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Abstract: In this study, we explore the long-term trends of floodplain population dynamics at different
spatial scales in the contiguous United States (U.S.). We exploit different types of datasets from 1790-
2010—i.e., decadal spatial distribution for the population density in the US, global floodplains dataset,
large-scale data of flood occurrence and damage, and structural and nonstructural flood protection
measures for the US. At the national level, we found that the population initially settled down within
the floodplains and then spread across its territory over time. At the state level, we observed that
flood damages and national protection measures might have contributed to a learning effect, which
in turn, shaped the floodplain population dynamics over time. Finally, at the county level, other
socio-economic factors such as local flood insurances, economic activities, and socio-political context
may predominantly influence the dynamics. Our study shows that different influencing factors
affect floodplain population dynamics at different spatial scales. These facts are crucial for a reliable
development and implementation of flood risk management planning.
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1. Introduction

Floodplains are considered to be the cradle of civilization. The fertile land in between
the Tigris and Euphrates rivers, which allows easy access to water for commerce, navigation
and livelihoods, set the basis for the proliferation of the states of Assyria, Babylon, and
Sumer in this region. Since then, human development has been closely linked to the
benefit offered by floodplains and to the danger of flooding [1]. Over recent decades, the
introduction of flood management plans and flood risk mitigation measures has attempted
to control (or reduce) urbanization and development in floodplains. However, major urban
settlements around the world are still located in floodplain areas or deltas [2]; on average,
every year, more than 100 million people are affected by flooding [3,4]. Furthermore,
economic flood losses and flood fatalities are on the rise, due, among other factors, to the
value of assets in floodplains and the enhanced frequency and magnitude of floods [1,5-8].

Flood mitigation measures are usually classified into two broad simplified categories,
both aiming at reducing flood risk and limit flood consequences for floodplain population.

On the one side, structural protection measures aim at significantly reducing the
probability of flooding; traditionally, levees are one of the most popular measures adopted
to protect floodplain from floods of given return periods. On the other side, nonstructural
measures can be adopted to reduce vulnerability and thus reduce flood risk. Increased
flood awareness, increased preparedness, and the increased coping capacities of institutions
and population living in floodplains have shown adaptation capacities that can mitigate
flood risk [6,9-11].

How and if structural and nonstructural protection measures affect the urbanization
of floodplains is a topic of high interest in the scientific community.
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Back in 1945, White [12] introduced the concept of levee paradox, referring to the
unintended consequences of structural measures in inducing a false sense of safety in the
floodplain community. This might in turn reduce risk perception, leading to an increased
investment in high-value assets in the floodplains and the consequent higher flood risk in
case of a levee breach [13-17].

The negative impact of an extreme event tends to decrease if a similar event occurs
within short time [9-11]. This is illustrated as an adaptation effect. However, Di Baldassarre
et al. [18] suggest that the adaptation effect increases flood exposure through human
migration to riparian areas. Recently, Ferdous et al. [16] showed that for a case study
in Bangladesh, the adaptation effect, often indicated as a soft effective flood protection
measure, comes with high costs to the society and might prevent socio-economic growth in
the floodplain areas, especially in low-income countries [19].

The dynamics of floodplain population in different countries have been investigated
to show societal response to flooding and to mitigation measures [15,20,21].

Rossi et al. [22] made a first large-scale assessment of the impact of natural hazards on
population developments in the US in between 1960 and 1970, concluding that there was no
discernible effect of floods, tornadoes or hurricanes on the changes in population or housing
stocks experienced by counties. Schultz and Elliott [23], using a similar approach, found a
correlation between population growth and property damage caused by natural hazards.

Collenteur et al. [15] evaluated the impacts of flood events on the spatial distribution of
population and consequent learning effect at the contiguous United States (US) and at local
scale, after the 1993 Mississippi flood. The large-scale study showed a positive statistical
relationship between flood damage and population growth which is not described as
causal due to lack of spatial data in this study. The local analysis revealed the presence of a
learning effect at institutional and community levels right after the flood.

Xu et al. [20] analyzed spatiotemporal patterns of urban expansion in China from 1992
to 2015 using nighttime light data, vegetation index data, and land surface temperature data.
The result suggested, among different patterns of urban expansion, that edge expansion of
urban areas is the main cause of cropland loss in China.

