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Abstract: Coastal areas and coastal communities are facing threats due to the impacts of climate
change. Therefore, assessing their vulnerabilities and the potential for natural habitats to contribute to
protecting coastal areas and communities is essential for effective long-term planning, sustainability,
and resilient coastal management. This study modeled and mapped coastal vulnerability using
the InVEST 3.9.1 model developed by the Natural Capital Project Coastal Vulnerability model
to explore the role of natural habitats in mitigating coastal hazards in Southern Al Sharqiya and
Al Wusta Governorates of the Sultanate of Oman. The results showed that the highest hazard
classification > 2.67 represented 18% of the coastal distribution, the intermediate hazard classification
ranging between 2.31 and 2.66 represented 38% of the coastal distribution, and the lowest hazard
classification ranging between 1.22 and 2.30) represented 44% of the coastal distribution. These
results, however, did not account for the role of natural habitats in coastal protection. In terms of
the role of natural habitats in mitigating coastal hazards, the presence of natural habitats reduced
the extent of the highest exposed shoreline by 14% and 8% for the highest and intermediate areas,
respectively. Under the natural habitat’s scenario, the habitats could provide 59% protection for the
coastal communities under the highest exposure category and 41% under the intermediate category.
Under a no-habitat scenario, about 75% of the coastal communities are exposed and vulnerable to
coastal hazards under the highest hazard exposure category and 25% under the intermediate category.
These results demonstrate that it is critical, especially for policymakers, to enhance the protection
of coastal ecosystems to achieve coastal resilience. This study buttresses the importance of coastal
ecosystem assessments in ensuring coastal resilience and climate change adaptation processes for any
coastal countries.

Keywords: coastal hazard; coastal vulnerability; InVEST; Oman; coastal communities; natural
habitats; climate change

1. Introduction

Humans have always had a relationship with the ocean and coastal areas. Humans
have long depended on the ocean as a source of food. Most coastal areas are low-lying
areas that are vulnerable to storm surges, tropical cyclones, and flooding. Storm surges
and coastal flooding hazards are major risks to coastal areas throughout the world, and
these risks are predicted to increase during the twenty-first century due to rising sea levels
and expanding human development in coastal floodplains [1]. Sea level rise (SLR) is
endangering people around the world, as 40% of the world’s population resides in coastal
areas [2]. Coastal inundation and erosion due to SLR are increasing exposure to coastal
hazards throughout Asia [3]. SLR, tsunamis, hurricanes, storm surges, and other types of
flooding are causing the deaths of thousands of people and the destruction of hundreds of
coastal communities’ socio-economic development [4]. Widespread human interference
in coastal areas is often associated with various types of developments that contribute
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to changing the structures and functions of coastal ecosystems by altering the natural
landscape and its life cycle [5]. Urban growth in coastal areas has increased the exposure
risk for humans and their assets to current and future climate change hazards. Therefore,
decision-makers need more than ever to be able to access information on current and
future risks to develop management and planning strategies to mitigate risks. For instance,
Mediterranean coastal administrations have been addressing the need to evaluate national
and regional flood risks in Mediterranean coastal areas to develop a comprehensive plan
that would help mitigate future and current risks to these areas [6].

It is clear that rapid urbanization and industrialization in coastal areas have had
serious impacts on coastal ecosystems. Although coastal habitats and ecosystems have
served humans in different ways, coastal pollution due to human practices has contributed
to natural and ecosystem deterioration and destroyed habitats, thereby resulting in a
noticeable decline in marine organisms and health [5]. In addition, climate change threatens
coastal environments and ecosystems. Ecosystems showed vulnerability to climate change
and human interference. The impact of both climate change and non-climatic drivers are
anticipated to degrade and coral reefs and low-lying coastal wetlands [7]. For example, the
effects of climate change and pollution have been observed along Taiwan’s ocean, where
various mangroves and algal reefs have been negatively impacted [8].

