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Abstract. Identifying, characterising, and assessing the com-
plex nature of risks are vital to realise the expected out-
come of the Sendai Framework for Disaster Risk Reduction.
Over the past two decades, the conceptualisation of risk has
evolved from a hazard-centric perspective to one that inte-
grates dynamic interactions between hazards, exposure, sys-
tem vulnerabilities, and responses. This calls for a need to
develop tools and methodologies that can account for such
complexity in risk assessments. However, existing risk as-
sessment approaches are hitting limits to tackle such com-
plexity. To this end, we developed a novel complex-risk as-
sessment methodology named Impact Webs, inspired by a
conceptual risk modelling approach named Climate Impact
Chains that integrates aspects of various other conceptual
models used in risk assessments, such as causal loop dia-
grams and fuzzy cognitive mapping. Impact Webs are devel-
oped in a participatory manner with stakeholders and char-
acterise and map interconnections between risks, their un-
derlying hazards, risk drivers, root causes, and responses to
risks, as well as direct and cascading impacts across mul-
tiple systems and at various scales. In this methodological
paper, we show how we developed the Impact Web method-
ology, including how we derived which elements to include
in the model, demonstrating the logic and visual output and
listing the steps we followed for construction. As proof of
concept, we present the results of a complex-risk assessment
in Guayaquil, Ecuador, which investigated how COVID-19,
concurrent hazards, and responses propagated risks and im-
pacts across sectors and systems during the pandemic. Re-
flecting on the utility of Impact Webs, application in case

studies demonstrates the methodology’s usefulness for un-
derstanding complex cause—effect relationships and inform-
ing decision-making across different scales. The participa-
tory process of developing Impact Webs with stakeholders
uncovers critical elements in systems at risk, and helps to
evaluate co-benefits and trade-offs of decisions by uncover-
ing how the outcomes of disaster risk management practices
affect people, organisations, and sectors differently. Offering
a system-wide perspective for modelling, Impact Webs stand
as a valuable methodological contribution for complex-risk
assessment.

1 Introduction

Identifying, characterising, and assessing the complexity of
risks are vital to realise the expected outcome of the Sendai
Framework for Disaster Risk Reduction (UNDRR, 2022).
As sectors and systems become increasingly interconnected,
the space in which risks can cascade is expanding (Hel-
bing, 2013; UNDRR, 2022). This has been starkly evident
throughout the COVID-19 pandemic, where impacts have
not just arisen in the health system, generated by the hazard,
but also from the cascading effects of impacts and from so-
cietal responses through global lockdowns, with different re-
gions suffering from vastly different consequences, depend-
ing on underlying societal vulnerabilities and the resilience
of their systems (Hagenlocher et al., 2022). These charac-
teristics are not limited to COVID-19, and have also been
observed in other contexts, such as the compounding and
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cross-border effects of extreme climate events (Simpson et
al., 2021; Zscheischler et al., 2018) or the global ripple ef-
fects of armed conflicts (Cui et al., 2023).

Over the past two decades, the conceptualisation of risk
has evolved from a hazard-centric perspective to a more en-
compassing notion that integrates the dynamic interactions
between hazards, exposure, vulnerability IPCC, 2014) and,
more recently, response risks, i.e. risks that can arise from re-
sponses to risks and impacts (Simpson et al., 2021; Ara Be-
gum et al., 2022; IPCC, 2023; Hagenlocher et al., 2023). Dif-
ferent terminologies have been used to conceptualise these
dynamic interactions, including cascading, compound, and
systemic risks. In this paper, we use the term “complex risks”
to encapsulate these different risk framings. Given that com-
plexity is now understood as a defining feature of risks,
single-hazard and single-risk approaches, while useful in cer-
tain contexts, are becoming increasingly insufficient for com-
prehensive disaster risk management (Simpson et al., 2021;
UNDRR, 2022; Schlumberger, et al., 2024; Sett et al., 2024;
de Ruiter and van Loon, 2022). This has been recognised
by the Intergovernmental Panel on Climate Change (IPCC)
in the Sixth Assessment Report, which notes that risks and
responses, including their determinants, can all interact dy-
namically in shaping the complexity of climate risk (Ara Be-
gum et al., 2022). Additionally, the Global Assessment Re-
port 2022 (GAR 2022) from UNDRR stresses the importance
of understanding and assessing the complex nature of risks
as a key foundation for risk-informed decision-making (UN-
DRR, 2022). However, existing data-driven and quantitative
modelling approaches are hitting limits to tackle such com-
plexity. The combined effects of multiple hazards, threats, or
shocks should not be assessed just through the addition of
each of their impacts independently, but instead require sys-
tems approaches to understand risk and impacts (de Ruiter
et al., 2020; Ara Begum et al., 2022; Hagenlocher et al.,
2023; de Brito et al., 2024). There is therefore a need to de-
velop methodologies that take a system-wide lens for analy-
sis, which can account for how multiple hazards and vulner-
abilities of systems and sectors interact to better understand
complex risks.

To this aim, we developed a novel complex-risk assess-
ment methodology named “Impact Webs”. Impact Webs are
inspired by a conceptual risk modelling approach named Cli-
mate Impact Chains (see Menk et al., 2022, for a review of
applications) and draw inspiration from various other con-
ceptual models used in risk assessments. Climate Impact
Chains were originally developed for sectoral climate risk as-
sessment (Schneiderbauer et al., 2013; Zebisch et al., 2023,
2021; Hagenlocher et al., 2018), in which elements of the
model are assigned to the key risk components used in dis-
aster and climate risk assessments of hazard, exposure, and
vulnerability, and cascading effects are assigned as interme-
diate impacts. One critique of Climate Impact Chains is that
they often depict a linear cause—effect relationship for a sin-
gle sector or hazard and thus do not capture the complexity
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of system interactions well (Harris et al., 2022). With Im-
pact Webs, we built on Climate Impact Chains, integrating
aspects of system mapping approaches, such as causal loop
diagrams (e.g. Coletta et al., 2024; Groundstroem and Juhola,
2021; Dianat et al., 2021; Rehman et al., 2019), fuzzy cog-
nitive maps (e.g. Gémez Martin et al., 2020; Ahmed et al.,
2018; Chandra and Gaganis, 2016), and Bayesian belief net-
works (e.g. Malekmohammadi et al., 2023; Scrieciu et al.,
2021; Bashari et al., 2016; Giordano et al., 2013). With this,
we aimed to integrate the key risk components in disaster and
climate risk assessments with a systems-based perspective
to identify, characterise, and map interconnections between
risks, their underlying hazards, risk drivers, root causes, and
responses to risks, as well as direct and cascading impacts
across multiple systems and at various scales. Impact Webs
aim to better account for the complexity of risk interaction,
compared with Climate Impact Chains, by developing flexi-
ble and less linear conceptual models that can help to under-
stand complex risks.

