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Abstract

The evolving ‘permacrisis’ of compounding environmental and social challenges calls for transformative approaches to
understanding and intervening in socio-ecological systems. Approaches to support systems thinking and understanding
can be vital to achieving this goal. However, applying such systems thinking is often challenging, and we need to better
reflect on the pros and cons of different approaches for building systems understanding and informing changes. In this
paper, we first identify key attributes of systems thinking approaches from literature. We then use these as a framework
for comparing and evaluating seven different systems thinking approaches, selected on the basis of our experience in
applying them in support of the management and governance of various types of land systems. The seven approaches
are: agent-based modelling, Bayesian belief networks, causal loop modelling, spatial multicriteria analysis, societal meta-
bolic analyses, social network mapping and quantitative story telling. This framework has allowed us to appraise and
reflect on our own experiences to identify the respective strengths and weaknesses of these different methodologies. We
note that some of the ability to inform change depends as much on the context within which specific tools are used as
the particular features of the tools themselves. Based on our appraisal, we conclude by suggesting six key recommenda-
tions that should be followed by others seeking to commission and use systems approaches, in order to enable them to
support transformative change. We hope this may be useful to those working with systems approaches, since there is an
urgent need for analytic efforts that can inform and enable transformative change. We also reiterate the call for sustained
funding for long-term, standards-based evaluation of systems thinking approaches with respect to whether their use
can demonstrate instrumental impacts leading to the kind of transformation the IPCC has called for, i.e. fundamental
system change that goes beyond capacity development impacts such as network-building.
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SMCA Spatial multicriteria analysis
SMA  Societal metabolic analyses
SNM  Social Network Mapping
QST  Quantitative story telling

1 The challenge

Despite the large body of evidence that human activities threaten natural systems and hence our own wellbeing,
researchers are frustrated by the slow pace of action in the face of the urgent challenges presented by global envi-
ronmental crises [1]. The impacts of these crises, including climate change, biodiversity loss, pollution, and resource
depletion, are widely recognised as critical, interconnected threats to society and human wellbeing. Over the past two
decades, these emergencies have become part of the mainstream discourse, reflected in the United Nations 17 Sustain-
able Development Goals (SDGs) [2]. Policies and goals that are ostensibly aimed at tackling these crises are being adopted
across the world, such as the European Union’s Green Deal [3]. However, implementation of these policies largely falls
short of ambitions, as highlighted by the 2023 UN SDG Summit [2]. Progress is slow in tackling climate change [4, 5],
even though in many countries it is an issue of widespread societal concern [6], while biodiversity continues to decline
at a rate of the ‘'Sixth Mass Extinction’[7].

Better efforts to address these challenges are urgently needed. Recent analysis shows that seven out of eight glob-
ally quantified safe and just Earth System Boundaries for climate, biosphere, water and nutrient cycles, and aerosols at
global and sub global scales have already been exceeded [8, 9]. The accelerating loss of biodiversity is now, on average,
35 times the “background”rate for many taxa [10], depletion of essential natural resources, such as inorganic phosphate
fertilisers [11, 12], as well as socio-economic changes and geopolitical shocks, are contributing to ‘global systemic risks’
[13]. Should these drivers coalesce, they may lead to a‘global polycrisis’ with irreversible consequences for humanity [13].

Many of these challenges are interlinked, as recognised by analysis of the efforts needed to meet the SDGs [14] as well
as the parallel development of academic concepts such as wicked problems [15] and the water, energy, and food nexus [16].
However, policies still predominantly reflect sectoral objectives in so-called‘silos, without considering complex linkages,
interdependencies, and feedbacks. Thus, more integrated long-term policies [17] and interventions are needed, informed
by knowledge, understanding and approaches that support systems thinking [18, 19] (see definition in Sect. 2). Public
policies are a major driver of both socio-ecological challenges and responses; hence informing, altering, or transform-
ing policymaking is a key target for activities and tools designed to promote change informed by systems thinking. In
fact, systems thinking is beginning to be institutionally endorsed by some governments, including the UK Department
of Environment, Food and Rural Affairs [20] and the European Commission [17]. In the academic world, this is reflected
in a recent drive towards funding of integrated inter-disciplinary science by major research organisations (e.g. [21]). A
systemic ‘challenge-driven’ approach to research and innovation [17] is called for to understand the causes that might
lead to an irreversible ‘polycrisis’and generate actionable policies to mitigate this risk [13].

