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Low-lying coral reef islands have been projected to become uninhabitable by the
end of the century due to sea level rise, but such projections of vulnerability
assume that reef islands are static landforms that flood incrementally with sea
level rise. In fact, GIS-based reef island shoreline analyses have demonstrated
that reef islands are highly dynamic landforms that may adjust their shorelines in
response to changing environmental conditions. However, the vast majority of
reef island shoreline analyses have been undertaken in the Pacific Ocean, leaving
our understanding of changes in the Indian Ocean more limited. Further, our
knowledge of how island dynamics can impact groundwater resources is
restricted due to the assumption that islands will exhibit purely erosional
responses to sea level rise. Here, we analyse shoreline evolution on 49 reef
islands over a 50-year timeframe in Huvadhoo Atoll, Maldives. Additionally, rates
of shoreline change were used to undertake numerical modelling of shifts in
freshwater lens volume in 2030, 2050 and 2100 in response to changes in
recharge. Despite sea level rising at 4.24 mm/year (1969-2019), accretion was
prevalent on 53% of islands, with the remaining islands eroding (25%) or
remaining stable (22%). Average net shoreline movement was 4.13 m, ranging
from -17.51to 65.73 m; and the average rate of shoreline change (weighted linear
regression) was 0.13 m/year, ranging from -0.07 to 2.65 m/year. The magnitudes
and rates of reef island evolution were found to be highly site-specific, with island
type found to be the only significant predictor of either net shoreline movement
or weighted linear regression. Results suggest that freshwater lens volume was
substantially impacted by shoreline change compared to changes in recharge
whereby accretion and erosion led to large increases (up to 65.05%) decreases
(up to -50.4%) in les volume, respectively. We suggest that the capacity of reef
islands to both (1) adjust their shorelines, and even accrete, under conditions of
sea level rise; and (2) increase their storage of groundwater over the coming
decades represents highly valuable geomorphic ecosystem services.
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1 Introduction

Coral reef islands are low-lying landforms (< 3 m above sea
level) constructed from unconsolidated sediment, generated by
carbonate-producing organisms within the surrounding marine
environments (Stoddart and Steers, 1977; Perry et al,, 2011). Reef
islands provide a crucial geomorphic ecosystem service as they are
the only habitable land within atoll nations, such as Kiribati,
Tuvalu, the Marshall Islands and the Maldives (Kench et al,
2015). Moreover, these islands have the capacity to store
groundwater as a freshwater lens, a layer of freshwater that floats
on top of denser seawater. This storage of freshwater represents a
highly valuable ecosystem service as groundwater is a vital source of
freshwater for island communities (Bailey et al., 2009; White and
Falkland, 2010; Werner et al, 2017). In the absence of fresh
groundwater, island inhabitants typically rely either on costly and
energy-intensive desalination, and/or on rainwater harvesting as
sources of freshwater. However, increasing rainfall variability due to
climate change can lead to tanks being depleted (Ministry of
Environment, 2020). In addition to changes in rainfall patterns,
coral reef islands are considered amongst the most vulnerable
environments to many aspects of climate change, and in
particular, to sea level rise because of their small size and low-
lying elevations (Woodrofte, 2008; Webb and Kench, 2010; Perry
etal., 2011; Kench et al.,, 2015; Kench et al., 2018). By 2100, sea level
is projected to rise globally between 0.43 m and 0.83 m under low
and high CO, emission scenarios, respectively (IPCC, 2019). Such
increases in sea level have been projected to render reef islands
unhabitable by the end of the century due to shoreline erosion,
flooding and inundation (Storlazzi et al., 2015; Storlazzi et al., 2018;
Bramante et al., 2020; Scott et al., 2020; Masselink et al., 2021).
Furthermore, erosion of island shorelines can lead to water scarcity
for island inhabitants as a decrease in island width can reduce the
size of the freshwater lens (Chui and Terry, 2012; Oberle et al.,
2017). As a result, such environmental changes could create the first
generation of environmental refugees attributed to climate change
(Myers, 2002; Carrington et al., 2018).