In this paper, we offer a new complex-risk assessment
methodology in the form of Impact Webs, detailing how
we developed it. To do this, we first conducted a scoping
review of the literature on conceptual risk models that we
drew inspiration from. Informed by the review, we identi-
fied constitutive elements for the model and developed a
graphical structure. We then developed key steps for con-
ducting a complex-risk assessment with Impact Webs, test-
ing our methodology in five cases. These cases were Cox’s
Bazar humanitarian camp (Bangladesh), the Sundarbans re-
gion (India), a national-scale assessment (Indonesia), Mar-
itime Region (Togo), and the city of Guayaquil (Ecuador).
The complex-risk assessments investigated how COVID-19,
concurrent hazards (e.g. hydrological, geophysical, climato-
logical), and responses to them (e.g. restriction measures) in-
teracted with underlying societal vulnerabilities to propagate
risks and impacts across sectors and systems during the pan-
demic (Hagenlocher et al., 2022). COVID-19 was selected as
the entry point for the risk assessments as the pandemic has
been so diverse and cross-scale in its effects; therefore such
an event was ideal to test a novel risk modelling approach
for understanding complex risks. As proof of concept, we
present the results and final output from one of the five test
cases, showing an Impact Web and narrative storyline for the
city of Guayaquil, Ecuador, during the COVID-19 pandemic.
Guayaquil was selected to demonstrate our proof of con-
cept due to the city’s high vulnerability and exposure to the
compounding effects of multiple hazards and the presence of
many drivers of risks, creating numerous challenges for risk
management, therefore making it a fitting case to showcase a
new risk assessment methodology.

The remainder of the paper is structured as follows: In
Sect. 2, we present the methodology for developing Impact
Webs, which includes the scoping literature review of con-
ceptual risk models, the constitutive elements we selected to
populate the model, and the steps that were followed during
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the complex-risk assessments to construct an Impact Web. In
the results in Sect. 3, we show our proof of concept, present-
ing the Guayaquil test case. In the discussion in Sect. 4, we
reflect on the utility of Impact Webs, looking at strengths,
limitations, and potential future research directions. We con-
clude in Sect. 5 with a synthesis of the paper, highlight-
ing Impact Webs as a conceptual model that moves beyond
single-risk or single-hazard assessment, which can be used
as an approach for system-wide complex-risk assessment.

2 Methodology

In Sect. 2, we present our methodology to develop Impact
Webs. We show our methodological pre-development, with
a scoping review of other conceptual risk modelling ap-
proaches we drew inspiration from. We then elaborate on the
elements that were selected in the model, introduce the five
test cases, and present the steps we followed to construct an
Impact Web.

2.1 Methodological pre-development: scoping review
of conceptual risk models for inspiration

Given that we aimed to develop an approach that took a
systems-based perspective for analysis to better understand
complex risks, we conducted a scoping review of the lit-
erature on conceptual risk models that do this. The scop-
ing review was non-systematic and not meant to be exhaus-
tive. It was conducted to support methodological synthe-
sis and inspire the concept development for our approach
by looking at features of different methodologies that could
be useful. A non-systematic scoping review was chosen as
this type of review approach has advantages for develop-
ing new methodologies. Non-systematic scoping reviews al-
low for exploratory flexibility, drawing on grey literature,
emerging studies, and the integration of methodological as-
pects that authors had used in past research. This supported
creative synthesis by combining ideas from various disci-
plines (Munn et al., 2022). Texts were selected and reviewed
based on the authors’ own experience, expert judgement, and
searching using the Scopus search engine. A general de-
scription of the approach’s features is given, as well as the
strengths and weaknesses in a complex-risk context. We also
provide selected key references that inspired us (see Table 1).

2.2 Lessons from the review

Different conceptual modelling methodologies have been ap-
plied across disciplines for assessing complex risks and have
provided useful lessons for our approach. From the papers
we reviewed, influence diagrams and Bayesian belief net-
works show usefulness to understand interactions of biophys-
ical processes, such as extreme events, with additional dy-
namic inputs, such as interventions in response to risks or
stakeholders’ perceptions of risks and risk management de-
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cisions (e.g. Scrieciu et al., 2021). Causal loop diagrams and
fuzzy cognitive maps provide a useful framework to exam-
ine interconnections and feedback effects between elements
in one or multiple systems to support integrated and cross-
sectoral decision-making (e.g. Hanf et al., 2025; Dianat et al.,
2021) and Climate Impact Chains are effective for eliciting
stakeholder knowledge, due to their flexible and relatively
simplistic form, which is useful to develop shared system
understanding and co-create policy recommendations, while
their innovative focus on intermediate impacts makes them
conducive to analysing cascading impacts (e.g. Sett et al.,
2024). It is important to acknowledge that the approaches
in Table 1 are not mutually exclusive and do cross over with
one another. Methodological combinations of approaches are
common and are adjusted to suit the decision context or set-
ting of a risk assessment. For example, there is often integra-
tion between fuzzy cognitive maps, influence diagrams, and
Bayesian belief networks.

With Impact Webs, we drew on observed strengths in the
literature we reviewed, aiming to create a model that is use-
ful for (1) understanding interactions of impacts from ex-
treme events and stakeholders’ responses to them, as well
as stakeholders’ perceptions of risks and risk management;
(2) examining interconnections and feedback effects in one
or multiple systems to support integrated and cross-sectoral
decision-making; and (3) eliciting stakeholder knowledge to
develop shared system understanding and co-create policy
recommendations. In order to achieve these aims with Im-
pact Webs, we built on the hazard, exposure, and vulnera-
bility framing of Climate Impact Chains, which is useful to
understand how risks emerge from extreme events (e.g. Ha-
genlocher at al., 2018; Sett et al., 2024), expanding this to
include such aspects as feedbacks and non-linear intercon-
nections, which are well suited to fuzzy cognitive maps and
causal loop diagrams (e.g. Hanf et al., 2025; Coletta et al.,
2024; Ahmed et al., 2018). To do this, we included the dy-
namic interaction of multiple hazards, threats and shocks,
multiple exposed elements, and the impacts to exposed el-
ements. We additionally included the drivers and root causes
of vulnerabilities to exposed elements in Impact Webs. In-
cluding drivers and root causes in the model helped us to un-
derstand not just what impacts occurred but also why they oc-
curred (Blaikie et al., 1994; Wisner et al., 2004). Drawing on
strengths of influence diagrams and Bayesian belief networks
(e.g. Miihlhofer et al., 2023; Scrieciu et al., 2021), we in-
cluded interventions in response to risks and impacts, as well
as response risks arising from them. We did this as it was im-
portant for us to align with the most recent IPCC risk framing
(Simpson et al., 2021; Ara Begum et al., 2022). All types of
approach we reviewed use graphical methods to show cause—
effect relationships, most commonly using arrows and sym-
bols to signal a relationship and influence. We also adopted
this, using graphical methods to show cause—effect relation-
ships and feedbacks. The majority of studies we reviewed
integrated some form of input from stakeholders. However,
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Table 1. Overview of conceptual models used in risk assessments.
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Approach

Features

Strengths in a complex-risk context

Weaknesses in a complex-risk context

Key references

Climate
Impact
Chains

Model illustrates key risks and their
drivers for a specific context, with el-
ements assigned to hazard, exposure,
vulnerability, and intermediate impacts,
recognising that the system is affected
by multiple risks that need to be priori-
tised

Opportunities pertain to the flexible and
relatively simplistic form, making them
more easy to develop through a partic-
ipatory process, allowing for perspec-
tives of vulnerable groups and impact
dynamics for specific case studies
Innovative focus on intermediate im-
pacts, making them conducive to analy-
ses of cascading impacts, as well as fo-
cus on risk drivers and the “cause—effect
relationships” that define them.

