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Abstract 10 

This paper charts the history of how system dynamics modelling (SDM) has evolved in the field of 11 
natural resources management from a relatively niche subject to a tool of increasing practical 12 
relevance and impact, and encourages practitioners to continue this trend with some suggestions for 13 
further promoting SDM for natural resources impact assessment and policy support. It not only 14 
traces key developments and thematic shifts, but also advocates for SDM as a critical approach for 15 
addressing today’s complex and interconnected resource challenges. Starting in the 1970s with the 16 
Limits to Growth (LtG) and a burgeoning environmental movement, the path of SDM applications for 17 
natural resource management and assessment is outlined. Models turned in the 1980s to a 18 
dominantly ecological focus, considering lake ecosystems and predator-prey dynamics, and tended 19 
to be largely single-sector focussed, with feedbacks and complexity being use to describe sectoral 20 
system dynamics. From about 2000, SDM has been applied to broader, and more integrated natural 21 
resources systems and frequently including stakeholders and participatory methods to co-develop 22 
models for increasingly practical applications and support. The emergence of the water-energy-food 23 
(WEF) nexus around 2010 lends itself to SDM studies, including the assessment of climatic and socio-24 
economic futures on resources supply, demand, and security, and the impact of policy 25 
implementation across whole systems. Stakeholder engagement, participatory modelling, online 26 
tools and interfaces, machine learning, and targeted, policy-facing studies are opportunities to 27 
further promote SDM and systems thinking for natural resources management in an increasingly 28 
complex and interconnected world, enhancing its practical impact.  29 

 30 

Impact Statement 31 

This work traces the use of system dynamics modelling (SDM) applied to integrated natural 32 
resources assessment since the early 1970s to the present day. The review shows how SDM was 33 
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initially applied to global concerns about the environment and population, moving to more 34 
sectorally-based foci in the 1980s and 1990s as the field matured and developed. From the 2000s to 35 
the present day, SDM studies have become increasingly integrated in response to ongoing and 36 
accelerating global crises, and as a response to the development of the water-energy-food (WEF) 37 
nexus concept. The paper brings together over 60 years of research in the field and lays out 38 
opportunities to further advance the use of SDM in natural resources assessment, including the 39 
complementarity of serious games to open research to a wider audience, greater stakeholder 40 
engagement, exploiting the latest machine learning technologies, integrating with agent-based 41 
modelling and GIS capabilities, better model accessibility and usability, and critically, embedding 42 
system thinking and system dynamics in educational curricula. System dynamics has a rich history in 43 
natural resources assessment over the last 60 years. With current opportunities, the next 60 years 44 
hold much promise, 45 

 46 

Keywords 47 
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 50 

Introduction 51 

Over the last five decades, concerns have grown about natural resources extraction, management, 52 
security, and sustainability (e.g. OECD, 2017; Circle Economy, 2023; World Economic Forum, 2024), 53 
placed within a larger context of climate change concerns, planetary boundaries, and the ability of 54 
the Earth system to support humanity and the current unparalleled growth in resources demand 55 
(Steffen et al. 2015a,b; Richardson et al., 2023). Taking a wider perspective, natural resources form a 56 
complex system of systems, related to and supporting each other, as well as to human society, 57 
development, and wellbeing (cf. Odo et al. 2021; Amorocho-Daza et al., 2023). This is re-emerging in 58 
the academic world as the water-energy-food (WEF) nexus (Hoff, 2011), although the ideas are not 59 
new per-se. While the WEF nexus focusses on these three sectors, other sectors such as land, soil, 60 
climate, ecosystems, and human health have been added over the past 15 years, recognising the 61 
complexity of the natural-human system.  62 

Natural resources form a complex, feedback-driven system, while also forming a sub-system within a 63 
wider socio-ecological system that is planet-wide, recalling the development of the planetary ‘Gaia’ 64 
hypothesis (Lovelock, 1972). Here is where system dynamics and systems thinking has played a role 65 
in understanding complex natural resources systems, processes, and behaviours. The requirement to 66 
think holistically and beyond an immediate and narrow field of study, the ability of system dynamics 67 
modelling (SDM)  to cross and merge (academic) disciplines, the ability to include stakeholder 68 
perspectives, the ability to model and assess feedback and complexity, and the opportunity to be 69 
able to ask and start to understand the ‘why’ are important aspects of SDM that lend themselves to 70 
the study of complex, integrated natural resources systems.  71 

SDM and systems thinking (Sterman, 2000; Ford, 2010; Capra and Luisi, 2014) have a long history 72 
going back nearly 70 years (Forrester, 2007) of seeking to better understand a diverse range of 73 
complex human, social, industrial, managerial, and environmental systems. This is in part due to the 74 
bottom-up, unprescribed, flexible nature of SDM development, not being constrained to a particular 75 
field of study which allows for flexibility and the ability to merge different disciplines into the same, 76 
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internally-consistent model. Another important aspect is the visual development environment of 77 
specialist programmes such as STELLA (https://www.iseesystems.com/), VENSIM 78 
(https://vensim.com/), Studio (www.powersim.com), and Simantics (http://sysdyn.simantics.org/). 79 
Visual environments allow for modellers to understand the structures and connections within 80 
complex systems, and is useful for non-expert/stakeholder engagement and co-creation (Argent et 81 
al., 2016; Zimmerman et al., 2016; Pluchinotta et al., 2021), which often enriches systems 82 
understanding and conceptualisation. This is important in multidisciplinary systems such that 83 
interconnections and feedback between system elements can be understood and elucidated, 84 
allowing practitioners to answer the questions of why particular output behaviours may be observed 85 
and how they may come about. Perhaps most importantly, the visual environments facilitate 86 
stakeholder and non-expert inclusion in model building processes, opening SDM to a wider 87 
audience, and helping ensure that deeper considerations pertaining to a system, and its behaviour, 88 
are captured in modelling exercises. This stakeholder interaction can promote trust in the models, 89 
modelling outcomes, and recommendations stemming from such studies (Argent et al., 2016; 90 
Pluchinotta et al., 2021). It is noted that SDMs can be coded directly using languages such as R, 91 
MATLAB, and Python (R Core Development Team, 2014; 92 
https://www.mathworks.com/products/matlab.html; https://pysd.readthedocs.io/en/master/) 93 
should this be desired, although this often loses the non-expert engagement advantage.  94 

In this context of concerns about natural resources exploitation, the usefulness of SDM to model and 95 
understand such systems, and the potential to co-design and communicate results with/to non-96 
expert stakeholders, the motivation of this paper is to provide a historical overview of the role and 97 
evolution of SDM and systems thinking applications in natural resources studies and assessments 98 
over the past few decades, tying this to underlying wider trends regarding environmental issues and 99 
decision/policy support, and using extensive literature to illustrate historical developments. It is not 100 
meant as a comprehensive history of system dynamics in general. The paper aims to encourage 101 
practitioners to consider how their modelling studies can be enhanced and taken up by a wider 102 
group of stakeholders dealing with issues surrounding the management of natural resources. The 103 
paper starts with considering early contributions to the field during the 1970s, conceptualising 104 
natural resources and the human system as part of an integrated whole, followed by consideration 105 
of the maturing of the field and wider application of SDM into the early 2000s, including the 106 
increasing role of stakeholder engagement and participatory modelling. Finally, the historical review 107 
is brought up to date, providing examples of the latest in the state-of-the-art regarding SDM 108 
applications in the natural resources management context. Opportunities and thoughts are put 109 
forward as suggestions to build upon ongoing developments to further promote the applicability of 110 
SDM in a natural resources context to an increasing portfolio of users. This is deemed essential in an 111 
increasingly complex and interconnected world, where silo-thinking must be abandoned in favour of 112 
a systems-thinking mentality. The scope of this paper is to outline the historically important role that 113 
SDM has played, and continues to play, in the field of natural resources management, to emphasise 114 
this role explicitly, and to help guide future applications based on recent research. Another aim is to 115 
highlight SDMs potential role in policy and decision assistance, and to make a wider audience aware 116 
of the potential that SDM holds in this field. The paper is first organised chronologically, with three 117 
distinct sections. First, the early contributions of SDM in the field of natural resources management 118 
in the period from the 1970s to the 1990s is presented. Next, the maturing of the field from the 119 
1990s into the 2000s is presented, and lastly, the paper is brought up to date, showing how SDM 120 
applications have evolved recently to be more holistic. The paper ends with a section on future 121 
directions and opportunities in the field. 122 

Methodology 123 
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This review was conducted using a structured literature review approach to trace the evolution of 124 
SDM in the context of natural resources management from the 1970s to the present day. Relevant 125 
publications were identified through comprehensive searches across major academic databases, 126 
using targeted keywords such as system dynamics, natural resources management, resource systems 127 
modelling, socio-ecological systems, WEF nexus, environmental modelling, sustainability transitions, 128 
participatory modelling, stakeholder engagement, etc. The initial search returned a broad set of 129 
documents, which were then screened for relevance based on their abstracts, and duplicates or 130 
papers outside the scope of this study were removed. 131 

