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Abstract 
 
Introduc)on: Throughout history, civiliza3ons have relied on early warning signals, as is seen 
exemplified by the famous Mayan predic3on of the apocalypse. Despite their importance 
across domains, early warning signals are oAen confined within disciplinary boundaries. This 
study aims to explore how early warning signals overlap across disciplines and how 
collabora3on could enhance their comprehension. Addi3onally, the ar3cle examines possible 
ac3ons and associated obstacles.  
Methods: A qualita3ve study consis3ng of 14 semi-structured interviews were conducted 
online via MicrosoA Teams with 14 par3cipants from diverse backgrounds, recruited through 
email. Induc3ve thema3c analysis was employed.    
Results: Interviewees iden3fied various early warning signals specific to their fields, 
reflec3ng the complexity and difficulty in interpreta3on. Despite signal diversity, similari3es 
emerged such as the need for 3mely ac3on and the recogni3on of delicate system balance 
that may lead to abrupt shiAs. Collabora3on across disciplines was crucial for understanding 
and responding to signals. The results highlighted a diverse range of ac3ons. While proac3ve 
approaches were evident, other disciplines leaned more to communica3on and policy 
transla3on. However, obstacles such as financial challenges, delayed disease detec3on and a 
lack of urgency hinder proac3ve responses.  
Discussion: This study showed the complexity of early warning signals, echoing previous 
research on challenges defining them. The findings echoed the variability and context- 
dependency of these signals. Interviewees emphasized the importance of cross-disciplinary 
collabora3on aligning with other studies. Future research could expand the sample size, 
diversity and poten3ally develop an integrated framework for iden3fying and responding to 
early warning signals. 
 

Introduc.on  
 
 The Mayans famously predicted that the world would end on December 21st, 2012, although 
their predic3ons fortunately did not result in an apocalypse. Nonetheless, it does illustrate 
the use of early warning signals throughout history (1).  
In the modern world, numerous complex systems exist, ranging from climate paTerns to 
health condi3ons. For example, specific signals precede the onset of draughts in climate 
systems(2). Similarly, in medicine certain signals may indicate the poten3al development of 
diseases like cancer. Each of which have early signals what would have indicated an 
upcoming 3pping point, some3mes only recognized in hindsight (3). The signals may vary 
across disciplines, meteorological and soil indicators for meteorological variability (4-8) or 
virus spreading and vaccina3on coverage for public health (9-15). If the signals remain 
hidden or unrecognized, the (financial) impact can be enormous (4-15). The COVID-19 
pandemic serves as a prime example (9). Evidence suggests that earlier non pharmaceu3cal 
interven3ons could have halved the cumula3ve deaths in the United Kingdom (12-14).  
 
Furthermore, research has explored various theories on 3pping points such as ‘cri3cal 
slowing down (16-18) or the bifurca3on and center manifold theory (19),(20). The 
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progression of complex diseases over 3me may adhere to the principles of the bifurca3on 
theory (21),(22). This theory suggests that individuals, in the absence of symptoms, remain in 
a state of apparent normalcy. The pre-disease state, where cancer is developing, may take up 
to twenty years. However, within this ‘normal’ state the individual can be with rela3vely no 
symptoms although there could be subtle signs such as incuba3on or inflamma3on. The 
disease state is characterized by difficulty in recognizing the individuals as sick, and 
treatment may not fully restore them to a normal healthy state. Conversely, the pre-disease 
phase can be of significance as it can be poten3ally reversible. This phase signifies a cri3cal 
juncture where 3mely interven3on can restore individuals to a state of health. Thus, to 
prevent diseases like cancer it can be of significance to look at the early warning signals of 
the pre-disease state.  If one can detect the early warning signals of the pre-disease state one 
can prevent the disease from progressing all together (19) ,(22).   
 
