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Abstract
An index of vulnerability to coastal change, integrating indices of social vulnerability and exposure to coastal hazards, was
created for East Africa to identify ‘areas of priority concern’ for risk reduction. Currently, 22% of East Africa’s coastline and 3.5
million people are at higher levels of exposure to coastal hazards, which would increase, respectively, to 39% and 6.9 million
people if mangroves, coral reefs and seagrasses are lost. Madagascar and Mozambique show the largest proportion of the
coastline at higher exposure, while Kenya and Tanzania benefit the most from natural coastal protection. Coral reefs protect
2.5 million people from higher exposure, mostly in Mombasa, Zanzibar and Dar es Salaam. Considering Mozambique, Kenya
and Tanzania, the latter is the least, and the former is the most vulnerable. Under current conditions, 17 (out of 86) coastal districts
are considered ‘areas of priority concern’; four of these are critically exposed as over 90% of their shoreline length are at higher
exposure (Zavala, Inharrime, Manhiça and Mandlakaze, all in southern Mozambique). These locations are of critical concern for
any present or future coastal development due to the high level of exposure posed to both vulnerable people and investments.
Habitat loss would increase the number of ‘priority concern’ districts to 24; some would show great increase in the population
exposed (e.g. Pemba and Mossuril in Mozambique). Applying this knowledge to identify where ecosystem-based management
should be prioritised to promote social and environmental resilience is timely and urgent in East Africa.
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Introduction

Natural hazards disproportionately affect the most impoverished
and vulnerable people and are a key reason preventing poverty
reduction (Hallegatte et al. 2017). Countries bordering the
Western Indian Ocean are within the poorest in the world;
Mozambique and Madagascar are particularly prone to cyclones
and extreme weather events (e.g. Klinman and Reason 2008;
Mavume et al. 2009; Fitchett and Grab 2014; Devi 2019).
Mozambique, Madagascar and Tanzania are within the world’s
top seven countries most susceptible to coastal hazards (Welle

et al. 2014) where an increased number of people will be affected
due to population growth and climate change (Neumann et al.
2015). The population in sub-Saharan Africa is projected to dou-
ble (from one to over two billion) between 2019 and 2050 and
become the world’s most populous region around 2062 (UN
Department of Economic and Social Affairs 2019). In East
Africa (EA), sea level rise and other climate change effects are
expected to aggravate the severity of coastal hazards, which will
affect more people more often (Abuodha 2009; Brown et al.
2009; Hinkel et al. 2012; Kebede and Nicholls 2012; Niang
et al. 2014; Neumann et al. 2015).

The EA is one of the world’s regions most sensitive and
vulnerable to climate change (Rakotobe 2012; Niang et al.
2014), with its effects projected (>90% likelihood) to halve
the GDP per capita in Mozambique, Tanzania, Kenya and
Madagascar by 2100 (Burke et al. 2015). Further, the region
is experiencing fast and critical environmental and socioeco-
nomic changes driven by foreign investment in large coastal
infrastructure (e.g. port expansions in Lamu, Bagamoyo,
Beira and Toamasina) and (before the COVID-19 pandemic)
a growing tourism targeted to international visitors. These
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coastal areas are likely to see a faster and greater increase in
population as people seek job opportunities and better living
conditions (Neumann et al. 2015). The combination of rapid
population growth and poor planning of new coastal develop-
ments leads to important socioeconomic and environmental
changes, often compromising the preservation of coastal eco-
systems (Wagner 2008) and disproportionately affecting the
most vulnerable people, who depend the most on ecosystem
services (Samoilys et al. 2015).

EA has rich coastal and marine ecosystems, including 5%
of the world’s mangrove cover and a large diversity of coral
reefs and seagrass beds (UNEP-Nairobi Convention and
WIOMSA 2015), which support the livelihoods of many
coastal communities heavily dependent on natural resources
(Obura 2012; Rao et al. 2015; Samoilys et al. 2015;
Ghermandi et al. 2019). These ecosystems play an important
role in protecting the coast against storms as they dissipate
wave energy and reduce flooding risk (Liquete et al. 2013;
Spalding et al. 2014; Beck et al. 2018). However, despite the
multiple ecosystem services coastal habitats provide, they are
under threat from development pressures, climate change, lim-
ited protection and poor coastal management plans (UNEP-
Nairobi Convention 2009; Dasgupta 2021).

Understanding the various components of risk is necessary
to inform plans and effectively allocate resources to mitigate
potential impacts (Oulahen et al. 2019). The use of indicators
enables the categorisation and integration of multiple vari-
ables to define levels of exposure and vulnerability
(Gallopín 1997; McLaughlin and Cooper 2010; Nguyen
et al. 2016; Bevacqua et al. 2018). Since the pioneering coastal
vulnerability index (Gornitz 1990) incorporating physical var-
iables to assess exposure to sea level rise, many approaches
have been developed (Bevacqua et al. 2018) using socioeco-
nomic metrics (e.g. Cutter et al. 2003; Boruff et al. 2005; Ran
et al. 2020) and integrating biophysical and social indicators
(e.g. Arkema et al. 2013). The application of such indices is
very limited in EA, often focusing on social vulnerability at
the local or district level (Hahn et al. 2009; Zacarias 2019).
Cabral et al. (2017) calculated an index of exposure to coastal
hazards for Mozambique considering the effect of coastal hab-
itats. This approach is expanded here to produce the first in-
tegrated assessment for the EA region (Mozambique,
Madagascar, Tanzania and Kenya) that combines relative in-
dices of exposure and social vulnerability to coastal hazards
into an index of vulnerability to coastal change (IVCC).

Recognising that vulnerability is determined by the combi-
nation of physical, ecological and socioeconomic conditions
that makes an individual, asset or systems more likely to be
harmed by the impacts of hazards (UN General Assembly
2016; Bevacqua et al. 2018), here the terms exposure and
vulnerability are used pragmatically to distinguish the bio-
physical and socioeconomic components of vulnerability.
Therefore, the index of exposure (IE) assesses the degree to

which an area is likely to be impacted by coastal hazards given
its biophysical characteristics. The level of exposure is then
transferred to the people (and assets) within the area. Social
vulnerability refers to ‘sensitive populations that may be less
likely to respond to, cope with, and recover from a natural
disaster’ (Cutter and Finch 2008). Here, the social vulnerabil-
ity index (SVI) combines key socioeconomic indicators to
identify the populations in the study area likely to be more
adversely affected by the impacts of coastal hazards (than
others in the region) due to their less privileged conditions.
The IVCC then provides a relative measure of coastal vulner-
ability incorporating biophysical and socioeconomic
components.

