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Ecological models are important for environmental
decision support because they allow the consequences
of alternative policies and management scenarios to be
explored. However, current modeling practice is unsa-
tisfactory. A literature review shows that the elements of
good modeling practice have long been identified but
are widely ignored. The reasons for this might include
lack of involvement of decision makers, lack of incen-
tives for modelers to follow good practice, and the use of
inconsistent terminologies. As a strategy for the future,
we propose a standard format for documenting models
and their analyses: transparent and comprehensive eco-
logical modeling (TRACE) documentation. This standard
format will disclose all parts of the modeling process to
scrutiny and make modeling itself more efficient and
coherent.

Decision making requires models

Currently, virtually all ecological systems are directly or
indirectly affected by human activities. This impact is
increasingly being regulated by public authorities and
policies [1,2]. However, the complexity of ecological sys-
tems makes it hard to predict effects of regulations and
management measures. Owing to the interaction of numer-
ous factors, and the extent of temporal and spatial scales of
concern, empirical approaches are often too limited to
inform policy and decision making.

Ecological models have the potential to solve this pro-
blem. They are simplified representations of key mechan-
isms and factors that explain the behavior of ecological
systems in a certain context. They can include processes on
different scales and hierarchical levels, including individ-
uals, populations, communities and ecosystems. Existing
knowledge and experimental data can be extrapolated to
larger temporal and spatial scales [3,4]. Thus, ecological
models represent an indispensable tool for supporting
environmental decision making by exploring the con-
sequences of alternative policies or management scenarios
in various fields, for instance, habitat and endangered
species management, forest and fisheries management,
and chemical risk assessment [5-8].
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Although ecological models have been used to support
some environmental decision making for a long time, we
think that they will need to be used much more widely in
the future. This trend is confirmed by the increasing in-
terest shown by authorities and industry in ecological
models and their applications [9-11]. In addition, it is
now widely recognized that we need to understand how
ecosystems function and how human activities interact
with them in order to guide environmental protection more
effectively [12-14]. Ecological models can facilitate such
understanding. However, the development of ecological
models for decision support is a challenging process.

Ecological models for decision support

Ecological models are developed for different purposes:
exploration of ideas and theories, demonstration of con-
cepts, understanding of general principles and patterns,
predictions of ecosystem behaviors, and many more
[15,16]. This has led to a great variety of model types
and modeling styles. When submitted for publication in
the scientific literature, models are assessed mainly with
regard to their scientific originality. However, especially if
ecological models are to be used for supporting decisions
affecting the real world, further assessment of model qual-
ity and suitability is critical, because decisions regarding
environmental issues are so vital. Rykiel [17] lists two
crucial elements of model evaluation: first, determining
‘if the model is acceptable for its intended use, i.e., whether
the model mimics the real world well enough for its stated
purpose’; and second, ‘how much confidence to place in
inferences about the real system that are based on model
results’.

To be able to make these judgments about model utility,
transparent modeling approaches and comprehensive
model tests and analyses are required. However, current
modeling practice is neither transparent nor comprehen-
sive in its testing and analysis of models. Concerns include
ad hoc model design [18,19], unknown sensitivities and
uncertainties of model predictions, unclear sources of para-
meterization [20], inappropriate domains of application
[7,21,22], lack of understanding of the model’s behavior,
and lack of thorough model analysis [17,20,22]. Con-
sequently, the risk is still high that ecological models will
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support wrong and often irreversible decisions, as they
have in certain cases in the past [23-26]. Therefore, to
ensure the quality of ecological models, a ‘good modeling
practice’ is needed, which would be a standard protocol for
model formulation, documentation, testing, analysis and
application.

Need for good modeling practice

The recognition of the need for establishing good modeling
practice is not new. It has been acknowledged for many
years and across many different disciplines in which eco-
logical models are used for supporting decision making
[27-29]. Although there have been very useful and detailed
attempts to propose such guidance [30-33], the state of the
art of ecological modeling for decision support is still
unsatisfactory. One possible explanation we initially pro-
posed is that there is a lack of consensus on the important
elements of good modeling practice.

