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Abstract

Models of socio-environmental or social-ecological systems (SES) commonly address problems requiring
interdisciplinary scientific expertise and input from a heterogeneous group of stakeholders. In SES modelling
multiple interactions occur on different scales among various phenomena. These scale phenomena include the
technical, such as system variables, process detail, inputs and outputs, which most often require spatial,
temporal, thematic and organisational choices. From a good practice and project efficiency perspective, the
problem scoping and conceptual model formulation phase of modelling is the one to address well from the
outset. During this phase, intense and substantive discussions should arise regarding appropriate scales at which
to represent the different phenomena. Although the details of these discussions influence the path of model
development, they are seldom documented and as a result often forgotten. We draw upon personal experience
with existing protocols and communications in recent literature to propose preliminary guidelines for
documenting these early discussions about the scale(s) of the studied phenomena. Our guidelines aim to aid
modelling group members in building and capturing the richness of their rationale for scoping and scale
decisions. The resulting transcripts are intended to promote transparency of modelling decisions and provide
essential support for the justification of the final model for its intended use. They also facilitate adaptive

Correspondence:
Contact H.-H. Wang at hsiaohsuan.wang@ag.tamu.edu

Cite this article as:

Wang, H.-H., van Voorn, G., Grant, W.E., Zare, F., Giupponi, C., Steinmann, P., Mdller, B., Elsawah, S.,
van Delden, H., Athanasiadis, I.N., Sun, Z., Jager, W., Little, J.C., & Jakeman, A.J.

Scale decisions and good practices in socio-environmental systems modelling: guidance and
documentation during problem scoping and model formulation

Socio-Environmental Systems Modelling, vol. 5, 18563, 2023, doi:10.18174/sesmo.18563

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International @ ® @
License. BY NG

Socio-Environmental Systems Modelling
@E An Open-Access Scholarly Journal
http://www.sesmo.org

SESMD


mailto:hsiaohsuan.wang@ag.tamu.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sesmo.org/

H.-H. Wang et al. (2023) Socio-Environmental Systems Modelling, 5, 18563, d0i:10.18174/sesmo0.18563

modifications of the pathway of model development via retracing decisions and iterative reflection upon
alternative scale options.
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1. Introduction

Models are indispensable tools in the analysis and any subsequent decision making related to socio-
environmental or social-ecological systems (SES) problems and issues. They help describe, represent and analyse
complex human-environment interactions for the system of concern, and thereby assist in understanding the
system and potential ramifications of specific management decision options and uncontrollable system drivers.
Treatment of scale is a crucial consideration in such integrated modelling, along with the identification of issues
of concern, management options and governance arrangements, models, and sources and types of uncertainty
(Hamilton et al., 2015). Much recent literature on modelling SES has focused on difficulties associated with
identifying the appropriate scales at which to represent different system structures and processes, as well as
different types of model output (Elsawah et al., 2020; lwanaga et al., 2021a; Lippe et al., 2019).

1.1 The wide nature of scales

Scale decisions in SES modelling include not only those associated with defining temporal and spatial scales per
se, but also those associated with defining thematic and organisational scales, especially in the social dimension
(e.g., individual, community, and/or national level) (Elsawah et al., 2020; Gibson et al., 2000; Mdller et al., 2013;
van Delden et al., 2011). Here, the thematic resolution refers to the granular component of scale, regarding the
thematic detail at which categorical maps of system components are made. The higher the thematic detail or
resolution, the larger the amount of information we have and the more complex the analysis will be (Garcia-
Alvarez et al., 2019). Difficulties in identifying which components of the real system to include in the integrated
model, and at what level of detail to represent them (intrinsic scale), are also related directly to issues of scale
(Cumming et al., 2006; Gotts et al., 2019; Iwanaga et al., 2022).

The focus of this article is on the decision choices with respect to ‘model scale’, including not only spatial and
temporal scales but also ‘observational scale’ (scale of measurement and sampling) and ‘policy scale’ (the scale
for policy making) (for more details see Section 3.2.). More concretely, we follow Gibson et al. (2000) and
Iwanaga et al. (2021a) in using the term “scale” in an expansive sense to refer to the spatial, temporal, thematic
and organisational dimensions used to cover the scope of work conducted during the treatment and
representation of system processes. In particular, organisational scales, although no less intuitive than temporal,
spatial or thematic scales, are usually difficult to define precisely. Even though we agree that ontology and
epistemology insights would be essential to reach a more solid and consistent scale type, we provide brief
definitions in Box 1 of the various aspects of scale as we intend for them to be understood within the context of
the present paper.

Box 1: Brief definitions of the various aspects of scale as we intend for them to be understood within the context of the present
paper.
Scale encompasses the spatial, temporal, thematic and organisational dimensions used to describe system processes
represented in the model (Gibson et al., 2000; Iwanaga et al., 2021a).

Model scale, in addition to spatial, temporal, thematic, and organisational scales, encompasses observational scale, policy
scale and intrinsic scale (Wu & Li, 2006).

Thematic scale (= thematic resolution) refers to the amount of detail with which thematic categories are defined (Garcia-
Alvarez et al., 2019).

Organisational scale refers to aggregates of individuals in different social networks (e.g., individual, community and/or
national level) (Elsawah et al., 2020; Gibson et al., 2000; Muller et al., 2013; van Delden et al., 2011).

Observational scale refers to the scale of measurement and sampling (Wu & Li, 2006).
Policy scale refers to the scale relevant for policy making (van Delden et al., 2011).

Intrinsic scale (= process scale) refers to the scale at which a process operates (Cumming et al., 2006; Gotts et al., 2019;
Iwanaga et al., 2022).
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Organisational scales are often associated with human components, like aggregates of individuals in different
informal and formal social networks, for example, households, jobs, farmer networks, internet fora and
organisations. While some networks are considered to be “scale-free”, there are no universal units of measure
when referring to human components of a system. Moreover, there usually are many interactions between
agents, other units, and their environment. Hence, preferences by modellers and stakeholders on organisational
scales can easily differ. For example, a model may be at the individual level or consider a larger unit (e.g., a
village). An important aspect to consider is the scale of decision making by human components, which is equally
challenging to specify. For instance, it is commonly assumed that different types of decisions made by agents
are on the same timescale, which is not necessarily valid (Wernz & Deshmukh, 2012).

1.2 Why emphasise the communication and documentation of scale decisions?

Here, we emphasise the need for improving communication in modelling exercises or projects as a first step in
resolving scale and associated issues in models. Disagreements during problem scoping and conceptual model
formulation of SES models are both inevitable and desirable. Without such disagreements, assumptions might
be accepted tacitly without sufficient thought given to justifying their acceptance. Thus, disagreements promote
transparency, given they are openly communicated within the involved group of stakeholders. Productive
debates are more likely when participants agree to clarify their own expectations regarding the outcomes of the
model, to allow each other space to disagree and provide alternative viewpoints, and also have a clear
understanding of end-user expectations. A useful lens here for such discussions is the principle of fitness-for-
purpose. In contending that fitness-for-purpose must go beyond the functional use of a model to include its
management, problem and project contexts, it has recently been honed and illustrated in the terms of model
usability, reliability and feasibility, along with providing considerations and potential evaluation criteria for those
terms (Hamilton et al., 2022).

