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Ecosystem-based disaster risk reduction (Eco-DRR) has attracted increased

attention as a sustainable way to achieve both disaster risk reduction

and biodiversity conservation, although there have been few quantitative

evaluations of the potential impacts of Eco-DRR on biodiversity. Here, we

examined the influences of flood hazard and land-use patterns on biodiversity

by focusing on the species richness of plants, butterflies and odonates, and

the abundance of two frog species in a rural landscape of Wakasa town, Fukui

Prefecture, Japan. The direct effect of exposure to flood hazard on the studied

taxa was not significant, whereas landscape factors associated with flood

hazard significantly influenced either of the taxa in different magnitudes. We

then exercised a scenario analysis by replacing urban land-use by non-urban,

agricultural land-use (paddy fields in this case) to reduce exposure to flood

hazard and projected the impacts on biodiversity. Our results demonstrated

that the land-use replacement potentially reduces the risk of flooding by up to

5.19 billion yen (ca. 46 million US$) and, at the same time, positively influences

the species richness and abundance, although the ecological impacts are

different depending on taxon and spatial location. The land-use replacement

was expected to result in the increase of plant richness and abundance of

Daruma pond frog at a location by up to 16 and 25%, respectively. On the

other hand, butterfly richness at a location was presumed to decrease by

until −68%, probably due to their dependence on domestic gardens. The

abundance of Japanese wrinkled frog did not show such a clear spatial

variation. This study highlights the significance of land-use replacement as

an Eco-DRR measure to reduce the disaster risk and conserve biodiversity in

the agricultural landscape.
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Introduction

Disasters caused by natural hazards have been increasing
over the past decades because of urbanization, intensified
land use, change of environmental quality and climate
change (e.g., Peduzzi et al., 2009; Cui et al., 2019; Williams
et al., 2019; Ward et al., 2020). Flooding causes one of
the most lethal and economic damages and warrants special
consideration (e.g., Degiorgis et al., 2012; Kazakis et al., 2015;
Khajehei et al., 2020), so that flood risk management set
to be a principal issue frequently in social and economic
planning worldwide. Recently much attention has been paid
to ecosystem-based disaster risk reduction (Eco-DRR) as an
alternative countermeasure for naturel disasters. Disaster risk is
usually expressed as the interaction between hazard, exposure
and vulnerability (UNISDR, 2009). Eco-DRR utilizes various
functions of ecosystems for reducing the risk of disaster
events by lowering either or combination of hazard, exposure
and vulnerability, as well as for sustainably managing and
protecting natural resources provided by ecosystems and
biodiversity (Cohen-Shacham et al., 2016; Renaud et al., 2016;
Sebesvari et al., 2019). Eco-DRR is defined as “the sustainable
management, conservation and restoration of ecosystems to
reduce disaster risk, with the aim to achieve sustainable
and resilient development” (Estrella and Saalismaa, 2013).
Evaluation of the effectiveness of Eco-DRR in various aspects
becomes important more and more these days as the demands
and attempts of Eco-DRR have been increasing, although
there still exist research gaps in various aspects of Eco-
DRR in different regions of the world (Sudmeier-Rieux et al.,
2021).

The effectiveness of Eco-DRR has been evaluated in previous
studies from the points of biophysical, economic, and water
quantitative and qualitative impacts, and the advantages of
Eco-DRR over other measures have been shown in some
cases of previous studies. For example, the Low Impact
Development that is an approach to control storm water
through the creation of a landscape fostering a natural
hydrologic regime has been shown to reduce runoff of surface
water by up to 70% and pollutant concentrations by up to
>95% (Dietz, 2007; Dietz and Clausen, 2008). Also, floodplain
preservation can generate economic benefits to avoid flood
damages to property, counting 2.6 million US$ in the case of
the East River Watershed, Wisconsin, United States (Kousky
et al., 2013) and 7.7 million US$ in St. Louis County,
Missouri, United States (Kousky and Walls, 2014). In addition
to these advantages, Eco-DRR is expected to give positive
effects on ecosystems and biodiversity (Cohen-Shacham et al.,
2016; Renaud et al., 2016). Conventional hard-engineering
measures of disaster risk reduction could impact ecosystems
and biodiversity negatively, but this negative impact can
be improved if a win-win relationship between biodiversity
and human well-being such as disaster risk reduction is