Mard et al. [21] also used satellite nighttime light data to perform a global analysis
to discern the relationship between long-term changes in human proximity to rivers and
intense flood events. They found that, at a global scale, from 1992 to 2013, a decrease in
human proximity to rivers is observed after flood occurrences, mainly for societies who do
not strongly rely on structural protection measures.

Several studies showed an influence of occurrence of flood events on socio-economic
conditions, financial situation (such as GDP), and population dynamics [7,24,25].

Winsemius et al. [24] integrated existing global flood risk projections, socio-economic
development dynamics, and climate change and showed that global economic damages
increased faster than global financial wealth. Additionally, Willner et al. [25] showed the
relation between river floods and loss in GDP on a global scale.

Alfieri et al. [7] found that the use of flood protection only reduces the frequency
of small floods but exposes society to catastrophic floods, which require long recovery
processes. Therefore, adaptation efforts should favor measures targeted at reducing the
impacts of floods, rather than trying to avoid them.

As showed by Collenteur et al. [15], Mard et al. [21], and Smith et al. [26], a large-scale
analysis may not help in representing the causal relationship between flood occurrences
and floodplain population dynamics, due to lack of higher spatial and temporal-scale data
and the complexity of involved socio-economic processes. However, local case studies
provide promising results for understanding the underlying dynamics.

With this study, we aim at contributing to understanding links between long-term
changes in floodplain population dynamics, occurrence of flood events, and implemen-
tation of structural and nonstructural measures. To this end, we collected data spanning
220 years (from 1790 to 2010) and performed our analysis at three different scales (over the
contiguous US), to assess the importance of the domain scale:
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(i) national level, in which long-term changes in floodplain population growth rate and
proportion of floodplain population were evaluated for the contiguous US;

(ii) state level, in which the relationship between floodplain population dynamics indica-
tors and flood occurrence, flood damage, structural and nonstructural flood protection
measures were evaluated for the state of Arkansas;

(iii) county level, in which the relationships identified in the state-level analysis were
further investigated for Sebastian county in Arkansas.

In particular, we identified two research questions for unravelling the relationship of
dynamics and flood-related variables:

(1)  how do floodplain population dynamics change when the analysis is downscaled
from national to state to county levels in the US, from 1790 to 2010?

(2) What are the relationships between floodplain population dynamics and flood events,
related damages, and flood protection measures in the selected study area?

2. Case Study and Data

We first focused our study on the contiguous US and later further narrowed down
our analyses by selecting one state (Arkansas) and one county (St. Sebastian) within that
state (Figure 1). The reason that led to selecting US is twofold. Firstly, flood is one of the
major natural hazards in the US. About 12% of the total land area in the US is made up of
100-year floodplains [27] (Figure 1), and almost 10% of the total population lives in the 100-
and 500-year combined floodplains [28,29]. Additionally, the annual average flood damage
in the US increased from USD 5.6 billion in the 1990s to about USD 10 billion in the 2000s.
Thus, understanding floodplain population dynamics will provide important information
for disaster loss reduction and for future risk management strategies for the US. Secondly,
data analysis is of pivotal importance to disentangling the relationship between flood
occurrence and population dynamics.
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Figure 1. The contiguous US with states boundaries, floodplains area, and a focus on the state of Arkansas and Sebastian

county with boundaries and floodplains area.

We used high-resolution population raster data (1 km resolution) from 1790 to 2010 [30]
(decadal information), thus a total of 23 raster images was analyzed in ArcMap 10.7.2 (ESRI,
Redlands, California, USA). Floodplain areas of US were identified from the global high-
resolution raster data GFPLAIN250m proposed by Nardi et al. [31]. This dataset was
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compiled using a hydrogeomorphic approach in which floodplains are identified directly
from the topography as unique morphological entities, regardless of the presence or lack of
flood protection structures [31]. For this reason, the implementation of flood mitigation
measures does not affect floodplain delineation and thus the analysis of our study.