Detailed explanations supporting decisions that define the scope and objectives of the model - such as (1)
confining or extending the scope of questions the model will address, (2) including or excluding the explicit
representation of particular system components and processes, and (3) using coarser or finer resolutions to
represent constituent parts of the model - reveal the richness of thought embodied in this initial stage of model
development (Jakeman et al., 2006). The inability to communicate clearly how the modelling process led to the
model structure and subsequently to the model results undermines model credibility and limits model
usefulness (Grimm et al., 2020). Lack of documentation during problem scoping and conceptual model
formulation also prevents modelling group members from recalling their rationale for choosing the current, as
opposed to an alternative, pathway of model development (Zare et al., 2020). And the adequacy of the
documentation process will very likely affect the comprehensiveness and seriousness of the range of scale
choices considered.

Hence, we also argue here that communication, in turn, can be greatly improved by better documentation of
the modelling process. When properly documented, the content of ensuing debates can provide both guidance
and justification for the pathway of model development (Zare et al., 2020). Awareness of the need to improve
communication is growing and has resulted in the development of a variety of protocols and guidelines that are
applicable to SES modelling (Ayllon et al., 2021; Badham et al., 2019; Grimm et al., 2014; Grimm et al., 2006;
Grimm et al., 2010; Jakeman et al., 2006; Midiller et al., 2013; van Voorn et al., 2016). All prescribe formal
descriptions of each step in the modelling process (e.g., statement of model objectives, conceptual model
formulation, quantitative model specification, model evaluation, and model application). Although different
authors divide the modelling process into more or fewer steps and name the steps differently, the description
of the process itself is consistent among the various schemes. Most schemes focus on documenting the details
of a single model development path leading from a statement of objectives to the application of the model; few
explicitly consider the need for discussing potential alternative paths that have not been taken in the modelling
process.

Even though resource limitations can inhibit the exploration of alternative pathways of model development,
recently there has been an increasing recognition of the importance of documenting the discussions at each
important decision point during model development, in other words, the discussions which led to choosing a
particular path forward over others (Ayllon et al., 2021; Grimm et al., 2014; Grimm et al., 2020; Zare et al., 2020).
Grimm et al. (2014) introduced the idea of keeping a modelling notebook, analogous to a lab journal in
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laboratory research, which documents key assumptions and decisions along the path of model development to
be traced back if needed. Aylldn et al. (2021) further elaborated on the concept of a modelling notebook by
suggesting that it should also document the outcomes of relevant discussions among modelling group members
and how these outcomes influenced the future directions of the modelling project. Zare et al. (2020) suggested
using a pathway diagramming approach to document more formally the alternative pathways of model
development that are discussed and to facilitate iterative reflection upon them. Such diagrams would indicate
pathways that led to dead ends, both conceptually and in practice, and alternative potentially successful
pathways not taken, as well as the actual pathway of model development. Zare et al. (2020) also proposed a set
of symbols representing key pathway diagramming components, such as decision forks, selected options, other
possible options, documentation points, and reflection points.

1.3 Why focus on the problem scoping and conceptual model formulation phases?

In this paper, we draw upon the above-mentioned literature and personal experience with existing protocols to
propose improvements that facilitate documentation of, and reflection on, the discussions that direct the path
of model development. But our main focus is on the discussions of scale issues by modelling group members
and with stakeholders during problem scoping and conceptual model formulation, as this is an essential phase
in SES model development to address well from the outset, notwithstanding that elements of it may be revisited
in later phases. Problem scoping and conceptual model formulation provide the foundation for all subsequent
model development, and virtually all choices encountered during problem scoping and conceptual model
formulation involve issues of scale. The decisions made in that phase will transfer to support the selection of the
integrated model type (Kelly et al., 2013) and its computational model implementation, and enable the potential
application of subsequent methods that may sharpen choices further. Quantitative methods that enable
discrimination among technical scale choices principally include assessing the identifiability of the
computational model such as via sensitivity and uncertainty analyses (Guillaume et al., 2017; Guillaume et al.,
2019; Razavi et al., 2021; Saltelli et al., 2021).

We hypothesise that more formal guidance for documenting the flow of these early discussions of scale will aid
modelling group members in capturing the richness of their rationale for scoping and scale decisions, and thus
help resolve scale issues. The additional time and money required to document these discussions are likely
negligible compared to issues encountered later in the modelling process when scale issues have not been
resolved, and the resulting transcripts will provide essential support for the justification of the final model for
its intended purpose. The transcribing process will also facilitate adaptive modifications of the pathway of model
development via iterative reflection upon the alternative scale options discussed.

1.4 Outline of the paper

In the following sections, we first justify the nature and importance of identifying scale issues that may arise
during problem scoping and conceptual model formulation (Section 2), and then present a framework of
considerations for the associated documentation, a structured process for thinking about and validating scale
decisions, and guidance on communication issues (Section 3). We also point readers toward recent review
papers. Next, we describe our proposed guidelines (Section 4), relating each step in the guidelines to a particular
scale issue. We then offer suggestions for future work on scale concepts and issues in SES and related
communities around developing a common understanding, building capacity and training, and widespread
application to continually refine the guidelines (Section 5).

2. Scale issues arising during problem scoping and model formulation

Scale issues inevitably arise during the initial phases of the modelling process, and it is during these initial phases
that we confront the most fundamental choices affecting model development. Virtually all choices encountered
during problem scoping and conceptual model formulation (e.g., specifying model purpose, bounding the model,
representing processes connecting model components, and specifying model inputs and outputs) involve issues
of scale.

Problem scoping and conceptual model formulation are widely acknowledged and emphasised as crucial rungs
upon which subsequent quantitative model development steps depend (Grimm et al., 2014; Jakeman et al.,
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2006; Refsgaard & Henriksen, 2004). The tenet that model objectives should guide all phases of the modelling
process has long been accepted, regardless of the research field (Ford, 1999; Forrester, 1961; Grant, 1986;
Patten, 1971; Schmolke et al., 2010). Perhaps less widely emphasised is the importance of detailed consideration
of model purpose, especially for socio-environmental models. As Edmonds et al. (2019) point out, the purpose
of a socio-environmental model may be to predict, explain, describe, theoretically explore, illustrate, serve as
an analogy, or facilitate social interaction. Problem scoping and conceptual model formulation ideally are
conducted within the context of a well-defined model purpose. For modelling that addresses problems requiring
interdisciplinary scientific expertise and input from a heterogeneous group of stakeholders, identifying
appropriate model objectives is particularly challenging (Elsawah et al., 2020; lwanaga et al., 2021b; Jakeman et
al., 2006). Most commonly a general statement of project objectives from a funding source is what brings
modelling groups together in the first place. However, converting these general objectives into specific
objectives that a model project or exercise actually can accomplish to serve a specifically stated purpose, whilst
taking into account timeframe, various resource and other constraints, is often a difficult task. Furthermore, the
specific objectives of the modelling, as initially stated, often warrant modification as alternative pathways of
model development present themselves (Zare et al., 2020).

Groups involved in modelling socio-environmental systems (SES) generally include scientists from the physical,
biological and social sciences, as well as a multi-vocational assemblage of stakeholders from different
professions, occupations and pursuits who view the modelling project from different perspectives (Voinov &
Bousquet, 2010; Wang & Grant, 2021). A diversity of perspectives on the problem at hand is a strength of
interdisciplinary, multi-vocational groups, but can also be a potential source of strife. Difficulties arise when
group members underestimate the overhead of interdisciplinary communication. As scientists, we are largely
ill-trained to communicate our perspectives in a way that allows the development of a shared understanding of
project objectives among stakeholders, who typically have different values and concerns, and suggests how
project objectives might be achieved.