When addressing the pressing imperatives of the climate and biodiversity crises, systems thinking is called upon to
incorporate this complexity, reconcile multiple land use objectives and identify key levers and leverage points for trans-
formative action. Landscapes are not only physical spaces where many of these challenges converge, but also offer an
opportunity to consider how socio-economics interacts with the implementation of integrated environmental policies
in the context of biophysical processes and constraints. Industrial agriculture has been successful in feeding people,
but at the cost of simplifying complex social-ecological systems in ways that make them more vulnerable to climate
change [7] and geopolitical shocks [17]. Concentrating land use on a single ecosystem service compromises benefits
from others, such as greenhouse gas mitigation, freshwater quality [22] and biodiversity restoration [23, 24]. The need
for a holistic approach to transforming the food system was recognised at COP28 as a vital part of global climate change
mitigation and adaptation activities [25]. We believe systems thinking approaches provide a tool for dealing with this
level of complex, interacting challenges. Therefore, in this Perspective piece, we provide a set of examples assessing
systems thinking approaches in the context of applied land systems research, defined as “terrestrial social-ecological
systems where human and environmental systems interact through land use” [26].

In Sect. 2 we first define what we know and understand under‘systems thinking’and review its key attributes as described
in the literature. In Sect. 3, we apply these attributes as a framework to support the comparison and multi-criteria evalua-
tion of seven systems thinking approaches that we have direct experience of using in land systems research. Comparisons
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between the approaches are made according to our experiences of their strengths and weaknesses as well as their ability
to support key attributes of systems thinking and their ability to A) represent a system; B) foster systems thinking; and C)
support transformative change. Based on this, in Sect. 4 we discuss lessons from the integration of these systems thinking
approaches into decision-making and the ability of such analysis to affect real-world transformative change.

2 What is systems thinking and what are its key attributes?

At a rudimentary level, a system can be defined as “a regularly interacting or interdependent group of items forming
a unified whole” [27]. Some systems are more complex than others and none exist independently of other systems. It
is important, in analysis, to define their extents and boundaries, and relations to other systems, especially those they
may be embedded in. Systems also take inputs from and send outputs to other systems. As a result, systems can be
something of a‘black box’to human perception, and analysts must define how we will study and think about them. As
defined, some systems may include human activities, and some may not. Moreover, different systems will require dif-
ferent treatments if any type of transformation is desired. To ‘think’ like systems, ‘systems thinkers’ will need to properly
define, circumscribe, and understand their systems.

Our starting point for identifying key characteristics of systems thinking is the definition provided by Arnold and Wade
[28]. Based on their wide-ranging review of systems thinking, they propose the following:

“Systems thinking is a set of synergistic analytic skills used to improve the capability of identifying and understand-
ing systems, predicting their behaviours, and devising modifications to them in order to produce desired effects.
These skills work together as a system.” (p. 675).

In Table 1, we present key attributes of systems thinking that support the goals contained in the above definition.
To build this list, we use Arnold and Wade’s [28] requirements for systems thinking approaches, and add to these other
attributes identifiable in seminal works, such as Meadow’s Thinking in Systems [29] and Schelling’s work on complexity
and emergence [30], as well as making use of more recent primers [20, 29, 30]. Finally, this list is informed by the literature
on knowledge exchange for decision-making on the environment [31, 32]. This results in 26 attributes, which can be
used to appraise and compare a diversity of tools or approaches intended to support systems thinking. We then decided
to group these attributes according to their ability to: A) represent a system; B) foster systems thinking; and C) support
transformative change (Table 1). The first two “abilities” we consider as fundamental to the successful implementation
of systems approaches, whilst the third is fundamental to supporting the area of application related to the topic of our
paper: transformation.