There is a growing body of research that questions the paradigm
of islands being static landforms that will erode and inundate
incrementally with sea level rise. Rather, studies have
demonstrated that over millennial timescales, reef islands can
adjust to sea level rise and are geomorphically dynamic
(Woodrofte et al., 2000; McKoy et al.,, 2010; Kench et al,, 2014;
East et al, 2018). Similarly, over decadal timescales, GIS-based
analyses of shoreline change have highlighted the highly dynamic
nature of reef islands and their apparent physical resilience to
erosion (Fletcher et al., 2003; Webb and Kench, 2010; Biribo and
Woodroffe, 2013; Yates et al., 2013; Duvat and Pillet, 2017; Duvat
et al,, 2017). For example, the first of such studies, by Webb and
Kench (2010), investigated reef island shoreline change across a
multi-decadal time scale and provided new perceptions of island
stability. Despite a 2 mm/year sea level rise over the time period
(1944-2006), 86% of the 27 atoll islands remained stable or accreted.
Likewise, at Wotje Atoll in the Marshall Islands, Ford (2013)
analysed 52 islands from 1945 to 2012 and found that 69%
accreted and 31% eroded. More recently, in Takapoto Atoll in
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French Polynesia, Duvat and Pillet (2017) studied 49 islands from
1969-2013 and observed 41% remained stable, 26% eroded and
33% accreted.

GIS-based spatial analyses of reef island shoreline change have
increased in frequency across the Pacific Ocean with a total of 770
islands analysed across 15 studies (Collen et al., 2009; Webb and
Kench, 2010; Rankey, 2011; Ford, 2012; Biribo and Woodroffe,
2013; Ford, 2013; Le Cozannet et al., 2013; Yates et al., 2013; Ford
and Kench, 2015; Kench et al., 2015; Mann and Westphal, 2016;
Duvat and Pillet, 2017; Duvat et al., 2017; Kench et al., 2018;
Sengupta et al., 2021). Thus far, there have only been four studies in
the Indian Ocean (Duvat, 2019) across the Chagos Archipelago
(Hamylton and East, 2012; Purkis et al., 2016), Scattered Islands
(Testut et al., 2016) and Maldives (Aslam and Kench, 2017). Aslam
and Kench (2017) quantified shoreline change within Huvadhoo
Atoll, Maldives, by analysing planform changes on 184 islands
between 1969 and 2004/2006. They found islands behaved
differently compared to the accreting islands in the Pacific, as
45% of islands decreased in size, 40% remained stable and 15%
accreted. Additionally, a relationship between island size and
geomorphic response was identified as smaller islands (< 10 ha)
eroded whereas larger islands accreted.

Collectively, such studies of reef island shoreline change are
critical for atoll nations as results can be used to infer future
landform trajectories and national vulnerability assessments by
informing decision-making in island planning and management.
Yet, analyses of the controls on shoreline change have, to date, been
limited, which compromises our ability to determine the types of
islands that are most likely to be stable or mobile in the next decades
to centuries. Of the few studies that do quantitatively analyse
controls on morphological change, island size is prominent
(Duvat, 2019). For example, Duvat and Pillet (2017) and Duvat
et al. (2017) found that smaller islands (< 5 ha) were associated with
higher rates and magnitudes of shoreline change. However, Ford
(2013) observed that smaller islands (< 5 ha) displayed the lowest
magnitude of change (average net shoreline movement 0.74 m)
compared to larger islands (> 5 ha). In contrast, Webb and Kench
(2010) found no significant relationship between island size and
shoreline change. While island size is typically examined, Kench
and Brander (2006) discovered a relationship between island shape
and shoreline change when investigating the response of island
shorelines to seasonal oscillations in the Maldives. Their findings
suggested that greatest morphodynamic change occurred on
circular islands due to the circular nature of both island and reef
platform wave focusing patterns adjust quickly following slight
changes in wave exposure. Together, these studies demonstrate
how controls on island change vary spatially and that there are
evidently multiple controls on reef island shoreline evolution.

Another method utilized in reef island research is groundwater
resource modelling, which is an approach that enables
investigations into the impacts of climate change on the
freshwater lens. Improving such knowledge is important for water
resources planning and management as it can infer on which
islands communities could be at risk from water scarcity.
Numerous studies have modelled the impacts of many aspects of
climate change (e.g. sea level rise, tropical cyclones, over wash
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events and changes in rainfall) on freshwater lenses through
numerical or analytical methods (Bailey et al., 2009; Chui and
Terry, 2012; Terry and Chui, 2012; Chui and Terry, 2013; Ketabchi
et al,, 2014; Morgan and Werner, 2014), including in the Maldives
(Bailey et al., 2014; Alsumaiei and Bailey, 2018a; Alsumaiei and
Bailey, 2018b). Thus far, studies have assumed that all islands will
erode when encountered with prospective sea level rise. For
instance, Alsumaiei and Bailey (2018a) quantified the response of
freshwater lenses in the Maldives to sea level rise. By 2050, under sea
level rise scenarios of 1, 3.5 and 6.5 mm/year, islands with a gentle
beach slope (0.5%) were to experience shoreline erosion of 8, 28 and
52 m respectively and islands with a steeper slope (2%) 2, 7 and 13m
of erosion respectively. As such, their findings showed that by 2050
the freshwater lenses in small islands (< 0.6 km?) reduced in volume
between 11% and 36% and in larger islands (> 1.0 km?) between 8%
and 26%. However, findings from GIS-based shoreline change
research have shown that islands are dynamic and can undergo
several modes of change when faced with increasing sea levels
(Webb and Kench, 2010; Aslam and Kench, 2017; Duvat, 2019). To
date, knowledge of the varying modes of reef island shoreline
change has not been integrated into groundwater resource
modelling. Analyses of groundwater resource modelling alongside
data on reef island dynamics can provide a more realistic and
holistic understanding of future groundwater security.