A final set of 141 peer-reviewed articles and influential reports was selected for in-depth analysis. 132 
Selection criteria included thematic relevance, degree of sectoral integration, methodological 133 
contribution, and citation impact. To capture the evolution of SDM over time, the selected studies 134 
were categorized by decade, allowing for the identification of shifting trends, emerging themes, and 135 
methodological advancements within the field. The methodological process followed in this review is 136 
summarized in Figure 1, outlining the sequential steps from scope definition to thematic and 137 
methodological analysis 138 

 139 

 140 

Figure 1: Overview of the methodological steps followed in the structured literature review, from 141 
defining the scope to analysing thematic and methodological trends in SDM applications within 142 
natural resources management. 143 

 144 

Early contributions of SDM to natural resources management (1970s – 1990s): an ecosystem focus 145 

During this early period, environmental concerns started building as population growth and 146 
resources extraction accelerated, and as people started to recognise the impacts of human activities 147 
on the planet. Popular books such as The Population Bomb (Ehrlich, 1968) and Silent Spring (Carson, 148 
1962) raised environmental awareness. In 1970 the first Earth Day was celebrated, and many 149 
prominent environmental publications and conferences were held in this period (Jones, 2008).  150 

Within this context of growing environmental awareness, an early contribution of systems analysis 151 
was by Hamilton et al. (1968). Their book considered the role of models in the social sciences and 152 
describes the application of a simulation model to the Susquehanna River Basin. A non-linear, 153 
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feedback driven model of the basin assessed potential development trajectories – a very modern 154 
perspective currently being pursued in studies globally. Another prescient feature was the 155 
integration of many resources into a single, coherent model. Following this early contribution, one of 156 
the earliest, and perhaps most controversial, SDM applications to natural resources management 157 
(Constanza et al. 2007), though at the time framed in the context of concerns about finite resources 158 
exploitation, the generation of pollution, and the potential impacts on output and human 159 
population, is the Limits to Growth (LtG) study (Meadows et al. 1972). Just before LtG was published, 160 
Forrester (1971) published “World Dynamics” which explored global sustainability challenges using 161 
SDM to model relationships between population growth, industrialization, pollution, food 162 
production, and resource depletion (Forrester, 1971). It underscored the need for systems thinking 163 
in managing Earth’s finite resources and set the stage for the publication of LtG. LtG was 164 
instrumental in raising global awareness about the potential consequences of uncontrolled 165 
economic growth on natural resources. In a coincidence, LtG came out at the same time as the Gaia 166 
hypothesis (Lovelock, 1972) which conceptualised of Earth as a whole, self-governing system. LtG 167 
used SDM ideas (stemming from the work in Urban Dynamics; Forrester, 2007) to ask the question 168 
of what might happen to the global population and material output under different scenarios of 169 
natural resources use and exploitation, pollution generation, output yields, and human capital. Much 170 
of the controversy centred on the perceived ‘simplistic’ nature of the developed systems model and 171 
its assumptions prompting concern that a model of such relative simplicity would fail to capture the 172 
dynamics of a system as complex as the global resources-pollution-population system (Saunders, 173 
1974). Other criticism focussed on the relative lack of data, both for model parameterisation and 174 
subsequent validation, the level of aggregation, model completeness (i.e. not including ‘everything’), 175 
as well as the validity of policy implications (Saunders, 1974). The lack of absolute ‘y-axes’ on figures 176 
drew criticism as ‘unscientific’, yet the aim was to draw attention to long-term system trends, and 177 
not be drawn into discussions about absolute numbers. Another reaction was targeted at the 178 
apparent ‘doomsday’ message that global population would crash in response to depleted resources 179 
and increasing levels of pollution. However, in LtG there are scenarios in which population crashes 180 
are avoided through technological innovation (not specified) and sustainable use of the natural 181 
resources base. These scenarios are often ignored in criticisms, which tend to focus on results from 182 
the ‘standard run’. Studies in the intervening decades using observed data have shown that the 183 
broad trends in the LtG standard run have been tracked relatively closely (Turner 2008), suggesting 184 
that the main message of LTG was largely accurate. This does not necessarily imply that the 185 
projections to 2100 will play out, just that the systems trends of some variables between the 1970s 186 
and the 2000s have been observed. LtG was notable for its extensive use of scenarios and sensitivity 187 
analyses, often overlooked or ignored, which demonstrated different global trajectories that could 188 
be followed under different assumptions about resources use, technological development, 189 
population growth, and sustainability. Looking back, some of these scenarios qualitatively resemble 190 
the currently used Shared Socioeconomic Pathways (SSPs; O’Neill et al. 2015) which describe 191 
narratives of global socio-economic development trajectories being used in projections carried out 192 
by the Intergovernmental Panel on Climate Change (IPCC) in the Assessment Reports (ARs; IPCC, 193 
2023). 194 

Following from LtG, a number of studies used SDM to model natural resources systems, with a heavy 195 
focus on ecological systems, being inspired by the burgeoning environmental movements and 196 
concerns at the time. Gutierrez and Fey (1980) published ‘Ecosystem Succession’, in which a 197 
dynamical model of ecosystem succession, based on the principles of internal ecosystem structures, 198 
was applied to grasslands. Climatic factors are included as exogeneous altering variables that change 199 
system response and behaviour. Kitching (1983) introduces the idea of ‘systems ecology’ (Jørgensen 200 
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and Müller, 2000; Capra and Luisi, 2014), while Wolstenholme and Coyle (1983) describe a general 201 
approach for systems descriptions and qualitative analysis. Grant (1986) summarised the state of 202 
systems analysis in wildlife and fisheries sciences, with population dynamics forming a key part of 203 
early research building on key insights developed initially by Volterra (1926). Similarly, Swart (1990) 204 
describes the use of SDM in predator-prey modelling in ecological systems, as do Comins and Hassell 205 
(1987). Costanza et al. (1989) applied SDM to explore the causes and consequences of wetland loss 206 
and gain in the Sacramento-San Joaquin Delta. The model's use to evaluate different management 207 
options for restoring and preserving wetlands in the region contributed to the advancement of 208 
wetland management practices, representing a different use of SDM to include the assessment of 209 
broader management strategies on wetland behaviour. While these examples represent important 210 
steps in this use of SDM in natural/ecological settings, most deal primarily with population-prey 211 
dynamics in ecosystem settings. Despite the increase in SDM applications during the 1980s, the 212 
sometimes oversimplification of complex ecological interactions along with the inadequate inclusion 213 
of unpredictable human behavioral elements in environmental management, often triggered 214 
criticism. 215 

As reflected above, few studies in this time are truly ‘integrated’, not really cutting across disciplines 216 
and considering the wider implications to and from other natural resources sectors such as water 217 
and energy, the human environment, development, and society, although Rideout (1981) states that 218 
such connections between society, the economy, and resources should be included in (economic) 219 
models, though no modelling is undertaken. Of the few studies that are wider in scope in this period, 220 
Wenhu (1987) develops an SDM exploring the interplay between population, resources, the 221 
environment, and development. Multiple sub-sectors are included, which in philosophy is closely 222 
related to LtG and to ongoing research into natural resource systems. Into the early 1990s, research 223 
started to focus more on non-natural systems, such as industry, production, and business (e.g. Scott, 224 
1982; Forrester, 1987) but rarely considering the impacts to the wider environment and other 225 
resources, while natural systems studies remained focussed on predator-prey dynamics and 226 
ecosystems. Interestingly, Morecroft (1988), summarising a decade of research in dynamic systems, 227 
concluded that more effort should be made in translating policymakers’ (stakeholder) knowledge 228 
into decision variables in dynamic models to better understand their behaviour, research which is 229 
today ongoing apace with the increased awareness of the importance of stakeholder and 230 
policymaker perspectives in simulation models (see later sections) for practical application and 231 
impact. Table 1 highlights selected publications of SDM applications in natural resources 232 
management in the period 1970s to 1990. These studies highlight foundational work and were 233 
selected for their innovative approaches, methodological significance, and lasting influence on the 234 
evolution of the field. Figure 2 presents an overview timeline of SDM applications in a natural 235 
resources context, starting from the development of SDM in the 1950s to the present day. These 236 
papers are influential in the field of SDM applications in natural resources management, and are 237 
arranged chronologically. 238 
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 239 

Figure 2: timeline of SDM to the application of integrated natural resources modelling and 240 
assessment. 241 

 242 

 243 

Table 1: Selected papers exploring the utility of SDM for natural resources management for the 244 
period 1970s to 1990. 245 

[Author(s), Year] Title Tool/Methodology Key findings 

[Hamilton et al. 
1968] 

Systems Simulation for 
Regional Analysis: An 
Application to River-
Basin Planning 

