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The July 2021 floods in Europe stand out as one of the most devastating flood-related disasters to
impact the continent in recent years, affecting multiple countries at once. As climate change
intensifies, such cross-border disasters are expected to become more frequent. Here we use unique
cross-country survey data from flooded homeowners to understand the patterns and limits of how
households in different nations respond to shared flood crises. We find evidence of financial,
institutional, and psychological limits to household adaptation. Insurance compensation is associated
with private adaptation actions shortly after flooding. Households that suffered flood damage are more
likely to mitigate future risks to their homes. Yet, this intention encounters limits for extreme flood
damage. Once experienced flood damages exceed a threshold of around 60% of the home
reconstruction value, homeowners begin to view private adaptation efforts as less effective,

prompting a shift toward relocating to safer areas.

Flood damage mitigation measures (FDM) by households have become an
important strategy to cope with increasing climate risks">. FDM includes
structural measures before the event to protect homes (e.g., water-resistant
materials or elevating electrical systems), emergency measures (e.g., sand-
bags), flood insurance coverage, or a decision to relocate®. The widespread
impacts of the 2021 floods across several European countries highlight the
importance of understanding household’s adaptive behaviour and its
limits', as effective recovery requires not just restoring what was lost but also
increasing preparedness for future flood events’™. In this study we utilize
unique international survey data to assess the post-disaster adaptive actions
and intentions of flooded homeowners in Germany (n=225),
Belgium (n=222), and the Netherlands (n=272); three countries
with different flood experiences and institutional flood management con-
texts but having experienced the same flood disaster in July 2021°""". This
case study allows for a cross-country comparison of post-disaster recovery
and disaster management, which may assist with transboundary coopera-
tion through, for example, early warning systems or flood risk awareness
campaigns'’.

An expanding literature has examined household flood adaptation.
However, most studies only focus on single countries'*", and case studies
involving recent flood events are also rare'®. Two key studies looking at flood
adaptation in an international context are Duijndam'” and Noll et al."’,
investigating migration as an adaptation option and assessing cultural dif-
ferences as a driver for private adaptation actions, respectively. Our study
adds that besides cultural differences, the institutional setting (i.e., the flood
management and insurance context) affects household flood preparedness
through insurance availability and uptake, and household’s perceived
adaptation responsibility, which could erode adaptation demand'®". Fur-
thermore, while existing international flood adaptation studies use a more
global perspective, we add more understanding of how flood adaptation
works in transboundary river catchments, where cultural differences are
relatively small but the institutional context regarding flood risk manage-
ment differs strongly™.

Flood experience has been identified as an important predictor of the
uptake of FDM by households'**">. On the one hand, experience with
floods can increase risk perceptions and demand for adaptation'**'™,
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Fig. 1 | Pre- and post-disaster adaptation actions. Percentage relative to the number of responding homeowners in the country. Underlying data available in Supplementary

Table 2.

On the other hand, experiences of extreme damage could reveal limits to
adaptive behaviour for households, and repeated flood experiences may
erode the motivation to adapt™*’. Most studies that consider flood
experience in their analyses treat flood experience as equal among all
affected households, failing to account for the variability in personal flood
experiences, such as flood magnitude, personal losses, and emotional
impacts”. As our study is based on post-disaster survey data, all respondents
have direct but different flood experiences from the same event. Due to the
steep terrain, the event had a more flash flood character in Germany and
Belgium compared to the Netherlands™*’. Germany experienced the
highest flood damage, while the lowest average flood damage was observed
in the Netherlands (Supplementary Table 1). Our post-disaster cross-
country survey data allows us to identify potential limits to adaptation
through heterogeneity in experienced flood damages and insurance
schemes.

A large share of the existing literature does not use a consistent theo-
retical framework to assess the drivers of private adaptation®. Hence, we use
an adjusted version of the generic framework of the protection motivation
theory (PMT)**" for a consistent analysis of private FDM actions in dif-
ferent countries. The PMT framework traditionally defines flood adaptation
efforts through threat and coping appraisals"****. We extend its applica-
tion by incorporating the severity of the past flood event, already undertaken
FDM measures and insurance compensation, while also applying standard
PMT in Supplementary Table 4. Threat appraisal in PMT describes
respondents’ perceived flood risk, which includes expected damage and the
probability of flooding”*** In this study, we use recent flood damage as a
proxy for threat appraisal. Experienced flood damage, defined as the per-
centage of damage to the home relative to its reconstruction value, serves as
an indirect measure of perceived risk, reflecting the household’s flood
experience severity and its potential influence on future expectations. We
measure institutional flood management context through insurance com-
pensation and trust in public protection standards. The three included
countries differ in their national flood insurance programmes. In the
Netherlands, flood insurance is not possible for ‘primary water bodies’ and is
often ambiguous and uncertain™. In Belgium, flood insurance is excluded
for new properties in flood-prone areas”, and in Germany, flood insurance
is optional but excluded in high-risk zones™.