Can identify entry points for adapta-
tion across the model elements, includ-
ing for risk drivers and root causes

Analytic emphasis on linear
cause—effect relationships, neglecting
and oversimplifying complex system
interactions

Narrow definitions of system bound-
aries break Limited applicability to
fragmented governance landscapes (in
consideration of risk ownership), result-
ing in “blind spots” for adaptation and
response risks

Given the often strong participatory fo-
cus, expert facilitation is needed; this
can be useful for managing power dy-
namics during the modelling exercise
and for explaining conceptualisations of
risk to non-experts

Sett et al. (2024)
Petutschnig et al. (2023)
Zebisch et al. (2023)
Harris et al. (2022)
Hagenlocher et al. (2018)

Fuzzy cog-
nitive maps

Semi-quantitative diagramming tool
that maps the important elements
of a system in nodes, providing the
relationship between nodes in terms of
direction and strength

Indicate the strengths of causal relation-
ships (weak, medium, strong) and the
ability to examine feedback effects in
systems where exact relations are hard
to quantify

The vector-matrix structure facilitates
the aggregation of different stakehold-
ers’ views, which is effective for partic-
ipatory modelling exercises

Can integrate temporal considerations
by introducing delays in the model as-
suming that the weights can change
over time, which is useful for assess-
ment of the delayed cause—effect nature
of relationships

Risk force-fitting archetype to the sys-
tem’s problems, rather than acting as a
lens to look at the system from different
perspectives

Results can be difficult to communicate
to non-experts

Often a lack of analysis on the differ-
ence in perspectives between stakehold-
ers, leading to analysis that accounts for
trade-offs among co-benefits of inter-
ventions and not for trade-offs between
stakeholders’ valuations

Scrieciu et al. (2021)
Go6mez Martin et al. (2020)
Ahmed et al. (2018)
Chandra and Gaganis
(2016)

Causal loop
diagrams

Tool for visualising the causal structure
and delays between interacting system
elements, demonstrating how change in
one variable can influence others by re-
inforcing or balancing them, helping to
describe how complex interconnections
and feedback loops affect the system’s
dynamic evolution

Provide insights into behavioural trends
and stakeholders’ interactions affected
by risks, as well as response mea-
sures, making them useful to support
decision-making processes at a plan-
ning/ strategic level

Allow for an examination of potential
future trajectories of change based on
whether feedback loops are reinforcing
(indicating a dynamic situation) or bal-
ancing (indicating a more stable situa-
tion)

Often conducted in a participatory man-
ner, obtaining data coming from formal
and non-formal sources

Can be combined with quantitative in-
dicators to create “what if” scenarios
that project how changes in one indi-
cator (for example, by implementing a
response measure) can make changes in
other parts of the system

Inadequate representation of spatial dy-
namics

Isolation and examination of specific
dynamics may produce results that are
misrepresentative of the system func-
tioning as a complex whole

Difficult to validate robustly, particu-
larly affecting reliability when assess-
ing social, economic, and political sub-
systems, which are more difficult to pre-
dict than physical-based sub-systems
Do not distinguish between physical
and information links

Hanf et al. (2025)

Coletta et al. (2024)
Groundstroem and Juhola
(2021)

Dianat et al. (2021)
Rehman et al. (2019)

Influence
diagrams

System elements connected by arrows,
indicating causal links through symbols
that make distinctions between stocks
& flows of information & physical as-
sets, often to model a decision-making
process

Making distinctions between stocks &
flows of information & physical assets
forces the modeller to think about oper-
ational factors of the model early in the
modelling process

Excel in identifying the effects of inter-
ventions in response to risks across dif-
ferent socio-ecological systems
Through stakeholder input, they can
represent the socially constructed na-
ture of risks, and therefore can iden-
tify groups or individuals who perceive
more system relationships and risks and
thus have more insight into how to
change the system

The greater level of detail requires
many conventions and rules, which may
not be easy to communicate to non-
expert stakeholders

Defining and assessing variables and
strength of links can be seen as an exer-
cise in power, in which dominant bod-
ies can more strongly influence deci-
sion variables and “push” the system
into their preferred directions

Malekmohammadi et
al. (2023)

Miihlhofer et al. (2023)
Parviainen et al. (2019)
ElSawah et al. (2015)
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Table 1. Continued.

3301

Weaknesses in a complex-risk context

Key references

Approach Features Strengths in a complex-risk context

Bayesian Integrate qualitative data in the form of ~ They can be used to perform sensitiv-
belief cause and effect diagrams and quantita- ity and scenario analysis, thereby allow-
networks tive data in the form of assigning a value  ing decision-makers to predict the more

to the strength of the dependence be-
tween variables using conditional prob-
ability, offering a probabilistic repre-
sentation of the relationships between
system elements and how they influence
one another

probable outcomes of interventions in
response to risks and identify manage-
ment actions that are most likely to lead
to specific outcomes

The conditional probability tables used
with the cause and effect diagrams can
be updated when new data are gener-
ated or collected, for example from cli-
mate models, case studies, or monitor-
ing programmes

Link well with other conceptual mod-
elling approaches to model quantita-
tively and assess uncertainty

Use directed acyclic graphs that cannot
contain cycles or feedback loops

A large amount of data is required for
populating the conditional probability
tables, which is challenging in data-
scarce contexts

A long cause—effect chain of nodes
can show reduced sensitivity, which
can propagate uncertainty from parent
nodes to child nodes. This incentivises
reducing the model’s complexity, which
does not reflect risk in complex systems

Malekmohammadi et
al. (2023)

Scrieciu et al. (2021)
Bashari et al. (2016)
Giordano et al. (2013)

it was common for stakeholder participation to decrease with
the increasing complexity of the method used, due to difficul-
ties in communicating and facilitating the approach (Parvi-
ainen et al., 2019). This was an important lesson for us from
the review. We aimed for a strong participatory approach that
involved collaboration and integration of different expertise
and knowledge. Given this, drawing on the strengths of Cli-
mate Impact Chains (Harris et al., 2022), we aimed to make
the steps for developing the model simple so that stakehold-
ers were not overwhelmed and could be highly engaged dur-
ing the modelling process. This helped to identify key sys-
tem elements that stakeholders felt were important, valued
highly, and wanted to protect from risks and impacts, for ex-
ample key economic sectors. A systems-focused perspective
was commonly taken towards analysis in all approaches. We
did the same for Impact Webs. The aim of taking a systems-
focused perspective was to enhance system understanding
and reduce uncertainty by modelling non-linear interactions
and dynamics. We also wanted to model interactions across
different scales (i.e. from global to local). Therefore, we ex-
panded beyond a sectoral focus (e.g. drought risk for the
agriculture sector), often used with Climate Impact Chains,
aiming to capture cross-sectoral risks, impacts, and vulnera-
bilities and their influences between one another. Lastly, we
observed in the majority of papers that the visual output of
the model was also accompanied by narrative-based meth-
ods, used to explore and communicate findings (e.g. Hanf et
al., 2025). We followed this by including a narrative storyline
that described the findings of the assessment and described
the Impact Web in a structured and relatable way.

2.3 Selection of constitutive elements in an Impact Web

Building on the lessons from the scoping review, here we
present the elements that were selected for visualisation in
an Impact Web (see Fig. 1 and Table 2). We elaborate on
why these elements were selected, including the conceptual

https://doi.org/10.5194/hess-29-3297-2025

backing for choosing them and the system interactions we
wanted to assess.

