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Abstract

Floods can be managed at the collective and individual level. Knowing the interaction

between measures taken at both scales can help design more e�cient �ood risk management

policies. Here, we combine the data collected during a survey of 331 inhabitants of �ood-prone

areas in the South of France and spatial databases to empirically examine the interaction between

individual adaptation measures and three types of collective management tools: a national

insurance scheme, dikes, and zoning instruments. In line with the levee e�ect hypothesis, we

found that dike protection reduces the probability to have or take individual adaptation measures

and that this e�ect could be mitigated by zoning instruments. Moreover, we found that the

national insurance scheme does not crowd out individual adaptation.
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1 Introduction

Flooding constitutes a major threat worldwide. For instance, the overall losses caused by the 5

costliest �oods in the world between 2007 and 2017 accounted for almost 100 billion of dollars

(Munich RE, 2018). To mitigate the negative consequences of these natural disasters, measures can

be taken at the collective and individual levels. On the one hand, zoning policies, national �ood

insurance programs, and structural �ood defences, such as dikes, are collective measures aimed at

reducing the damage due to �oods. On the other hand, to reduce their vulnerability to �oods,

individuals may take individual actions such as installing pumps in their dwellings, or avoiding

locating the main rooms on the ground �oor (Bubeck et al., 2012, 2013, Grothmann and Reusswig,

2006, Poussin et al., 2014, Reynaud et al., 2013). Following Blanco et al. (2017), we call these kinds

of devices or behaviours individual adaptation measures. In this study, we explored the in�uence

of collective measures on individual adaptation measures.

In recent years, integrated �ood risk management has been promoted in many places. For instance,

countries such as France and the United States try to reduce people's vulnerability to �oods by

implementing zoning policies, o�ering a national �ood insurance program, and fostering private

adaptation to �oods while they still provide and maintain structural �ood defences (Erdlenbruch

et al., 2009, Samuels et al., 2006). This trend is in line with recent studies that argue that risks

might be reduced more e�ectively if measures at di�erent scales are combined (Erdlenbruch and

Bonté, 2018, Filatova, 2014).

However, it could be di�cult to reconcile the di�erent aspects of an integrated �ood risk manage-

ment. For instance, in a historical analysis of the Mississippi �ood of 1993, Tobin (1995) identi�ed

the levee e�ect, which is the fact that structural �ood defences can provide a feeling of safety and

consequently stimulate the settlement of populations and activities in the �oodplains they protect.

As a result, several socio-hydrological models integrated this insight to simulate the dynamic ef-

fect of dikes on the evolution of �ood hazards and human settlements (Di Baldassarre et al., 2013,

Grames et al., 2016, Viglione et al., 2014) and several authors advised to take the levee e�ect into

account in �ood management policy design (Burby, 2006, Pielke, 1999, Pinter, 2005). The levee

e�ect is in line with people's tendency to neglect low probability events, such as the breaching or
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overtopping of a dike (Kunreuther et al., 2001). The literature that deals with the relationship be-

tween trust and risk perception provides another explanation for the levee e�ect. Indeed, Wachinger

et al. (2013) found in a literature review that trust in authorities and experts is the second most

important factor to explain the perception of the risk from natural hazards, after personal experi-

ence: people who have a high level of trust in the ability of authorities to manage natural hazards

tend to have a lower perception of the risk posed by these hazards. Since risk perception has been

found to be positively correlated with the willingness to take adaptation measures (e.g. Grothmann

and Reusswig (2006), Richert et al. (2017)), trust in authorities is expected to have a negative e�ect

on individual adaptation. In surveys of inhabitants of �ood-prone areas in Germany, France, or

Vietnam, Grothmann and Reusswig (2006), Poussin et al. (2014) and Reynaud et al. (2013) found

evidence of this negative e�ect. The presence of a dike could act as a visual signal that indicates

that public authorities are taking actions to deal with the risk of �ooding, and thus enhance trust

in these authorities. Few studies provide direct empirical evidence for the levee e�ect. In an Italian

case study conducted by Scolobig et al. (2012), interviewed households indicated the presence of

protection works as one of the three main reasons for not adopting individual adaptation measures.

In a survey in Ireland, Bradford et al. (2012) found that the respondents who were not aware of

being exposed to the risk of �ooding were those who lived near structural �ood protection works.

Similarly, Ludy and Kondolf (2012) found that almost half of the residents who lived in an area

protected by a dike in California underestimated the consequences of a �ood for their dwelling.

Besides, insurance schemes and governmental relief can crowd out individual actions. This kind

of e�ect has been found in several theoretical studies. For instance, Ehrlich and Becker (1972)

showed that self-insurance and market insurance are theoretically substitutes. Since individual

adaptation measures can be viewed as self-insurance, this result implies that the presence of an

insurance scheme may induce people to rely on compensations rather than on individual adaptation

measures. A mandatory compensation scheme with an insurance premium that does not depend on

exposure could even prevent the adoption of individual adaptation measures, according to Latru�e

and Picard (2005) and Picard (2008). Other theoretical studies have shown that governmental

relief may crowd out self-insurance (Lewis and Nickerson, 1989) or both insurance and adaptation

measures (Kelly and Kle�ner, 2003). Several empirical studies have also explored the links between
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insurance schemes, governmental relief, and individual actions. Kousky et al. (2018) found in a

study in the United States that federal aid can crowd out individual insurance. Raschky et al.

(2013) studied the e�ect of governmental relief on the adoption of individual insurance in Germany

and Austria. They found that the crowding out e�ect is stronger when people are certain of being

compensated. Botzen et al. (2009) found that federal post-disaster compensation negatively a�ects

self-protection (e.g. through sandbags) in the Netherlands. On the other hand, Hudson et al.

(2017) found no link between private insurance and the adoption of individual adaptation measures

in Germany.

