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Abstract

The UN Sustainable Development Goals (SDGs) encompass environmental, social, and economic
dimensions which are linked to the characteristics of place and have a strong local dimension. They
are interconnected at local scales in complex ways which makes progress difficult to predict. To
understand how these interconnections play out at the local scale, we co-designed a systems model
of the SDGs with a local community using a specific case study in Australia. In this paper, this multi-
component model is fully documented, tested for uncertainty, and we have described a Business-As-
Usual projection to illustrate its use. We found that integrating insights from local communities in a
model co-design process can elicit far more societal interconnections between the SDGs compared
to the current dominant model-building paradigm which typically does not involve meaningful
stakeholder involvement. Social issues are often intensely local in origin and effect and attempts to
model them at national or global scales may not succeed. Via local scale model co-design, we can
tease out the interconnections between societal and non-societal issues and have a greater chance
of identifying effective solutions to broader sustainability problems. Our results demonstrate that
modellers alone are not fully aware of contextual differences and locally specific interactions that
drive the behaviour of systems and SDG progress. Stakeholder participation at the local scale is
critical for human-focused modelling that better appreciates local nuances. The local SDGs systems
model fills a research gap between global, multisectoral, integrated models, and single-sector
models applied to local case studies.

Plain Language Summary

The Sustainable Development Goals (SDGs) are a United Nations agenda to guide nations around the
world to achieve sustainability. To help nations reach the goals, we also need action from cities,
businesses, and communities at the local level. The SDGs interact in complicated ways with each
other and we need to use modeling to understand the best way to implement them without too
many negative side-effects. We designed a complex model with a small regional community in
Australia to understand where the benefits and side-effects might occur for their town. We
discovered that by working collaboratively with the people in the community to design the model,
we learned much more about the social interactions in their community to include in the model. This
is a positive result because these social interactions are usually missed or left out of these types of
models. We are able to include more nuanced and detailed information in the model and hopefully
achieve a better overall outcome, meaning this is a good outcome for sustainability. This highly
complex model, designed for the local level, is a new type of model and has not been researched
before.

Keywords
Sustainable Development Goals, local, system dynamics, multisectoral modelling, social,
sustainability

1. Introduction

Sustainable development is by nature an integrated, multidimensional endeavour. Typically, we
codify the dimensions of sustainability to be environment, society and economy, and the UN
Sustainable Development Goals (SDGs) are built upon these dimensions (UN, 2015). The human-
natural system is strongly intertwined and cannot be decoupled (Folke et al., 2016). Beyond this we
must also recognise that human-natural systems are diverse and multifaceted and there is no one-
size-fits-all approach for achieving sustainable development (Moallemi et al., 2019). It follows then,



that modelling for sustainable development must also be integrated, multidimensional, and multi-
scale if we wish to accurately represent human-natural (socio-ecological) systems. Global-, national-
and sectoral-scale modelling for sustainable development has been well explored (Allen et al., 2019;
Collste et al., 2017; Gao and Bryan, 2017; Moallemi et al., 2022; Philippidis et al., 2020; Randers et
al., 2019; Soergel et al., 2021; van Soest et al., 2019), however there has been less focus on local
scale modelling of the SDGs. The reasons for this are manifold, including the challenge of
understanding heterogeneities on the ground (van Soest et al., 2019), the difficulty of customising
complex models for local case studies (Verburg et al., 2016), and a (misguided) sense that the impact
at the local scale is lesser (Easterling, 1997). However, we argue that it is critically important to
achieve sustainable development at the local scale to support national and global scale achievement
(Bai et al., 2016; Hajer et al., 2015; Moallemi et al., 2019; Tan et al., 2019), and to do that we must
also have mature modelling techniques at the local scale.

One modelling method that can characterise complex human-natural system interactions is systems
modelling. In particular, system dynamics modelling (Sterman, 2001a) is ideal for analysing local
sustainability interactions for multiple reasons (Moallemi, Bertone, et al., 2021): it has the capacity
to model feedback interactions between multiple sectors (Papachristos, 2011; Pedercini et al.,
2020); it is suitable for modelling the interconnections of the SDGs and their synergies and trade-offs
(Randers et al., 2019); it can integrate both human and natural system processes (Tenza et al., 2017);
and importantly for local-scale modelling, it is a fit-for-purpose method for participatory and co-
design processes (Eker et al., 2018; Kimmich et al., 2019; Voinov and Bousquet, 2010). System
dynamics is an approach which relies on understanding causal behaviours and eliciting feedback
mechanisms within the model. In their review of scenario modelling tools for the SDGs, Allen et al.
(2016) found that system dynamics models were best suited for the task of modelling at the national
scale, and scored highest of all models tested for being “participatory, transparent and legitimate”
(Allen et al., 2016: 205), indicating that system dynamics tools have advantages over others for
inclusion and clarity. Multiple studies have examined system dynamics modelling for the SDGs (Allen
et al., 2019; Barbier and Burgess, 2017; Collste et al., 2017; Zhang et al., 2016). Pedercini et al. (2020)
discuss how sustainability is a complex problem requiring modelling technologies such as system
dynamics that can deal with complexity. Likewise, Bai et al., (2016) considered a systems approach
for modelling the SDGs in cities and argued that it was a robust technique for revealing hidden
benefits and trade-offs and thus would translate to a more successful outcome for sustainable
development. Despite the acknowledged importance of system dynamics for the SDGs, most of
these models are global or national, and there are few examining multisector dynamics at the local
scale.