2.3.1 Hazards, threats, and shocks

Conceptual risk models are developed to better understand
impacts arising from a hazard, threat, or shock, such as hy-
drological extremes (e.g. flood and drought), biological haz-
ards (e.g. COVID-19 or a cholera outbreak), or geopolitical
aggression (e.g. a war or conflict). We wanted our model
to improve understanding of compounding interaction, given
the increasingly interconnected nature of multi-hazard im-
pacts on sectors and systems (UNDRR, 2022). Therefore, we
included multiple hazards, threats, and shocks to the system
being modelled in Impact Webs.

2.3.2 Impacts

Impacts were the second element we included after our scop-
ing review (Sett et al., 2024; Zebisch et al., 2023; Lawrence
et al., 2020). This was done to identify direct negative im-
pacts from hazards, threats, and shocks, as well as cascading
impacts and any potential positive impacts that might have
arisen (often as a result of interventions) in the system being
modelled. Modelling cascading impacts, which arise through
impact propagation (Miihlhofer et al., 2023; Carter et al.,
2021), helped to understand the system’s interconnectedness
as linkages between sectors and sub-systems could emerge
as connections were characterised. In the visualisation of the
model (see Fig. 1), we do not make a visual distinction be-
tween direct and cascading impacts. There is, however, a
conceptual distinction as every impact that is not directly
connected to a hazard, threat, or shock can be understood
as cascading. Additionally, through modelling impacts, the
compounding effects of multiple hazards, threats, or shocks
occurring simultaneously could be analysed (Simpson et al.,
2023). We did make a visual distinction between negative
and positive impacts, using crosses and ticks (see Table 2).

Hydrol. Earth Syst. Sci., 29, 3297-3313, 2025
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Table 2. Description of the elements used in Impact Webs, including the chosen visual representation in the model and examples.

Element Description Visual Examples
representation
in the model
Hazards, Potentially damaging, sometimes unknown, natural, or human-made COVID-19, tropical cyclone, flood, drought,
threats, & phenomena, events, or activities that may have adverse effects on —- armed conflict
shocks vulnerable and exposed elements in a system. They may emerge / @\‘
slowly (e.g. sea level rise, droughts) or rapidly (e.g. flash flooding, \ A /
earthquakes) and can be from a single phenomenon, event, or activity ]
(e.g. cyclone) or multiple interacting phenomena, events, or activities
(e.g. cyclone occurring during a pandemic, compounding heat and (I'cons used to
drought). visually )
communicate
hazard, threat,
or shock)
Negative Negative effects caused by one or multiple hazards, threats, shocks, or Increased mortality, loss of income, disruption
impacts policy responses to them. They can be direct or indirect in remittances, reduction in agricultural
(i.e. cascading). @ production, mental health effects
A cross is placed next to the text in the model to visually communicate
that the impact is negative.
Positive Positive effects that occur within the system. They are often caused by Advances in digitalisation, improved early
impacts interventions in response to hazards, threats, or shocks. They can be warning systems, increased risk awareness
direct or indirect (i.e. cascading). @
A tick is placed next to the text in the model to visually communicate
that the impact is negative.
Interventions Actions that are taken in response to an impact, risk, hazard, threat, or Lockdown during a pandemic, provision of
shock. food and shelter items during a tropical
cyclone, trade embargo with a country due to
armed conflict, construction of a water
reservoir to deal with droughts
Risks that did Potential adverse consequences for human, technological, and/or Collapse of the healthcare system during a

not manifest

ecological systems that did not occur, often because of interventions in
response to hazards, threats, or shocks.

pandemic, crop failure leading to food system
collapse, fuel shortage crisis, economic
recession

Drivers of risks

Processes or conditions that influence the level of risk by increasing
levels of hazard, exposure, and vulnerability.

Driver of risk

Poverty, lack of functioning early warning
systems, large informal work sector

Root causes of
risks &
vulnerability

Underlying factors influencing drivers of risk. They may be
geographically or temporally remote as they often stem from structural
as well as social, economic, cultural, and political conditions that are
difficult to influence directly.

Root cause of risk
& vulnerability

Regional development challenges, endemic
corruption, colonial legacies

Connections
between
elements

Connecting arrow that indicates directional cause—effect relationships
between elements in the system.

The light blue dashed arrow is used to illustrate connections from a
root causes of risk & vulnerability.

The dark blue dashed arrow is used to illustrate connections from
drivers of risk.

The black arrow is used for all other connections.

Different colours are used to make a visual distinction between the
influence of drivers of risk and root causes of risk & vulnerability and
other elements in the model.

An increase in COVID-19 cases leading to an
increase in mortality

Scale

The geographic scale at which the system interaction is occurring.

Local, municipal, river catchment, county,
national, regional, continental, global (in

Fig. 1, we show local context and regional and
global scales as an example)

Hydrol. Earth Syst. Sci., 29, 3297-3313, 2025
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Figure 1. Elements and possible graphical structure of an Impact Web. While here we present our chosen graphical output of the conceptual
model with computerised tools, an Impact Web could equally be made using a pen and paper, for example if being developed in a community
workshop. The model maps the direct and cascading impacts and their interactions resulting from a biological and climate-driven hazard.
These impacts trigger an intervention, which results in further negative and positive impacts (i.e. response risks), as well as a risk that did
not manifest. Drivers of risk and root causes linked to why impacts emerge are also included. The elements in the model are predominantly
focused on the local context; however, important regional and global interactions are included.

2.3.3 Interventions

With Impact Webs, we wanted to characterise and assess how
decisions in response to or anticipation of risks and impacts
have impacts in systems. Drawing on aspects of fuzzy cog-
nitive mapping, influence diagrams, and Bayesian belief net-
works, which are useful for modelling the effects of decision-
making processes (Scrieciu et al., 2021), as well as the more
recent framing of response risks (Simpson et al., 2021; IPCC,
2023; Hagenlocher et al., 2023), interventions were included
in our conceptual model. When developing the model, both
positive and negative impacts from interventions were in-
cluded (e.g. the negative impacts that occurred because of
COVID-19 lockdowns). The defined decision context and
system boundaries denote the granularity of response risks
and impacts included in the model, for example whether
city-level or intergovernmental-level interventions are being
mapped.

2.3.4 Risks that did not manifest
When modelling a system that has been affected by haz-

ards, threats, or shocks, there can be potential adverse con-
sequences that are avoided, often as a result of interventions
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(e.g. the risk of a healthcare system collapsing or a breadbas-
ket failure). We included these in Impact Webs and named
the element risks that did not manifest. These are concep-
tually different from positive impacts, as they are potential
negative consequences that did not happen.

