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Strategic environmental risk management and planning must account for uncertainty and complexity, necessi-
tating methods that facilitate scenario development under incomplete knowledge. This paper introduces a
participatory modelling (PM) -based knowledge co-production and strategic planning approach utilizing one
type of Al tool - Bayesian Networks (BN) - for systemic scenario development, analysis and resilience-building.
The developed method integrates diverse perspectives and expertise of participants through a structured BN
model, enabling co-imagination and -construction of causal pathways, translating them into probabilistic de-
pendencies, and diagnostically identifying potential leverage points for strategic resilience-increasing actions.
We illustrate and test this approach using a case study of a chemical transportation accident in an urban envi-
ronment, documenting the participatory process and the algorithm to translate the participants’ thinking to a
computational BN. Through content analysis of transcribed audio recordings, we demonstrate how the exercise
helped uncover “reflexive unknowns” — previously unrecognized threats that became apparent and thinkable
only through the collaborative modelling process. An example of such a reflexive unknown in our case exercise is
the prospect of toxic rainfall following the accident and its short- and long-term implications for the built and
natural environment. This was a blind spot in the thinking of the participants, and it appeared and became a
scenario to be acted upon only as a result of the process of collective cross-sectoral causal thought represented
with a BN model. The paper provides a detailed description of the developed participatory BN approach and
methodology, enabling their applicability in various contexts. Through a qualitative analysis of the exercise’s
implementation, the article also demonstrates how the approach fostered collective, iterative reflection, gener-
ating new insights to socio-environmental resilience.

1. Introduction uncertainty, thus likely leading to resilient management strategies. We

present a participatory Bayesian network (BN) approach that enhances

Strategic decisions and management measures for environmental
regulation and security are implemented in the face of an uncertain and
complex future, requiring consideration of combinations of events that
have not yet materialized (Ludwig et al., 1993; Schindler and Hilborn,
2015). This creates a need for approaches that enable imagination and
elaboration of scenarios in the light of prevailing knowledge and un-
certainties, allowing identification of policies that are robust to

long-term strategic resilience by uncovering reflexive unknowns in the
collectively crafted risk scenarios, i.e., unknowns that are systemic in
nature and can be articulated only with the help of a BN model and the
collective work put into it. In scenario planning, instead of accurate
predictions about the future, the core idea is to creatively think about a
variety of possible futures (Peterson et al., 2003; Hichert et al., 2021)
and how these different, contingent futures compel different kinds of
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management actions (cf. Esposito, 2024; Reinekoski, 2025). Incorpo-
rating diverse perspectives into the scenario planning process is
recommendable, as cross-sectoral and -disciplinary scenarios may help
to identify social-ecological-technological interlinkages, enabling the
exploration of the dynamics and consideration of holistically and
collectively good (i.e. sustainable) pathways and management measures
(Diispohl et al., 2012 and the references therein). Participatory scenario
development provides a way to integrate the knowledge and realities of
practitioners, citizens, and scientists, filling information gaps, increasing
the relevance of the scenarios, as well as the acceptance and legitimacy
of scenario findings and recommendations (Hichert et al., 2021 and the
references therein).

As Bayesian Networks (BN) - including their decision analytical
extension, Influence Diagrams — have characteristics particularly suit-
able for analyzing management problems where decision-making must
account for complex socio-environmental interactions, systemic feed-
back, and uncertainties arising from diverse origins, the approach has
been applied in numerous environmental management studies over time
(see e.g. the overviews by Barton et al., 2012; Sperotto et al., 2017;
Parviainen et al., 2021; Kaikkonen et al., 2021). By structuring knowl-
edge and stakeholder perspectives into probabilistic models, the
approach supports the exploration of alternative futures and enhances
the capacity to identify management strategies that remain effective
across a range of plausible scenarios. This makes BN modelling a valu-
able tool also for scenario planning, facilitating the integration of
diverse expertise and fostering resilient, adaptive environmental
governance.

Technically BNs are classified as one type of Artificial Intelligence
(AD) tools, representing structural and conditional aspects of a specific
phenomenon or problem domain, and allowing systemic inquiries in the
presence of uncertainty (Korb and Nicholson, 2010). A BN consists of
two key elements: a graphical component allows for organizing and
illustrating causal information and conceptual frameworks (Carriger
et al., 2018; Carriger and Parker, 2021; Luoma et al., 2021, 2024), while
the numerical, probabilistic aspect — as combined with the causal
structure — permits the predictive and diagnostic examination of how the
system operates (e.g. Kuikka et al., 1999; Uusitalo et al., 2011; Lehi-
koinen et al., 2013, 2014, 2015; Helle et al., 2015; Penman et al., 2020).

BN applications have become increasingly popular in recent decades,
particularly in the realm of various forward-looking analyses like envi-
ronmental risk assessments (Kaikkonen et al., 2021). As these analyses
typically deal with yet unmaterialized scenarios, it is often justifiable to
rely on logical reasoning and expert judgments to consider the possi-
bility and plausibility of diverse events and their consequences
(O’Hagan et al., 2006; Diispohl et al., 2012; Pihlajamaki et al., 2020;
Janasik, 2021). BNs have been applied as participatory modelling (PM)
tools in numerous environmental studies covering different levels and
aspects of participation (e.g. Hukkinen, 1993; Bromley et al., 2005;
Castelletti and Soncini-Sessa, 2007; Carmona et al., 2011; Mantyniemi
et al., 2013; Andriatsitohaina et al., 2020; Singto et al., 2020; Mayfield
et al., 2023; see also the overview by Diispohl et al., 2012). As visually
accessible models, they have been suggested to function as a type of
boundary objects (Star and Griesemer, 1989) for diverse groups to share
their knowledge and perspectives (Moglia et al., 2018; Miiller et al.,
2024; but see also Parviainen et al., 2022).

In this article, we present a participatory BN-based modelling
approach developed in conjunction with a Finnish case study but spe-
cifically designed for broad applicability in enhancing the strategic long-
term resilience of municipalities against complex socio-environmental
disruptions. A recent analysis of 58 expert interviews in Finnish cities
and other public organizations clearly shows a need for such approaches
and solutions (Salomaa et al., 2025). A disconnect was found between
the explorative approach required by strategic resilience management
and the institutionally established practices of crisis planning and op-
erations. This disjointedness permits socio-environmental crises to creep
in, because the tried-and-true methods of crisis planning and operations
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constrain the ability to account for plausible but poorly understood
long-term threats.

Aiming to tackle this issue, acknowledging challenges recognized
with another tested approach (Jarvensivu et al., 2021 — more in section
2.1), we designed and tested a participatory knowledge co-production
and strategic joint-planning exercise that utilises BN as the platform
and tool for systemic scenario and strategy development. Our approach
consists of the processes of and associated techniques for (1) repre-
senting the participants’ joint view of the scenario system as a causal
structure of the BN, (2) translating the participants’ thinking about
plausible causal dependencies to a probabilistic format, to populate the
conditional probability tables of the BN, and (3) the computational use
of the BN to help the participants in identifying the key leverage points
(Fischer and Riechers, 2019) of their scenario system to start discussing
about rational management actions for improving resilience.