Finally, the adoption of adaptation measures may also be in�uenced by regulatory requirements,

which in turn rely on other policy tools, as part of integrated �ood risk management. For example,

some national insurance schemes are speci�cally designed to foster the adoption of some adaptation

measures (Burby, 2001). In the United States, for instance, the National Flood Insurance Program

(NFIP) requires that new buildings in �ood-prone areas meet some adaptation standards: their

lowest �oor must be elevated to the estimated level of the 100 year �ood. Regulatory requirements

in many countries rely on the use of risk maps indicating the areas in which particular actions are

prescribed. The e�ectiveness of di�erent risk-maps to increase risk-awareness among the general

public has been the topic of recent research in risk communication (Dransch et al., 2010).

These examples illustrate the fact that understanding the e�ect of di�erent collective measures on

individual adaptation to �oods is crucial in order to anticipate and improve the e�ectiveness of �ood

management policies aimed at fostering private adaptation to �oods.

We focused on France, where the mean annual damage generated by �oods between 1980 and

2010 has been estimated at between 650 and 800 million Euros (MEDDE, 2012). We explored

the relationship between individual adaptation and the three main �ood management policies: the

French national disaster compensation scheme, which applies to almost all inhabitants (CatNat

system), zoning instruments called Flood Risk Prevention Plans (FRPP), and dikes. We studied

simultaneously the in�uence of zoning instruments and dikes on individual adaptation to �oods. We

also took into account other prominent determinants of individual adaptation decisions (Grothmann

and Reusswig, 2006, Scolobig et al., 2012), which are personal �ood experience, economic factors
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(e.g. homeownership), socio demographic factors (e.g. educational level), geographic factors (e.g.

being physically exposed) or political factors (e.g. living in a particular administrative area). To

the best of our knowledge, this is the �rst multivariate analysis that investigates the levee e�ect.

Our results show that living behind a dike has a negative impact on individual adaptation to �oods.

This e�ect is mitigated by the fact of also living in a FRPP area. Moreover, the CatNat system

does not rule out individual adaptation.

In section 2, we describe the three main �ood management policies used in France. Then, in section

3, we present the data and method used to study their e�ect on private adaptation to �oods. In

section 4, we present the underlying model. We expose our results in section 5 before discussing

them in section 6. We conclude in section 7.

2 Flood management policies in France

2.1 National disaster compensation scheme

The high uncertainty regarding the expected losses due to natural hazards, adverse selection, and

the fact that the potential losses can be very high can dissuade insurance companies from covering

this kind of risks (Ja�ee and Russell, 1997). Accordingly, in France, natural disasters are deemed

uninsurable.1As a result, in 1982, a national disaster compensation scheme (the CatNat system) has

been legally established to provide coverage against natural disasters to the majority of inhabitants

(Grislain-Letrémy and Peinturier, 2010). The CatNat system relies on a private-public partnership.

On the one hand, it is mandatory for private insurance companies to include a guarantee against

natural disasters in all home or earth-bound motor vehicle insurance policies. On the other hand,

a �xed percentage of every insurance premium is used to pay this guarantee,2 no matter the level

of exposure of the insured good. Note that the CatNat system provides coverage against natural

disasters to a large majority of the inhabitants of metropolitan France, since 99% of them had their

home insured in 2010 (Grislain-Letrémy and Peinturier, 2010). Moreover, the Caisse Centrale de

1According to the Insurance Law, Art. L125-1.
212% of the base contract of every home insurance policy and 6% of the guarantee against theft and �re hazard

of every earth-bound motor vehicle insurance policy.
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Réassurance (CCR), which is a reinsurance company owned at 100% by the French State, o�ers

private insurance companies reinsurance contracts that pertain to natural disasters. In practice,

after a natural event occurs, the impacted municipalities can ask the Prefect of the region to

acknowledge that they were struck by a natural disaster. The Prefect builds a case that describes

the nature and intensity of the event and presents it in front of a ministerial commission. If this latter

decides that the event was indeed a natural disaster, the inhabitants of the concerned municipalities,

if they are insured, can be compensated. In general, the level of compensation depends on the

damage, which is assessed by an insurance expert, and not on the presence of individual adaptation

measures (Caisse Centrale de Réassurance, 2011). In short, the CatNat system combines some

characteristics of government relief (a large majority of the people a�ected by a natural hazard are

compensated) and of a mandatory insurance (there is a deductible and people pay an insurance

premium).

2.2 Natural Risk Prevention Plans

A zoning instrument was embedded into the legal framework in 1982 and simpli�ed in 1995 to give

rise to the Natural Risks Prevention Plans (NRPP). A NRPP is made up of two main parts: a

map of the areas exposed to di�erent levels of the natural hazard and a set of rules which specify

the extent to which new constructions are allowed and the individual adaptation measures that are

recommended or mandatory in each area. A Flood Risk Prevention Plan (FRPP) is a type of NRPP

that deals with �ood risks (Erdlenbruch et al., 2009). In principle, compensation can be denied to

people whose dwellings do not conform to the relevant urban planning rules, including the NRPP

rules. However, in practice, there is no systematic link between the compliance with the NRPP

rules and the level of compensation (Grislain-Letrémy and Peinturier, 2010).

2.3 Dikes

In France, dikes are the main structural �ood defences.They cover approximately 9 000 km and are

protecting an area of about 20 000 km2, i.e. 3% of the whole territory.3 However, only 3 000 km

3See http://www.irstea.fr/nos-editions/dossiers/digues-barrages-risques-impacts/digues-protection.
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were considered in good condition in 2010 (Centre Européen de Prévention du Risque d'Inondation,

2017).

The dikes are owned and maintained by public authorities, private companies, or individuals. How-

ever, private companies and individuals must ask public authorities for a permit before they can

build a dike or any other work likely to change the water �ow.4Ultimately, dikes can be regarded as

collective measures since they generally modify the exposure to �oods of several people and their

construction depends on a public decision.

3 Data and method

In this section, we present our case study and the data and variables used in our analyses.

3.1 Case study

We focused on two departments of the South of France: the Aude and the Var departments. The

former was a�ected by a major �ash �ood in November 1999, which killed 35 people and caused

an estimated loss of 771 million Euros (Vinet, 2008). As for the latter, it was hit by the same type

of phenomenon in June 2010. During this event, 26 people died, and the estimated damage was

between 1 000 and 1 500 million Euros (Vinet et al., 2012).