There is a significant amount of literature on early signals within individual domains as well 
as on general transi3on paTerns and 3pping points (3),(16-23) In each of these fields early 
detec3on, thus early warning signals, play an important role. Moreover, they all do extensive 
research in early warning signals analyzing the characteris3cs and share them with fellow 
researchers in mainly their own field. Despite the collec3ve focus on early warning signals 
the different backgrounds do not lead them to the same conferences or scien3fic journals. 
This lack of transdisciplinary interac3on could prevent the ability to see connec3ons between 
seemingly unrelated signals. As a result, this could lead to a delayed ac3on to the signals 
un3l it is too late (24). Here we aim to take the first steps exploring the conceptual 
commonali3es of early signals across various domains, not to discern general paTerns, but to 
broaden the perspec3ve on early signals within the respec3ve fields. The ques3on is: how 
can percep3ons, predic3on models and consequen3al ac3ons of an early signal in one 
domain help those in another? For instance, is there room for ra3onal decisions in public 
health (such as, early shut-down of society in case of an approaching pandemic) based on 
the characteris3cs of the indicators that are used in tsunami warning systems?  Therefore, 
this ar3cle focuses on the ques3on: How do early warning signals overlap across different 
fields, and how does collabora3on between disciplines affect how these signals are 
understood and acted upon? Addi3onally, what ac3ons are taken in response to these 
signals, and what obstacles hinder proac3ve interven3on.  

Materials and Methods  
 
Research design 
 
This study is an interpreta3ve qualita3ve interview study. Through the use of an induc3ve 
thema3c analysis, the aim is to examine the perspec3ves on early warning signals across 
different disciplines  
 
Par)cipant recruitment  
 
The study popula3on consists of people specialized in different fields (table 1). Par3cipants 
were recruited through email, or through the research project BeTer Wave than Worry, 
which aims to build a domain- agnos3c knowledge base for detec3ng, aligning and using 
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early warning signals (24). This method of recruitment yielded 16 par3cipants and 14 
par3cipants were willing to par3cipate in this study.  
 

 
Table 1 Par*cipants professional background 

Data collec)on  
 
A total of 14 semi-structured interviews were conducted, all of which were held online via 
MS Teams between March 18th and April 22, 2024. The interviews were facilitated by two 
independent researchers, with each researcher conduc3ng a por3on of the interviews. 
Except for three interviews conducted in English, all others were conducted in Dutch. Each 
interview lasted approximately 45 to 60 minutes. Prior to the interviews, par3cipants signed 
consent forms to grant permission for audio recording and transcrip3on. The interview guide 
comprised of three main themes, signals, interdisciplinary and ac3ons, was developed before 
data collec3on (table 2). Before data collec3on, the interview structure and discussion topics 
underwent pilot tes3ng with our supervisor from the gene3cs department UMC Utrecht to 
ensure coherence and relevance.  
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Table 2 Topics and example ques*ons used during the interviews 

Data analysis  
 
A total of 11 interviews were transcribed in Dutch, with an addi3onal 3 conducted in English   
using MicrosoA Teams. Due to technical issues with MicrosoA Teams transcrip3on, one 
English interview was transcribed using MicrosoA Word. Addi3onally, a dictaphone was used 
to record audio as a form of data backup, ensuring audio recordings were available in case 
MicrosoA Teams failed. All transcripts were read and coded by two researchers 
independently (AB) and (EV). The iden3fied topics provided the groundwork for developing 
categories and codes during deduc3ve coding, resul3ng in 8 categories and 78 codes 
(appendix 1). Combining induc3ve and deduc3ve coding thus itera3ve coding enabled a 
comprehensive analysis of the data.  

Results   
 
We interviewed 14 experts in gene3cs, veterinary medicine, bioethics, op3cal 
communica3on, simula3on models, op3cal communica3on, plant parasi3sm, extreme 
weather events and societal challenges on the characteris3cs and consequences of early 
signals in their respec3ve research fields. For most of the experts the BeTer Wave project 
was their first acquaintance with ‘early signal’ as a transdisciplinary concept. Most had 
difficul3es discerning specific characteris3cs of the early signals within their respec3ve 
disciplines, but the analysis revealed several interes3ng leads.  
  