Data of flood events before 1950 were collected from various historical records which
were described as major or significant flood events. After 1950, flood events were selected
from the Federal Emergency Management Agency (FEMA) major disaster declaration
records; flood damages and flood protection measures were available, since 1790, for the
US and freely accessible from the United States Geological Survey (USAGS), National
Oceanic and Atmospheric Administration (NOAA), United States Census Bureau, Spatial
Hazard Events and Losses Database for the United States (SHELDUSA,) and different
research articles and official documents. More details about the datasets implemented in
this study, their spatial and temporal discretization, and sources are described in Table 1.

Table 1. Datasets used for spatial and temporal analysis of floodplain population dynamics, historical flood events, and

intervention measures.

. Spatial Temporal
No. Data Description Resolution Resolution Source
. Raster
1 Population data for the whole US (Res.: 1 km) 1790-2010 [30]
. Raster
2 Floodplain boundary of US (Res.: 250 m) - [31]
- . . [32]
3 Administrative boundary (Country, state, county) Polygon Shape file - [33]
4 River Shapefile (US) Polyline - [34]
[35]
[35]: 1953-2010
> Flood events [36,37]: 1833-1950 {Z?}
6 Structural intervention (Levee construction, related sy [38]: 1849-1950 {zg}
policy formulation) (1849-2010) [39,40]: 1950-2010 [;LO]
7 Flood insurance program Official documents 1968-2005 [41]
1955-2010
10 Flood damage data 1 PDF, CSV [42]: State level [42,43]

[43]: County level

! Federal Emergency Management Agency (FEMA) and the Federal Government cannot vouch for the data or analyses derived from these
data after the data retrieved from the Agency’s website(s) or Data.gov.

The state of Arkansas and the county of San Sebastian were selected after discussing
the outcomes of the national-wide analysis (see Sections 4.2 and 4.3 for details).

3. Methods

We evaluated floodplain population dynamics using different spatial data and meth-
ods to explore the human-flood dynamics in the US. The national-level analysis aimed at
estimating the floodplain population dynamics by assessing two main indicators—i.e., the
floodplain population growth rate and proportion of population living in the floodplains.
On the other hand, both state- and county-level analyses focused on the spatio-temporal
relationship of floodplain population dynamics with flood events, damage, and flood inter-
ventions.
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3.1. National-Level Analysis

At the national-level, floodplain population dynamics were analyzed by means of two
spatial variables: floodplain population growth rate and proportion of floodplain popula-
tion.

Floodplain population growth rate (GFP), from 1790 to 2010, was calculated using the
growth rate formula (Equation (1)):

Py — P

GFP =
P19

-100 1)
where ¢t is the specific decade and P is the population in the floodplain in that spe-
cific decade.

On the other hand, the proportion of floodplain population (PFP) from 1790 to 2010
was calculated as the ratio between the floodplain population and the total state population.
We then filtered outliers’ values of distributed GFP and PFP generated from numerical
gaps in the datasets to avoid errors and shift to centroid locations. Finally, the central

tendency for GFP was calculated using median centroid and temporal change of PFP for
each decade [44].

3.2. State-Level Analysis

A representative state was selected for this analysis based on the location of the
median centroid for GFP and PFP in each decade. In particular, we selected the state that
showed the highest proportion of floodplain population values and lower variation over
the analyzed period.

For the selected state, we first evaluated the spatio-temporal relations of floodplain
population dynamics based on GFP and PFP. In particular, for each county in the selected
state, the PFP was calculated using the same procedure described in Section 3.1.

We then collected and analyzed annual time-series of historical flood events records,
associated damage, construction of structural measures (levees), introduction of flood
insurance-related measures, indicators of floodplain population dynamics (i.e., GFP and
PFP), and total state population in the floodplains (Supplementary Materials Table S3).
Table 1 shows all sources of flood-related variables used in this analysis. For occurrence
of flood events, structural and nonstructural flood protection measures, records were
aggregated as a dichotomous variable (i.e., “0” and “1”) for each year. Damage data were
used as the monetary value in USD, and yearly value is the sum of the total damage in case
of multiple flood events occurring in any year. Qualitative analyses were performed to
investigate the temporal trends between floodplain population dynamics and flood-related
variables based on the aforementioned collected flood-related data (see Section 2).

