we suggest
that it would be highly benefcial or modellers to consider the OPE early
in the modelling process, in addition to using it as a reporting tool (as we
have done here) and as a reviewing tool.
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