About 60% of global ecosystem services have already been significantly degraded due
to human actions, and this threat will continue in the future as climate change progresses [9].
For example, 58% of China’s coastal wetlands have been lost as a result of land reclamation
due to urbanization and industrialization practices since the 1950s [10]. Consequently,
coastal populations and infrastructure are at a higher risk of natural hazards, as the coastal
ecosystems protection buffer is being lost due to exposure to the increasing frequency of
storm surges, erosion, and inundation, and the need for an ecosystem-based management
approach has become a necessity [11]. Mitigating the current and future climate change
impacts, monitoring and modeling the impacts of human expansion and interference on
ecological and social systems, as well as implementing sustainable development practices,
are crucial [12].

Hence, one of the United Nations’ sustainable development goals (SDG 14) empha-
sizes the need to protect coastal ecosystems, their resources, and the people living in these
areas by reducing marine pollution and practicing responsible green development and
urbanization [13]. Therefore, assessing human influences on coastal ecosystems and de-
tecting potential areas for ecosystem preservation and restoration are vital in ensuring
the sustainability of ecosystem services, limiting biodiversity loss, and achieving overall
ecosystem management [14]. For example, Wales recently addressed the importance of
maintaining biodiversity to ensure the stability of ecosystem services, achieving a resilient
society, protecting the economy for future generations, and adapting to climate change [15].

Therefore, emphasizing the role of natural habitats in mitigating coastal risks and
hazards has become an important approach toward sustainability and resiliency. Some
researchers have indicated that the importance of coastal habitats to coastal wetlands
and fauna is undervalued, and their contributions to protecting coastal areas and their
ecosystems should be understood, as 13% of marine megafauna are linked to seagrasses,
mangroves, or saltmarsh habitats [16].

To prioritize the restoration of ecosystem services, it is important to identify areas
with natural habitats that could contribute to mitigating coastal risk hazards and exposure
to flooding, erosion, and inundation from SLR and storm surges. Information on where
natural habitats help shield susceptible coastal communities and coastal areas from surges,
SLR, and flooding could help in practicing informed decision-making. A case study
conducted in Texas (an area facing an increase in major hurricanes and tropical storms, as
12 hurricanes have hit Texas in the last 100 years) showed the value of restoring coastal
ecosystems as a nature-based solution to protecting coastal areas and communities [17].
Further, the Bahamas, the third richest country in the world with regards to natural habitats,
has recognized the need to integrate nature-based solutions to protect their tourism industry,
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infrastructure development, and coastal communities from current and future climate
change consequences [18]. However, in Asia, there is limited information about the role of
natural habitats in protecting coastal areas [19]. For instance, in China, various researchers
have indicated that policy development has not addressed the role of natural habitats in
mitigating risks [17]. Current practices in Asia are based on vulnerability assessments and
the identification of the potential role of nature in providing protection services for coastal
communities and areas [20].

The objectives of this study are, first, to assess the vulnerabilities of current coastal
areas and coastal communities to natural hazards using the InVEST Coastal Vulnerability
model. The second goal is to explore the role of coastal natural habitats and their ability to
shield coastal communities from natural hazards.

2. Materials and Methods

This study examined the risk to coastal communities for the Southern Al Sharqya
and Al Wusta Governates in Oman. The hazard analysis considered the role of natural
habitats in reducing the effects of flooding and erosion, and demographic information
was used to identify vulnerable populations. In the sections that follow, the study areas
and the InVEST Coastal Vulnerability model are introduced. Then, the data collection
and model variables are introduced for the scenarios tested in this work. Finally, coastal
communities’ vulnerabilities in relation to the hazard index and the benefits of natural
habitats are discussed.