Systems analysis for river 
basin planning 

The role of models in social 
sciences. Describes the 
problems and techniques in the 
construction and validation of 
an early computer simulation 
model 

[Forrester,  
1971] 

World Dynamics DYNAMO: a custom-built 
SDM software, known as 
“World model” 

Exponential growth 
consequences; Stabilization 
Scenarios; Policy implications 

[Meadows et al.,  
1972] 

The Limits to Growth MIT-developed SD 
computer model, called 
“World3” 

Exponential growth in 
population and industry can 
deplete finite resources, risking 
ecological collapse. It calls for 
sustainable development and 
proactive policies to maintain 
balance 
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[Lovelock, 1972] Gaia: A New Look at Life 
on Earth 

Theoretical/Philosophical Emphasizes the 
interconnectedness of life and 
atmospheric stability in 
supporting the planet's health 

[Saunders, 1974] Criticism and the Growth 
of Knowledge: An 
Examination of the 
Controversy Over The 
Limits to Growth 

A qualitative review 
method, analyzing 
various criticisms and 
defenses related to "The 
Limits to Growth"  

Indicates that while critiques 
often focus on the model's 
assumptions and predictions, 
the ongoing discourse has 
highlighted the need for 
interdisciplinary approaches to 
understand complex ecological 
and economic systems 

[Gutierrez and 
Fey, 1980] 

Ecosystem Succession: A 
General Hypothesis and 
a Test Model of a 
Grassland 

Systems approaches to 
modelling ecosystem 
successions 

System analysis to describe and 
model successions in natural 
ecosystems 

[Kitching, 1983] Systems ecology: An 
introduction to 
ecological modeling 

Ecological modelling; 
System dynamics 

The importance of ecological 
modeling ; The role of modelling 
in conservation; Call for 
integrated approaches in 
systems ecology 

[Wolstenholme 
and Coyle, 1983] 

The Development of 
System Dynamics as a 
Methodology for System 
Description and 
Qualitative Analysis 

System dynamics 
modelling; Qualitative 
analysis 

System dynamics’ relevance for 
system description; Importance 
of qualitative analysis in 
modeling 

[Grant, 1986] Systems Analysis and 
Simulation in Wildlife 
and Fisheries Sciences 

Systems analysis; Wildlife 
and fisheries sciences 

Effectiveness of systems analysis 
in advancing research within 
wildlife and fisheries sciences 

[Comins and 
Hassell, 1987] 

The Dynamics of 
Predation and 
Competition in Patchy 
Environments 

System dynamics; 
Mathematical modelling 

Complex interactions that can 
occur in heterogeneous 
environments 

[Wenhu, 1987] A System Dynamics 
Model for Resource 
Carrying Capacity 
Calculating 

System dynamics model 
to calculate resource 
carrying capacity 

The resource carrying capacity 
calculating is crucial; The 
systems dynamics model is a 
kind of useful tool to calculate 
resource carrying capacity 

[Costanza et al., 
1989] 

Valuation and 
Management of 
Wetland Ecosystems 

Ecological and economic 
modelling techniques 

Importance of valuing and 
effectively managing wetland 
ecosystems 

[Swart, 1990] A System Dynamics 
Approach to Predator-
Prey Modeling 

System dynamics in 
modelling complex 
predator-prey 
interactions 

Insights from the predator-prey 
modelling approach; 
Understanding ecosystem 
dynamics 

 246 

Maturing of SDM and systems thinking for natural resources modelling and assessment (1990s – 247 
2000s): progress towards integration 248 

In the 1990s and early 2000s, SDM started to be increasingly applied in studies that were integrated 249 
in nature, focussing on wider systems of greater complexity, although ecological and ecosystems 250 
modelling and business systems foci were still prevalent (e.g. Gallaher, 1996; Sterman, 2000). This 251 
could be related to increasing realisation that natural resources form a complex system of systems, 252 
where individual sectors can no longer be treated separately, and that a holistic view is essential 253 
(Jones, 2008). It is in this period that the first Conference of Parties took place (in 1995; 254 
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unfccc.int/process/bodies/supreme-bodies/conference-of-the-parties-cop), and that the Millennium 255 
Development Goals (MDGs), the precursor to the Sustainable Development Goals (SDGs) were 256 
starting to be discussed and clarified (www.un.org/millenniumgoals/). In the field of natural 257 
resources assessment and management, two updates to the LtG study were published: “Beyond the 258 
Limits to Growth”, and “Limits to Growth: the 30-year update” (Meadows et al. 1992, 2004). Both 259 
books updated the simulations and compared results with the years of intervening data, yet 260 
suggested that the overall message of the 1972 book were still valid, and that should society 261 
continue along the path it appeared to be following, then irrecoverable damage to Earth’s 262 
ecosystems would follow, with concomitant impact for society, including the possibility of 263 
population collapse. Especially in Meadows et al. (2004), the issues of increasing resources use 264 
efficiency and reducing waste (e.g. in food systems, in energy generation typologies) were of critical 265 
importance towards a pathway leading to sustainability, issues that are still relevant today. This 266 
started to hint to wider acknowledgement and integration of other resource sectors such and land 267 
use, energy consumption, and water demand. An independent study by Turner (2008) came to 268 
similar conclusions: that the overall model trends of the 1972 standard run compare well with 269 
almost 40 years of data, but not with results from the other (i.e. not the standard run) simulations. 270 

In single-sector oriented studies, Simonovic (2002) developed an SDM, called WorldWater, to 271 
simulate the future of global water resources. Water utilisation is linked to population, agriculture, 272 
economy, non-renewable resources, and pollution. The future of water resources is linked to the 273 
development of global industry, and that water pollution may be a major issue going forward. 274 
Despite the very different focus to LtG, some long-term dynamics are similar, such as population 275 
trends, which can be altered through ‘technological innovation’. Indeed, some of the scenarios in 276 
Simonovic (2002) are derived from Beyond the Limits (Meadows et al. 1992). Also noteworthy is that 277 
from the standard run of WorldWater, projections of global water use for the year 2025 aligned well 278 
with independent estimates, showing that projections are reasonable when compared with those 279 
derived from very different means. SDM was likewise increasingly applied to electricity-sector 280 
problems, with a wide-ranging overview of studies summarised in Ahmad et al. (2016), and specific 281 
case studies reported in Lowry et al. (2010) and Tidwell et al. (2009). 282 

Moxnes (2000) takes a different approach on natural resources systems management. Through a 283 
series of computational experiments of ecological systems (fisheries, reindeer herds), the idea that a 284 
classic ‘tragedy of the commons’ mentality regarding common-pool resource exploitation leading to 285 
mismanagement and depletion of those resources is ruled out. Instead, it is proposed that 286 
misunderstanding by policy makers of long-term dynamics between interacting stocks and flows of 287 
resources leads to resources overexploitation and mismanagement. The message is that managers 288 
and policy makers should have better understanding of long-term system dynamics (Moxnes, 2000), 289 
especially in systems in which resources sectors are often mutually interacting, as is the case in the 290 
WEF nexus.  291 

Despite sectoral-specific models, more integrated studies and books started to emerge in this 292 
period. Costanza et al. (1997) present the Global Unified Metamodel of the Biosphere (GUMBO), 293 
discussing the value of global ecosystem services, and highlighting the economic importance of 294 
sustainable natural resources management. One year later, Constanza and Ruth (1998) describe how 295 
SDM is useful for understanding and managing complex ecological systems. Although the focus is on 296 
ecological systems, the scope is somewhat broader, linking to economic systems and their influence 297 
on ecological systems, though other natural resources are still not integrated. In a similar vein, 298 
Woodwell (1998) developed an SDM illustrating the links between economic growth and resources 299 
depletion, a model which followed the ideas of Meadows et al. (1972). It was hypothesised that 300 
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feedback between production, and physical and biological limits on availability of underlying 301 
resources limited consumption of those resources, with far-reaching planetary and human impacts. 302 
While not necessarily reflective of real-world conditions, the work did illustrate the longer-term 303 
trends of system behaviour in response to assumptions about technological development and 304 
resources exploitation, with behaviours that mimicked those in LtG (Woodwell, 1998). Of particular 305 
interest to real-world application was the note that model output behaviour was sensitive to small 306 
adjustments in certain parameters, something important in present day considerations of resources 307 
sustainability. Xu et al. (2002) developed an SDM to assess the sustainability of water resources in 308 
the Yellow River Basin, China, while Fernandez and Selma (2004) use SDM to explore the impacts of 309 
water scarcity in irrigated agriculture in semi-arid areas in the south of Spain. Others, such as Harich 310 
(2010) use a system thinking approach to suggest that it is ‘change resistance’ that slows or prevents 311 
sustainability efforts from being effective in environmental problems, leading to long-term 312 
detrimental system behaviours. Similarly, a number of syntheses of modelling of wider 313 
environmental issues were published, showing the growing interest in this topic from a systems 314 
thinking perspective (e.g. Rammel et al., 2007). Fiksel (2006) notes that a systems approach is 315 
essential to understanding global sustainability and resilience, noting SDM as a tool that can be 316 
exploited, especially in helping to understand long-term dynamic system response to external 317 
forcing. Deaton and Winebreak (2000) introduce basic concepts in the modelling of environmental 318 
systems, predator-prey modelling, matter and nutrient cycling in ecosystems, and greenhouse gases 319 
and global warming. While starting from an ecosystem perspective, latter chapters move towards 320 
wider natural resources and environmental sustainability perspectives. At around the same time, 321 
Ford (1999) published a text on the modelling of the environment, since updated (Ford, 2010). This 322 
book uses SDM as the entry point, aiming to show the diversity and flexibility of this approach in the 323 
assessment of environmental systems. Basic and intermediate systems modelling concepts are 324 
introduced, including the examination of system behaviours such as exponential growth, s-shaped 325 
growth, and oscillation. Examples such as the Mono Lake Basin water level (which is gradually 326 
developed in complexity throughout the book), salmon population dynamics in the Pacific 327 
Northwest, classical cycling in predator-prey dynamics, DDT in the ocean (which includes a link to 328 
soils erosion), and greenhouses gases and feedback in the atmosphere offer a range of useful 329 
insights, and demonstrate the utility of SDM application to a wide range of integrated natural 330 
resources problems. In this way, the Ford (1999, 2010) books demonstrate how system dynamics 331 
and systems thinking concepts can be applied to a wide range of topics, including many in the 332 
natural resources field. 333 

