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ARTICLE INFO ABSTRACT

Article history: Confusion about model validation is one of the main challenges in using ecological models for decision

Available online xxx support, such as the regulation of pesticides. Decision makers need to know whether a model is a suffi-
ciently good representation of its real counterpart and what criteria can be used to answer this question.

Keywords: Unclear terminology is one of the main obstacles to a good understanding of what model validation is,

Model validation how it works, and what it can deliver. Therefore, we performed a literature review and derived a standard

Terminology

o set of terms. ‘Validation’ was identified as a catch-all term, which is thus useless for any practical pur-
Decision support

. pose. We introduce the term ‘evaludation’, a fusion of ‘evaluation’ and ‘validation’, to describe the entire
Documentation . . cprs . . . .
Ecological models process of assessing a model’s quality and reliability. Considering the iterative nature of model develop-
Risk assessment ment, the modelling cycle, we identified six essential elements of evaludation: (i) ‘data evaluation’ for
scrutinising the quality of numerical and qualitative data used for model development and testing; (ii)
‘conceptual model evaluation’ for examining the simplifying assumptions underlying a model’s design;
(iii) ‘implementation verification’ for testing the model’s implementation in equations and as a computer
programme; (iv) ‘model output verification’ for comparing model output to data and patterns that guided
model design and were possibly used for calibration; (v) ‘model analysis’ for exploring the model’s sensi-
tivity to changes in parameters and process formulations to make sure that the mechanistic basis of main
behaviours of the model has been well understood; and (vi) ‘model output corroboration’ for comparing
model output to new data and patterns that were not used for model development and parameterisation.
Currently, most decision makers require ‘validating’ a model by testing its predictions with new exper-
iments or data. Despite being desirable, this is neither sufficient nor necessary for a model to be useful
for decision support. We believe that the proposed set of terms and its relation to the modelling cycle
can help to make quality assessments and reality checks of ecological models more comprehensive and
transparent.
© 2013 Elsevier B.V. All rights reserved.

“I assert that whenever a dispute has raged for any length of 1. Introduction
time, especially in philosophy, there was, at the bottom of it,

never a problem about mere words, but always a genuine prob- Ecological models are increasingly used and needed for suppor-
lem about things.” ting environmental decision-making (Schmolke et al.,2010a). Often
I. Kant (1786) they are the only way to take into account the relevant spatial and

temporal scales and the multitude of processes characteristic to
ecological systems. Corresponding experiments can be impossible,
and insights from descriptive studies do not necessarily provide
enough mechanistic understanding to predict responses of ecolog-
ical systems to new conditions.
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we have to demonstrate that the model reproduces observations
for the right reasons, not just because it has been tweaked via cal-
ibration to do the right thing. If models are in fact used without
being carefully checked for their validity, they might lead to erro-
neous decisions. Pilkey and Pilkey-Jarvis (2007) call inappropriate
models “useless arithmetics” and find that “these types of applied
models are frequently detached from reality — built on oversim-
plified and unrealistic assumptions about natural processes”. Thus,
scepticism with regard to using ecological models to support envi-
ronmental decisions is a healthy attitude. It is up to the modellers
to provide evidence and indicators that their model is realistic
enough.

An example field of decision making, where scepticism
regarding ecological models so far has prevented the use of models,
is ecological risk assessment of chemicals, in particular pesticides
(Forbes et al., 2009, 2010; Thorbek et al., 2010). Ecological risk
assessments are required for pesticides to minimise potentially
negative impacts on non-target flora and fauna and, thus, on ecosys-
tems in general. Regulatory decisions on whether or not a certain
pesticide can be used are, at least in the lower tiers of the risk
assessment, based on highly standardised schemes. They focus on
effects on individuals of a set of standard species, observed under
standardised conditions in the laboratory.

Mechanistic effect models have long been identified as poten-
tially useful tools to extrapolate the limited findings from standard
tests to more realistic conditions such as fluctuating exposure pro-
files, higher levels of biological organisation, and larger temporal
and spatial scales, thus making risk assessments ecologically more
relevant (Forbes et al., 2009, 2010; Galic et al., 2010; Pastorok,
2002; Thorbek et al., 2010). Mechanistic effect models comprise
ecological and organism-level effect models. They are referred
to as ‘mechanistic’ to clearly separate them from descriptive, or
statistical, models, and as ‘effect models’ to separate them from
physico-chemical models describing the fate and exposure of
chemicals in the environment.

Despite the high potential of mechanistic effect models to
improve the ecological realism of pesticide risk assessment, so far
they have not often been used or accepted in regulatory risk assess-
ments. A major obstacle is the doubt as to whether a given model
represents the real world sufficiently well, which is reinforced
by a lack of clear criteria for assessing a model’s realism. Addi-
tionally, a comprehensive model assessment is often hampered
by the ambiguous application of terminology within and between
involved stakeholder groups. Academics, industry, as well as reg-
ulators each possess a different set of vocabulary, knowledge, and
interests (Hunka et al., 2013; Jakeman et al., 2006), which interferes
with both a more productive advancement and communication
of methods, and with actually using models to support decision
making.

Terminology regarding model assessment has in general proven
to be a particular source of confusion (Oreskes et al., 1994a; Rykiel,
1996). To describe general tasks of quality assurance throughout
a model’s development and application, academics often use the
term ‘validation’ more or less intuitively, due to a lack of a clear and
unambiguous definition. Yet, academics are at odds with each other
as to what ‘validation’ should mean in a modelling context, to which
degree model validation would be generally feasible, and which
methods or criteria should be applied to assess the compliance of
a given model with its real counterpart.

This issue has been debated in the context of ecological mod-
elling for the past 50 years and still nocommonly accepted language
and methodology could be agreed upon (see references in Rykiel,
1996). This makes it very hard to clearly assess and communicate
the credibility of models, which in turn makes it difficult, if not
impossible, for decision makers, who are usually not trained in
assessing whether a model is good enough, to let models influence

their decisions. Other domains, e.g. hydrology, economics, meteo-
rology, or environmental engineering, where mechanistic models
are being used as well to support decision making, are facing sim-
ilar problems (Ferson et al., 2008; Gass, 1983; Hodges and Dewar,
1992; Oriade and Dillon, 1997; Refsgaard et al., 2005).

In this article, we review and evaluate the literature concern-
ing the terminology and methodology regarding model validation.
We focus predominantly on literature related to ecological models
but draw relevant lessons from other scientific fields with rela-
tions to regulatory frameworks to provide a pragmatic solution to
the above-mentioned challenges. According to the most dominant
trends that we could identify, we will propose a common vocab-
ulary for the evaluation of applied ecological models. This can for
example assist the risk assessment process by introducing a struc-
tured system of language. In particular, we will suggest the new,
artificial term, ‘evaludation’, which is a merger of ‘evaluation’ and
‘validation’.