3 Implementing systems thinking approaches

In this section, we evaluate seven different approaches for supporting systems thinking, i.e.: agent-based modelling
(ABM), Bayesian belief networks (BBN), causal loop modelling (CLM), spatial multicriteria analysis (sSMCA), societal meta-
bolic analyses (SMA), social network mapping (SNM) and quantitative story telling (QST). This selection is based on the
approaches we as authors have had many years of experience in using as part of our research supporting policy for land
systems [26]. Consequently, this selection is neither intended to represent a complete set of available approaches, nor
for identifying the best ones to use in all circumstances. We believe that sharing our collective experience adds value
to potentially more comprehensive evaluations grounded in literature review, which may however lack insights from
first-hand application in land systems research. Based on our experience, we first detail, in Table 2, what we consider to
be the approaches’ key strengths and weaknesses, as well as their capability to impact on policy and practice beyond
academia. In Table 3, by contrast, we then present our multi-criteria evaluation of these approaches, by scoring their
ability (none, weak, moderate, strong) to support each of the systems thinking attributes identified in Table 1. Whilst to
the best of our knowledge, we are not aware of other research characterising system modelling approaches in a more
robust way than we have done, this evaluation — based on our working experience of using the approaches, rather than
on theoretical considerations or by literature review-can be considered as a starting point for further discussion using
more quantitative approaches. The seven approaches that we evaluate vary greatly in, for example, their disciplinary
and epistemological basis and the time and skills required to use them. The ensuing discussion in this section explores
their merits and differences further.
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Table 3 The ability of the seven different systems thinking approaches, we have applied, to support the different attributes of systems
thinking shown in Table 1 and thus their capacity to: A) represent the system; B) foster systems thinking; and C) support transformative
change. We use a gradient of ability from ‘None’ through’Weak’ and ‘Moderate’ to ‘Strong’ Approaches: Spatial Multicriteria Analysis (SMCA);
ABM - Agent-based modelling; BBN - Bayesian belief network; SMA - Societalmetabolic analyses; SNM - Social Network Mapping; CLM —
Causal loop modelling; QST - Quantitative story telling

Ability of tool to support key attibutes of systems thinking presented in sMCA BBN ABM SMA SNM CLM QST
Table 1 and their grouping A-C

Abstract the system Weak Strong Strong Strong Strong Strong Moderate
Identify interconnections within the system Strong Strong Strong Strong Strong Strong Low
Represent feedbacks None Weak Strong | Moderate | Moderate Strong Low
Identify dynamic behaviour of the system None Weak Strong | Moderate | Weak Strong Low
Explain dynamic behaviour with reference to the system structure None Moderate | Strong Strong Weak Strong None
and interconnected parts
Identify delays in the system (lag effects) None Weak | Moderate | Moderate | Weak Weak None
Can represent temporal dynamics Moderate Weak Strong | Moderate None Weak None
Identify tipping points (key states and thresholds of the system None Strong Strong | Moderate | Moderate None Moderate
beyond which the system might transform)

Reflect and change formal model structure Moderate Strong | Moderate | Strong Weak Weak Strong

Identify stocks and flows and their relationships Moderate Strong | Moderate |  Strong Strong | Moderate Moderate

Analyse heterogeneity in the systems Strong Strong Strong Strong | Moderate None Weak

Understand systems at different scales: embed systems within systems Strong Strong Strong Strong Weak Strong Moderate

Produce a formal representation of the system as a whole Moderate Strong Strong Strong Strong Strong Moderate

Identify and explain emergent behaviour in a system None Strong Strong Strong Weak None Weak

Devise and test modifications to the system Strong Strong Strong Strong Strong Strong Moderate

Represent and integrate diverse opinion Strong Strong Strong Strong Strong Strong Strong

Represent or manage uncertainty Moderate Strong Strong | Moderate | Moderate Weak Moderate

Analyse and manage instability of the system None Strong Strong | Moderate | Moderate Weak Weak

Include breadth of stakeholders in [specifying] system Strong Strong Strong | Moderate | Strong Strong Strong

Visualise the system to key stakeholders Moderate Strong Strong Strong Strong Strong Moderate

Communicate the system to a wider public Moderate Strong | Moderate | Strong | Moderate | Moderate Moderate

Predict — “foretell as a deducible consequence” : include scenarios of | Moderate Strong Strong | Moderate | Moderate | Moderate None
future change and current management options

Identify long term solutions Moderate Strong Strong | Moderate | Weak Moderate Strong

Identify leverage points (key areas of the system open for Strong Strong Strong | Moderate | Strong Strong Strong
interventions)
Has proven capability to integrate with other systems approaches Strong Strong Strong | Moderate | Strong Strong Strong