The typical research management framework is also ill-suited to facilitate the interdisciplinary communication
required to address integrated modelling challenges. Arguably, these difficulties arise in large part because of a
lack of transparency in discussions about scale decisions (Nabavi et al., 2017), frequently leading to
unproductive, time-consuming arguments among group members, which can affect the trustworthiness and
fitness-for-purpose of the final model. Such arguments during the problem scoping and conceptual model
formulation phases often are exacerbated by a limited budget and impending deadlines, and limited data
availability, as well as the expediency of already existing models (‘models on the shelf’) that may, possibly falsely,
seem suitable for the current problem. Thus, a lack of transparency in group discussions can lead to scale choices
made without sufficient awareness or reflection upon their impact on subsequent model development (Zare et
al., 2020).

3. Disentangling issues around scales and communication about scales

The literature on scale issues arising during SES modelling is becoming voluminous, as is the literature on the
involvement of stakeholders in the modelling process. Thus, for meeting best practice, it has been established
what are some of the major scale decisions that should be documented (spatial, temporal, process detail,
thematic, organisational) and for whom they should be documented (modellers, stakeholders, and/or the
general public) (Figure 1).

As stressed in Section 1, scale issues arise in the early stages of modelling, and so communication on scale issues
should take place during those stages of an SES modelling exercise. Modellers include those scientists who are
involved in model development and their peers who potentially will review the model. Stakeholders include
“non-scientist” stakeholders with an interest in the model and its output (e.g., natural resource managers, policy
makers, risk assessors, investors), as well as “final impact” stakeholders who would be affected directly by
decisions based on model output (e.g., farmers/fishers, developers, manufacturers, local residents) (Cartwright
et al., 2016). Accordingly, the content of the “message” embodied in the conceptual model and style in which
that message is transmitted to stakeholders, particularly to “final impact” stakeholders, should be tailored to
the decision-making context (see literature review on stakeholder participation for environmental management
by Reed (2008)).
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Figure 1: A general framework for the documentation of scale decisions during problem scoping and conceptual model
formulation, indicating who should communicate what to whom. Adapted from Cartwright et al. (2016).

The content and style of documentation supporting effective communication of scale decisions, not only among
those directly involved in the modelling process but also with the various parties interested in the model and its

output, are arguably not well understood

by modellers. The way scale decisions are documented should include

consideration of both the interdisciplinarity of peers who will evaluate the scientific credibility of the model, and
the level of experience of stakeholders who will assess the usefulness of model output within a particular socio-
cultural context. In Figure 2 we have organised important scale issues that arise during problem scoping and
conceptual model formulation using an Ishikawa fishbone diagram (Ishikawa, 1990). Below we will discuss each
“bone” in detail. Our intent is not to provide a literature review, but rather to organise frequently encountered
aspects of scale decisions within a framework that facilitates communication of the general set of guidelines

that we will suggest in Section 4.
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Figure 2. Important scale issues that often arise during SES problem scoping and conceptual model formulation (brown
arrows), organised using an Ishikawa fishbone diagram (Ishikawa, 1990). Also shown are proposed guidelines associated with
each issue (green arrows, discussed in Section 4).
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3.1 Identifying suitable scales

3.1.1 Define scale concepts clearly

Scale and associated issues can originate from many sources, and these sources need to be identified and
addressed before scales can be clearly defined. We list here issues arising from:

e Ambiguity in use and meaning of the word ‘scale’ and words associated with it. For example, the word
‘scale’ mathematically can refer to a series of marks at regular intervals on a line used for measuring
or a rule for determining the distances between these marks. Geographically, ‘scale’ refers to the
ratio of size to indicate proportional dimensions when shrinking objects to represent them on a map.
Three attributes of scale are extent (the ‘width’ of what is possible when measuring), support (the size
of the discretised intervals of measuring), and coverage (the ratio between the intervals and the
extent) (Bierkens et al., 2000; Gibson et al., 2000). In everyday language, ‘scale’ often refers to the
size of something, e.g., “the large scale of the COVID-19 pandemic”. (Note that ‘resolution’ refers to
the level of detail at which an entity or process is represented.)

e Ontological differences. It is critical to clarify the ontology (Gotts et al., 2019). For example, when
talking about ‘farms’, scale could concern the spatial boundaries of farms (measured in spatial units),
the judicial farm units (possibly expressed in monetary units), or the position of farmers in a social
network.

e Discrepancies among what is desired by the exercise or from a stakeholder perspective, the process
understanding of the modeller, and the support available through data (van Delden et al., 2011).
These do not necessarily overlap, as available data and the scale at which process(es) can be
modelled may not provide the support desired by the exercise (similar to balancing model complexity
between model requirements and the available support from data) (Wagener et al., 2001).

e Differences in the objective functions that modellers and stakeholders may have in mind, for which
different scales may be applicable, including different appropriate or preferential scales for different
processes and related model components. Any effort to simulate the behaviour of an SES will have to
make deliberate decisions on scales. There may not be one ‘perfect’ scale for the SES model under
consideration.

e Mismatches between the real-life scale of attributes and their discrete classification and/or numerical
representation in models (e.g., the classification of soil types and the implementation of layers in soil
hydrological models). Interpolation and extrapolation may (partially) solve issues associated with
scale mismatches between model and data, but this usually comes at the expense of increased
uncertainty about model predictions.

e The (implicit) assumption that attributes are scaled homogeneously, whereas they may scale
heterogeneously. For example, in climate studies it is not uncommon to select only the dominant soil
type and cropping system in a fixed radius around individual weather stations and assume these
occupy the whole area, disregarding other soil types and cropping systems in that area that may still
play a substantial role (Schils et al., 2022). For some areas this homogeneity may be roughly accurate,
while in other areas soil types or cropping systems may be very diverse.

A particular feature with modelling SES is that ‘scale’ can encompass multiple aspects. Many ecological studies
consider only time and space (Turner et al., 2001). Although many ‘natural’ boundaries are related to time and
space because they are defined by dominant biophysical, geological or chemical processes (e.g., in the case of a
catchment area for groundwater modelling), identification of the scale of these boundaries may not be trivial.
Boundaries may also be the result of underlying processes. For instance, several patterns observed in
ecosystems can be explained by smaller-scale mechanisms of resource concentration (Kéfi et al., 2010).
Moreover, SES also typically involve ‘artificial’ boundaries. Even though some of these artificial boundaries
concern time or space, like country borders or the administrative start or finish of political cycles, many concern
other attributes relating to thematic or organisational scales.

The choice for organisational scales may be rather straightforward, for instance, many judicial or governmental
units enforce a ‘pyramid-like’ structure in which one agent controls multiple agents ‘downstream’. Ecological
food webs may follow a similar structure, in particular when functional groups are considered (Allen & Hoekstra,
1994). Often, however, the organisational scales are debatable. For example, scales may result from social
processes, such as networking among actors. Thus, agents can have different roles (people are workers, team
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members, and parents, for instance), where each role can be accompanied by different action modes, and
agents interact with other agents from the same group with the same role (working together, playing as a team,
and being with the family) — the so-called ‘agent-group-role’ paradigm (Brugiére et al., 2022). Further
entanglement of scales may occur when agents are part of different social and organisational networks.
Decisions need to be made about the number and type of actors and the level of differentiation (e.g., number
of actor groups, household/farm types, type of irrigation licence, types of technology, types of behaviour), as
well as decisions about the thematic resolution in all other parts of the model (e.g., land use classes, crop types,
economic sectors).