2.3.5 Drivers of risk

Understanding causality is a key rationale for disaster risk
assessment (Oliver-Smith et al., 2017) and taking a systems
approach facilitates looking into causal connections that can
deepen the assessors’ understanding of how and why impacts
can emerge (Gémez Martin et al., 2020; Coletta et al., 2024).
Therefore, an important element for our model was to look at
what were drivers of risks and impacts in the system. Drivers
of risks are processes or conditions that influence the level of
risks and impacts by increasing levels of exposure and vul-
nerability or reducing the capacity of people to manage or
adapt to risks. We were motivated to include drivers, as this
asks the modeller to critically reflect on how and why soci-
etal functions, essential sectors, system elements, or stake-
holders were adversely affected due to high susceptibility or
low coping/adaptive capacity.
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2.3.6 Root causes of risk and vulnerability

An additional step to further understand causality was to
model root causes of risk and vulnerability. These are un-
derlying factors that influence drivers of risk (Blaikie et al.,
1994; Wisner et al., 2004; Zebisch et al., 2023). Includ-
ing them supported exploring socio-economic and political
structures and processes and choices that further explain why
a particular community, sector, system, or place is at risk in
the first place; this is important for designing risk manage-
ment to be sustainable and lasting. Both drivers of risks and
root causes are often distant spatially and temporally from
the system under investigation (Wisner et al., 2004); they are,
however, highly relevant when one wants to understand com-
plex risks.

2.3.7 Connections between elements

Following the other conceptual modelling approaches we
reviewed, we used graphical methods to show connections
between our chosen elements and visualise risks. We se-
lected arrows to indicate directional cause—effect relation-
ships. Given the limitations of directed acyclic graphs used
in many Bayesian belief networks and influence diagrams
in showing feedback effects (Bashari et al., 2016), we took
an approach more inspired by causal loop diagrams. This
meant we could better demonstrate indirect effects and feed-
back loops (Groundstroem and Juhola, 2021), which is both
more appropriate to a complex-risks context and helped us
understand interconnectivity between elements. We used dif-
ferent colours and dashed arrows to show connections com-
ing from drivers of risk and root causes of risk and vulnera-
bility, compared with using black arrows for other elements
in the model (see Table 2). This was done so that a quick
and engaging visual distinction could be made for external
stakeholders working with or viewing the model.

2.3.8 Scales

From our review, we did not find conceptual modelling ap-
proaches that were effective at demonstrating risk elements
and their interactions across spatial scales. For example, a
critique of Impact Chains and fuzzy cognitive mapping ap-
proaches is that they often have narrow definitions of system
boundaries (Petutschnig et al., 2023; Ahmed et al., 2018).
For Impact Webs, we included three spatial scales in our
model (i.e. local, regional, and global), which were intended
to model globally networked risks, as well as demonstrate
risk drivers, root causes, and impacts that are often spatially
distant but have effects in the local context (Helbing, 2013).
As the test case study contexts where we made Impact Webs
were geographically diverse (see Sect. 2.4), there was flex-
ibility in how the “local” scale boundary was defined. For
example, for the Cox’s Bazar case, the local scale was de-
fined as inside the humanitarian camp. Comparatively, the
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Guayaquil case focused on investigating the city municipal-
ity, whereas the Indonesia case was at the national scale.

2.4 Trial in test cases

Impact Webs were developed in five test cases to assess com-
plex risks (Hagenlocher et al., 2022). This was done to trial
our methodology with groups of stakeholders across diverse
case study contexts. This had three purposes. First, it allowed
for adjustment in the steps for construction (see Sect. 2.5) and
improvement of the methodology through stakeholder feed-
back. Second, we could test Impact Webs across different
locations, each with their own unique challenges and charac-
teristics, building from the same entry point to see whether
the approach was replicable and a useful risk assessment tool
in different contexts. Third, we wanted to develop a method-
ology that was participatory; therefore, we needed to trial it
with stakeholders to learn how they would engage with de-
veloping such a model. We trialled the methodology in the
cases between June and September 2021, using COVID-19
as the entry “seed” element, building from there and adding
additional elements to populate the model using desk study
and stakeholder workshops. COVID-19 was selected as the
first hazard to start building the model around as the pan-
demic had been a situation that challenged conventional risk
and hazard settings, and was therefore a unique event in
which to test a new complex-risk assessment methodology.
The cases were chosen to cover a wide thematic range. In
this paper we only present the final Impact Web for one of the
five cases (Guayaquil, Ecuador), to demonstrate our proof of
concept (see Sect. 3). The test cases were as follows.

— Cox’s Bazar humanitarian camp (Bangladesh): Show-
cased COVID-19 and pre-existing social inequity in a
challenging and fragile setting. The case highlighted
characteristics of vulnerable people and communities
living in highly dependent systems.

— Sundarbans region (India): Encompassed a strong
multi-hazard perspective, demonstrating the concur-
rence of COVID-19 with tropical cyclone Amphan. The
case exhibited the dynamic nature of complex risks by
exploring the delay between causes and effects of im-
pacts.

— National scale (Indonesia):. Highlighted how COVID-
19 and other hazards led to interconnected challenges
on all fronts. The case had a special focus on the role of
social protection.

— Maritime Region (Togo): Focused on the rural-urban
and national-international interlinkages of systems and
how they were affected by COVID-19 and concurrent
hazards in a regional sub-Saharan context with high lev-
els of poverty.

— Guayaquil (Ecuador): Gave specific insights into how
COVID-19 and other hazards overwhelmed a densely
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populated, overcrowded, urban setting. The case pre-
sented characteristics of tipping points and showed how
system dependencies from global to local scales created
and reinforced vulnerabilities (see Sect. 3 for more).

2.5 Steps for constructing an Impact Web

Here we present the steps that we followed to construct
an Impact Web (see Fig. 2) in the test cases, informed by
lessons from the scoping review and from previous experi-
ences among the research team of undertaking risk assess-
ments.

Step 1: scoping

Risk assessments are conducted in a specific setting to
support decision-making processes. Following in the steps
of risk assessments that have been successful in the past
(e.g. Zebisch et al., 2023; Hagenlocher et al., 2018), the pre-
liminary step for constructing an Impact Web was the scop-
ing. Here, we defined objectives and the need for the multi-
hazard risk assessments across each case, considering how
the conceptual models could enhance understanding and in-
form decision-making that reduced risks. While systems the-
ory denotes that system boundaries change, for example due
to shifting climatic conditions (Steffen et al., 2015), practi-
cally, selecting the scale to model across the test cases helped
to refine the decision context. This was done by looking at
geographical or administrative boundaries to select the area
of primary focus. We then identified critical societal func-
tions, essential sectors, and key elements at risk in each of the
cases, as well as key stakeholders that were engaged later in
the process. Once this was defined, however, it was important
that there was flexibility when populating the Impact Web
with elements, given that we wanted to model cross-scale
dynamics, including feedback effects, cascading effects, and
globally networked risks that were identified outside the geo-
graphic boundaries of the test cases (Helbing, 2013; Sparkes
and Werners, 2023).

Step 2: identifying and mapping a preliminary number
of elements

While there are not restrictions in terms of the order for
selecting the elements in an Impact Web, we found it was
preferable to start from a limited number of key elements that
we wanted to better understand and then progressively build
up the causal connections. In our test cases, we wanted to
understand multi-hazard interaction of COVID-19 and con-
current hazards, threats, and shocks; therefore, COVID-19
was the logical entry point. This perspective acknowledged
that the system’s complex relationships emerge more clearly
when under stress, i.e. when direct and cascading impacts oc-
cur, the connections between them and hazards become more
visible and therefore easier to observe. In this sense, the first
number of elements functioned as “seeds” for identification
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of the system’s interdependencies. We found building from
key hazards, threats, and shocks as the “seed” elements facil-
itated following a more simplistic cause—effect chain at the
start of construction, i.e., direct impacts arising from each of
the hazards, threats, or shocks. From direct impacts, cascad-
ing impacts, then interventions and response risks, and finally
drivers of risks and root causes followed. While Impact Webs
eventually aim to map risk complexity, we found it difficult
to start from the more complex interactions (i.e. feedback ef-
fects). Rather, starting with more simple connections is eas-
ier for the modeller and stakeholders to begin with, and the
more complex interactions will emerge later as system un-
derstanding improves with desk study and more stakeholder
interactions.

