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Abstract Reducing the seismic risk for societies requires a bridge between scientific knowledge and so-
cietal actions. In recent years, three subjects that facilitate this connection gained growing importance: open
science, transdisciplinarity, and ethics. Weoutline their relevance in general and specifically at the example of
‘dynamic seismic risk’ as explored in adedicatedworkshop. Weargue that these reflections canbe transferred
to other research fields for improving their practical and societal relevance. We provide recommendations for
scientists at all levels to make science more open, transdisciplinary, and ethical. Only with a transition can
we, as scientists, address current societal challenges and increase societies’ resilience to disasters.

1 Introduction
The devastating 2023 M7.8 Türkiye–Syria earthquake
sequence once again highlighted the gap between sci-
entific knowledge and action (e.g., Toomey, 2016): Al-
though the impacted region is known to be at high seis-
mic risk (i.e., highly seismically active, densely popu-
lated, and high physical and social vulnerability), the
political and societal conditions have complicated and
delayed protective measures (e.g., Hussain et al., 2023).
To reduce the seismic risk and prepare local communi-
ties, experts from different disciplinesmust collaborate
effectively in redesigning the built environment and en-
gaging the construction companies, politicians, resi-
dents, etc. in risk education andmanagement (Comfort
et al., 2023).
In recent years, three subjects have become increas-

ingly relevant to build that needed bridge between sci-
entific knowledge and societal action, namely open
science, transdisciplinarity, and ethics (see Figure 1).
These subjects have influenced scientific discussions
on how to transition from purely scientific research to
practical and societally relevant applications that in-
crease societies’ resilience to disasters (e.g., Marti et al.,
2022) – just as envisioned by several initiatives around
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the world, including the EU Horizon 2020 programme,
the US National Science Foundation, and the UK Re-
search and Innovation funding agency
We, along with other early career scientists of RISE

(Real-time earthquake rIsk reduction for a reSilient Eu-
rope; EU Horizon 2020 project), identified these three
subjects in several virtual discussions while reflecting
on our needs to make our research efforts more soci-
etally meaningful and effective. Eventually, together
with senior scientists, we discussed and evaluated these
subjects during a three-day workshop in Naples (Italy),
October 26-28, 2022, under the theme “Bringing re-
search to practical applications that increase society’s
earthquake resilience” (Supplement 1). This theme re-
sembled RISE’s overall goal of advancing the scientific
and societal knowledge on dynamic seismic risk, the
overarching topic we additionally wanted to explore.
First, keynotes from experts gave us a background on
the three subjects, and lightning talks by all participants
revealed the range of our expertise. Second, we drew a
rich picture for the overarching topic and each subject
following the Soft Systems Methodology (Pohl, 2020):
separate groups sketch and express their ideas as men-
talmodels, receive feedback from the other groups, and
revise it accordingly (see Supplement S2a-d for the evo-
lution of the rich pictures). This approach allowed us to
integrate all our expertise on the topic and subjects.
In the following, we provide the conceptual back-
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groundof the threemain subjects, stress their relevance
in current research, and illustrate their link to dynamic
seismic risk (Figure 1). We believe that these reflections
can be transferred to any other research field since the
subjects affect various disciplines.

2 The three subjects in the light of dy-
namic seismic risk

To assess the impact of earthquakes on the built en-
vironment and people’s well-being, seismic risk com-
bines the knowledge about the potential ground shak-
ing due to future earthquakes (seismic hazard) with
the knowledge about the exposure and vulnerability of
buildings, infrastructure, and communities. However,
seismic risk is not constant but dynamic (varying in
time, space, and context) due to changes in short- and
long-term temporal variation of the hazard (e.g., occur-
rence of earthquake sequences, secondary effects such
as tsunamis, fires or landslides), exposure (e.g., popu-
lation growth and displacements, time of the day), and
vulnerability (e.g., retrofitting, structural degradation)
as well as complex interactions between individual and
social vulnerabilities (e.g., Orru et al., 2022). To ad-
dress these dynamics and related challenges, different
approaches are needed in different phases of the disas-
ter cycle (i.e., before, during, and after an earthquake
sequence) such as operational earthquake forecasting
(Jordan et al., 2011), dynamic exposure and vulnera-
bility modelling (Schorlemmer et al., 2020; Orlacchio
et al., 2021; Pittore et al., 2016), earthquake early warn-
ing (Allen andMelgar, 2019; Cremen andGalasso, 2020),
rapid loss assessment (Erdik et al., 2011), and recovery
and rebuilding efforts (Miles and Chang, 2006); see also
Supplement S2a.
The data, models, products, and services (hereafter