We surveyed inhabitants in 8 municipalities of the Aude department and 4 of the Var department.

Among these municipalities, 8 are partially covered by a Flood Risk Prevention Plan (FRPP) and 4

had not implemented such a plan at the time of the survey (2015). Furthermore, dikes with a height

of at least 1 m are present in 4 of the selected municipalities and absent in the 8 other municipalities

(cf. Table 1).

4See Law of the environment, Art. L214-3.

7



Table 1: Number of existing FRPPs, dikes, and respondents in the surveyed municipalities at the
time of the survey

Municipality FRPP (date Dikes (date of construction) Number of
of approval) respondents

AUDE

Cascastel-Des-Corbières 0 0 15
Coursan 1 (2008) 12 (between before 1950 and 1992) 20
Lézignan-Corbières 1 (2004) 0 43
Narbonne 2 (2008) 1 (1986) 43
Peyriac-Minervois 1 (2007) 0 21
Raissac-d'Aude 1 (2004) 0 7
Villedaigne 1 (2010) 0 14
Villeneuve-Les-Corbières 0 0 4

VAR

Draguignan 1 (2014) 2 (unknown) 41
Fréjus 1 (2014) 5 (between before 1950 and 1961) 40
Le Cannet-Des-Maures 0 0 42
Villecroze 0 0 41

3.2 Data

3.2.1 Data sources and description

Primary data

In summer 2015, we surveyed 331 inhabitants of �ood-prone areas in the 12 selected municipalities.

The interviews were conducted in face-to-face settings (see Richert (2017)).

The respondents were selected so that approximately 80% of the sample had already experienced

a �ood in their municipality. The sample is representative of the French population in terms of

gender. Its heterogeneity is su�cient to control for the e�ect of sociodemographic features on private

adaptation to �oods. Indeed, as shown in Table 2, all age classes are represented, the respondents

are equally distributed between the two studied departments, and there is approximately as many

people who have at least a high school diploma as people who have a lower level of education. We

also observe that 65% of the respondents own their home, which corresponds about to the national

average.
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The survey was designed to evaluate the extent of private adaptation among the respondents and

identify potential drivers or barriers to the adoption of individual adaptation measures.

We identi�ed 11 individual adaptation measures. Some are mandatory in some areas of the FRPPs,

some are recommended, and some are not mentioned. All measures were presented to the respon-

dents. For each of them, the respondents were asked to tell whether it was present in their dwelling

or not. Then, for each measure that existed in their dwelling, they had to indicate whether it had

been taken by their household or by someone else.5

As indicated in Table 3, the most common measure is placing electrical wiring and systems or the

boiler high up on walls, and the second most common measure is building the dwelling with a raised

ground �oor or crawl space. The measure that has been taken by the largest number of respondents

is the fact of storing the valuables upstairs.

Table 2: Distribution of sociodemographic variables in the sample

Variable Category Proportion

Department Aude 0.50
Var 0.50

Gender Male 0.47
Female 0.53

Age < 30 years old 0.16
30 - 44 years old 0.20
45 - 59 years old 0.24
60 - 74 years old 0.28
> 74 years old 0.12

Education level Less than a high school diploma 0.52
High school diploma or higher 0.48

Ownership of the home Home owners 0.65
Others 0.35

N = 331.

5Note that the respondents could add individual adaptation measures to the list if one that was not listed was
present in their dwelling. In total, 21 measures were added but they could all be assimilated to one of the 11 measures
proposed.

9



Table 3: List of adaptation measures and their characteristics

Measure Status Present (%) Taken (%)

Raised ground �oor, raised crawl space M or R 44 9
Watertight doors and windows NM 2 1
Opening on the roof to facilitate evacuation NM 16 3
Water resistant materials (for the �oors and/or walls) M or R 5 4
Sewer non-return valves R 4 3
Slot-in �ood barrier(s) R 9 8
Pump(s) NM 19 11
Electrical wiring and systems and/or boiler high up on walls M or R 45 14
All main rooms (kitchen, bedrooms, living-room) upstairs NM 33 8
Measures to improve water �ow NM 23 10
Valuables stored upstairs NM 26 18

M: Mandatory; R: Recommended; NM: not mentioned. The columns "present" and "taken" indi-
cate the percentage of respondents in the sample (N = 331) for which the measure is present in
their dwelling or has been taken by the household, respectively. Note that all measures that have
been taken by the household are included in the measures that are present.

Data on �ood risk perception, experience, exposure to such risks, and sociodemographic features

were also collected and the geographic coordinates of each respondent's dwelling were recorded.

Secondary data

Secondary data relate to rivers, FRPPs, and dikes located in the 12 studied municipalities.

• Rivers spatial database:

In order to locate the rivers that �ow through the chosen municipalities, we used the 2014

version of a publicly available national spatial database named CARTHAGE.6 We focused on

rivers that are at least 5 km long.

• FRPPs spatial databases:

Each FRPP of the studied area comprises a map that delineates several risk zones in which

speci�c building rules and recommendations apply.7 In some of these zones, new constructions

are forbidden and inhabitants have to take some individual adaptation measures. We refer to

6See https://www.data.gouv.fr/fr/datasets/cours-deau-metropole-2014-bd-carthage/.
7The databases which concern the FRPPs that exist in the Var department are publicly available (see

http://statique.sigvar.org). For the Aude department, they were provided by the departmental service in charge
of territorial planning (DDTM Aude).
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these zones as building ban areas. The rules and recommendations are quite similar across

the FRPPs of the selected municipalities. The FRPPs of the selected municipalities in the

Aude (Var) department and the location of the respondents' dwellings with respect to these

FRPPs are presented in Figure 1 (Figure 2).