Here we describe the developed approach and analyse its function-
ality based on data and observations from a use case on an urban
chemical transportation accident and its impacts on the long-term so-
cial, environmental, and economic objectives of a city. We end up
arguing that a prognostically (causally: from causes to effects) co-
produced Bayesian network and its diagnostic (inference from effects
to causes) use can make actionable something we call “reflexive un-
knowns”. Ekengren (2024) has classified surprises into “known un-
knowns” (such as strategic surprises and expected surprises), “unknown
unknowns” (unexpected surprises) and “known-corporeally unknowns”
(surprises that you became aware of only after direct corporeal contact).
To this list we add a fourth type: the reflexively known unknowns. The
concept means observations that could be articulated only thanks to the
emergent systemic mechanisms that would have remained unknown
without the BN model and the collective work put into constructing it,
pinpointing shortcomings in the scenario system or/and its manage-
ment, such as inadequate expertise or infrastructures for dealing with
the implications of plausible but poorly understood environmental
threats.

While our test case focuses on an urban chemical accident scenario
involving a city organization, the approach is designed to be applicable
to any group and adaptable to a wide range of scenarios that pose risks to
environmental and social objectives relevant to the participants. The
contribution of this article is twofold: (1) we provide a detailed
description of the exercise methodology, ensuring its applicability — if
not direct replicability — in various contexts, whether concerning spe-
cific socio-environmental hazards and risks or the strategic planning
processes of different organizations; and (2) through a qualitative
analysis of the exercise’s implementation, we demonstrate how the
modelling procedure fosters collective, iterative reflection, generating
new insights and observations.

Notably, the key purpose of our participatory BN-modelling
approach is not to provide accurate predictions on the actual state of
the target variables, but to understand the systemic mechanisms through
which they might be at risk: the key factors, their direct and indirect de-
pendencies and non-dependencies, the mutual plausibility of different
combinations, and finally the parts of the system whose manipulation or
control would be most useful — from a systemic viewpoint — for effective
risk management strategies under uncertainty. Our approach does not
question the validity of the participants’ mental model but accepts it as
given, encouraging groups to co-imagine, then focusing on structuring
and analyzing their thinking, and finally using the outcomes to support
the co-diagnosis of where in the system actions would best improve the
resilience — meaning the city organization’s capacity to protect their
values (i.e. strategy objectives) based on the proposed mental model.
Thus, in parallel with the more traditional, prognostic, first order
modelling, our diagnostic “thinking about thinking” -type of modelling
exercise contributes to second order research, as defined and recalled by
Fazey et al. (2018). This is also somewhat corresponding to what Voinov
etal. (2018) and Zellner and Campbell (2015) call single vs. double loop
learning.
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To our knowledge, this is the first published participatory BN
application that focuses on the diagnostic (from unwanted consequences
to their potential causes) analysis of participants’ thought scenarios, in
order to identify the key systemic leverage points for management. We
are also not aware of any other studies that have examined and docu-
mented, through qualitative content analysis of a participatory BN
modelling exercise, how the process actually generates new insights and
knowledge and facilitates collaborative reflection and learning among
the participants.

The present approach and case study have earlier been described in
Finnish by Ahvenainen et al. (2021). This article is the first presentation
of the concept in English, and the first presentation of the translation
algorithm from experts’ thinking about causalities to a probabilistic BN.
In addition, this article contains a totally new analysis of the function-
ality and generalizability of the approach. The data and analysis of test
users’ experiences and reactions as well as the following conclusions are
entirely new.

The structure of the article is as follows: In Section 2, we provide the
background of the study, introduce the research questions, and describe
the phases of the exercise in a way that makes them replicable in other
contexts. We also describe the types of data associated with our test
exercise. The theory and principles of BNs, as well as the algorithm we
developed for translating the participants’ descriptions of causalities
into conditional probability distributions, are presented in Appendix 1.
In Section 3, we first present the types of management actions that,
based on the outcomes of the test exercise, can be identified using the
presented method. We then elaborate on the key findings of the quali-
tative content analysis conducted on the test exercise, focusing on how
the tested PM methodology facilitated collective learning and systemic
understanding, helping to identify factors and actions significant for the
city’s resilience against environmental crises similar to the exercise
scenario. In Section 4, we discuss these findings from diverse
perspectives.

2. Material and methods
2.1. Background and objectives

The original aim behind the study was to design so called Policy
Operations Room exercises (POR) to strengthen long-term resilience of
Finnish cities against diverse socio-environmental disruptions
(Hukkinen et al., 2022). A key idea behind the POR concept is to
demonstrate the potential long-term consequences of diverse acute crisis
management choices made under time pressure and remarkable un-
certainties. The hypothesis behind PORs is that acknowledgement of
such future pathway mechanisms leads to more resilient policies and
decision-making. In an earlier POR exercise (Jarvensivu et al., 2021), a
set-up where participants were presented with fixed narrative situa-
tional pictures and forced to make fast choices between given
pre-defined strategic decision options with long-term disruptive conse-
quences, some focal design issues were identified, which we now wanted
to tackle. These were: a) the need for more engaging, socio-politically
more relevant and complex, scenarios; b) the too narrow and unrealis-
tic strategy (decision) options among which to choose; c) the need for
more comprehensive involvement of the participants in the planning
and development of the exercise — which could have also solved the
issues a) and b). In addition, in the preceding POR, participants couldn’t
turn back and reconsider their choices, seeing where the other pathways
would have taken them. While choosing they fully closed the possibility
to consider the other, alternative future pathways. Although this may be
the case in real life, we questioned whether such exercise optimally
develops the participants’ capacity to make resilience-increasing stra-
tegic choices under pressure.

Against this background we decided to experiment with PM and try
designing an exercise for co-producing a model that would allow the
participating actors themselves to identify and elaborate the relevant

Journal of Environmental Management 384 (2025) 125373

future pathways and recognize resilience-creating factors and actions,
amidst uncertainty that typically arises from a multitude of (manageable
and non-manageable) sources. After preliminary discussions with a
representative of our case city, the goal was refined to help municipal
sectoral managers identify factors and actions critical to long-term
strategic crisis resilience of the city by modelling their co-imagination
about long-term implications of a locally relevant acute disruption sce-
nario: a chemical transportation accident. We wanted to make the
managers consider path-dependencies between the acute scenario and
its potential long-term consequences for the city organization, not
forgetting the associated uncertainties affecting plausibility of diverse
scenarios.

Given our goals, we needed a modelling approach allowing systemic
representation and dynamic analysis of (presumably complex and stra-
tegically wicked) scenario pathways, and the consideration of un-
certainties. The method also had to be accessible to participants without
modelling expertise. Therefore, we selected BN as the modelling tool to
be tested. We hypothesized that if we succeeded in representing as a
computational BN model the participants’ cross-sectoral collective
thinking about the pathways connecting the acute disruption scenario
and its relevant long-term consequences, we might be able to provide
them with a new order of observation and help them identify such
leverage points and associated interventions that are critical to the city’s
strategic resilience against corresponding incidents.

Thus, our research questions were (1) what kind of participatory BN-
modelling process could support our goals, and (2) to what extent such
an approach could be incorporated into strategic risk management more
broadly. These questions are elaborated through the data and experi-
ences from a true use case example. For security reasons, not all details
of the case study can be presented publicly; instead, the description is
kept at a level that allows the examination of the above-mentioned
research questions.