3.1.2 Towards a structured process to inform thinking about relevant scales

Good modelling practices should include explicit discussion and documentation of the choices of scale that were
made, why they were made, and by whom. We argue it is best to not aim for agreement about scale at the start,
but rather to allow room for discussion and to explore different scale options, including the possibility of having
multiple scales.

For each different viewpoint provided by stakeholders, at least the following questions/items should be
considered:

e Are there natural or artificial boundaries to time, space, or otherwise?

e Are there agents in the system? What limitations or demands on the scale do they impose? What are
the options for agents to act that are relevant for inclusion in the model? What is the best level of detail
at which to represent the different (groups of) agents?

e Are there any emerging scales, such as spatial patterning or social clustering?

e Regarding space, is the best approach a point model, or a one-, two-, or three-dimensional model?

e If maps are used, are they grid-based or vector-based?

e Are there any transformations used, like (dis)aggregations, interpolation or extrapolation?

e What heterogeneities are there, and what is their origin?

e  What is the extent, support and coverage of the data? And of the model?

e What is desired from the application side (this may be stakeholder-specific)?

3.2 Identifying appropriate dimensions for scale-matching

Once the sources of scale issues are clarified, and discussions about the desired scale(s) are underway, several
new questions must be addressed about the matching of scales. As mentioned above, what is desired as scale
and what is supported by data and process knowledge regarding the scale may not overlap. First, what are
potential scale-matching methods and what is meant by it? What is being matched to what? Possible answers
involve: (1) a match to what the different disciplines involved in the modelling process find important for
answering the research question, (2) a match to the resolution and extent of the available data, or (3) a match
to the resolution and extent of the envisioned application scale. It is important to realise that selection of model
scale commonly involves a trade-off, or tension, between the scales desired for model application and the scales
supported by the available data.

As mentioned briefly in the introduction, we should further recognise that there are different types of model
scales. Such scales are intrinsic scale (the scale at which a process operates), observational scale (the scale of
measurement and sampling), and policy scale (the scale for policy making). The relation among these scales is
discussed by Wu & Li (2006) and Bierkens et al. (2000) and has been taken into consideration regarding the
‘model scale’ decisions that we focus on here.

Sitas et al. (2021) provide a chapter on system scoping in SES research, including a table of methods containing
policy scoping and social-ecological inventories, and links to introductory texts describing associated methods.
Furthermore, they acknowledge that system scoping is commonly constrained by institutional and biophysical
boundaries. Existing conceptual frameworks directed at system scoping include the Intergovernmental Science
Policy Platform for Biodiversity and Ecosystem Services (IPBES) framework (Diaz et al., 2015), and Ostrom’s
framework for analysing the sustainability of SES (Ostrom, 2009). These conceptual frameworks can help to set
the boundaries, conditions and variables for a deeper exploratory or analytical exercise based on addressing
specific questions or problems.
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33 Validating scale decisions

3.3.1 Avoid apparent “validation” of scale choices that are inappropriate for project
objectives

As questions of scale have a major influence on the design and functionality of the model, we explicitly discuss
the validation of scale decisions here. Model validation broadly aims to answer the question “Did we build the
right model?”, thus establishing that the model is a useful and credible representation of reality in the eyes of
the problem owner(s). In models where scale plays a significant role, scale validation is a necessary precondition
for establishing this credibility by answering the question “Did we choose the right scale?” It should be noted
that, despite the phrasing of these questions, validation is never “complete” in a binary sense, but always “more
or less” done.

As with model validation, scale validation should be performed with specific criteria in mind. One such criterion
might be that the scale in the model matches some real-world scale (which is deeply intertwined with the
observational scale), and therefore represents real-world entities at a comparable level of detail. Another
example of a criterion might be that the chosen scale permits the replication of some observed real-world
pattern (Grimm & Railsback, 2012). By underpinning the validation process with explicit criteria, the bounds of
this incompletable process can be maintained, and its limitations clearly documented.

However, data about the real world are rarely available at exactly the scale required by problem owners. Model-
based analyses are therefore often conducted at scales unsuitable for the problem owners, as analysts choose
to adjust their models to scales at which data are available (Meinen & Robinson, 2021). While pragmatic, such
a decision invariably invalidates both the scale and the model. After all, if the analytical outcomes are not useful
for the problem owners, neither the scale nor the model is right in the sense described above.

To alleviate the disconnect between desired scale and data availability, four options can be proposed. First, the
model may be validated at a scale known to be incorrect, and then be supplied to problem owners with an
explicit warning. Second, exploratory modelling (Bankes, 1993) could be used to evaluate multiple alternative
scale choices and the resulting model behaviour. This evaluation could potentially reveal that model behaviour
is insensitive to scale choice, that is, regardless of the scale at which the model is implemented, the resulting
analytical insights are broadly the same. Third, it may be necessary to use validation methods that are not data-
driven, but take a more qualitative approach, such as model reviews with domain experts. Finally, the increasing
availability of low-cost data collection methods such as digital survey tools, commercial satellite imagery, and
uncrewed aerial vehicles can lower the barrier to collecting new data at the required scales (Meinen & Robinson,
2021).

3.3.2 Partition validation concepts: conceptual, operational and data validity

There seem to be no generic criteria for the validation of a scale. What is credible and useful may depend on
different things. Validation tests focused on scale choices should include both qualitative and quantitative
measures of system performance, and project-specific tests are important. From a practical point of view,
validation of scale may be undertaken together with model validation, while keeping in mind the distinction
between the two. For scale validation, we cannot simply replicate all methods that are available for model
validation, but some model validation methods do focus on scale. It seems useful to consider a minimal
partitioning of validation concepts, namely (1) conceptual validity, (2) operational validity, and (3) data validity
(Rykiel, 1996).

Conceptual validation of scale choices requires that theories and assumptions underlying the scale choices are
correct, or at least justifiable, and that the scales used to represent the system of interest are reasonable for the
intended model use. It also requires a scientifically acceptable explanation of the cause-effect relationships
operating at the chosen scales, and/or a justification for the aggregation or disaggregation of known processes
to the chosen scales. Such justification may include a rationale for omitting processes known to be involved in
the system’s dynamics, and for using representations known to be false at a chosen scale. Differences in scale
among model components may necessitate aggregations that are conceptually erroneous when viewed at one
scale in order to produce operational results that are acceptable.
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Conceptual hypothesis testing via pattern-oriented modelling is one approach that integrates both qualitative
and quantitative aspects of model validation. The approach involves the identification of questions with a known
range of acceptable answers at the scales chosen, and the evaluation of the model’s ability to produce these
scale-dependent patterns of system behaviour (Grimm et al., 2005). The greater the numbers and ranges of
questions and patterns over which the model can be tested, the better. Expert validation through one-on-one
dialogues or serious games often may be useful, and can close the loop on conceptual modelling early in the
development process (Elsawah et al., 2015). One practical approach would be to ask stakeholders who initially
were not involved in the modelling project if they feel the current scale choices are appropriate for the given
problem. We can also compare our scale choices with those of other works on the same topic, preferably
involving a justification of their choice.