Co-production of knowledge is an essential element of sustainability modelling (Chambers et al.,
2021). Norstrom et al., (2020) proposed four principles for knowledge co-production: that it is
context-based, pluralistic, goal-oriented, and interactive. These principles can be aligned with co-
design modelling processes at the local scale for the SDGs. To ensure local context, localisation of
the SDGs is key (Moallemi et al., 2019). A collaboration between researchers and stakeholders
achieves pluralism, with the understanding that the community contains a diversity of knowledge
and expertise with intersectoral lived experience (Cooke et al., 2021; Zurba et al., 2021). The goals
around which the modelling is based are achieving the SDGs and fostering sustainability; and
interactivity is encouraged with a range of active participation (Basco-Carrera et al., 2017; Voinov et
al., 2018). These principles can be incorporated into local-scale modelling using system dynamics, as
it was originally conceived as an “iterative process of joint inquiry between client and consultant”
(Sterman, 2001b: 80). At a deeper level, Moallemi, de Haan, et al., (2021) developed a framework to
encourage co-design practices in sustainability science, and Chambers et al., (2021) explored the
variation in co-production for sustainability. These two papers explore the practical side of co-
producing knowledge for sustainability and examine the potential benefits and challenges, as well as



the contexts in which co-production and co-design might be applied. Moallemi, Bertone, et al.,
(2021) identified that co-production was infrequently employed in system dynamics modelling for
sustainability even though the seminal text for the approach encouraged its practice (Sterman,
2001b).

In this paper, we co-design a new, multisectoral, local systems dynamics model for SDG analysis with
a specific case-study community in southern Australia. The model was built using an understanding
of the system gained from community engagement activities (reported in full in Szetey et al., 2021a,
2021b) and the sectors which defined the model boundary were identified from the concerns and
sustainability ambitions of the local community, in a stakeholder-driven process for transparency
and legitimacy (Nabavi et al., 2017). As part of an iterative process of model development, we used
group model building techniques with open participation for the community to describe their
understanding of the interconnections between sectors. This model building process was driven by
the community, ensuring that we captured what mattered most to them. The purpose of this model
is to inform decision-making for local sustainability by first mapping the system, and then later
perturbing it to analyse its behaviour. Here we describe our modelling approach, the methods that
we used to develop the model — co-designed with the community — and the results and testing of
the completed model. We discuss the implications of our results in the context of three research
gaps that Moallemi, Bertone, et al., (2021) found in their review of system dynamics modelling for
the SDGs at the local scale: that ‘societal’ SDGs are insufficiently modelled; stakeholder participation
was only reported in 28% of cases; and community-level modelling has not been widely used. We
finish with a narrative describing the Business-As-Usual model and discuss what interventions are
present in the model to explore sustainability pathways.

2. Methods
2.1. Modelling approach

Sustainability is a discipline which is defined by the interconnection of socio-ecological systems, and
system dynamics is a modelling approach which has the capability to explore this (Moallemi,
Bertone, et al., 2021). Because our work is grounded in the philosophy that sustainability is best
achieved and most likely to be successful through participation of stakeholders who will be most
affected by it, we used a participatory modelling method to co-design our system dynamics model.
We chose a set of participatory modelling approaches using the framework developed by Moallemi,
de Haan, et al., (2021).

System dynamics modelling is a causal modelling paradigm which features interlinkages and
feedbacks (Sterman, 2001a; Forrester, 2007; Papachristos, 2019). The mechanism is based upon
differential equations, but is abstracted so that models can be constructed without an in-depth
understanding of the mathematics using software tools such as Vensim (Ventana Systems, 2021).
Within the models, there are variables known as stocks (which are mathematical state variables),
flows (the derivatives or rate change equations), and variables (generally constants or other model
parameters). We define combinations of these variables as structures, for example a stock variable
with inflow and outflow variables would be described as a stock-and-flow structure. One benefit of
this approach in the participatory modelling space is that the model variables are written as words
(e.g., “population”, “migration rate”) rather than the traditional mathematical practice of using
symbols, making it comprehensible to non-technical stakeholders.

System dynamics modelling is by nature an iterative process. That is, while the methods described
below may seem like a linear series of steps, the reality of this type of modelling is that it involves
continual revision and modification as modeller understanding of the system grows, stakeholder
understanding of the modelling process grows, and as model complexity grows.



2.2. Modelling process

2.2.1. Understanding the case study

Our local case study is the town of Forrest, located in the Otways region of Victoria in south-eastern
Australia. At the 2016 census there was a population of 231 people, and the town is a post-logging
community with some agricultural activity, in transition to tourism and potentially other sectors. The
Traditional Owners of the land are the Eastern Maar, a representative of whom participated in the
group model building session described in section 2.2.2.3.

Forrest is located on the edge of the Great Otway National Park and contains two different
bioregions within its domain — the Otway Plain bioregion, characterised by grassy plains and open
woodland; and the Otway Ranges bioregion, predominantly wet forest and temperate rainforest
ecosystems (Figure 1). This proximity to the protected areas of the national park makes it a desirable
location for tourism and for nature-loving residents, while the grassy plains make for suitable
agricultural land. However, the nearby national park contributes to the area’s very high bushfire risk
profile. Forrest has a history as a low socioeconomic status community, and while that has improved
in recent years with the reinvigoration of the local economy due to tourism, entrenched
disadvantage persists.
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Figure 1: A map of the case study area. The two bioregions of Otway Plain and Otway Ranges are
indicated in purple and green respectively. The township of Forrest is highlighted in yellow. There are
two inset maps indicating the case study location in context of the state of Victoria and the country of
Australia.

We undertook a range of engagement activities with the community which are more fully described
in Szetey et al., (2021a; 2021b). These activities were intended to understand the local context and
learn what was important (and not important) for local sustainability. Intentionally, the engagement
work began broadly, introducing the community to the SDGs at a superficial level (i.e., goal names)
and discovering which of those were most important for Forrest — we called these local SDGs.
Subsequent engagement work became more targeted, further eliciting details about what in
particular was important to the community with respect to each local SDG. For example, for SDG 8:
Decent work and economic growth, we heard that the newly developed tourism sector was
important, but the community did not want the local economy to be exclusively based around
tourism. Additionally, there were flow-on issues related to housing availability as residential housing
was being converted to tourism housing (also linked to SDG 11: Sustainable cities and communities).