3.3. County-Level Analysis

Based on the previously selected US state, the county with highest variance of the
PFP value was selected for county-level evaluation of floodplain population dynamics.
We followed the same method as in the state-level analysis for the qualitative assessment
of the interplay between floodplain population dynamics and flood-related variables
previously introduced (i.e., flood events records, associated damage, levee construction,
and flood insurance-related measures reported in the Supplementary Materials Table 54).

Finally, a comparison between floodplain population dynamics indicators at national,
state, and county levels was carried out. The standard deviations of the floodplain pop-
ulation dynamics indicators (GFP and PFP) were estimated for each spatial scale and
compared to the changes found in the literature.
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4. Results and Discussion
4.1. National-Level Analysis
4.1.1. Floodplain Population Growth Rate

First, we calculated the total floodplain population for each state (reported in the
Supplementary materials Table S5) and we then estimated the temporal changes in the GFP
(Supplementary materials Table S6). We found that the GFP shifted largely east to west
and slightly north to south from 1790 to 2010 (Figure 2). As expected, at the beginning
of 1800 the centroid of the GFP was located in the east coast, around the state of Virginia,
as it is there where the first colonies were established. Over the years, the GFP moved
significantly towards west as outcome of the migration process also driven by the increased
access to land and water resources [44]. Since then, the centroid of the distributed GFP
showed small variations and it mostly remained around the state of Arkansas (Figure 2).
These small shifts show a general tendency of the floodplain population to homogenously
spread within the US territory and keep the centroid value around the state of Arkansas
and in the lower Mississippi river basin in the last 110 years. While these analyses provide
valuable information about the temporal variation of the GFP centroid, they do not show
the spatial variation of GFP. For this reason, we assessed the spatial variation of PFP over
time in the US.
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Figure 2. Spatial distribution of the centroids of the growth rate of floodplain population (GFP) from 1790 to 2010.

4.1.2. Spatio-Temporal Pattern of Growth Rate of Floodplain Population

The results of Figure 3 show the spatio-temporal distribution of PFP (we show here
only results every two decades, more results are reported in Table S7 of the Supplementary
Materials). High values indicate that more people live within floodplains than outside.
The spatial analysis shows high values of PFP when the population starts settling down in
a particular state, which then tends to reduce in later decades when populating the same
state (Figure 3). For example, when people began to settle in 1790, more than 80% of the
population of Ohio, Indiana, and Illinois were living in the floodplains. The floodplain
population proportion dropped below 40% for Ohio and Indiana later in 1800 and for
Indiana in 1830. The ratio remains below 40% for these states in the rest of the decades up
to 2010. A similar trend in PFP was observed in Arkansas, Florida, Iowa, Kansas, Louisiana,
Mississippi, Nebraska, Ohio, South Dakota, and Washington. In these states, the PFP was
more than 80% when the population started settling down and then dropped below 40% in
successive decades. However, in Louisiana the average PFP remained 66% approximately
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(Figure 3). Other states showed similar initial high PFP values but a decreasing trend in later
decades. Trend analyses of the PFP ratio for each state are included in the Supplementary
Materials. From the results of Figure 3 it can be also noted that the variation of PFP over
the years is higher in the states within the Mississippi river basin.
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Figure 3. Spatial distribution of the ratio between floodplain population and total population for the US States for the period

1790-2010. (See Figure S1 in Supplementary Materials for the floodplain population (PFP) for the US in 10-year intervals).

The temporal fluctuations of the average PFP values for the contiguous US is shown
in Figure 4, where one can see that it increased from 1790 to 1880, remained stable for the
next 60 years up to 1950, and then decreased slowly reaching a value of about 14% in 2010.
Figure 4 shows also an increasing trend of the population moving outside the floodplains
with time, which suggests that floodplain population dynamics may be influenced by flood
risk perception that might have changed as structural and nonstructural measures were
implemented. To further investigate this assumption, we decided to narrow down the
analysis at finer spatial resolution—a state-level analysis is reported in the next section.