referred to as assets) that have been produced in RISE
contribute to all phases of the disaster cycle (Carr,
1932) and, taken together, address dynamic seismic risk
(Alexander, 2018). As outlined in the following three
sections, these assets can only be combined meaning-
fully if interdisciplinary research groups openly share
and document their inputs and outputs (Section 2.1), ac-
tively involve societal stakeholders (Section 2.2), and ap-
propriately consider ethical issues (Section 2.3). For ev-
ery subject, we dedicate three paragraphs: (§1) the the-
oretical concepts and advantages, (§2) their specific rel-
evance for dynamic seismic risk, and (§3) solutions and
good practices to implement them in future research.

2.1 Open science
Open science envisions transparent and accessible
knowledge that is shared and developed collaboratively
(UNESCO, 2022). It encompasses practices such asmak-
ing research outputs open (e.g., open access publica-
tions, open data, and open source software), verifiable,
and reproducible, as well as openly designing experi-
ments, methods, and analyses. This openness provides
many benefits, for instance making it easier to dissemi-
nate and communicate scientific knowledge, expedite
the scientific process by saving time for re-inventing

methods, receive constructive feedback from the sci-
entific community, and promote collaborative, cross-
disciplinary, and inclusive research practices. More-
over, opendata canhelp identify systematic datamisuse
(i.e., a potentially adverse use that was not originally in-
tended), particularly when issues in data analysis arise
(e.g., geographical correlation associated with causal-
ity; Flaherty et al., 2022). Open science is further guided
by the FAIR principles (Wilkinson et al., 2016), ensuring
Findability, Accessibility, Interoperability, and Reuse of
digital assets. For instance, a Digital Object Identifier
(DOI; Paskin, 2010) is key to guarantee correct attribu-
tion and access of an asset in the long term (Schyman-
ski and Schymanski, 2023). Moreover, open licenses
(see Table 1) ensure an unrestricted use of data, mod-
els, or other outputs while appropriately crediting the
creator. By complying with these standards and princi-
ples, cross-disciplinary efforts are possible (COAR et al.,
2021).
Dynamic (seismic) risk assessment requires linking

information from different assets and different phases
of the disaster cycle, therefore significantly benefiting
from an open approach. For example, the European
Plate Observing System (EPOS) positioned itself to fa-
cilitate the open and FAIR data transfer between insti-
tutions and multiple disciplines within solid-earth sci-
ences (Bailo et al., 2022; Marti et al., 2022). The EPOS
Thematic Core Service for Seismology (Haslinger et al.,
2022) enables homogenized monitoring efforts and col-
laboration based on seismic waveform data (ORFEUS),
rapid earthquake information (EMSC), and expertise
in seismic hazard and risk assessments (EFEHR); thus
connecting the different assets along the disaster cy-
cle. Also in RISE, some open science assets have been
created, such as the pyCSEP toolkit, an open source
software for developing and testing probabilistic earth-
quake forecasts (Savran et al., 2022a,b), so-called re-
producibility packages that contain code, data, and
other resources to reproduce research outcomes with-
out additional effort (e.g., Bayona et al., 2022, 2023;
Khawaja et al., 2023), an open sensor firmware platform
that supports creating real-time monitoring networks
(quakesaver.net), and a dynamic exposure model based
on crowd-sourced/citizen-science building data (Schor-
lemmer et al., 2020). These developments set an exam-
ple formaking the fundamental assets of dynamic (seis-
mic) risk assessment available. For the 2023 Türkiye–
Syria earthquake sequence, in particular, various initia-
tives (e.g., EERI, 2013; GDACS, 2023; GSLN, 2023) col-
lected open data and reports to facilitate scientific in-
vestigation, understanding, and dynamic risk reduction
strategies.
To date, several challenges restrict the dissemination

and development of open science (see also National
Academies of Sciences, Engineering, and Medicine,
2018). Here we emphasize four of them: (i) Open sci-
ence is not yet fully recognized as a part of science edu-
cation, therefore authorities (e.g., universities, science
ministries, research centers, funding bodies) responsi-
ble for overseeing science should put more emphasis
on open science; (ii) The tools and technologies being
used for open science are either unfamiliar or unavail-
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Figure 1 Overview of the three subjects (open science, ethics, and transdisciplinarity) and their relevance in dynamic seis-
mic risk to co-design user-centered services and products. Ethics not only influence dynamic seismic risk, but also open
science and transdisciplinarity (see Section 2.3 §2).The two empty dashed boxes at the bottom indicate further important
subjects that were not addressed but are similarly relevant (e.g., legality, equity, diversity, inclusivity; Klinkhamer, 2022).