achieved (e.g., Kasada et al., 2017). In fact, coexistence of
restoring nature and flood risk control can be achieved
and contribute to sustainable countermeasures against flood
(Mah, 2011). Areas exposed to higher flooding hazard are
considered to experience more frequent flooding, and such
areas often used to be wetlands (e.g., riverine floodplains)
that frequently harbor high biodiversity (Gibbs, 2000; Tockner
and Stanford, 2002). Thus, Eco-DRR that promotes the use
of wetlands and floodplain has the potential to contribute
to biodiversity conservation. Furthermore, various ecosystem
services including provisioning, regulating and cultural ones are
also expected to be provided by Eco-DRR (e.g., Cohen-Shacham
et al., 2016; Huang et al., 2021).

In spite of the potential contribution of Eco-DRR to
biodiversity conservation, there have been limited quantitative
evaluations of the impacts of Eco-DRR on biodiversity (IPBES,
2019; Seddon et al., 2020). This may be due to the complex
nature of Eco-DRR in how ecosystem-based approaches to
reduce risk components (hazard, exposure and vulnerability)
can benefit biodiversity conservation. For example, in the case
of riverine flood, conserving natural floodplain habitats lowers
the exposure of human lives and properties to flood and
contributes to biodiversity conservation, whereas flood hazard,
which can be reduced by storing storm water in wetlands,
also influences biodiversity as it is associated with disturbances
that have significant impacts on ecological communities (e.g.,
Townsent et al., 1997; Pollock et al., 1998). Previous studies
have mainly focused on the aspect of habitat conservation
or creation of Eco-DRR and revealed the positive impacts
on biodiversity (e.g., Liquete et al., 2016; Renaud et al.,
2016; Nakamura et al., 2020), although the impacts of Eco-
DRR on biodiversity would include other aspects such as the
direct effects of hazard on populations and communities of
organisms (i.e., disturbance as an ecological process) and the
landscape factors that are relevant to animal behavior or meta-
population/community, which would be dependent on the
exposure to hazard. Then, we hypothesized that the Eco-DRR
approach provides overall positive effects on local biodiversity
while reducing the potential flood risk, although the effects on
local biodiversity would be different depending on species life
history and spatial variations in other environmental conditions.
This study focused on the direct effects of flood hazard as
disturbance and the landscape factors on biodiversity in order
to contribute to the understanding of impacts of Eco-DRR on
biodiversity.

In this study, we first examined how flood hazard and
land-use patterns influence biodiversity independently and
interactively in a Japanese rural landscape that is predominated
by paddy fields. Rice paddy fields provide spawning and nursery
grounds for diverse organisms and thus function as alternative
habitats to natural wetlands (Fasola and Ruíz, 1996; Elphick,
2000; Kano et al., 2010; Sesser et al., 2018; Kasahara et al.,
2020), although the function is subject to actual agricultural
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practices (Lawler, 2001; Machado and Maltchik, 2010; Katayama
et al., 2011, 2015). We also examined biodiversity in semi-
natural grasslands that are formed on the levees in between
paddy fields and maintained by periodic mowing (Shinohara
et al., 2019). Thus, our studied organisms included plant,
butterfly, odonate and frog species that frequently occur in the
rural landscape consisting of paddy fields and the associated
semi-natural grasslands, although the response to flood hazard
and land-use patterns would be different depending on the
taxa.