C) Support tranformative change B) Foster systems thinking

3.1 A) Representing the system

What level of formalism is used by the different approaches? There are categorical divisions between the modelling
approaches we employ in terms of formal (sSMCA, BBN, ABM, SMA), partially formal (CLM) and informal (QST). Formal
representations are based on formal languages, with agreed rules of inference that have been proven (logically/
mathematically) to be internally consistent (i.e. do not lead to the inference that A and not-A are simultaneously true
in the same place). Formal languages allow machine processing. Partially formal representations such as those used in
CLM employ a formal language (in the case of CLM, this is defined by a syntax of directed graphs combined with the
semantics of edge causality and proportionality) which permits a significant amount of rule-guided causal inferenc-
ing to be carried out by hand but has not been subjected to a rigorous (i.e. logical) process of consistency checking.
Informal representations could range from artistic expression (where there are no universal rules of inference at all)
to a‘partial’ informality in which there are possibly context-sensitive and/or culturally-influenced, underlying ‘rules’
of inference (e.g.‘common sense’), but they have not been subjected to a rigorous (i.e. logical) process of consistency
checking (e.g. QST) and the representation is not underpinned by a defined formal language.’ The ability to provide
an abstraction of the system is, however, common to all systems modelling approaches considered, with the excep-
tion of geospatial analysis.

! Note that QST, when combined with SMA, does share the property of having a formal representation (see [85].
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e There are differences in the representation of interconnections, feedbacks, delays, temporal dynamics, threshold effects
and tipping points. All approaches, except QST, can identify interconnections within the system. SMA is particularly
strong for robustly demonstrating relational analyses in complex socioecological systems, for example agricultural
interactions with economy and society [85], where this conceptual framework aided the co-development of system
understanding with stakeholders, despite generating uncomfortable knowledge. However, SMA is weaker on quan-
tifying dynamics and feedback. The highest ability to identify feedbacks is supported in ABM and CLM. For SMA,
feedbacks are primarily identified in diagnostic mode; for example, the circular way biomass is used in agroecologi-
cal cycles to regenerate that biomass itself [90]. Identifying system delays is challenging for all system modelling
approaches applied in our research. ABM is well suited to representing temporal dynamics while sSMCA is strong at
identifying trade-offs, and BBN and ABM are strong at identifying threshold effects and tipping points. For example,
a coupled agent-based and meta-community model could identify a threshold effect in a non-linear relationship
between agri-environmental incentives and biodiversity, when a sharp increase in environmental benefit occurred
for a small increase in incentive [91]. Bayesian Networks allow for the investigation of threshold effects and tipping
points using discretised variables states, as demonstrated in Adams et al. [92], who investigated the impact of climatic,
socioeconomic and management scenarios on the probability of surface waters meeting water quality standards.
SMA can identify threshold effects and tipping points in simulation. SNM and QST have a weaker ability to represent
this factor, while CLM cannot.

e Understanding dynamic system behaviour and systems that are changing structure. Only a few approaches can identify
and explain dynamic system behaviour (ABM, CLM) [93, 94]. SMA can also explain dynamic behaviour with reference
to the system structure and interconnected parts, however this requires in-depth analysis, as in ABM. BBNs, SMA and
QST are well suited to reflect and modify system structure, for example when transferring BBN models between dif-
ferent river basins [95].

o [dentifying stocks, flows and heterogeneity in the system. BBNs, SMA and SNM are suited for the identification of stocks
and flows. Heterogeneity in the system can be well represented in sSMCA, BBN, ABM and SMA, for example in spatial
applications of BBNs to phosphorus and pesticide pollution in river basins [41, 42].

e Understanding systems at different scales: embedding systems within systems is possible using most modelling
approaches, except for SNM and to a medium effect in QST. For example, CLM is well suited to represent embedded
subsystems, visualise and explain causal system components interconnections and their feedback, as demonstrated
in e.g. operations research [77]. However, modelling complex processes across scales is often hindered by gaps in
process understanding and data pertaining to different scales of interest.

3.2 B) Foster systems thinking

e Can the formal model representation be explained and changed? Key to promoting systems thinking is the ability to
produce a formal representation of the system that represents diverse opinion and allows testing modifications to the
system. This can be accomplished using all approaches reviewed here, although QST has a medium rather than high
ability to devise and test modifications to the system. All approaches are capable of representing diverse opinions. For
example, CLM has been used with stakeholders from peasant and urban communities [96] to national policy makers
[97], to support municipal climate change adaptation planning, and basin-scale flood and drought risk management,
respectively. Its pictorial version can even be accessible to illiterate communities. SNM also provides a democratic way
to discuss connections between actors, e.g. by quantifying links from multiple actors based on a plurality of voices,
provided all key stakeholder voices are represented [98].

e Does the model represent uncertainty? Only GIS-supported sMCA, BBN and ABM are strong on representing or managing
uncertainty and analysing instability. For example, BBNs can capture uncertainty both in knowledge and data when
modelling river basin resilience to future change [45]. Conversely, CLM has limited ability to deal with uncertainty.
BBN, ABM and SMA are also capable of identifying and explaining emergent behaviour in a system, which is not pos-
sible using CLM.