This study uses, for the first time, the open source InVEST
coastal vulnerability model (Sharp et al. 2020) in a supra-
national assessment enabling comparison of relative levels
of coastal exposure across Mozambique, Tanzania,
Madagascar and Kenya. Previous studies had local (Hopper
and Meixler 2016; Elliff and Kikuchi 2015), subnational
(Jackson et al. 2020; Onat et al. 2018; Sajjad et al. 2020;
Zhang et al. 2020) or national coverage (Arkema et al. 2013;
Silver et al. 2019), including for Mozambique (Cabral et al.
2017). The results of this supra-national assessment are used
to (a) identify the coastal provinces and districts most exposed
and socially vulnerable to coastal hazards; (b) quantify the
coastal population (within 5 km from the coastline) at higher
levels of exposure; (c) assess the role of natural habitats in
reducing exposure to coastal communities; and (d) discuss
how the indices presented here can be used to inform
decision-making aiming to reduce coastal vulnerability.

The key aspects of the work are summarised in the next four
sections, with complementary information provided in Online
Resources. The Methods describe how the IE and the SVI were
calculated and aggregated into the IVCC. Online Resources de-
tail data manipulation (ESM_1) and the statistical tests and data
used in the validation of the IE and IVCC (ESM_2). The Results
section addresses objectives a, b and c identified above. Data at
the district and province levels are provided in Online Resources
in tabular format (ESM_2). TheDiscussion addresses objective d
considering applications of the results on three key aspects:
nature-based risk reduction; build back better opportunities; and
allocation of investments and international aid. The Conclusions
summarise the key findings and highlight the contribution to
knowledge brought by this study.

Methods

Index of Exposure to Coastal Hazards (IE)

The IE was calculated using the open source InVEST 3.8
coastal vulnerability model (Sharp et al. 2020), herein the
InVEST model, with some adaptations. This model expands
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from the coastal vulnerability index (CVI) approach (Gornitz
1990), which has been widely applied in the last 30 years at a
range of scales (e.g. Cooper and McLaughlin 1998; Hammar-
Klose and Thieler 2001; Mujabar and Chandrasekar 2013;
Ashraful Islam et al. 2016; Mahmood et al. 2020). The
InVEST model has been increasingly used to assess the rela-
tive level of exposure to coastal hazards, as it enables integra-
tion of physical exposure, considering the effects of natural
coastal protection offered by a range of habitats, and assess-
ment of population affected (e.g. Arkema et al. 2013, 2017;
Hopper and Meixler 2016; Onat et al. 2018; Silver et al. 2019;
Sajjad et al. 2020; Zhang et al. 2020). To ensure data compa-
rability across the EA region, the model was run using mostly
freely available global data from a variety of sources
(Table 1).

The InVEST model allows the integration of seven vari-
ables: wave exposure, wind exposure, surge potential, relief,
geomorphology, habitats and rates of sea level change. Each
variable is ranked in five classes of exposure (Table 2) ranging
from 1 (very low) to 5 (very high). The IE is calculated as the
geometric mean of the variables’ ranking, as shown in Eq. 1,
where R is the ranking of each variable.

IE ¼ Rrelief*Rwaves*Rwind*Rsurge*Rhabitats*Rshoreline change

� �1=6

ð1Þ

For simplicity, the IE is analysed in this paper referring to
three rather than five classes of relative exposure: lower (L),
combining classes 1 and 2 (low and very low exposure);

moderate (M); and higher (H), combining classes 4 and 5
(high and very high). Results are then summarised by present-
ing the average IE values and the proportion of the shoreline
length classified as higher exposure for the different adminis-
trative levels (region, countries, provinces and districts). The
term ‘provinces’ is generically used here to identify adminis-
trative ‘level 2’, which is the term used in Mozambique and
equivalent to ‘counties’ in Kenya and ‘regions’ in Tanzania
and Madagascar. Districts are the smallest administrative sub-
division comparable across the countries (i.e. administrative
‘level 3’) for which socioeconomic data is available (see next
section). Therefore, the analysis here is presented at district
and province levels, although the IE component can be inter-
rogated at finer resolutions.

The model parameterisation and data manipulation are de-
scribed in Online Resource ESM_1. The method used here is
similar to the one described by Silver et al. (2019) with the
following modifications:

& Rather than creating and ranking the wave exposure and
relief into five classes using quantiles, the class boundaries
are customised to better reflect the likely differences in
their contribution to exposure. Although class limits were
arbitrarily defined (Table 2), this approach results in a
more meaningful differentiation between classes, particu-
larly for highly skewed distributions, such as wave energy
and relief.

& As recommended in the model user guide (Sharp et al.
2020), shoreline change rates are used as the indicator
for the susceptibility to erosion instead of the coastal

Table 1 Data input into the InVEST coastal vulnerability model for the calculation of the index of exposure (EI)

Data input Variables Sources

Administrative boundaries and coastline Database of global administrative boundaries, GADM data 3.6 (2018),
https://gadm.org

Relief Topography (1 arc-second ~30m)
Bathymetry (15 arc-second grid)

ASTER Global Digital Elevation Model, https://asterweb.jpl.nasa.gov
General Bathymetric Chart of the Oceans (GEBCO_2019), https://www.gebco.

net/data_and_products/gridded_bathymetry_data/gebco_2019/gebco_2019_
info.html

Wind and wave
exposure

Wind and wave data compiled from 8 years of
WAVEWATCH III model hindcast reanalysis

Embedded in the InVEST model

Surge potential Continental shelf Embedded in the InVEST model 30-m depth contour line

Geomorphology Shoreline change rates Average annual rates for the period 1984–2016 at 500-m spacing along the coast
(Luijendijk et al. 2018)

Habitats Coral reefs Global Distribution of Coral Reefs, http://data.unep-wcmc.org/datasets/1
(UNEP-WCMC et al. 2018)

Mangroves World Atlas of Mangroves, https://data.unep-wcmc.org/datasets/5
(Spalding et al. 2010)

Seagrasses Global Distribution of Seagrasses, http://data.unep-wcmc.org/datasets/7
(UNEP-WCMC, Short FT 2017)

Population The Gridded Population of the World (GPWv4) Center for International Earth Science Information Network (CIESIN)—
Columbia University. 2018. NASA Socioeconomic Data and Applications
Center (SEDAC). https://doi.org/10.7927/H4JW8BX5
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typologies that represent the ‘geomorphology’ input. To
our knowledge, this is the first study using this approach,
which was facilitated by the publication of mean annual
shoreline change rates for sandy shores worldwide (at 500
m spacing) estimated from satellite imagery for the period
1984–2016 (Luijendijk et al. 2018). Estimates are only
available for sandy shores, and limitations related to the
accuracy of estimates produced by non-supervised shore-
line detection are recognised. However, these data offer a
better proxy than a generalised coastal typology classifi-
cation, which for this region is unavailable and would
have to be extracted from satellite imagery at crude reso-
lutions. The classes and ranking of shoreline change rates
used in previous works (e.g. Gornitz et al. 1991; Nguyen
et al. 2016) were adopted here (Table 2). The approach
used to integrate the shoreline change rates into the model
is described in Online Resource ESM_1.

& Rates of sea level change were not included in the analysis
due to the scarcity of data (e.g. Cabral et al. 2017) that
could be confidently applied to meaningfully differentiate
levels of exposure across the region.