Secondly, we conducted a scenario analysis based on the
results of the abovementioned analysis. Scenario analysis can
play a significant role in better informing local stakeholders
and decision makers (IPBES, 2016), which is an important step
to promote the implementation of Eco-DRR on the ground.
In our scenario, replacement of urban land-use to agricultural
land-use (paddy fields) is considered as a potential measure to
reduce the exposure of properties to flood hazard and thus lower
the potential flood damages as a measure of Eco-DRR (e.g.,
Nishihiro et al., 2020; Osawa et al., 2021). Although flood in
paddy fields potentially causes loss of agricultural production
and damages of agricultural infrastructure, those economic loss
is considered to be much less compared to potential loss and
damages in urban land-use (Ministry of Land, Infrastructure,
Transport and Tourism, Japan [MLIT], 2020a), resulting in
the significant reduction of flood risk by the replacement of
urban land-use to paddy fields in flood hazard area. Also, land-
use planning to reduce exposure to flood hazard is a part of
the new national policy of flood risk reduction (Ministry of
Land, Infrastructure, Transport and Tourism, Japan [MLIT],
2020b), so that our scenario analysis would contribute to the
understanding of consequences of the policy in the studied area.
We examined two types of scenarios that assumed population
decline or constant population, which was represented as the
conversion of urban land-use with agricultural one or the
swapping of urban and agricultural land-use, respectively (see
details in methods). Replacement of urban land-use to natural
floodplain would be ideal in terms of biodiversity conservation,
although it might be not realistic and feasible in the actual rural
community. Thus, we consider replacement to agricultural land-
use (paddy fields) as an alternative. We thus considered two
kinds of scenarios and projected the impacts on biodiversity
and the risk of flood hazard in the studied rural landscape,
although plausibility of the scenarios is a matter of future
research. The first scenario is replacement of urban land-
use with flood hazard to agricultural land-use to reduce the
exposure and damage from flood, called “conversion scenario.”
The second one is replacement of urban land-use with flood
hazard to agricultural land-use and, in turn, replacement of
agricultural land-use without flood hazard to urban land-use.
This results in swapping between urban land-use with flood
hazard and agricultural one without hazard, called “swapping
scenario.”

Materials and methods

Study area, flood hazard and land-use

We studied an area that used to be a floodplain and
currently dominated by paddy fields in the southwest part
of Fukui Prefecture, western Japan (8 × 10 km; 35◦33′N,
135◦54′E; Figure 1). We established 72 sampling sites for
the biodiversity survey on the basin of the Wakasa-region
(Figure 1A). These sites were chosen so that they distributed as
uniformly as possible in the whole study area. The mean annual
temperature was 15.1◦C, and the mean annual precipitation
was 2,229 mm (2000–2020), which were recorded in a nearby
automated meteorological data acquisition point (35◦36′N,
135◦55′E) according to the Japan Meteorological Agency (2021).
In this region, farmers plant rice in paddy fields once a year,
and levees between paddy fields are managed as semi-natural
grasslands that are maintained by periodic mowing, which serve
as important habitats for plant and insect species (Shinohara
et al., 2019).

We organized flood hazard in the study area (Figure 1A)
by assembling actual flooded areas in 1980 to 2015 provided by
the Fukui Prefectural government and the flood hazard map
obtained from the National Land Numerical Information
download service of the Japanese (Ministry of Land,
Infrastructure, Transport and Tourism [MLIT], 2012).

The land-use of urban, agriculture (paddy fields), forests
and others in the studied area were identified based on
aerial photographs (map data: Google) with enough spatial
resolution, and the land-use data (polygons) were digitized in
the geographical information system (Arc-GIS, Esri).

Biodiversity surveys

Biodiversity in our study refers to richness or abundance
of the taxa that frequently occur in the studied rural landscape
consisting of paddy fields and the associated semi-natural
grasslands, including plant, butterfly, odonate and frog species.
We established a transect (2 m × 30 m) on the levees (semi-
natural grasslands) of paddy fields at each sampling site. Surveys
of the four taxa were conducted three times on each transect
in September 2015, May 2016, and September 2016 when the
studied organisms were active and relatively easily observed. For
subsequent statistical analyses, we pooled all the data from three
surveys. The methodologies of field surveys are as follows:

Plant survey
We established and surveyed three plots (each plot size is

0.5 m × 0.5 m), located at regular intervals (∼10m) along
each transect. In total, there were 216 plots in 72 transects. We
recorded all vascular plant species in each plot. For statistical
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FIGURE 1

Study area in Wakasa town, Fukui Prefecture, Japan. Panel (A) shows the sampling sites (white circles) and flood hazard (light blue areas). Panel
(B) shows the land-use in and around the study area.

analyses, we pooled the data from the three plots located in
the same transect.

Butterfly, odonate and amphibian survey
Butterfly and odonate species were identified and the

number of two amphibian species (Daruma pond frog
(Pelophylax porosus) and Japanese wrinkled frog (Glandirana
rugosa) were counted by a skilled surveyor at the same time
with visual observation for 15 min. between 9 a.m. and 4
p.m. within each transect at a height of less than 3 m under
warm, sunny conditions as in the previous studies (Pollard and
Yates, 1993; Uchida and Ushimaru, 2014). This protocol was
decided according to the preliminary survey and identification
of species, and we could detect the organisms well enough to
see the differences among transects (Figure 2). We paid careful
attention to avoid double counting of individual organisms.
We focused on the two dominant amphibian species as other
amphibian species were observed only scarcely.