Operational validation of scale choices requires that model output meets the performance standards set for the
model, given its purpose. For instance, when one is trying to reproduce patterns using a model, one would like
to be able to compare model output with observed real-world data, although this can be tricky with models
integrating many components (Louie & Carley, 2008). Operational validation is a pragmatic approach to scale
validation, being concerned primarily with how well the model mimics the system of interest at the scale chosen
for model outputs. Historical replay is one such method that involves running the model with data independent
from the data used to calibrate the model, and then seeing if the model generates realistic historic data when
run at the currently chosen scales. One can also see if model outcomes change substantially when the chosen
scales are changed, which may involve a different resolution when space or time scales are concerned, or a more
fundamental difference such as the level of process detail. Statistical tests comparing simulated and real data
are used to evaluate how significantly the model output corresponds with observed data. However, such
correspondence does not imply that the scientific basis of the model or the spatial and temporal scales
embedded in its internal structure corresponds to the actual processes or cause-effect relationships operating
in the real system. Failure to achieve operational validation may reveal underlying conceptual problems, often
involving issues of scale.

In regard to data validation, it is important to emphasise that data are not an infallible standard for judging
model performance. Rather, model output (simulated data) and data from the real system are what have been
referred to as “two moving targets” that we try to overlay one upon the other (Rykiel, 1996). The data used to
validate the scale and/or the model must themselves be validated (Robinson, 1997). Data validation requires
that the data and its processing meet a specified standard (quality assurance) and that the interpretation of the
data is demonstrably valid (Sargent, 2008). It follows that the standards set for data quality must preferably be
set at the same scales of the data collection. Likewise, the initial demonstration of the validity of data
interpretation must occur at the same scale as the data collection. The establishment of the validity of
subsequent aggregations or interpolations of the data, which typically are involved in passing information
among models or sub-models with different scales, involves necessarily subjective and often controversial
decisions. Where these decisions must be made, it is especially important to incorporate a broad range of
perspectives on the studied system so as to fully understand the potential drawbacks of a specific choice
(Hamilton et al., 2015). One final consideration related to data validation is that even high-quality data represent
only one historical trajectory of the system, one manifestation of reality. That is, just as an SES has more than
one possible future trajectory, it had more than one possible past trajectory, only one of which was realised and
provides us with empirical data. Assessment of data validity requires consideration of the likely magnitude of
differences among data from alternative historical system trajectories given the scale at which the data were
collected.

3.4 Communicating scale decisions

As a central thesis in this paper, we argue that communication with stakeholders is of key importance both
during the discussions on scales, and at the end of these discussions when a decision is being or has been taken
regarding scales. Important information to share includes: (1) What is the actual decision, and why? (2) Who
made the decision, and how was it made? (3) What are the expected consequences of the decision?

3.4.1 Information to share

Regarding item (1), the actual decision and why, it is relevant to communicate what decision has been reached.
Only one scale may have been chosen for some phenomena, or more than one scale, or perhaps no agreement
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has been reached (there is an agreement to disagree). A distinction must be made between spatial scale(s),
temporal scale(s), thematic scale(s), and organisational scale(s), if applicable. In addition, a justification should
be given in regard to why the scale decision is what it is, as well as a concise description of the path to the
decision. This information makes it possible to review the decision and potentially provide input to alter the
decision, if applicable. Reasons for a certain choice can involve the desired scale, for example, the (un)availability
of information on stakeholder requirements, or support for certain scales, for example, related to biophysical
or socioeconomic limitations or the (un)availability of certain data.

Regarding item (2), who made the decision, and how, it is relevant to explain the process that was followed to
reach the decision. Who was involved, and in what capacity? How much time was dedicated to discussing scales?
Were dedicated exercises, workshops, or maybe even serious games organised to explore scale issues and
possible outcomes of decisions? Was the decision the result of a democratic process, or did a particular person
(for example, the project leader or a specific stakeholder) make the final decision? What attempts were made
to avoid bias in the decision? Ideally, as already motivated in the Introduction of this paper, any scale decision
should have broad support to avoid further issues down the road. A proper written description and justification
should be available, including documentation of the roles played by people involved in the various phases of the
decision-making process.

Regarding item (3), the consequences of the decision, a written reflection on the ramifications of the decision
should be provided. What options were not selected, and why? What could be the result of not selecting those
options? Ramifications of certain decisions need not only be numeric or categorical, in terms of model output
and uncertainty; there can also be social ramifications, for example, that the minority who were not in favour of
the scale will show a reduced willingness to continue participating in the remainder of the project.

To address the three key items mentioned above, those in charge of a project should obtain clarification of the
decision objective or research question. This clarification is essential for the justification of the scale decision(s).
A project will seldom be directly aimed at scales, so a ‘translation’ of the societal and research objectives to scale
decisions is usually needed. An identification of the relevant decision makers and stakeholders is equally
important, and people in charge have a responsibility to justify the reasons certain stakeholders were considered
for involvement in scale decisions or were excluded from such involvement.

3.4.2 Towards more effective communication

One of the most critical points of effective communication is the ability to understand the audience and being
audience-centred. This involves an appreciation of the diverse knowledge about the subject, including scales,
that exists among members of the audience (Hall et al., 2014). To reach appropriate scale decisions, we must
communicate effectively. Modellers need to realise that behavioural traits can affect group interactions and
effective communication as well as lead to the possibility of procedural mistakes and cognitive biases
(Hamalainen et al., 2013). We should anticipate how and why different audiences might fail to understand
various aspects of these decisions. We also should acknowledge that in some cases disagreements over scale
issues cannot be resolved definitively. In such cases, we should agree to disagree and move forward with the
modelling process in search of new knowledge and/or experience that will help resolve the scale issues.

Effective dialogues with stakeholders to reach a shared decision about scales require a two-way flow of
communication (Carrada, 2006). Currently, not enough two-way communication about scale issues happens
during the modelling process (Zare et al., 2020). The idea that society must understand the ivory tower
knowledge of science is not appreciated because it is based on the idea that knowledge is a one-way flow from
scientists to society. Modellers need to avoid using technical terms without simple explanations of their
meanings. The inability to communicate effectively is often due to the different mental models held by the
different participants in the modelling process (Hall et al., 2014). Furthermore, differences in the level of interest
in, and understanding of, the role and importance of scale (and other modelling terminology) exist not only
among stakeholders but also among modellers. Modelling procedures in different disciplines have differences
in type, steps, specifications, assumptions, and the importance of the role of scales. Even experts tend to
communicate poorly about the scale aspects of their modelling, and their pre-existing experience can affect
their level of interest and knowledge about the importance of scale issues (Hall et al., 2014). Documentation of,
and access to, the scale decision-making process in modelling exercises can only ameliorate such situations and
enhance good practice in the longer term.
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3.4.3 Challenges to communicating scale

There are several challenges in relation to communicating scale concepts to non-technical audiences, including
(1) confusion regarding scale concepts, (2) conflicts with pre-existing scales in other (modelling) studies, (3) the
use of inappropriate communication methods (first and foremost, using ‘slang’ or jargon language that is too
technical), and (4) the existence of cognitive boundaries and behavioural phenomena that inhibit effective
communication (Glynn et al., 2017; Moallemi et al., 2020).