& The index is calculated using a spatial resolution of 1 km2,
as done in previous studies for national and sub-national
coverage (e.g. Arkema et al. 2013; Cabral et al. 2017;
Sajjad et al. 2020). Although coarser than the 250-m2

resolution used by Silver et al. (2019), it is considered
sufficient to identify the shoreline segments most exposed
to coastal hazards within the region when comparing re-
sults at district and province levels. It is out of the scope of
this study to identify localised effects not captured at this
spatial resolution.

Social Vulnerability Index (SVI)

Social vulnerability to natural hazards is most commonly
measured through multiple indicators that reflect people’s
limited access to resources, lower physical ability and
marginalised groups due to their lower political or eco-
nomic power, beliefs and gender (Cutter et al. 2003).
Indicators of social vulnerability usually relate to ethnicity,

gender, age (elderly and children), poverty/wealth (social
class) and housing standards (Cutter and Finch 2008). The
development of a SVI aggregating selected indicators is
often the approach used to highlight spatial differences
and identify the locations with the most vulnerable popu-
lation (Ogie and Pradhan 2019). Most SVI approaches
have been devised for national (e.g. Cutter et al. 2003) or
subnational studies of data-rich (Ogie and Pradhan 2019)
geographies, often with the objective of characterising
place-based social vulnerabilities in addition to highlight-
ing spatial differences. Similar studies applied in less data-
rich contexts have identified the need to adjust the selec-
tion of indicators to suit the objective of the study and the
realities of the study area (e.g. Hummell et al. 2016; Aksha
et al. 2019).

The SVI here is used to support a comparative analysis of
locations across countries, and the selection of indicators must
consider the constraints related to the availability of compara-
ble data. With the key objective of identifying districts in the
region of relative higher vulnerability, the focus lies on geo-
graphical differences with comparable metrics available at this
scale, and it is out of the scope here to provide a characterisa-
tion of local social vulnerabilities. Here, the SVI combines
eight socioeconomic variables (Table 3) that are often used
as indicators of social vulnerability to natural hazards, partic-
ularly the ones focusing on coastal areas in developing coun-
tries (e.g. Mazumdar and Paul 2016; Nguyen et al. 2019;
Rabby et al. 2019; Sajjad and Chan 2019). The choice of
variables used here (see Online Resource ESM_1 for details)
considered data availability and comparability across the re-
gion of indicators that were deemed suitable to identify spatial
differences in social vulnerability to coastal hazards within
East Africa.

The indicators were based on household data obtained from
the most recent national census data (Table 3) aggregated at
the smallest administrative subdivision comparable across the
countries (i.e. ‘level 3’ or districts). The SVI was calculated
for coastal districts in Kenya, Tanzania and Mozambique.
Madagascar was excluded as the most recent census data
available dates from 1993 and was deemed outdated in com-
parison with the data available for the other countries (2012–

Table 2 Definition of classes and ranking values for each variable included in the index of exposure

Variables Very low (1) Low (2) Moderate (3) High (4) Very high (5)

Relief (m) 12.00–233 8.00–12.00 4.00–8.00 2.00–4.00 0–2.00

Wave exposurea 0–0.75 0.75–3.00 3.00–18.70 18.75–48.00 48.01–219.77

Wind exposure 1st quantile 2nd quantile 3rd quantile 4th quantile 5th quantile

Surge potential 1st quantile 2nd quantile 3rd quantile 4th quantile 5th quantile

Natural habitats Coral reef; mangrove - - Seagrass No habitat

Shoreline change rates (m/yr) > + 2 + 1 to + 2 −1 to +1 −2 to −1 < −2

a The maximum of the weighted average wave power of swells and seas as calculated by the InVEST model
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2015). Kenya conducted a new census in 2019, but results at
district level were not yet available at the time of writing.
Following common practice to standardise variables of di-
verse measures, indicators were transformed using natural
logarithm and normalised using z-scores (e.g. Tapsell et al.
2002; Mazumdar and Paul 2016). The z-scores were summed
(linear aggregation) based on the direction of the indicator’s
influence (Cutter and Finch 2008) and ranked from 1 (very
low social vulnerability, first quantile) to 5 (very high social
vulnerability, fifth quantile).

Index of Vulnerability to Coastal Change (IVCC)

Recent reviews of the literature concerning vulnerability to
natural hazards conclude that vulnerability is a concept
intrinsic to both places and people and their biophysical
and socioeconomic characteristics (e.g. Bevacqua et al.
2018; Ran et al. 2020). It is thus relevant to integrate bio-
physical exposure and social vulnerability to hazards to
gain an overview of all contributing factors, particularly
to priorit ise risk management interventions (e.g.
Mavromatidi et al. 2018). The IVCC brings together bio-
physical and socioeconomic metrics to offer a more com-
prehensive analysis of districts where both exposure and
social vulnerability to coastal hazards are highest.

At district level, the IVCC is produced as the sum of the SVI
and the average IE rankings of all data points within the district
administrative boundary. Similarly, at province level, the IVCC
is calculated as the sum of the average SVI of the province’s
districts and the average IE rankings of all data points within the
province boundaries. As the SVI was not calculated for
Madagascar, the IVCC is also not available for this country. It
is important to emphasise that the IVCC and its components (IE
and SVI) are relative measures; any indication of low or high
exposure should be considered solely in comparison to other
coastal locations within the region studied here.

Natural Habitat Scenarios

The InVEST model accounts for the effects of coastal habitats
in reducing exposure to hazards at any shoreline segment that
falls within a user-defined radius of relevant habitats.
Differences in the protective capacity of each habitat (e.g.
through dissipation of wave energy, attenuation of storm
surges, retention of sediment, etc.) are considered through a
relative ranking. In this study, the relative ranking (Table 2)
and the user-defined radius (Online Resource ESM_1) were
the same adopted by Arkema et al. (2013) and Sajjad et al.
(2020). InVEST does not model the effects of habitats on
hydrodynamics; therefore, the approach offered is a scaling
factor informed by empirical studies rather than actual
simulations.

To assess the role of coastal habitats in reducing coastal
exposure, five scenarios were created considering the pres-
ence or absence of mangroves, coral reefs and seagrasses. In
addition to the two scenarios that include or exclude all hab-
itats (e.g. Arkema et al. 2013; Cabral et al. 2017; Silver et al.
2019; Sajjad et al. 2020), three other scenarios were created to
assess the effect of ‘losing’ specific habitats. These scenarios
where one or all habitats are completely lost are useful to
assess where and how much they contribute to reduce expo-
sure to coastal hazards; they are not intended to reflect future
conditions (Silver et al. 2019). The number of people living in
areas of high exposure to coastal hazards was calculated
(using a 5-km buffer) for each scenario. The five scenarios
are the following:

& Scenario 1 (all habitats): this scenario reflects the ‘cur-
rent’ level of exposure, which accounts for the presence of
the mangroves, coral reefs and seagrasses for which data
are available for the four countries (Table 1).

& Scenario 2 (no corals): the Rhabitats is calculated consider-
ing the presence of mangroves and seagrasses only, to
assess the effects caused by the loss of coral reefs.