Analysis of the relationship among
flood hazard, land use and biodiversity

To examine how flood hazard and land-use patterns
influences various species inhabiting the study area, we

constructed a generalized linear mixed model (GLMM) with a
poison distribution. We used plant species richness, butterfly
species richness, odonate species richness, and abundance of
Daruma pond frog and Japanese wrinkled frog as response
variables and created a model for each taxon. To analyze the
relationships between biodiversity, flood hazard and landscape
factors, we adopted whether or not a sampling site was in
the flood hazard, and landscape factors in the area of a
circle-shaped buffer created around each sampling site, as
potential explanatory variables. The landscape factors consist
of a combination of three types of land-use (urban, paddy
fields and forests; Figure 1B) and whether or not the land-
use is located in the flood hazard, counting six variables of
landscape factors in total. Thus, each landscape variable was
an area (m2) of a type of landscape, so that the coefficients of
landscape factors in the same model can be compared to indicate
the magnitude of the influence. We also evaluated a degree of
farmland consolidation (three levels) at each sampling site and
included it as a random effect in the model. Three levels of
farmland consolidation were zero, one time, and two times of
the consolidation that have been implemented before our study,
whose information was provided by the Wakasa town.

Then, we constructed preliminary models with respect to
each of different buffer sizes whose radiuses range from 100 m
to 1,000 m with an interval of 100 m to identify the best buffer
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FIGURE 2

Distribution of species richness of plant (A), butterfly (B), and odonate (C), and abundance of Daruma pond frog (D) and Japanese wrinkled frog
(E) in the study area of Wakasa town, Fukui Prefecture, Japan.

size for the landscape factors in the model. In this preliminary
analysis, we constructed models using all explanatory variables
with a different buffer size, and then selected a model with
the lowest AIC (see Supplementary Figure 1) to identify the
best buffer size for each taxon. After that, we constructed a
GLMM for each taxon using the identified best buffer size
for the landscape factors. The explanatory variables are six

landscape factors (urban, paddy fields and forests × with or
without flood hazard) and whether or not the sampling site is
in the flood hazard. In total, we constructed 128 models using
these explanatory variables with different combinations for each
taxon. Models with 1AIC < 2 were averaged for each taxon
using “full-model averaging” as an averaging method according
to Lukacs et al. (2010) and Symonds and Moussalli (2011).
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In addition, we checked if the residuals of GLMMs
showed spatial autocorrelation and found that strong spatial
correlation was not evident overall for the taxa examined
(Supplementary Figure 2).

Scenario analysis

As a measure of Eco-DRR, replacement of urban land-use
to agricultural land-use (paddy fields) was considered in our
scenario, as it can reduce the exposure of properties to flood
hazard and thus lower the potential flood damages, as well as
influencing biodiversity due to the change in land-use patterns.
We conducted a scenario analysis based on the results of the
GLMM models for each taxon that allowed us to project the
change of richness or abundance of the taxa we studied. Due
to our sampling and statistical designs, we projected only the
local change of richness or abundance, but not the regional
diversity or the population size covering the whole study area.
In this study, we considered two scenarios. The conversion
scenario is gradually replacing urban land-use with flood hazard
to agricultural land-use to reduce the exposure and damage
from flood. In this case, as some residences are converted, it
would not be feasible when the human population is increasing.
However, like most municipalities in Japan, this town has been
experiencing population decline for the last three decades and
the trend is projected to continue in the future (Wakasa town,
2015). In the swapping scenario, which would be more feasible
even if the human population is not in the decreasing trend,
we gradually swapped urban land-use with flood hazard and
agricultural land-use without hazard.

In each scenario, we replaced the land-use in a computer
simulation described below and projected the richness or
abundance of different taxa and the reduction of potential flood
damage as an economic benefit. The simulation procedures of
the conversion scenario are as follows:

(1). Choose a polygon of urban land-use with flood hazard
randomly and then replace an area of d m2 in the polygon
with the same area of agricultural land-use (paddy fields). If
the polygon of urban land-use with flood hazard is smaller
than d m2, replace all the urban land-use of the polygon with
agricultural land-use.