Evaludation consists of several elements, or steps, that cor-
respond to the different stages of iterative model development
forming the ‘modelling cycle’ (Grimm and Railsback, 2005). They
thus serve as the main structuring elements for the suggested ter-
minological system. The modelling cycle consists of the following
elements (see also Section 3): formulation of the questions to be
addressed; assembly of hypotheses that constitute our conceptual
model of the system in question; choice of model structure, i.e.
choice and representation of entities, state variables, and processes;
implementation of the model via equations and/or a computer pro-
gramme; model analysis; and communication of model output.

Based on this approach, we will demonstrate that validation
is not a binary criterion that is determined once a model’s devel-
opment has been finished. Rather, overall model credibility arises
gradually throughout the entire modelling cycle.

2. Terminology and concepts

Mechanistic modelling simplifies real-world processes to
understand driving mechanisms well enough so that forecasts of
a system’s response to certain conditions become feasible. This
simplification implies the risk that not all relevant factors were
captured or that relevant data are missing. Investigating these defi-
ciencies in detail is not always feasible due to monetary, time, or
other constraints. For this and other reasons, models inherently
possess a level of uncertainty.

To reduce the likelihood of a flawed decision due to an uncer-
tain, simplified representation, decision makers usually demand
that a model should be validated. Typically, they ask for a com-
parison of model output with new empirical data to determine
whether possible discrepancies render the model too unrealistic
for use. Many scientists argue (correctly in our opinion) on the
contrary that this approach to validation is too limited for at least
three reasons. First, agreement between modelled and empirical
data does not necessarily imply that a model is ‘correct’, but could
alsoresult from a combination of ‘wrong’ input parameters and pro-
cess representations (Oreskes and Belitz, 2001). Second, this kind of
direct validation often is impossible to achieve because such data
do not exist, which is rather the rule than the exception in eco-
logical and environmental systems. In fact, this is the reason why
models are needed for these systems in the first place. Third, the
genuine meaning of the word “validation” does not fully match with
the uses of the term in ecological modelling and is accompanied by
philosophical discourses about its legitimate usage.

It seems obvious that validation should not be mistaken with
‘truth’, although the term certainly implies a strong sense of legit-
imation (Oreskes et al., 1994b; Rykiel, 1996). Decision makers
would appreciate having some form of quantifiable certification

Please cite this article in press as: Augusiak, J., et al., Merging validation and evaluation of ecological models to ‘evaludation’: A review of
terminology and a practical approach. Ecol. Model. (2013), http://dx.doi.org/10.1016/j.ecolmodel.2013.11.009



dx.doi.org/10.1016/j.ecolmodel.2013.11.009

G Model
ECOMOD-7063; No.of Pages12

J. Augusiak et al. / Ecological Modelling xxx (2013) xxX—XXx 3

that increases confidence in a model’s appropriateness for appli-
cation; or, as a risk assessor of pesticides once asked: ‘Isn’t there a
kind of R-square to assess a model’s validity?’ This desire is under-
standable but reflects a lack of knowledge and understanding of
how modelling is usually done and should be used, i.e. the mod-
elling cycle. If validation would be defined to depend on only one
or a few expressions of error, major flaws in the model structure
could still mislead a decision.

However, decision makers cannot be blamed for lack of under-
standing of the above points. The roots of the controversy around
validation reach much deeper and keep confusing modellers as
well. One of the main reasons for disagreements concerning seman-
tics and methodological approaches lies in the philosophical views
on how science is performed and, in turn, what validation means
in science in general.

Logical empiricism, or positivism, dominated scientific conduct
between the middle of the 19th to middle of the 20th century.
This school of thinking favoured inductive inferences building
from singular observations and/or experiments to universal state-
ments such as hypotheses or theories (Barlas and Carpenter, 1990;
Refsgaard and Henriksen, 2004). The proposed hypotheses or the-
ories are eventually to be tested in experiments that are designed
to confirm or refute the general statement at hand. From a model
validation perspective, such an approach would render the process
of validation formal and algorithmic. Under such premises models
would be assumed to be objective and absolute representations of
the modelled system, such that they could only be either true or
false. This perspective seems to be taken by many non-modellers.

Critics of this approach (Kuhn, 1962; Popper, 1959) argue
that theories can be only falsified and never verified. Typically,
they follow a more deductive approach towards science, where
inferences are drawn from universal statements, such as the-
ories or hypotheses, to more specified statements. Conclusions
are derived logically from several statements, and predictions of
empirical patterns must be formulated as deductive consequences
from theories or hypotheses. If those conclusions and predic-
tions can be shown to be true, the overarching hypothesis is
deemed corroborated or confirmed (Popper, 1959). The larger the
wealth of confirming observations the more credible the respec-
tive hypothesis is deemed to be. However, no matter the number
of confirmations, there is always a chance that an observation can
be explained by more than one theory. Furthermore, a single falsify-
ing incident is sufficient to reject the correctness of the scrutinised
hypothesis; for example, seeing a single black swan falsifies the
theory that all swans are white, which hitherto might have been
‘verified’ by observing a million white swans (Taleb, 2010).

From this rationalist, deductive perspective, validation becomes
a less formal process since a valid model is assumed to be one of
several probable representations of a real-world process. Barlas and
Carpenter (1990) as well as Oreskes and Belitz (2001) and Oreskes
etal.(1994a) argue that one such representation may be preferable
over other alternatives, but that no model could claim absolute
objectivity as each is also subject to the modeller’s subjectivity,
view and understanding of the world, and proneness to mistakes.
Thus, models are neither true nor false but lie on a continuum
of usefulness for which credibility can be built up only gradually
(Barlas and Carpenter, 1990; Rykiel, 1996). The question is trans-
ferred from whether or not a model holds true to how likely it is to
be sufficiently true in the light of accumulated, existing evidence
and the model’s purpose.

Ecological modellers have discussed model validation since the
1960s. The development of ideas and methodological concepts for
validating ecological models underwent several turns since then.
Levins stated in 1966 that validation of a model ought to be the
generation of testable hypotheses rather than finding that a model
is ‘true’ but he left out any quantifiable measures of assessment.

On the other hand, Goodall (1972) suggested that the degree of
agreement between a model and its real counterpart would be an
appropriate measure, which corresponds to today’s most common
understanding of validation. He furthermore suggested that model
input data and the field data used for comparison should be statis-
tically independent. This line was followed in 1977 by Overton. He
viewed modelling as an iterative process of refinements and cal-
ibration until the output met specified performance criteria, that
is, the model was capable of mimicking a predefined data set. He
acknowledged that validation in the sense of absolute truth was not
possible, as this approach does not necessarily allow identifying the
most appropriate model from a set of candidate models.