To test the validity of this explanation, we reviewed
reviews and methodological publications, published since
1995, that explicitly discuss ecological models in the
context of environmental decision making. We reviewed
publications from various fields, including biological
conservation, natural resource management, agriculture,
pest management and chemical risk assessment and
indentified important elements from across the whole
modeling process (Table 1; for details, see Online Supple-
mentary Material). In 41 publications from various fields
of application, we found 13 convergentissues;i.e. elements
ofthe modeling process that were considered critical to the
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role of ecological models for supporting environmental
decision making (Table 1). The issues raised were not
dependent on discipline or on the year of publication. Some
issues were raised by several authors, but were referred to
using different terminologies. For instance, the terms
model evaluation, validation and verification have been
subject to argument in the literature, and are not used
coherently [17,34,35].

The main conclusion from this review is that, in fact,
there is a general consensus on which elements need to be
addressed for good modeling practice. These elements have
been described clearly in numerous publications. In a
perfect world, all modelers would agree on and thoroughly
address all issues listed in Table 1, and all decision makers
would perfectly understand and appreciate this work. In
the real world, however, this is not the case [36]. How is
this so?

Challenges for the establishment of good modeling
practice

We think that good modeling practice has not been estab-
lished so far for three main reasons: lack of sufficient
involvement of decision makers and stakeholders in the
modeling process, lack of incentives for modelers to follow
good practice, and lack of coherent terminology regarding
the elements and issues of the modeling process.

As emphasized in nine out of the 41 publications in our
review, decision makers and other stakeholders should
play an essential role in the process of ecological modeling
for decision support. Ecological modeling is an iterative

Table 1. Elements of good modeling practice identified from the literature

Element Description

Refs®

Inclusion of stakeholders

modeling projects.
Formulation of objectives

will inform decisions.
Conceptual model

Choice of model approach

of the goal of the modeling project.
Choice of model complexity
Use of multiple models

main assumptions.
Parameterization and
calibration
Verification

has been implemented correctly.
Sensitivity analysis

parameter values.
Quantification of
uncertainties

in the contexts of decisions.

Ongoing communication between stakeholders and modelers during
model building, which is a critical factor for the success or failure of

Definition of objectives at the outset of a modeling project, which
includes the assessment of the actual management issue, key variables
and processes, data availability, kind of outputs required, and how they

Formalization of the assumptions about the system and preliminary
understanding of its internal organization and operation.
Identification of the most appropriate modeling approach in the context

Determination of the optimal complexity level for the problem at hand.
Application of multiple models to the same problem, which can
decrease the uncertainty about the appropriate model approach and

Determination of model parameters from empirical data or by means of
calibration of the model outputs on the basis of data.
Assurance that the modeling formalism is correct; i.e., that the model

Systematic testing of the sensitivity of model results to changes in

Determination of the confidence limits of the model outputs, which is
essential for the judgment of the usefulness of the model and its outputs

[19,27,31,32,38-40,49,50]

[17,19,28-32,38,39,49,561-54]

[19,21,31,32,39,49,54]
[18-21,31,49,51,52,55-58]
[19,27,31,51,53,55,56,58-62]
[17,31,41,55,58,63]
[17-21,30-32,41,49,55,57,58,60,64,65]
[17,19-21,28,31,66,67]
[17,20,28-32,39,41,53,55,68,69]

[19,21,22,30-32,41,53,54,58,65,68-72]

Validation

Peer review
Documentation and
transparency

Comparison of model outputs with independent empirical data sets; i.e.,
data that have not been used for parameterization or calibration of the
model.

Quality assessment of a model and its analyses by independent experts.
Accurate communication of models, and transparency of the modeling
process, which can be achieved through a clear and complete
documentation of the model and its evaluation.