• Dikes spatial database:

In France, hydraulic structures are listed and located in the national spatial database SIOUH

(information system of hydraulic structures). The most recent observations in this database

are from 2015 for the Aude department and 2017 for the Var department. We kept the

observations which relate to dikes that are at least 1 m high, designed to protect at least 10

people, and located along a river that is at least 5 km long. Figure 3 indicates the location

of the respondents' dwellings in relation to dikes for municipalities with a dike (Coursan,

Narbonne, Draguignan, Fréjus).
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Figure 1: In grey: FRPPs in the surveyed municipalities of the Aude department. 1: Coursan;
2: Narbonne; 3: Raissac-d'Aude; 4: Villedaigne; 5: Lézignan-Corbières; 6: Peyriac-Minervois; 7:
Cascastel-des-Corbières; 8: Villeneuve-les-Corbières. The blue lines represent the rivers, the dots
represent the dwellings of the respondents.
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Figure 2: In grey: FRPPs in the surveyed municipalities of the Var department. 9: Draguignan;
10: Fréjus; 11: Le Cannet-des-Maures; 12: Villecroze. The blue lines represent the rivers, the dots
represent the dwellings of the respondents.
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Figure 3: Location of the respondents' dwellings in relation to dikes in Coursan (1), Narbonne
(2), Draguignan (9), and Fréjus (10). The thick black lines represent dikes and the thin blue lines
represent rivers. The gray dots represent the dwellings of the respondents which are behind the
nearest dike. The black dots represent the dwellings of the respondents which are not behind the
nearest dike.
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3.2.2 Variables included in the models

In all models, the dependent variable is an indicator of private adaptation to �oods and the inde-

pendent variables are 1) variables that describe the location of the respondents' dwellings in relation

to dikes and FRPPs, and 2) control variables.

Dependent variables

We constructed 2 binary indicators of private adaptation to �oods: 1) present, which takes the

value 1 if at least one individual adaptation measure is present in the respondent's dwelling, and

2) taken, which takes the value 1 if at least one individual adaptation measure that is present in

the respondent's dwelling has been taken by his/her household. The variable present is used to

focus on the relationship between the location of a dwelling and its adaptation status. The variable

taken focuses on the household's decision in this context.

Independent variables describing the situation in relation to FRPPs and dikes

Two binary variables indicate the situation of each respondent in relation to FRPPs: 1) in FRPP,

which takes the value 1 if the respondent lives in an area delineated by a FRPP, and 2) in building

ban area, which takes the value 1 if the respondent lives in the building ban area of a FRPP.

In order to describe the situation of the respondents in relation to dikes, we constructed a binary

variable named behind dike. It takes the value 1 if there is a dike between the respondent's dwelling

and the nearest river. The process followed to construct this variable is explained in appendix A.

Control variables

Potential drivers of private adaptation to �oods were chosen as control variables. Three variables aim

to control the exposure of the respondents to �oods. The �rst one, distance to the nearest river,

indicates the distance (as the crow �ies) in kilometres between the respondent's dwelling and the

nearest river. Richert (2017) found a positive relationship between this variable and the perception

of the threat posed by the risk of �ooding, and a positive relationship between this latter and the

willingness to adopt individual adaptation measures. The second variable, exposure, is binary and
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takes the value 1 if the respondent lives in a single-storey house, in an apartment located on the

ground �oor or below or in a house where the main rooms are on the ground �oor or below. We

took this variable into account because some adaptation measures are mostly relevant to protect

the ground �oor (for example: slot-in �ood barriers, watertight doors and windows). The third

variable, experience, is binary and takes the value 1 if the respondent had already experienced at

least one �ood at the time of the survey. In our survey, experiencing a �ood means that at least

the municipality of residence was �ooded.8 Grothmann and Reusswig (2006), Poussin et al. (2014)

and Richert et al. (2017) for example found a positive relationship between �ood experience and

individual adaptation to these risks.

The variable present before arrival is binary and indicates whether at least one adaptation

measure was already present in the dwelling before the household moved in. This variable was

included in models that explain the variable taken because we assumed that the presence of a

measure in the dwelling can a�ect the potential bene�t of taking another one.

The department of the respondent is taken into account in order to control for the e�ects of the

local socio-economic and political environment. The variable department is binary and takes the

value 1 if the respondent lives in the Var department.

Two other control variables relate to the sociodemographic characteristics of the respondents: edu-

cation level is a binary variable that takes the value 1 if the respondent has at least a high school

diploma, and ownership takes the value 1 if the respondent owns his home. These variables are

taken into account because they were signi�cant in a previous study based on the same primary

data to explain the willingness to adopt individual adaptation measures (Richert et al., 2017).

Note that we did not include �ood risk perception as a control variable because it may not explain

actions taken in the past due to potential feedback e�ects (Richert et al., 2017).

Tables 4 and 5 indicate the distribution of each variable among the sample.

8Thus, this variable encompasses several situations: among the respondents who experienced at least one �ood,
40% had water only in the street of their municipality, 10% had their workplace �ooded, and 51% also had their
dwelling, cave, or garage �ooded.
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Table 4: Summary of the binary variables

Variable Modality coded as 1 Proportion of 1

present at least one measure present 0.77
taken at least one measure taken 0.44
in FRPP dwelling in FRPP area 0.42
in building ban area dwelling in building ban area 0.21
present before arrival at least one measure present before arrival 0.53
behind dike dwelling behind a dike 0.16
exposure dwelling exposed to �oods 0.61
education level high school diploma or higher 0.48
experience experience of at least one �ood 0.82
ownership owner of the dwelling 0.65
department Var department 0.50

N = 331

Table 5: Distribution of the quantitative variable (distance in km)

Variable Minimum Mean Maximum Standard deviation

distance to the nearest river 0.002 0.585 2.250 0.606

N = 331

4 Econometric model

4.1 Underlying models

We used random utility models to explain the adaptation decisions (McFadden, 1974, Train, 2002).

Utility, U derived by individual n from choosing alternative i can be decomposed into two parts:

Uni = Vni + εni (1)

where Vni is the part that is explained by observed factors and εni, the error term, depends on

unobserved factors. Here, Uni represents individual's taste for individual adaptation measures. It

is assumed that individuals choose the option that provide them the highest level of utility.