4.2. State-Level Analysis

Based on its downstream position within the Mississippi basin and its high values of
GFP and PFP, we selected the state of Arkansans for the evaluation of the spatio-temporal
relationship between floodplain population dynamics and flood occurrence, flood damage,
levee construction and flood insurances. The total floodplain area of Arkansans is about
32% of the total state area [31,32,45]. Urbanization started from 1820 with all the population
settled down in the floodplains. After that, the PFP decreased to about 0.31 in 1850,
which gradually increased to 0.39 in 1950 and then continued to decline until 2010 to 0.28
(Figures 5 and 6a). Arkansas is prone to flooding due not only to the Mississippi river, but
also to the Arkansas, Red, White, Black, Ouachita and Saint Francis rivers (Figure 1).
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Figure 4. Temporal change in population and floodplain to the total population ratio in the contiguous
US from 1790 to 2010.

In Arkansas, the spatio-temporal changes of the PFP varied differently among counties.
In some counties, the floodplain population remained stable even when exposed to frequent
flooding, while in other counties the PFP changed, following the same trend found for the
whole US. The reason for such deviations can be related to the high agricultural production
of the state that mainly depends on the floodplains richness [33]. Arkansans was frequently
flooded, and these flood events were followed by the implementation of structural flood
protection measures, which were then frequently monitored, maintained, and improved
since 1849 as response to floods [46]. This might be partly explained by an institutional
learning effect, in agreement with the findings of Collenture et al. [15] after the 1993 flood
event in St.Louis, Missouri.

The occurrence of several recorded flood events since 1950, some of which had intense
magnitudes, i.e., in 1983 and 1993 [37,47], have triggered a response from local authorities
who have implemented both structural and nonstructural measures. Looking at our results,
the population seems to be risk-adverse, and continued to settle outside the floodplains
after 1950. The introduction of the flood insurance act in 1968 and extensive propaganda to
encourage people to apply to the flood insurance program from 1970 to 1980 [37] might be
associated with an increase in total floodplain population during these decades. A decrease
in floodplain population in 1990 can be associated with the large flood event that occurred
in 1983 which caused damages amounting to USD 500 million [47]. It is not clear if the
economic damages after the 1983 flood event or the modifications of flood insurance
premium from 1981 to 1987 influenced the floodplain population in 1990. However, the
presence of the learning effect is visible in the reduced floodplain population in 1990.
In 1993, another flood event caused significant damage but far less than the flood in
1983. An immediate institutional response was observed through increasing the cost of
compliance to compensate for flood damages and renovation of 366 levees in the area [38].
These interventions seem to have had a positive influence on the floodplain population,
which increased again in 2000 and 2010, similarly to the findings of Mard et al. [21].
Additionally, other studies showed a significant variation in social memory in different
geo-social, economic, and political contexts [15,47]. However, floodplain populations can
be affected by many other socio-economic factors in addition to renovated levee systems or
introduction of increased costs of compliance. In fact, as previously described, we observed
that, despite the levee construction, the floodplain population continued to fall from 1940
to 1970 and increased again in 1980 after the introduction of the flood insurance program.
Therefore, we cannot draw a general conclusion of the relationship between floodplain
population dynamics, flood severity, and flood adaptation measures at the state level.

Below we present details of the analysis performed on the state of Arkansas.
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4.2.1. Spatio-Temporal Pattern of Floodplain Population Ratio

The spatio-temporal pattern of PFP within the counties of Arkansans is reported in
Figure 5 (every two decades). In 1810, more than 90% of the population settled down in
12 of the 46 counties, all located in the north and north-east side of the Arkansas River
floodplains. (Figure 5). In contrast to what we observed at the national level, overall, PFP
was not significantly reduced over the decades, but it maintained stable values around 0.9
(Figure 5).

When observing the 22 counties located in the northern and north-eastern part of
Arkansans outside of the floodplains, we can see a large variability range of PFP. In partic-
ular, for nine counties the PFP differed significantly, changing from more than 0.9 in 1810
to less than 0.2 in 2010 with more than 1% variance (see Table 52 in the Supplementary
Materials). For the remaining 13 counties, the variance of floodplain population proportion
was less than 0.01 (see Table S2 in the Supplementary Materials) and the proportion of
floodplain population was less than 0.1 from 1810 to 2010 (Figure 5).