To gain insights into the recovery and preparation process after
flooding, we look into both the flooded homeowner’s actions after flooding
as well as the intentions for future actions in the two years after the event of
July 2021. Included adaptation actions are placing barriers in front of the
building, purchasing a water pump, building with water-resistant materials,
moving electrical and/or heating systems to higher floors, and improving
the building’s stability. We use ordinary least squares (OLS) regression
techniques to assess the drivers of private adaptation actions and intentions

after flooding while controlling for existing adaptation actions on the
household level.

We find that access to insurance compensation and prior adaptation
actions are positively and significantly associated with post-disaster adap-
tation actions across Belgium, Germany, and the Netherlands. For post-
disaster adaptation intentions, we find that homeowners who have already
taken adaptation actions are more likely to intend to take more measures in
the future. We also identify a nonlinear effect of recently experienced flood
damage on adaptation intentions. When flood damage surpasses around
60% of the home’s reconstruction cost, homeowners start to perceive private
adaptation measures as less effective, leading them to consider moving to
safer locations.

Results

Drivers of post-disaster adaptation actions

Pre- and post-disaster adaptation actions implemented by the sampled
flooded homeowners differ strongly between the three countries (Fig. 1 and
Supplementary Table 2). For pre-disaster preparedness, it stands out that
dry-proofing through barriers is relatively popular in Germany and Bel-
gium. Placing barriers is considered an emergency measure that is triggered
by early warnings’. This may explain the higher uptake of these measures.
However, the performance of warnings differed strongly during the floods
in July 2021". Lower costs of uptake may also be a driver of adaptation
uptake'***”, as the low-cost measures of placing barriers and purchasing a
water pump are relatively popular across all countries. Higher-effort
structural FDM measures, such as building with water-resistant materials,
moving electrical and/or heating systems to higher floors, and improving
building stability, are especially popular in the Netherlands.

For post-disaster adaptation actions, there is also a shift towards the
implementation of more wet-proofing measures across all three countries,
which may be explained by recent flood experience™. Improving building
stability and moving to a safer location is the least popular action across the
surveyed countries, potentially because these actions take more effort
compared to other FDM measures. The cross-country differences in post-
disaster actions shown in Fig. 1 cannot only be attributed to differences in
protection motivation, but also to the timing of the survey. The German
survey was distributed 17-18 months after flooding (compared to
6-8 months for the Netherlands and 8-22 months for Belgium). German
respondents had more time to implement FDM measures, while also
experiencing higher flood damages, which can also indicate why more post-
disaster actions have been taken in Germany. It stands out that very few
post-disaster adaptation actions have been taken in Belgium, although the
data collection started around roughly the same time as the Dutch survey
and ended around the same time as the German survey. The regression
analysis in Table 1 corrects for differences in survey timing.
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Table 1 | Drivers of post-disaster adaptation actions

(1) (2 () (]
Variables Model 1 Model 2 Model 3 Model 4
# Measures in place 0.012%* 0.012%* 0.012%* 0.012%*
before flooding
(0.006) (0.006) (0.006) (0.006)
Damage ratio —0.039 —0.060 —0.059
(0.054) (0.054) (0.054)
(Damage ratio)? 0.040 0.057 0.056
(0.049) (0.050) (0.050)
Flood experience before —0.001 0.000 0.000
2021 (Y/N)
(0.011) (0.011) (0.011)
Insurance 0.023** 0.025** 0.025**
compensation (Y/N)
0.012) (0.012) (0.012)
Socioeconomic 0.001
indicator
(0.002)
Months since the July —0.001 —0.000 —0.001 —0.001
2021 flood
(0.000) (0.000) (0.001) (0.001)
Germany 0.064*** 0.054*** 0.063*** 0.064***
(0.015) (0.014) (0.015) (0.015)
Belgium —0.039%**  —0.037***  —0.037***  —0.036***
(0.009) (0.009) (0.009) (0.009)
Constant 0.026* 0.044*** 0.031** 0.023
(0.012) (0.013) (0.015) (0.027)
Observations 719 719 719 719
R-squared 0.105 0.100 0.107 0.107

Results based on OLS regression analyses with adaptation ratio as the dependent variable.
Robust standard errors in parentheses.
***p <0.01, ¥¥p < 0.05, *p < 0.1.