Early ideas of evaluating a model according to its purpose
were discussed by Holling (1966), May (1973) and Caswell (1976).
Caswell distinguished between models used in an engineer-like
fashion as predictive tools and models used as tools for scrutin-
ising and testing scientific theory. He furthermore introduced the
term ‘corroborate’ for the latter class of models and ‘validate’ for the
first. He explained this choice by comparing the testing of scientific
models with hypothesis testing in which a statement might be sci-
entifically corroborated or refuted, whilst validation, as defined by
Goodall (1972), would resemble a form of engineering performance
testing. Caswell furthermore claimed that the two different uses
would not have to be mutually exclusive. A model could well be
predictively valid and be scientifically refuted at the same time. A
famous example of such a model is the Ptolemaic model of the solar
system, which makes precise predictions of the planets’ visible tra-
jectories, but is based on an incorrect view of the structure of the
solar system. Understandably, such combinations should prefer-
ably be avoided if models are used to predict responses to changes
in the environment.

Holling (1978) and Shugart (1984) both shared the view that
models resemble complex hypotheses and that validation therefore
is impossible to achieve and that only their falsification is possible.
Holling went so far as to consider the request for validated models
to be inappropriate. He argued that invalidation could be regarded
as a tool to establish the limits of a model’s credibility to establish
a sufficient degree of belief in the model to justify its application.
Shugart built on ideas of Goodall (1972) and Overton (1977) and
defined model validation as the application of procedures to test a
model’s agreement with a set of data that is independent from that
used for calibrating and parameterising the respective model. Com-
plementary, he defined verification as a test of whether a model can
be made correspond with a given data set.

Rykiel (1996) sought a technical and more pragmatic under-
standing of the term validation. He pointed out that ecological
models usually aim to combine theory and practice and that this
duality leads to conflicts when model validation is sought to com-
bine hypothesis testing and engineering practice, a conflict which
remains unresolved until today. His pragmatism is in line with
Beven’s (2002) suggestion to extend the philosophical context in
which environmental models are viewed. Beven suggests that one
should explicitly account for underlying uncertainties and pro-
motes Von Bertalanffy’s idea of ‘equifinality’, e.g. that more than
one model can be reliably applied for a given situation. He con-
siders it an option to compare different possible models (different
structural models or parameter combinations) and their closeness
to predefined performance criteria to gain a more complete under-
standing of the influence of alternative considerations. The range of
plausible models can thus be limited over time as knowledge about
the system grows. In contrast, Oreskes et al. (1994a) argue that
equifinality would rather pose a source of doubt than help increas-
ing trust in models. Nevertheless, both, Beven and Oreskes et al.,
share the view that absolute validation of environmental models is
impossible to achieve, as environmental systems are open, which
complicates strict deductive thinking.
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Table 1
Synonyms and definitions used in model testing and validation literature.

Definition

Term Source

Entire process of forming the decision whether and when a model is suitable
to meet its intended purpose by building confidence in model applications and
increasing the understanding of model strengths and limitations.

Tests to ensure that the ‘right model’ is being built.

Assuring that the computer programme and implementation of the conceptual
model are correct.

Assessment of the implications of errors made in design and implementation
for the model output and whether the output behaviour exhibits the required
accuracy with regard to the model’s intended purpose. The assessment is
mainly built on comparing model output to data that were preferably not used
for model development.

Corroboration Popper (1959), US-EPA (2009)

Evaluation Bart (1995), Borenstein (1998), Committee on Models in
the Regulatory Decision Process (2007), Hodges and Dewar
(1992), Jakeman et al. (2006), Loizou et al. (2008),
Schmolke et al. (2010b)

Testing Goodall (1972)

Validation Bacsi and Zemankovics (1995), Barlas (1996), Borenstein

(1998), Gass (1983), Hodges (1991), Kirchner et al. (1996),
Landry et al. (1983), Sargent (2005)

Arthur et al. (1999)

Aumann (2007), Ormerod and Rosewell (2009)
Borenstein (1998)

Aumann (2007), Barlas and Carpenter (1990), Gass (1983),
Hodges (1991), Loizou et al. (2008), Oriade and Dillon
(1997), Ormerod and Rosewell (2009), Refsgaard and
Henriksen (2004), Rykiel (1996), Sargent (2005), Schmolke
et al. (2010a), US-EPA (2009), Van Waveren et al. (1999)
Arthur et al. (1999), Beck et al. (1997), Ferson (1996), Gass
(1983), Oriade and Dillon (1997), Ormerod and Rosewell
(2009), Refsgaard and Henriksen (2004), Rykiel (1996),
Van Waveren et al. (1999), Wang and Luttik (2012)
Jakeman et al. (2006)

Borenstein (1998)

Verification
Validation

Verification
Verification

Validation

Verification
Substantiation

Botkin (1993) and Oreskes et al. (1994a,b) focused particularly
on the semantics of validation and verification. Their concerns were
that the usage of these terms would not agree with their original
definitions, which, according to the authors’ understandings, would
follow the deductive school of thinking. Oreskes et al. (1994b)
argued that the slight differences in meaning of various alternative
terms for validation (namely corroboration, confirmation, verifica-
tion) matter and that current usage of these terms would not follow
a common school of thinking.

The term validation has not been used consistently in the litera-
ture. Different authors used different definitions depending on their
view of the matter; others had similar meanings in mind but used
different synonyms. The same holds for other terms commonly
used in relation to evaluating the different stages in the modelling
cycle. While Popper (1959) used the term corroboration to describe
the process of evaluating a model as a whole, Goodall (1972) named
the same process testing. Nowadays, verification usually describes
the process of checking a computer code for mistakes (e.g. Rykiel,
1996; Sargent, 2005; Van Waveren et al., 1999). On the other hand,
Arthur et al. (1999) described the process of model evaluation with
this term, while Borenstein (1998) used the same word for testing
whether the correct model has been built, not if it had been built
correctly. In contrast, Jakeman et al. (2006) understood verifica-
tion as a step in which the accurate fit of model results is tested,
a step that Borenstein (1998) called substantiation, and a majority
of publications validation (e.g. Beck et al., 1997; Gass, 1983; Rykiel,
1996; Van Waveren et al., 1999). These are just a few examples
where different authors introduced differing connotations of par-
ticular terms. Table 1 gives an overview of the confusing usage of
terms and synonyms that can be found in the literature. The term
‘validation’ has been given virtually any possible meaning in this
context (Table 1). A reason for this might be that this term seem-
ingly prejudices expectations of the outcome towards the positive
(i.e. the model is valid or the quality is assured), which is one of the
major criticisms surrounding the term. Yet, or maybe because of
this positive reassurance, the term persistently remains and returns
regularly in discussions.

To conclude, there is little agreement on terms and under-
lying notions in the literature, with the one exception that it
has repeatedly been pointed out that the evaluation of a model
should depend on its purpose (e.g. Hoover and Perry, 1989;

Mankin et al, 1977; Mayer and Butler, 1993; Rykiel, 1996,
1984).