3.3 () Supporting transformative change
e How inclusive can the approach be? Including breadth of stakeholder views in specifying system conceptualisation is

key to all three aspects of model evaluation to represent a system, foster systems thinking and support transformative
change. Different modelling approaches are able to include the participation of stakeholders, with BBNs [45], CLM
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and QST being particularly strong in this respect. For example, QST has been used widely in formalised processes of
science-policy engagement with policy partners [99] to inform development of policies that could lead to significant
redistribution of agricultural support payments. BBNs are tools that are more regularly used participatively with
experts since assessing probabilities is cognitively challenging, for example when understanding the risk of pollut-
ant transfer within river basins [100]. ABM, in their companion modelling format [101] that includes participatory
modelling with stakeholders, are a very inclusive approach. Land use applications are wide-ranging, from small-
scale farming systems, to forestry, and river basin management [102-104]. Other versions of participatory modelling
with ABM permit intermediate levels of inclusion (e.g. [105]). CLM and SNM are extremely inclusive. SMA questions
‘grammars’ - the assumed narratives that stakeholders articulate — and after identifying systemic trade-offs seeks
input from stakeholders as to a most desirable way forward. For instance, SMA has been used with QST to engage EU
policy stakeholders in how to improve the sustainability performance of agricultural production systems [85]. This
is an important part of social learning and promotes systems thinking by building capacities in society. Additionally,
in another example, stopping groundwater degradation by implementing nature-based solutions requires effective
collaboration among different decision-agents, which can be informed by mapping the complex web of interactions
using SNM and simulating different interventions [106].

o The ability to visualise the system to key stakeholders and communicate it to the wider public is a key attribute of an
effective system analysis approach. Most system approaches applied in our work support this attribute, with some
approaches being inherently graphical, such as BBN, and hence more easily communicated, while others require addi-
tional custom-visualisation, such as an interactive web-based multi-criteria analysis tool to inform spatial planning of
riparian woodlands.? While all modelling approaches require carefully designed bespoke strategies to communicate
the system structure and the modelling outcomes to the general public, sMCA, BBNs, SMA, CLM are better suited to
communicating system complexities, as they are inherently more visual than ABM, SNM and QST.

o Ability to predict and foretell, identify leverage points and long-term solutions are critical attributes to facilitate the use-
fulness of system thinking outcomes, promote long-term perspectives and enhance resilience. BBNs are well suited
to predict or ‘foretell’ deducible consequences, for example the impact of different stakeholder preferences on sus-
tainable catchment management [92]. They can be easily adapted to include scenarios of future change as well as
current management options and can even be extended to include counter-factual reasoning [40]. For example, May
et al. [107] simulated the impacts of future land use change on phosphorus losses to Scottish standing waters using a
BBN model and ABM derived CRAFTY-GB land use scenarios [54]. BBNs, ABM, QST are strong at identifying long-term
solutions e.g. to increase resilience and efficiency of food supply chains [108]. Multiple system analysis tools are suit-
able to identify leverage points, including BBN, ABM, SMA, SNM, CLM and QST. For instance, SNM network can help to
understand which stakeholders are more relevant to changing natural resource governance to foster transformative
change [109].

e Complementarity of approaches can be seen and explained by the way different approaches cover different require-
ments, helping to overcome the limitations of individual tools. Most approaches applied in our work are capable of
integration, however sMCA often relies on the results of other tools for a real system understanding, for example cou-
pling with BBN to inform spatial planning in forested landscapes, while considering trade-offs in ecosystem services
[50]. BBN can be used as meta-models, integrating results from other modelling approaches, such as process-based
models and climate projections to understand future catchment resilience to phosphorus pollution [45] and future
pesticide pollution risk in agricultural landscapes [46, 110]. SNM and ABM are also complementary. While ABM simu-
lates network dynamics, SNM focusses on interaction. This allows to identify most suitable networking interventions
to overcome collaboration barriers, as in Giordano et al. [106] who applied a hybrid SNM-ABM approach to prevent
degradation of groundwater status and associated ecosystem services through nature-based solutions. SMA generally
covers multiple vertical scales while horizontally integrating different socioecological measures. SMA and QST can
be integrated [85]. CLM has been traditionally used to specify system dynamics models [77] and have been success-
fully used to support the specification of ABM. For example, in [80], participatory causal loop modelling was used to
identify the requirements for adapting a legacy ABM - which simulates future changes in the size of cattle farms in
Scotland-in order to simulate the potential transformational impacts on farm sizes due to Brexit, as well as the war
in Ukraine.