Table 3 Socioeconomic variables included in the SVI and sources of data

Data Variables Sources

Age % of population < 4 years old
% of population > 65 years old

Kenya National Bureau of Statistics (KNBS) and Society for International
Development-East Africa (SID) (2013) Exploring Kenya’s Inequality.
https://www.knbs.or.ke/?page_id=3142

Kenya National Bureau of Statistics (KNBS) (2015) County Statistical Abstract.
https://www.knbs.or.ke/?page_id=3142

National Bureau of Statistics, Tanzania (NBS) (2016) Basic Demographic and
Socio-Economic Profile. Population and Housing Census 2012.
https://www.nbs.go.tz/index.php/en/regional-profiles

Instituto Nacional de Estadística de Mozambique (INE) (2013)
http://www.ine.gov.mz/estatisticas/estatisticas-territorias-distritais

Population growth
and density

% average annual growth
Inhabitants/km2

Education % illiteracy rate

Housing standards % of houses made of natural materials
(floor, walls and roof)

Sanitation % population with unimproved water
source

% population unimproved human
waste collection

Note: Madagascar was excluded from the SVI as the census data (1993) were considered outdated and not comparable with the other countries
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& Scenario 3 (no mangrove): only coral reefs and seagrasses
are included in the Rhabitats to evaluate the changes in
coastal exposure resulting from the loss of mangroves.

& Scenario 4 (no seagrasses): only coral reefs and man-
groves are included in the Rhabitats to assess the effects of
seagrass habitats loss on the IE.

& Scenario 5 (no habitats): this scenario considers the ab-
sence of all coastal habitats, which reflects the highest
level of exposure from this indicator (Rhabitats = 5).

Model Validation

The InVEST model’s ability to reflect the levels of exposure
to coastal hazards was successfully validated for Mozambique
by Cabral et al. (2017); therefore, a similar approach was
adopted here with some adaptations. These authors have test-
ed for significant differences in the number of coastal hazard
events and the events that have caused fatalities obtained from
the DesInventar Database (UNISDR 2016) between ‘ex-
posed’ and ‘less exposed’ coasts at ‘current conditions’ (i.e.
scenario 1). They have classified as ‘exposed’ the coastal dis-
tricts with ≥ 10% of the data points along their shoreline
ranked as high or very high IE by the InVEST model. As
the threshold of 10% can be considered very low to adequately
distinguish between ‘exposed’ and ‘less exposed’ coasts, here
the validation was tested using 20%, 25%, 30% and 50% of
the data points as the threshold.

The analysis was conducted at coastal district level, except
for Kenya, as the DesInventar data for this country are provid-
ed at county level. TwoDesInventar variables were used in the
validation, the number of ‘coastal’ hazard events (i.e. tropical
depressions, surges, strong winds, storms, heavy rains, floods,
flash floods and cyclones) and the number of events causing
fatalities. The validation data can be found in Online Resource
ESM_2. Non-parametric tests were used as the data in all sets
were skewed and did not follow a normal distribution. All
statistical analyses were undertaken using IBM SPSS
Statistics 26.

The Mann-Whitney U test showed significant differences
(95% confidence interval) in both the number of events and
the number of events causing fatalities between ‘exposed’ and
‘less exposed’ defined by all four thresholds (all results are
presented in Online Resource ESM_2). Spearman’s correla-
tion test showed a significant positive correlation between the
% of shoreline length at higher exposure and the number of
events (rho=0.321, p<0.000, N=120) and the number of
events causing fatalities (rho=0.408, p<0.000, N=120).
These results demonstrate that the InVEST model IE provides
a reasonable estimate of relative exposure to coastal hazards
and that the % of shoreline length at higher exposure (using
thresholds varying from 20 to 50%) is a suitable proxy to be
used for comparative analysis at district level.

Similarly, the suitability of the IVCC was ascertained by
the significant positive correlations found for both the number
of events (rho=0.647, p<0.000, N=75) and the number of
events causing fatalities (rho=0.497, p<0.000, N=75) reported
for each district (county in Kenya). Additionally, the Mann-
Whitney U tests showed significantly higher IVCC values
(ranked median) in ‘exposed’ than in ‘less exposed’ districts
at 99% confidence interval for all four threshold classifica-
tions (e.g. U=143, p=0.005 for threshold of 50% shoreline
length at higher exposure). Based on these results, the IVCC
was considered an appropriate proxy of social vulnerability to
coastal change.

Results

About 22% of the 22,112 km of the EA shoreline length
analysed here show higher levels of exposure to coastal haz-
ards (Table 4).Mozambique andMadagascar are the countries
with the largest proportion of their coastline length at higher
levels of exposure (23.4% and 25.6%, respectively); Tanzania
and Kenya have 14.3% and 9.8%, respectively (Table 4). The
average IE values and proportion of the coastline length at
higher exposure for each country and their respective prov-
inces and districts are presented in Online Resource ESM_2.

There are large variations in the distribution of coastal
stretches at higher exposure (Fig. 1). At district level, the
proportion of coastline length at higher exposure ranges from
0 (in all countries) to 100% in Mozambique (Zavala,
M a n d l a k a z i a n d M a n h i ç a ) a n d M a d a g a s c a r
(Ampasimanolotra and Farafangana), 65% in Kenya
(Garsen) and 47% in Tanzania (Rufiji). The 27 (out of 131)
‘exposed’ coastal districts (>50% of coastline at higher expo-
sure) are located mainly in eastern Madagascar and southern
Mozambique; only one is found in Kenya and none in
Tanzania (Fig. 1). At province level, the range varies from 0
(Mombasa, Kenya, andMtwara; Zanzibar North and Zanzibar
South; and Central Tanzania) to 81.5% (Androy,
Madagascar).

Natural habitats play a key role in reducing the level of
exposure to coastal hazards in EA. Without habitats (scenario
5), the coastal length at higher exposure in the region will
almost double, from 4,827 to 8,603 km (Table 4). A further
23 coastal districts (to a total of 50) would be classified as
‘exposed’ (see Online Resource ESM_2). Tanzania and
Kenya benefit the most from natural coastal protection. If
coastal habitats are lost, they would see a greater increase in
the proportion of their coastline at higher exposure, from 9.8
to 33.1% in Tanzania and from 14.3 to 36.5% in Kenya
(Table 4). In scenario 5, Kenya would have the second largest
proportion of shoreline length at higher exposure, behind
Madagascar only.Madagascar would have the largest increase
in absolute coastline length, with additional 1853 km (18.2%
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of the total shoreline length) classified at higher exposure
levels.