able tomany scientists, thereby creatingbarriers to con-
ducting open science. Training and open tools for the
collaborative development of code, data, and methods
should be provided to researchers early in their careers;
(iii) Open science demands time, which is not yet con-
sidered in the researchers’ evaluation process. Efforts
for open science should be rewarded during the evalua-
tion process of a researcher, for example through quali-
tative assessments (e.g., Hicks et al., 2015); (iv) The costs
of open access publishing are usually high (in particu-
lar for journals of repute, which not all research insti-
tutions can afford; Sample, 2012), potentially discred-
iting research, leading to inequity (favoring those who
have the funds), and fueling ‘predatory’ journals (Pour-
ret, 2022); diamond open access journals like this one
support a transition in open access publishing (Rowe
et al., 2022).

2.2 Transdisciplinarity
Addressing current societal challenges requires trans-
disciplinary approaches (Peek et al., 2020; Vienni Bap-
tista et al., 2020), that is, integrating knowledge fromdif-
ferent scientific disciplines (interdisciplinary) and con-
sidering the values, knowledge, and needs of stakehold-
ers in the society, including the public and private sec-
tors, the general public, etc. (stakeholder engagement).
Transdisciplinary approaches acknowledge the societal
and scientific complexity of a problem (Hirsch Hadorn
et al., 2008), co-create knowledge and practices (Pohl
et al., 2021), tailor general scientific concepts to the
local context (Stablein et al., 2022), and develop user-
centered assets to contribute to disaster risk reduction
(Dallo, 2022; Raška, 2022). Fostering transdisciplinarity
is indispensable because we, as scientists, have a soci-
etal responsibility (Di Capua and Peppoloni, 2021) since
our scientific outputs can have a direct or indirect im-
pact on people’s lives (Marti et al., 2022).
Transdisciplinary efforts to assess risk perception

and awareness across communities and stakeholders
are essential for disaster risk reduction (UNDRR, 2022a).
The dynamic seismic risk framework develops products
for different stakeholders who actively participate in all
phases of the disaster cycle. In RISE, for example, inter-
disciplinary groups (consisting of engineers, seismol-
ogists, IT specialists, and communication experts) co-
designed products and services by involving civil pro-
tection, authorities, and the general public through fo-
cus groups, interviews, and surveys (Fallou et al., 2022;
Marti et al., 2023). It became apparent that a key factor
in improving risk mitigation strategies is strengthening
the relationship between scientists and stakeholders to
better understand societies’ needs and concerns.
Transdisciplinarity is not yet fully practiced by scien-

tists involved in disaster risk reduction activities, and
is not included in current discipline-specific academic
education programs despite the desire of early career
scientists (Bridle et al., 2013, Supplement 3). Two main
challenges are (i) building interdisciplinary groups and
ensuring effective interactions between the disciplinary
experts, and (ii) engagingwith civil society (a structured
and sometimes lengthy process) by building trust be-
tween scientists and stakeholders (UNDRR, 2022b). Re-
search infrastructures can foster the development of
a transdisciplinary research community in the field of
disaster risk (Peek et al., 2020) and provide powerful
tools (e.g., data, codes, expertise) to research groups
(e.g., Folch et al., 2023; Calatrava et al., 2023; Dañobeitia
et al., 2020). Access and interaction with research in-
frastructures should therefore be promoted and en-
couraged among the disaster risk community to ex-
ploit these opportunities. Further, developing effec-
tive risk-related communication, in particular for the
general public, is also challenged by potential misin-
formation, disinformation, and/or misunderstandings.
This has been again observed in the 2023 Türkiye–Syria
earthquake sequence (e.g., Panjwani, 2023). Thus, com-
munication experts must be aware of these dynam-
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ics and continue to provide useful, understandable,
and evidence-based recommendations to combat earth-
quake misinformation (Dallo et al., 2022a), help design
and implement strategies for efficiently communicat-
ing earthquake early warnings and forecasts (Dryhurst
et al., 2021; Freeman et al., 2023), and foster multi-
hazard communication among different stakeholders
(Dallo, 2022).