2.2. The participatory modelling process

Amidst the COVID-19 pandemic, in January-March 2021, the exer-
cise was conducted online (Teams video calls) over three sessions with
experts from various sectoral branches of a Finnish municipality. In the
selection of participants, we sought to include key actors within the city
organization who could provide diverse perspectives and had some
degree of power (Voinov and Bousquet, 2010) in the planning and
decision-making processes of the city. To foster active participation and
meaningful discussions, also considering the online format, we priori-
tized the “depth” (over “breadth”) of participation (Voinov et al., 2018),
aiming to keep the number of participants relatively small. The six
participants were department heads and planners from three different
sectoral departments of the city. The selection process was also influ-
enced by practical factors, such as schedule compatibility and the par-
ticipants’ ability to attend all three sessions.

Initially, participants were placed in an imaginary scenario in the
near future, where the long-term consequences could jeopardize the
strategic objectives of the city. The starting acute crisis scenario was a
hypothetical but plausible event discussed in background interviews and
regional risk assessments: a major industrial chemical transportation
accident posing risks to the environment and public health, set in a real
urban environment.

Bayesian network (BN) was applied as the central method of systems
analysis and cognitive PM. Key constraints that influenced the design of
the modelling exercise included the limited time resources and
engagement of the participating experts: the exercise had to be mean-
ingful and feasible without taking too much of their time. We did not
want to restrict the richness (i.e. complexity) of their thinking, nor use
their time and mental capacity for daunting elicitation of probabilities.
Instead, we decided to follow the group’s discussion and do our best to
represent their thinking as a BN that could offer them additional insights
into the system they had collectively described.
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The modelling process can be divided into three phases, as follows:

2.2.1. First stage: systemic prognosis (representing the participants’ joint
scenario space as a causal structure)

In the beginning of the first meeting, we anchored the initial scenario
in the actual physical environment through an audiovisual crisis
narrative, a crisis dashboard (see Hukkinen et al., 2024 preprint), to
enhance the participants’ immersion in the fictional situation and
motivate them to take the exercise seriously. A video simulating a
newscast and a BN model representing the situational picture right after
the hazard were presented to the participants (N6), who were managers
and experts of different operative spheres in the city organization. In the
test scenario, a truck carrying toxic chemicals derails from a bridge onto
a chemical train passing under, causing the release of a chemical cocktail
to the ground, the sea, and the air. The accident closes a central
passageway to the city center that is located on an island. A major
summer festival is underway in the city, and there may be tens of
thousands of people in the area. The acute BN model of the possible
immediate impact mechanisms of such an accident, developed by the
authors (AL and MA), was based on the material found from the litera-
ture, and served as the starting point for the PM (Fig. 1).

Continuing from the acute situation model, the city’s experts
considered the impact chains in the longer-term future from the
perspective of three variables aggregating acute harm effects (“long-
term drivers” in Fig. 1): (1) level of harm to the ecosystem caused by
toxic chemical leaks, (2) secondary human health issues through the
polluted environment, and (3) human health issues due to acute expo-
sure to a gasifying toxin. The task was, through discussion and drawing
facilitated by the researchers, to formulate causal paths connecting the
acute harm variables to the variables representing the indicator metrics
of the city’s long-term strategic goals.

Utilizing harm-specific four-field illustrations shown in Fig. 2, the
participants were first directed by MA to discuss such cause-and-effect

Acute impact model
(by the researchers) [32]

Long-termdrivers
(acute Harm variables) [3]
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paths. The goals and their indicator metrics (see Fig. 2) were extracted
from the city’s strategy document for the year 2025.

Each of the three acute harm perspectives were treated one-by-one
and their connections to the strategic goals structured by means of
causal drawing. During the discussion, AL outlined a graphical causal
representation of the mentioned influential factors and the causal con-
nections between them. Immediately after each discussion, the drawn
causal map was reviewed together with the participants and supple-
mented as necessary. Methodologically, this part of the exercise repre-
sents collective construction of cognitive maps (LaMere et al., 2020).

After the first meeting, common variables connecting the so far
separate harm-specific networks were identified, combining them to one
complex network of pathways connecting the acute harm variables to
the long-term strategic goals (see Fig. A1 in Appendix 1). In the second
meeting, the participants reviewed and approved the combined causal
diagram which had been sent to them beforehand. After that, they were
asked to refine their thinking about the causal relationships by discus-
sing and describing the quality (positive vs. negative dependency) and
strength (weak vs. moderate vs. strong effect) of each cause-and-effect
link. In addition, the uncertainty associated with assessing the quality
of each link was defined either as low-moderate or particularly high.

2.2.2. Second stage: numerical translation (representing the participants’
thinking of causalities probabilistically, to populate conditional probability
tables of the BN)

After the second meeting, AL transformed the mental model defined
by the participants into a numerical Bayesian Network that enables a
novel analysis of the causal scenario system described. The core idea in
the developed probabilistic “translation” approach is to assume linear
dependency and increase uncertainty around the expected values
applying simple triangular distributions. The translation algorithm is
described in Appendix 1.

While developing the translation algorithm, it was noticed that the

Consequence model
(by the participants) [27]

Strategic Goals [4]
and indicators[15]

Yy

Disruption A
event A
\ « > H1

IfA= Altrue) Alfatse]

IfB= Biirue) Bratse) Blirue)

P(Cn) 0.35 0.80 0.05 0.15

P(Cy) 0.50 0.15 0.15 0.50

P(Cy) 0.15 0.05 0.80 0.35
P(CIA[t],B[t]) P(CIA[t],B[f])  P(CIA[f],B[t])

B[false]

B
Temporal progression of the scenario

:j»\‘ B—
W G

/V

T
— G2
¥

Links [tot 169]:
» Data-based
Participant-driven

— Averaging

P(CIAIf],B[f])

Fig. 1. Overview of the exercise. Based on data from the literature, the authors created an acute impact model from which the participants proceeded to build a long-
term consequence model linking driver (acute harm) variables to city strategy target indicators. The brackets denote the numbers of nodes or links in the BN created
as part of our case study, but the illustrated model structure is exemplary. The probabilistic representation of dependencies in a BN’s conditional probability table is
shown for a hypothetical three-state variable C, with parents A and B being two-state (true/false) variables. Each column represents a conditional probability
distribution, where the probabilities of the states of C sum to one. The operating principle of Bayesian networks is explained in Appendix 1.