  
Signals defini)on and interpreta)on  
  
Most interviewees iden3fied a variety of warning signals specific to their respec3ve fields 
(table 3), indica3ng that these signals are both complex and difficult to interpret. While they 
could illustrate the signals very precisely, respondents had difficul3es defining precisely what 
cons3tutes and early warning signal. One of them defined it as follows 
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” So, among a lot of the signals, […] the one which really ma8ers and the 
ones that gives you a warning is the one which ma8ers more into a 

network of signals”. – Interviewee 10  

 
Or simply:  

“[…] It’s very, very complex I think “. – Interviewee 10   

 
 

 
 Table 3 Overview of signals and comparisons iden*fied by our interviewees 

Furthermore, interviewees were asked to draw comparisons between their early warning 
signals and familiar concepts, such as a traffic light, 3cking bomb, goosebumps moment or 
any other analogy they found suitable (table 3). Interes3ngly their responses varied widely, 
with only four people offering the same comparison, two used ‘traffic light’ and two used 
‘gut feeling’.  Despite the variety of comparisons several similari3es can be found among the 
responses. For instance, the analogies such as ‘red flag’, ‘traffic light’, ‘3cking bomb’ and 
‘alarm’ can indicate a sense of urgency and imminent danger, emphasizing the importance of 
3mely ac3on in response to signals indica3ng poten3al risks or threats. Addi3onally, 
comparisons like ‘Duracell baTery’ or ‘fully loaded boat that can move back and forth, but 
may capsize at some point’ both poten3ally can indicate the delicate balance of systems and 
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may eventually reach a point where they fail or deplete. They can illustrate the systems that 
can operate smoothly but may undergo abrupt shiAs or reach cri3cal thresholds.  

“An example I have is a boat or a ship. […] When heavily loaded, its stable. 
When pushed to the side, a heavily loaded boat takes longer to return to its 

iniIal state […] “. – Interviewee 7 

As a result of the complexity, interpre3ng the impact of early signals inherently comprises a 
certain level of uncertainty. Interviewees had a variety of responses on dealing with 
uncertain3es regarding signals. Some men3oned the importance of seeking confirma3on for 
unknown factors, or perceived it more as predic3on or advice. Interes3ngly, some 
par3cipants exhibited a higher tolerance for uncertain3es, by either selec3vely ignoring 
uncertain issues or having mul3ple alterna3ve strategies.   

” So simply ignoring uncertain things, the risk of that is that things can 
escape your a8enIon that might be relevant”. – Interviewee 12   

 
Working across disciplines  
  
There was unanimous agreement among interviewees regarding the importance of 
collabora3on between various disciplines in order to benefit from each other’s insight and 
experiences. This does not only include interac3on between scien3sts or professionals, but 
also comprises interac3ons with society as a whole emphasizing the need for collabora3on 
beyond tradi3onal disciplinary boundaries.  

“A comprehensive understanding of the enIre problem requires experIse 
across mulIple specialIes, backgrounds and scienIfic domains”. - 

interviewee 11 

 

” […] Perhaps you have even less interdisciplinary collaboraIon within the 
academy, but then you're more likely to conInue further. I also mean 

transdisciplinary, or that you shouldn't just conInue working only with 
scienIsts, but that you should also look at which societal organizaIons you 

can involve, for example, so that you don't remain so abstract, I think”. - 
interviewee 5 

 
 One interviewee pointed out that working interdisciplinary is a valuable opportunity to learn 
from each other. Sugges3ng that individuals can benefit from each other’s insight and 
experiences.    

” I think that aligns with the imaging work that the extreme weather 
specialist was involved in. We could potenIally complement that with the 

MRI scans were planning to conduct. For instance, AI-based image analysis 
is something that I believe has been further developed in that context. Here 
with animals, there has not been much progress yet, but it’s something that 

is increasingly being done in human research. So there seems to be an 
opportunity there indeed”. – Interviewee 2  
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Despite the consensus, many acknowledged the challenges of effec3vely communica3ng and 
understanding across different disciplines.   
  

” The coordinaIon from the mulIdisciplinarity. […]  I think it adds a lot of 
value, but mulIdisciplinarity is not something people are naturally good at. 