Step 3: workshops and stakeholder participation

Nearly all conceptual models that we reviewed integrated
some form of stakeholder input, which was variable, depend-
ing on the decision context and complexity of the method
chosen. Causal loop diagrams (e.g. Coletta et al., 2024) and
Impact Chains (e.g. Sett et al., 2024), for example, generally
elicit the integration of more stakeholder input than influence
diagrams (e.g. Miihlhofer et al., 2023), which have a strong
quantitative component. A key step in our approach was to
draw on diverse knowledge from a range of expertise, which
we did through application in test cases. In this way, the Im-
pact Web would be co-created to develop a mutually agreed
upon visual output of complex risks, as well as a shared
heuristic of the system. Building on the preliminary number
of mapped elements in Step 2, we held two workshops for
each test case. The workshops were held with a range of dif-
ferent stakeholders, representing communities, policy, prac-
tice, civil society, academia, and governments. These stake-
holders were identified in the scoping (Step 1). Workshop 1
focused on identifying new elements for the Impact Web, as
well as reviewing the ones that had already been identified
and mapped from the desk review (Step 2). After workshop
1, we included the new elements in the model, and held a sec-
ond workshop to re-validate the logic and elements, as well
as look at entry points for risk management. This stakeholder
backstopping provided better understanding of otherwise un-
known or missed model elements and their connections and
helped to characterise the complex risk characteristics that
could not be captured through desk study alone.

Step 4: review of model and visualisation

After collecting stakeholder inputs across the five test cases,
an important step was to review the model among the re-
search authors. This included in-depth structuring of the in-
formation gathered in the workshops and cross-referencing it
from available literature sources gathered in the desk study.
Where possible, we also refined the number of elements,
for example by clustering two elements that represented the
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Figure 2. Workflow of the steps that were followed for constructing an Impact Web. We trialled the approach in five test cases, which
allowed for adjustment and improvement of the methodology as well as stakeholder feedback. The workflow followed a flexible stepwise
methodology in five steps (scoping, identifying, and mapping a preliminary number of elements, workshops, and stakeholder participation,
reviewing the model’s logic and visualisation and drafting an accompanying narrative storyline). Workshop 1 allowed for new inclusions and
the adjustment of already identified elements in the draft model. Once included, workshop 2 allowed for validating the logic and looking
at entry points for risk management. This is shown in the figure through the circle of blue arrows, which indicates iteration in the model’s

development.

same issues. This was done to reduce the model’s complexity
and ensure that the final visual could be an effective commu-
nication tool. We also reviewed causal connections and the
logic behind them, reflecting to understand what this meant
in a system’s context, thus enhancing our own understanding
of complex risks. We then reworked the graphical design to
create visual and causal connections that could be simpler to
follow.

Step 5: drafting narrative storyline

As a final step to accompany the Impact Web model, a nar-
rative risk storyline was drafted for each test case that de-
scribed the model and its connections in a narrative format.
This helped to communicate, in a descriptive and engaging
manner, the complex model output that resulted from fol-
lowing the previous steps, making it more engaging and use-
ful to direct risk management decisions for both experts and
non-experts (Hanf et al., 2025; van den Hurk et al., 2023).
The storylines were drafted by the research authors, explain-
ing the key aspects in the Impact Web and findings from the
complex-risk assessment. This was done after the authors had
completed the desk review and stakeholder workshops and
reviewed the model.
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3 Results: proof of concept

Here we present our result, showing our proof of concept
detailing the final output of an Impact Web and narrative sto-
ryline from the Guayaquil, Ecuador, test case. Next we elab-
orate on why Guayaquil was chosen for our proof of concept
in this paper.

3.1 Complex risks linked to COVID-19, concurring
hazards, and responses in Guayaquil, Ecuador

Here we show our proof of concept, presenting the results
and final outcome of one of the test cases, from Guayaquil,
Ecuador. We only show the results of one case in this paper
as our aim has been to demonstrate how we developed the
methodology. Selecting Guayaquil to showcase Impact Webs
highlights the outcomes of steps 4 and 5 in Fig. 2.

Step 1: scoping

We developed an Impact Web to study risks and impacts
emerging from the COVID-19 pandemic and concurrent haz-
ards, threats, and shocks in the city of Guayaquil, Ecuador.
Guayaquil was selected due to its high population density,
high levels of poverty and inequality, large informal work
sector, overcrowded housing, and high exposure to climate-
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related and geophysical hazards (Hallegatte et al., 2013).
These factors make the city’s inhabitants vulnerable to the
compounding effects of multiple hazards and present chal-
lenges for risk management that are exacerbated by lim-
ited financial resources at both municipal and national levels.
These factors additionally have numerous and compounding
drivers of risks and root causes, making this an important
case in which to undertake a complex-risk assessment. We
used COVID-19 as the “seed” element for developing the
Impact Web as this hazard has been so diverse in its effects
across communities, sectors, and economies, which addition-
ally provided important lessons for the application of a novel
conceptual risk modelling approach using a systems-focused
lens. It was decided that taking a case study at the city scale
supported in defining system boundaries and decision con-
text, for which COVID-19 has been cross-scale and highly
dynamic (Hagenlocher et al., 2022).

Steps 2—4: Impact Web of Guayaquil, Ecuador

Figure 3 presents the final conceptual model of the complex-
risk assessment in Guayaquil. The Impact Web visualises
(i) multiple interacting hazards, threats, and shocks across
various scales; (ii) the identification of different risks/impacts
for communities, sectors, and societal functions, as well as
their interconnections and cascading effects; and (iii) their
underlying risk drivers, as well as (iv) the root causes be-
hind underlying risk drivers, some of which can be spatial
and temporally distant from newly emerging risks/impacts.
Further, the Impact Web model also maps (v) risks and im-
pacts linked to responses (e.g. policy interventions aimed to
reduce risks), as well as (vi) risks that did not manifest due
to the interventions.

Step 5: narrative storyline for Guayaquil, Ecuador

The first confirmed case of COVID-19 in Guayaquil was
identified on 29 February 2020. Driven by the city’s high
population density, challenges with overcrowded housing,
and unpreparedness in the health system, there was a rapid
rise in cases and hospitalisations. Governmental policies of
austerity in the 5 years prior to the pandemic meant that hos-
pitals and healthcare facilities were understaffed and under-
equipped. The lack of personal protective equipment resulted
in a high number of cases and deaths among healthcare work-
ers, which put further pressure on a health system that was al-
ready burdened by increases in vector-borne diseases due to
seasonal flooding exacerbated by climate change. From the
compounding effects of multiple hazards and cascading im-
pacts that emerged, the health system reached a tipping point
and collapsed, tragically resulting in a large number of bod-
ies being left in the streets, hospitals, and care homes. This
significantly increased psychological stress for the city’s res-
idents. In March of 2020, Guayaquil had an excess mortality
rate five times that of the same month in the previous year
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and the highest COVID-19 mortality rate of any Latin Amer-
ican city.