We used binary choice models in which adaptation decisions are coded 1 and non-adaptation deci-

sions are coded 0. Since only di�erences in utility matter, the utility related to the option coded
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0 is set to zero. Given the relatively low number of observations available for our study (331), we

used logit models. The error term is an independently and identically distributed extreme value

(Train, 2002). The utility function is speci�ed to be linear: note Xni the vector of observed values

explaining Vni for each option and β, the vector of corresponding parameters, we have:

Vni = β′ ∗Xni. (2)

It can be shown (McFadden, 1974, Train, 2002) that the probability for individual n to choose the

option i rather than option j is:

Pni =
eβ
′Xni∑

j e
β′Xnj

. (3)

When heteroskedasticity is present we have:

Pni =
e
β′Xni
σn∑

j e
β′Xnj
σn

. (4)

where σn is the scale parameter, which is related to the variance of the errors as follows: V ar(εn) =

σ2n∗ π
2

6 . Since σn is not observed, we can only estimate the parameters that enter the utility function

divided by the scale parameter. In heteroskedastic logit models, the scale parameter is a function

of the observed variables.

For our study, an important limitation of the logit model is that it cannot represent heterogeneity

of taste.

4.2 Estimation strategy

First, we estimated homoskedastic logit models to explain each dependent variable. Then, we

estimated heteroskedastic logit models for each dependent variable. Here, the scale parameter

depends on the non-signi�cant control variables of the homoskedastic logit models. We tested the

relevance of the heteroskedastic models using log-likelihood ratio tests.
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In all models, we always included the variable behind dike and one of the two variables that

describe the location in relation to FRPPs: in FRPP or in building ban area. We did not

include these latter variables together in the same model because they are highly correlated by

construction. Moreover, we studied the combined e�ect of the FRPP location variables and the

variable behind dike by adding an interaction term. In all models, we always included the variable

department and an interaction term between this variable and the one that describes the location

relative to FRPPs. Indeed, since the FRPPs of the Aude department are older than those of the

Var department (see Table 1), the e�ect of these adaptation tools can di�er depending on the

department.

The other control variables included depend on the explained variable. On the one hand, for models

that explain the variable present, we did not take into account the control variables that relate to

the respondent (education level, experience, ownership) because the measures that are present

in a respondent's dwelling can have been taken by someone else. On the other hand, for models

that explain the variable taken, we included all the control variables.

Finally, as recommended by Bryman and Cramer (2005), we limited the risk of multicollinearity by

checking that no correlation between the independent variables exceeds 0.8 (see appendix B).

4.3 Endogeneity issues

Let us discuss the status of three variables for which the exogenous character might not be imme-

diately visible.

Concerning the variable behind dike, it seems unrealistic to suppose that dikes are constructed

because of lacking individual adaptation for two main reasons. First, most of the dikes considered in

the study are at least 50 years old (see Table 1). Since more than 90% of the respondents had lived

in their dwelling for less than 50 years at the time of the survey, their adaptation level could not

have been taken into account in the decision to build these dikes. Second, it is unusual to conduct

thorough analyses of individual adaptation before deciding to build a dike in France. Since 2011,

cost-bene�t analyses are mandatory to get funding from the French State for some dike projects.
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However, the only adaptation measure they take into account is the fact that the �rst �oor can be

elevated. In our data, only 2 dikes considered were possibly built after 20119 and only 1 respondent

lives behind these dikes. Hence, we do not think that the variable behind dike can be endogenous.

Likewise, FRPPs are decided on the basis of hydrological hazard and population density maps which

are independent from individual adaptation status. The other way round, FRPPs do sometimes

prescribe adaptation measures for the most risky areas. Again, we do not think that the variables

in FRPP or in building ban area can be endogenous.

Finally, even the variable experience is exogenous from adaptation decisions. Indeed a respondent

is said to have experienced a �ood if at least his/her municipality was �ooded. The variable does

not depend on the degree of �ooding of the dwelling itself.

5 Results

5.1 Models of the presence of at least one measure

The two homoskedastic logit models that explain the variable present are called A1 and A2. Their

estimates are reported in Table 6. They show that dwellings located behind a dike are less likely

to contain at least one individual adaptation measure than the others. The negative relationship

between the variable behind dike and the variable present is mitigated by the fact of also being

in a FRPP or a building ban area. According to model A2, the respondents of the Var are generally

more likely than the others to have at least one adaptation measure in their dwelling. However, the

fact of living in the Var department reduces the probability to have at least one measure for the

respondents who live in a building ban area.

Table 7 indicates the means and standard deviations of the individual marginal e�ects of the in-

dependent variables included in A1 and A2. The variable behind dike has the greatest mean

marginal e�ect in absolute value: on average, the fact of being located behind a dike reduces the

probability that a dwelling has at least one individual adaptation measure by approximately 0.45.

9We do not know their date of construction (see Table 1).
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We also tested whether the error term was heteroskedastic. To do so, we used the control variables

that are not signi�cant in models A1 and A2 to explain the scale parameter in heteroskedastic logit

models. The estimates of these models are not reported here because the p-values of the likelihood

ratio tests between them and their homoskedastic equivalents are greater than 0.1, indicating that

we cannot reject the hypothesis that the error term is homoskedastic.

Table 6: Models A1 and A2: logit models of the presence of at least one individual adaptation
measure (explained variable: present)

Variable MODEL A1 MODEL A2

Estimate s.e Estimate s.e

(Intercept) 1.464 *** 0.391 1.529 *** 0.350
behind dyke -3.400 *** 0.683 -2.713 *** 0.459
in FRPP -0.432 0.403 - -
in building ban area - - -0.570 0.408
behind dyke*in FRPP 2.475 *** 0.795 - -
behind dyke*in building ban area - - 2.787 *** 0.764
in FRPP*department -0.497 0.651 - -
in building ban area*department - - -1.809 ** 0.785
department 0.829 0.515 1.021 ** 0.436
exposure 0.081 0.301 -0.019 0.305
distance to the nearest river -0.046 0.321 -0.228 0.346

LR test statistic (full vs. null) 42.97*** 48.53***

McFadden adjusted R2 0.08 0.09

AIC 327.28 321.72

Predicted (vs real) present 315(256) 296(256)

N = 331. *: p-value < 0.1; **: p-value < 0.05; ***: p-value < 0.01. LR test (full vs. null):
likelihood ratio test between the model and a model with the same dependent variable and only

an intercept.