(2). Repeat the procedure 1 until the total replaced area
reaches a targeted replacement rate ranged from 10 to 100%.

(3). Project the richness or abundance of each taxon using
the newly gained land-use map and the specific GLMM model.

Here, we set the parameter d to 100 m2. We tested other
parameter values (10, 50, 300 m2), and confirmed that the results
were not different significantly. For the swapping scenario, in
the procedure 1, we swapped urban land-use with flood hazard
and agricultural land-use without hazard, both of which were
randomly selected in the study area. The simulation repeated
100 times at each replacement rate that ranged from 10 to 100%

of the total area of urban land-use exposed to flood hazard, by
an increment of 10%.

We also calculated the difference in potential flood damage
(monetary loss) between before and after the land-use change.
The potential flood damage of urban and agriculture land-
use was assumed if it was exposed to flood hazard, and the
potential monetary loss was calculated based on the actual
damages happened in 2013 in the studied municipality. The
unit average of the actual damage per 1 m2 for each land-use
was obtained from the data of the survey on flood damages
collected by the Ministry of Land, Infrastructure, Transport
and Tourism [MLIT] (2019). After the simulation of the land-
use replacement, we calculated the expected total damage in
the study area by multiplying the exposed area of urban and
agricultural land-use to flood hazard and the unit average of the
damages for respective land-use (8162 JPY m−2 for urban and
29 JPY m−2 for agricultural land-use). It should be noted that
actual flood damage may be different from our assumption of
potential damage depending on the magnitude of actual flood.

Results

In total, we found 242 plant species, 12 odonate species,
22 butterfly species, and 7 amphibian species in our sampling
sites. We also observed the total of 253 and 163 individuals
of Daruma pond frog and Japanese wrinkled frog, respectively.
A list of all species observed in this study was given in
Supplementary Table 1. The richness of plant, butterfly and
odonate and abundance of the two frogs showed marked
variations in distribution in the study area (Figure 2). The
plant richness showed less variations among sampling sites,
but still tended to be high at an edge of the forest, where up
to forty species were found in the surveyed 0.75 m2 (Figure
2A, coefficient of variation (C.V) = 0.279). Among insects,
the butterfly richness spread all over the study area with the
maximum of 7 species observed during the survey (Figure 2B,
C.V. = 0.575), while the odonate richness was relatively high
around the lake (Lake Mikata) with the maximum of 4 species
(Figure 2C, C.V. = 0.869). Daruma pond frogs (Pelophylax
porosus) seemed to be abundant in the areas with flood hazard
with the maximum of 16 individuals observed during the
survey (Figure 2D, C.V. = 1.016), while Japanese wrinkled frogs
(Glandirana rugosa) did not show such a trend and up to 11
individuals were found (Figure 2E, C.V. = 1.375).

The best buffer sizes of the models explaining the
distributions were 700 m for plant richness, 500 m for butterfly
richness, 300 m for Daruma pond frog abundance, and 400 m for
Japanese wrinkled frog abundance (Supplementary Figure 1).
For odonate richness, 1,000 m was the best buffer size in our
analysis, although the AIC of the model might be lower with
a larger buffer size (Supplementary Figure 1). However, if
we use a buffer size larger than 1,000 m, overlapping among
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buffers becomes too large to lead a meaningful conclusion
of the analysis.

The results of the GLMM models showed no significant
effect of exposure to flood hazard (whether or not a sampling
site was in flood hazard) and several significant effects of
landscape factors in explaining the distribution of the studied
taxa (Table 1). We found that there was a certain degree of
plant richness independent of the environmental parameters
we used because the intercept was relatively high (Table 1).
Agricultural and urban land-use without flood hazard and forest
with flood hazard positively affected the plant richness, although
the coefficient was much larger for the forest with flood hazard
(Table 1). For the butterfly richness, urban land-use with and
without flood hazard had a positive effect with the much higher
coefficient for that with flood hazard, whereas forest with flood
hazard had a negative one (Table 1). Forest with flood hazard
also negatively affected odonate richness, but effects of other
landscape factors were not significant (Table 1). For Daruma
pond frog, agriculture land-use affected Daruma pond frog
positively irrespective of the association with flood hazard, and
forest with hazard also showed a positive effect with a higher
coefficient compared to those of agriculture land-use (Table 1).
On the contrary, forest without flood hazard showed a positive
effect on Japanese wrinkled frog in addition to urban land-
use without hazard (Table 1). As odonate richness was not
significantly influenced by the landscape factors associated with
the scenario analysis (urban and agricultural land-use), our
scenario of land-use replacement would not lead to a meaningful
conclusion for this taxon, so that we excluded odonate richness
from the subsequent scenario analysis.