Here, we present new insights into multidecadal shoreline change
in Huvadhoo Atoll, Maldives, and their impact on groundwater. This
study is the first to investigate multiple environmental variables (island
type, area, shape, wave exposure) which could be influencing the
observed shoreline changes in Huvadhoo Atoll; and is also the first to
use the results of shoreline change analyses to estimate future
groundwater resource trajectories in response to changes in recharge
and sea level. Historical aerial imagery and satellite images from a total
of 49 islands were analysed over a 50-year time period (1969-2019).
Specific research objectives were to (1) quantify the morphological
change of coral reef islands over 50 years; (2) examine the relationship
between the magnitude and rate of change and various variables
including island size, shape, type and wave exposure; and (3) analyse
how island dynamics could affect groundwater resources for island
communities. We highlight that the capacity of reef islands to adjust
their shorelines and even accrete, under conditions of sea level rise
represents a highly valuable geomorphic ecosystem service.
Additionally, the ability of islands to store groundwater, despite
variations in environmental change, represents an additional
geomorphic ecosystem service that offers hope for the future
habitability of reef islands.

2 Materials and methods
2.1 Site description

2.1.1 The Maldives

The Maldives is a 900 km-long archipelago (Nascer and
Hatcher, 2004) that extends from 6°57 ‘N to 0°34 'S and is
situated in the central Indian Ocean (Figure 1) (Kench and
Brander, 2006). It consists of 16 atolls, five oceanic faros and four
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oceanic platform reefs, incorporating 2,041 reef structures with a
total area of 4,494 km?> (Naseer and Hatcher, 2004). The Maldivian
landmass is comprised of 1,190 coral reef islands, that are mid- to
late Holocene in age, with a total area of 227.45 km?* (Naseer and
Hatcher, 2004; Kench et al., 2005; East et al., 2018). It is the lowest
nation on Earth (< 1.5 m above mean sea level; MEE, 2017) and is,
therefore, typically considered extremely vulnerable to the effects of
climate change, particularly sea level rise (ref). This study is focused
on Huvadhoo Atoll, which is located in the southern Maldives (0°32
‘N, 73°17 “E) and is the nation’s largest atoll at approximately 60
km wide, 80 km in length and with an area of 3279 km? (Naseer and
Hatcher, 2004). The atoll rim is discontinuous, with channels
between the atoll rim platforms allowing ocean waves and
currents to propagate across the lagoon, which has a depth of 80
m. The atoll has 241 reefs, with a combined area of 437.9 km*
(Naseer and Hatcher, 2004).

2.1.2 Process regime

The climate in the Maldives can be divided into two distinct
monsoon periods, Hulhangu and Iruvai, which are marked by
strong seasonal reversals in wind direction (Kench and Brander,
2006). The Hulhangu monsoon period takes place in April to
November and is characterised by west to northwest wind
directions with a mean wind speed of 5.1 m s'. The Iruvai
monsoon takes place during December to March and is
characterised by east to northeast wind directions with a mean
wind speed of 4.9 m s (Kench and Brander, 2006). Oceanic swell
waves advance from a south-easterly direction between November
and March with a mean wave significant height (Hs) of 0.75 m and a
south to south-westerly direction between April and November
with a peak wave height of 1.8 m in July (Young, 1999). Thus, wave
energies between November and March are greater than those
between April and November. WaveWatch III model hindcasts
for the time period 1979 - 2010 found that wave height and wave
period (TO) were significantly higher and longer at windward sites
(Hs = 1.6 £ 0.4 m, TO = 10.0 £ 1.6 s) compared to leeward sites
(Hs =14+ 04 m, TO =9.7 £ 1.5 East et al., 2018).