[17,19-22,28-31,54,55,58,65,67,68,70]

[17,28,31,39]
[6,7,20,27-31,39,50,65,68,72]

®The reviewed publications covered various domains (number of publications): species or habitat management and conservation (11); fisheries and marine ecosystem
management (4); forest and land use management (5); natural resource management (including water management; 9); agricultural systems (2); pest management (2);
chemical risk assessment (5); general modeling (3) (for details, see Online Supplementary Material).
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process, because models often turn out to be incomplete or
inconsistent, and this requires going back and revising the
formulation of the model, the underlying conceptual model,
or even the original problem formulation [37]. During this
process or cycle, decision makers need to set and review
model objectives, model outputs and acceptance criteria
repeatedly [19,38-40] (i.e. the modeling process can be seen
as joint learning process between modelers and decision
makers). Without involvement of decision makers, it would
be impossible to formulate good modeling practice [7,41],
but since no standardized approaches exist, decision
makers would face the task of assessing all kinds of differ-
ent modeling studies on a case-by-case basis, for which
they usually have neither training nor time.

Ecological modelers commonly pursue goals (i.e. their
own research agenda and academic publications) that
might not correspond to the scope of the policy or man-
agement problem at hand [40]. Scientists might also lack
understanding of the issues that need to be addressed
before model results can be used to support environmental
decision making. In addition, modelers would face a con-
siderably higher workload than that for a purely scientific
modeling exercise, if all essential elements of the modeling
process, as identified in the literature (Table 1), have to be
addressed thoroughly. Thus, incentives to follow good
modeling practice would have to include benefits for the
scientists; for instance, by increasing the acceptance of
model approaches in decision contexts, and by making
the modeling process itself more efficient and fit for pub-
lication.

Inconsistent and controversial terminology [17,34,35]
also hampers the establishment of good modeling practice.
The fact that a consensus about the elements of the mod-
eling process exists is obscured by the contradictory use of
terms like verification, validation, evaluation, uncertainty,
etc.

How can these challenges be overcome? In principle,
good modeling practice could be made a requirement for
ecological models in decision making processes, but there is
a question about who would have the power to do this, and
whether such power would be desirable. Even a large
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agency like the Environmental Protection Agency (EPA)
of the USA hesitates to impose guidance but emphasizes
the use of a “non-mandatory language” [31]. Such guidance
cannot be made up out of thin air, but has to be based on a
consensus in the field. In order to reach such a consensus, a
vast body of experience would be necessary, as is the case in
empirical disciplines (e.g. test methods in chemical risk
assessment).

Thus, a better solution would be to initiate a bottom-up
process that leads decision makers and modelers towards
incrementally implementing good modeling practice
through a more or less self-organizing process. We propose
that a standardized documentation of ecological modeling
projects would be the necessary starting point for such a
process.

Documentation as starting point for good modeling
practice

Standardizing the model documentation does not standar-
dize the model approaches themselves but assures that all
modeling aspects are readily available for scrutiny. Such
documentation should be understandable by nonmodelers,
and thus, work as a tool for decision makers to assess model
suitability. A standardized documentation is effective,
because it raises readers’ expectations about what infor-
mation should be expected and where it can be found.
Accordingly, the use of a standardized protocol would
ensure transparency and comprehensiveness of model
documentation, and would allow readers to easily assess
necessary information, something which is not always
possible currently.

The fulfillment of readers’ expectations is crucial for the
acceptance of new information. In a seminal article about
scientific writing, Gopen and Swan [42] note that ‘readers
make many of their most important interpretive decisions
about the substance of prose based on clues they receive
from its structure.’ This is most obvious with the structure
of scientific publications: readers expect an article to follow
the sequence: title, abstract, introduction, materials and
methods, etc. (Figure 1). Not having this established struc-
ture would cause considerable confusion. We would not
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Figure 1. Standard documentation formats. Standard formats for documentation allow transparent and comprehensive communication even if the things to be
communicated are extremely diverse and sometimes complex. Scientific articles always have more or less the same structure, despite the virtually unlimited diversity of
scientific issues, methods, and concepts. Likewise, descriptions of individual- or agent-based models that are based on the ODD (Overview, Design concepts, Details)
protocol [43] always have the same structure, independent of the idiosyncrasies of a model.
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know where to expect what, so we would have to read every
article word by word, and ask ourselves for every sentence
whether it is interpretation or fact, and so forth. Gopen and
Swan [42] conclude: ‘Information is interpreted more easily
and more uniformly if it is placed where most readers
expect to find it.’