Table 7: Marginal e�ects of each independent variable included in models A1 and A2: mean and
standard deviation

Variable MODEL A1 MODEL A2

Mean (sd) Mean (sd)

behind dike -0.473 (0.230) -0.425 (0.230)
in FRPP -0.016 (0.173) -
in building ban area - -0.173 (0.250)
department 0.083 (0.019) 0.067 (0.130)
exposure 0.012 (0.004) -0.003 (0.001)
distance to the nearest river 0.063 (0.013) -0.015 (0.03)

N = 331
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5.2 Models of the presence of at least one measure taken by the household

The models B1 and B2 were estimated to explain the variable taken (see Table 8). They suggest

that the respondents who live behind a dike are less likely to have taken at least one measure than

the others. This relationship is mitigated by the fact of living in a FRPP or a building ban area.

Owners and respondents who experienced at least one �ood are more likely than the others to have

taken at least one measure. On the opposite, households who live in dwellings where at least one

measure was already present when they arrived are less likely than the others to have taken at least

one measure by themselves.

The means and standard deviations of the individual marginal e�ects of the independent variables

included in B1 and B2 are presented in Table 9. The variable ownership has the greatest mean

marginal e�ect: owning one's home increases the probability of having taken at least one measure by

approximately 0.25 on average. In absolute value, the mean marginal e�ect of the variable behind

dike is three times smaller in models B1 and B2 than in models A1 and A2.

We also estimated two heteroskedastic logit models with the scale parameter explained by all the

control variables used in B1 and B2 that are not signi�cant to explain the dependent variable in

these models. The estimates of these models are not reported here because the p-values of the

likelihood ratio tests between them and their homoskedastic equivalents are greater than 0.1. Thus,

we cannot reject the hypothesis that the error term is homoskedastic.
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Table 8: Models B1 and B2: homoskedastic logit models of the fact that at least one individual
adaptation measure has been taken by the household (explained variable: taken)

Variable MODEL B1 MODEL B2

(Intercept) -0.908 * 0.467 -0.677 0.437
behind dyke -1.830 ** 0.718 -1.035 ** 0.459
in FRPP 0.005 0.349 - -
in building ban area - - -0.183 0.382
behind dyke*in FRPP 2.057 ** 0.827 - -
behind dyke*in building ban area - - 1.884 ** 0.781
in FRPP*department -0.333 0.545 - -
in building ban area*department - - -0.844 0.748
distance to the nearest river -0.342 0.241 -0.361 0.249
exposure -0.141 0.272 -0.238 0.271
experience 0.822 ** 0.331 0.724 ** 0.332
department 0.055 0.376 -0.011 0.321
ownership 1.044 *** 0.276 1.110 *** 0.279
education -0.006 0.252 -0.002 0.251
present before arrival -0.742 *** 0.259 -0.842 *** 0.269

LR test statistic (full vs. null) 42.98*** 42.06***

Mc Fadden adjusted R2 0.04 0.04

AIC 434.28 435.20

Predicted (vs real) taken 129(144) 112(144)

N = 331. *: p-value < 0.1; **: p-value < 0.05; ***: p-value < 0.01. LR test (full vs. null):
likelihood ratio test between the model and a model with the same dependent variable and only

an intercept.

Table 9: Marginal e�ects of each independent variable included in models B1 and B2: mean and
standard deviation

Variable MODEL B1 MODEL B2

Mean (sd) Mean (sd)

behind dike -0.158 (0.193) -0.122 (0.164)
in FRPP 0.029 (0.149) -
in building ban area - -0.056 (0.159)
distance to the nearest river 0.002 (0.001) -0.08 (0.031)
exposure -0.030 (0.006) -0.051 (0.010)
experience 0.172 (0.035) 0.153 (0.030)
department -0.019 (0.036) -0.04 (0.075)
ownership 0.228 (0.036) 0.241 (0.034)
education level -0.001 (0.000) 0.000 (0.000)
present before arrival -0.163 (0.027) -0.184 (0.030)

N = 331
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Note that the models A1, A2, B1, and B2 conform to the rule of thumb outlined by Peduzzi et al.

(1996), according to which we need a minimum of 10 outcome events per independent variable. In

the context of discrete choice models, the number of outcome events to take into account is the

number of observations in the least chosen category. Table 10 compares the maximum number of

parameters that can be estimated depending on the explained variable and the number of parameters

that we estimated in practice.

Table 10: Maximum number of parameters depending on the independent variable

Independent Least chosen Number of Maximum number Number of
variable category observations in the of parameters estimated parameters

least chosen category

present 0 75 7 7
taken 1 144 14 11

Following Peduzzi et al. (1996), the intercept is not counted.

5.3 Descriptive statistics to explore the in�uence of the CatNat system

In the following, we analyse the in�uence of the CatNat system on individual adaptation.

Among the 331 respondents, 270 have experienced at least one �ood. 81 of them stated that they

su�ered signi�cant material damage due to a �ood. Figure 4 shows the distribution of material

damage among these respondents.

Figure 4: Distribution of material damage due to a �ood (in euros)
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Among the 81 respondents who stated that they su�ered signi�cant damage, 64 were compensated,

at least partially.10 In spite of this compensation, 27% of them took at least one individual adapta-

tion measure after the �ood they experienced. In comparison, 24% of the respondents who su�ered

signi�cant damage but were not compensated took at least one measure after this event. Moreover,

14% of those who experienced a �ood but did not su�er signi�cant damage also took at least one

measure after this event. Figure 5 summarizes these statistics. According to these results, some

people who were aware that they could be compensated after a �ood still decided to take action

to reduce the vulnerability of their dwelling to �oods. Hence, individuals' willingness to adapt to

�oods by themselves was not completely crowded out by the CatNat system.