A. Lehikoinen et al.

Journal of Environmental Management 384 (2025) 125373

G: Entrepreneurship and education

I: N citizens with degrees in higher education
I: Image of industrial policy
I: Number of employed citizens

G: Quality of the living environment

|: Attractiveness as a place of residence
I: Development of travel and tourism

I: Health of the population

I: Carbon neutrality

I: Modes of transportation and mobility

Liquid spill
G: Shared city

Ecologicalharm

Precipitating fallout

Chemicals in the ecosystem

G: Sustainable economy

I: Trust in decision-making

I: Engagement and empowerment
I: Attractiveness of public areas

I: Well-being at work

I: Deficit
I: Loan debt solvency
I: Municipalincome tax rate

Fig. 2. An example four-field to support the discussion regarding the long-term consequences of the acute ecological harm to the four strategic objectives of the case
study city. Each field represents one strategic goal (G) with its indicator metrics (I). The keywords under “Ecological harm” are the factors (parent variables in BN
terms) that together make the “Ecological harm™ in the researchers’ acute model. Corresponding four-fields were applied for the two other harm perspectives.

variables of this case study system could be represented basically with
three different node types: (1) the nodes describing change or devel-
opment of something, (2) the nodes defining whether some event ma-
terializes or not, and (3) the nodes representing the level of something.
In the resulting BN, Type 1 (“change”) nodes can take an integer value
between -2 and +2, where the zero state corresponds to the state before
the chemical accident, with -1 and +1 indicating moderate and -2 and
+2 indicating strong negative or positive changes. Type 2 (“occur-
rence”) nodes, in turn, have the alternative states of true or false. In
addition, as the starting point nodes (the output nodes from the re-
searchers’ model) we had nodes describing the level of harm. These
Type 3 “harm nodes” can take some of the three alternative states rep-
resenting “low”, “moderate” or “high” level of the acute harm (Appendix
1). The final “assessment endpoints”, i.e. the strategy objectives and
their indicators, were represented as Type 1 nodes, depicting their
development in the post-accident future, compared to the pre-accident
status.

2.2.3. Third stage: diagnosis of the scenario system (analysing the BN to
help the participants identify key leverage points and potential resilience
measures)

With the completed numerical model, using the BN software Hugin
(Madsen et al., 2005; www.hugin.com), parameter sensitivity analyses
were run utilizing the “Sensitivity Set Graph Panel” tool. The analysis
tool shows how sensitive a certain state of a selected “hypothesis vari-
able” is to changes of the parameter values (CPT entries) of other vari-
ables in the model. By using the city’s strategic objective variables
(integrating the distributions of their indicator variables) one by one as
the hypothesis variables for the analysis, focusing on their worst states
(-1 and -2), we identified variables that could potentially play significant
role in the failure of strategy implementation. Some of these variables
belonged to the acute crisis model, such as weather conditions prevail-
ing during the accident, but the majority were included in the

participants’ constructed long-term cause-and-effect chains threatening
the strategy.

After this, the variables identified as the most relevant were exam-
ined more closely, applying both prognostic and diagnostic approaches,
to delve deeper into the mechanisms through which these factors could
jeopardize the implementation of the strategy. Based on these results,
narratives were written by MA and TR, illustrating what the future after
the initial situation might look like when each goal reaches its worst
possible state.

In the third, final, meeting of the exercise, the participants were
presented with the goal-specific worst-case narratives. In addition, they
had access to a view of the entire model in Hugin, as well as the prob-
ability distributions of variables. Per each strategy goal and the associ-
ated narrative, the participants reflected on three questions: Did the
narrative seem logical and justified considering their original thinking?
What could or should the city, as an organization, do in terms of pre-
paredness? What would hinder or, conversely, facilitate successful pre-
paredness? At the end of each perspective discussion, the researchers
also challenged the participants with additional questions based on
observations made during the construction of the BN and its analytical
use.

The thoughts arising from the discussions were compiled into an
action table, detailing actions to reduce the likelihood of a disturbance
like the initial one or its consequences and to enhance the city’s strategic
future resilience. In the end of the last meeting, we had also allocated
time for a debrief session to receive immediate feedback from the
participants.

In Appendix 1, section 1.3, we provide a closer look at the different
roles of the researchers at various stages of the PM process.

2.3. Data and analysis of the participatory modelling exercise

The three meetings with the participants were recorded and
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transcribed. We listened to the recordings together and shared our im-
mediate observations and thoughts on the exercise and how it aligned
with the questions and objectives we had set. Afterwards, TR, NJ and
MA conducted a more detailed qualitative content analysis of the tran-
scripts, which AL complemented from the modelling-oriented perspec-
tive (section 3.2). The analysis was guided by our two research
questions: how the modelling process allowed the participants to iden-
tify and elaborate relevant future pathways vis-a-vis the city’s strategic
goals; and how the exercise approach could be incorporated into stra-
tegic risk management more broadly. In addition to the recordings and
transcripts, the design and implementation of the exercise produced
drawings, BNs, BN analytics, and the final action table. Although pre-
sented here on structural (non-content) level only, these served as
relevant materials for us as well, when we elaborated the research
questions.

The full transcripts and other raw data from the case study cannot be
shared to readers as the substance matter of the exercise deals with
sensitive issues pertaining to the maintenance of national security and
emergency preparedness. Second, our research consortium committed
to full confidentiality and anonymity in our interactions with the
participating individuals. Third, full confidentiality and anonymity
could not be definitively secured even with anonymization because of
the risk of revealing individual or organizational identities from the
topics discussed and the contexts in which they were discussed. Fourth,
the difficulty of keeping confidentiality and anonymity commitments
was amplified by the fact that Finland is a small nation state with close

Table 1

Journal of Environmental Management 384 (2025) 125373

individual and organizational networks. However, publishing the full
case study data is not necessary considering the purpose and findings of
this article, focusing on documentation and demonstration of a PM
approach — not a particular model. The presented excerpts from the
transcribed discussions during the exercise are original and serve to
verify the interpretation of the authors.

3. Results

In this section, we describe our key observations regarding the im-
mediate outcomes of the PM exercise, i.e. the co-identified management
actions (3.1), and present the results of the qualitative analysis of the
proceedings of the exercise (3.2), showing how the exercise engendered
emergent, collective insights and observations of the possibilities and
limitations of the city’s strategic thinking and its capacities for man-
aging environmental disasters such as the example scenario.

3.1. Resilience-increasing management action categories

The total number of potential resilience-increasing actions identified
in the test exercise was 28. Based on the diagnosis of the co-developed
BN model, it could be observed that the identified strategic leverage
points were not limited only to the long-term consequence pathway
model created by the participants themselves. Some variables from the
acute accident model - including uncontrollable weather phenomena —
also emerged. Accordingly, in addition to anticipatory pre-accident

The format of the action table generated, listing and categorizing the different types of potential
management measures to increase the strategic long-term resilience of the city against corre-
sponding environmental hazards. The types of measures that were identified by the participants in
our test exercise are indicated in blue font, whereas the ones in grey font are possible, too.

Measures and
processes for accident
prevention

Strategic mission
(Strategy objective)

Measures and
processes for
mitigating

consequences

Cross-cutting resilience-
increasing measures and
processes

Safeguarding the
quality of the living
environment

E.g. measures focused
on improving the
safety of transport
routes and enhancing
monitoring and

E.g. measures that
improve readiness
for controlling or
managing
environmental

E.g. Actions to develop
operational
communications;

Proactive risk

control of shipments

damage during and
after an accident

Safeguarding the
conditions for
economic activities

E.g. measures that
support the
continuation of
chemical
transportation while
reducing the likelihood
of accidents.