2 https://storymaps.arcgis.com/stories/f49964c9d7344ac4a6056cbde3122946.
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This categorisation and evaluation of the individual system thinking approaches, according to key characteristics they
possess, shows that no single approach combines all characteristics and advantages of systems thinking. Best modelling
practice now requires multiple models to account for structural model uncertainty and to combine the strengths of dif-
ferent approaches. For example, leveraging SNM'’s ability to identify stakeholders critical to influencing change towards
effective governance structures, could enhance the ability of other approaches to transfer findings for real-world change
[109]. In all cases, accessing pertinent data remains difficult and can only be overcome through consistent implementa-
tion of FAIR open science principles [111]. A plurality of approaches and disciplines is therefore needed to build a holistic
inter-disciplinary system understanding for sustainability. This need for integrating complementary approaches has also
been highlighted by other researchers [112]. Furthermore, there is generally a need for more attention to be given to
using systems thinking to achieve change and this requires attention to context and engagements within which analy-
ses may be co-produced, as well as modelled. An effective application of system approaches therefore requires strong
interdisciplinary teams, spanning biophysical, computational and social sciences.

4 Integrating systems thinking approaches into decision-making and policy
for transformative change

If analyses based on systems thinking are to achieve influence, they must be salient, credible and legitimate to those
who can make decisions, such as policymakers [88]. This relates to decision-makers’ perceptions of the analysts them-
selves, datasets as well as the processes in which they are involved. For example, a recent survey of Members of Scottish
Parliament (MSPs) found that their most valuable source of information comes from trusted organisations whom they
are in regular contact with (Newsdirect, pers. comm. 23. March 2023). This reflects similar, earlier, findings related to the
information use hierarchy among water managers [113]. Thus, the context and processes within which specific tools or
models are used, and the attributes and efforts of those working with them, are at least as important as the attributes of
the model itself. As a result, activities such as building personal connections will assist with knowledge exchange [114].

Systems thinking is an opportunity to empower stakeholders in the decision-making process and co-develop accept-
able sustainability pathways [19]. Adopting methods that empower and involve stakeholders throughout the research
process, in line with the principles of trans disciplinarity [115] and co-production [116], should offer the best opportunity
for systems research to support transformative change [117]. However, such investment in transdisciplinary collabora-
tive work to foster salience, credibility and legitimacy requires effort and capacity from both scientists and policymakers
and goes beyond those needed for ‘mere’systems modelling and analyses [118]. The fundamental complexity of linking
participatory systems approaches to decision making perhaps is reflected in the finding that despite significant invest-
ment and even best practice [92], this co-creation does not always lead to transformative action. This may be related to a
lack of institutional capacity for long-term planning [17] to enable institutions to go beyond the status quo. Overcoming
this may go beyond what individual systems modelling projects can achieve, requiring long-term involvement in influ-
encing and perhaps transforming governance structures that can respond to systems analyses, and support integrated
systemic approaches. We illustrate this in a case study in Box 1 where a river basin provides a biophysical framework for
system-based understanding of interconnected challenges and co-creation of solutions with relevant stakeholders, via
the application of BBN. This suggests that considering how to foster collaborative action is as important as endorsing
systems models or concepts [119].

5 Case study (Box 1).

Systems thinking in the river Eden basin, Scotland, using BBN. Freshwaters are critical for supporting both the natural
environment and human health [120]. In a river basin system, freshwater is shared across human systems required for
multiple ecosystem services. In the river Eden basin, Scotland, interactions between human systems and changing
environmental conditions are leading to compounding water quality, flooding and drought issues. The river Eden
flows through prime agricultural land and is one of the few river basins in Scotland where irrigation to produce fruit
and vegetables is required. The impacts of drier summers are already being realised, as evident during the summer of
2022 when abstraction licenses for irrigation were suspended due to low flow conditions. At the same time, the basin
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has been impacted by flooding, likely to become a recurrent threat with projected increases in winter precipitation
and extreme rainfall events [121].