Thus, a standard can be established by first raising, and
then fulfilling readers’, or users’, expectations. This has
been tried recently for documenting individual- and agent-
based models (IBMs and ABMs; [43]). The ODD protocol
(Figure 1) provides overview, design concepts and details
about the model. This protocol was explicitly designed not
only to produce a transparent and comprehensive model
description, but also to raise and establish readers’ expec-
tations, an approach which currently seems to be gaining
ground in the community of individual- and agent-based
modelers: about 20% of all publications in this field in the
years 2008 and 2009 cite the ODD protocol and about 13%
actually use it. Modelers start using ODD as a hierarchical
checklist for formulating models. Likewise, readers, not all
of whom are modelers themselves, learn that model
descriptions based on ODD are complete, easy to read
and understand, and follow a structure that is completely
independent of the idiosyncrasies of any particular model.

We propose that a similar bottom-up strategy should be
employed for establishing a standard, good modeling prac-
tice for ecological modeling used in decision support; using
the strategy of raising and establishing readers’ expec-
tations regarding the documentation of the entire model-
ing process or cycle. In the following, we introduce a
framework for transparent and comprehensive ecological
modeling documentation, or TRACE documentation for
short.

Transparent and comprehensive ecological modeling
(TRACE) documentation

We propose TRACE as a standard format for documenting
model development, testing and analysis, and application
(Box 1). This format consists of the essential elements of
the modeling process that we identified in our review
(Table 1). The elements are arranged in the sequence
corresponding to the sequence of tasks in the iterative
modeling cycle (Figure 2). The TRACE documentation is
more comprehensive than the ODD protocol. For IBMs and
ABMs, an ODD protocol would be part of a TRACE docu-
mentation, mainly under the subheader Model description
(see Box 1).

The TRACE documentation is not restricted to the
description of the model itself, but encompasses the whole
modeling process; i.e. model development, testing, analysis
and application. This is necessary, because models for
decision making can only be assessed in the context of
their applications. Model suitability is determined not only
by the modeling approach, but also, and perhaps to an even
greater extent, by the assumptions and data sources that
are used for model design, parameterization and cali-
bration, and validation. The outcomes of the different
testing and analysis procedures are decisive for the useful-
ness of a model for a specific purpose, and uncertainties
need to be determined thoroughly, if real world decisions
are to be based on a model.
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Box 1. TRACE (transparent and comprehensive ecological
modeling) documentation structure

I. Model development

Problem formulation: Context in which the model will be used, and
the type of audience addressed; specification of the question(s) that
should be answered with the model; statement of the domain of
applicability of the model, including the extent of acceptable
extrapolations; assessment of the availability of knowledge and
data; specification of necessary model outputs.

Design and formulation: Description of the conceptual model,
description and justification of the modeling approach used and of
the complexity; entities and processes represented in the model;
most important, the applied assumptions about the system.

Model description: Detailed description of the actual model and how
it has been implemented (programs, software platforms, scripts).
Parameterization: List of all parameter values used in the model, the
data sources, and how the parameter values were obtained or
calculated; uncertainties associated with each parameter.
Calibration: Documentation of the data sets used for calibration;
which parameters were calibrated; what optimization method was
used.

Il. Model testing and analysis

Verification: Assessment of whether the model is working according
to its specifications; documentation of what tests have been
conducted.

Sensitivity analysis: Exploration of the model behavior for varying
parameters; documentation of which parameter combinations have
been tested; justification of used parameter ranges and combina-
tions.

Validation: Comparison of model or submodel outputs with
empirical data that were not used for parameterization or calibra-
tion; documentation of data sources; what parts (submodels) have
been validated; what validation methods were applied.

IIl. Model application

Results: Outputs that are used to inform decisions; description of
simulation experiments (scenarios) conducted; statistics applied to
analyze model outputs.

Uncertainty analysis: Uncertainties in model outputs used for
recommendations; description of variance, noise, and bias in
empirical data; determination of stochasticity in the model;
description of model uncertainty which can be assessed through
application of different models or submodels; best- and worst-case
scenarios.

Recommendation: Description of how initial question(s) could be
answered; summary of conclusions drawn from model; clarification
of extrapolations used (in time and space).