10Among the 17 respondents who claimed they were not compensated, 7 stated that they had less than 500 Euros
of damage, 4 said that their damage was between 1 000 and 5 000 Euros, 2 that it was between 5 000 and 10 000
Euros, 3 claimed it was between 10 000 and 50 000 Euros, and 1 that it was over 100 000 Euros.
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Figure 5: Number of respondents who experienced a �ood, su�ered signi�cant material damage,
were compensated, and took an individual adaptation measure after a �ood. Solid lines: "yes";
dashed lines: "no". Each panel represents the following category of respondents, from left to right:
1) experienced a �ood, su�ered signi�cant material damage, were compensated, 2) experienced a
�ood, su�ered signi�cant material damage, were not compensated, 3) experienced a �ood, did not
su�er signi�cant material damage, 4) did not experience a �ood. The percentages are computed by
dividing the number in the same box by the total number of respondents in the category.

6 Discussion

Our study provides three main results. First, we found a negative relationship between the fact of

living behind a dike and individual adaptation to �oods. Second, this e�ect could be mitigated by

the fact of also living in a FRPP. Finally, the CatNat system does not rule out individual adaptation.

In the following, we discuss each of these results, identify their limitations, and consequently provide

ideas for future research.
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6.1 Negative e�ect of dike protection on individual adaptation

The negative e�ect of dike protection on individual adaptation to �oods is in line with the levee

e�ect hypothesis, according to which being protected by a dike could provide a feeling of safety

and thus foster housing development in areas protected by dikes and reduce the willingness to take

adaptation measures (Tobin, 1995).

Few studies have explored the levee e�ect empirically (Bradford et al., 2012, Ludy and Kondolf,

2012, Scolobig et al., 2012). To our knowledge, our study is the �rst to provide multivariate analyses

that support the levee e�ect. Therefore, it enables us to weigh its role on individual adaptation

against the in�uence of other factors. According to our results, the negative e�ect of living behind

a dike on individual adaptation decisions is smaller (on average and in absolute value) than the

e�ect of having experienced a �ood, being the owner of one's home, and living in a home where

adaptation measures are already present.

Further research could examine more precisely the e�ect of dikes on individual adaptation: on the

one hand, hydrological models could be used in order to identify individuals e�ectively protected by

dikes. On the other hand, the heterogeneity of dikes could also be taken into account. According

to Brouwer and Van Ek (2004) and Vis et al. (2003), the height of a dike, for example, could a�ect

the perception of the risk of �ooding of the inhabitants it protects, and thus the willingness to take

adaptation measures. Finally, examining the relationship between the e�ectiveness of the di�erent

adaptation measures and the level of exposure to �oods could help identify the measures that are

worth taking for people who live behind a dike.

Hence, as policy implication of our results, we can state that the levee e�ect should be considered

when directing information on adaptation measures to the population. Moreover, according to our

results, it may be useful to design incentives targeted at people who are not homeowners or have

not experienced any �ood in order to increase the percentage of people protected by individual

adaptation measures.
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6.2 Mitigation of the e�ect of dike protection by the FRPPs

In our models, the negative e�ect of living behind a dike on individual adaptation is mitigated

by the fact of also living in a FRPP. Two possible explanations can be given to this result: �rst,

FRPPs may play as a signal and increase people's awareness of living in a risky area, despite the

dike; second, the guidelines of the FRPPs in terms of adaptation measures could have been followed

by some respondents in areas protected by dikes.

Although FRPPs in some areas are relatively recent, (see Table 1), implementing such regulation

takes years, involving public meetings and discussions, which supports the assumption that the

population is aware of the plans. The fact that the relationship between the variable in building

ban area and individual adaptation is greater in the Aude department than in the Var department

supports the assumption that FRPPs in�uence individual adaptation and that this e�ect could

increase with their age.

Given the fact that zoning has a signi�cant impact, more research could be directed towards the

design of the most appropriate risk communication tools. As shown by Dransch et al. (2010) maps

have to depict information in a vivid manner and in suitable complexity. Moreover, interactivity

is important as it allows people to choose a particular area of interest. The general application of

such principles could even re-inforce the role of zoning instruments.

6.3 The CatNat system does not rule out individual adaptation

The third result, our �nding that the CatNat system does not rule out individual adaptation, is not

in line with the assumption that national compensation schemes completely crowd out individual

protection and that there is no incentive for individual action when insurance premiums do not

depend on the level of exposure (Latru�e and Picard, 2005, Picard, 2008).

One explanation for the high rate of individual adaptation could be the relative uncertainty about the

implementation of the national compensation scheme, which hinges on a ministerial decision about

the "natural disaster" character of the event. Indeed, Raschky et al. (2013) found in a comparative
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study in Austria and Germany that the crowding out e�ect was stronger when governmental relief

was more certain. However, this explanation does not seem to be plausible in France, since the

probability of obtaining a favourable decision when asking for the acknowledgement of a natural

disaster is very high. Indeed, according to a report from the Caisse Centrale de Réassurance (2011),

the state of natural disaster was declared for more than 85% of the municipalities that requested it

between 1982 and 2011.

Another explanation is the fact that natural disasters do not generate only material losses. Inhabi-

tants exposed to such risks may indeed want to protect themselves against psychological and other

health related damage, which are di�cult to compensate. This would also explain why individual

action would not depend on the design of the insurance premium. This explanation does not only

hold in France but also in other countries and could explain some of the mixed results obtained in

the crowding-out literature.

Our results are robust to two potential critiques: �rst, individuals may not be informed about the

compensation scheme, second, they may have incentives from insurers to adopt individual adaptation

measures. In our study, more than one quarter of the respondents who experienced the functioning

of the national compensation scheme after a �ood took at least one adaptation measure after this

event. Moreover, as also shown in Poussin et al. (2013), insurers in France do not generally give

incentives to take individual adaptation measures.