E.g. measures that
ensure the
continuity of
transportation and
other business
activities during
and after an
accident

Safeguarding the
wellbeing of residents

E.g. measures aiming
to reduce the
likelihood of chemical
transport accidents
while ensuring smooth
and safe mobility for
residents

E.g. measures that
safeguard the well-
being of residents
and minimize
health risks during
and after an
accident

Mitigating the costs
incurred by the city

E.g. measures aiming
to shift the costs of
proactive risk
management from the
city to the regional or
national level, or to
private companies

E.g. Insurances and
other measures
aiming to transfer
part of the
response and
recovery costs
away from the city
in the event of an
accident

communication and
stakeholder engagement
actions;

Training and education
to improve preparedness
and capabilities
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actions, both acute-phase and post-incident measures were recognized
as significant from a long-term strategic resilience perspective. Some of
the measures aimed at preventing similar accidents were quite specif-
ically tied to the accident site, but interestingly, a clear majority of the
identified actions served the city’s preparedness and resilience against
similar types of environmental hazards more broadly, regardless of the
exact location, timing, or chemicals involved. The identified measures
were compiled into a table, categorized by the strategic city objectives
targeted. Some of the proposed actions could have been assigned to
more than one of these categories. We used the primary strategic
objective perspective (as it emerged in participants’ discussions) of each
action as the placement criterion. In addition, several cross-cutting ac-
tions not tied to any specific objective were identified and assigned to a
separate category (see Table 1). Table 1 shows the resulting action
categories and descriptions of the types of actions that fit them. The
precise actions were agreed to be kept confidential.

3.2. The content analysis: construction of collective insight and reflexivity
in the exercise

3.2.1. From distinct causalities to collective system-wide insights

In addition to the list of potential resilience-increasing actions, the
causal mapping and the diagnostic use of the finished model yielded new
insights for the participants, emerging as the result of the collective work
and the systemic view constructed of the scenario and its ramifications.
While the construction of the model required participants to focus on the
causal connections between two variables at a time and bracket the rest,
once the graphic representation of the model structure was finished at
the end of the first exercise session, the participants identified the pos-
sibility of a system-wide disaster, something that would cut across
nearly all the strategy objectives conceived. Namely, toxic gas clouds
might precipitate over the city, in the event of an unlucky timing of
rainfall. We quote the conversation at length to illustrate the gradual
accumulation of the shared perception.

‘Participant 1: Is it possible that with that gaseous cloud, if there’s a
precipitation event in the city center, we might actually have quite a
wide area (...)

P2: Are you referring to the exposure area?

P1: Yes.

P2: There would also be a pollution area and thus an exposure area
coming from it. Yes. It is possible. True.

P1: Ouch.

G.)

P1: I'm left wondering, if such a gas cloud precipitates in the city
center, how on earth do we clean this up? (...) It’s on top of buildings, in
all maintenance services, all the staff maintaining that environment, the
impact here is (...) it endangers the entire maintenance system due to
this environmental hazard. How do we operate there?

P3: This also has broader implications for all other residents and people in
that area ... the impact is much greater then.

P4: So, this could lead to long-term health issues: cancer effects and
others. Those are indeed difficult to measure.

P1: Yes. The harmfulness of this precipitation is quite a serious issue.
Because we’re talking here about the whole culture of our operation and
how it can recover from such a significant environmental hazard (...)
Now, this started to hit me as I began to think about how much main-
tenance activity is related to this precipitation (...) and if it occurred
over a larger area in the city center, then we would be talking ... this
issue would multiply.

P4: Playgrounds.

P1: All of them.

P4: Daycares, school yards.

P1: All of them.

P4: It would depend a lot on the toxin, whether it could be insig-
nificant or serious, how much it dilutes and whether it washes away with
subsequent rains or adheres to surfaces.
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P1: Regarding food chains, we talked about cumulative effects, but
do we have any research data on how this behaves in a built urban
environment, how stormwater behaves, whether it ends up at the
wastewater treatment plant or remains somewhere in urban areas?

P3: I was also thinking about runoff water — that if it rains and streets
flood and it all flows somewhere, a lot of it into the sea.

P4: Into the sea, but it means trouble also in the water treatment
process, it can have really serious effects there.

P1: This has now become complicated with this precipitation. But
maybe this was the goal [of the exercise], to see at what point we throw
in the towel.’

The possibility of toxic rainfall was included in the researchers’ acute
situation model. However, its complex and uncertain consequences
became fully apparent only through the participants’ collective
thinking, its systemic features being captured in the graphical repre-
sentation of causal connections. This realization extended beyond just
the specific scenario — it also raised questions about the city’s overall
preparedness and its ability to handle such events. While some partici-
pants initially speculated that the purpose of the exercise was to expose
the limits of their ability to manage the scenario, they did not “throw in
the towel”. Instead, the city acknowledged the unexpected threat and
later, in 2021, organized its own preparedness exercise focused on the
issue.

The participants unanimously agreed that the exercise successfully
transformed what was initially “a quite daunting” scenario with many
uncertainties into something more manageable. Beyond the new insights
gained during the modelling process and the concrete action points
identified in discussions (see Table 1), all participants emphasized the
value of the collaborative working format. According to their feedback,
the exercise “definitely enriched our thinking of the big picture”, made
“complexity tangible” and “clarified it’, and even “stripped away precon-
ceived notions”. They also noted that the collective input was an added
benefit, typically difficult to achieve in their usual work routines.

‘This method concretized complex discussions where there are many
different topics by making them more tangible. It’s like finding a
common language. Everyone often talks about the same things, but
they have slightly different perspectives. This kind of tool definitely
helps to consolidate and ensure that everyone is on the same page,
using a shared language and a common way of discussing the
matter.’

The exercise introduced a new meta-language that connected
different sectors and bridged gaps between specialized areas of expertise
within the organization. This supports the idea that collectively map-
ping causal relationships can reduce communication-related un-
certainties and help establish shared, context-specific definitions of key
terms. Participants also found the experience valuable because it
allowed them to see how individual perspectives came together to form
a broader, systemic understanding of cause and effect. As one partici-
pant noted, “something that you thought wasn’t a big deal turned out to be
quite serious” — an insight that might not have emerged without this
collaborative approach.

A participant elaborated:

‘The exercise had a dialog-promoting effect, it clarified and calmed
down the handling of such a complex problem. It allowed us to get
things on paper, to make them gradually visible and adaptable and
not set in stone. They are right there for us to see, they gain shape, it’s
clear how many there are of them, and the important ones begin to
stand out. (...) Of course, we rarely have the luxury of focusing on
building such large frameworks. But at least when the opportunity
clearly presents itself, [this way of working] would definitely be
worth using.’

While mapping causal relationships helped simplify the complexity
of the disaster scenario, the process also highlighted that it is a “rare
luxury” to “carefully consider” how to achieve such reductions. This
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suggests that the meta-language achieved in the exercise might be ab-
sent in real life, which certainly poses a risk for the city. Officials
responsible for implementing strategies and managing resources often
do not have the time to engage in such structured reflection in their daily
work. Yet, these are the kinds of emergent insights that we suggest that
the exercise concept can bring forth. Here we find a dual meaning of
reflexivity prominently at play: on one hand, it can lead to discoveries
about the operational environment and reveal new leverage points for
managing disruptive events. On the other hand, reflexivity also exposes
its own limitations, continuously redefining the boundaries of what is
known and understood.