To address confusion regarding scale concepts, we must discuss the unique meaning of the concept. However,
as mentioned earlier, the meaning of ‘scale’ may differ by trade, academic discipline, and geographic locale.
Modellers should determine how audiences will interpret specific technical terms such as scale by simply asking
for their understanding and definitions of them (Hall et al., 2014)

To address conflicts with pre-existing scales in other (modelling) studies, we should acknowledge that scale
choices in different studies on a unique geographic location could be different based on different aspects of the
study, which is why it is important to provide a motivation for decisions on the scale. Also, stakeholders and
modellers might have experiences with studies using different scales. These conflicts with pre-existing scales
can be challenging to overcome. Communication with a transformative explanation that acknowledges the
audience’s pre-existing knowledge and transforms it with alternatives could help in overcoming this obstacle
(Hall et al., 2014; Modell, 2009). Steps in using a transformative explanation to communicate the scale include:
(1) stating or asking questions to elicit the existing description of the scale and possible choices, (2) discussing
the plausibility of existing scale choices by including supporting observations, (3) discussing and demonstrating
with examples why and where the existing scale choices might not be the best choice, (4) presenting alternative
explanations, descriptions and choices for the scale, and (5) explaining why and how any new scale is a better
choice (Hall et al., 2014; Rowan, 2009).

Presenting dummy results, whereby a simplified and mock-up of the results showing what the eventual outputs
might look like by choosing different scale options, can be a useful method to demonstrate the plausibility of
existing scale choices. Dummy results can demonstrate the effect of different scale choices on the results and
their importance and could foster critical thinking and reflective practice. Additionally, using examples of other
case studies could be beneficial in explaining the choices. A simple risk analysis, such as structured risk analysis
(McEvoy & Whitcombe, 2002), to highlight the trade-offs involved in selecting the different choices can also be
useful. For detailed information about these methods please check Zare et al. (2020).

4, Description of proposed guidelines

In this section, we present our proposed guidelines aimed at addressing scale issues in integrated SES models
during the problem scoping and conceptual model formulation phase, linking them to the “fishbone” framework
described in Section 3 (Figure 2).

4.1 Understand thoroughly scale-related definitions and their associated disciplinary
contexts

When modelling SES, multiple dimensions of both environmental and socioeconomic factors must be considered
simultaneously. A prime requirement for the development of an integrated SES model is the identification of
suitable scales for the representation and linkage of the system components to be considered for inclusion in
the model. As always, the first step is to define the objectives of the modelling exercise: What questions are to
be addressed with the model and who are the stakeholders who will be using the model output? This will
determine bounds to scales as well as system and subsystem boundaries, and the separation between what
elements are considered endogenous and exogenous. Typically, a more detailed representation and
consideration of scale is entailed for endogenous elements crucial to meeting the modelling objective(s), than
for forcing exogenous variables. The challenge is to identify coherent combinations of spatial, temporal,
thematic and organisational scale details across the system representation.
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We propose a set of general considerations and principles to help identify suitable scales for SES modelling and
its documentation:

A1l: Realise there could be a single extent of the integrated model, but there is no single scale and no
single resolution for it. Even within the same SES conceptual model of a given problem type or set of
issues, interdependently-nested scales typically are involved in which model component scales will
change in relation to that interdependence. Furthermore, realise there are different scales to decide
upon, namely spatial, temporal, thematic and organisational.

A2: Recognise that in general there is no predefined scale(s) for SES modelling in general because it
depends on the objective(s) of the exercise, the knowledge and data available and indeed stakeholder
perspectives included.

A3: Look for a joint definition of objectives and system boundaries. This should guide the identification
of system elements, exogenous drivers and endogenous variables, and their scales.

A4: Consider proper data typologies and anticipate that there may be mismatches that need to be
resolved. Data typologies can also help guide the definition of scales and resolutions. For example, in
the case of remotely sensed data, space and time are fixed by the platform and the sensor used.
However, scale and resolution can be aggregated or interpolated if needed. The scales to be jointly
considered may have natural boundaries, but a common occurrence is that data with different
typologies (e.g., environmental data versus economic data) will generate mismatches. An example is
the integration of data based upon natural boundaries such as watersheds or soil units versus data
referring to administrative units such as social or demographic units.

A5: Expect that there is often a trade-off between desired scales and their support from the data. Data
availability constrains scales and resolutions, at least at the level of model inputs. In general, a higher
level of detail and accuracy is needed for those variables that are crucial for the dynamics to be
simulated. Sensitivity analysis may help to identify these variables and supports the analysis and
mapping of uncertainty. No simple rules exist, but it should be pointed out that in some cases these
analyses could demonstrate that the declared objectives cannot be met with the available information
and thus suggest that the modelling exercise should be abandoned. Mismatches between model scales
and resolutions and those of available data can be treated to some extent by adopting a common
discretisation approach in space and time, and again by initiating the discussion regarding uncertainty.

AG6: Initiate and resolve negotiations within the modelling team and with the relevant stakeholders to
specify the definition of scales, resolutions and extents (in the following Subsections we discuss how to
organise these negotiations).

In Box 2, we discuss two examples to illustrate this set of rules.

4.2 Identifying appropriate dimensions for scale-matching

Following the above set of principles, the appropriate scales should be identified. As the examples in Box 2
illustrate, there are alternative temporal, spatial, thematic and organisational scales that can be selected. For
each intended application, scientists and stakeholders should consider alternative scales. Rather than presenting
a formal/statistical approach to the selection of the right scale, we propose the use of a set of questions to aid
in scale selection. These questions are based on a synthesis of considerations presented earlier and principles
Al through A6. This approach involves considerable communication between modellers and stakeholders (for
the ‘how’ on communication, see Subsection 4.4). Questions to guide decisions for identifying suitable scales

are:

B1: What does scale mean in the project (see Subsection 3.1.1)? Is there a clear and unified use of
ontology? Have discrepancies been clarified between stakeholder desires, the modellers’
understanding, and data?

B2: What are the desired scale properties for the different disciplines? What are the reasons for the
acceptance or rejection of particular scales?

B3: Depending on the above, which temporal, spatial, thematic and organisational scales have been
selected for? Have these choices and their justification been documented during the modelling process,
including why certain options were not selected?
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Box 2: Two examples of identifying suitable scales.

As a first example, consider a modelling exercise aimed at analysing a rural SES, which, at a high level of detail, exhibits
extreme complexity in terms of its numerous socio-environmental processes and their interrelationships. Our modelling
objectives might be related to the assessment of the environmental impacts of agricultural activities. In this case, we would
need to build an SES model with relevant, though simplified, complexity. Our SES model would require the identification of
system boundaries in terms of a geographical unit such as a watershed, within which one could observe the main
phenomena of pollution generation, transport and discharge leading to environmental impacts such as the eutrophication
of water bodies. Examples of relevant elements to be considered with greater granularity, i.e., with higher spatial, temporal
and thematic resolutions, would be the unit of agricultural production in which management practices could generate
pollution phenomena. Typically, these are fields, i.e., the management units for the farmer. Given the relevance of soils
and water balance for those phenomena, we should expect the spatial modelling unit would derive from the intersection
of hydrologic units (soil and water combinations), which could be smaller than the size of a cultivated field. In that case,
the level of detail of the simulation would have a sub-field spatial scale. A consistent time scale could be discretised on a
daily basis, but this would depend on the dynamics of the spatial units. Ideally, the simulation should last for several years,
enough to allow for an adequate number of climate events to be described to capture the variability of the system
response.