Results of the scenario analyses showed no qualitative
difference on the species richness or abundance between the
conversion and swapping scenarios (Figure 3). For plant species
richness and abundance of the two frogs, slightly positive effects
of replacing land-use were detected (Figures 3A,C,D), although
the slightly negative effect was shown for butterfly species
richness (Figure 3B). For the potential flood damage, we found
that the land-use replacement was attributed to reducing the
potential damage by 5.19 billion yen (ca. 46 million US$) if we
replace urban land-use by agricultural one for all areas with
flood hazard (Figure 3E). Although the overall effects of land-
use replacement on species richness and abundance were not
remarkable, there were large variations in the effects depending
on the location in the study area (Figures 4, 5). For the
conversion scenario, the effects of land-use replacement were
relatively large in the northern locations, especially in those with
flood hazard, for plant and butterfly richness and abundance of
Daruma pond frog (Figure 4), although abundance of Japanese
wrinkled frog did not show such a spatial pattern. After the
conversion, plant richness and Daruma pond frog abundance
were expected to increase by up to 3% and 25%, respectively,
although butterfly richness was expected to decrease by until
−67%. The similar spatial patterns were observed for the

swapping scenario (Figure 5), although for butterfly richness
and abundance of Daruma pond frog, both of positive and
negative effects were observed (Figures 5B,D), which was not
observed in the conversion scenario. After the swapping, plant
richness and Daruma pond frog abundance were expected to
increase by up to 16 and 24%, respectively, although butterfly
richness was expected to decrease by until−68%.

Discussion

Our results demonstrated that local biodiversity including
species richness and abundance was shaped interactively by
land-use patterns and flood hazard in the agricultural landscape
dominated by paddy fields. This is in line with ecological
literature that has repeatedly shown the importance of both
disturbance and land-use in shaping ecological communities
(e.g., Townsent et al., 1997; Pollock et al., 1998; Uchida and
Ushimaru, 2014; Shinohara et al., 2019). Also, the results have
significant implications for multiple functions of Eco-DRR as
seen in our scenario analysis. The land-use replacement to
reduce exposure of urban land-use to flood hazard affected
positively different taxa we studied, as we hypothesized. In
the east lakeside areas associated with flood hazard, the plant
richness and Daruma pond frog abundance benefited from the
land-use replacement than in the other areas (Figures 4, 5),
indicating spatial heterogeneity of the effect. Thus, the lakeside
areas have potentially high priorities, in which reduction of
exposure of urban land-use to flood hazard as a measure of
Eco-DRR is expected to result in both disaster risk reduction
and biodiversity conservation. The plant richness was positively
influenced by the land-use replacement (Figure 3A), because
the plant richness was positively correlated with urban land-
use without flood hazard and forests with flood hazard
(Table 1). Also, creating paddy fields and associated semi-
natural grasslands near forests would produce positive effects
on plant richness on the grasslands, as in previous studies
that showed the importance of a mosaic landscape for species
such as birds (Amano et al., 2008) and spiders (Miyashita
et al., 2012). As for the two frog species, the land-use
replacement was expected to benefit Daruma pond frog more
than Japanese wrinkled frog (Figures 3C,D). This should be
due to the difference in habitat preference between the two
species. Daruma pond frogs occurred around flood hazard areas
(Figure 2D), whereas Japanese wrinkled frogs did not show
such a trend (Figure 2E). The results suggest that species using
habitats more related to flood hazard such as wetlands are
more likely to benefit from the Eco-DRR measure of reducing
exposure of urban land-use to flood hazard.

Although the land-use replacement showed the positive
effects on some taxa, it negatively affected butterfly species.
Most of the butterfly species observed in the study area were
common species (Supplementary Table 1), and they might be
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TABLE 1 Results of the GLMM models explaining the distribution of the taxa studied.