As our understanding grew of the community’s needs (opportunities, challenges, and threats), we
developed a list of driving forces that the community believed would shape their future. These
driving forces formed a major part of the Forrest and District Plan (Szetey et al., 2020), a co-
produced document synthesising the knowledge gained from learning the community’s
sustainability ambitions (Szetey et al., 2021b). The engagement work underpinned our
understanding of the Forrest system (Figure 2).
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Figure 2: The process of model building. The unidirectional arrows indicate information flow (e.g.,
community engagement informed all steps in the participatory model development stage); and
bidirectional arrows indicate iteration (e.g., validation and sensitivity analysis required further iterative
model development). The circular arrow on model development indicates that this was iterative.

2.2.2. Participatory model development

2.2.2.1. Defining the system boundary

The results of the community engagement activities provided us with a rich information set. These
data, the local SDGs and the driving forces discussed in the previous section allowed us to define the
system boundary, that is, the sectors within the community and township of Forrest which were of
most concern to the local residents. In particular, the driving forces described each sector (e.g.,
population and demographics equated to the demographic sector; transport and connectivity to the
transport and telecommunications sectors). Within our model we implemented feedback
interactions in each sector in model components, which cover multiple socioeconomic and
environmental SDGs such as economy, demographics, health and wellbeing, inequality, and
biodiversity.

Having outlined this broad boundary, we developed our understanding of the components in greater
detail using the method described by Sterman (2001b) for problem articulation and constructing
dynamic hypotheses. This process entails defining the problems that the community expressed, and
then constructing a hypothesis to explain how that problem arose and the contributing factors. For
many of our problems, significant contributions from the Forrest community were made to the
formulation of the hypotheses. For example, housing availability and affordability was noted as a
problem by the community, and they suggested that tourism was one contributing factor, so in our
dynamic hypothesis we included this local knowledge. However, tourism was not the only
contributing factor, so this is where the researcher’s emerging and iterative understanding of the
system must also be incorporated (Figure 2).



2.2.2.2. Developing the model

With the system boundary defined, we began the process of developing the model. Initially we
conceptualised the system by sketching out each model component and the key variables, and
visualising the way in which those components and variables interacted. Many tools can be used to
achieve this, from pencil and paper through to software (e.g., PowerPoint, Visio, or Vensim).
Fundamentally, we designed complexity into the model by piecing together model structures to
represent each problem and its dynamic hypothesis. Some of these model structures were created
‘from scratch’, by identifying key variables and then analysing what inputs affected the behaviour of
those variables; while other model structures were repurposed from existing, published systems
models. Many systems models applied to case studies in the literature are sector-specific, e.g., water
(Elsawah et al., 2009), energy (Cavicchi, 2018), agriculture (Bastan et al., 2018), and for local scale
modelling these are a rich resource for building an integrated model of a complex socio-ecological
system.

We reviewed existing system dynamics models to identify those which may be applicable to our case
study. This was an iterative process, with many external model structures included and then later
discarded, or highly modified. The FeliX model (Rydzak et al., 2010) was found to be of great
relevance and it inspired not only with its model structures (for SDGs 3, 8, 11, 13, and 15), but also
its documentation and development process (Rydzak et al., 2013). Other examples of integrated
model structures included the demographic model (SDG 11, Navarro and Tapiador, 2019) and the
road quality structure (SDGs 3 and 11, Fallah-Fini et al., 2015). Conversely, we considered the
wildfire model from Collins et al., (2013) for SDGs 13 and 15, but concluded that it was too complex
for our requirements.

However, many structures within the model required designing from the ground-up, such as the
public transport (bus demand) structure, and the telecommunications component. The economy
component was split into three replicated economic sub-sectors (agriculture, tourism, and other),
and we used a Cobb-Douglas function to model productivity for each of those economic sub-sectors
(Angulo et al., 2015). Each decision we made in developing the model was guided by the
understanding we had of the Forrest system from our work with the community (Figure 2).

We built the model using Vensim DSS (Ventana Systems, 2021) and the full model file and
documentation of each variable is available in the Supplementary Information. The model
documentation includes data sources, system conceptualisation for each model component, and the
formula, units, and assumptions for every model variable. The data and code used is available in the
Supplementary Information (section S6). We aimed to be as transparent and reproducible as
possible with our model documentation and have followed reporting guidelines developed by
Rahmandad and Sterman (2012).

2.2.2.3. Integrating stakeholder insights

We conducted further work with the community in a group model building workshop (Vennix, 1996)
in which they could design and define the interconnections between the model components
independently of our work. This process was designed to refine and extend the model by providing a
second dataset which we could then use to test and build upon the work we had already done. This
strategy also had the benefit of not biasing the workshop participants toward the model we had
designed, which we felt could be a risk. We conducted the group model building workshop after
completion of the first ‘draft’ of the model.

In the workshop, we introduced the participants to the idea of a system, how parts of a system are
connected, and how perturbations in one part of a system can have spillover effects into other parts.



We explained to them the conceptualisation of Forrest as a system and invited them to consider
how the different sectors of the Forrest system interact with each other. To facilitate this process,
we displayed large posters, one for each sector of the Forrest system. The posters had the name of
the sector of interest in the centre, with all the other sectors surrounding it radially around the edge
of the poster, connected to the centre with lines. The participants were asked to write along the
connecting lines with a short explanation of how they felt those sectors were connected (Figure 3).
The workshop design details are available in the Supplementary Information (S3). This information
was then used to iteratively improve the model we had designed, for example, by modifying the
existing design, or alternatively incorporating entirely new structures such as travel equity and
cultural burning.

Figure 3: Three images from the group model building workshop (image credit: Enayat A. Moallemi).

2.2.3. Model validation, sensitivity analysis and BAU projection

To assess which variables were more influential on the behaviour of the model, we selected an initial
pool of 93 input (Table S2) and 47 output (Table S3) variables across different model components.
Due to the computational demand required to test many variables, we refined the number to 28
(Table S4) and 9 (Table S5) of the most influential variables, respectively, selected through initial
sensitivity analysis. The initial uncertainty bounds tested were a symmetrical £30% variation around
the reference value, which were refined if required (for example, a 30% variation in disability
fraction or internet access was impractical; and variation for exponents were also reduced as these
are highly sensitive in context). Testing was performed using the Exploratory Modelling Workbench
Python package (Kwakkel, 2019). The code and model file used for all the following analyses are
available in the Supplementary Information (section S6). Both the validation and sensitivity analysis
exposed flaws in the model, which required us to make modifications and then re-test, which is
another essential part of the iterative model building process (Figure 2).