As a second example, the same rural SES in terms of its inherent complexity could be studied for different purposes. For
example, aspects of the same SES might be studied with the objective of conducting economic analyses of the market for
agricultural commodities, which would result in different conclusions regarding scale, extent and resolution. In that case,
the area defined by a watershed would not be so relevant. Of more importance would be the area identified by
administrative boundaries managed by the same agricultural policy instruments or having a unique market as the
destination of the agricultural products. The spatial size could be similar, but the boundaries would be different, as would
the main elements to be identified as simulation units. In this case, farms typically would identify the main decision unit of
the SES. Soils and the water cycles would be less important, and they could be aggregated at coarser scales by identifying
areas with different average productivity. Climatic variables could be described as annual or multiannual averages, rather
than using a daily resolution, as in the example of the previous paragraph. The prices of production factors, however, might
need to be described on a relatively fine time scale that captures significant fluctuations in price.

Similarly, exogenous drivers of interest would be different in these two examples. In the first example, exogenous drivers
could be regional or national environmental policies and regulations. In the second example, they could be global prices of
agricultural commodities and international trade regulations. But in both cases, climate might be an exogenous driver
though its temporal resolution, say, may need to be different. In the evaluation of scales, the underlying processes must
be considered. Questions to be considered are: What is the minimal set of processes and variables that need to be
included? What seem to be important processes, but are too complex to include? And what would be nice to include, but
not essential?

In both examples, nested scales are needed. Spatially, local management practices might be represented by more detailed
variables defined at the farm level. Regulations affecting agricultural production might be defined at a regional scale, and
factors affecting market dynamics might be defined at either local or global scales, or both, depending on modelling
objectives. Temporally, socio-economic variables might have relatively long or relatively short time steps. Commodity
prices, for example, might be fixed as parameters in some exercises with limited emphasis on economics, or they might be
monthly values of exogenous drivers when economic optimisation is one of the objectives. Or they could be endogenous
variables in large-scale simulations, such as global climate change general equilibrium modelling, in which an annual time
step is typically adopted. An actual case study in Thailand can be explored further in Trébuil et al. (2005).

Importantly, all considerations in the choice of processes and scales should be documented and explained for
future reference as input for scale validation (see next Subsection). Reasons for the selection or rejection of
some scales may be due to direct technical modelling considerations, stakeholder desires, lack of data to support
a particular scale, or the problem at hand may not require representation at a particular scale. For example,
even if remote sensing data allow for a small-grained spatial resolution, it may not be required for the
application. Another example of rejecting a scale may be the uncertainty associated with the (dis)aggregation
of available data to a particular scale. For example, even if disaggregation methods are available, the data may
be too coarse for the desired disaggregation level.

4.3 Validating scale decisions

When deciding on scale, the choice of scale should also be validated. We propose the following guidance
regarding the validation of scale decisions:

e (C1: Recognise the difference between model validation and scale validation. Also, be aware that what
is invalid for one type of application may be valid for another.
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C2: Re-validate scale decisions if the context changes. Scale choices are assessed within the domain of
model applicability (sensu Rykiel, 1996) and are validated under the specified conditions that the model
is designed to simulate.

C3: Expect and embrace change in the selection of scale choices as inevitable due to the complexity of
the system being studied and the speed at which new information may become available. During
problem scoping and conceptual model formulation, it is common to go through several iterations of a
set of concurrent steps/activities. The flexibility to formally assess alternative scale choices must be
maintained, as this is critical to problem scoping and conceptual model formulation. Scale choices
should not be invalidated prematurely, and justifications should be provided for decisions to declare a
scale choice (in)valid. Such justifications add to the possibilities of exploring alternative pathways.

C4: Clarify which scale and model validation criteria and approaches are used, and why. Consider the
distinction between conceptual, operational and data validity (see Subsection 3.3.2 for suggestions).

C5: Realise that data do not represent an infallible standard in the sense that their scale should not
solely dictate choice. Explain the origin of the involved data and how they are used in the scale
validation. This especially includes data that have been interpolated or extrapolated.

C6: Try to include both qualitative and quantitative measures of system performance. Project-specific
tests are important. Identify questions with a known range of acceptable answers at the scales chosen
and scale-dependent patterns of system behaviour that the model is expected to produce.

Communicating scale decisions

Communication and justification are the central issues around scale choices. Enhancing the quality of
communication and documentation is crucial for improving the transparency of the modelling process and
stakeholder trust in the model. Subsection 4.1 discussed considerations and principles to help identify suitable
scales, Subsection 4.2 presented questions to consider in choosing a scale, and Subsection 4.3 dealt with scale
validation. This Subsection considers some good communication practices during all three steps and is intended
to aid model reproducibility and communication effectiveness and thereby help both modellers and
stakeholders. We propose the following guidelines for effective communication between modellers and
stakeholders regarding the decision making related to scales:

D1: Get clarity on the decision objective(s) or research question(s). This precision is needed for
justification of the scale decisions adopted. A project will seldom be directly aimed at scales, so a
‘translation’ of the societal and research objectives to scale decisions is usually needed.

D2: Analyse the audience of stakeholders for possible inclusion or exclusion in the communication
process (see Box 3 below). Be aware of differences in the level of interest in, and understanding of, the
role and importance of scale among stakeholders and modellers. Do not consider the ‘scientific view’
to automatically be the right one. Recognise that behavioural traits can affect group interactions and
effective communication, and that they may lead to the possibility of procedural mistakes and cognitive
biases; for instance, focusing on the time scale and ignoring important organisational scale aspects, or
emphasising fast practical model use while overlooking concerns regarding scale validation.

Box 3: A list of questions for project leaders and teams to consider in analysing an audience of stakeholders for possible
inclusion or exclusion.

Who are the decision makers and stakeholders?

What are their interests, desires and motivations for participating in project planning?

How do audience members understand the system of interest?

(i) How do they interact with, or experience, the system?

(ii What features of the system do they pay attention to?

(iii) How do they monitor or observe the system?

(iv) How do practitioners make sense of changing conditions?

(v What local vocabularies of terms, images and concepts do they use to explain various system
aspects and characterise problems within the system?

What other driving factors, significant events, and past conflicts with the decision-making context should

be considered?

What prior experiences have audiences had with models?
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D3: Pay attention to communication between team members as well as stakeholders. In
interdisciplinary research exercises such as occur in SES modelling, communication among team
members is as important as communication between stakeholders and the research team. Improved
communication among team members enhances the transfer of knowledge within the team and helps
to achieve a strong connection among different disciplines, especially regarding critical decisions such
as scale.

D4: Organise communication in a suitable way; in the Subsection below, we discuss some approaches
that can be followed. Important principles are:

1) Involve sufficient two-way communication between modellers and stakeholders.

2) Consider the earlier-mentioned challenges with communicating scale concepts to non-
technical audiences, including mitigating (i) confusion regarding scale concepts, (ii) conflicts
with pre-existing scales in other studies, (iii) the use of inappropriate communication methods,
and (iv) the existence of cognitive boundaries and behavioural phenomena that inhibit
effective communication.

3) Avoid technical language that is unnecessary or without proper explanation.

D5: Provide concise and comprehensible documentation with respect to the important information
regarding decisions and the rationale supporting those decisions. When properly performed and
completed, this documentation makes it possible for people from within and outside the project to
review the decisions and, if applicable, potentially provide input to alter the decisions. It should contain
essential information about the following:

1) The actual decision, why it was made, who made the decision, and how it was made. For
example, were dedicated exercises, workshops, or even serious games organised to explore
scale issues and possible outcomes of decisions? Was the decision the result of a group
discussion, or did a particular person (for example, the project leader or a specific stakeholder)
make the final decision? If it were the results of a group discussion, who was involved in the
process (Moallemi et al., 2022)?