Intercept Exposure to
flood hazard

Landscape factors Buffer size
(m)

R-squared

Agriculture Urban Forest

With flood
hazard

Without
flood hazard

With flood
hazard

Without
flood hazard

With flood
hazard

Without
flood hazard

Plant
richness

2.457***
(0.171)

−0.006
(0.042)

0.178
(0.295)

1.139***
(0.224)

0.017
(0.337)

1.354***
(0.408)

9.844*
(4.410)

−0.024
(0.151)

700 0.251

Butterfly
richness

0.411
(0.249)

0.012
(0.100)

0.030
(0.219)

−0.115
(0.375)

23.912*
(10.583)

2.274**
(0.770)

−5.162*
(2.361)

0.031
(0.229)

500 0.270

Odonate
richness

0.782
(3.166)

−0.007
(0.097)

9.460
(10.143)

−0.177
(0.607)

56.732
(99.799)

−0.527
(1.438)

−2.764*
(1.299)

−2.885
(2.767)

1000 0.196

Daruma
pond frog
abundance

−0.929*
(0.399)

−0.009
(0.096)

3.103***
(0.479)

2.966***
(0.557)

−0.215
(2.123)

0.105
(0.404)

6.607***
(1.006)

−0.066
(0.361)

300 0.478

Japanese
wrinkled
frog
abundance

−1.112*
(0.523)

0.064
(0.198)

0.165
(0.477)

−0.071
(0.313)

−2.001
(12.155)

4.417***
(0.901)

−8.733
(11.878)

3.092***
(0.714)

400 0.145

Explaining variables included whether or not a sampling site was in flood hazard (exposure to flood hazard) and landscape factors in a circle buffer created around each sampling site. ***p < 0.001, **p < 0.01, *p < 0.05.
Values represent estimated coefficients and values in parentheses refer to standard errors.
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FIGURE 3

Results of the two scenario analyses of land-use replacement on species richness (plant (A) and butterfly (B)) and abundances of frogs (Daruma
pond frog (C) and Japanese wrinkled frog (D)) and the potential flood damage (E). Red lines and blue lines represent the swapping and the
conversion scenarios, respectively, with the mean and standard deviation for repeated simulations at each replacement rate. Standard deviation
was generally too small to be visible in the figure. Note that the potential flood damage was not different between the two scenarios.

dependent on artificial vegetation grown in domestic gardens.
In an urban landscape, sunlight and floral abundance are
important factors in determining the diversity of pollinator
communities including butterflies (Matteson and Langellotto,
2010) and domestic gardens have an important role in
supporting biodiversity (Cameron et al., 2012). In the study area
of a rural landscape, there was no tall building, but domestic
gardens still might have played an important role to support
pollinator species.

Whether the sampling site itself was exposed to flood hazard
was not important in shaping local biodiversity in our study
(Table 1). This may be related to the fact that our study sites
were paddy fields and associated semi-natural grasslands, and
that paddy fields experience artificial floods (or irrigation) from
spring to summer seasons for rice growing, which is similar
timing to that of natural floods caused by the monsoon. Indeed,
paddy fields and associated semi-natural grassland provide wet
to moist environments, so that they can be an alternative habitat
for organisms living in natural wetlands and floodplains (e.g.,
Kiritani, 2010; Natuhara, 2013). Thus, natural flood itself might
have less influence on local biodiversity in the study sites,
compared to the landscape factors we considered.

Our results also showed the potential financial benefits of
5.19 billion yen (Figure 3E) if we can replace all urban land-
use in the flood hazard areas to agricultural one. This was

probably an overestimation because we assumed that all houses
in the flood hazard areas were lost and fully damaged if floods
actually occurred. The assumption resulted in a linear decline
of potential flood damage as the replacement rate increases
(Figure 3E). In reality, the flood damage can be variable
depending on the local situations including drainage distance,
elevation, and flow accumulation (Kousky and Walls, 2014;
Kazakis et al., 2015). Recently, technologies of mapping flood
hazard have advanced to be able to show very details of flood
hazard (e.g., Taki et al., 2013; Motevalli and Vafakhah, 2016;
Razavi-Termeh et al., 2018). If we can combine the details of
flood hazard obtained by the state-of-the-art techniques with
our scenario analysis, we should be able to provide better
information about, for example, high priority areas that would
be more relevant to the land-use policy and management. Also,
our analysis did not account for human damage that is also
important for disaster risk reduction. Avoiding exposure to
flood hazard by the land-use replacement is expected to reduce
human damage as well, although this remains to be considered
in the future research.