The role of stakeholders and consensus building in the modelling cycle is increasingly applied in this 334 
maturing period following the ideas of Morecroft (1988), a critical issue that started entering 335 
modelling studies in earnest (e.g. Vennix, 2000) and that is of crucial importance in SDM of complex 336 
natural resources systems today. This importance has been exemplified particularly from the early 337 
2000s, when the use of group model building (GMB) and other stakeholder-participatory modelling 338 
proliferated, especially in natural resources contexts (e.g. Purwanto et al., 2019). Mediated 339 
modelling in an SDM context is discussed by van den Belt (2004), with an application to integrated 340 
assessment of the Galapagos Islands being presented in van den Belt (2012). Videira et al. (2009) 341 
detail a participatory modelling process for river basin development covering a range of resource 342 
concerns in the Baixo Guadiana river basin, while Tidwell et al. (2004) showcase community-based 343 
SDM development for water resources planning in the Rio Grande. More recent examples of group 344 
model building in an energy context are described in Eker et al. (2018) and Carhart and Yearworth 345 
(2010). Group model building as an approach towards co-developing SDMs in a variety of contexts 346 
and for policy support is outline by Andersen et al. (2007) and Rouwette and Vennix (2020), with 347 
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practical applications in a natural resources context in Otto and Strube (2004) and, more recently, 348 
Purwanto et al. (2019). GMB supporting SDM can be an effective tool for helping develop better 349 
understanding of system complexity by engaging diverse groups of researchers, managers, and 350 
decision makers (Luna-Reyes et al., 2006; Richardson and Andersen, 2010; Inam et al., 2015; Rich et 351 
al., 2018). Many of the studies described here include elements on ecosystem services and 352 
environmental protection, being more integrative in nature. Such groups involved in the GMB 353 
process help to improve and refine the problem scope, with the assumption that subsequent SDM 354 
exercises will be more relevant to the problem under study, capturing interactions of importance. 355 

This period saw the emergence of and rapid proliferation of SDM in wider natural resources and 356 
sustainability contexts, with ever-greater focus on systems of increasing complexity. By 2010, SDM 357 
had established itself as a crucial instrument in assessing and helping to understand natural 358 
resources, noted for its proficiency in deciphering complex systems and guiding sustainable 359 
management approaches. The discipline keeps progressing, propelled by technological innovations 360 
and the necessity to use the Earth's resources with greater sustainability. In a way, this period can be 361 
thought of as ‘setting the stage’ for the current burgeoning of SDM in a natural resources context 362 
over the past 15 years. Table 2 presents representative studies from the 1990s to the 2000s, a 363 
period marked by the advancement of SDM methodologies and a growing emphasis on cross-364 
sectoral integration. These studies were selected for their innovative contributions to model 365 
development, their influence on expanding the application of SDM beyond single-resource systems, 366 
and their role in bridging disciplinary boundaries. The selection reflects a shift toward more 367 
comprehensive frameworks capable of capturing the complex interdependencies inherent in natural 368 
resources management. Figure 2 summarises the main SDM applications during this period. 369 

 370 

Table 2: Selected papers advancing the interplay between system dynamics and natural resources 371 
management, for the period 1990s to 2000s. 372 

[Author(s), Year] Title Tool/Methodology Key findings 

[Meadows et al., 
1992] 

Beyond the Limits to 
Growth 

Systems thinking; 
Scenario analysis 
methodologies 

The importance of addressing 
systemic issues identified in 
"The Limits to Growth" 

[Gallaher, 1996] Biological System 
Dynamics: From 
Personal Discovery to 
Universal Application 

System dynamics System Dynamics models can be 
modified, adapted, and 
expanded for the biomedical 
community 

[Costanza et al., 
1997] 

The value of the world's 
ecosystem services and 
natural capital 

Valuation methodologies Ecosystem service valuations in 
policy-making and economic 
planning are crucial 

[Woodwell, 
1998] 

A simulation model to 
illustrate feedbacks 
among resource 
consumption, 
production, and factors 
of production in 
ecological-economic 
systems 

System dynamics for 
demonstrating the 
interconnected feedback 
loops among resource 
consumption, production, 
and factors of production 
in ecological-economic 
systems 

Complex relationships and 
feedback mechanisms within 
ecological-economic systems; 
The importance of 
understanding these dynamics 
for sustainable resource 
management and economic 
decision-making 

[Ford, 1999, 
2010] 

Modeling the 
Environment: An 
Introduction to System 

System dynamics; 
Dynamic simulation for 
environmental modeling 

The importance of system 
dynamics modeling in analyzing 
environmental systems; A better 
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Dynamics Modeling of 
Environmental Systems 

understanding of complex 
environmental issues 

[Sterman, 2000] Business Dynamics: 
Systems Thinking and 
Modeling for a Complex 
World 

System dynamics 
modelling; Systems 
thinking 

Managing complexity within 
business environments; 
Achieving sustainable business 
outcomes 

[Moxnes, 2000] Not only the tragedy of 
the commons: 
Misperceptions of 
feedbacks and policies 
for sustainable 
development 

Systems dynamics 
methodology 

Better understanding of long-
term system dynamics and the 
role of stocks, flows, delays, and 
system interactions 

[Simonovic, 
2002] 

World Water Dynamics: 
Global Modelling of 
Water Resources 

System dynamics model, 
called “WorldWater” 

Insights into the dynamics of 
global water resources; 
Challenges and factors 
influencing water availability  

[Xu et al., 2002] Sustainability Analysis 
for Yellow River Water 
Resources Using the 
System Dynamics 
Approach 

System dynamics 
modeling 

Potential strategies or policies 
for improving water resource 
management and sustainability 

[Meadows et al., 
2004] 

Limits to Growth: The 
30-Year Update 

System dynamics 
modelling; Systems 
thinking 

Updated data, insights, and 
modeling results on the global 
challenges of growth, 
population, resources, and 
sustainability 

[Fernandez and 
Selma, 2004] 

The Dynamics of Water 
Scarcity on Irrigated 
Landscapes: Mazarron 
and Aguilas in South-
eastern Spain 

System dynamics 
modeling 

The dynamics of water scarcity 
in irrigated landscapes; Factors 
contributing to water scarcity; 
Potential management or 
adaptation strategies to address 
water scarcity issues 

[Tidwell et al., 
2009] 

Decision Support for 
Integrated Water-Energy 
Planning 

System dynamics 
modelling; water-energy 
planning 

Use of SDM to support an online 
tool for integrated water-energy 
decision making focussed on the 
USA. 