3. Proposed terminology based on the modelling cycle

Many of the discussions listed above focus on general aspects
of how validation should be defined, what it should comprise, or
how it should be done. Most of them, however, do not consider
structured approaches. Schmolke et al. (2010a) demonstrated that
a structured documentation of the subsequent modelling steps
already would support a more comprehensive assessment of a
model. They proposed a generic structure for documenting mod-
elling which is built on the structure of the modelling cycle. We
propose a similarly structured approach towards model evaluation.

The central elements in model development are shown in Fig. 1.
Typically, basic or applied questions about an environmental sys-
tem lead to a conceptualisation of the underlying processes. Once
a conceptual model has been derived that seems to account for the
most relevant processes to answer the question at hand, the con-
ceptual model is translated into a computerised model. Proceeding
from the conceptual to the computerised model works in two steps.
First, the conceptual model has to be made quantitative and oper-
ational so that it can be run on computers (note that we here also
refer to mathematically formulated models, which are numerically
solved on computers, as computerised models). This step comprises
the definition of entities and state variables for characterising the
state of the model system; mathematical or algorithmic submodels
that represent the processes included in the model; and a sched-
ule of the model’s processes. We call this the ‘written formulation’
of a model. Second, the written formulation has to be translated
into a programme that can be run on computers, referred to as the
‘implementation of the model’.

At all stages of the cycle, lack of knowledge and good quality
data, and human imperfection, unavoidably induce uncertainty.
The level of uncertainty can be reduced by applying a standard-
ised evaluation scheme similar to quality assessment protocols
(Refsgaard et al., 2005). For such a scheme to be practicable,
the different elements in the modelling cycle should be exam-
ined separately. To distinguish between these, and to reduce
currently prevailing misunderstandings between involved stake-
holder groups, we follow the pragmatic recommendations from
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Fig. 1. A simplified representation of the modelling cycle, consisting of the four main steps of model development and their corresponding elements of evaludation. The
terms in italics comprise the terminology that we suggest to organise and communicate model evaludation. The four elements of model development were, in the context
of model quality assurance, suggested by Refsgaard and Henriksen (2004) and Schlesinger (1979). Their definition of quality assurance corresponds to what we here refer to
as ‘evaludation’ and what so far in ecological modelling usually has been implicitly referred to as evaluation and/or validation.

different scientific fields to split model evaluation into subparts
(Fig. 1; Barlas, 1996; Refsgaard and Henriksen, 2004; Rykiel, 1996;
Sargent, 2005). The general logical order calls first for a test of
the appropriateness of the chosen model structure before testing
accuracy of model output.

To combine the imprecise but important term ‘validation’, and
building on its implied meaning for assessing a model’s quality,
with the more neutral and complementing connotations of ‘evalua-
tion’, we introduce the new, artificial term ‘evaludation’. We define
‘evaludation’ as ‘the entire process of establishing model quality
and credibility throughout all stages of model development, anal-
ysis, and application’. We suggest this term for several reasons.
Firstly, we aim to avoid using ‘validation’ itself while keeping it
still visible. Secondly, we aim to link the understandable request
for validity assurance with the more neutral, multi-step process of
evaluating the quality of not only the model output but also all other
relevant aspects of modelling, which can affect model credibility
and validity. Furthermore, a new term implies that it is more likely
to be specified when it is used, which avoids misunderstandings
and emphasises the multi-criteria character of model assessment.

Evaludation consists of six elements, which are necessary to
communicate which uncertainties have to be faced at the different
stages of the modelling cycle, which evaluation tools are applied
for these elements, and which measures should or could be taken
to reduce uncertainties. In the following, we will define the differ-
ent elements that constitute evaludation and discuss why they are
important. Short discussions of possible approaches to tackle the
different evaludation steps will be discussed in Section 4.

3.1. Data evaluation

‘Data evaluation’ is defined as the critical assessment of the
quality of numerical and qualitative data used to parameterise
the model, both directly and inversely via calibration, and of the
observed patterns that were used to design overall model struc-
ture. Thus, with data we here not only refer to numerical data,
as in some data sheets or spread sheet tables, but also qualitative
data, i.e. expert knowledge for which no hard numbers exist. Com-
puter models can take into account such knowledge in the form of
probabilistic if-then rules: if a certain state is given, various things

may happen with certain probabilities. The term ‘data’ also refers
to patterns (Grimm and Railsback, 2012) or, in economists’ termi-
nology, ‘stylised facts’, which are general trends and signals in data,
observations, and empirical knowledge.

To illustrate these different types of data, consider a census time
series of a population of small mammals in a certain area over 30
years. The numerical data are the set of abundances, which are
uncertain in themselves because abundance could not be deter-
mined directly. Expert knowledge could exist about individual
behaviour, for example territoriality, and how it changes, in broad
terms, in response to changes in population density. Another pat-
tern could occur in a series of years with bad weather, during which
variability of animal abundance differs from that in series of years
with good weather. Such kinds of data are important for model
development, although they are statistically uncertain.

The appropriateness, accuracy, and availability of data used
throughout model development are a major source of uncertainty
and often a reason for failed attempts to validate a model (Sargent,
2005). Data are needed for the design of a conceptual model, to
deduce relevant theories and derive mathematical and logical rela-
tionships that represent the modelled system sufficiently well to
fulfil the model’s stated purpose. Furthermore, data are needed
to fully parameterise and calibrate a model. Finally, data, which
were preferably not used for model development and calibration,
are needed to test the model’s underlying operational assump-
tions. Without such independent data, confidence in a model can be
hard to establish (Rykiel, 1996; Sargent, 2005). However, it should
be kept in mind that for ecological systems, independent numer-
ical data often do not exist or even cannot exist. Instead, using
additional qualitative data or general patterns that were not con-
sidered or known during the model development can and should
be used ('pattern-oriented modelling’: e.g. Grimm and Railsback,
2012; Grimm et al., 2005).

The quality of available numerical data can be corrupted by mea-
surement errors (e.g. by quality of instruments and frequency of
their calibration, data logging, etc.), flawed experimental design
(e.g. choice of sampling site, small sampling sizes, etc.), and natural
heterogeneity and stochastic variability inherent to environmen-
tal systems (Gass, 1983; Wang and Luttik, 2012). Likewise, expert
knowledge and the detection of patterns are notoriously prone to
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bias and therefore must be treated with particular caution. Another
aspect to watch carefully concerns the extrapolation of data from
one situation to another. This can include the usage of laboratory
data to estimate effects in the field, as well as the usage of data
from another climate zone or related, and not the actually studied
species.

Data evaluation is needed to ascertain a high level of quality,
a point laid out in several quality assurance and control protocols
(Refsgaard et al., 2005; US-EPA, 2009; Van Waveren et al., 1999).
This is part of the reason why one cannot simply assume that data
yield the best testing conditions for a model’s structure or output,
as data themselves do not always represent the real system suf-
ficiently well. Additionally, experimental data are only gathered
during a particular period or in a particular area and therefore rep-
resent only one of the many states of the ecosystem (Fagerstrom,
1987; Topping et al., 2012). A model cannot be expected to provide
more accuracy and clarity than what has been used to develop it in
the first place.