1810 1830 1850

1930 1950 1970

. -

0 0.2 04 06 >0.8

Proportion of floodplain
population (PFP)

1990 2010

0 65 130 260
e e L B e e |
Kilometers

Figure 5. Proportion of floodplain population for the state of Arkansas starting from 1810. (See
Figure S2 in Supplementary Materials for PFP for the state of Arkansas in 10-year intervals).
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The 27 counties of the southern and south-western part of the state started getting
populated after 1830. Again, a major part of the population settled in the floodplains
of Mississipi, Ouachita, and Red rivers. Only 4 of these 27 counties have considerable
floodplain areas. The PFP varied from less than 0.6 in 1820 to less than 0.4 in 2010 in these
counties. In the remaining counties, where the floodplain area is limited, no noticeable
changes in PFP values were observed.

4.2.2. Temporal Analysis between Floodplain Population Dynamics and Flooding
Adaptation Measures

In this analysis, we looked at the time series of flood events, related flood damages,
implementation of structural (levee system construction) and nonstructural measures (flood
insurance act), and floodplain and state populations in Arkansas. Figure 6 summarizes
the collected data. As can be observed, the proportion of floodplain population was 0.36
in 1810 which reduced to 0.3 in the following 30 years. The GFP changed rapidly from
377% in 1810 to 7% in 1940. Additionally, a first structural intervention was implemented
after the 1844 flood event and from 1840 to 1950 the proportion of floodplain population
increased to 0.39 at a slower pace. From 1950 onwards, the proportion of the floodplain
population gradually decreased down to 0.28.

Between this time span, records of major flood events were found in 1844, 1858, 1874,
1912, 1916, 1927, and in 1937 (vertical blue lines in Figure 6a,b). As a consequence, structural
protection measures were constructed and flood act policies implemented at different times
(green and brown vertical lines in Figure 6a,b), such as Swamp Act 1849, “Levee only”
policy by Mississippi river commission in 1882, Federal flood control Act in 1917, and
Flood control Act (Mississippi river and its tributaries) in 1928. Such records indicate an
active institutional response to flood events.
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Figure 6. Time-series of floodplain population dynamics, flood events, and related adaptation measures in the state of
Arkansans. (a) Total state population, floodplain population, proportion of floodplain population, occurrence of flood events,
and structural and nonstructural interventions; (b) floodplain population, floodplain population growth rate, occurrence of
flood events, and structural and nonstructural interventions; (c—e) flood damages (in thousand USD), floodplain population,
floodplain population growth rate, and proportion of floodplain population.
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Records of flood damage are available from 1950 onwards and have been added to the
analysis in Figure 6¢c—e. One can see that from 1950 to 2000 a series of multiple flood events
occurred with an average recurring time of about 2-5 years. Levees were constructed
between 1951 and 1996 to reduce flood damages. In addition, flood insurances were also
issued from 1968, followed by improved flood policies from 1972 up to 2003 [38]. During
these decades, from 1950 to 1970, a negative GFP can be observed in Figure 6d. Significant
property damages occurred during the 1973 flood event, with economic losses of about USD
130 million. In 1983, another severe flood event caused higher economic damage of about
USD 500 million, which is the highest ever recorded due to flood since 1955. Between 1990
and 2000, the flood damage showed a relatively lower value than previous floods and the
growth rate slightly improved to 8% in 1980 which again decreased to (—1%) in 1990. After
1990, the growth rate increased to 7% in 2000 with the floodplain population increasing in
2000. Data in Figure 6 show active dynamics of population changes, occurrence of flooding,
and implementation of measures.

4.3. County-Level Analysis

For this analysis, we selected Sebastian county because, as observed from the spatio-
temporal changes in PFP of the counties in the state of Arkansas, Sebastian county showed
the maximum variances value (see Table S2 in the Supplementary Materials). Sebastian
county is located in the south-west side of Arkansas River and about 26% of the total
area is within floodplains (Figure 1). The total floodplain population of Sebastian county
increased at a consistent pace without sudden rises or drops, despite the occurrence of
different flood events and introduction of flood protection measures. The PFP continued
to rise until 1950 and then gradually fall until 2010 (see Table S8 in the Supplementary
Materials). The learning effect that can underlie population dynamics at the state level in
Arkansas is not visible in Sebastian county, where more local factors in addition to flood
severity and adaptation measures might drive the floodplain population of the county.