The compulsory nature of the CatNat system in France did not allow us to �nely analyse its

in�uence on the adoption of individual adaptation measures. To further explore the relationship

between compensation schemes and adaptation measures, it could be interesting to collect data

from inhabitants of �ood-prone areas living on both sides of the French-German border in order to

compare the tendency to take adaptation measures between people who bene�t from the CatNat

system, people covered by a market insurance against �oods, and people who do not have any

insurance.
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6.4 A broader perspective

A broader perspective can be gained from the insights of the socio-hydrology literature, which studies

the interactions and feedback e�ects between hydrological and societal phenomena. As discussed by

Di Baldassarre et al. (2013), Grames et al. (2016), Viglione et al. (2014), people have always settled

close to rivers because of the numerous advantages they provide (rivers are transport corridors, they

provide water for industry and agriculture, they constitute valuable natural environments and they

generate fertile �oodplains). However, �oods a�ect negatively people living in �oodplains and may

reduce economic growth in the area. "Human adjustments" (White, 1942), or risk management

policies can be set up with the aim to reduce the negative e�ects of �oods. Such adjustments

in�uence �oods as well as human reactions to �oods. For example, building levees generally leads

to a shift from frequent �ooding to rare, but potentially catastrophic �ooding. Moreover, levees

induce a decrease in risk awareness among people, as people have less experience of extreme events.

Finally, levees may exacerbate high water levels downstream (Di Baldassarre et al., 2013).

Our study could help re�ne the interactions that are described in socio-hydrological frameworks.

We contribute to a better understanding of the interactions between levees and society's protection

decisions by studying their e�ect on individual adaptation measures, which is one dimension of �ood

preparedness. In some socio-hydrological models, the in�uence of dikes on protection decisions is

mediated by their e�ect on risk awareness (Di Baldassarre et al., 2013). Because the relation between

awareness and preparedness has been found to be weak in the literature (Scolobig et al., 2012)11,

we focus directly on the link between dikes and �ood preparedness. This link could be integrated

in aggregated models. Our study could also help better de�ne the decision variables considered in

socio-hydrological models: social-planners may not only choose the height of dikes and the distance

to the river, but also design zoning policies; households may not only decide to move, they can also

decide to stay and to adapt. Our study also disentangles possible interactions between di�erent

decision variables, revealing the trade-o�s between protection from dikes and individual adaptation,

and the e�ect of other explanatory factors such as �ood risk experience, exposure and socio-economic

factors. In particular, in our case study, the relation between public policies and individual actions

11One explanation for this is that once individual measures have been taken, individual perception of risk changes
(Bubeck et al., 2012, Richert et al., 2017).
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is not trivial. Indeed, the presence of levees decreases the probability of individual adaptation but

this e�ect is mitigated by another public policy: the FRPP zoning tool. Such e�ects could be

included in integrated models on hydrological systems and society.

7 Conclusion

Climate change is expected to increase the cost of natural hazards (OECD, 2015). Consequently,

designing e�ective protection policies becomes more important. Promoting integrated �ood risk

management implies that the interplay between policies be better understood.

The present study examines the relationships between three �ood management policies and indi-

vidual adaptation to �oods in France. It suggests that dike protection is a barrier to individual

adaptation. On the other hand, adopting zoning policies can be e�ective to counteract the negative

in�uence of dikes on individual adaptation. Moreover, homeownership is an important determinant

for taking adaptation decisions, next to the experience of �ood events. The present study also

provides elements that temper the assumption that individual adaptation is prevented by national

compensation schemes. Maybe the possibility of non-material damage due to �oods brings people

to act, despite good insurance coverage.

In terms of general recommendations, our results highlight the need for thorough empirical exami-

nation of the interactions between policies at di�erent scales, but also across themes. Indeed, while

our study reveals that there could be both competitive and complementary e�ects between policies

in the context of �ood risk management, the relationships between these policies and others that

a�ect land use and housing should also be examined to better anticipate potential adverse e�ects.
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A Construction of the variable behind dike

For each respondent, in order to determine whether his/her dwelling is behind a dike or not, we

�rst found the closest river. If this latter is not protected by the dike which is the closest to the

respondent, we assumed that the respondent is not behind a dike. Otherwise, we followed the

process explained in �gure 6: the dike is assumed to be located between a respondent's dwelling

M and a river if the point M is located between the points P1 and P2 and if the dike's ends are

respectively between R1 and P1 or R2 and P2.

M

(a) We approximated the dike
which is the closest to the
respondent's dwelling M by
the straight line that goes
through both of its ends.

M

(b) We found the two straight
lines that are orthogonal to
the one de�ned at stage (a)
and that go through each end

of the dike.

M

R1

R2

(c) We call R1 and R2 the
intersections between the two
lines de�ned at stage (b) and

the river.

M

R1

R2

(d) We found the straight line
that is orthogonal to the ones
de�ned at stage (b) and that

goes through M.

M

R1

R2
P1

P2

(e) We call P1 and P2 the
intersections between the line
de�ned at stage (d) and each
of the lines de�ned at stage

(b).

Figure 6: Stages followed to de�ne whether each respondent's dwelling is located behind a dike.
The dike is in green and the river in blue.
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B Correlation between the independent variables

Table 11 indicates the Spearman correlation coe�cients computed for all pairs of independent

variables used in the study.

Table 11: Spearman correlation coe�cients between the independent variables

Variables of interest Control variables

1 2 3 4 5 6 7 8 9 10

1 1 0.60 *** 0.25 *** -0.18 *** -0.09 * -0.03 -0.05 0.02 -0.38 *** -0.19 ***
2 - 1 0.14 ** -0.37 *** 0.06 -0.12 ** -0.01 0.08 -0.32 *** -0.21 ***

3 - - 1 0.05 -0.15 *** -0.02 -0.03 -0.01 0.11 ** -0.25 ***
4 - - - 1 -0.19 *** 0.14 ** -0.03 -0.01 0.45 *** 0.10 *

5 - - - - 1 0.09 * -0.05 0.32 *** -0.06 -0.04
6 - - - - - 1 0.05 0.09 * 0.26 *** 0.13 **

7 - - - - - - 1 0.08 0.10 * 0.09
8 - - - - - - - 1 0.09 -0.04

9 - - - - - - - - 1 0.03
10 - - - - - - - - - 1

N = 331. *: p<0.1; **: p<0.05; ***: p<0.01. 1: in FRPP; 2: in building ban area; 3: behind dike;
4: distance to the nearest river; 5: exposure; 6: education level; 7: experience; 8: ownership; 9:
department; 10: present before arrival
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