[Harich, 2010] Change Resistance as 
the Crux of the 
Environmental 
Sustainability Problem 

System dynamics 
modelling; Sustainability 

Change resistance as a critical 
barrier to achieving 
environmental sustainability; 
Overcome resistance for 
effective sustainability initiatives 

[Lowry et al., 
2010] 

A system dynamics 
approach for ESG 
scenario analysis 

System dynamics 
modelling; geothermal 
systems assessment 

Develop an SDM to assess 
technical and economic 
solutions for geothermal energy 
systems in the USA 

[Ahmad et al., 
2016] 

Review of SDM in the 
electricity sector 

System dynamics 
modelling 

Overview of SDM applications to 
the electricity sector during the 
early 2000s 

 373 

Recent applications of SDM in integrated natural resources management (2010s – present): 374 
towards holistic multi-sector integration and practical guidance 375 

The period from the 2010s to the present has seen the proliferation of the application of SDM to the 376 
issue of natural resources management in a wide range of contexts, locations, and scales, with 377 
greater levels of integration and complexity of case studies, and more focus on making results and 378 
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recommendations actionable. This development reflects growing concerns and recognition as the 379 
earth system as a singular whole in which actions have impacts far beyond their original purpose. 380 
Much of this has been in the context of the WEF nexus (Hoff, 2011) and/or consideration of multiple 381 
resources, which has expanded and changed focus. Simpson and Jewitt (2019a) and Zhang et al. 382 
(2018) review the development of the WEF nexus concept since its inception. Sectorally-specific 383 
studies are still carried out however (e.g. Tao et al. 2011; Ghashghaie et al. 2014; Sahin et al. 2014; 384 
Ahmad et al., 2016). Davies and Simonovic (2011) develop a global water resources model, 385 
extending the work of Simonovic (2002), with wider socio-economic-environmental considerations 386 
accounted for, demonstrating a shift towards a more integrated perspective on natural resources 387 
exploitation, management, and sustainability. Rehan et al. (2011) likewise focus on a water and 388 
wastewater system, but from the perspective of management policies, investigating how these can 389 
be developed so that the system is ‘self-sustaining’. This work may be seen as a merging of early 390 
Business Dynamics work (Sterman, 2000), the conclusions of Morecroft (1988), and the more recent 391 
WEF nexus focus. Phan et al. (2021) present a review of how SDM applications can be useful in water 392 
resources planning and management, showing that the use of scenarios is prominent in this field, as 393 
are structural tests of model behaviour. Ahmad et al. (2016) describe the use of SDM to explore the 394 
global electricity (energy) system, while Lowry et al. (2010) and Tidwell et al. (2009) describe 395 
national-level energy applications of SDM. 396 

Taking a wider view, Bazilian et al. (2011) provide a commentary on how systems and integrated 397 
modelling can be leveraged to investigate the WEF nexus, while Sušnik et al. (2012) use SDM to 398 
study a coupled water-agricultural system in Tunisia. Since then, the application of SDM to study 399 
resource nexus issues have proliferated, being applied to many scales and issues, often extending 400 
beyond water, energy, and food, and aiming to be more practically grounded. Integrated resources 401 
modelling studies have been carried out at the household and city levels to study the integrated 402 
dynamics of household resources consumption, and how different population and policy scenarios 403 
may impact on overall WEF resource demand pressures (Hussein et al. 2017; Li et al., 2022; Mirindi 404 
et al. 2024). Pluchinotta et al. (2021) describe the development of a participatory SDM in Ebbsfleet 405 
Garden City, UK, to explore the impacts of sustainable urban water management strategies, and 406 
demonstrating the benefit of stakeholder engagement and participation in the development and 407 
interpretation of SDMs and their results.   408 

At the sub-national scale (regional, provincial), river or lake basins are a popular unit of analysis (e.g. 409 
Feng et al. 2016; Kotir et al. 2016;  Xu et al. 2016; Bakhshianlamouki et al. 2020; Davis et al. 2020; 410 
Purwanto et al., 2021; Terzi et al., 2021; Zeng et al. 2022; Wang et al., 2023; Mostefaoui et al. 2024). 411 
Often, studies show how sectors within river basins are dependent on each other (e.g. how energy 412 
demand may change with increasing water demand and/or agricultural expansion, or due to building 413 
desalination plants to ensure water supply), as well as assessing policy implementation impact. Sub-414 
national scales are popular as they are scales at while policies and decisions are made and/or 415 
implemented on the ground, and therefore such studies can have real-world applicability and 416 
relevance (e.g. Purwanto et al. 2021).  417 

National level SDM studies are common, as are studies in well-defined geographic locations such as 418 
islands (e.g. Mereu et al., 2016; Kapmeier and Gonclaves, 2018; Laspidou et al. 2020; Akhavan and 419 
Gonclaves, 2021; Sušnik et al. 2021). Such well-defined areas are preferable as they demark a clear 420 
unit of analysis, and data can easily be sourced at such scales from open-source repositories, 421 
facilitating modelling. These data sets tend to also be harmonious, covering the same area, 422 
timespan, and sometimes collected by governmental institutes. In this regard, the use of large 423 
datasets is increasingly integrated into SDM natural resources assessments, increasingly taking 424 
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advantage of global climate and socio-economic projections using the Representative Concentration 425 
Pathways (RCPs) and SSPs respectively (e.g. Sušnik, 2018; Terzi et al., 2021). Following this theme of 426 
big data, in 2019, the online, interactive En-ROADS simulator was released, co-developed with the 427 
MIT Sloan Sustainability Initiative (Rooney-Varga et al., 2020; 428 
https://www.climateinteractive.org/en-roads/). En-ROADS is a global climate simulator allowing 429 
users to explore the impact that policies such as electrification of transport, various carbon pricing 430 
mechanisms, etc., might have on variables such as global energy prices, air temperature changes, 431 
and potential sea level rise. Built in the Vensim software (www.vensim.com), En-ROADS uses 432 
systems thinking ideas to develop a globally coherent policy impact model accounting for linkages 433 
between sectors, thus being able to highlight potential synergies and trade-offs. Since its release, En-434 
ROADS has been widely applied for practical policy advice and decision support (e.g. Kapmeier et al., 435 
2021), with numerous examples on specific issues in the literature (e.g. Wyatt et al., 2022; 436 
Khademolhosseini, 2023; Adun et al., 2024). The development of En-ROADS represents a major step 437 
forward in using SDM to communicate the need to integrated approaches to resources management 438 
to high-level stakeholders. The user-friendly online interface helps significantly to this end. In a 439 
similar vein, the Millennium Institute has developed the Integrated Sustainable Development Goal 440 
(iSDG) model built on an SDM paradigm (www.millennium-institute.org/sustainable-development-441 
simulator; Pedercini et al., 2020). The iSDG model helps one understand the interconnectedness of 442 
policies designed to achieve the SDGs and test potential impacts. This is important as it been shown 443 
that there are indeed interconnections, synergies, and trade-offs between the SDGs themselves 444 
(Zelinka and Amadei, 2019; Pham-Truffert et al., 2020). The iSDG model is built upon the older 445 
Threshold21 (T21) model, and covers all SDGs. True to SDM principles, iSDG sims to shows trends in 446 
SDG attainment to 2030, allowing the assessment of policy impact. The iSDG model has been widely 447 
used, including to assess whether degrowth can deliver social benefits within ecological limits in 448 
Sweden (Kwetsloot, 2024), and to assess policy coherence to better achieve the SDGs (Collste et al., 449 
2017). Both initiatives rely on data from the RCPs to project ‘baseline’ pathways of resource supply 450 
and demand, on top of which policies may be enacted to assess their relative impact. 451 

Ensuring real-world relevance of SDM studies of natural resources is more critical than ever (cf. 452 
Simpson and Jewitt, 2019b), relying ever more on stakeholder and participatory model 453 
development. By applying studies at levels at which policy and decision making takes place, and by 454 
framing recommendations appropriately, this may lead to enhanced consideration of 455 
recommendations. As a consequence of the proliferation of WEF nexus research and SDM 456 
applications, a number of books on the topic have been published, some focussed particularly on 457 
Africa and the unique challenges and opportunities that the continent presents (Bleischwitz et al., 458 
2018; Nhamo et al., 2020; Brouwer, 2022; Mabhaudi et al. 2022), with increasingly more 459 
publications being African-focussed (e.g. Mabhaudi et al. 2022; Mirindi et al., 2024; Mosefaoui et al., 460 
2024).  461 