We present the coefficients of the drivers of post-disaster adaptation
actions across countries using an OLS regression analysis in Table 1. The
dependent variable is the adaptation ratio, the fraction of actions taken after
flooding related to the total FDM actions that were still available for the
respondent (“Methodology” section). To account for potential non-
linearities in the impacts of experienced flood damage on adaptation
behaviour, we include both the damage ratio and its squared term in the
analysis. The damage ratio describes the amount of flood damage compared
to the rebuilding value of the home (see also “Methodology” section). Our
analysis does not reveal significant relationships between recent flood
damage experience (damage ratio and its squared term) and post-disaster
adaptation actions, potentially caused by a focus on rebuilding rather than
adapting shortly after flooding™.

We do observe that both the number of measures already in place
before flooding and flood insurance coverage are significantly positively
associated with adaptation actions after flooding across all models. The
positive coefficient for adaptation measures prior to the event may suggest
the existence of a subgroup of homeowners who are consistently proactive
and motivated to take adaptive actions”. In contrast, another subgroup may
be less inclined toward adaptation”. A potential explanation is that
households that adapt more extensively may also face objectively higher risk
levels, which increases both the perceived need and actual benefits of
repeated adaptation™. Another possibility is that a subset of homeowners is
particularly interested in adaptation and seeks to minimise flood risk as
much as possible™”. There is mixed evidence in the literature on the impact of
undergone actions on adaptation behaviour. While some studies report

limited or negative effects of undergone adaptation on adaptation
behaviour'®”, positive effects are also found™. The behaviour identified in
our study could potentially be attributed to the fact that our surveys were
distributed after a disaster, capturing motivations influenced by recent flood
experiences. Unlike surveys conducted in isolation from flood events, a post-
disaster survey context may capture respondents acting based on an elevated
sense of urgency, leading to a subset of proactive homeowners who view
adaptation as a continuous resilience-building process.

We also identify a significant positive coefficient of expected or received
insurance compensation. Homeowners who received (or expected to receive)
damage compensation were more likely to engage in post-disaster actions
compared to homeowners who had not received (or were not expecting) any
compensation. Receiving insurance compensation likely provides home-
owners with the immediate financial means necessary to start reconstruction.
Additionally, the insurer could demand adaptation before coverage is pro-
vided in the high-risk zone in Germany (i.e., 1/10-year flood zone)™. These
findings suggest the absence of moral hazard, where households are less
proactive in protecting their homes because they expect damage
compensation*'. In contrast, we find an indication of advantageous selection,
as insurance is considered complementary to adaptation on the building level,
which also further promotes adaptive behaviour after disasters®.

When controlling for differences in survey timing, the results in Table 1
indicate that there are structural differences between countries that have not
been explained by the other independent variables. Country fixed effects
were added to the regression to control for such unexplained structural
cross-country differences. Compared to the Netherlands, a significantly
higher number of adaptation actions has been taken in Germany. Home-
owners in Belgium have taken significantly fewer adaptation actions com-
pared to the other two countries. A potential explanation for this lower
uptake in Belgium is that some regions that were not classified as flood-
prone in any flood scenario unexpectedly experienced severe flooding, and
residents do not expect to be flooded again®. This perception is strength-
ened by local media*** who, without supporting evidence, attributed the
flood event to human error with dam management*“’. The most common
reason Belgian respondents gave for not taking adaptive measures was that
they did not expect another flood event in the future. One-third of the
Belgian respondents who did not implement any measures indicated that
they did not anticipate a future flood (Supplementary Table 3).

Drivers of post-disaster adaptation intentions

Compared to Fig. 1, Fig. 2 includes post-disaster adaptation intentions
alongside pre- and post-disaster adaptation actions. Belgium is excluded
from Fig. 2, as adaptation intentions were not covered in the Belgian survey.
Summing post-disaster actions and intentions provides a more compre-
hensive understanding of the recovery process for homeowners in Germany
and the Netherlands up to two years after flooding. This shows that overall,
homeowners in Germany prefer dry-proofing actions such as placing bar-
riers and improving the building stability compared to their Dutch
equivalents. Moving heating and/or electrical systems is more popular in the
Netherlands compared to Germany, reflecting a stronger focus on wet-
proofing measures. Other FDM measures show similar uptake across both
countries.

Table 2 shows the outcomes of a linear regression analysis with the
intention ratio as the dependent variable to further assess the drivers of these
differences. The intention ratio is defined as the proportion of adaptive
actions intended after flooding relative to the number of FDM actions still
available to the respondent (“Methodology” section).