The provinces of Gaza (Mozambique) and Androy
(Madagascar) are the most exposed in EA (Table 4). They

Table 4 Coastline length and population at higher exposure for scenarios 1 (all habitats) and 5 (no habitats) in East Africa, per country and their
respective most exposed provinces (the highest % of coastline length at higher exposure in scenario 1)

Total coastline length (km) Coastline length (km) at higher
exposure

Coastline length (%) at higher
exposure

Population (103) at higher exposure
(within 5 km)

With habitats No habitats With habitats No habitats With habitats No habitats

East Africa 22,112 4,827 8,603 21.8 38.9 3,536.8 6,898.8

Kenya 1,591 228 581 14.3 36.5 314.6 1,298.5

Tana River 99 64 76 64.6 76.8 15.2 15.6

Tanzania 3,138 309 1,039 9.8 33.1 405.1 2,204.7

Pwani 636 159 339 25.0 53.3 53.6 80.8

Mozambique 7,146 1,670 2,500 23.4 34.9 1,660.4 1,899.9

Gaza 202 154 154 76.2 76.2 76.3 76.3

Madagascar 10,237 2,620 4,483 25.6 43.8 1,156.8 1,495.7

Androy 211 172 187 81.5 88.6 71.8 72.1

Fig. 1 Exposure index ranking (data points at 1-km distancing along the coastline) and proportion of district shoreline length at higher exposure for
habitat scenarios 1 and 5
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have high wave and wind exposure and receive little natural
protection from coastal habitats (i.e. no difference in coastal
length at higher exposure between habitat scenarios). In other
provinces, the loss of coastal habitats (scenario 5) would in-
crease the proportion of the coast at higher exposure by as
much as eight times. The largest increases among provinces
are found in Sofia (Madagascar) from 3.8 to 30.8%,
Dar es Salaam (Tanzania) from 4.9 to 35.7% and Kwale
(Kenya) from 7 to 43%. Dramatic increases are observed at
district level, particularly in Kenya, notably in Kilifi South
(from 0 to 92%), Matuga (from 0 to 77%) and Nyali (from 0
to 57%).

In scenario 5, almost 6.9 million people in EA would be
within 5 km from a coastline ranked at higher exposure
(Table 4), an increase of 3.3 million from current conditions
(scenario 1); 54% (1.8 million) in Tanzania, 29% (1 million)
in Kenya and the rest in Mozambique and Madagascar. The
relative importance of specific habitats in providing coastal
protection is geographically and scale dependent. At the re-
gional scale, mangroves contribute to coastal protection along
about 60% of the coastline and coral reefs along 34% (both
coexisting along 18%). However, coral reefs protect a higher
number of people (about 2.5 million) from higher exposure
levels, and they have a greater effect in reducing the level of
exposure (i.e. a higher number of coastal locations will move
to a higher IE ranking in scenario 2 than in scenario 3). In
southwestern Madagascar, northern Mozambique, Tanzania
and Kenya, both mangroves and coral reefs offer important
natural coastal protection (Fig. 2), although one or the other
may dominate at district and local levels. Mangroves are the
habitats contributing the most to reduce exposure in central
Mozambique and western Madagascar. Seagrasses contribute
to natural coastal protection along 1810 km (8%) of EA’s
coastlines and are particularly important in southern
Mozambique and southern Madagascar.

There are six districts with more than 100,000 people with-
in 5 km of coastlines at higher exposure in scenario 1: Maputo
(930,000) and Dondo (150,000, mostly in the city of Beira) in
Mozambique; Toamasina Rural (165,000) and Farafangana
(105,000) in the east coast of Madagascar; Malindi
(110,000) in Kenya; and Kinondoni (160,000) in
Dar es Salaam, Tanzania. Except the latter, these areas receive
little natural protection from coastal habitats; therefore, little
change in the population at higher exposure is expected in
scenarios of habitat loss. In Kinondoni, the population at
higher exposure would increase to 573,000 in scenario 2 and
780,000 in scenario 5; coral reefs alone protect over 400,000
people from higher exposure. In scenario 5, the number of
districts with more than 100,000 people at higher exposure
would treble, the same two in Mozambique and increasing
to three in Madagascar, six in Tanzania and seven in Kenya.
Great increases in population at higher exposure would occur
in the largest urban centres in Dar es Salaam from 163,000 to

1.1 million, Zanzibar Town (Tanzania) from 31,000 to
450,000 and Mombasa from zero to 634,000 (in Kenya). In
these three locations alone, coral reefs protect 1.8 million peo-
ple, preventing about 95% of the increase in population at
higher exposure in Mombasa and Zanzibar Town and 63%
in Dar es Salaam.

Index of Vulnerability to Coastal Change

Of the three countries analysed here, Mozambique shows the
highest average SVI (3.5), followed by Kenya (2.6) and
Tanzania (2.0). Mozambique also shows a higher average IE
(2.5) than the other two countries (2.3 for both) in scenario 1,
and all countries have the same average IE (2.8) in scenario 5.
Therefore, Mozambique shows the highest average IVCC in
all scenarios (ranging from 6.0 to 6.3).

In comparative terms, social vulnerability is considerably
lower in Tanzania, where the highest average is SVI=3 at
province level (in Pemba North andMtwara). In contrast, only
four provinces have SVI≤3 in the other countries, Maputo
City and Gaza in Mozambique and Mombasa and Lamu in
Kenya. Pemba North and Pwani are the provinces with the
highest IVCC in Tanzania (both ranging from 5.2 in scenario
1 to 5.8 in scenario 5). Four provinces have SVI≥4, Tana
River in Kenya (SVI=5), Nampula (SVI=4.6), Inhambane
(SVI=4.2) and Zambezia (SVI=4.0) in Mozambique; these
provinces also show the highest IVCC (Fig. 2). Tana River
(Kenya) is the province with highest IVCC in all scenarios
(ranging from 8.1 in scenario 1 to 8.5 in scenario 5), followed
by Inhambane (IVCC ranging from 6.9 to 7.0) and Nampula
(IVCC ranging from 6.8 to 7.1). Illiteracy rates, sanitation
levels, proportion of population of young children (aged <4
years) and poor housing standards are the factors contributing
the most to these higher levels of social vulnerability.
Nampula and Zambezia show the first and third highest levels
of illiteracy in coastal EA, with Tana River in fourth position
in EA and the highest in coastal Kenya. These provinces also
show the highest percentage of houses built with natural ma-
terials (> 91%) when compared to the average in coastal EA
(70% for all provinces). Nampula and Zambezia also show the
highest proportion of the population lacking access to im-
proved water supply (71% and 65%, respectively; average
for coastal EA 40%) and human waste collection (93% and
92%, respectively; average for coastal EA 58%).

Districts with an IVCC ranking >7 are considered here
‘areas of priority concern’, as this value reflects that both the
SVI and IE are moderately high or that at least one is ranked
highest. Seventeen (out of 86) districts show IVCC>7 in sce-
nario 1, three in Kenya and 14 in Mozambique (Fig. 2), the
latter increasing to 21 in scenario 5 and 24 in total. Four of
these districts in Mozambique (Zavala, Inharrime, Manhiça
and Mandlakaze) show >90% of their coastline at higher ex-
posure in scenario 1, placing them as ‘critical areas’ for any
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present or future coastal development. Of these four districts,
Zavala (Inhambane province) shows the largest population at
higher exposure (25,000) and also the highest IVCC (8.75) in
EA, thus leading the undesired position of most critical area of
priority concern. The highest IVCC in Kenya and Tanzania is
in Garsen (Tana River, ranging from 8.05 to 8.48) and
Micheweni (Pemba North, ranging from 6.24 to 6.73), respec-
tively. It is important to note that the largest populations at
higher exposure are found in districts showing lower SVI and
IVCC, as observed in Dar es Salaam, Maputo City, Mombasa
and Zanzibar West (Fig. 2). These large urban centres have a
larger proportion of the population benefiting from improved
sanitation and housing standards than in rural areas, which is
reflected in the indicators forming the SVI. The SVI

calculated at the district level does not capture the large in-
equalities that exist within its boundaries.