2.1. Study Area

The Southern Al Sharqya and Al Wusta Governates are characterized by shallow
coastal waters and a moderate continental shelf with a steep continental slope [21]. The
area is known for its high fisheries productivity and biodiversity, as various ecosystems and
natural habitats, such as mangroves, coral reefs, and seagrass, are found along its coastal
area [22]. A map of this area is shown in Figure 1.
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Natural reserves and natural habitats are planned to be used to contribute to the
tourism sector in Oman. For example, Masirah Island is one of the areas proposed and
developed for ecotourism. This is because the island features various environmental
and marine resources, such as sandy beaches, areas suitable for water sports, more than
30,000 species of nesting female turtles, marine birds, and other forms of wildlife, as well
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as mangroves and coral reefs [23]. Duqm is another area seeing rapid industrial and social
development that is enhancing industry, tourism, and marine transport mega-projects
as alternative sources that are contributing to the national income other than oil [24].
Oman has invested heavily in the Duqm area as an approach to diversifying the country’s
economic resources. The Duqm area is considered a special economic zone (SEZ) in Oman,
and it is the largest Special Economic Zone (SEZ) in the Middle East and North Africa [25].
In addition, the Duqm area has been used for the development of wind energy due to its
unique geographic location. The wind power density of Duqm ranges between 200 and
800 W/m2 at 80 m and is able to produce a total of about 75 GWh of net annual energy
production, which can meet the area’s energy needs [26]. Moreover, the risk to this area is
compounded by the fact that about 78% of its population is located in low-lying coastal
zones and within 5 km of the coastal area.

2.2. Modeling Coastal Hazards

The InVEST Coastal Vulnerability model is used as a tool for assessing the risks associ-
ated with coastal hazards to people in the study area for the current condition. According
to Sharp et al. [27], the InVEST Coastal Vulnerability model is an index-based tool used
to evaluate the relative risk coastal hazards pose to coastal communities and to recognize
habitats’ influences in providing coastal protection [27]. The model builds on indices that
consider both biophysical and climatic variables that affect flooding and inundation expo-
sure from coastal hazards [28] by explicitly considering the role of ecosystems in providing
coastal protection and incorporating information about people, property, and other relevant
metrics in the framing of risk.

This study evaluated coastal hazard risk to coastal communities at a 250-m2 spatial
resolution along the coast of the Southern Al Sharqya and Al Wusta governates for current
SLR and habitat scenarios. The InVEST Coastal Vulnerability model was used to calculate
the hazard index, which ranked the relative exposure of the shoreline to flooding and
erosion based on the following variables: habitat type and extent, coastal elevation, wave
exposure, shoreline type, and SLR. Each variable of each 250-m coastal segment was ranked
from lowest exposure (rank = 1) to highest exposure (rank = 5) by combining the absolute
and relative ranks of the modeled and observed data, as shown in Table 1. The geometric
mean of the ranked variables was computed to obtain the final coastal hazard index (where
R = rank, formula below). The relative exposure to flood and erosion hazards for each
250-m coastal segment area was compared with all other segments across the study area for
SLR and habitat scenarios. The multiplicative model for the exposure index is used instead
of an additive model, as the coastal processes and interactions among the components of
coastal ecosystems are non-linear [18].

Table 1. Index of coastal hazard variables and ranks.

Variable Ranks Very Low
Exposure 1 Low 2 Moderate 3 High 4 Very High

Exposure 5

Natural habitats Coral Reefs,
Mangroves, Salt marsh Seagrass

Shoreline type Rocky, Cliffs Seawall, Medium
cliff, small sea wall

Low cliff,
rip-rap walls Lagoons Mud flat, sand

Relief, wave exposure,
surge potential 0 to 20 Percentile 21 to 40 Percentile 41 to 60

Perecentile
61 to 80

Perecentile
81 to 100

Perecentile
Sea-level
change 0–0.5 cm 0.6–0.7 cm 0.8–0.9 cm 1.0–1.2 cm 1.4–2.0 cm

Note: Variables are given relative ranks (e.g., relief, wave exposure, and surge potential). Ranks for the relief,
wave exposure, and surge potential are based on a quantile breakdown (first quantile = 0–20% percentile, etc.)
calculated from the full distribution of values for all 250 m shoreline segments across the study area. Ranks for
natural habitats, shoreline type, and sea-level change are assigned by the user (see “Materials and Methods”
for more detail) in Arkema et al., 2017 [17], and in Sharp et al., 2018 [27] and applied using the InVEST Coastal
Vulnerability model.
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To express the relative coastal hazard exposure, the study categorized the values of all
variables from 1 to 5 to map the hazards. The categorization of the hazard index was based
on Silver et al. [18] study, following these categories: the areas with the highest hazard,
>2.667 of the distribution; intermediate hazard, 2.316–2.667 of the distribution; and lowest
hazard, <2.316 of the distribution. In addition, the study also examined the coastal hazard
index for the coastal communities to estimate the vulnerable populations and the risk of
coastal hazards to the coastal communities in the study area.