The R-squared of the models is relatively low, which is expected due to
the complexity of human decision-making in post-disaster settings.
Adaptation intentions and actions are shaped by psychological, social, and
contextual factors that are challenging to capture fully in survey data.
Comparable studies on flood adaptation behaviour also report on relatively
low R-squared values''*””. Even with harmonised variables and country
fixed effects, unobserved differences across national contexts and personal
circumstances introduce variability, naturally limiting the model’s
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Fig. 2 | Pre-disaster adaptation actions and post-
disaster adaptation actions, and intentions. Per- 80%
centage relative to the number of responding
homeowners in the country. Underlying data 70%

available in Supplementary Table 2.
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Table 2 | Drivers of post-disaster adaptation intentions

(1) (] ()} @ (5)
Variables Model1 Model2 Model3 Model4 Model5
# Measures in place  0.022* 0.027**  0.027**  0.028**  0.027**
after flooding
(0.012) (0.012) (0.012) (0.012) (0.012)
Damage ratio 0.271**  0.263* 0.254* 0.283**
(0.132) (0.136) (0.135) (0.134)
(Damage ratio)? —0.235%* —-0.228* —0.222* —0.246**
(0.120)  (0.122) ©0.122)  (0.121)
Flood experience —0.008 —0.008 —0.009 —0.010
before 2021 (Y/N)
(0.026) (0.026) (0.026) (0.026)
Insurance 0.019 0.007 0.009 0.010
compensation (Y/N)
(0.022) (0.023) (0.023) (0.023)
Socioeconomic —0.011*  —0.011*
indicator
(0.006) (0.006)
Adaptation 0.021**
responsibility
(0.010)
Months since the —0.002 —0.004 —0.003 —0.003 —0.006
July 2021 flood
(0.049) (0.049) (0.049) (0.049) (0.049)
Germany —0.030 —0.026 —0.030 —0.041 —0.061
(0.478) (0.479) (0.478) (0.476) (0.472)
Constant 0.147 0.135 0.127 0.223 0.197
(0.345) (0.347) (0.345) (0.341) (0.339)
Observations 489 489 489 489 489
R-squared 0.026 0.036 0.036 0.043 0.051

Results based on OLS regression analyses with intention ratio as the dependent variable.
Robust standard errors in parentheses.
**¥p <0.01, **p <0.05, *p < 0.1.

explanatory power. Rather than aiming for high predictive accuracy, the
goal of this study is to uncover broader patterns in adaptation behaviour.
Controlling for survey timing reveals no significant differences in
adaptation intention between Germany and the Netherlands. Again, the
number of undergone adaptation actions is significantly positively

associated with adaptation intentions in all models. Unlike short-term post-
disaster actions, flood insurance coverage plays a smaller role in influencing
post-disaster adaptation intentions. Homeowners who received or expected
to receive insurance compensation do not indicate greater intentions
compared to those without any insurance payouts, which again suggests the
absence of moral hazard"'.

In contrast to post-disaster actions, recently experienced flood
damage is linked to post-disaster intentions, as both the building damage
ratio and its squared term are significantly associated with adaptation
intentions. The different role of recent flood damage for actions and
intentions can potentially be explained by differences in perceived risk.
Shortly after flooding, rebuilding may be prioritised, while intentions may
be driven by more long-term planning. This could also be an explanation
for the observed parabolic relationship between experienced flood damage
and adaptation intentions (Table 2 & Supplementary Fig. 1). Initially,
homeowners are more likely to intend to take additional adaptation
measures with increasing experienced flood damage during the July 2021
floods. At lower damages, flood damage experience is associated with
stronger adaptation intentions. However, when determining the top of the
parabola in Supplementary Fig. 1, we find that adaptation intentions
decrease with flood damage beyond a threshold of around 60% of relative
damage.

A potential explanation for the decline of FDM intentions beyond the
damage threshold of around 60% is that households may perceive measures
as no longer meaningful because flood damage was too high to cope with.
These findings are in line with existing literature™, where it was found that
respondents affected by severe flash flooding perceived adaptation actions as
less effective compared to households affected by less severe flood events.
Households experiencing severe flood events may be more inclined to
relocate, as they are more likely to perceive the flood risk as too high to
continue adapting and may choose to move to safer locations™. A total of
3.9% of the group that experienced flood damage above the threshold of 60%
moved to a safer location, compared to only 0.9% in the group below the
threshold. A t-test (#(550) = —2.43) and a Wilcoxon-Rank Sum test
(z=—1.9) confirm that households experiencing flood damage above the
60% threshold are significantly more likely to relocate than those with lower
levels of damage.