In this period, a number of conceptual works have been published, considering the role of system 462 
dynamics/systems thinking in natural resources management. Nabavi et al. (2017) review how SDM 463 
can support sustainability ambitions. They focus not only on the advantages of quantitative 464 
simulation tools, but also on other systems thinking techniques including system archetypes, causal 465 
loop diagrams, and stock-and-flow diagrams to help understand sustainability issues and pathways. 466 
Particular attention is paid to the issue of setting boundaries and setting appropriate expectations. 467 
Participatory approaches to modelling are emphasised, especially to ensure that results are not mis-468 
interpreted. A review by Elsawah et al. (2017) considers the role of SDM and the modelling process, 469 
focussed on socio-ecological systems, and using best practice from case studies to support the 470 
review. The issues modellers face during modelling exercises, along with guidance and design for 471 
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modelling studies are put forward. A range of techniques are put forward, including causal loop 472 
diagrams, fuzzy cognitive mapping, system archetypes, as well as exploring themes relating to 473 
quantitative model development and testing in the context of complex socio-ecological/resources 474 
systems. Flynn (2018) provides a foundational guide to modelling ecological systems, specifically 475 
emphasizing the flows of materials between biological and abiotic components over time. It 476 
differentiates between various modelling approaches, clarifying misconceptions around statistical 477 
models compared to dynamic simulations, and is grounded in plankton ecology assessments. By 478 
progressing from simple biological descriptions to more complex models, the book aims to equip 479 
readers with the skills to develop detailed ecological simulations within environmental frameworks. 480 
Martin et al. (2020) show how systems thinking, in particular causal loop diagrams and fuzzy 481 
cognitive maps, can be applied to assess the role of nature-based solutions to achieve sustainable 482 
development goal (SDG) ambitions. These conceptual/review papers demonstrate the burgeoning 483 
field of SDM in natural resources modelling and assessment, along with its wider application. They 484 
also show the thought being put into good modelling practice, the important role of stakeholders, 485 
and the potential implications of the use of such models. Table 3 highlights selected publications 486 
that showcase the increasing diversity, complexity, and maturity of contemporary SDM applications 487 
from the 2010s onward. Together, they reflect the expanding scope and adaptability of SDM in 488 
addressing today’s complex resource management challenges. Figure 2 summarises the main SDM 489 
applications during this period. This section demonstrates how progress over the last 50-60 years is 490 
starting to converge. SDM is increasingly used in natural resources modelling and assessment in 491 
increasingly diverse contexts and scales, with the increasing use of participatory approaches to co-492 
develop useful models, and to explore the implications of policy implementation. In addition, efforts 493 
are being made to ensure modelling outputs and recommendations are generally understandable 494 
and useful. Efforts continue to further enhance the practical utility of such models and to 495 
disseminate policy-ready messages from studies, thus moving the field towards real-world 496 
applicability and impact.  497 

 498 

Table 3: Selected papers advancing the application of system dynamics to natural resources 499 
management, for the period 2010s to present. 500 

[Author(s), Year] Title Tool/Methodology Key findings 
[Davies & 
Simonovic, 2011] 

Global Water Resources 
Modelling with an 
Integrated Model of the 
Social-Economic-
Environmental System 

System dynamics 
modelling 

The significance of an integrated 
model for understanding global 
water resources; The 
importance of considering 
social, economic, and 
environmental aspects in 
managing water resources 

[Rehan et al., 
2011] 

Application of System 
Dynamics for Developing 
Financially Self-
Sustaining Management 
Policies for Water and 
Wastewater Systems 

System dynamics to 
develop management 
policies aimed at 
achieving financial 
sustainability in water 
and wastewater systems 

The effectiveness of system 
dynamics in developing 
financially sustainable 
management policies for water 
and wastewater systems; Long-
term viability in these systems 

[Sušnik et al., 
2012] 

Integrated System 
Dynamics Modelling for 
Water Scarcity 
Assessment: Case Study 
of the Kairouan Region 

System dynamics 
modelling 

System dynamics offers 
assessment of the evolution of a 
water-scarce catchment; 
Mitigating water scarcity 
challenges 
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[Feng et al., 
2016] 

Modeling the nexus 
across water supply, 
power generation and 
environment systems 
using the system 
dynamics approach: 
Hehuang Region, China 

System dynamics 
modelling 

Modeling the water-power-
environment (WPE) nexus 
improves the interactions across 
coupled systems 

[Kotir et al. 
2016] 

A System Dynamics 
Simulation Model for 
Sustainable Water 
Resources Management 
and Agricultural 
Development in the 
Volta River Basin, Ghana 

System dynamics 
modelling 

The importance of scenario 
analysis for long-term 
sustainable management is 
demonstrated; Development of 
water infrastructure more 
important than cropland 
expansion. 

[Mereu et al., 
2016] 

Operational Resilience 
of Reservoirs to Climate 
Change, Agricultural 
Demand, and Tourism: A 
Case Study from Sardinia 

System dynamics 
modelling 

Climate change is less of a factor 
than development scenarios; 
Insights into enhancing 
operational resilience and 
sustainable water management 

[Xu et al. 2016] A Spatial System 
Dynamic Model for 
Regional Desertification 
Simulation – A Case 
Study of Ordos, China 

System dynamics 
modelling 

A spatial system dynamic model 
for desertification simulation 
was developed; Insights 
regarding the factors influencing 
desertification dynamics 

[Flynn K, 2018] Dynamic Ecology - an 
introduction to the art 
of simulating trophic 
dynamics 

System dynamics 
modelling 

A compendium of the use of 
SDM for ecological systems 
modelling 

[Kapmeier and 
Gonclaves, 2018] 

Wasted Paradise? 
Policies for Small Island 
States to Manage 
Tourism-Driven Growth 
While Controlling Waste 
Generation: The Case of 
the Maldives 

System dynamics 
modelling 

Effective policy interventions for 
managing tourism-driven 
growth and waste generation; 
Policies that limit tourism 
demand improve economic and 
environmental health 

[Sušnik et al. 
2018] 

Multi-stakeholder 
development of a 
serious game to explore 
the water-energy-food-
land-climate nexus: the 
SIM4NEXUS approach 

System dynamics 
modelling 

Learning from playing a serious 
game; The value of multi-
stakeholder involvement; 
Deciding on the spatial scale and 
potential disaggregation of a 
case study is intimately crucial 
for reliable model outputs 

[Bakhshianlamo
uki et al. 2020] 

A System Dynamics 
Model to Quantify the 
Impacts of Restoration 
Measures on the Water-
Energy-Food Nexus in 
the Urmia Lake Basin, 
Iran 

System dynamics 
modelling 

Proposed restoration measures 
are effective in reversing lake 
level decline to different 
degrees; Important trade-offs 
are highlighted, especially 
between the economic and 
social domains 

[Davis et al. 
2020] 

The Lake Urmia 
Vignette: A Tool to 
Assess Understanding of 
Complexity in Socio-
Environmental Systems 

System dynamics 
modelling 

Enhance understanding of 
complexity in socio-
environmental systems; Insights 
into the dynamics and 
challenges in the Lake Urmia 
region 

[Laspidou et al. 
2020] 

Systems thinking on the 
resource nexus: 

System dynamics 
modelling 

Decoupling of strong 
interlinkages among nexus 
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Modeling and 
visualisation tools to 
identify critical 
interlinkages for resilient 
and sustainable societies 
and institutions 

sectors leads to increased 
system resilience; Moving from 
a general nexus thinking to an 
operational nexus concept, it is 
important to focus on data 
availability and scale 

[Akhavan and 
Gonclaves, 2021] 

Managing the trade-off 
between groundwater 
resources and large-
scale agriculture: the 
case of pistachio 
production in Iran 

System dynamics 
modelling 

Insights from the model can 
help policymakers have a better 
understanding of the 
unintended consequences of 
their policies 

[Pluchinotta et 
al., 2021] 

A Participatory System 
Dynamics Model to 
Investigate Sustainable 
Urban Water 
Management in 
Ebbsfleet Garden City 

System dynamics 
modelling 

The role of participatory system 
dynamics modeling in enhancing 
sustainable urban water 
management practices 

[Purwanto et al., 
2021] 

Quantitative Simulation 
of the Water-Energy-
Food (WEF) Security 
Nexus in a Local 
Planning Context in 
Indonesia 

System dynamics 
modelling 

Potentially unanticipated 
detrimental indirect impacts of 
policy interventions are 
highlighted; Insights for 
sustainable development and 
resource management 
strategies 

[Sušnik et al. 
2021] 

System dynamics 
modelling to explore the 
impacts of policies on 
the water-energy-food-
land-climate nexus in 
Latvia 

System dynamics 
modelling 

The use of visual serious game 
environments for more intuitive 
interpretation of results; The 
use of selected indicators for 
simple nexus performance 
assessment by policy and 
decision makers 

[Terzi et al., 
2021] 

Stochastic System 
Dynamics Modelling for 
Climate Change Water 
Scarcity Assessment of a 
Reservoir in the Italian 
Alps 

System dynamics 
modelling 

The importance of incorporating 
stochastic modeling approaches 
for assessing future water 
scarcity 

[Zeng et al. 
2022] 

A System Dynamic 
Model to Quantify the 
Impacts of Water 
Resources Allocation on 
Water-Energy-Food-
Society (WEFS) Nexus 

System dynamics 
modelling 

Understanding of interactions 
across the water-enrergy-food-
society (WEFS) nexus systems; 
Improving the efficiency of 
resource management 

[Wang et al., 
2023] 

System Dynamics 
Modelling to Simulate 
Regional Water-Energy-
Food Nexus Combined 
with the Society-
Economy-Environment 
System in Hunan 
Province, China 

System dynamics 
modelling 

Policy-relevant messages on 
coherent resources 
management are lacking from 
models; Policy suites show 
complex nexus impacts leading 
to trade-offs and synergies 

[Mirindi et al., 
2024] 

A system dynamics 
modelling assessment of 
water-energy-food 
resource demand 
futures at the city scale: 