Depending on the initial questions, and the modeling
approaches used, certain elements of the modeling process
might not have been conducted by modelers during the
development of a model. Nevertheless, they have to be
addressed in the TRACE document (i.e. the modelers have
to justify why those elements were not necessary).

On the one hand, the TRACE documentation framework
serves as a checklist for modelers and stakeholders.
Decision makers can check if all issues have been
addressed in the modeling project. Modelers are provided
with a ‘floor plan’ of the modeling project. In addition, the
TRACE documentation framework enables modelers to
raise issues that need to be resolved in cooperation with
stakeholders: deciding, for instance, what to do about data
gaps, what kind of output is necessary, how much uncer-
tainty is acceptable, when the model can be accepted as
successfully validated, what extrapolations in time and
space are required, etc.
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Figure 2. Modeling cycle for ecological models in decision support. The elements
of the cycle correspond to the elements of the TRACE documentation format,
which are grouped in Model Development (blue), Model Testing and Analysis
(red), and Model Application (green). Ecological models are developed by several
iterations of the modeling process or parts of it. The documentation of the whole
modeling process is essential, and should accompany the modeling project on a
day-to-day basis using a modeling notebook. The modelers’ task is to implement,
test and analyze a model, but decision makers and stakeholders need to be
involved in problem formulation, assessment of uncertainties and results, and
formulation of recommendations.

On the other hand, the TRACE documentation is also
aimed at being the basis of model review by any party
involved in the decision process. TRACE documentation
will help stakeholders to assess the suitability of a model
for the specific problem; that is, the stakeholders are given
a tool for the evaluation of ecological modeling approaches,
which they can use even if they are not experts in ecological
modeling themselves.

In order to achieve these goals, TRACE documentations
need to follow the framework as introduced here. Termi-
nology and order of elements of the TRACE documentation
framework have to be followed closely. Documentations
that only ‘largely’ follow TRACE are not compatible with
the basicidea of TRACE as a standard: if the label TRACE’
is used for a modeling documentation, readers should know
exactly what to expect, and in what order, independent of
the problem addressed, model type used and background of
the model developer.

TRACE documentations thus aim to provide a common
format and terminology, which would make it easier to
involve stakeholders in the modeling process and for all
parties to learn from existing models and their appli-
cations. However, it is also important to consider the ways
in which the TRACE standard format for documentation
provides direct benefits to the modeler.

Modeling notebook

The format of TRACE documentations follows the
sequence of tasks in the modeling cycle (Figure 2). Accord-
ingly, this format can also be used for modeling notebooks;

Modeling cycles
T
s

Report or dossier

Modeling notebook

TRACE documentation

Summary 7
Titlé introduction (D Mccs pore oy
Methods -~ design and formulation
Intr¢ Results -
Mat{ Discussion (ii) Testing and analysis
Res| Appendix verification
Dis¢ TRACE (iii) Application
Con

Scientific article
TRENDS in Ecology & Evolution

Figure 3. From modeling notebook to TRACE documentation to report and
publication. The iterative process of modeling, or modeling cycle, is documented
on a day-to-day basis in the modeling notebook. The notebook uses the TRACE
documentation format. From the notebook, a TRACE documentation of the final
model version is compiled, which then is included in the report or dossier for
decision makers. The TRACE documentation also can be used for scientific articles.
The full documentation would go into an electronic appendix or a website, but a
concise version of the key parts of the documentation can go into the main texts in
the articles.

i.e. for the day-to-day planning and documentation of a
modeling project (Figure 3). Such notebooks are common
practice in empirical work where they are referred to as
laboratory notebooks [44,45]. A laboratory notebook is an
important and indispensable document of working hypoth-
esis, experimental setup, laboratory conditions and data.
In modeling projects, similar issues arise: simplifying
assumptions, specific implementations of functions, data
sources used, parameter settings, tests that were con-
ducted with the model and its submodels, and, most
important, identification of which version of the model
they refer to. Although these issues strongly resemble
laboratory practice, the need for a modeling notebook as
common practice has not been recognized so far, although
lab notebooks were recommended in the context of com-
putational biology [46]. Such a notebook is essential if
inconsistencies and questions arise during the modeling
process or model review. As is the case for laboratory
notebooks [44,45], modeling notebooks can be maintained
electronically [46-48].