People started to settle down in the Sebastian floodplains in 1820. Unlike the spatio-
temporal trend described above for the state of Arkansas, the proportion of floodplain
population varied significantly in Sebastian county. From 1820 to 1840, the PFP increased,
but it decreased in the following 30 years. After 1880, the floodplain population increased
in Sebastian and it reached a PFP of 0.8 in 1950. After that, we observed gradual reduction
in the PFP up to 0.69 in 2010 (Figure 7a). Although a major flood occurred 1833, PFP
increased in 1840 and then decreased in the period 1850-1870 despite several structural
flood protection measures being implemented. A similar dynamic was found after the flood
event of 1944, in which the total floodplain population increased to more than outside of
the floodplain from 1820 to 1950. Despite structural flood protection measures being taken
in 1965, 1968, and 1978 and nonstructural flood protection measures being implemented
at different times between 1968 and 2003, the floodplain population decreased. The GFP
also shows a similar pattern as found in Arkansas and, in 1980, the growth rate increased
slightly to 16% which later reduced to 4% with a few fluctuations. However, the floodplain
population growth rate was not negative for 210 years (Figure 7b).

If one looks at flood damages, one can see that fewer damages were produced by
flood events in 1986 and 1987 than in 1983. During those flood events, the total floodplain
population remained almost constant, whereas the PFP and GFP reduced. From 1990 to
2000, few flood damages were observed, and total floodplain population increased, while
PFP reduced. After flood damage in 2004, the total floodplain population increased slightly
but the GFP and PFP continued to further reduce (Figure 7c—e).
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Figure 7. Time-series of floodplain population dynamics, flood events, and related adaptation measures in Sebastian county.

(a) Total state population, floodplain population, proportion of floodplain population, occurrence of flood events, and

structural and nonstructural interventions; (b) floodplain population, floodplain population growth rate, occurrence of

flood events, and structural and nonstructural interventions; (c-e) flood damages (in thousand USD), floodplain population,

floodplain population growth rate, and proportion of floodplain population.

4.4. Comparison between Spatial Scales

The GFP and PFP dynamics in the US, in the state of Arkansas, and in Sebastian
county were compared (Figure 8) to investigate changes from large to local scales. For the
US, the PFP was about 0.09 in 1790 and increased to 0.16 in 1870. From 1870 to 1970, the
ratio remained stable, while after 1970 this ratio slightly declined and reached 0.14 in 2010.
The standard deviation of PFP for the whole country is equal to 0.02 (see Table S1 in the
Supplementary Materials).

In Arkansas, PFP varied more than it did at country level. The proportion of floodplain
population was 0.36 in 1820 and reduced to 0.3 in 1850. From 1860, the PFP grew from
0.31 to 0.39 until 1950. After 1950, the ratio reduced again becoming 0.28 in 2010. The
standard deviation is 0.03, which is slightly higher than one observed at the national level
(see Table S2 in the Supplementary Materials).

In Sebastian, the variation of PFP floodplain population ratio was very significant,
as reported in Figure 8. The PFP fluctuated from 0.29 in 1820, to 0.57 in 1890, and then
reduced to 0.48 in 1900.

It can be observed that GEP for the state and county scales reduced from 4.0 in 1830 and
reached a value of about 0.5 in 1870. After that, stable and slightly declining values were
observed up to 2010, while PFP increased from 1870. Similarly to the state of Arkansans, in
1950 the PFP increased to 0.8 to then decreased again to 0.69 in 2010. Increasing standard
deviation values are found from the national level to county level (0.19) (see Tables S1 and
S2 in the Supplementary Materials).
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These results show the need for more local analysis, as performed here for the state
of Arkansas and Sebastian county, to be able to formulate more generalized patterns in
factors concurring with regard to shaping floodplain population dynamics.
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Figure 8. (a) Growth rate of floodplain population (GFP) and (b) proportion of floodplain population
(PFP) observed at the three different spatial scales (national, state, and county levels) proposed in
this study.

5. Conclusions

In this study, we investigated floodplain population dynamics in the US at three
different spatial scales over a time period of 220 years. First, the floodplain population
growth rate and proportion of floodplain population were evaluated in the contiguous
US from 1790 to 2010. Then, based on the long-term central tendency of the floodplain
population growth rate and proportion of floodplain population, the state of Arkansas and
one of its counties, Sebastian county, were selected for further evaluation of the floodplain
population dynamics.