Respondents were also asked to what extent they personally felt
responsible for reducing flood damage in their homes. Table 2 shows that
respondents who had a higher sense of adaptation responsibility also
intended to undertake more FDM actions. Potential explanations for this
can be that respondents with a higher trust in public protection programmes
feel less inclined to take actions in the future to reduce flood damage in their
homes""™".

Communications Earth & Environment| (2025)6:426


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02385-z

Article

In line with the empirical literature, we also apply a more classical
approach of PMT using perceived likelihood of a future flood event for
threat appraisal, cost appraisal, response efficacy, and self-efficacy as coping
appraisal in Supplementary Table 4. We observe that the coefficient of the
number of measures in place after flooding and the socioeconomic indicator
remain constant compared to the baseline models in Table 2. Looking at
new variables, it stands out that the respondent’s perceived likelihood of the
event is positively and significantly associated with adaptation intentions.
Homeowners who expect a flood event to be very likely in the future are
more inclined to take further adaptation measures compared to home-
owners who do not believe such a flood event to happen again soon.
Additionally, we find a positive and significant coefficient for response
efficacy, which indicates that the perceived effectiveness of adaptation
measures contributes to a higher uptake of these measures. We do not
identify significant coefficients for self-efficacy (i.e., the respondent’s con-
fidence in their ability to implement adaptation measures) and cost
appraisal (ie., the perceived burden or financial costs of adaptation
measures).

Discussion and conclusion

With increasing climate risks, it is essential to gain an understanding of
household adaptation behaviour and the limits to these adaptation
options™*"**, We find evidence of financial, institutional, and psychological
barriers to adaptation on the building level. The majority of research on
private adaptation behaviour focuses on single-country contexts, with
limited case studies taking a transboundary perspective to identify shared
patterns or key differences. To address this research gap, we analysed
unique post-disaster survey data from 719 homeowners in Germany, Bel-
gium, and the Netherlands. These countries had been affected by the same
flood event in 2021, which allows us to assess differences and patterns in
post-disaster adaptive behaviour across borders and identify barriers to
adaptation. Using fixed effects, we find that after flooding, Belgian home-
owners have taken significantly fewer adaptation actions compared to their
Dutch counterparts, while German homeowners show the highest level of
adaptation uptake after flooding. For post-disaster adaptation intentions, we
find no significant differences between Germany and the Netherlands. We
also identify patterns that are consistent across countries.

Across all countries, we found that flood insurance coverage is asso-
ciated with post-disaster adaptation actions, which suggests the absence of
moral hazard. Government and insurance compensation provide financial
resources for homeowners to rebuild shortly after flooding, also creating
financial capacity to improve preparedness with their own financial
means”*>*’. Access to insurance compensation varies significantly between
countries. In the Netherlands, flood insurance compensation is often
ambiguous and uncertain™. In Belgium, flooding is covered under fire
insurance, but only if the property was built at least eighteen months before
the area was designated as a flood hazard zone®. In Germany, flooding
coverage is optional under homeowners’ insurance, but homes in high-risk
zones are usually excluded'™”". Hence, a part of our sample in Germany did
not have access to insurance compensation. We observe varying levels of
insurance uptake across the countries (Supplementary Table 1). Addition-
ally, insurance compensation typically only covers rebuilding structures to
their pre-flood condition®, rather than rebuilding in a more resilient way.
‘Building Back Better’ policies that promote greater insurance uptake and
ensure clear, straightforward compensation for flood damage - including
(partial) coverage for resilient rebuilding - could support both post-disaster
recovery and future flood preparedness**”.

Next, we identified institutional barriers to adaptation, as policies
around flood insurance and public flood protection programmes shape
household adaptation behaviour. We identified a group inherently more
willing to take flood adaptation measures in their homes, as more imple-
mented measures before flooding are associated with a higher willingness to
implement future FDM measures. However, we also found that some
German and Dutch homeowners take less personal responsibility for
reducing flood damage in their homes™. Strong reliance on public

protection programmes may reduce the urgency for households to take
proactive measures at the building level, especially in the Netherlands'*'**,
even though these actions are crucial in reducing flood damage when
dykes fail’.

The final barrier to adaptation that has been found is psychological, as
we find that recent flood experiences and perceived likelihood of a future
flood event affect adaptation behaviour. A comparison of post-disaster
adaptation across countries revealed that relatively few adaptive actions after
flooding have been taken in Belgium. A movement in the Belgian media
attributed the flood event to a human error in dam management without
supporting evidence" . As a result, a large share of Belgian respondents
indicated that they did not expect a flood event to happen again in the future,
indicating that they have a low threat appraisal. This also highlights the
important role of news outlets and attribution studies in shaping household
flood perceptions and adaptation behaviour after flooding™*”. Mis-
communication or misinformation in the aftermath of disasters can
undermine public trust in flood risk management and reduce motivation for
private FDM measures™. Addressing this challenge requires transparent
communication strategies and the promotion of scientific attribution stu-
dies. Strengthening collaboration between scientists, policymakers, and
media could further support informed post-disaster decision-making.