2.3. Data Input for Hazard Modeling

This study used various input data collected from globally available datasets that
included coastal habitats, relief, wave exposure, digital elevation models, shoreline types,
and surge potential (Appendix A).

Many researchers have identified the advantage of habitats in providing protection
from erosion and flooding by decreasing wave energy, weakening storm surges, or trapping
sediments [29]. According to Sharp et al. [27], protective distance for different types of
habitats contributes to protecting the shoreline and mitigating coastal vulnerability to
hazardous risks, such as coral reefs [29]. Information on the global distribution of coral
reefs was obtained from UNEP-WCMC 2021 [30], the Atlas of Mangroves was sourced
for information on mangroves of the world [31], and information on seagrass (Green EP
& Short FT 2003) [32] was taken from global seagrass species richness datasets. All of the
obtained habitat data were projected using linear units in meters (WGS 1984 UTM Zone
40N projection). Updates for older datasets were obtained from local resources. The model
can be reapplied as up-to-date data become available.

2.4. Habitat Scenarios

This study analyzed and quantified the role of natural habitats in reducing risk to
coastal communities. Two scenarios were considered (with habitat and no habitat) to
quantify the role of habitats in protecting coastal areas. The no-habitat scenario was used
to assess the extent of protection provided by the habitats to coastal communities.

2.5. Quantifying Risk to Coastal Communities

The demographic variables for cities are mapped to show the total population per
square kilometer [33]. To evaluate the vulnerability of coastal communities to coastal
hazards, the overlap between the coastal segments with the highest exposure to coastal
hazards was evaluated. The total number of people living in coastal cities for each shoreline
segment was estimated based on the coastal hazard index.

3. Results and Discussion

This section presents the key findings of the model output for the study area. This
section also covers the drivers of risk and their spatial distribution, as well as the habi-
tat contribution in mitigating coastal hazards. The discussion section provided insight
into how the model output could be used to improve decision-making processes in the
study area.

3.1. Distribution and Drivers of Coastal Hazards

The results show that Sur, Jaalan Bani Bu Ali, Mahut, Duqm, and Al Jazir are the most
exposed coastlines in the study area, particularly along low-lying areas with sandy beaches
and no natural habitat abundance, as shown in Figure 2.

The model output shows that surge potential, relief, and wave exposure were dis-
tributed uniformly by 20% at each rank from 1 to 5 across the study area, indicating that
these variables may be less significant in influencing differences in coastal exposure. This
result is in agreement with the findings reported by Silver et al. [18], who found a similar
pattern in the contribution of these variables to the coastal hazard index. However, erodible
sediments and habitat availability are key factors driving risk along the study area with
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large proportions of exposed shorelines. The shoreline type and natural habitat variables
showed a higher rank, indicating that these are essential variables in driving the relatively
high exposure of the study area as shown in Figure 3.

The model output shows that coastal ecosystems and habitats are key to reducing
exposure to coastal hazards, as these ecosystems could provide coastal protection for the
study area by maintaining low exposure to the coastal area. For example, 7% of the study
coastal areas showed the highest exposure to coastal hazards without natural habitats, and
37% were at intermediate risk. In the case of natural habitat availability along the study
coastal area, habitats have the potential to preserve 38% of the study coastal area. Therefore,
protecting natural habitats and encouraging their establishment could help mitigate natural
hazards in the coastal region of the study area.