System dynamics 
modelling 

City-level resource demand 
pathways assessment using 
SDM and divergent scenarios 
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Goma, Democratic 
Republic of Congo 

[Mostefaoui et 
al., 2024] 

A water-energy-food 
nexus analysis of the 
impact of desalination 
and irrigated agriculture 
expansion in the Ain 
Temouchent region, 
Algeria 

System dynamics 
modelling 

Regional-level SDM exploration 
of the impacts of desalination 
and irrigated agriculture on 
water-energy-food resources 

 501 

Opportunities to advance and promote the role of SDM in natural resources assessment and 502 
management 503 

From the above historical overview of the role of SDM in natural resources management, a few 504 
lessons and trends emerge. First is the recognition that the field of integrated/systems modelling of 505 
natural resources is nothing new, having begun in the early 1970s. An ironic narrowing in scope to 506 
sector-specific applications is then noted through the 1980s and 1990s, which is not in itself a bad 507 
thing. This allowed time for ideas, concepts, and methodological approaches to mature and develop. 508 
As environmental pressures became more acute into the 2000s, SDM applications started to open 509 
up again, including ever-more varied sectors and issues. This resurgence built on the shoulders of 510 
those who cam before, picking up from where pioneers in the field left off and finding new ways to 511 
apply the concepts to a modern audience. A realisation is that while the approach is generalisable, 512 
for real-world relevance, models should be individually tailored to local scales such that they are 513 
able to address specific concerns not identifiable in coarser-grained models. 514 

Despite the advances, there is much scope to advance and further promote SDM applications for 515 
natural resources management, especially for practically-oriented advice and support. One 516 
prominent example helping to bring systems concepts to a non-expert audience is to use SDMs as 517 
the ‘back end’ to online-based ‘serious games’, in which users can explore the potential impacts to 518 
system trends by ‘playing’ a range of hypothetical but real-world grounded policies (Sušnik et al. 519 
2018; https://seriousgame.sim4nexus.eu/sim4nexus-LoginPage.html; the En-ROADS simulator - 520 
https://www.climateinteractive.org/en-roads/; the currently under-development NEXOGENESIS 521 
Nexus Policy Assessment Tool – NEPAT - https://nepat-dev.nexogenesis.eu). Many tools already 522 
exist in this context, and this momentum should be leveraged. The advantage with games and 523 
simulators is that users can ask ‘what if’ questions, explore diverse scenarios, and assess system-524 
wide impacts in a safe environment with no real-world consequence. Findings may spur further 525 
discussion on better natural resources management options. It is important however to 526 
communicate that such tools are ‘just a game’, built on incomplete models of systems with many 527 
assumptions and uncertainties, and that real policy decisions would need a thorough analysis to 528 
ensure that misperceptions and misleading advice are avoided (cf. Moxnes, 2023). A wide range of 529 
games and sample models useful as learning and teaching aids to explore system behaviour and 530 
model development are available on SDM websites, including examples from agriculture, water, and 531 
the environment (see for example the ISEE model directory; 532 
https://exchange.iseesystems.com/directory/isee or the MetaSD model library; 533 
www.mindseyecomputing.com). Such applications are starting to make their way into policy-circles, 534 
bring systems thinking and integrated management to the audience making key decisions. As 535 
decision makers are unlikely to also be modelling experts, it is essential to ‘wrap’ to SDMs in user-536 
friendly environments to allow non-expert users to explore natural resources management 537 
pathways and implications over diverse timeframes, from months to years, and even decades. 538 
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Increasing use in educational programmes is a parallel step alongside games and simulators to 539 
promote the utility and benefit that SDM can bring to the study of complex natural resources 540 
systems. This may lead the next generation of scientists, policy makers, and government officials 541 
being more aware of natural resources systems complexity, as well as the tools available on which to 542 
base decision and policy making. It is likely that the use of SDMs as simulator back-ends looks set to 543 
increase as calls to make models ‘actionable’ increase, and as policy and makers demand robust 544 
scientific evidence on which to inform and guide decision making processes.  545 

A second opportunity, linking closing with the above, is to use SDM to assess the potential impact to 546 
natural resource system pathways under global change. For example, the impact of climate change 547 
on a wide range of variables (e.g. temperature, precipitation, runoff, crop yield, etc.) can be assessed 548 
using RCPs (van Vuuren et al., 2011), while socioeconomic change (e.g. population and demographic 549 
structure, resources demand, economic projections) can be assessed using data from the SSPs 550 
(O’Neill et al., 2015). These datasets can be enriched, complemented, and given operational 551 
relevance using local, stakeholder-derived information on policy implementation, nationally-specific 552 
projections, and increased levels of detail and granularity. In combination with the RCPs and SSPs, 553 
the assessment of policy implications on resources trajectories is especially interesting, particularly 554 
when framed within a natural resources perspective. Frequently, policy design is concentrated on 555 
the sectors to which it applies. By applying a systems context, the wider implications of a policy or 556 
policies on the trajectories of other sectors can be assessed. Work by Purwanto et al. (2021) and 557 
Sušnik et al. (2021) demonstrated the utility of SDM in this context. By assessing policy impacts 558 
across RCP and SSP scenarios, those that can cope with a wider range of potential futures (i.e. are 559 
robust; cf. Capano and Woo, 2018) can be identified, as can those that minimise detrimental trade-560 
offs and exploit synergistic opportunities across resource sectors, making policy implementation 561 
more effective. As with the previous paragraph, highlighting such advances to decision and policy 562 
makers, as well as to younger, emerging generations, is absolutely critical to spread the messages of 563 
systems thinking and integrated natural resources management. SDM applications, as demonstrated 564 
above, can play a key role in this education. 565 

Linking to the policy-related opportunities above, another significant opportunity to advance SD 566 
research and applications is the complementarity that machine learning (ML) techniques offer to 567 
explore vast search spaces and to suggest optimal strategies or policy combinations when faced with 568 
multiple objectives in a multi-dimensional scenario space. For example, SDMs of resources systems 569 
containing just 10 policies across many resource sectors which could be implemented in any possible 570 
combination, could be able to be combined in 10!, or c. 3.6 x 106 combinations (cf. Sušnik et al., 571 
2021), which grows rapidly as more combination options are added. These policy combinations 572 
might be evaluated against e.g. 10 or 12 policy objectives (or more) to achieve, while the scenario 573 
space might be multi-dimensional (e.g. two RCPs and two SSPs, for a 4-dimensional scenario space in 574 
which the system response to policy implementation may differ). Such research is underway, for 575 
example in the frame of Horizon 2020 NEXOGENESIS research project, and the use of novel 576 
technologies to enable rapid multi-objective optimisation of complex water-energy systems are 577 
reported in Basheer et al. (2023) and Etichia et al. (2024). Here ML offers significant opportunity, 578 
firstly to rapidly search and analyse the vast spaces. In addition, the algorithms, through repeated 579 
simulation, can ‘learn’ which policy combinations achieve the most policy objectives (i.e. give rise to 580 
appropriate system trends) under a given scenario or scenarios. The output could be suggestions of 581 
potential policy combinations to further explore to achieve a specific set of policy objectives under 582 
particular climatic and socioeconomic futures. In this way, robust policy combinations could be 583 
suggested and further explored by policy experts. The results of uncertainty assessments and of 584 
model output variability can be represented visually, indicating where the most likely system trends 585 
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lie, but also where the less likely, though still probable, extreme system trajectories fall. These 586 
extremes can then be analysed and accounted for. If combined with educational and outreach 587 
programmes as mentioned above, the role and utility of ML in supporting and guiding decision and 588 
policy making processes is poised to play a significantly larger role in the near future. 589 

Stakeholder engagement and co-creation of SDMs has a long history (Voinov and Bousquet, 2010; 590 
Videira et al., 2016; Pagano et al., 2019), and such engagement in natural resources modelling 591 
studies is accelerating, with the practice becoming an essential part of modelling studies that aim to 592 
have practical applicability. Such initiatives must continue, both to spread awareness of the power of 593 
SDM in general, and to ensure studies gain practical relevance. Engagement of relevant stakeholders 594 
can lead to improved systems contextualisation, improved model structure, clarity on the problem 595 
at hand, input on data sources, policy selection and guidance, and model output validation and 596 
feedback. Through the involvement of stakeholder groups, recommendations stemming from 597 
models may be more likely to be taken seriously and followed up, with the potential for impact on 598 
sustainable resources use. This facet is very closely related to the use of participatory modelling and 599 
GMB processes that started to flourish during the 2000s as discussed above, and something that is 600 
still very much being used in recent research (Purwanto et al. 2019). Such engagement, if properly 601 
planned and carried out, can help increase a sense of ownership of the issues, opportunities, and the 602 
wider environment, potentially paving a path towards more sustainable practices. Again, SDM 603 
applications play a key role in this. 604 