Economic disruptions from the intervention to close inter-
national borders were particularly severe in Guayaquil due
to the city’s high dependency on the port. The closing of
borders triggered economic shutdown, with widespread ad-
verse effects on employment and livelihoods. Due to the
lack of job retention schemes, many citizens, a lot of whom
were already living in poverty before the pandemic, were
left without income-generating opportunities. These impacts
were exacerbated for the large informal employment sec-
tor in Guayaquil. Due to the limited availability of space
per person, driven by the high population density and over-
crowded housing, lockdown interventions and social distanc-
ing were difficult to follow for a large segment of the pop-
ulation. As seen in many places, there were also sharp in-
creases in domestic and gender-based violence during lock-
down. As Guayaquil is a food-producing city, one risk that
did not manifest as a result of lockdowns was disruption in
the food supply chain and food shortages that were prevalent
in some other cities in the region.

State coordination challenges and reliance on international
guidance, which was unclear and contradictory in the early
stages of the pandemic, meant there was a lack of an in-
tegrated, cross-sectoral, and multi-scale response between
Guayaquil’s and Ecuador’s public institutions. The national
government maintained a centralised COVID-19 testing sys-
tem, which hindered the effectiveness of city institutions in
setting up early detection and monitoring systems, such as
contact-tracing and testing facilities. The unclear guidance
from the World Health Organization resulted in the output
of unclear information at the national level, which was one
of the factors that contributed to the spreading of misinfor-
mation throughout digital networks. One positive impact that
arose from state coordination challenges was the strengthen-
ing of public and private sector cooperation.

In response to the economic disruptions, the government
of Ecuador brought in more austerity measures. Furthermore,
corruption allegations were brought against some city and
state-level actors for capitalising on the emergency health-
care situation. These factors saw increasing societal distrust
in the government, which was already underlying. This came
to fruition in Guayaquil when a societal tipping point was
reached in May of 2020, resulting in widespread protest and
civil disobedience.

Key risk drivers identified included initial unpreparedness
in the health system, high population density, overcrowded
housing, economic dependency on the port, and state coor-
dination challenges linked to reliance on international guid-
ance, among others. These risk drivers influenced cascad-
ing response risks, including widespread negative economic
effects of lockdown and closures of international borders,
as well as an increase in societal distrust, with subsequent
protest and civil disobedience, which were in part due to fur-
ther austerity interventions in response.

Hydrol. Earth Syst. Sci., 29, 3297-3313, 2025



3308

Global

Legacy of
colonialism
!

Ecuador

Development

challenges ~~~~ """ T
|
|

. seasonal flooding
Guayaquil
. High deaths
N among healthcare
S 8 Unprepared workers

health system == = = = Sog
' 1
® ®

Reduction in Lack of personal K—

hospital protective High

Gyt \ r_mortali(y
/ Increase in

Improved
hygiene
measures

services & staff

hospitalization

Chikungunya &Zika

E. Sparkes et al.: Impact Webs

Unclear guidance

= from the WHO

Climate change P
. ~

v v

State Reliance on

[EEEEEE coordination international
challenges guidance

n

Bodies left
in the
/—‘ streets
Health

system
collapse

Lack of early
detection &
case monitoring

Improved private
& public sector
cooperation

Increase
psychological
stress

Spread of

Corruption misinformation

allegations RIS

/,
Rapid rise _/ / Increase in domestic
e = & gender- based v
’ violence
covIp-19 num'hers e Increase in
. ' societal distrust

Prioritization ' . in government
of economic Overcrowded .-

growth e G o2

‘ housing T N T T TS mee--ooo- o ®

/'A\ ___, Economic Loss of Increase in
______ =2 So_ -7 shutdown Jobs poverty

Global supply P TeErT TS 0 ®

chain  ~ - ! 527 ! Widespread

efficacies N High population g High pre-existing - - - - - - - . [
5 = e 3 i 3
y density | poverty v ST . disobedience
\ <
Economic > Large informal T ==~ - -, No job retention
dependencyonport - ==============-» worksector ============-==-» schemes
Hazar . . . Root causes Connections
azards, Negative Positive Drivers Scale (Guayaquil,

Interventions

threats & ®

shocks

Legend O @

impacts impacts

between
elements

of risks &
vulnerability

ofrisk . UCT o TTTTTT |:| Ecuador, Global)

Figure 3. Impact Web for the test case of Guayaquil, Ecuador. The conceptual model visualises complex risks and impacts linked to the
COVID-19 pandemic, concurring hazards, and the responses to it, as well as interconnections between system elements and drivers and root

causes of risks.

A number of considerations for risk management emerged
from developing the Impact Web for Guayaquil. These
include focusing attention, resources, and efforts towards
multi-sectoral and multi-scale coordination across public and
private institutions, as well as ensuring strong reach and
availability of social protection mechanisms and investment
in risk monitoring and data systems. The case also highlights
that clear guidance and risk communication are key to build-
ing societal trust during times of crisis.

4 Discussion

With Impact Webs, we integrated Climate Impact Chains
with aspects of system mapping approaches. In doing this,
we aimed to close gaps in current conceptual models of risks,
by characterising dynamic interactions between hazards, ex-
posure, vulnerability, response risk drivers, and root causes
(IPCC, 2023), improving our understanding of complex risks
by following a flexible stepwise methodology. In this discus-
sion we reflect on the strengths and limitations of making
Impact Webs. While in this paper we only present one test
case, our discussion reflects on lessons we learnt through the
process of developing the methodology and from across all
of the cases. We also provide future research directions.
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4.1 Strengths

The application of the Impact Web methodology in case
studies showed that the approach is useful to conceptualise,
identify, and visualise networks of interconnected elements
across different systems and sectors. The conceptual model’s
suitability for mapping the interactions of multiple concur-
rent hazards with multiple pre-existing drivers of risks and
root cases helps to uncover underlying societal vulnerabili-
ties and is useful to derive storylines of how interconnected
risks and impacts emerge from a hazard or shock events. In
the context of Guayaquil, the Impact Web and its accom-
panying narrative storyline characterise how COVID-19 re-
vealed vulnerability in the health system, resulting in lock-
downs that subsequently affected many other systems and
exacerbated already existing economic, domestic, and gover-
nance challenges in the city and country. Taking COVID-19
as the “seed” element for our Impact Web resulted in con-
structing a more simplistic cause—effect chain at the begin-
ning of the modelling exercise, which could be useful for
replicability. Given the model’s effectiveness for mapping an
event as complex as COVID-19, this suggests that one could
equally develop an Impact Web to understand complex cli-
mate change risks. Moreover, modelling five test cases with
a flexible approach towards the “local scale” (e.g. a human-
itarian camp in Cox’s Bazar, a city scale in Guayaquil, a re-
gional focus in Togo, the Indian Sundarbans, and a national
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scale in Indonesia) suggests that one could create an Impact
Web to meet the needs of a variety of decision contexts. For
example, one could create a model to assess complex risks
for a river basin, a town, or even a specific community.