3.2.2. From the first-order model and thinking to second-order inquiries

A discussion about the city’s goal of fostering a “Shared City” clearly
illustrates how the modelling exercise influenced strategic thinking.
When reflecting on the metrics for this goal — particularly the indicator
of “engaging and empowering citizens” — one participant suggested that,
rather than using these measures solely to assess the impact of the city’s
actions, “it would be good to do all of this in advance, especially considering
scenario events”. Another participant echoed this perspective, noting “a
subtle irony in the fact that the Shared City itself is the one improving resil-
ience”. At this point, participants began to critically reassess their own
thinking as it was translated into the model, particularly in light of the
sensitivity analysis conducted on the strategy objective in question.
They recognized that improving the city’s resilience is not merely a
byproduct of external resilience initiatives but is instead intrinsically
linked to achieving their strategic goals.

At this point, the facilitator stepped in to steer the discussion back to
the model. She reminded the participants that, during the initial phases
of the exercise, when mapping out causal connections, the metric
“Engaging and empowering” had no incoming links. In other words, in
the participants’ original thinking, it was not seen as influencing the
progression of the scenario. This triggered further reflection as a
participant remarked that

‘I think this fits into what we are actually doing here. The scenario
hasn’t materialized yet. (...) So, we are initiating connections to the
metric through this work. To me that seems exactly how it should be.
(...) It bothers me a bit though that these strategic perspectives are
now being examined one-by-one, whereas there should be some
overlap to see how they emerge together.’

Here, the participant takes a step back to reflect on how the
modelling process connects to the organization’s real-world practices.
For them, the value of the exercise lies in finding analogues between the
model and the actions that should be taken in real life, i.e. “initiating
connections” that were not originally present in their thought process.
This leads the participant to recognize the broader interconnectedness of
the city’s strategic goals, which the computational model helped to
reveal and make available for critical examination. Another participant
returns to the topic towards the end of the session when talking about
the planning practices of the city:

‘It’s more about how the decisions made in the past about the
structures that we have, could adapt, of how we can create resilience
by thinking about adaptation. From there, it should be possible to
apply that same idea in more detailed planning. I think we still have a
lot to learn in that regard. It’s perhaps primarily about interacting
across planning levels and organizations to ensure that all objectives
are fully realized. But if you were to ask me now for an example
where this hasn’t succeeded specifically in terms of safety, I wouldn’t
be able to name one straight away.’

The relationship between planning details and the envisioned
comprehensive, integrative approach proves to be complex. The
participant realizes that existing planning practices may overlook crit-
ical cross-cutting elements, highlighting a potential leverage point for
the city to address. The inability to recall past examples suggests that
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this type of second-order reflexivity expressed upon first-order reflection
in the exercise may have been previously absent. While the participant’s
concern about making “strategic perspectives emerge together” brings out
the possibility of adjusting planning and management practices, iden-
tifying clear entry points into the city organization remains difficult. As
one participant reflected after completing the causal mapping in the first
phase:

‘We haven’t maybe had discussions like these regarding strategy in
this context. This definitely highlighted the limits of our own un-
derstanding and the knowledge and skill requirements that arise. At
the same time, it raises questions about what kinds of team forma-
tions and expertise we need to assess the reliability of our built
environment for example. This certainly gave us new perspective on
such things.’

In other words, the exercise not only revealed previously unrecog-
nized issues for the city but also highlighted the need to reassess and
update the organization’s own knowledge processes and operational
approaches. The recognition of the collectively constructed systemic
view as essential also came with an important realization: this
perspective gained was shaped by the composition of the group and the
expertise represented within it. Ultimately, the key question is how well
the organization can adapt to these second-order observations — to practice
reflexivity regarding its own operations.

3.2.3. How to bring the observations home: rethinking the city’s strategy
work

In this final subsection, we trace how the participants saw the ex-
ercise concept and its insights as fitting into and potentially reshaping
the city’s strategic outlook. The approach was seen as having three main
applications: first, as a tool for impact assessment and for identifying
causal chains and their significance; second, as a decision-support tool for
navigating complex situations; and third, as a method for developing shared
strategic insights and assessing progress toward objectives. Across all three
applications, participants valued the exercise for its ability to reveal
unexpected factors both in terms of external threats and the adequacy of
the organization’s existing preparedness and response practices.

We want to emphasize an important nuance in what initially appears
as enthusiasm for the kind of thinking the exercise concept inspired.
Participants identified multiple ways and contexts in which this novel
method could be useful, both within their organization and in collabo-
ration with stakeholders. However, there was also a degree of appre-
hension about how the method might disrupt existing practices. In the
following examples, we begin to see the boundaries of the reflexivity
gained through the exercise.

When discussing the finished causal map, a participant suggested
several potential uses for the procedure so far:

‘this could perhaps be used as a tool for strategic development, where
we want to get different partners to collaborate. And definitely for
impact assessment, which is important in urban planning and likely
in many other areas as well. By identifying the chains of impact and
their significance, a shared strategic vision could emerge about what
we are doing and how our actions might positively or negatively
affect it.”

Here the participant sees immediate applicability in the exercise
concept, suggesting that it should and could be incorporated into the
existing management processes of the city. The model’s ability to
“identify chains of impact and their significance” could enhance the orga-
nization’s capacity to strategically account for the potential systemic
and organization-wide consequences of disasters like the one explored in
the exercise. However, the reflexivity observed here is limited to
assessing whether the organization’s strategic vision leads to the right
actions — in positive or negative effects — rather than questioning
whether the strategy itself is targeting the right issues. In other words,
there is a key distinction between surprising threats always hiding in the
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blind spots of a strategic vision and the unknown as something that can
be shaped through continuous adaptation and refinement of that vision.

During the final, diagnostic, phase of the exercise — when digging
into the analytical outcomes of the BN — a mix of reflexive hesitation and
excitement emerged as participants grappled with insights that were
difficult to fully articulate.

‘Tools of this kind haven’t existed. What we are doing here is creating
that ... there’s something here that’s deeply troubling to me, some-
thing the significance of we might only see in hindsight. This requires
us to take proactive measures in just the right way (...) maybe pro-
active work like this is the only option.’

Another participant expounded in the same vein in an earlier session:

‘T would have liked to have this same discussion to ground some
working groups of ours because this is what we should make happen.
It feels frustrating to me, like, “Oh man, I have to start the work all
over again now,” but on the other hand now that I see the tool, this is
how it should be done. This brought up many questions and
discontent, but also joy from the fact that something new has been
created.’

The discomfort of realizing that existing practices may have lacked a
crucial foundation, whose necessity only becomes clear in hindsight,
illustrates well the dual nature of reflexivity outlined earlier. It is not
only the unforeseen threats that could be better anticipated when
explored with a method similar to the exercise, but also the unknowns in
the practice of creating strategic perspectives to such foresight. This
unease was, however, overridden by the participants’ various ideas
about how and where the method could be applied:

‘T was left waiting you to tell us when this will become an application
where we can examine connections and the probabilities of impacts.
I found that really interesting, and I'm wondering if at some point
this can become a somewhat user-friendly system, where users could
be presented with questions and [the model/tool] could run proba-
bility calculations. In principle, even in an accident scenario, we
could think about putting in a scenario and within a few hours we’d
get some feedback on what to prepare for.’

‘Since we have this regional security forum and they conduct an
annual regional risk assessment, those scenarios could very well be
tested with a model like this to see how it impacts the city’s opera-
tions. It would be very interesting to see how that would work.’