3.2. Conceptual model evaluation

‘Conceptual model evaluation’ is defined as the critical assess-
ment of the simplifying assumptions underlying a model’s design.
A conceptual model is our verbal or graphical model of the sys-
tem of interest with regard to a certain question. As with any
element in the modelling cycle, the conceptual model is very sim-
ple at first and subsequently develops gradually. Evaluating the
conceptual model means to explicitly list, discuss, and justify its
most important simplifying assumptions. Typically, assumptions
include the choice of spatial and temporal scales; the choice of
entities and processes to be represented in the model; consider-
ations concerning stochasticity and heterogeneity; considerations
of local versus global interactions; representation of environmen-
tal drivers; etc. Furthermore, conceptual model evaluation includes
the assessment of whether the structure, underlying theories, con-
cepts, assumptions, and causal relationships are reasonable to form
a logically consistent model.

Conceptual model validity is mostly affected by a modeller’s
subjectivity, incomplete understanding and knowledge of under-
lying problem entities, and the quality of available data. Different
modellers may make different decisions about the kind and form
of processes to include in a model. Boesten (2000) found in a com-
parative study that despite equal starting conditions, i.e. having
the same data sets and study objectives defined, different mod-
ellers obtained significantly different model results. He identified
the expert judgement involved in establishing the process relation-
ships as one of the major causes for this variation. Additionally,
incomplete knowledge about the factors that control behavioural
aspects of the modelled system, either due to a modeller’s lack of
awareness of relevant studies or a lack thereof, as well as limita-
tions arising from simplifying assumptions, need to be considered
and justified. As another guiding principle, Occam’s razor should be
applied to ensure that the chosen model complexity does not intro-
duce avoidable uncertainty (Beck et al., 1997; Clark, 2004; Jakeman
et al., 2006).

3.3. Implementation verification

We define ‘implementation verification’ as the critical assess-
ment of (1) whether the computer code for implementing the
model has been thoroughly tested for programming errors and
(2) whether the implemented model performs as indicated by the
model description. This element of evaludation is hence primarily
concerned with checking the computer code for errors, bugs, and
oversights. However, even an error-free programme code might not
actually implement the model as intended or described, which can

be due to ambiguities in the model description or due to misinter-
pretations of ready-to-use procedures in the employed software
platform (for an example of the latter, see Grimm and Railsback
(2012, Chapter 5)).

Although implementation verification mainly focuses on tech-
nical aspects of a modelling exercise, it is also essential for assessing
whether a model is of sufficient realism and quality. Tests of inde-
pendent model predictions (see below) might look promising but
without a thorough evaluation of the implementation procedure,
the risk could still be high that the model leads to wrong conclu-
sions because the model might not work as we think it does.

3.4. Model output verification

‘Model output verification’ is defined as the critical assessment
of (1) how well model output matches observations and (2) to
what degree calibration and effects of environmental drivers were
involved in obtaining good fits of model output and data.

Model development always includes a judgement of model out-
put according to observed data and patterns and some criteria of
similarity. After all, the purpose of models is to be ‘representations’
of real systems, even if this representation has to be much sim-
pler thanreality. However, just considering ‘predicted vs. observed’
figures is not sufficient either. Model users need to know how
much calibration was involved to make the model fulfil verifica-
tion quality criteria. The more parameters had to be fine-tuned
via calibration, the higher the risk that successful verification was
enforced by unrealistic parameter combinations, i.e. by a combi-
nation of factors which does not occur like this in the real system.
Likewise, a good match of model output and observations might
have been imposed by representing strong environmental drivers,
for example weather, chemical disturbances, or predation risk so
that model output rather reflects the dynamics of the drivers and
not necessarily a realistic representation of the system’s internal
organisation.

Furthermore, when comparing model output to data it is critical
to avoid comparing apples with oranges: environmental condi-
tions, initial states of the model world, and data sampling protocols
(for example the timing of sampling a population) implemented in
the model should match those underlying the data as close as pos-
sible (Zurell et al., 2012). For complex models, this can be a major
task (Topping et al., 2012).

In general, the task of this element of evaludation is to demon-
strate that the individuals and populations represented in the
model respond to habitat features and environmental conditions
in a way that is sufficiently similar to their real counterparts. What
can be considered ‘sufficient’ cannot be defined from the outset
and also depends on other elements of evaludation, on the overall
understanding and experience with managing the system in ques-
tion, and on whether the model is supposed to deliver absolute or
relative predictions. In the latter case, a qualitative agreement of
model output and data might already be considered sufficient.

3.5. Model analysis

We define ‘model analysis’ here as the assessment of (1) how
sensitive model output is to changes in model parameters (sensi-
tivity analysis) and (2) how well the emergence of model output
has been understood. Testing model sensitivity is essential since a
good match of model output and data might also be the result of
fine-tuning several parameters. The match might vanish as soon
as one or more or the calibrated parameters are changed. Model
evaluations, which do not include sensitivity analyses, are thus too
limited.

Sensitivity analyses identify subsets of parameters that have
strong effects on the model outputs. Since parameters represent

Please cite this article in press as: Augusiak, J., et al., Merging validation and evaluation of ecological models to ‘evaludation’: A review of
terminology and a practical approach. Ecol. Model. (2013), http://dx.doi.org/10.1016/j.ecolmodel.2013.11.009



dx.doi.org/10.1016/j.ecolmodel.2013.11.009

G Model
ECOMOD-7063; No.of Pages12

J. Augusiak et al. / Ecological Modelling xxx (2013) xxX—XXx 7

the relative contribution of certain processes and feedbacks, we
thereby learn which processes are most important for further con-
siderations, which is animportant first step to understanding which
factors are most important in explaining model behaviour.
Understanding model behaviour is needed to avoid using a
model as a black box. If we understand why and how a model
produces certain outputs, we can, if the model is well evaludated,
cautiously transfer this understanding to the real world, which
would often be more important for supporting decisions than any
kind of specific numeric model output. Evaludation thus implies
that the modeller has tried several possibilities, and documented
them, to understand and explain how model output emerged.

3.6. Model output corroboration

‘Model output corroboration’ is here defined as the compari-
son of model predictions with independent data and patterns that
were not used, and preferably not even known, while the model
was developed, parameterised, and verified. The emphasis on new,
independent data is important because with data known and used
during model development, modelling will often end up with a
model reproducing these data. This implies the unavoidable risk
that the model has been ‘tweaked’ to do the right thing for the
wrong reasons.

Still, for models of complex systems, making a model match
known observations can be difficult and it is a myth to believe that a
model could reproduce or forecast any data with just enough model
parameters. Thus, model output verification can already indicate
whether the internal organisation of the real system has been cap-
tured sufficiently well, in particular when verification comprised
not only one data set or pattern, but multiple ones.