A nonlinear relationship between experienced flood damage and the
intention of households to take adaptation measures in their homes was
identified (Table 2 & Supplementary Fig. 1). At damage levels up to 60% of the
total building value, adaptive intentions become stronger with higher flood
damage. However, beyond this threshold, adaptive intentions are reduced
with an increased likelihood of migration to safer areas, regardless of insur-
ance uptake. This suggests that households are willing to adapt to a certain
level and that increasing flood risks can also be a driver of migration*”*"*.
Severe flood experiences may surpass a psychological threshold, where pri-
vate adaptation actions are perceived as insufficient”, prompting home-
owners to relocate instead of further adapting their current homes. This may
even be amplified, as our survey could not reach all homeowners who moved
away after flooding. For households with moderate experience of flood
damage, however, adaptation intentions remain more consistent, empha-
sising incremental measures to reduce future flood risks.

Our findings carry implications for flood risk management and policy.
Policies must not only encourage private adaptation but also critically assess
the financial, institutional, and psychological barriers to adaptation. Policies
can address these limits, but a critical analysis of whether some regions will
remain viable for housing with increasing flood risks has to be undertaken™.
Policies that enable information sharing on flood risk and adaptation
options in flood-prone areas help overcome psychological and financial
barriers to adaptation, enabling preparedness for future flood events.

Methodology
Data collection
We use a harmonised dataset from three independently distributed ques-
tionnaires in Germany, Belgium, and the Netherlands. All survey data was
collected in the area that had been flooded during the 2021 summer floods,
and all respondents gave consent for participation in the study. The survey
questions were asked in the local language and later translated into English.
The survey questions for all the included variables in the three surveys can be
found in Supplementary Table 5. In this study, we only consider households
that also experienced flood waters in their homes, as we want to assess how
different homeowners respond to different flood experiences across coun-
tries. This means that tenants are excluded from the sample, which results in
222 eligible respondents in Belgium, 225 in Germany, and 272 in the
Netherlands. Supplementary Table 6 shows the demographic composition
of the sample, which confirms a balanced sample across the three included
countries. The building characteristics differ slightly across countries, with,
on average, older, smaller, and less valuable homes in Belgium compared to
Germany and the Netherlands.

The Belgian data was collected through structured field surveys over
the period of March 2022 and May 2023. A few weeks before data collection,
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sampled households were notified about the survey through posters in the
area and letters providing options for scheduling an appointment with the
interviewers. The Dutch data was collected through an online questionnaire
six to eight months after flooding. Households located within the flooded
area received a letter with an invitation to fill out the online survey. Data
from Germany was collected in the states of Rhineland-Palatinate and
North Rhine-Westphalia through online questionnaires, seventeen to
eighteen months after flooding. In Rhineland-Palatinate, every third
household that had applied for immediate disaster aid was invited by a
personal letter from the district administration to participate in an online
survey. In North Rhine-Westphalia, households in the affected area were
sampled through advertisements on (social) media.

Belgian survey data was collected through structured face-to-face
surveys, while data from Germany and the Netherlands was collected
through an online survey. Online surveys allow for reaching a large group of
respondents in a larger region, while also ensuring the anonymity of the
respondents. However, it is possible that a selection bias is a concern; those
who responded may have stronger feelings about the flood event. This may
skew the data toward more extreme experiences of flooding. This selection
bias is inherent in most post-disaster survey data collection efforts. How-
ever, the variation in impacts between and within countries helps mitigate
this effect. The use of a structured survey ensured consistent and closed
survey answers, while the regression analyses account for remaining dif-
ferences through country fixed effects.

The original surveys had response rates of 14.9% in the Netherlands,
7% in Rhineland-Palatinate, and 38.2% in Belgium. Because of the sampling
strategy, it was not possible to determine an exact response rate in North
Rhine-Westphalia. The higher response rate in Belgium can be attributed to
the smaller sample size and the use of in-person appointments. We only
included a sub-sample of homeowners who were directly affected by the
flooding. Although the different surveys have been collected with different
goals and scopes, there was a meeting among the different research groups
from the three countries before the data collection started to share past
experiences and questionnaires to facilitate future data harmonisation.
Hence, the surveys have a large share of variables in common, with largely
similar question formats (Supplementary Table 5). The three different
datasets were merged, and the harmonised dataset consists of these com-
mon variables. Adjustments were made to ensure that all variables are
consistent in format and comparable across the datasets (see “Dependent
variables” and “Independent variables” sections).