The interaction between environmental conditions and human activity has led to pollution of the Eden catchment.
In 2022, both the lower and upper stretches of the river were classified as in ‘moderate’ ecological status for water
quality by the Scottish Environment Protection Agency (SEPA). This was attributed to discharges from wastewater
treatment works, diffuse pollution from agriculture and private septic tanks. The influence of low flows on pollutant
concentrations and increased source loads during high intensity rainfall events exacerbate the problem.

Tackling diffuse pollution from agriculture is a wicked problem which has not been successfully addressed through
incremental changes, such as those implemented in the European Common Agricultural Policy [122] and there is
increasing evidence that multiple system-based interventions will be needed to improve water quality at a catch-
ment scale [22, 41, 42].To this end, SEPA and Scotland’s public water supplier adopted a collaborative future-focussed
systems thinking approach to decision-making in the basin. In response, Adams et al. (2023) co-developed a BBN
as a tool for practical testing of this collaborative approach to investigate the current and future water issues. Envi-
ronmental and human systems in the basin were integrated and future climatic and socio-economic scenarios were
explored with stakeholders to understand the extent of future water quality and quantity issues.

The management options identified included constructed wetlands, irrigation lagoons and nutrient recycling within
wastewater treatment works [48]. Compared to a linear thinking approach, the co-developed systems understand-
ing helped to highlight ways for key stakeholders to work together across sectors, identify solutions with a potential
real impact and avoid unintended consequences. Applying systems thinking approaches helped the stakeholders to
move from a siloed to holistic understanding of both problems and solutions, fostering an opportunity for collabora-
tion. However, as measures with the greatest certainty of achieving desired outcomes were also the most challenging
to implement, during the feasibility assessment stage the stakeholders were still inclined to opt for easier but less
certain solutions. This highlights a challenge associated with co-created system analyses. Even when following best
practice in systems thinking, the insights may not be fully reflected in the resultant actions. Similar challenges have
been noted across varied settings [123].

Considering these challenges, below, we highlight six aspects that should be considered to improve the integration
of system analysis into decision-making and policy.

o PLAN FOR IMPACT: we need to start the participatory system analysis and modelling process by considering impact.
What types of impact are expected and with or for whom? How do we create maximum impact from the analysis? This
will determine not only the level of stakeholder participation but also the choice of modelling approach and type of
model to co-construct with stakeholders. These in turn will narrow down the choice of system analysis and model-
ling tools. Importantly, we need to focus on achieving instrumental impact, i.e. on real and enduring transformative
outcomes, and less on network-building impacts, that are a participatory means for transformation but not transfor-
mation itself.

© DESIRABILITY and TIMELINESS: systems thinking sometimes identifies surprises, a reality which is not always easily
accommodated by policy makers. Agreeing on the research question or problem framing with policy makers will
determine what is examined and what is found. However, this framing may be restrictive and will influence the desir-
ability of the findings. Hence, it is important for researchers to get involved in the process before a question is formu-
lated to broaden the framing and influence what outcomes may be considered ‘desirable’. Furthermore, it is essential
to understand what specific institutional decision makers want in terms of decision support and at what points they
need pertinent insights to be delivered to turn them into action. This requires explicit and guaranteed alignment of
systems thinking processes with the decision-makers’ decision-making processes.

© SCOPE SCALABILITY: it is important to consider the scale of interest, as responsibilities of participants will change with
the scale and some phenomena will only become apparent at larger scales.

o DEFINE SYSTEM BOUNDARIES is critical and will be aligned with the problem framing and the scale of the enquiry.
However, it is noteworthy that complex systems are permeable by definition (see [124]). Hence, any definition of a
system boundary will be open to debate according to researchers, stakeholders and modellers perceptions of ‘external’

3 More information on the approach, called One Planet Choices, can be found here.https://vimeo.com/802708789/e983c9867e
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drivers as opposed to‘internal’dynamics in a problem domain. A key example of this is the contentious definition of a
land use system in a global economy dependent on supply chains and their relation to environmental, political, and
socioeconomic trade-offs [125]. Thus, whilst boundaries should be discussed and agreed specific to the problem and
stakeholders, some conceptual boundary fuzziness may always be expected.

® REVIEW MODEL CAPABILITIES: model structure and available data will influence what we can model and there is a risk
of ‘valuing what we model rather than modelling what we value’ Therefore, coupling of different approaches is key
to overcoming their respective limitations to holistically represent biophysical, social and governance aspects. There
is also the non-trivial problem of data needs. Having decided what needs to be modelled and how, the availability of
data will influence the approach that can be taken. In practice, there is often an iteration to match data availability with
the modelling approach. Hence, both model choice and available data are critical to the findings and their impact.