In terms of the natural habitat’s role in mitigating SLR, the analysis shows the potential
of ecosystems to contribute to mitigating exposure to coastal hazards as a consequence of
SLR under current conditions across the study area. The presence of coastal habitats can
reduce the extent of the highest exposed shoreline by 14% for areas ranked as 5 and 8% for
those ranked as 4, while the coastal exposure for SLR under current conditions without
habitat contribution could result in 15% and 18% for areas ranked as 4 and 5, respectively,
as shown in Figure 4. For example, Figure 5 shows a map of Masirah’s Island and the
contribution of natural habitats to coastal protection. The area in red shows the highest
contribution of habitat in protecting the coastal area, representing 9% of the coastal area,
while the area in blue shows the lowest contribution of natural habitat in providing coastal
protection, as it represents 65% of the coastal area. The vulnerability and risk of coastal
hazards increase when there is no or less habitat contribution toward coastal protection.
The study area has a large proportion of the highest-risk shoreline; thus, the high risk of
the study area shoreline increases significantly with habitat loss, as shown in Figure 2.
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Figure 5. Natural habitat contribution to coastal protection for Masirah’s Island, Sultanate of Oman.

The model output indicates that the coastal habitat could provide protection for the
coastal communities along the coastal area of the study site. About 62% of the study area’s
population is exposed to high hazard risk. The habitats could provide 59% protection for the
coastal communities under the highest exposure category and 41% under the intermediate
category. Under the no-habitat scenario, about 75% of the coastal communities would be
exposed and vulnerable to coastal hazards under the highest hazard exposure category
and 25% under the intermediate category. The results of this study suggest that coastal
communities will benefit from the coastal protection provided by ecosystems and natural
habitats, as shown in Figure 6. For instance, Figure 7 shows a spatial map of Sur City,
which is one of the most populated areas in the study area. Due to the lack of natural
habitats along its coastal area, many coastal communities are exposed to coastal hazards,
representing 21% and 30% of the highest and intermediate categories, respectively.
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Figure 7. Example of coastal communities’ exposure in Sur City with no natural habitats along
the shoreline.

3.2. Comparison with Other Global Studies and Future Perspectives

Most of the literature has examined the role of gray infrastructure and biophysical
factors in mitigating coastal risk to ecosystems, and little attention has been given to the
benefits of coastal societies [17]. The output of this study integrated climate scenarios,
demographic information, and ecological data to explore the hazard risk, thus assessing
both the contribution of physical and ecological factors in enabling ecosystems to reduce
coastal hazard effects. Therefore, we provide insights into where people stand to benefit
the most through the protection afforded by available natural habitats.

Many recent researchers have emphasized the value of coastal and marine ecosystems
due to their contribution to enhancing ecosystem goods and services [34]. Adapting
and using coastal ecosystems to reduce the risk to socially vulnerable communities has
received little attention from researchers. However, concepts such as resilience through
the integration of natural habitats are used as tools for climate change adaptation in
coastal areas by creating socioecological systems capable of absorbing and recovering from
disturbances [35]. This approach could serve as an alternative to the use of traditional gray
infrastructure, such as sea walls, to mitigate the impact of climate change. With the current
risk of SLR and the increased populations along coastal areas, these coastal developments
are jeopardizing coastal ecosystems, and increased attention to the nature-based protection
approach is needed to promote sustainability and provide an alternative tool for decision-
makers to ensure safe and accessible coastal communities. This study suggests that natural
habitats have the potential to reduce the risk magnitude for coastal communities under
SLR, and they are anticipated to contribute more under future SLR scenarios.

Previous studies have demonstrated the benefits of coastal ecosystems in minimizing
risk [36,37]. The present study showed the potential of coastal habitats to reduce coastal
hazards to coastal communities. For example, the Japanese have long practiced the concept
of using coastal ecosystems to protect people, such as by using “ring dikes” [17]. Even
though the magnitude of habitat protection is dependent on morphological characteristics,
distribution, and habitat conditions, habitats’ utilization emphasizes the need for natural
solutions and innovations to mitigate climate change’s impacts [38]. Around the world,
low-lying areas are the places most exposed to erosion [39]. Therefore, the establishment of
natural habitats can play a major role in conserving these areas under current and future
sea-level rise scenarios. This study provides knowledge about the ecosystem’s role in
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achieving coastal resilience, as it facilitates an understanding of the value of nature-based
solutions in overcoming future climate change scenarios.