Discussion

This research pioneers for producing the first integrated as-
sessment of social vulnerability and exposure to coastal haz-
ards covering the EA region and for evaluating the natural
protection offered by coastal habitats across four countries.
Integrating biophysical and social indicators provides a more
comprehensive reflection of vulnerability required to inform
planning and decision-making (Bevacqua et al. 2018; Onat
et al. 2018; Maanan et al. 2018). Madagascar and

Fig. 2 Spatial distribution of coastal habitats and the index of
vulnerability to coastal change (IVCC) value for districts. The insert
graph shows the IVCC value and the population at higher exposure
(within 5 km of the coastline) for scenarios 1 and 5 and the social vulner-
ability index (SVI) for provinces. The coastal exposure index for each

province for scenarios 1 and 5 can be inferred from the difference be-
tween the IVCC and SVI. Madagascar was excluded from the calcula-
tions of SVI and IVCC as the available census data are outdated in rela-
tion to the other countries
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Mozambique are more exposed to coastal hazards and have a
larger population at higher exposure than Kenya and
Tanzania. Indeed, multiple global analyses show
Mozambique and Madagascar within the world’s most vul-
nerable countries to weather and climate-related hazards
(Dasgupta et al. 2009). However, if coastal habitats are lost,
Kenya would surpass Mozambique in proportion of the shore-
line length at higher exposure, and Tanzania would have the
highest number of people at higher exposure.

By covering a large region, this integrated assessment pro-
duced layers of information that can be interrogated at a range
of spatial scales to identify areas of priority concern or
warranting further investigation (Silver et al. 2019; Jackson
et al. 2020) and the factors contributing the most to elevate
exposure or social vulnerability. Using this knowledge to in-
form decision-making is timely and urgent in EA (at all ad-
ministrative levels), where fast social and environmental
changes are occurring and may inadvertently increase bio-
physical and/or social vulnerabilities (e.g. coastal habitat loss
reducing natural protection in socially vulnerable communi-
ties). It is therefore important to discuss how the IE, SVI and
IVCC data can be applied to inform planning and risk reduc-
tion measures while recognising the limitations of the method
(see next section on Limitations). Although focusing on EA,
the applications discussed here are relevant to other develop-
ing regions or countries worldwide.

It is often claimed that coastal vulnerability indices are
useful to inform disaster risk reduction (Onat et al. 2018;
Sajjad et al. 2020), coastal planning and management
(Martins et al. 2012; Serafim et al. 2019; Jackson et al.
2020; Sajjad et al. 2020), climate change adaptation (e.g.
Onat et al. 2018; Zhang et al. 2020) and, when the InVEST
model has been used, habitat conservation for coastal protec-
tion (Arkema et al. 2013; Cabral et al. 2017; Hopper and
Meixler 2016; Silver et al. 2019; Sajjad et al. 2020). Some
studies analyse specific socioeconomic aspects, such as natu-
ral protection to property value (Arkema et al. 2013; Jackson
et al. 2020), land ownership (Hopper and Meixler 2016), pop-
ulation (Arkema et al. 2013; Jackson et al. 2020; Sajjad et al.
2020) and vulnerable people (Silver et al. 2019; Zhang et al.
2020). However, very few papers discuss how the results can
be applied in practice, and only one describes an actual
application. Results from Silver et al. (2019) informed gov-
ernment decisions in the Bahamas related to post-disaster re-
covery in the aftermath of hurricanes Joaquin (2015) and
Matthew (2016) and led to a programme of mangrove resto-
ration funded by the Inter-American Development Bank
aiming to increase coastal resilience.

To reduce this knowledge gap, potential applications of the
data produced here to inform decisions across administrative
levels will be discussed focusing on allocation of investments
and international aid; ecosystem-based risk reduction; and
‘building back better’. Building back better in recovery and

reconstruction post-disaster is one of the priorities of the
Sendai Framework for Disaster Risk Reduction (UNISDR
2015). The four countries analysed here are categorised as
lower middle income (Kenya) and least developed countries
(Mozambique, Tanzania and Madagascar) and included in the
Development Assistance Committee (DAC) list of Official
Development Assistance (ODA) recipients. Therefore, they
are major recipients of international aid. In 2017, Tanzania,
Kenya and Mozambique were ranked 3rd (USD 2.584 bil-
lion), 4th (USD 2.475 billion) and 9th (USD 1.776 billion)
top ODA recipients of all aid to Africa (OECD 2019). As
demonstrated by Silver et al. (2019), the data resulting from
studies similar to this one can be used to guide international
aid to areas most in need of risk reduction and identify loca-
tions where ecosystem-based coastal protection is particularly
important and where both can benefit the most vulnerable
people.

Large port expansions are ongoing in EA (e.g. Lamu,
Bagamoyo, Toamasina, Beira), which strategically improve
trade across and beyond the region and significantly contrib-
ute to the national and local economies. Understanding expo-
sure at port locations is essential (Mutombo and Ölçer 2017),
as high exposure can compromise the sustainability of opera-
tions in the longer term and jeopardise the intended economic
benefits (Becker et al. 2012; Nursey-Bray et al. 2013). Our
data show that Toamasina (east Madagascar) shows high ex-
posure to hazards, mainly due to waves and winds, the top two
‘climate’ concerns for ports (Mutombo and Ölçer 2017). Loss
of coral reefs would make this a critical area of priority con-
cern. The district of Bagamoyo (Tanzania) shows moderate
SVI and IE and will become exposed if mangroves and coral
reefs are lost, which can raise the IVCC from 5.7 (scenario 1)
to 6.4 (scenario 5). This increase does not account for changes
in socioeconomic conditions, and it is important that local
development is able to foster improvements in the local com-
munities, particularly for the most vulnerable people.
Bagamoyo, for example, has a relatively higher proportion
of elderly people than other coastal districts in the region
(Table S10 in ESM_3). Inflow of young skilled employers
from outside the local area might change the local demo-
graphics and reflect an ‘improvement’ in the social vulnera-
bility metrics. On the other hand, changes in employment
opportunities and access to natural resources can be detrimen-
tal to disadvantaged groups (e.g. the elderly), leading to their
marginalisation and/or displacement. Identifying and resolv-
ing such issues require a better understanding of social vul-
nerabilities at the local level.