The modeling notebook should use the same elements as
the TRACE documentation framework, and serve as a
basis for the compilation of the final TRACE documen-
tation (Figure 3). Whereas the final TRACE documentation
should refer to a single version of the model, the modeling
project usually has gone through several rounds of testing
and changes in previous model versions. Simulation
models usually consist of multiple modules, which can
and should be tested independently. With a notebook it
is possible to keep track of whether tests were conducted
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with the final version of the module, and what tests and
parameter ranges have been applied.

From TRACE documentation to good modeling practice
TRACE documentation and the modeling notebook will
ensure that models are not applied as black boxes, but can
be assessed by decision makers and other stakeholders for
their suitability to answer the question at hand. If accepted
as a standard by decision makers and modelers alike,
compilation and review of TRACE documentations will
be greatly facilitated through experience and readers’
expectations.

Despite these considerable benefits, TRACE documen-
tation by itself is not sufficient for good modeling practice,
which should also provide guidelines on how modeling
projects should be carried out. This includes guidelines
on what modeling approaches should be used in defined
contexts, how models should be implemented (or what
existing software should be used), how model evaluations
should be conducted and what statistical methods should
be applied to model analysis and validation procedures,
how model results should be translated into recommen-
dations about (for example) management decisions, and
much more.

Detailed and binding guidelines on methods used in
modeling projects for decision support need to be based on
long-term experience. Models need to be applied in real
world contexts, and the decisions that were (at least
partly) based on model results should be evaluated. Only
when a large body of such data is available, will it be
possible to come to a consensus about good modeling
practice. Such expertise is not yet available because eco-
logical models have not been applied systematically and
their performances have, so far, not been evaluated on a
broad scale. By documenting models using the TRACE
framework, the acceptance of models for decision support
will be facilitated, and accordingly, more model appli-
cations will be available as test beds for good modeling
practice.

Whether or not good modeling practice is in place, a
transparent and comprehensive documentation of ecologi-
cal modeling projects, including the modeling notebook, is
essential. Thus, the TRACE framework is an important
contribution to the field by itself. Good modeling practice
guidelines might have to be specific to particular fields (e.g.
environmental toxicology), whereas the TRACE frame-
work applies to ecological modeling approaches in general,
as can be concluded from our literature review.

Conclusions
Although ecological models are gaining importance in
decision support, no general guidelines exist for their de-
velopment, testing and analysis, and application. In a
review of literature, we find that guidance has been dis-
cussed and solutions introduced for many parts of the
modeling process. However, articles are usually restricted
to one or a few elements of the modeling process, and advice
is scattered across disciplines, even though similar issues
arise.

As a strategy for the future, we introduce a standard
framework for transparent and comprehensive ecological
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modeling (TRACE) documentation. The elements of the
framework are derived from the issues raised in the lit-
erature across several disciplines, and the framework
comprises the whole modeling process. The TRACE docu-
mentation framework assures that every important
element of the modeling process is thoroughly addressed
in a well structured document. If accompanied by TRACE
documentation, modeling projects will be easy to assess by
any party. The TRACE documentation framework brings
together the expertise from various fields of application of
ecological models, and it can be applied generally to the
documentation of any ecological modeling project. In
addition, the routine day-to-day documentation, which is
an indispensable part of empirical research, should be
adopted by modelers. Such a modeling notebook should
make use of the elements of the TRACE framework.
Accordingly, the TRACE framework provides a valuable
tool for modelers and decision makers (or any other
reviewers of modeling projects) alike. The suitability of
models for particular questions can be determined, which
can lead to a more common application of models in
decision contexts.

Outlook

The TRACE documentation framework can only become
established as a standard if it is applied and refined by
numerous projects. The CREAM project [9] funded by the
EU (http:/cream-itn.eu) encompasses more than a dozen
ecological modeling projects with the objective of appli-
cation in chemical risk assessment. All modeling projects
are conducted in close collaboration with decision makers,
and will apply the TRACE framework for documentation.
Accordingly, CREAM currently functions as a test bed, and
at present is producing a collection of examples for TRACE.
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