Dependent variables
To gain more insights into post-disaster recovery and preparedness, we
study both adaptation actions directly after flooding (i.e., between flooding
and answering the survey) and adaptation intentions at the time of the
survey (i.e., between answering the survey and two years after flooding). Not
all measures were asked in all three surveys. To ensure a consistent com-
parison of adaptation actions between countries, we only included FDM
measures that were common in all the surveys. This resulted in five con-
sidered adaptation actions: placing water barriers, purchasing a water pump,
building with water-resistant materials, moving heating and/or electrical
systems to higher floors, and improving the building’s stability. In line with
other studies on adaptation behaviour and intentions'“****, the respondents
could indicate whether they have taken or intend to take these adaptation
measures through the following answer options:

1. I took the measure before the flood
. I took the measure after the flood
. I am planning to take this measure
. Tam not planning to take this measure
. Not possible/not applicable

g ks LN

Option 2 is used for post-disaster actions, the actions taken between the
flood event and answering the survey. Option 3 is used to measure post-
disaster adaptation intentions. The third option was not included in the
Belgian survey, which means adaptation intentions can only be studied for

Germany and the Netherlands. It is often shown that there is an intention-
action gap regarding private adaptation actions"”’. Therefore, we define
adaptation intentions as respondents indicating they plan to implement any
FDM measures up to two years after experiencing flooding. This timeframe
is long enough for individuals to make informed decisions and to wait for
their insurance compensation, while it is also short enough to maintain a
sense of urgency and relevance.

A standard approach to analyse adaptation actions or intentions with
PMT is through the use of a binary outcome variable that has the value 1 if
the variable is taken or intended and 0 otherwise'*'. However, this approach
does not account for potential already undertaken FDM measures, as
respondents cannot have the intention to implement a measure they have
already implemented'®. Hence, we use the ratio of the number of taken or
intended measures and the measures still left to implement as the dependent
variable':

Adaptation ratio
Measures taken after flooding

~ Total possible measures — measures already taken before flooding

)

Intention ratio

Intended measures

" Total possible measures — measures in place at the time of the survey
@

Using both the adaptation and intention ratio as dependent variables
also allows for a full assessment of post-disaster recovery and preparation.
Both the actions taken before flooding and after flooding are therefore also
included in the intention ratio variable.

Existing literature sometimes differentiates between low- and high-
effort adaptation measures'*', as adaptation decisions may vary depending
on the type of action. However, our study only includes five common
adaptation measures, which results in small groups for each measure. This
leads to missing observations and a biased sample, as homeowners who have
already completed all measures in a given category have no further actions to
undertake or intend to take. Grouping these measures would therefore
exclude a group of relatively highly adapted homeowners. For this reason,
we chose to analyse all FDM measures together rather than dividing them
into subgroups.

Independent variables

We analyse post-disaster adaptation actions and intentions using elements
of the PMT framework. The PMT framework consists of a threat appraisal
and a coping appraisal*"*’. The threat appraisal indicates the homeowner’s
perceived threat of the flood, which is included in this study with a proxy
through experienced flood damage during the July 2021 floods and
experience with flooding prior to this event. Flood damage experience is
operationalised as the damage ratio, a common practice in flood modelling
studies to relate flood damage to the reconstruction value™®. Working with
building damage ratios normalises damage across properties and promotes
comparability. Reconstruction values are based on the approach by Hui-
zinga et al.*', which differentiates between different countries and building
sizes. Reconstruction values are corrected for 2021 price levels™. This
resulted in a reconstruction value of €1699/m” footprint area in Germany,
€1740/m* in Belgium, and €1826/m’ in the Netherlands. Germany was
characterised by the highest average and variation in damages, while the
lowest average flood damage is observed in the Netherlands (Supplementary
Table 1). The descriptive statistics for all independent variables for each
country are included in Supplementary Table 1.

Coping appraisal describes the homeowner’s perceived capability to
implement adaptation measures in their home. We partly follow the coping
appraisal variable through the inclusion of undergone adaptation measures,
which allows for an understanding of where homeowners started before the
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disaster, providing context to the decisions they make afterward'®”.
Homeowners who have already undertaken measures may also have
experience with implementing FDM measures, affecting their perceptions
about future actions”. Moreover, we included the flood insurance status in
the analysis, as the insurance status reflects the respondent’s financial cap-
ability to start reconstruction after flooding'. This variable is defined as the
respondent receiving compensation or expecting to receive compensation
from either household contents or home insurance.