2.3 Ethics

Ethics is relevant to data collection, use, and process-
ing, as well as to data-driven decision-making – it must
be consciously considered by researchers. In general,
experts differentiate between internal and external (re-
search) ethics (ALLEA, 2013). Internal ethics refer to
good research practices such as complying with GDPR
and FAIR data principles, reflecting on conflicts of in-
terest or embracing the duty to produce open science
(Di Capua and Peppoloni, 2021; Wilkinson et al., 2016).
External research ethics refer to the relations between
science and society such as the potential misuse of in-
formation, the responsibility towards society, legal con-
sequences (e.g., L’Aquila trial in 2009), or inclusive re-
search cultures (ALLEA, 2013). These relations have a
long history, starting with defined ethical standards af-
ter World War II (Evers, 2001). Even though interna-
tional, European, and national ethical guidelines have
been established (e.g., AGU, 2017), their practical imple-
mentation is still in its early stages (Di Capua and Pep-
poloni, 2021).
An assessment of ethical implications is required

when personal data (e.g., socio-economic data) are
used to assess social vulnerability (Ferreira et al., 2015)
and/or consequences of disasters (Mezinska et al., 2016;
Louis-Charles et al., 2020). Ethical issues could arise
if outcomes of such assessments identify vulnerable or
minority groups which can be targeted for other pur-
poses (e.g., insurance plans). Granting public access
to data, models, or products of a dynamic risk frame-
work may lead to potential misuse by third parties,
which should be considered by the providers and/or sci-
entists beforehand, e.g. by clarifying the responsibil-
ity of any consequences. For example, an open earth-
quake forecasting (or risk) model could either be in-
correctly used or its results misinterpreted, which may
eventually reduce the trust in those models; or be in-
tentionally manipulated to provide exaggerated fore-
casts, which may create fear and panic among the pub-
lic. Ethics also matters when communicating certain
information: in the workshop we discussed whether
we could simply release probabilistic earthquake short-
term forecasts to the public (and if yes, how?). Although
those probabilities are produced by several institutions,
not every scientist may advocate their public release for
ethical reasons (e.g., potential misinterpretation, un-
intended panic, missing knowledge on translating the
probabilities into mitigation actions) – yet, our inter-
nal majority voted for an unconditional public release,
arguing that some information is more useful for (per-
sonal) decision-making thanno information. Currently,
a few institutions publicly release earthquake forecasts

only after a large earthquake occurred (e.g., USGS and
GNS). But for making (personal) decisions, people want
actionable information, not probabilities (Dallo et al.,
2022b).
But ethically, who decides what is actually consid-

ered right or wrong? We identified three possible cat-
egories: (i) ‘agreed upon’, where the necessary action
to undertake is obvious, such as doing open science, in-
volving more reviewers in the review process to reduce
bias, or improving education; (ii) ‘subjective’, where a
consensus is needed (such as publicly releasing fore-
casts), which can be obtained via voting (democratic)
or providing and discussing arguments; and (iii) ‘I do
not care’, where ethical implications are ignored or
considered irrelevant (which we think is not a solu-
tion, but we have had experiences where scientists had
this attitude). For the second category, which is the
most difficult one, one may not find a consensus eas-
ily and may need to wait for more information or bet-
ter arguments. Interestingly, a democratic approach to
consensus building may in itself be considered unethi-
cal because minorities are not adequately represented.
Therefore, evaluating ethical implications in practical
applications of research results is not trivial – potential
unethical situations must be carefully considered and
reflected upon.

3 So, what can we do now?
On all levels – individually, within labs, institution-
ally, nationally, and internationally – more efforts are
needed to foster open science, shift from discipline-
specific or interdisciplinary research to transdisci-
plinary research, and jointly discuss the ethical implica-
tions of our research. Transdisciplinarity, in particular,
is not sufficiently rewarded and encouraged within the
academic sector (Müller and Kaltenbrunner, 2019), and
all three subjects presented here are, at best, only par-
tially addressed during academic training and career
development.
In Table 1 we provide some practical guidelines and