Since Cyclone Gonu of 2007, which caused hundreds of millions of dollars in damage
across the country, it has clearly become very important to inform decision-makers to ex-
plore and understand how ecosystems and natural habitats can help reduce coastal risk and
increase the resiliency of coastal communities (Phet, 2010; Shaheen, 2021). Spatial planning
and integrated management approaches could also be used to help inform critical infras-
tructure development to minimize the future damage potential from such events [40].
As a result, comprehensive science-based policies and plans should be developed to
reduce risks.

The InVEST Coastal Vulnerability model serves as an effective tool for quickly testing
climate scenarios to inform decision-makers [17]. However, the model has some limitations.
For instance, the use of a surge potential proxy that may generalize storm dynamics could
result in the underestimation or overestimation of exposure and vulnerability risks for some
coastal areas. The habitat information and ranks were based on the literature review, which
may have missed some information about its mechanisms and empirical validation [6,18].
The study also lacked information about future SLR, as global data for the study area were
limited. According to Arkema et al. [17], other factors also have the potential to influence
coastal hazards, such as the intensity and frequency of storms, ocean acidification effects,
and the effects of high temperatures on coal, which were not captured in the current model.
With regard to coastal communities’ vulnerabilities, further analysis could be carried out to
improve the study findings, including the age and gender of the population.

However, many studies have used empirical data to evaluate coastal vulnerability
and coastal hazard risks [41]. In the US, empirical flood data were used to assess flood
vulnerability and identify the populations most at risk of flood hazards [42]. Montalto
di Castro, Italy, used empirical data and data available on national and local scales to
assess the vulnerability and coastal hazards of the area [43]. This indicates that the Coastal
Vulnerability model can be applied even in data-scarce areas to help decision-makers
explore what nature-based solutions may be possible to use to reduce risks and provide
coastal protection.

4. Conclusions

This study demonstrated the usefulness of the InVEST Coastal Vulnerability model
for producing a spatial assessment of the coastal hazard risk in a coastal country. The
model is also capable of detecting where coastal habitats could play a protective role
for vulnerable coastal communities under current and future SLR. Natural and coastal
habitats in Oman play a significant role in protecting coastal communities and coastal areas
from coastal hazards, and they will become more important as climate change progresses
and its consequences become more intense. This modeling approach and assessment
could be valuable for other countries, especially those with scarce data. The findings of
this study could be useful in helping Oman and other coastal areas create a framework
for reducing disaster risk and the loss of lives, as well as infrastructure at the national
and global scales. The findings highlight the application of one of the United Nations’
sustainable development goals—i.e., the integration of ecosystems as mitigation tools for
adapting to climate change consequences and achieving coastal resilience. Therefore, the
establishment of a blue carbon strategy is attracting global efforts to integrate ocean-based
natural climate solutions as an additional way of mitigating the consequences of climate
change. Finding natural and green strategies to face climate change through applying
sustainable development goals is vital to avoiding negative impacts and delivering better
outcomes for future generations. In addition to the valuable benefits of these natural
habitats for ecosystem function, biodiversity, and coastal communities, they could also
serve as mitigation tools in providing carbon credits due to their ability to store carbon in
achieving national-level climate mitigation goals.
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Appendix A

Table A1. Coastal vulnerability model data inputs and sources.

Model Input Year Extent Resolution Source

Natural habitats

Coral Reef 2009

Global 30 m

UNEP World Conservation Monitoring
Centre (UNEP-WCMC).

Seagrass UN Environment Program World
Conservation Monitoring Centre.

Mangrove 2003
The UN Environment Program World

Conservation Monitoring Centre
(UNEP-WCMC)

Saltmarsh 2015
The UN Environment Program World

Conservation Monitoring Centre
(UNEP-WCMC)

Relief Digital elevation
model (30 m) 2014 Global 30 m Shuttle Radar Topography Mission

Wave exposure 2005–2010 Global 50 km
National Oceanographic and
Atmospheric Administration

WaveWatch III

Shoreline type Coastal
geomorphology 2020 Oman Vector National Static and Information Center

Surge potential Continental shelf 2005 Global Vector
Continental Margins Ecosystem

(COMARGE) effort in conjunction with
the Census of Marine Life

Sea level rise SLR 2020 Global Vector https://www.aviso.altimetry.fr/
(6 December 2021)
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