To validate the model and ensure it accurately represented past behaviour in the system, we
compared historical data for a range of variables against our base model run and a set of 20,000
exploratory sampling runs using Latin Hypercube sampling. The sampling used the 28 influential
input variables (Table S4), and the output variables to compare against historical data were taken
from four of the twelve model components (Demographic, Economy, Land Use and Climate change).
These were chosen as they featured the best sources of historical data available to validate the
model. These data were principally obtained from Australian Bureau of Statistics census data
(Australian Bureau of Statistics, 2017), but a limitation existed for certain data as Forrest was not
recorded as an independent statistical area prior to the 2006 census. This meant there were only



three data points (from 2006, 2011 and 2016 censuses) for seven of the twenty validation variables.
The results of the Latin Hypercube sampling for these twenty variables were plotted as an envelope
between the minimum and maximum values. The data used for the variables in the Climate change
component (DELWP, 2021; Bureau of Meteorology, 2021; CSIRO, 2021) were much more
comprehensive and we used these data to create linear models, which formed the model variables
“Forest Fire Danger Index”, “Annual Rainfall”, “Average Max Temperature”, and “CO,". We plotted
these linear models against historical data to demonstrate the fit of the data.

We measured the uncertainty of the influential variables (Tables S4 and S5) using Morris elementary
effects sampling with 2000 simulations, and represented the sensitivity using the normalised values
of the Morris index u*. u* indicates the overall effect of inputs on an output variable and ranks the
inputs by strength of effect. This method was chosen as it is suitable for complex, non-linear
feedback models. The results generated from Morris elementary effects sampling are efficient in
computational time and reliable (Campolongo et al., 2007; Gao and Bryan, 2016). We visualised the
Morris sampling results by plotting as a density cloud to understand if the sampling produced a
diffuse output (indicating greater uncertainty), or a more concentrated output (indicating lesser
uncertainty), centred around a median line.

We set our simulation range for the model to run from the year 2000 (to validate historical data) to
2050 (to give a medium-long term projection of the results of SDG implementation). The illustrative
results discussed in this paper describe settings for Business as Usual (BAU) conditions, i.e., following
recent and expected trends in key drivers. The BAU settings are fully described in the model
documentation provided in the Supplementary Information. Structures were included in the model
for other intervention scenario simulations, but which are not implemented in the BAU analysis.

3. Results

3.1. Participatory local SDGs systems model

3.1.1. System boundary

The engagement work with the community resulted in six local SDGs for sustainability: SDG 3 Good
health and wellbeing; SDG 6 Clean water and sanitation; SDG 8 Decent work and economic growth;
SDG 11 Sustainable cities and communities; SDG 13 Climate action; and SDG 15 Life on land. The
driving forces that were identified were: population and demographics; residential land
development; affordability of property and suitability of housing; inequality; local economy;
environment; major infrastructure projects; transport and connectivity; local school; and climate
change. We synthesised the local SDGs and driving forces and this resulted in 12 model components
which delineated the system boundary for the model: Demography, Land Use, Housing, Economy,
Tourism, Biodiversity, Climate change, Inequality, Health and wellbeing, Telecommunications,
Infrastructure, and Transport. This was almost a one-to-one mapping of the driving forces; except
that ‘local school’ was incorporated into the Demographic component, ‘transport and connectivity’
were split into separate components (‘connectivity’ referring to telecommunications), and Health
and wellbeing was established as a separate component because of SDG 3. SDG 6 and 11 were
represented across multiple components: SDG 6 in Housing, Health and wellbeing and Infrastructure;
SDG 11 in Demographic, Land Use, Economy, Housing, Transport, Tourism, Climate change,
Infrastructure, and Inequality. Figure 4 shows the model components, broadly describes what each
component comprises, and identifies the local SDGs relevant to each.
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Figure 4: The interactions between the twelve model components (adapted from Figure S2 in
Moallemi et al., (2022)).

With the wide range of model components, there is an analogous range of sectoral problems and
dynamic hypotheses including: an ageing population; increasing house prices; tension between
tourism, housing and the local economy; lack of wastewater infrastructure restricting new
development; local biodiversity at risk from climate change; intergenerational inequality; lack of
access to healthcare; poor internet; and insufficient regular public transport. The full list of problem
articulations and dynamic hypotheses that describe each model component are listed in the
Supplementary Information (Table S1), however here we provide one from the Housing sector as an
example:

Problem: Colac Otway Shire have designated that Forrest remain a low growth community
and estimated a release of 3.5 permits per year for residential land development. There has
only been one permit issued per year since 2011, so development has been below expected
levels. There is scope for greater development in the future.

Hypothesis: Building permits are not being granted by Council because potential
developments cannot meet septic tank regulations. New wastewater infrastructure is
required before any significant development may occur.



3.1.2. Model description

The local SDG systems model contains 392 variables. There are many interconnections between the
model components, represented in Figure 4 by linking arrows. For example, there are six ‘outgoing’
connections for the model component Climate change, and five for the components Housing,
Economy, and Population, indicating that these components have the broadest impact on other
model components. These connections can be either synergies or trade-offs. For example, ‘climate
impact on tourism/agriculture’ and ‘flood damage to roads’ are trade-offs, while ‘cultural burning
impact’ is a synergy. Inversely, Inequality has five ‘incoming’ connections, and Health and Wellbeing,
Tourism, Economy, and Housing have four, signifying that these are the model components which
are most impacted by the others. Characterising these interconnections helps to gain understanding
of any counterintuitive behaviour (especially cross-sectoral) that may have occurred in the model,
and also to identify levers for interventions.