And oYen people think they are”. – Interviewee 8 

 
These insights underscore the importance of collabora3on across disciplines in tackling 
complex problems. While collabora3on presents opportuni3es for mutual learning and 
sharing insights it can also provide challenges in effec3ve communica3on and understanding 
across disciplines. These results highlight the need for having an environment that supports 
and encourages interdisciplinary collabora3on, while also addressing the barriers. Addressing 
the barriers could enable us to beTer interpret and respond to early warning signals across 
diverse field.  
  
Ac)ons and obstacles  
  
The interviewees provided an extensive range of ac3ons in response to the early warning 
signal iden3fied within their respec3ve fields (table 4). The ac3ons ranged from specific 
medical interven3ons, running models on computers to broader societal measures aimed at 
allevia3ng the consequences of various threats, such as droughts or disease outbreaks.   
 

 
Table 4: Ac*ons in response to early warning signals and associated obstacles 

Many interviewees outlined steps tailored to their disciplines, demonstra3ng a proac3ve 
approach. In the field of gene3cs ac3ons included verifying the pathogenicity of variants, 
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screening and preven3on. Similarly, in veterinary medicine, interven3ons ranged from 
vaccina3ng animals to culling high-risk groups (table 4). However, in field like bioethics and 
societal challenges ac3ons revolved more around communica3on and policy transla3on 
(table 4). Tough while most emphasized the importance of proac3ve interven3ons, some 
interviewees highlighted the absence of any immediate ac3on necessary.    
  

“[…] What we are actually trying to do is prevent people from ge[ng sick 
or at least animals. If it is really a virus that has a lot of impact, then you 
would actually want to be even earlier, you would almost want to predict 

it”. – Interviewee 3 

 

“We don’t really have […] to do anything. We don’t even need to say you 
have to do this. We write reports and say how ciIzens think about 

something in the hope it might be considered in the policy”. – Interviewee 
13 

 
Furthermore, a significant amount of the ac3ons described by the interviewees involved 
collabora3on and communica3on with other disciplines. This underscores the importance of 
mul3disciplinary coopera3on in responding to early warning signals. Interes3ngly, one 
interviewee highlighted uncertainty over technology and trust in science as a significant 
obstacle.  
 

“If we […]  find something that shows potenIal for strong collaboraIon 
with a breed associaIon we […] try to present the results and also explore 
how we can quickly translate that into a DNA test. AddiIonally, we aim to 
disseminate it through various communicaIon channels we have for such 

purposes”.  – Interviewee 2 
 

Simultaneously, interviewees highlighted various obstacles in responding to early warning 
signals (table 4). Firstly, the impact of financial challenges in for instance the high costs 
associated with treatments or interven3ons can pose significant barriers.    

“[…] Those gene therapies are so expensive, and for Duchenne, one was 
approved […] in 2023, cosIng 3 million euros per paIent. I think the high 
costs are also something that, […] could pose problems”. - Interviewee 8   

  
Furthermore, several interviewees pointed out the difficulty in handling the late no3ce in 
disease management par3cularly late detec3on. Thus, the issue of diseases being iden3fied 
only aAer they have developed, rather than through preven3ve measures. Addi3onally, some 
interviewees perceived a lack of urgency in addressing problems. One interviewee compared 
it to climate change, people know that it is serious but ac3on is lacking.  
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“[…] It’s sIll very difficult to conduct research on it, because at this point, 
the paIent comes in with complaints and then you’re actually already too 

late”. - Interviewee 2 

  
These results highlight the diverse range of ac3ons and their obstacles undertaken in 
response to early warning signals. While proac3ve approaches were evident, other areas 
leaned more to communica3on and policy transla3on. Collabora3on and communica3on 
with other disciplines were also components of many ac3ons, emphasizing the importance 
of mul3disciplinary coopera3on. Addi3onally, several obstacles were iden3fied in response 
to early warning signals. Such as the financial challenges, the lack of urgency and the delayed 
detec3on of diseases. These findings illustrate the importance of proac3ve measures and 
interdisciplinary collabora3on in effec3vely responding to early warning signals, while also 
underscoring the need for more urgency in responding to signals.   