However, even when using several patterns simultaneously to
verify if a model is working correctly (Grimm and Railsback, 2012),
there is still a risk that the respective model might have been
manipulated too much to produce the right behaviour for the wrong
reasons. Multiple patterns are sometimes not independent from
each other and thus do not necessarily reduce this risk (Latombe
et al,, 2011). In contrast, with new data and patterns, this risk is
being eliminated. Not knowing these data or information and pat-
terns makes artificial imposing of rules and tweaking impossible.

One form of new data consists of results from new and specif-
ically designed experiments and field studies. This corresponds to
one of the most common interpretations of validation: a model
is considered ‘valid’ if it made predictions that were confirmed
by subsequent experiments. However, as mentioned earlier, such
experiments or field studies are usually unfeasible for most eco-
logical systems. Thus, for model output corroboration we usually
have to resort to comparing model predictions with data and pat-
terns that already exist, but have not been known or used by the
modeller. The guide to finding such data and patterns can be the
model itself. Does it predict any striking features, regularities, or
patterns, which are robust and seem to emerge from the interaction
of the key processes in the model? If so, can we find correspond-
ing data or patterns in the literature, existing data bases, or can we
confirm them via expert judgement (“This is exactly what I have
observed.”)?

One example for this approach is a model of natural beech
forests in Central Europe (Neuert et al., 2001; Rademacher et al.,
2004). In this model, canopy trees were represented as individuals
with certain ages and crown sizes. However, information concern-
ing age and size were never used during model development and
calibration. Rather, local stand structure was assigned to three so-
called ‘developmental stages’, which take into account the leaf
cover in four different height classes. Temporal and spatial patterns
regarding the developmental stages, which were know while the
model was developed, were used for model output verification, and

the model was published and used for its original purpose (Neuert
et al.,, 2001; Rademacher et al., 2004), which was the estimation of
the sizes of forest reserves that would be needed to enable natural
spatio-temporal forest dynamics.

In a follow-up project, the age structure of model canopy trees
was analysed as well as the spatial distribution of very large and old
trees (Rademacher etal.,2001). The two patterns found in this anal-
ysis were that neighbouring canopy trees on average differed in age
by 60 years and that 80% of all trees older than 300 years had a tree
of similar size within a distance of less than 40 m. This pattern was
confirmed after re-analysing the existing literature (Rademacher
et al., 2001).

In the current literature, model output corroboration based on
patterns identified in the model is the exception rather than the
rule. This might partly be due to limited resources, but the main
reason seems to be that the term ‘prediction’ is often used in a
very broad sense, which blurs the distinction between verification
and corroboration of model output. The term ‘prediction’ should
be used only for new, independent - secondary - predictions that
forecast something new, either results to be obtained in the future
or patterns to be detected in the existing data and knowledge. Data
used for verification should then be referred to as ‘model output’, as
no prediction is involved because the data and patterns ‘predicted’
were already used in the model development.

A clearer distinction between model output verification and
corroboration could actually lead to more systematic attempts of
model output corroboration. And it should be noted that a model
can still be considered realistic and fit enough to meet its purpose,
even if corroboration was not possible due to lack of resources or
data.

4. Evaludation: planning and approaches

Considering the vast complexity of environmental issues that
can be addressed with modelling approaches and the diverse set
of modelling concepts, it is not possible to establish a detailed,
fool-proof protocol for evaludating a model or declaring whether
or not it can be deemed fit for application. Nevertheless, the sys-
tematisation of checking the different building blocks of a model
throughout its lifecycle and evolution ensures reduced uncertain-
ties, and, maybe more importantly, an easier communication of the
capabilities and limitations of a model so that decision-makers feel
more confident about using it. Some general concepts and con-
siderations can help to add more structure to the task of model
evaludation. Especially ideas derived from general quality assess-
ment and control frameworks, as well as experiences from common
practice, can help to establish a more consistent procedure. Some
discussions on Good Modelling Practice and existing regulatory
protocols in a number of fields have already succeeded in estab-
lishing a first, rough guidance (Rykiel, 1996; US-EPA, 2009; Van
Waveren et al., 1999). Refsgaard et al. (2005) also provide a review
of existing quality assessment guidelines and Matott et al. (2009)
give an extensive overview of approaches to analysing model
uncertainties.

In the following, we mainly list recommendations given in these
contributions. It should be noted, that we focus on the overall scope
and rationale of the methods discussed, not on technical details,
which are described in the corresponding literature.

An important first question in evaludation is: Who is to carry out
the evaludation? A common answer would be ‘the model user’, but
we claim that this perspective would be inefficient. As a matter of
fact, most modellers perform all steps of model evaludation anyway
because they are integral parts of model development, analysis, and
testing, and modellers are usually no less interested in evaludating
their models than decision makers trying to use the models or their
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output. Thus, the correct answer is: both model developers and
users.

Often, model developers might be biased and tend to overstate
the structural realism of their models. It is thus advisable to either
include potential model users in the model development process to
establish model acceptance, as has been tried in the CREAM project
(Grimm et al., 2009), or to follow what is called an “independent
verification and validation” approach. The latter is derived from
computer science and refers to an evaludation carried out by an
external party, which was not previously involved in model devel-
opment.

It is furthermore crucial to consider the timing of evaludation
points. Evaludation measures can be taken either while the model
is being developed, or after a model has been completely coded and
parameterised. Common practice and experience favour evaluda-
tion to take place throughout the model development to reduce
costs imposed by errors or misjudgements made early on. This cor-
responds also to our framework for model evaludation (Fig. 1),
which emphasises the iterative nature of model development:
design and parameterisation of a model and its submodels are
revised when the model did not pass certain performance criteria.

During the early stages of model development, sufficient time
should also be invested in defining performance criteria and bench-
marks. Benchmarks are metrics that allow an evaluation model
output compared to empirical observations. Thus, they support
defining meaningful points of reference for model output verifica-
tion and corroboration (Jakeman et al., 2006; Kirchner et al., 1996).
In many cases, goodness-of-fit parameters or confidence intervals
are used as quantitative performance criteria to assess the sta-
tistical agreement of observed versus modelled data in form of a
hypothesis test. A thorough understanding of the applied metrics
is needed for this step to avoid potential misinterpretation due
to a misunderstanding of a metrics’ weaknesses (Bennett et al.,
2013). A coefficient of performance, e.g., can be strongly influ-
enced by low sample sizes or outliers, which in return could be
a relevant feature of the investigated system. Another tool that is
frequently used for qualitative benchmarking is the visual inspec-
tion of graphs that trace, for example, the behaviour of model
entities.