2) Documented considerations regarding whether we use one or more scales for the study
depending on the different phenomena, and why (see Al), what is desired for a particular
simulation or project (see A2), and the possible trade-offs between desired scales and support
provided by data (see A5). Also include options for scales that were not followed up.

3) Aclear description of the joint definition of objectives and system boundaries (see A3) and the
used data typologies (see A4).

4) A description of the validation (see the guidelines under C), and a critical reflection of the
expected consequences of the decisions regarding scale, including what scale means in the
project (e.g., is it temporal or spatial?) (see B1), whether it should be the same for all
disciplines or not (see B2), and what the desired temporal, spatial, thematic and organisational
scales are for the social and for the environmental view (B3). Consider what could be the result
of not selecting particular scale options? The ramifications of certain decisions need not only
be in terms of model output and uncertainty; there can also be social ramifications, for
example, that the minority who was not in favour of the chosen scale will show a reduced
willingness to continue participating in the remainder of the project.

D6: Use proper language. In their communication with stakeholders and fellow scientists, people should
opt for the use of non-technical language and means of communication that are broadly supported and
traceable. Avoid the use of scientific terms as well as popular ‘slang’ and establish a common ontology
to avoid confusion. For example, a ‘matrix’ can be a mathematical object from linear algebra, the
physical attribute of the soil, or the landscape over which a species is dispersed. This is confusing, and
many stakeholders will not even know what this word means. Technical terms and implicit assumptions
must be clarified.

D7: Communication and documentation should be an ongoing, regularly occurring process, with
sufficient information about the possible scale options and scale decisions presented in such a way as
to be as transparent as possible.

D8: Activities aimed at communication should be planned from the start of the project to ensure
incentivised communication. The occurrence of many, short interactions among a few team members
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has been found to improve the transfer of relevant project information between scientists and
stakeholders (Podesta et al., 2013). Hence, ample communication moments should be planned and
followed.

4.4.1. Methods for communicating about scale decisions

Different ways of communication should be used to maximise the probability of getting the information across.
Communicators should use simple exercises and tools to reduce confusion about the scale concept, identify the
available options, and demonstrate the process. We list some available tools and suggestions for selecting tools:

5.

E1: Using ID cards (Zare et al., 2019). An ID card is an organised collection of explicit statements about
each step of the modelling process which can be used to communicate a common story about the scale
selection step and a better understanding of the scale selection process between modellers and
stakeholders. Such a card shows a quick summary of what has been said about this step across multiple
guidelines using a common language and provides information about different aspects of the step such
as aim, actors involved, and main decisions. Team members should fill out such cards.

E2: The use of narratives with examples and a scientific storytelling approach has been found to be
useful in the communication of complex information to non-specialists (Howarth & Anderson, 2019).
This could be, for example, defining the spatial and temporal scales in narratives about the case study
in a different time and physical boundary and conveying the differences within the story.

E3: The elucidating explanation of the concept (Hall et al., 2014). This uses an example of the concept,
here scale, that lists the concept’s essential features and also offers a list of examples and non-
examples. Therefore, the audience has the opportunity to understand the difference between
examples and non-examples by looking for their essential features. This tool is helpful if the concept of
scale is mistaken with other concepts such as resolution or if there are several similar options for scale.

E4: The practice of regular reflection on the modelling pathway during a project, particularly with
respect to scale choices, can increase transparency and trust among stakeholders and help them reach
better decisions as well as promote efficiency and effectiveness of the modelling process (Zare et al.,
2021).

E5: Documentations should include the following information, noting that stakeholder reflections on
the information should be solicited to avoid one-way communication:

1) the scale decisions that were made,

2) the other scale options that were discussed but not chosen,

3) what each alternative option might mean in terms of possibly affecting project results, costs

and next steps in the project,
4) what each group of stakeholders thought about the scale decisions, and
5) the final decisions and selected scales.

E6: Tools for documentation should be more than just deliverables and reports at the final stage of the
project. Metadata, summaries and easy-to-understand fact sheets for each document could convey the
meaning and aim of each document to people who will not read the details in a final report.

E7: Reflective communication: Reflections could be solicited within a workshop or by sending a list of
reflective questions with any document to facilitate engagement and draw attention to the points of
concern. Reflection to validate, confirm, or debunk the result of a decision (such as scale selection)
should happen frequently, and thereby assist in efficiently reaching objectives by identifying the need
for iteration as early as possible (Zare et al., 2020). Steps in the reflective cycle include:

1) describing the event and situation,

2) expressing the sentiments and thinking about them,

3) assessing and analysing the discussion, and finally,

4) concluding and setting an action plan (Gibbs, 1988).

Summary and suggestions for future work

The choice of scales is an inevitable and critical decision in SES modelling. But the interdisciplinary nature of SES
modelling may easily create confusion and frustration when discussing and communicating scale issues during
problem scoping and conceptual model formulation. Compromises or sometimes simply convenient choices may
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be made to accommodate appeals from researchers, stakeholders, and policy makers with specific interests in
a particular discipline, question, field or scale. Thus, the final scale choice for any phenomenon is not necessarily
the optimal or most scientifically solid and justifiable for all envisioned applications. Accordingly, there are
significant benefits in developing a better understanding of issues surrounding the selection of scales in SES
modelling.

This paper is intended to stimulate further discussions and inspire future work surrounding the issue of
documenting scale choice in SES modelling. We foresee future work including, but not limited to:

e The development of an improved understanding and alignment of scale and associated concepts within
the SES and other relevant modelling communities. Despite the fact that many articles focus on the
scale issues, confusion regarding scale concepts and lack of understanding of the choice of scale and its
implications are still prevalent among modellers and stakeholders.

e The development of education and training materials with easy-to-understand (non-technical,
discipline-neutral) terminology in order to advance the handling of scale issues and build associated
capacity within the scientific community. These are vital to establishing a common understanding of
the concept of scale and relevant terminologies between researchers and non-scientific actors
(stakeholders, policymakers and citizens) as well as modellers from different disciplines (the natural
sciences and social sciences). We suggest that special workshops could be organised on topics related
to scale in SES modelling. For example, topics could include the importance of scale issues, the
implications of scale choices, the limitations of models, and the ramifications for modelling results
following a particular choice of scales.

e The application of scale guidelines in SES projects and their subsequent refinement to make the
discussions and decisions around scale issues transparent and traceable. The potential benefits can only
materialise when suggestions for communication and documentation are adopted and applied in SES
modelling practice. In the present work, we have presented a preliminary set of guidelines, which now
need to be tested ‘in the field’. Through real case applications, we hope to further improve the
guidelines and make them operational. A clear protocol or template illustrated with examples would
be extremely helpful to facilitate the usage of the guidelines. Eventually, an automatic protocol like a
web-based tool could facilitate the scale decision process with step-by-step questions.

In this position paper, we have attempted to identify the potential issues, traps and pitfalls in the process of
decision making on scale issues and have presented a set of prescriptive guidelines on scale issues in four
categories. We argue that following these guidelines can facilitate discussions between researchers and
stakeholders, support the justification of scale choice, and help assess the strengths and limitations of models
and their outputs.
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