Discussion  
 
In this study, early warning signals across several disciplines were explored through 
interviews with 14 experts from diverse backgrounds. Three key themes were explored, 
signals, interdisciplinary collabora3on and ac3ons.  The results revealed a rela3vely diverse 
range of signals specific to each discipline, showing the challenge of precisely defining early 
warning signals. Furthermore, the interviewees unanimously emphasized the importance of 
interdisciplinary work while some also underscored the value of transdisciplinary work. 
However, challenges across disciplines were acknowledged. Addi3onally, interviewees 
described various ac3ons in response to signals, from specific interven3ons to collabora3ve 
efforts. Yet, obstacles such as financial challenges and late disease detec3on hindered 
proac3ve interven3on. Moreover, some interviewees perceived a lack of urgency in 
addressing problems. 
 
Our study iden3fied a notable challenge in precisely defining an early warning signal, drawing 
upon findings from previous research in various disciplines (3),(25),(26). While each 
discipline presented a unique array of signals, our findings highlight a common struggle 
among interviewees to ar3culate a clear and concise defini3on. This aligns with the no3on 
that early warning signals are context-dependent and may vary widely across different 
systems and disciplines (3). In the results some interviewees compared their signal to’ a boat 
that may capsize’ or a ‘Duracell baTery’. Both comparisons poten3ally indicate the delicate 
balance and the possible reaching of a 3pping point. This aligns with exis3ng literature 
showing that signals can have a certain 3pping point, at which they undergo abrupt changes 
or reach cri3cal threshold (3),(16-23). Scheffer et al. illustrated also how similar early-
warning signals can appear in widely different systems, such as a flickering before epilep3c 
seizure or the end of a glacial period (3). Addi3onally, some signals could indicate a sense of 
urgency and imminent danger. Hengsen et al. formulated it like this a signal is a flashpoint or 
ini3al event, which could signify the onset of a crisis, serves as a precursor to the 
implementa3on of strategies and interven3ons aimed at aver3ng the escala3on of the 
situa3on into a full-blown crisis (27). Thus, some signals encourage proac3ve interven3on 
emphasizing the importance of 3mely ac3on in response to signals indica3ng poten3al risks 
or threats. Another characteris3c found in literature, which was not evident in our results, is 
Ansoff’s acknowledgement of the imprecise nature of early warning signals. He suggests 
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when a poten3al threat emerges in an organiza3on, they must be prepared for very vague 
informa3on. He describes an early warning signal as a vague early indica3on about a 
significant impaciul event (28).  
 
Although working interdisciplinary was unanimously important according to our 
interviewees. One interviewee pointed out it is not always easy to understand each other. As 
is confirmed in the literature by Klein et al. Effec3vely engaging in interdisciplinary 
collabora3on requires more than just bringing together experts from different fields; it 
demands inten3onal efforts to foster coopera3on and generate new insights (29).  
 
There was unanimous agreement among interviewees regarding the importance of 
collabora3on between various disciplines in order to benefit from each other’s insight and 
experiences. Thus, the collabora3on beyond tradi3onal disciplinary boundary to tackle 
complex issues. This perspec3ve resonates with recent studies that say trans disciplinarity 
addresses the shortcomings of conven3onal research- for- policy methods by grounding 
ac3ons in prac3cal steps, using knowledge from various fields, and involving non-academic 
stakeholders as equal partners in genera3ng knowledge collabora3vely (30),(31). Moreover, 
collabora3on within interdisciplinary teams enhances produc3vity, fosters a sense of 
individual accountability towards shared goals and it s3mulates crea3vity (32). As evidenced 
by the findings of the World Health Organiza3on, interdisciplinary teams have been 
instrumental in achieving improved outcomes across various cri3cal domains, including 
epidemic control, infec3ous disease management and humanitarian aid (33). 
 
One notable result was the emphasis on the late detec3on in disease management. This 
aligns with exis3ng literature and the importance of preven3ve measures and early detec3on 
(34-36).  These studies show the impact of delayed diagnosis on health outcomes and the 
relevance of early detec3on strategies in healthcare.  
 