There was no remarkable distinction in the projected
species richness and abundance between the conversion and
swapping scenarios (Figure 3). As the difference between
the two scenarios was the land-use outside the flood hazard
areas, the results suggest that the land-use within the flood
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FIGURE 4

Contrast of plant richness (A), butterfly richness (B), and abundances of Daruma pond frog (C) and Japanese wrinkled frog (D) between before
and after the land-use replacement in the conversion scenario. Light blue areas show flood hazard.

hazard areas was more important in shaping local biodiversity
than that outside the flood hazard areas. The flood hazard
areas were originally natural wetlands and floodplains before
paddy fields were constructed in ancient times, and paddy
fields provide alternative habitats to species closely associated
with natural wetlands (Natuhara, 2013; Katayama et al., 2015).
Thus, land-use change from urban to agriculture (paddy fields)
within the flood hazard areas might have more influence on
local biodiversity than the land-use change outside the flood
hazard areas. However, in the conversion scenario, habitat area
itself increases in addition to the landscape changes, and this

should have large effects on local biodiversity as well, although
our analysis did not allow us to examine such effects. In
addition, implementing the swapping scenario in reality should
be associated with more costs for constructing residence areas
than implementing the conversion scenario without such a new
construction, although the expected reduction of flood damage
is the same between the two scenarios and the conversion
scenario assumes the decline of human population. These
socio-economic conditions in the local community were also not
considered in our scenario analysis, although scenario analysis
can be more flexible to include complexities and trade-offs
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FIGURE 5

Contrast of plant richness (A), butterfly richness (B), and abundances of Daruma pond frog (C) and Japanese wrinkled frog (D) between before
and after the land-use replacement in the swapping scenario. Light blue areas show flood hazard.

inherent in decision making processes (Sayers et al., 2002; Casal-
Campos et al., 2015).

Our scenario analysis considered the replacement from
urban to agricultural land-use to reduce exposure to flood
hazard. However, it may be more effective for biodiversity
conservation to replace to wetlands instead of agriculture
land-use. Wetlands not only support high productivity and
biodiversity but also provide important ecosystem services
including flood regulation (Gibbs, 2000; Woodward and Wui,
2001; Zedler and Kercher, 2005; Everard et al., 2009). Thus, in
the context of Eco-DRR, replacing urban land-use to wetlands

would be more effective. Nevertheless, the scenario analysis with
wetlands was not possible due to the lack of the data sets for
wetlands that were very scarce in the study area. It would be an
effective approach to restore wetlands even in a small area and
then obtain more information of such wetlands to construct an
alternative scenario with the land-use replacement to wetlands.

Reconstructing wetlands can be an alternative effective
approach that provides multiple ecosystem services
(Everard et al., 2012).

We conducted the scenario analysis to quantify the effects
on local biodiversity and flood damage reduction if the land-use
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replacement (either conversion or swapping) to reduce exposure
of urban land-use to flood hazard is opted for an actual measure
of Eco-DRR. The results suggest that the Eco-DRR approach
can dramatically reduce the potential flood risk and provide
overall positive effects on local biodiversity, although the effects
were different depending on species and spatial location, as
we hypothesized. The importance of agricultural land-use in
biodiversity conservation would be relevant not only at a local
scale, as shown in this study, but also at a broader scale, for
example, in conserving an endangered migrating bird like the
Oriental White Stork (Ciconia boyciana) that uses the paddy
fields as their habitat (Yamada et al., 2019; Tawa and Sagawa,
2021). Thus, land-use planning at a local scale is critically
important for both reducing flood risk and conserving local
biodiversity, which the implementation of Eco-DRR aims for.
Also, it is highly relevant to the global goals and initiatives
such as the Sustainable Development Goals, the UN Decade
on Ecosystem Restoration, the Sendai Framework for Disaster
Risk Reduction, etc. The scenario analysis as we conducted
here should provide useful information for quantifying and
visualizing the potential outcomes of such land-use planning to
support decision-making at a local scale.
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