At a deeper level, we can isolate some of the cross-sectoral interconnections and identify where
feedback loops occur. In Figure 5, we have selected five feedback loops that we believe play an
important role in the Forrest system (these are not the only feedback loops present in the system,
important or otherwise). The telecommunications-economy loop (a) demonstrates how effective
internet services are needed for a healthy economy, which will then affect the number of local jobs
available, which has an impact on the local population, who in turn put pressure on internet
services. Examples (b), (c), and (d) in Figure 5 are similar; however example (e) does not present a
feedback loop but instead shows how climate change is a pressure. This is reflected in the Climate
change component (Figure 4) where most of the connections are outward. This is even more
pronounced with the Infrastructure component, which exclusively has outward connections. This
does not mean that there are no inward influences on these components the system, but rather that
these are less significant and are not modelled within the local SDGs systems model. We discuss this
further in section 4.3.
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Figure 5: Five cross-sectoral feedback loops. (a) telecommunications-economy loop; (b)
inequality-housing loop; (c) land use-climate change-economy loop; (d) tourism-economy-
housing loop; (e) climate change-biodiversity-health and wellbeing loop.

The externally sourced model structures which form part of or inspired our final model are
referenced in section S2 of the Supplementary Information. We have provided figures of each model



component (section S5) and the complete model documentation is available in the Supplementary
Information.

3.1.3. Stakeholder-driven model refinement

We had 22 participants at the workshop. This activity produced a rich dataset of responses which
went beyond simply defining the interconnections between sectors. We have provided the complete
set of poster responses in the Supplementary Information (section S4), but here we show one
example (Figure 6) to demonstrate the results obtained, and have summarised the responses for
another example (Table 1). Examples of modifications made to the local SDGs systems model in
response to these insights included incorporating a cultural burning structure in the Climate change
component, satisfying the community’s desire for Indigenous land management and greater cultural
connection; including a structure for social housing, which does not currently exist in Forrest but can
be ‘switched on’ in the model for simulation of sustainability pathways; and designing a structure to
understand the role that improved public transport could play in Forrest.
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Figure 6: One example of a completed poster from the group model building workshop. The poster is
for how the biodiversity sector (centre) interacts with the other sectors.



Table 1: A summary of workshop participant responses to the interconnection between inequality and

the other sectors in Forrest.

Sectors that interact with
inequality

Nature of the interaction

Telecommunications
(internet & mobile)

Climate change (bushfire,
heat, floods)

Biodiversity & the natural
environment

Economy (tourism,
farming, other)

Health & wellbeing

Roads & public transport

Population &
demographics (births,
deaths, migration)

Land use (bush, agriculture,
housing)

Infrastructure (wastewater,
Gateway Project, Forrest
Common, mountain-bike
trails)

Housing

People experiencing income inequality can’t afford the internet or a
phone.

How do we share key information in real-time when access to
communications is unequal?

Inequality means those who are at a greater disadvantage will be
more affected by climate change and its negative impacts.

How can the local community incorporate Traditional Owner
knowledge when Traditional Owners can’t afford to live in Forrest?

The dispossession of First Nations peoples and the change to
landscape occurred for personal gain rather than Country wellbeing.

Forrest should provide programs for those on low incomes to
support entry to markets, develop business ideas — mentoring,
finance, education.

Embedded inequality, stigma, and discrimination results in poor
health outcomes.

People experiencing inequality are more stressed and have poorer
health than those who do not.

There is intergenerational inequality in Forrest and understanding
this is important for developing solutions for health and wellbeing.

Many groups need access to good public transport (young, old, low-
income, disabled, without licence, etc).

Car sharing scheme could provide low-cost transport, especially if
the cars are electric vehicles.

It would be good to maintain a diverse mix of people in Forrest,
rather than having it become a playground for wealthy people.

Vacant possession brings about inequality.

Need a social housing option to control the market forces which are
leading to tourism housing conversion and driving up housing
prices.

The way wastewater solutions are costed will affect rich and poor
households differently.

Hopefully new infrastructure will provide a greater range of jobs for
more locals, leading to better wealth distribution in the community.

High house prices are pushing out community members who cannot
afford to live in Forrest anymore, lowering community cohesion.




3.2. Model validation, sensitivity analysis, and BAU projection

3.2.1. Model validation

The results of the exploratory Latin Hypercube sampling are shown in Figure 7, plotted against
historical data. Given the limitations of data for some variables (explained in section 2.2.3), the
visual inspection of the validation plots and sampling envelopes in Figure 7 indicates a satisfactory fit
of the historical data for all validation variables. Some deviations from the data and sampling are
visible, e.g., Forest Land and Housing Land, but the nature of feedbacks in the model make some of
these deviations unavoidable. For instance, the Land Use model structure is comprised of a loop
where land is transferred between each land use type. If the model results demonstrate a match
with the general trend of the historical data (as it does with Forest and Housing Land), while
accuracy is preserved elsewhere, this is usually sufficient.
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Figure 7: Plots for 20 variables for validation of the model against historical data. The base model run
data is represented by the coloured line on the plot; the shaded area enclosing the line is the envelope
between maximum and minimum values for 20,000 exploratory sampling runs; and the black dots
represent the historical data. The plots for Total agricultural productivity and Profitability increase
from regenerative agriculture do not appear to have envelopes, but the sampling runs were all a close
fit to the model run line. Note the bottom row of plots do not show a sampling envelope but are
included here to show the fit of the model run to the historical data. The colour on the plots indicates
the model component to which each variable belongs.

3.2.2. Sensitivity analysis

The sensitivity of model variables was tested using Morris elementary effects sampling. The 9 tested
output variables (Table S5) range across the different model components and ranking of influence of
the input variables on the outputs is shown in Figure 8. The most influential variables are migration
rate for the youth cohort (age 0-15; affecting six output variables), the migration rate for the adult
cohort (affecting four), and the mortality rate for the retired cohort (age 65+) and fertility rate (both
affecting three). The influential variables appear to cluster together in particular model components
(e.g., Demographic, Inequality and Housing; Telecommunications and Economy), which reflects the



feedback loops in Figure 5 and could potentially identify new feedback loops that were not included
in that figure.
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Figure 8: The sensitivity of model parameters across 9 outcome variables. The nine output variables
are on the y axis and the 28 input variables are on the x axis. The five most influential input variables
for each output variable are numbered on the heatmap, and the level of influence for each input
variable is shown through colour intensity.