® BUILD RELATIONSHIPS with stakeholders, including policy makers and their advisors. This is critical for the ultimate cred-
ibility and salience of modelling, but it can be a difficult and time-consuming part of the process. We need to clarify how
and when to incorporate multiple stakeholder values and knowledge systems, such that there is shared recognition of
multiple views, which informs action, whilst also responding to the pace and scale of climate and nature crises.

These six aspects point to the need to dedicate additional resources for engagement with those involved in drafting
and ultimately approving evidence-based policy, including civil servants. This requires additional skills and resources
beyond those needed‘just’ for modelling and reinforces the value of individuals and existing organisations that already
act as 'knowledge-brokers, such as SEFARI Gateway* and Centres of Expertise in Scotland.” Finally, to overcome the
policy-making ‘silos; a mission-based approach to decision making may be needed, to embed cross-sectoral objec-
tives within a systemic framework. The European Union is advocating the adoption of a long-term systems thinking
approach to understand the root causes of the current crises and “Transform the economy and society through
challenge-driven approaches to research and innovation” [17]. Tracking this initiative may offer useful insights for
embedding systemic approaches in other contexts.

One way to foster systems thinking is to continue to communicate it, teach it, value it, and resource it in the reali-
zation of its necessity [19]. Unfortunately, before acting on this realization, we may have to experience failure due to
ignorance, misunderstanding, misrecognition, or misdiagnoses of system dynamics, symptoms, and causes due to
lack of joined-up approaches. Therefore, creating institutional space for systemic approaches is critical. For example,
if institutions are broadly constituted of siloed departments, programmes, and actors and there is no one responsible
for thinking and deciding at the system level-never mind thinking about the future—then it is hard to imagine how
systems thinking might become valued or implemented. We might ask, are there many “joined-up” decision-makers?
Do our cultures and institutions value such thought and activity? If not, those who seek to share systems models and
tools may labour for naught.

All attempts to inform transformative change must be mindful of the limited influence which any analysis or
analyst can or should expect to achieve. At least in democracies, there are many legitimate influences and inputs in
policy-making. There are also many other legitimate knowledge systems to incorporate that go beyond science [126].
Therefore, we do not claim that our insights about how to target systemic analyses and processes, if used to inform
other processes, will always be reflected in transformative change; however, it is important that expectations for
influence are carefully articulated, planned for and used in evaluation. We propose that more transparent evaluation
and reflection about effective systems approaches is needed to inform and target future systems thinking processes.

6 Conclusions

Achieving sustainability goals requires more systemic approaches, but care is needed in selecting and working with
tools and frameworks that are designed to achieve those objectives. The examples of systems thinking approaches in
land system science that we have presented here demonstrate a variety of modelling and analytical approaches that
can produce relevant insights about systems and sustainability problems; and identify some useful attributes of the
analytical approaches and also - importantly — the processes of using and working with them that matter to produce
insights that are useful or relevant to policymakers. However, we do not claim the approaches we have used always had

4 https:/sefari.scot.
5 https://crew.ac.uk.
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a major influence on decision-makers in policy or resulted in substantial changes to policy. Some of our analyses and
models have usefully helped to inform incremental or moderate change, however transformative changes as defined by
the IPCC[127], i.e. those that create fundamental changes in the system, are ultimately needed to achieve sustainability
[128] and must represent our ambition for the use of systems thinking approaches.

In conclusion, systems thinking approaches, whilst being essential to identify effective solutions to the complex
environmental and social challenges we face, may not, by themselves, have impacts beyond informing or enabling
incremental change. Therefore, we reflect on further steps that could be taken to enhance the impact of analyses and
promote transformation. Approaches that are fit for purpose, identify holistic systems function, and identify the levers
and leverage points are required; but also necessary is trans-disciplinary science with genuinely co-created processes.
This in turn highlights the need for nuanced understanding of the drivers and constraints on decision-making, and capac-
ity and skills to engage in evolving interactions [129]. We also need a better understanding of how effective systems
thinking approaches are in driving changes in decision making. This requires not only a greater will to properly evaluate
such impacts (a deficit Hedelin et al. [84] have identified), but also sustained funding for long-term evaluation of the
effectiveness of systems thinking approaches based on participatory analyses, honest reflection, and open evaluation
against standards. Ultimately, systems thinking approaches require supportive governance and enabling structures, to
facilitate the transition from analysis to transformation.
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