Time-series of flood occurrence, flood damage, and structural and nonstructural
interventions with floodplain population dynamics indicators were investigated for the
state of Arkansas and Sebastian county.

The main findings of our study, related to the research questions that we originally
posed, are:

(1)  Our long-term analysis shows that, at all spatial scales, populations settled down
in floodplain areas when initially moving to a state or a county but moved outside
floodplains over the years. As the floodplain population at the national scale homoge-
nously spread within US territory, the centroid value of the GFP stabilized around the
state of Arkansas and in the lower Mississippi river basin.

(2) The analysis of time-series of flood occurrence, flood damage, floodplain population
and mitigation measures show active dynamics of local (structural) and national
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(nonstructural) responses to flooding. Floodplain population dynamics changed over
time, in Arkansas and in particular in Sebastian county, where intense mitigation
measures took place.

Floodplain population dynamics are a complex phenomenon influenced by a variety
of factors including hydrological, social, economic and political factors. This is particularly
true when such analysis is carried on over a long period. Our analysis, for example, does
not account for racial discrimination. Slavery was abolished in the US in late 1865; this
might have been a turning point in shaping floodplain populations, especially in central-
southern states of US. Furthermore, one might argue that a lack of jobs, economic crisis
and industrialization (according to the National Bureau of Economics, there have been 47
recessions in the US from 1857 up to date and a Great Depression in the 1930s), might have
contributed to inside/outside floodplain migration. Thus, drawing general conclusions
on the sole influence of structural and nonstructural measures on floodplain population
dynamics is not comprehensive of such a complex interaction. Nevertheless, we see the
decision adopted by local and national institutions to build levees and implement—or
reinforce—flood policies as economic and political signals in shaping floodplain dynamics
and thus flood risk.

In our analysis, we collected a large amount of population data over 220 years.
We want to note that while we are grateful for the richness of the data, this is decadal
information. A decadal pace is reasonable for analyzing trends of floodplain population
dynamics over 220 years for the entire US, but it did not allow us to fully capture the
temporal dimension of occurrence of floods on implementation of mitigation measures
and, in turn, on floodplain population dynamics. A finer pace of population data would
allow us to better account for any learning effect and decay rate of flood memory among
the population, which contributes to floodplain dynamics.

By reflecting on the results of our study, we plan to further investigate floodplain
dynamics by:

e analyzing, at the national level, population dynamics of flooded and non-flooded
areas, to look at how the occurrence of flood events might contribute to shaping
population dynamics in different locations;

e increasing the number of local case studies, at state and county levels, to acquire
a broader perspective of local dynamics and to draw more general conclusions on
floodplain dynamics over time;

e analyzing, at the local scale, performance of mitigation measures (i.e., looking at levee
failure and number of flood insurance over time) on floodplain population dynamics.

Our exploratory investigation contributes to the understanding of floodplain popula-
tion processes. Unlocking the underlying mechanisms that drive floodplain dynamics is a
crucial component in improving future flood risk management.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-444
1/13/2/141/s1, Figure S1: Spatial distribution of the ratio between floodplain population and total
population for the US States for the period 1790-2010 in 10-year intervals. Figure S2: Proportion of
floodplain population for Arkansas state starting from 1810 in 10-year intervals. Table S1: Statistical
analysis of proportion of floodplain population (PFP) for each state of the United States. Table S2:
Statistical analysis of the proportion of floodplain population (PFP) for each county of Arkansas.
Table S3: Summary of flood events, damage, and flood protection measures with the year of flood
occurrence, the introduction of flood protection measures and source of information in Arkansas State.
Table S4: Summary of the historical flood events, flood damage data in terms of property damage
in thousand USD, structural protection measures and related acts, policies, design, guideline and
construction time, non-structural measure, i.e., flood insurance-related acts, guidelines, modifications
and related decisions in Sebastian County, Arkansas. Table S5: Total floodplain population per state
from 1790-2010. Table S6: Growth of Floodplain Population (GFP) in each state from 1790-2010.
Table S7: Proportion of Floodplain Population (PFP) in each state from 1790-2010. Table S8: Total
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Floodplain Population, Floodplain to the total population ratio (PFP), and floodplain population
growth rate (GFP) in Sebastian county.
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