In Figure 9, we plotted the results of the sensitivity analysis for the nine selected output variables.
These results are shown as a density cloud for the 2000 model simulations. Some variables had
much broader uncertainty ranges (e.g., Species Richness, Bus Trips for Travel Equity) than others
which track more closely to the median line (e.g., Safer Healthier People, Internet Service Demand),
demonstrating the effects of the uncertainties of the input variables (many of which are subject to
assumptions; see model documentation in the Supplementary Information for assumptions recorded
for each model variable). Inspecting Figure 8 and Figure 9 together shows that the species richness
variable has high uncertainty, and the key input variable which contributes to this is INIT species
richness, which is the initial value for species richness at the commencement of the simulation. This
is a highly uncertain parameter because while we can estimate the number of species in an area, it is
infeasible to know this value to a high degree of certainty. The implication of this for the local SDG
systems model is that these very uncertain parameters will then propagate their uncertainty to
other sectors within the system; so in the case of species richness, looking at loop (e) in Figure 5, we
can expect that this uncertainty will also affect the results in the Health and wellbeing model
component.
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Figure 9: The uncertainty ranges from the sensitivity analysis of 9 outcome variables. These are
represented as a density cloud with the median of all simulations shown as a line. Note some
parameters have a higher initial uncertainty (e.g., species richness, bus trips for travel equity).

3.2.3. The BAU results interpretation

The model results described in this manuscript were run on a Business As Usual (BAU) scenario. That
is, we identified the current drivers and trends and assumed no change. The plots shown in Figure 7
and Figure 9 also provide an example of the projections to 2050 produced by the model under this
scenario. The demographic projections show a slowly increasing population over 50 years (SDG 11),
principally driven by the 15-64 age cohort, and the uncertainty plot indicates increasing uncertainty
over time (as the density cloud becomes diffuse). This leads to increasing housing demand and
therefore greater need for housing land (SDG 11). Economic productivity is projected to have the
greatest growth in the tourism sub-sector, and moderate uncertainty in the ‘other’ sub-sector (SDG
8). The number of Safer Healthier People is likely to decrease (SDG 3 and 6; driven by disease from
failing wastewater infrastructure, and lowered access to healthcare), and factors contributing to
inequality remain relatively steady (SDGs 1, 2, 3, 5 and 10), indicating that some work is required to
improve outcomes for health and inequality in the community. Species richness and protected land
are projected to increase — although with a significant amount of uncertainty for species richness —
indicating promising outcomes for biodiversity (SDG 13 and 15). The projection regarding species
richness is counterintuitive with respect to the biodiversity crisis unfolding around the world (IPBES,
2019), however the main driver for this is an increase in protected land (i.e., national park), which
supports biodiversity. Therefore, at the local scale, an increase in biodiversity is seen which does not
match national or global patterns.

Here we summarise the key findings of the model simulation as a narrative:
In the period between 2000 and 2050, Forrest sees a slowly increasing population to

approximately 450 people, driven mostly by adults (age 15-64) and retirees (65+). Enrolments
at the local school are constant until 2030, after which they slowly increase. Housing land and



protected land (national park) both increase — only a small increase for housing land but a
large one for protected land — and agriculture and forest land both decrease. The land appears
to be transferring from forest and agriculture to protected. Fertiliser consumption is
decreasing, broadly in line with historical trends as well as the decrease in agricultural land.
Residential and tourist housing supply both reach a maximum value and do not change, as
expected with the limits imposed by existing septic tank wastewater treatment. Rent and
mortgage stress remain relatively constant, with costs increasing and no additional housing
supply to ease demand. Despite a decrease in agricultural land, agricultural economic
productivity maintains a small increase. Tourism sees a steady, relatively fast increase in line
with historical trends, and the “other” economic sector also sees small but significant
productivity growth. The number of tourists visiting Forrest reaches a ceiling value but
remains constant from about the mid-2010s (the impact of the pandemic and lockdowns is
not explicitly modelled), held in check by the lack of housing growth. Species richness
experiences a decline through the first 20 years, but then rebounds, likely due to the increase
in protected land. Inequality remains relatively steady over time but there is a general
increase in inequality in the last 20 years. This may be in line with the decrease of Safer
Healthier People over the 50-year time frame, as the low-income population increases, as
does climate risk. There has been no new wastewater infrastructure so the disease burden has
not decreased. Internet service demand increases with the population but no new fixed
wireless towers have been built to increase capacity. The only completed infrastructure
project is the Mountain Bike Trail improvements which commenced in 2021. Bus services have
not increased and travel equity remains a problem.

This narrative identifies many of the interventions that can be implemented to induce changes. This
is discussed further in section 4.5.

4. Discussion

We have used participatory methods to design a local-scale system dynamics model for informing
interventions for the Sustainable Development Goals. There were two aspects to these participatory
methods: the initial localisation process of the SDGs and development of local sustainability
pathways (Szetey et al., 2021a) which were used to inform the design of the first draft of the model;
and the refining and extending of the model using group model building techniques. We focused on
the gaps identified by Moallemi, Bertone, et al., (2021), namely the modelling of societal factors,
stakeholder participation, and greater attention to the interconnections between sectors. The final
design of the model incorporates many structures that we learned about exclusively through the co-
design process, and the scope and detail of the local SDGs systems model may exceed that of any
other model previously made for a community of this size. We consider this to be a direct result of
the collaboration between researchers and the community of Forrest and the co-design process we
employed, which provided a rich source of data to draw upon to first build, and then refine and
extend the model.