Currently there seems to be trend in the modelling literature
to require increasingly sophisticated statistical tests, in particular
Bayesian methods. This trend is laudable, but should not lead to
an underestimation of face validation, which is defined by Kliigl
(2008) as: “all methods that rely on natural human intelligence” (p.
39). Examples listed by Kliigl include: “structured walk-throughs,
expert assessments of descriptions, animations or results”. Kliigl
accordingly concludes: “face validity shows that processes and out-
comes are reasonable and plausible within the frame of theoretic
basis and implicit knowledge of system experts or stakeholder. Face
validation may be applied from the early phases of the simulation
study under the umbrella of conceptual validations. It is often also
called plausibility checking”. This way of comparing model output
to datais thus an integral tool for the evaludation steps “Conceptual
model evaluation” and “Model output verification”.

Finding the right benchmarks, or metrics, often is part of the
problem to be solved in ecology and environmental systems. It can
furthermore be necessary to adjust or extend the set of performance
criteria. New knowledge or understanding gained during the mod-
elling process can enforce changes not only to the conceptual or
computerised model, but also to the way it is analysed. For defin-
ing suitable and representative benchmarks it is important to take
natural stochasticity into account by using confidence intervals and
by focussing on a set of benchmarks. The latter is the core idea of
pattern-oriented modelling, i.e. to use multiple patterns for model
output verification and corroboration, not just only one (Grimm
et al,, 2005; Grimm and Railsback, 2012).

4.1. Data evaluation

At this step, a list of all parameters used in a model should
be compiled with a description from which sources the param-
eter values were taken. Additionally, the parameter’s units and
where exactly (page number, Table number) in a publication they
were found need to be provided. If multiple data sources exist for
the same parameter it should be mentioned how much the corre-
sponding values differed and whether the differences are caused by
different environments, sampling protocols, or other reasons. If no
hard data should exist for a given parameter, it should be noted on
what grounds the parameter ‘guesstimation’ was based, e.g. expert
knowledge, data from similar species, theoretical considerations,
etc.

Essentially, when assessing the quality of the data and patterns
used, not only do the measurement protocols need to be evaluated
but conclusions drawn from the data should be challenged as well.
In some instances, wrong interpretations of data caused delays of
model development (Holling, 1978).

The main question in data evaluation is whether the available
data are sufficient to support the choice of the model to be applied,
and to ensure that the data are sufficiently characteristic of the
system to be modelled to provide meaningful insights and com-
parisons to observations. It is therefore helpful to address these
questions as early as possible in the modelling cycle and not post-
pone them until the end.

4.2. Conceptual model evaluation

There are hardly any specific testing strategies available to
confirm conceptual model validity. Frequently, structural inconsis-
tencies are only disclosed later, during model analysis. For example,
for spatial processes like movement, visual model output of the
implemented model can be decisive in spotting inconsistencies.

Especially for models with numerous entities or processes, the
conceptual model becomes more difficult to evaluate. Under such
circumstances, the option of evaluating several alternative concep-
tual models should be considered (Beven, 2006; Refsgaard et al.,
2006; Troldborg et al., 2007). Later phases in model development
may reveal major flaws in one or more of the alternatives, meaning
that the underlying conceptual model has to be rejected. Alterna-
tive models may focus on alternative conceptual models with one
or a few key processes, or behaviours, differing while keeping other
parts of the model unchanged.

Consultation of expert knowledge in the form of a peer review
process with or without a scoring system can be another helpful
measure at this stage (Landry et al., 1983; Van der Sluijs et al., 2005)
but requires the involvement of experts, potentially from various
fields, which needs time and organisational preparation.

4.3. Implementation verification

Most of the testing at the stage of code verification involves tech-
niques such as structured walkthroughs, correctness proofs, or an
examination of programme structure properties (Sargent, 2005).
Ferson (1996) suggests also using specifically designed software
that detects common errors in computer code, such as dimensional
and unit consistency, correlation matrices, constraints imposed by
the biological domain (e.g., negative species abundance is not pos-
sible), or realisations of mathematical equations. Argent (2004) and
Loizou et al. (2008) exemplify the automatic generation of model
codes or equations. Scheller and Mladenoff(2006)and Scheller et al.
(2010) demonstrate how current techniques from computer sci-
ence can be used to manage and verify complex simulation models
in ecology.
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Table 2
Summary of evaludation terminology.
Term Definition
Evaludation The entire process of assessing model quality and establishing model credibility throughout all stages of model development,

analysis, and application.
Data evaluation

The assessment of the quality of numerical and qualitative data used to parameterise the model, both directly and inversely via

calibration, and of the observed patterns that were used to design overall model structure, whereby not only the measurement
protocols need to be evaluated but conclusions drawn from the data should be challenged as well.

Conceptual model evaluation

The assessment of the simplifying assumptions underlying a model’s design and forming its building blocks, including an

assessment of whether the structure, essential theories, concepts, assumptions, and causal relationships are reasonable to form a

logically consistent model.
Implementation verification

The assessment of (1) whether the computerised implementation the model is correct and free of programming errors and (2)

whether the implemented model performs as indicated by the model description. The aim is to ensure that the modelling

formalism is accurate.
Model output verification

The assessment of (1) how well model output matches observations and (2) to what degree calibration and effects of

environmental drivers were involved in obtaining good fits of model output and data. The aim is to ensure that the individuals
and populations represented in the model respond to habitat features and environmental conditions in a sufficiently similar way

as their real counterparts.
Model analysis

The assessment of (1) how sensitive model output is to changes in model parameters (sensitivity analysis), and (2) how well the

emergence of model output has been understood. The aim is to understand the model and be able why which output is being
produced to avoid drawing the wrong conclusions from model output.

Model output corroboration

The comparison of model predictions with independent data and patterns that were not used, and preferably not even known,

while the model was developed, parameterised, and verified. This step strengthens a model’s credibility by proving that the
model is capable of predicting/reproducing pattern and data that could not have influenced the model development.

4.4. Model output verification

Several authors viewed it as crucial that performance crite-
ria should be established early in the model development phase
against which the model output can then be measured (Crout et al.,
2008; Jakeman et al., 2006; Refsgaard et al., 2005; US-EPA, 2009;
Van Waveren et al., 1999). In any case the various criteria used
for claiming that model is realistic enough should be communi-
cated and justified. The choice of these criteria will be influenced
by the overall quality of available data and the design of the con-
ceptual model. Therefore, thorough performance of the previous
steps of evaludation can reduce the effort required for model output
verification.

4.5. Model analysis

Model analysis can be performed by a multitude of quantitative
and qualitative methods. However, which particular approaches
are acceptable may depend on the domain in which decisions are
intended to be supported by the model, and on the model’s purpose.