Coral reefs around Toamasina and Bagamoyo are already
at very high risk from local threats (Burke et al. 2011), and
reducing these threats would be important to ensure corals
continue to offer natural coastal protection. These ports need
to consider the sustainability of further expansions and incor-
porate adaptation plans to manage increased exposure due to
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both degradation of coral reefs and climate change. Similarly,
these plans should consider opportunities to improve condi-
tions of local communities to reduce social vulnerabilities, e.g.
education and training opportunities, sanitation and better
housing standards. Beira is the second largest port in
Mozambique and currently benefits from substantial rail and
road upgrades connecting the export route for the landlocked
countries of Zimbabwe, Zambia and Malawi. Beira is already
experiencing high exposure, as evidenced by the destruction
of port buildings and disruption to transport routes for months
in the aftermath of cyclone Idai (March 2019), which affected
1.8 million people, causing 600 deaths and 177,800 people
displaced in Mozambique (Devi 2019).

The data can also be interrogated to assess the relative
vulnerability to coastal change of other assets of national
and international relevance, such as UNESCO World
Heritage Sites. Vulnerability assessments and frameworks
are emerging to evaluate the impact of hazards and climate
change to different cultural assets (Daly 2014; Phillips 2015;
Reeder-Myers 2015; Forino et al. 2016; Romão et al. 2016;
Vojinovic et al. 2016). However, these frameworks are often
qualitative and site-specific, which limits comparability and
replication across sites. Such assessments focusing on cultural
heritage are largely scarce in Africa (Fatorić and Seekamp
2017). A preliminary assessment indicates that UNESCO
World Cultural Heritage Sites in coastal EA are in areas of
low to moderate exposure. Mozambique Island is the only site
in a district showing very high social vulnerability and likely
to become ‘priority concern’ if corals are lost, and they are
already at very high risk from local threats (Burke et al. 2011).
In Zanzibar Town, loss of coral reefs would place 20% of its
coastline and over 240,000 people at higher exposure, likely
to heighten threats to the integrity of historic buildings. The
regional assessment can identify which sites are at relative
higher exposure and the key contributing factors, which can
then be used, by UNESCO or the organisations managing the
sites, to target more detailed investigations.

Results presented here show that conservation of coral
reefs, mangroves and seagrasses would prevent 3.4 million
people and over 3,700 km of EA’s coastline from higher
levels of exposure to coastal hazards. It becomes evident that,
along these coastlines, conservation of coastal habitats should
be the primary risk reduction strategy (Francis et al. 2002).
Analyses of habitat scenarios data identified the areas where
each habitat offers greatest risk reduction and protection to
people (Jackson et al. 2020). The district of Kilifi South
(Kenya), for example, shows an increase from not having
areas at high exposure in scenario 1 to 92% of the coastline
(and over 95,000 people) at higher exposure in scenario 2,
showing the importance of coral reefs at this location.
Extending the Mombasa Marine National Reserve further
north or creating a new reserve to protect and improve the
health of coral reefs along Kilifi South could preserve valuable

natural coastal protection benefiting a population of moderate
SVI. The creation of marine reserves can help the conserva-
tion of habitats (Samoilys et al. 2015) and poverty alleviation
(Wells et al. 2007). Poverty has been identified as a cause of
ecosystems degradation (Wagner 2008; UNEP-Nairobi
Convention and WIOMSA 2015). However, a bottom-up ap-
proach integrating local communities is necessary for
ecosystem-based management to be effective (e.g. Kairo
et al. 2001; Obura et al. 2002; Wagner 2005; Massuanganhe
et al. 2015).

As priority concern districts already show high levels of
exposure and little natural protection, they would benefit from
habitat conservation where they exist, restoration of habitat
where possible and maximising the use of green infrastruc-
ture. The benefits of coastal green infrastructure in reducing
the impacts of coastal hazards have been demonstrated in
developing (e.g. Silva et al. 2017) and developed countries
(e.g. Ruckelshaus et al. 2016). International aid projects have
identified mangrove restoration and green urban infrastructure
to reduce exposure in Beira and other cities in Mozambique,
but implementation so far has been limited (CES 2020). As
demonstrated by Silver et al. (2019), IE data can be used to
guide investments in habitat restoration. Mangrove deforesta-
tion is widespread in Mozambique (Macamo et al. 2016), and
projects of environmental education to raise awareness about
ecosystem services are needed to engage communities and
stakeholders in conservation (Silver et al. 2019; Charrua
et al. 2020). Mangroves require shelter from wave action to
develop (e.g. Wagner 2004; Stewart and Fairfull 2008;
McIvor et al. 2012), and opportunities for habitat restoration
may be limited in very exposed areas. A recent study shows
high potential for mangrove development in the areas of Beira
and Maputo (Charrua et al. 2020), where nature-based solu-
tions could increase coastal resilience benefiting large popu-
lations and the local and national economy.

This combination of nature-based approaches should also
be considered to improve resilience in large urban centres
(Losada et al. 2017; Mabula et al. 2017), such as
Dar es Salaam, Zanzibar Town and Mombasa where coral
reefs at very high risk from local threats reduce exposure to
1.8 million people (even though these areas show only a frac-
tion of their coastline at higher exposure). Following the ex-
amples from mangrove restoration in the Bahamas (Silver
et al. 2019), detailed numerical modelling can help identify
the suitability of specific locations and the size of the area
required to maximise coastal protection benefits. Similarly,
fine-resolution studies are needed to understand local varia-
tions in the components of social vulnerability and develop
place-based solutions accordingly (e.g. Cutter and Finch
2008).

Nature-based solutions are recognised as resource-efficient
and sustainable approach to disaster risk reduction (Faivre
et al. 2018) and increasingly applied in practice (Cohen-
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Shacham et al. 2016; Renaud et al. 2016; Fernandino et al.
2018), including in building back better strategies (CES
2020). Building back better creates greater benefits to com-
munities and countries most hit by disasters due to reduction
in damages resulting from more resilient structures and infra-
structure built in less prone areas (Hallegatte et al. 2018). In
exposed districts, coastal resilience depends on adequate plan-
ning for housing and critical infrastructure to avoid increasing
the number of people and assets at risk and reduce the impacts
from coastal hazards. In critically exposed districts, avoiding
areas of high exposure becomes very challenging, as these are
the great majority if not all the coastline. In these districts,
build back better opportunities may require displacement to
inland areas or to less exposed districts. Any new develop-
ment or relocation must be carefully planned to reduce risks to
critical infrastructure and create the maximum benefit to the
most vulnerable people, so inequalities and costs from disas-
ters are reduced (Hallegatte et al. 2018).

Population growth and development pressures pose a chal-
lenge for the management of coastal resources (Mbonile and
Kivelia 2008; Sabai 2017) and can force more communities
into exposed areas (Hallegatte et al. 2018). Population growth
in least developed countries is 2.5 times faster than in the rest
of the world, and there is a high probability that population
will more than double between 2019 and 2050 in Tanzania,
Mozambique and Madagascar (UN Department of Economic
and Social Affairs 2019). Projections indicate a 50% increase
in the number of babies in the next 30 years in relation to the
last three decades in sub-Saharan Africa, including an in-
creased rate from adolescent mothers in least developed coun-
tries, increasing the vulnerable population. Efforts to promote
coastal resilience must aim to reduce both exposure and social
vulnerability.