Regarding model accessibility and usability, there is a wide range of innovative pathways towards 605 
improving broader audience engagement, with open-source platforms and user-friendly approaches 606 
playing increasingly important roles. En-ROADS and the NEXOGENESIS NEPAT are good examples of 607 
such platforms. The further development of user-friendly, intuitive, open-source system dynamics 608 
software and visualisation can make these tools accessible to a broader audience, including non-609 
experts. The risk would be the creation of poorly formulated, calibrated, and/or validated models 610 
with questionable output being implemented and used for decision support, potentially leading to 611 
detrimental outcomes. Thus, it is suggested that criteria to measure ‘good models’ are needed, 612 
especially regarding open source models, something that is currently lacking. It is also suggested that 613 
a strong participatory process to environmental and natural resources modelling can also help 614 
ensure the development of ‘good’ models (Amorocho-Daza et al., 2025). This democratisation of 615 
technology can spur innovative uses and applications across different sectors. Cloud-based 616 
modelling techniques offer a wide spectrum of opportunities as is the reduction of high 617 
computational costs and the facilitation of collaborative model building and scenario testing across 618 
different locations. 619 

Another opportunity is to further incorporate GIS and GIS-like connections with SDMs to account for 620 
spatially-explicit dynamics. GIS-like integration is possible through subscripted and/or arrayed 621 
models, attempting to represent interactions between geographical regions, though the spatially-622 
explicit dynamics are somewhat lost. Better would be true coupling with GIS to directly show spatial 623 
system dynamics. For example, Mazzoleni et al. (2003) describe the development of SIMARC, 624 
software that directly and dynamically links ArcGIS polygons to SIMILE SDM software. An SDM is run 625 
for every polygon in an ArcView map. Such software could be used to take spatially explicit 626 
temperature and water maps, use these data to model vegetation growth dynamics in the SDM, and 627 
output, per-polygon, a vegetation biomass map. A main drawback is the computational load, 628 
especially if the GIS layer is large and/or of very fine spatial resolution. Voinov et al. (2004), couple 629 
STELLA SDMs with a GIS-like setting to replicate ecosystem dynamics such as plant growth and 630 
detritus accumulation, thereby linking the capabilities of SDM with spatially explicit analysis. More 631 
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recently, Neuwirth et al. (2015) couple SDMs with GIS via a Python library, allowing the handling of 632 
bidirectional and synchronised operations between the SDM and the GIS. The fictional Daisyworld is 633 
used to demonstrate the potential of the spatial system dynamics (SSD) model, highlighting the 634 
importance of capturing spatial interactions. Applications in agriculture and disaster management 635 
are proposed as developments. There remains much opportunity to advance fully spatially explicit 636 
SDMs. SDMs can also be connected to agent-based models (ABMs) to replicate non-linear feedback 637 
behaviours in settings comprising of many interacting actors. While there has been some work 638 
published (e.g. Martin and Schlüter, 2015; Guerrero et al. 2016; Liu et al., 2020), research into this 639 
coupling of approaches remains very sparse despite the complementarity. SDMs in integrated 640 
natural resource management will likely increasingly rely on the integration of real-time data, 641 
including from online sources. As data collection technologies, such as IoT sensors and satellite 642 
imaging, continue to advance, future models will incorporate vast amounts of real-time information 643 
via direct linking with online servers. Coupled with continuous evolving computational power, this 644 
influx of data will significantly improve SDM capabilities, making models more dynamic and 645 
responsive to system changes in near real-time. This integration along with the expected inclusion of 646 
near real-world complexity in future SDMs, will pave the way towards perfecting the so-called 647 
“Digital Twins” concept (cf. https://destination-earth.eu/), facilitating more precise decision-making 648 
and management strategies for resource systems to a wider and more diverse audience who can 649 
explore challenges, solutions, and implications over different spatial and temporal scales. Coupled 650 
with the ML advances mentioned above, decision makers could be presented with ‘menus’ of 651 
potentially suitable pathways to follow and to investigate in more depth for a specific location/issue, 652 
and just as important, those options to avoid, including getting an idea of why to avoid them by 653 
highlighting trade-offs and detrimental impacts. Making results open-access, online, and displayed in 654 
a spatial way, may help open up the ideas behind SDM and integrated resources management to an 655 
even wider audience that at present, with the potential to display the competing trade-offs inherent 656 
in resources management and development, further raising awareness of the challenges. 657 

Ultimately, through more targeted developments and dissemination to non-expert users, there 658 
remains a significant opportunity to further promote the role of SDM in the assessment and 659 
management of natural resources, especially to support policy coherence (cf. Suda et al. 2024) and 660 
to encourage systems thinking among a wider audience. The intricate and interlinked nature of 661 
global environmental issues demands systems thinking mindsets along with advanced tools capable 662 
of modelling dynamic systems and supporting strategic decision-making processes in practice. This 663 
review has demonstrated the long and rich history of SDM in natural resources management, and 664 
put forward thoughts on opportunities to further showcase SDM in this context in the coming years. 665 

 666 

Conclusions 667 

System dynamics has a long history of applications in natural resources management, dating back to 668 
the 1970s with The Limits to Growth, coinciding with a burgeoning environmental movement, and 669 
conceived of the world ‘as a whole’, not as individual pieces. Bottom-up model development, the 670 
visual development environment, flexibility and non-prescriptiveness in terms of disciplines, and 671 
intrinsic ability to deal with feedback and complexity, make it an ideal approach to studying complex 672 
natural resources systems. Early focus on ecological systems modelling such as lakes and predator-673 
prey dynamics paved the way for more diverse and wide-ranging applications connecting an 674 
increasingly diverse set of sectors and issues. Through the 1990s and into the 2000s, stakeholder 675 
engagement and participatory modelling processes gained importance, continuing to this day. Since 676 
the relatively recent emergence of the water-energy-food (WEF) nexus as a discipline in about 2010, 677 
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SDM applications have proliferated. Applications cover a range of scales, with studies increasingly 678 
engaging stakeholders in natural resources management and policy, and aiming to inform and 679 
potentially influence integrated resource policy formulation. Using system dynamics models as 680 
‘serious games’ for scenario and ‘what-if’ exploration, more sophisticated scenario analysis of 681 
resource futures, the potential to explore huge scenario and policy spaces using machine learning 682 
techniques, and stakeholder engagement and co-creation in the modelling process are all 683 
opportunities to further promote SDM as an ideal tool to support policy and decision making process 684 
in complex, interacting natural resources systems, something increasingly needed. This paper has 685 
shown how SDM has evolved from arguably a relatively niche academic exercise to an ever-more 686 
recognised and used tool in supporting real-world decision and policy in the field of complex natural 687 
resources management, with many research strands recently converging. By tracing the historical 688 
evolution of SDM in natural resources management, it highlights both the foundational milestones 689 
and the expanding applicability of the method. Beyond offering a literature synthesis, it advocates 690 
for continued and broadened use of SDM as a decision-support tool in complex socio-environmental 691 
systems. The emergence of user-friendly online tools built on SDM principles, such as En-ROADS, is 692 
facilitating this transition, which also encourages taking a wider systems thinking attitude to 693 
resources management and policy formulation. Developments since the 1970s have had the impact 694 
of gradually transitioning SDM into a truly useful tool for supporting decision and policy in complex 695 
natural resources systems, thus leading to change outside the relatively small field, even if 696 
unconsciously. An example is the increasing use of SDM, either directly or wrapped in user-friendly 697 
interfaces, to guide and support policy decisions at a number of scales. The suggestions in this paper 698 
to further promote SDM in this context will only build on this, exposing more people to its benefits 699 
and the need for systems thinking. This knowledge is necessary because of the increasingly 700 
connected nature of society and natural resources, and the realisation that changes to one resource 701 
sector will have repercussions that extend throughout the whole system, often in unexpected ways. 702 
Recognising this, and starting to anticipate system response is increasingly critical, and SDM and 703 
systems thinking can support this. From a practical standpoint, the insights from this review can help 704 
guide future applications of SDM in regional and municipal planning contexts. In the short term, 705 
SDM can support operational decisions by identifying quick feedback loops and unintended 706 
consequences. Over medium and long-term horizons, it can be used to explore policy scenarios, 707 
assess sustainability trade-offs, and co-develop adaptive strategies under uncertainty. By integrating 708 
stakeholder input and enabling visual, transparent exploration of system behaviour, SDM offers a 709 
valuable decision-support framework for institutions seeking to navigate complex resource 710 
challenges across temporal scales. The last 50 years has seen system dynamics flourish into a well-711 
regarded approach for the study and investigation of natural resources systems. With the intensity 712 
of ongoing research, and the potential for near-future development and expansion, the next 50 713 
years looks bright, with practitioners encouraged to make further strides towards promoting the use 714 
of SDM and systems thinking concepts in an increasingly wide and influential field of actors. 715 
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