Applying a systems-focused lens towards analysis and
mapping elements in the conceptual model, the developer of
an Impact Web and the stakeholders engaged gain a more
comprehensive overview of complex risks in the system they
are mapping. While the final visual and the narrative story-
line is the output, it is the process of developing an Impact
Web that stimulates critical reflection in the modeller and in-
volved stakeholders, which is one of the key outcomes. In
each of the test cases, many of the stakeholders involved in
the workshops entered with expertise in one specific sec-
tor or to share their own lived experience. However, many
participants gave verbal feedback that, after collaboratively
working on the model together in the workshops, they had
learnt from each other and now better understood impacts
and drivers outside of their areas of expertise, and thus had
a better understanding of complex and cross-sectoral risks.
Moreover, involving stakeholders throughout the modelling
process can help identify key agents who can act as a catalyst
for change (Renn et al., 2022; Ozesmi and Ozesmi, 2004).
These can be, for example, stakeholders who perceive more
causal relationships or options to change the system. Work-
ing with stakeholders to co-create the model can widen the
lens for identifying critical elements, such as feedback ef-
fects and trade-offs, which can then be further analysed. Ad-
ditionally, taking a participatory or bottom-up approach for
the risk assessment brings in perspectives that can influence
top-down decision-making.

As the conceptual model accounts not only for negative
impacts but also for how policy responses and societal reac-
tions to policies can lead to additional positive outcomes, as
well as unintended consequences, i.e. risks arising from re-
sponses (Simpson et al., 2021), Impact Webs are useful to
reflect on positive and negative outcomes of previous disas-
ter risk management practices. The inclusion of interventions
and response risks and impacts additionally allows for the
identification and management of trade-offs or maladaptation
that can occur through decision-making processes. While the
outputs of an Impact Web do not quantify the severity or
probability of such trade-offs, the approach is informative
by revealing sometimes unclear or more nuanced relation-
ships between decisions and negative outcomes in the system
being analysed. The visual and accompanying narrative sto-
ryline can thus inform policy and risk management through
learning from past impacts and how these have or have not
disrupted critical societal functions (Hanf et al., 2025). They
are additionally effective for pre-intervention evaluation and
for communication purposes (Termeer et al., 2017; Wiebe et
al., 2018).
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4.2 Limitations

Given the complexity of interconnected systems and the am-
biguity of system boundaries, it is not possible to characterise
all interconnections using Impact Webs. These models are a
simplification of reality and only the most prominent out-
comes are derivable. These prominent outcomes are shaped
by the developers’ own inherent biases, although the par-
ticipatory approach aims to reduce this by providing a mu-
tually agreed upon heuristic of complex risks in a system.
In consideration of this, it is important to acknowledge that
participatory modelling is an exercise in which power dy-
namics come into play. Therefore, this should be considered
when identifying key agents as catalysts of change. Com-
municating that the model is a simplification of real-world
interactions, as well as who it was developed by and with,
to decision-makers is important, to ensure these factors are
considered in policy making.

Even though we recommend standardised constitutive el-
ements and steps for construction, given the sheer variety of
effects originating from one or multiple hazard events, no one
Impact Web would be replicable, even if it were developed
for the same hazards at the same scale and focus, if mod-
elled by different stakeholders. Where to define the bound-
aries of the systems being mapped is vague, along with which
elements are selected for the model, depending on stake-
holders’ views on key protection targets and societal func-
tions. A system is usually defined according to its elements
within defined system boundaries (i.e. endogenous system el-
ements) and outside of its boundaries (i.e. exogenous system
elements) (Sillmann et al., 2022), which are selected based
on the scale and objectives of analysis. However, given that
we developed a model with COVID-19, which affected all
corners of society and did not occur within defined bound-
aries, as the seed element, it was difficult to know where
to stop. This challenge could equally arise when developing
an Impact Web in a multi-hazard multi-risk climate change
context, where the cascading impacts of events are also felt
across sectors and scales (van den Hurk et al., 2023). This
“messiness” of complex and ongoing cascading effects that
the Impact Web sheds light on is a challenge for policy, which
often requires sectoral and spatially defined targets, and can
equally render the direct visual output of an Impact Web dif-
ficult to engage with.

An additional challenge concerns how the outputs of the
conceptual model can be integrated with quantitative data for
further analysis. While the logic for our model drew inspi-
ration from reviewing data-driven models, including fuzzy
cognitive maps, influence diagrams, and Bayesian belief net-
works, our approach instead combines stakeholder inputs,
desk review, and the outcomes of historic events to arrive
at a characterisation of how the system under investigation
has been affected. As data limitations are often a challenge
when modelling socio-ecological systems, analytics on inter-
actions in a multi-hazard context would be difficult.

Hydrol. Earth Syst. Sci., 29, 3297-3313, 2025



3310

4.3 Future research directions

A number of questions emerge from the application of our
methodology that would benefit from further research. Fol-
lowing the steps for construction enhanced our own under-
standing of complex risks in the systems under investiga-
tion and the outputs are useful to communicate complexity.
However, a number of modelling considerations remain to
be explored that are important for disaster risk management,
such as temporal dimensions, critical vulnerability moments
(de Ruiter and van Loon, 2022), and system tipping points
(Lenton et al., 2023). Bridging conceptual models with quan-
titative modelling approaches, as well incorporating lessons
from methods that tackle different aspects of complex risks in
more depth, such as vulnerability dynamics (e.g. Albulescu
and Armas, 2024), would be useful in this regard. Addition-
ally, while the model is effective for assessing risks and trade-
offs of interventions, a more structured decision-focused ap-
proach and methodology to see how Impact Webs can pro-
vide comprehensive entry points for disaster risk manage-
ment and climate change adaptation would be useful. For ex-
ample, pathway methodologies have been applied to evalu-
ate risk management decisions in complex systems (Schlum-
berger et al., 2024; Haasnoot et al., 2013; Werners et al.,
2021). Thus, integrating conceptual risk modelling with a
pathways approach is one avenue that warrants further explo-
ration. Understanding and mapping risk complexity is only
useful if cascading effects and systemic risks can be min-
imised, for example through decoupling unnecessary con-
nections across sectors. Moving from complex-risk assess-
ment to complex-risk management needs further attention in
order to strengthen the resilience of systems.

5 Conclusions

This paper offers a new conceptual modelling approach
called Impact Webs, which involves identifying, character-
ising, and mapping complex risks. The inadequacy of single-
hazard and single-risk approaches in the face of global chal-
lenges like COVID-19 and climate change emphasises the
need for comprehensive risk assessments that account for in-
terconnectivity. Impact Webs are one such methodology in
an emerging field of research to do this. Their application in
test cases identified critical links between multiple hazards,
responses to them, drivers of risk, and root causes, as well
as pre-existing societal vulnerabilities. The conceptual model
provides a more nuanced understanding of how risks propa-
gate through systems, offering valuable insights into poten-
tial feedback effects, trade-offs, and key agents that can act as
catalysts of change and influence risks in a system. While the
approach contributes to improving complex-risk assessment,
a number of future research directions presented in this ar-
ticle would further advance the methodology. These include
bridging the conceptual model with data-driven approaches
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and transitioning from complex-risk assessment to complex-
risk management that strengthens systemic resilience. In the
evolving and interconnected landscape of communities and
societies, disaster risk reduction and climate change adapta-
tion must account for complexity. The Impact Webs approach
stands as one valuable contribution to realise this, offering a
system-wide perspective for complex-risk assessment.
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