general suggestions on how to better address these
three subjects. We advocate that research institutes and
supervisors integrate them in their training programs
for early career scientists, go beyond purely discipline-
oriented training, motivate other scientists to consider
these subjects in their projects, and bring them up in
discussions with colleagues (from other disciplines) or
outside academia. Specific programs for short visiting
periods or fieldwork might enforce transdisciplinary
connections and could be supported financially.
We further suggest that researchers’ activities and

projects should also be evaluated based on their contri-
butions in terms of transdisciplinarity, openness, and
ethical compliance to promote excellence and fairness.
Finally, on an university, institutional, or project level,
we argue that sessions with practical guidelines are
needed to ensure that current and future research ex-
cellence considers the three subjects. We are aware
that a fixed set of practices and guidelines are not suf-
ficient; for instance, achieving openness in science is
also a process of negotiation and dialogue with atten-
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The subjects Practical guidelines General suggestions

Open Science

• FAIR Principles

• OpenAire Open Science Guides

• Open Science Training in TRIPLE (Provost
et al., 2023)

• Ten rules for implementing open and re-
producible research practices (Heise et al.,
2023)

• FOSTER: Open Science Toolkit

• Open Science: A Practical Guide for Early-
Career Researchers

• Open Data Commons Licenses

• Creative Commons Licenses

• Open Source Initiative – Licenses Overview

• EC’s Joinup Software License Assistent

• Provide training anduseopen tools for a collaborativede-
velopment of code, data, and methods.

• Incentives to focus on open science, e.g., publishing soft-
ware packages should be acknowledged in performance
evaluations (Journal of Open Source Software Merow
et al., 2023)

• Incentives for qualitative evaluations of researcher out-
put, e.g., DORA, Leiden Manifesto, CoARA.

• Preferentially publish in (diamond) open access journals

Transdisciplinarity

• td-net toolbox

• What is transdisciplinary research?

• Ten steps tomake your researchmore rele-
vant

• EU action catalogue

• Participatory methods

• Communication Guide: How to fightmisin-
formation about earthquakes? (Dallo et al.,
2022a)

• Research Culture – creating an inclusive re-
search environment (e.g., Royal Society)

• Professors should actively share their knowledge about
stakeholders’ decision-makingprocesseswith their junior
scientists, e.g., by dedicated seminars.

• Training activities (e.g., workshops) where researchers
candirectly apply transdisciplinaritymethods,which they
can use for their research.

• Real-world laboratories to facilitate the co-productionbe-
tween scientists and stakeholders (Pärli et al., 2022).

• Promote more inter- and transdisciplinary interactions
(Bridle et al., 2013).

• Align incentives (e.g., promotion criteria, tenure, job ap-
plications, funding for visiting, and fieldwork). Recognize
the value of transdisciplinary journals.

Ethics

• Ethics Education in Science

• Artificial Intelligence & Ethics

• Code of Conduct for Scientific Integrity

• What is Ethics in Research

• International Association for Promoting
Geoethics

• Claim support for assessing ethical implications of re-
search activities (e.g., ethical review specialists).

• Improve reviewmechanisms to avoid bias and subjectiv-
ity.

• Build consensus by considering diverse perspectives.

• Foster practices and approaches for fieldwork (Ryan-
Davis and Scalice, 2022).

All three subjects

• The Turing Way: Practical handbook with
focus on reproducible, collaborative, and
ethical research

• Best practices for transparent, repro-
ducible, and ethical research (de la
Guardia and Sturdy, 2019).

• Training courses for early career scientists, seniors, super-
visors, etc. (at the institutes) (Nature, 2023).

• Project workshops discussing these subjects in the light
of the overall project theme or subtasks (as we did, see
Supplement S1).

• Build rewardmechanisms for research that adopts trans-
disciplinarity, complywith open access principles, and/or
covers ethical aspects.

• Supervisors should be role models (Haven et al., 2022).

• Engage in knowledge transfer and dissemination activi-
ties to the society.

• Foster interaction with research infrastructures (both at
individual level and for research groups).

Table 1 A selection of practical guidelines for each of the three subjects (middle column) and general suggestions to proac-
tively address them (right column). The last row refers to all three subjects.
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tion to socio-cultural contexts and diverse perspectives
(Leonelli, 2023) – i.e., the interaction of three subjects
outlined here. Likewise, open and transdisciplinary ap-
proaches can help with a better training in the ‘ethical
dimension’ of science. Onlyby embracing this openand
inclusive system of knowledge production can we, as
scientists, help address current societal challenges and
ultimately contribute to increasing societies’ resilience
to disasters.
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