‘When the city board wants a business plan for [a construction
project] with certain stakeholders, this is comparable to business
plan that involves a multi-strategic goal and requires compiling the
inputs from different organizations onto a shared platform [such as
the BN-model] where you can see how the inputs measure up to
various multi-scenario situations.’

Again, the effects to be modelled are seen as one-directional: external
factors impacting the organization, rather than the organization needing
to model its own capacities, limitations, and ways of understanding it-
self. A step toward the latter, broader perspective, was taken by a
participant who speculated on how the modelling process could be in-
tegrated into the city’s management systems:

‘There is a kind of self-assessment emerging from this (...). With this
systematic approach, I think it would be interesting to see when we
analyze what we have here in our CFI [Critical Factor Index] anal-
ysis, in our information systems, in our management systems, and
the likes, we could gain insights on where the critical points are,
based on our collaboration here.’

The city has established methods of self-monitoring and assessment,
and the exercise raised the expectation that certain “critical points”
might have become visible only now, through the modelling process. In
the excerpt above and across this subsection, participants explored the
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idea of integrating the exercise concept or the co-constructed model into
the city’s existing administrative processes. This implies that the insights
generated by the model could be transferred to other contexts. In other
words, the thought process initiated by the PM exercise could be
adaptable and applicable beyond its original setting.

4. Discussion

By utilizing a BN model as an Al tool for knowledge co-production
and analysis, we have developed a novel PM approach to build under-
standing about connections between acute socio-environmental
disruption events and their long-term strategic consequences, to in-
crease the resilience of municipalities. Our research questions were: (1)
what kind of participatory BN-modelling process could support our
goals, and (2) to what extent such an approach could be incorporated
into strategic risk management in contexts beyond the exercise. We
formulated these questions against the background of the previous POR
exercise (Jarvensivu et al., 2021), which identified the focal needs of: a)
more engaging, i.e. socio-politically more relevant and complex, sce-
narios; b) less narrow and more realistic strategy (decision) options; c)
more comprehensive involvement of the participants to the planning
and development of the exercise; and d) possibility to turn back and
reconsider the impacts of alternative scenarios. We addressed these
needs through 1) co-designing with city representatives a locally rele-
vant starting point scenario and providing them with evidence-based
inputs in the form of a BN model; 2) guiding the participants to
continue the causal prognosis from acute impacts towards the
longer-term strategic goals of the city and create as rich a scenario space
as they wanted (in the given time frame); 3) translating the participants’
mental model to a computational, but also visual, BN that could provide
them with numerous possible situational pictures and allowed them
quite literally see where different pathways would have taken them; 4)
guiding the participants themselves, through collective deliberation of
the systems analytical outputs provided by the resulting BN, identify the
realistic resilience-increasing strategy options.

We hypothesized that a BN could be used to represent the partici-
pants’ collective thinking about the disruption consequence pathways,
and that the modelling process might further provide them with a new
level of observation that could help identify critical leverage points and
interventions to the city’s strategic resilience to corresponding in-
cidents. At the end of the exercise, the participants could recognize the
relevance and opportunities of both reactive (acute response), and
follow-up (post-treatment) interventions, as well as proactive anticipa-
tory management actions, in controlling the probability of correspond-
ing incidents, and their short- and long-term consequences.

The collective construction and use of the BN thus did make visible
the connections between operative management of acute accidents, the
evolution of long-term causal pathways, and how the consequences
finally materialize on the strategy level. The exercise format enabled a
dual layer of reflexivity, revealing strategic resilience as a product of this
process. In other words, strategic thinking itself became part of the
system under examination. This aligns with the core principle of a self-
organizing system: the cognitive act of defining the system should itself
fall within the system’s own domain (Maturana and Varela, 1980;
Luhmann, 1989; Hukkinen, 2014). In practice, the exercise allowed the
participants to draw the causal connections between the city’s strategic
goals and all the factors affecting them. The finished computational
model further presented this interconnectedness as an adjustable system
that represented the participants’ own collective thinking. Therefore, we
argue that unknowns that became gradually and provisionally know-
able during the exercise, were reflexive. That is, they remained open for
constant reflection, and this very act of reflection was seen to influence the
entire system under observation and the inevitable partiality of that obser-
vation, blind spots and all.

In their systematic analysis on BN applications in the context of
environmental risk assessment, Kaikkonen et al. (2021) concluded that
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so far, the actual stakeholder involvement in the BN modelling processes
has been fairly limited. The models are mostly focusing on quantifying
risks, whereas Kaikkonen et al. (2021) ask whether they could be seen
also as platforms for reflection and discussion among teams. We have
demonstrated how our experimental approach to PM with BNs can
engage participants in a reflexive process. What is more, the approach
shows that quantification and qualitative judgment can be inherently
intertwined (cf. Callon and Law, 2005). We see a difference here be-
tween risk quantification and our approach in the way expert judgment
is made to matter in BN modelling. In risk quantification, expert
knowledge is elicited to complement and verify existing observational
data to enable a computationally robust representation of the system at
hand. Our approach, on the other hand, deliberately keeps the boundary
between the quantitative and the qualitative open for interpretation and
updating. We suggest that this allows also a greater degree of freedom in
drawing a variety of scenario paths in the model as the quantified in-
formation retains the contingency with which it was conceived.

Regarding the knowability of the system being modelled, the mutual
construction of the quantitative and qualitative dimensions enables in-
quiries into how the composition of the system itself — what is included
in it and what left out — becomes something to be known. Thus, through
the gradual accumulation of insights throughout the exercise, a sense of
reflexive unknowns emerged. By the concept, we mean observations
that could be articulated only thanks to the emergent systemic mecha-
nisms that would have remained completely unknown without the BN
model and the collective work put into constructing it. A system and its
connections and interactions with its environment obviously always
exhaust our knowledge of them. Reflexivity towards unknowns can,
however, extend and refine the scope of our knowing with the proviso
that blind spots will always persist. In other words, the analysed PM
exercise helped to recognize a discrepancy between newly identified
“strategic risks” and the prevailing lack of management strategies to
control them. The term “reflexive unknown” thus combines two
different meanings of reflexivity: self-reflection that ponders the bounds
of one’s own thought, the “how and why” of the way we think and act
(cf. Archer, 2010), and reckoning with the risk that comes with settling
on a certain kind knowing and thus foreclosing the scope of what can be
known (cf. Beck, 1992). In relation to existing typologies of emergent
surprises, this represents a new category of its own (cf. Ekengren, 2024).
Characteristic of these reflexive unknowns is that they can only be
reached through the diagnostic loops of second order observation that
the BN-modelling process enabled - in a way that integrates quantifi-
cation and qualitative judgment.