4.1. Model co-design

The benefits of stakeholder participation in modelling studies has been well explored (Basco-Carrera
et al., 2017; Vennix, 1996; Voinov et al., 2016; Voinov and Bousquet, 2010), and is even more crucial
at the local scale (Moallemi, de Haan, et al., 2021) and yet Moallemi, Bertone, et al., (2021) found
that only 28% of local-scale system dynamics modelling for the SDGs involved stakeholders. This is
despite the original conceptualisation of system dynamics as a dialogue between modellers and
stakeholders (Sterman, 2001b).



In developing the local SDGs systems model, engagement with stakeholders in Forrest significantly
deepened our understanding of the system. The contextual analysis we conducted (Szetey et al.,
2021a) did not give the insights that engaging with the community face-to-face did. For example, we
learned about the tensions between housing and tourism; the structural inequality present in the
community; their love for the local environment and desire for Indigenous connection to Country;
and problems with internet connectivity. These are factors which ended up being critical parts of the
model but which could not be learned from a desktop review of documents. Through the group
model building workshop, local understanding of the Forrest system further improved the model by
refining and extending upon our initial work. We have previously referred to the cultural burning
and travel equity structures which resulted from the co-design workshop, but other extensions
included modelling the impact on healthcare access from living rurally; social housing; and a
significant change to the Housing component which included housing costs, accounting for rented
and mortgaged properties and incorporating housing stress.

As a modelling community, the merits of stakeholder participation have been known for some years
(e.g., Kok et al., 2021; Voinov et al., 2014). Planners and local authorities have been utilising
participatory methods for decades (Andrews and Turner, 2006; Bodorkds and Pataki, 2009; Brody et
al., 2003; Burby, 2003; Reed, 2008). Sterling et al., (2019) reflect upon their participatory modelling
experience and the lessons learned, which is an excellent resource for all modellers, veteran or
novice, to promote engagement with stakeholders in the process of co-designing systems models for
sustainability. Our results demonstrate the benefits of co-design and stakeholder participation for a
more inclusive and accurate modelling outcome.

4.2. Modelling social elements

The local SDGs identified in Szetey et al., (2021a) included the societal SDGs Good health and
wellbeing (SDG 3) and Sustainable cities and communities (SDG 11). Here we adopt the SDG
dimensional classification defined by Folke et al., (2016). However, because of the interconnected
nature of our multisectoral system, omission of societal factors beyond these two societal SDGs
within the model would have rendered it incomplete (e.g., SDG 10 Reduced Inequalities is not a local
SDG but Inequality is a model component). We included model components representing societal
elements of demography (i.e., human population dynamics), housing, health and wellbeing,
inequality, telecommunications (a socio-technical component representing how humans interact
with telecommunications), and transport (a component which includes a structure modelling travel
equity). We modelled these societal elements endogenously within the model, as these are key
factors to societal transformation and SDG achievement. As discussed by Trutnevyte et al., (2019), if
societal factors like these are not directly included in multisectoral modelling, any policy
recommendations or conclusions drawn from the model results may be biased toward technological
or easily quantifiable actions. However, the co-design process revealed a much richer narrative
around the social components of sustainability.

The environmental and economic components of sustainability are, in general, easier to measure
guantitatively and thus perhaps more generalisable across case studies. However, we found
considerable nuance in the social aspects that we could only learn via a co-design process. It teased
out much more detail around social issues in areas that may not have initially seemed to have a
social focus. For example, when we originally designed the Transport component, it was not
conceived as a social equity problem. However, the lack of regular public transport to Forrest creates
several inequitable outcomes: from unequal access to transport between those with and without
cars (even those with cars may not be able to afford fuel); further, lack of access to cars might be age
or disability related, thus creating an intersectional equity issue, where access to transport is lacking
and there is an additional equity layer. This was elicited through co-design, with comments such as
“Many groups need access to good public transport (young, old, low-income, disabled, without



licence, etc)”, “Accessible transport to Colac imperative (food/health/medical)”’, “How do we provide
access/transport for older people”, and “Support for older/poorer/younger people without cars is
needed with better public transport” (Table 1; Section S3). Indeed, the co-design process drew out
far more social interactions between model sectors than any other type of interaction, a finding that
is supported by Beaudoin et al., (2022).

4.3. Model interconnections

Understanding the interconnections between model components gives us a gauge for knowing
where to place interventions for the greatest effect. It is clear from Figure 4 that Climate change is
one of the model components with the greatest outward interconnection. While climate change
mitigation is an area in which little can be done at the local scale, more can be achieved on climate
adaptation and this is evident within the model. For example, the model structure for cultural
burning (Fletcher et al., 2021) satisfied community desire for greater Indigenous connection as well
as improving biodiversity and the economy by reducing catastrophic bushfire risk (Abram et al.,
2021). Conversely, Inequality has the greatest number of incoming interconnections, implying that
inequality is a multifaceted and complex problem. As this component’s structure is that of an
indicator, it necessarily has many inputs from other components. Some of the factors in this
inequality indicator were accepted contributors to inequality, such as unemployment (from
Economy), poverty, and disability, but the co-design process highlighted additional factors such as
travel inequality (from Transport), housing stress (from Housing), and intergenerational inequality
(from Demographics).

We heard from our stakeholders that one of the greatest advantages for living in Forrest was the
pristine natural environment (SDG 15, the Biodiversity model component), which had positive
benefits to physical and mental health (SDG 3, Health and wellbeing), and they wanted to be sure
that any economic progress (SDG 8, Economy and Tourism) did not impact negatively on the
environment. Coupled with these concerns were the effect on the housing market from tourism
accommodation (SDG 11, Housing) and the restriction on new housing development caused by the
lack of wastewater infrastructure (SDG 6, Infrastructure). Hence, interconnections between model
components are often indirect and this is made explicit in the feedback loops in Figure 5. This is one
of the great strengths of system dynamics modelling, uniquely enabling the comprehensive
modelling of complex coupled human-natural systems which is critical to avoid unintended
consequences of policy interventions. There are multisectoral interactions missing from current
models (Calvin and Bond-Lamberty, 2018; van Vuuren et al., 2012) and our findings suggest that
model co-design can go a long way towards filling these gaps at least at the local scale.