Limitations

The integration of indicators into an index can help to synthe-
sise complexity into simple terms, permitting comparisons
across space and/or time (Gallopín 1997; Schneiderbauer
and Ehrlich 2004; Vincent 2004). In this work, the integration
of the indices into the IVCC enables a more comprehensive
assessment of physical and socioeconomic conditions to iden-
tify areas of relatively higher coastal vulnerability within EA.
Results identify priority areas where more detailed assessment
is required for devising and implementing disaster risk reduc-
tion and coastal management measures at the local level. The
IE data presented here allows downscaling to the local level to
identify the variables influencing the levels of biophysical
exposure. The same level of detail is not available for the
components of social vulnerability due to constraints of data
availability.

The SVI represents both hazard-dependent variables (e.g.
house materials and sanitation) and hazard-independent vari-
ables, such as age, illiteracy, population growth and density
(Schneiderbauer and Ehrlich 2004). Investment in structural
resources to improve hazard-dependent variables, such as the
material of houses and sanitation systems, can help to lessen
the impacts of cyclones and floods, so reducing vulnerability
levels to coastal hazards (e.g. Mazumdar and Paul 2016;
Zacarias 2019). Here, the SVI was used as a means to identify
large differences between districts and provinces and provide
the socioeconomic component to the IVCC. For example,
communities with higher literacy rates are expected to be bet-
ter informed and more able to take precautionary measures
pre- and post-disaster (Mazumdar and Paul 2016). For man-
agement purposes, it is important to understand how the mea-
sures and policies are likely to affect parameters on the
ground, at finer resolution.

These results must be considered with caution, as they only
reflect how locations compare in relation to others within the
region of assessment. Therefore, areas ranked here as having
low exposure or vulnerability may still be more exposed and
vulnerable than other areas outside EA or show a different
ranking if the area of assessment changes. Further, the SVI
and IVCC exclude Madagascar (due to outdated data), and it
is possible that this country would show high vulnerability
levels. Madagascar is one of the poorest countries in the world
ranked 162 out of 189 in the 2019 human development index
(UNDP 2020).

The representativeness of the indices is largely dependent
on data quality, and an assessment with regional coverage
involves compromises related to temporality and spatial reso-
lution. Here, the results are assumed to reflect contemporary
conditions and offer no insights on changes through time.
Availability of global data enabled IE calculations for EA,
where data scarcity and sparse coverage are a problem. The
datasets used here (Table 1) are the best available for regional
comparability and suitable for this purpose but are less robust
at local scales. The SVI was calculated based on census data,
and differences exist in the way data are collected and reported
in each country. This is the first time that indicators have been
collated and analysed at district level, the smallest scale avail-
able from census data for the countries in this study. This scale
of analysis is comparable to other similar studies of social
vulnerability undertaken at national level in data-rich coun-
tries, such as in the USA (Cutter and Finch 2008), and suitable
to identify districts where conditions are of greater concern.
Most indicators reflect the percentage of the population in
each district possessing the particular characteristic.
Therefore, the indices identify the districts that have the
highest aggregated value, and this may indeed obscure loca-
tions where a particular condition is of critical concern.

More detailed quantitative and qualitative analyses at the
local level would be required to measure the social
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vulnerability of communities and to ensure effective adapta-
tion at the household and community levels (e.g. Hahn et al.
2009; Zacarias 2019). This could also benefit the identifica-
tion of the main indicators necessary to assess vulnerability in
urban areas where social realities in EA can divert from rural
areas. There are limitations with the aggregation of indicators,
creating more opportunities for subjectivity, so these need to
be validated (Vincent 2004). Validation of the IE and IVCC
with empirical data at the district level (Online Resource
ESM_2) gives confidence in the rankings presented here,
but limitations associated with the selection of indicators and
data quality must be taken into consideration to support man-
agement decisions at the local level. Analysis of exposure and
vulnerability at any specific location requires data of higher
resolution, investigation of local threats and, where relevant,
support from detailed numerical modelling (e.g. Silver et al.
2019).

Limitations associated with the simplifications and as-
sumptions of the InVEST model are well-described in the
model documentation (Sharp et al. 2020), including that it
lacks considerations of nearshore effects on waves and surge
described by Sajjad et al. (2020). Despite recognised model
limitations, the InVEST offers a simple and yet robust frame-
work to assess relative exposure to coastal hazards that pro-
vides useful information for decision-makers even in data-
poor areas (Silver et al. 2019).

It is worth drawing attention that the model uses an empir-
ical formula that approximates the distance of ‘protection’
offered by different habitats or multiple habitats rather than
actual process-based modelling. Additionally, it does not take
into consideration the state of conservation of habitats (Cabral
et al. 2017; Jackson et al. 2020), which is known to affect their
ability to provide ecosystem services, including coastal pro-
tection (e.g. Danielsen et al. 2005; Spalding et al. 2014).
Therefore, the level of natural protection may be
overestimated where habitats are degraded. Jackson et al.
(2020) adjusted the IE ranking produced by InVEST by
±0.5 to represent the effects of degraded or improved habitats.
Applying an arbitrary adjustment value is a simple approach
to avoid the ‘all or no’ coastal protection associated with hab-
itat scenarios particularly for localised assessments where hab-
itats are more homogenous. The addition of empirical formula
reflecting the level of attenuation and the protective distance
for altered habitats would be a welcome improvement to the
model.

Conclusions

This research pioneers for producing the first integrated as-
sessment of social vulnerability and exposure to coastal haz-
ards for East Africa. Combining levels of coastal exposure and
social vulnerability with estimates of the population affected

and the role of natural habitats in reducing exposure has
brought an improved understanding of where these elements
converge contributing to higher levels of vulnerability to
coastal change. Results show that around 22% of the region’s
coastline show high levels of exposure to coastal hazards and
3.5 million people live within 5 km of these coastlines. Coral
reefs, mangroves and seagrasses prevent these figures from
rising to 39% of the coastal length (an increase of over
3,770 km) and 6.9 million people. Currently, Mozambique
and Madagascar are the countries most exposed to coastal
hazards. However, loss of coastal habitats would more than
double the shoreline length at high exposure in Kenya and
treble in Tanzania; with the former overtaking Mozambique
as the second most exposed country, and Tanzania would
have the largest population at higher exposure (2.2 million).
Coral reefs alone protect 2.5 million people from higher ex-
posure to coastal hazards, mostly in large urban centres.

Under current conditions, 17 (out of 86) coastal districts are
considered ‘areas of priority concern’, and four of these are
critically exposed (Zavala, Inharrime, Manhiça and
Mandlakaze, all in south Mozambique). In these areas, any
coastal development would increase the number of people
and investment at higher levels of exposure. If coastal habitats
are lost, the number of ‘priority concern’ districts would in-
crease to 24. Priority concern districts that show a consider-
able increase in the population at high exposure if habitats are
lost (e.g. Pemba andMossuril in Mozambique) must prioritise
habitat conservation and ecosystem-based management to
promote social and environmental resilience. The integrated
assessment with regional coverage presented here produced
layers of information that can be interrogated to inform risk
reduction strategies and decision-making, including allocation
of international aid. Applying this knowledge at all adminis-
trative levels is timely and urgent in East Africa.
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