An example of a reflexive unknown is the prospect of a toxic fallout
and its short and long-term implications for the built and natural envi-
ronment of the city (see sections 3.2.1 and 3.2.2). The possibility of a
fallout first appeared as a result of uncontrollable weather phenomena
(a combination of precipitation and wind in the event of a gaseous
expulsion) in the starting point model provided by the researchers. The
graphic representation of causal connections discussed by the partici-
pants further led to a new collective awareness of previously unthought
chains of events, whose impacts extended to three of the city’s four
strategic objectives. The sensitivity analyses run on the completed model
further clarified the boundaries of the collective awareness regarding
the potential disastrous fallout scenario. In other words, the modelling
process helped the participants to see both the limitations and possible
leverage points within the city’s strategic thinking — as constructed and
represented in the model. The exercise enabled moving from first-order
realization of the possibility of a fallout to second-order, reflexive con-
siderations about the city’s capacity to strategically anticipate and
manage such a scenario. Ultimately, the toxic fallout actualized as the
subject matter of a subsequent preparedness exercise in the city in 2021.
Thus, the fallout evolved from being a complete blind spot to an initial
acknowledgement of its possibility, and finally to a prospective reality
with which the city organization had to contend and modify their stra-
tegic actions.

10
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The participants’ discussion on model migration and its modular
transferability to contexts beyond the exercise brought out the limita-
tions of our approach and the reflexivity that could be achieved with it.
Admittedly, although the acute accident model developed by the
research team is bound to a certain location and timing, the co-
developed part that linked the acute harmful effects to the long-term
consequences to the city’s strategy is more general, and modules of it
could potentially be applied to other contexts and data sources. What
this notion of model migration and modularity (cf. van der Heide, 2020)
risks neglecting, however, is the very objective of designing the exercise
concept: to include and take seriously the inherent social and qualitative
aspects of producing participatory BN models.

The collective, emergent insight that has gone into a modelling
process should not be detached and black-boxed away from the effort
and the specific composition of expertise that produced the model (e.g.
Svetlova and Dirksen, 2014). Even though the algorithm to translate the
participants’ descriptions of the type, strength, and uncertainty of causal
links into probabilistic form is not bound to a specific context, the system
and its dynamics, and especially its blind spots, certainly are. In this
regard, particularly the time constraints of the exercise and our objective
to make the modelling procedure as accessible as we could for the
participants, the potential of the completed model remained partly un-
tapped. The BN would have allowed a variety of further analyses and
queries that the participants could have made. For the model to be able
to migrate and find application in other contexts so that the participa-
tory, collective work that it took to construct could also travel to other
sites, a user interface much more intuitive and accessible for non-expert
modellers would be needed.

During the exercise, the participants also expressed a desire to link
observational data to the co-produced BN model. This idea is well
aligned with the concept of Bayesian knowledge updating (Bayes and
Price, 1763). Thus, technically speaking, the conditional probability
distributions of the BN, in this exercise representing the participants’
priors: their degrees of belief, could be updated based on other types of
data. However, the data should correspond precisely to the meanings of
the variables and their interconnections as defined in the model. In
practice, the mental and data-based representations of the same system
or issue may appear quite different, as the available data inevitably in-
fluences the model’s structure (see e.g. Luoma et al.,, 2021, 2022).
Therefore, updating the expert-driven priors with observational data
would fundamentally alter the nature of this exercise. The structure
defines the framing of the model and thus also the scenario space that
can be explored with it, making its definition a critical task.

Eliciting the probability distributions required for the probability
tables from experts and stakeholders is an art of a kind (e.g., O’Hagan
et al., 2006). When dealing with Bayesian networks, elicitation becomes
particularly demanding as the number of distributions contained in the
conditional probability table of each variable grows exponentially with
the number of parent variables and/or the number of alternative states
of those parents (in discrete models). For this reason, models that rely on
expert-elicited probabilities are typically kept simple, or alternatively,
only part of the variables are elicited, while the remaining ones are
based on simulated or observed data (e.g. Lehikoinen et al., 2013, 2015).
This limits the structural complexity of the model, meaning it also
constrains the scope of the research questions and scenario spaces that
can be addressed.

In the presented exercise, one key goal, while constructing the
model, was to avoid imposing restrictive constraints on the participants’
thinking. The model structure aimed to faithfully represent the group’s
reasoning, with link elicitation based on a broad classification of relative
strengths and uncertainty levels. The translation of these thought pro-
cesses into probability distributions was entrusted to the modeler, who
developed a novel algorithm specifically for this purpose (Appendix 1).

This approach is justified because the primary focus of the modelling
exercise was not on estimating the actual likelihoods of risk events but
rather on understanding the systemic mechanisms that shape the post-
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accident future and how to influence them most effectively. In this
context, resilience emerges from understanding how the values (i.e.,
strategic objectives) of the city are at risk, and how to navigate within
the risk landscape — by managing and adapting to it.

Given this focus, model validation hinges on ensuring that the model
accurately captures the participants’ thought processes. Specifically,
when one part of the BN is modified (e.g., by setting a variable to a
known state), the system’s response should align with the participants’
shared mental model (see Pitchforth and Mengersen, 2013) — in other
words, reflect their collective reasoning in a coherent manner.

This type of validation is highly relevant as part of the presented PM
approach and was conducted at multiple stages of our test exercise:

1. After the first meeting, the initial model structure (a graphical rep-
resentation synthesizing the three discussions) was shared with the
participants, allowing them to review and provide feedback.

2. After the second meeting, a refined version of the model — now
incorporating link strengths and uncertainty markers — was distrib-
uted for participant comments.

3. During the third meeting, the quantified BN was demonstrated, along
with narratives derived from its results. Participants discussed these
findings, jointly confirmed their logical coherence, and collabora-
tively formulated potential resilience-building management actions.

4. Following the exercise, the modelling process and its outcomes were
documented and shared as an internal report within the city orga-
nization, supplemented with additional analytics generated from the
model. Lately, the exercise’s impact was confirmed in discussions
with city representatives, who reported that it had directly influ-
enced the contents of the city’s new safety strategy and preparedness
exercises.

This multi-stage validation process ensured that the model remained
aligned with participant reasoning and that its insights were both
credible and actionable within the city’s decision-making framework.

5. Conclusions

Not all uncertainties in strategic environmental management need to
remain unknown or only be identifiable afterwards as lessons learned.
By eliciting collective expertise, we have shown that participatory
modelling with BNs, as applied in the presented exercise, can generate
new insights into both the external operating environment and the in-
ternal organizational knowledge and practices that shape the manage-
ment of that environment. The implication of our findings is that the
exercise concept helps experts — be they urban planners, environmental
specialists, risk managers, or policymakers — achieve new collective
insights on their strategic planning practices and risk awareness across
sectoral divides. The exercise concept allows managers to try out, assess
and monitor how different compositions of social and environmental
factors, organizational actions, and goals, might affect performance.
Crucially, the method we propose and have tested enables practitioners
to critically examine the underlying causal logic on which their collec-
tive judgment is based. By making these causal relationships visible, the
approach develops systemic understanding, improving the capacity to
anticipate and respond to complex socio-environmental risks.

The exercise highlights that urban crisis resilience is linked not only
to infrastructures and action plans but also to the underlying values that
should sustain even in the face of severe socio-environmental disrup-
tions. Moreover, it underscores that resilience is fundamentally shaped
by how actors within the city organization collaborate: how they share
knowledge, foster new forms of collective understanding and awareness,
and create spaces for joint reflection on potential threats. This process
requires assessing not only their operational preparedness but also their
underlying assumptions, decision-making processes, and ways of
thinking. Through such structured reflection, city actors can uncover
weaknesses and strengths - and, most crucially, previously
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unrecognized blind spots — and define actions that safeguard shared
values proactively, during crises, and in their aftermath.
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