We extend upon the PMT framework by including the homeowner’s
perceived personal adaptation responsibility”. This variable asked the
respondent to assess their own responsibility for reducing flood damage in
their home. A high value indicates that the respondent feels a strong sense of
responsibility for reducing flood damage®. This variable can only be
included in the intention analysis, as these values are unknown for the
Belgian respondents. Additionally, this question was asked differently in the
Dutch and German surveys, where a five-point scale was used in the
Netherlands and a six-point scale in Germany. To ensure comparability, the
middle two categories in the German survey were merged into one to create
a five-point scale as well (the same has been done for the coping appraisal
variables included in the additional analysis in Supplementary Table 4: self-
efficacy, response efficacy, and cost appraisal). Generally, the German
respondents indicated a higher sense of responsibility for reducing flood
damage compared to the Dutch respondents (Supplementary Table 1).

The sensitivity analysis in Supplementary Table 4 has been performed
using a more classic version of PMT. For threat appraisal, the respondent’s
perceived likelihood of the event is considered, while coping appraisal is
represented by the variables response efficacy, self-efficacy, and cost appraisal.
The Belgium survey did not ask for these indicators, while half of the
respondents in the Dutch survey had been randomly selected to fill in these
questions to minimise survey length. This means that the analysis in Sup-
plementary Table 4 is based on a random selection of 50% of the Dutch
respondents and all German respondents.

We include the household’s socioeconomic status to account for
potential barriers to adaptation. The socioeconomic indicator is determined
using respondent education, household size, homeownership, and home
living area, where higher scores indicate a higher socioeconomic status®™. As
described in the “Data collection” section, the surveys differ in their timing
after flooding. To control for these differences, we include the number of
months the survey was completed after the July 2021 flood. In the Neth-
erlands, the exact date of the survey completion is unknown, which is
addressed by adding the average number of months that the survey was
available for completion for this variable.

Data analysis

The drivers of adaptation behaviour and intentions are estimated using
ordinary least squares regression analyses. Respondents from all countries
are grouped in the same regression analysis to make generalizable state-
ments while also leveraging the variation in independent variables within
and across the different countries to better understand how these factors
influence behaviour. Linear regression models are used to estimate the
adaptation and intention ratio Y; for flooded homeowner i as a function of
explanatory variables X;:

Y, =By + B X+ +BXp ta tg (3)

A limitation of the separate data collection across countries is that all
surveys were distributed at different moments. Respondents who filled in the
survey later had more time to implement adaptation actions after flooding,
while losing their intention to implement this specific measure. For this reason,
we control for differences in survey timing through a variable that describes
how long after the flood the survey was answered (Months after the July 2021
flood). We control for unexplained country-level heterogeneity by including
country fixed effects («;). These are included in the form of a binary control
variable for each country that accounts for country-specific differences.

The different timing of the surveys could potentially affect the
regression outcomes if there is a correlation between the timing of the
surveys and another independent variable. The only variable in the
regression analysis that may strongly change over time after flooding is the
insurance compensation status, as insurance compensation can be less clear
shortly after flooding. We performed a sensitivity analysis to identify
whether the different timing of the survey affects the analysis (Supple-
mentary Table 7). By interacting the country variables with the insurance
compensation variable, we can identify if the role of insurance compensa-
tion differs between countries. The sensitivity analysis shows that the role of
flood insurance does not significantly differ between countries, which gives
an indication that the different timing of the surveys in each country does
not affect the results found in Table 1.

The error term is represented by ¢;. Models 1-3 in Table 1 and Models
1-4 in Table 2 gradually add more variables to test for the robustness of the
found coefficients, controlling if the model adds new information with a
Wald test and Akaike Information Criterion (AIC) test”. A Variance
Inflation Factor (VIF) analysis shows that multicollinearity does not form a
problem for the regression analysis (all VIFs <3). Heteroskedasticity was
revealed in the data through a Breusch-Pagan test, for which robust standard
errors have been applied”. A Ramsey RESET test® revealed that the model
has no omitted variables. In some instances, the difference between different
groups will be tested using both a #-test and a Wilcoxon-rank sum test. In
these cases, both the t-scores or z-scores are reported in the text.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data and code that support the findings of this study are not stored in a
public repository because they contain privacy-sensitive information
regarding respondents’ locations, insurance status, and experienced flood
losses from three independently collected surveys. Sharing this information
publicly would violate the Dutch General Data Protection Regulation
(AVG). Anonymised summary data used to produce Figs. 1 and 2 are
provided in Supplementary Information 1.
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