A method that is regularly performed to evaluate a model is
a sensitivity analysis where the model’s response to changes in
model inputs is explored, i.e., computer programme is executed
under different conditions to investigate how a model’s response
can be apportioned to changes in model inputs, i.e., parameter val-
ues and initial conditions (Saltelli et al., 2000). Sensitivity analysis
is recommended as the principal evaluation tool for characterising
the most and least important sources of uncertainty in environ-
mental models. Local sensitivity analysis, where one parameter is
varied alittle at a time, is easy to perform but does not capture inter-
action between parameters and their processes and is restricted
to linear effects. Global sensitivity analysis, where parameters are
varied over their meaningful range and all possible parameter com-
binations are sampled, is usually only feasible for a small number
of parameters due to run time limitations. In sensitivity experi-
ments, one parameter is varied over its entire range, which can be
combined with a second parameter in a contour plot. Sometimes,
statistical models like ANOVA, GLMs, boosted regression trees or
structured equation modelling can help to summarise the results
of global sensitivity analyses.

In general, to understand a model, controlled simulation exper-
iments are needed. The design of simulation experiments should
follow the same principles as those of real experiments: keep

all factors constant except one or two; explore simplified sce-
narios in which, for example, the environment is homogeneous
and constant, or where some processes are de-activated; try dif-
ferent output metrics (also referred to as summary statistics,
observations, or ‘currencies’, Railsback and Grimm, 2012); etc. The
overall approach is to try and understand simplified versions first
and then gradually increase the number of possibly confounding
factors.

Sensitivity analyses and the testing of alternative model for-
mulations are the most consistently applied methods for model
analyses.

4.6. Model output corroboration

Similar approaches can be used as for model output verification.
The only principal difference is that we here compare model output
to new, independent data and patterns. Such data can sometimes
be obtained from new experiments and field studies but more often
will be taken from existing literature and expert knowledge. In the
latter case, a first step is to identify patterns in the model, which
can be considered independent, or secondary, predictions, as the
model was not designed to reproduce these patterns.

5. Documentation

Documenting major elements of iterative model development
and evaludation is crucial in communicating assumptions, jus-
tifications, and findings. Aber (1997) identified cryptic model
descriptions as another source for mistrust in a model and Van
Waveren et al. (1999) highlight in their Good Modelling Practice
Handbook that all steps and actions taken ought to be described in
a way understandable for the decision maker.

Schmolke et al. (2010a) proposed the TRACE (transparent and
coherent ecological modelling) documentation scheme. The pur-
pose of a TRACE document, which would usually be provided as
a supplement or appendix, is to provide additional evidence that
the model has been carefully designed and thoroughly tested and
analysed. The basic idea of TRACE was to introduce a common ter-
minology and document structure, so that modellers and model
users know exactly what to document and where to put and look
for the different elements of evidence that a model is fit for its
intended purpose. TRACE thus not only provides a common termi-
nology and structure, but is also a checklist for model developers
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and users to make sure they addressed all important elements of
model evaludation (see Grimm et al., this volume).

While a model is developed, the different steps and activities
performed throughout the different stages of the modelling cycle
should be documented in a modelling notebook, which corresponds
to notebooks or journals kept in laboratories. If TRACE terminology
is used for the entries in the notebook, it will be easy and efficient
to extract the relevant information from the modelling notebook
and assemble a TRACE document when the model is delivered.

TRACE has been tested in about 10 modelling projects (Grimm
etal.,, this volume). It turned out that TRACE, as originally described
by Schmolke et al. (2010a) was not ready for being used. Grimm
et al. (this volume) present an update of TRACE and its rationale.
The overall idea remains the same, but more specific guidelines for
producing and reading TRACE documents were formulated. Most
importantly, TRACE terminology and document structure was com-
pletely changed and now follows the terminology introduced here,
including the six elements of evaludation. The focus of TRACE thus
shifts from documentation, which is not necessarily linked to a spe-
cific purpose, to evaludation, which we here defined as ‘the entire
process of establishing model quality and credibility throughout
all stages of model development, analysis, and application’. Con-
sequently, a main purpose of TRACE documents is to report all
elements of a model’s evaludation. In addition, TRACE documents
include a detailed problem formulation, a full model description,
and a description and justification of the environmental scenar-
ios explored with the model (for details, see Grimm et al., this
volume).

6. Concluding remarks

Confusing terminology is one of the main obstacles to get a good
understanding what model validation is, how it works, and what
it can deliver. Attempts to clarify terminology were criticised by
Hodges (2008): “There is a repeated call for ecological terminology
to be standardised and for terms to be defined more concretely.
These calls for the standardisation of definitions are based on faulty
premises about the way language conveys meaning.” (p. 35). We
agree that terminological discussions can turn into hair-splitting
exercises, but we hold, following the quote of Immanuel Kant that
we chose as a motto for this article, that terminology discussions are
also about genuine problems, not just words (see also Jax (2008)).

We therefore devised a standard set of terms related to
validation that we derived from a literature review and from
a consideration of the different elements of iterative model
development (summary in Table 2). We believe that this set of
terms and its relation to the modelling cycle can help to make
model assessment more comprehensive and transparent. Our dis-
tinction of different evaludation steps offers a generic checklist,
which makes it easier for modellers and model users to organise
model evaluation and its communication.

We want to point out, however, that there can be reasons to per-
form one or more evaludation steps to only some limited degree.
Reasons for this may include a lack of data, limited time and other
resources, or ambiguities in the problem formulation. Our advice
for such circumstances is to document and discuss possible lim-
itations, their reasons, and how they could be overcome in the
future. This enables model users to understand that limitations
do not reflect oversights but limitations that the modeller could
not overcome at a given time. It should also be noted that even
despite partly performed evaludation steps, models can add impor-
tant information to a decision-making process. Similarly, a fully
performed evaludation does not guarantee that a model is good
enough for application in a decision-making context. Thus, evalu-
dation does not provide a yes/no criterion for whether a model can

support decision-making. Rather, the different evaludation steps
add to the ‘weight of evidence’ (Weed, 2005) that a model is fit for
its purpose. For specific fields of application, it might be well possi-
ble to provide more respective guidance and requirements for the
different evaludation steps, but such guidance can only be based
on a joint activity of all stakeholders involved. We believe that the
evaludation scheme that we presented here, and its documentation
in TRACE documents, will facilitate such activities.

TRACE documents are a tool to put evaludation into practice and
get it established, both for modellers and model users. Modellers
will always benefit from keeping a modelling notebook, preferably
on a daily basis. If they use TRACE terminology, which is based on
the terminology introduced here, modellers can at a later stage eas-
ily assemble TRACE documents, which provide, in a structured and
standardised way, various kinds of evidence that their model was
well designed and thoroughly tested and analysed. Modellers will
thus directly profit from using and keeping a modelling notebook
and from providing the kind of information that decision makers
need to see to assess whether or not they can use model output as
a basis for their decisions.

To conclude, we believe the suggested terminology and frame-
work can ultimately contribute to establish an advanced culture
of model development and evaluation, so that in the future better
models are developed and actually used to support more environ-
mental decisions in a productive and robust way.
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