In the context of the SDGs, these interconnections can also be characterised as synergies and trade-
offs. In the example described above, SDG 15 has synergies with SDG 3 but trade-offs with SDG 8.
SDG 11 has trade-offs with SDG 8 but synergies with SDG 6. The co-design process aided in the
identification of these synergies and trade-offs with the detailed explanations provided by
stakeholders of the way in which the model components were interconnected. Table 1 provides
examples such as inequality resulting in poor health outcomes (synergy SDG 3-10, where reducing
inequality improves health outcomes), dispossession of Indigenous peoples from their land leading
to land management practices which do not support biodiversity (synergy SDG 10-15, where
reducing inequality of Traditional Owners and engaging them to ‘heal Country’ will improve
biodiversity). Trade-offs are most often seen between SDG 8 and SDG 15, which manifests as the
tension between tourism and environmental impact in this case study. This illustrates one of the
struggles of the SDGs and sustainable development more generally, which is that economic
development is often seen to be at odds with environmental goals, but is required to support many
social goals.



4.4, Innovation and contribution

This work aimed to fill the research gap that exists between global, multisectoral systems models
(such as FeliX (Rydzak et al., 2010) or En-ROADS (Kapmeier et al., 2021)), and smaller sectoral models
which are applied to case studies. We co-designed the local SDGs systems model with the case study
community and the result was a local scale multisectoral model. As part of the co-design process, we
asked the community to focus on the interconnections between sectors in the model, and this
resulted in a more enhanced understanding of where potential interventions may exist in the system
to enable transition to a more sustainable community. These sectoral interconnections are often
missing from other types of multisectoral models, thus it seems that understanding them may be a
key research focus for integrated assessment modelling. We reiterate here that the co-design
process facilitated this understanding so engaging with stakeholders, at all scales, should be
considered.

The second key insight that we observed was the way in which the co-design process highlighted
social issues over economic or environmental ones. This makes sense in hindsight, as people will
typically focus on the human element in human-natural systems. This is a timely understanding for
socio-ecological modelling, as environmental systems representations have been well explored in
literature and practice, while social-based ones have lagged behind. Given the emerging attention
on modelling social factors from both the sustainability and modelling communities, it should be
recognised that using co-design practices to design models can assist with achieving this goal.

4.5. Limitations, implications and future work

One of the drawbacks to complex modelling is its intensive development time. It can take many
months to develop a single model. For small communities or resource-limited local authorities, this
might be seen as a significant shortcoming; although a recent study by Di Lucia et al., (2021) found
that the ‘ease of use’ of system dynamics models for SDG analysis (which includes development
time) was seen as superior to coupled component models by model developers but not decision-
makers. We suggest that using our technique of repurposing and adapting existing model structures
may alleviate this somewhat. The increasing use of system dynamics modelling in this context may
increase the number of existing models available which could be repurposed in this manner. There is
also a need for groups of sectoral modellers to collaborate and produce multisectoral models for
sustainability at the local scale that are generalisable across study areas.

The cultural burning structure within the model was included with the understanding that the
science around the long-term effects of cultural burning is still underdeveloped. There is high
uncertainty around its quantitative effects within the model, but both palaeoecological evidence and
storytelling show that Indigenous Australians successfully managed the landscape using fire for tens
of thousands of years. Including cultural burning within the model was important for us for a
number of reasons: the Victorian state government has launched a formal policy to enable this (The
Victorian Traditional Owner Cultural Fire Knowledge Group, 2021) so it is a practice which will be
operating in the near future; a desire for increased cultural connection with Traditional Owners was
a strong desire of the community in Forrest; and this was a tangible outcome of attempting to
decolonise our work (Gram-Hanssen et al., 2021; Maclean et al., 2021).

This paper describes the local SDG systems model co-designed with the community in Forrest and
our group model building process, and we have illustrated its application via a business-as-usual
scenario. However, this is merely the first part of applying and examining the capabilities of the
model. In future work we hope to analyse scenarios with the local SDG systems model and find
locally specific pathways to sustainability. For example, we defined qualitative scenarios based upon



the shared socioeconomic pathways (SSPs, O’Neill et al., 2017) and representative concentration
pathways (RCPs, van Vuuren et al., 2011), but translated to a sustainability context. This model can
be used as a simulation engine to test and quantify those scenarios (Szetey et al., 2021a). As referred
to in section 3.2.3, there are several clear intervention points such as the building of infrastructure
(particularly wastewater), increasing bus services, enabling social housing, introducing cultural
burning, and allowing new telecommunications towers to be built. There are additional levers
present within the model which can make further differences, including but not limited to changing
minimum housing lot size, modifying inflationary rates, varying the fraction of land which is farmed
regeneratively, and allowing for buses to transport tourists.

5. Conclusion

In this work we have described the co-development of a local-scale system dynamics model for
sustainability achievement through the SDGs. We combined techniques for group model building
with a sustainability lens and this resulted in a much stronger focus on societal factors and social
SDGs than was originally built into the model. These societal and human elements have, until
recently, not been a key feature of complex, multisectoral models. Their emerging inclusion means
that model construction is more challenging, however the outcome is a more complete and well-
rounded model, particularly when considering human-natural systems. Social issues tend to be
localised, which is one reason why local-scale modelling is important, as many of the social issues
elicited through the engagement process were unknown to the researchers and were not
predictable through top-down processes. The contribution of this work lies in the employment of
mature modelling techniques (multisectoral system dynamics modelling) to a local-scale application
using a co-design process, and the key innovations are the resulting detail in societal factors and the
understanding of complex interconnections between sectors. These findings are applicable not only
in the limited local context in which we performed our work, but more generally for those who
conduct multisectoral modelling which hopes to model societal factors. More broadly, it is beneficial
for modelling sustainability issues which, by definition, include a social dimension.
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