Strengths and limita)ons:  
 
This study has strengths and limita3ons. The collabora3on between the medical student a 
researcher from the gene3cs department, and biomedical sciences students stands out as a 
strength of this ar3cle. During their weekly mee3ngs, the researchers discussed the research 
and this helped to refine ideas and approaches. This study used various disciplines, using 
diverse experts provided a broad perspec3ve. Furthermore, the use of an interview guide 
and the inclusion of quotes within the result rec3on, and the comparison of the study 
findings with exis3ng literature enhances this study's validity and credibility. However, this 
study did have a few limita3ons. The study sample size of only 14 par3cipants was rela3vely 
small and might not represent all the different viewpoints. Moreover, the study had a few 
interviewees specialized in the same field. Despite efforts to ensure correct data analysis the 
interpreta3on of findings may have been influenced by the researcher subjec3ve perspec3ve 
and biases. Addi3onally, it was challenging to find relevant literature on the topic as it 
appeared to be an area with limited exis3ng research.   
 
 
 



 11 

Conclusion and future research 
 
This research explored early warning signals across diverse disciplines. Revealing a variety of 
signals specific to each field. These signals, while complex, showcased similari3es in the 
urgency for 3mely ac3on and the delicate balance where systems may undergo abrupt shiAs 
or reach threshold sugges3ng overlap across various domains. Furthermore, results 
suggested that high levels of cross-disciplinary collabora3on could enhance the 
understanding and response to these signals. However, obstacles such as financial 
challenges, delayed disease detec3on, and a lack of urgency were iden3fied as hindrances to 
proac3ve interven3on.  
 
Future research could aim to use a larger and more diverse sample size to improve the 
representa3veness of findings and explore early warning signals in addi3onal disciplines not 
covered in this study. Moreover, more studies could be done in improving cross-disciplinary 
collabora3ons. Addi3onally, inves3ga3ng the possibility to develop an integrated framework 
or tools to iden3fy, interpret and respond to early warning signals across mul3ple domains. 
This research tried to take the first steps in this aim.   
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Appendix 
 
Appendix 1: Coding guide  
 
Research Projects: 
Impact 
Workday 
Type of research Project  
  
Early Warning Signals: 
Example signal 
Example application 
Timeframe (hours days weeks) 
Signal comparison (bomb, goosebumps) 
Signal similarities 
Consequences of the signal 
  
Methods and Technologies:  
Screening/sequencing / (surveillance) 
IT software 
Scanning 
Technological advancements 
New technology 
Qualitative research 
Confirmatory test 
Tactics 
(Simulation)models 
  
Impact:  
Life / death 
Disease prevention (infection) 
Psychological impact (carrier status) 
Awareness 
New (promising) technology 
Future perspective 
Prevention > 
Desired outcome (ethically responsible) 
Representation in society 
  
Interdisciplinary Collaboration:  
Application: new insights 
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Importance of collaboration 
Lessons from/for another field 
Translation to another discipline 
Combining different perspectives 
Control (anti-bias) 
  
Possible Actions:  
Precautions 
Action based on a signal 
Action timeframe 
Responsibility for action 
Double-checking / seeking confirmation 
New treatment (trial/development) 
Referral Progression of actions (shift) 
Communication/information (papers) 
Prediction 
Monitoring / surveillance 
Dealing with uncertainty 
Unknown results 
Seeking confirmation 
Handling uncertainty 
Unclear/ambiguous signal 
Incompleteness 
Advising  
  
Obstacles and Challenges: 
Late notice 
Financial constraints 
Lack of knowledge/awareness 
Undesired action 
Consequences 
Lack of urgency 
Responsibility 
Unclear/incomplete signal 
Bias 
Need for certainty 
Flawed/uncertain technology 
Weighing different signals 
Lack of clear action 
Unfeasible action 
Low impact action 
Lack of trust (in science) 
Privacy 
Politics 
Time 
  
Culture and Regulatory Legislation: 
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Policy 
Compensation 
Beliefs 
Norms/values (autonomy) 
Unfamiliarity 
Self-interest 
Government communication 
Citizen involvement 
Behaviour 
 

 
 