Sea level trends vary spatially within the Maldives as tide gauge
records from 1987 to 2014 for Malé Atoll in the central Maldives
show an increase of 3.2 mm/year, whereas Addu Atoll in the south
shows an increase in sea level of 4.0 mm/year (Caldwell et al., 2015).
However, NASA satellite data for Male and Addu Atolls from 1993
to 2019 suggest sea level was rising 4.12 + 1.22 mm/year and 3.07 +
0.97 mm/year respectively (NASA, 2022). In Huvadhoo Atoll, sea
level reconstructions from fossil coral microatolls indicate that sea
level is rising by approximately 4.24 mm/year (Kench et al., 2020).
Huvadhoo Atoll experiences a mean spring tide of 0.96 m and the
tidal regime is semi-diurnal tidal with strong diurnal inequality
(Wadey et al., 2017; Kench et al., 2022).

2.2 Methods

2.2.1 Sampling design and imagery
A total of 49 islands were analysed across Huvadhoo Atoll with
31 islands on the atoll rim (islands on the atoll periphery) and 18
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® Windward
Leeward

FIGURE 1

(A) Location of the Maldives within the Indian Ocean, (B) the Maldives, (C) the four different island types in Huvadhoo Atoll,

(D) an example of islands

on the windward rim, (E) a lagoon island, (F) example of islands on the leeward rim; and (G) an anthropogenic island (Imagery source: www.esri.com).

located within the atoll lagoon. Islands were categorised into four
different types (Figure 1): (1) lagoon (n = 18) islands are those
located on reef platforms within atoll lagoons; (2) leeward rim (n =
10) and (3) windward rim (n = 11) islands, based on their exposure
to open ocean swell whereby windward islands were located on the
south-western atoll rim and leeward islands were located on the
northern-eastern atoll rim and; (4) anthropogenic (n = 10) islands
were those with human modifications to their shorelines, such as
land reclamation, harbours and coastal development. As such, these
categories represented the variety of islands within the Maldives.
Shoreline change positions were derived from black and white
historical imagery taken by the Royal Air Force from 1969, and
high-resolution Google Earth satellite imagery from between 2006
and 2019 (Table 1) (Testut et al., 2016). Imagery from 1969 was
scanned from hard copies or negatives at minimum resolution of
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900 dpi and had a scale 0f<1:25,000 (Aslam and Kench, 2017).
Satellite images were georeferenced in ArcMap 10.5, using fixed
natural (e.g., coral reefs and beach rock) and anthropogenic (e.g.,
corners of roads and corners of buildings) features as control points
that were readily identifiable in both the source image and image
undergoing georeferencing (Yates et al, 2013; Aslam and

Kench, 2017).

2.2.2 Quantifying shoreline change

The first stage in shoreline analysis was to establish a shoreline
proxy. Shoreline proxies are indicators used to assess shoreline and
island change (Duvat et al., 2017), such as the high-water line, base of
the beach, debris line, edge of coastal structures, mean high water line
and vegetation line (Biribo and Woodroffe, 2013). Following previous
reef island shoreline change research, this study used the vegetation
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TABLE 1 Characteristics of imagery used and RMSE + 1 S.D for each
shoreline year.

Date of acquisition Source Average RMSE + 1 S.D
1969 RAF 1.8 +0.2
2006 Google Earth 0.7+ 0.3
2011 Google Earth 0.7+02
2013 Google Earth 1.1+£0.1
2014 Google Earth 0.7+ 0.6
2015 Google Earth 1.1+03
2016 Google Earth 0.8+0.8
2019 Google Earth 05+0.3

line as the shoreline proxy owing to its ability to be readily identified in
all sources of imagery (Webb and Kench, 2010; Ford, 2013; Mann and
Westphal, 2016; Aslam and Kench, 2017). The vegetation line was
digitized for all images and saved as a shapefile in ArcMap 10.5.
Shoreline change was analysed using the Digital Shoreline Analysis
System (DSAS), which is available as an ArcGIS extension (Thieler
etal.,2009). DSAS uses a baseline to calculate shoreline change metrics
based on transects cast at 5 m intervals along the shoreline and a
confidence interval of 26 (95%) was applied when determining
shoreline change rates (Thieler and Danforth, 2016). Two shoreline
change metrics were selected for this study. Firstly, net shoreline
movement (NSM, m) was calculated, which is a measure of the net
change between the oldest and most recent shoreline year (Ford, 2012;
Thieler and Danforth, 2016; Sengupta et al., 2021). Secondly, weighted
linear regression (WLR, m/year) was calculated as a rate of change
shoreline statistic where a greater emphasis is placed on data points
where the position uncertainty is smaller (Thieler and Danforth, 2016).
Consequently, shorelines with a higher degree of uncertainty have less
influence on the WLR than those with lower uncertainty, and it thus
provides a robust measure of shoreline change (Ford, 2012).

2.2.3 Uncertainties

When analysing shoreline change from aerial photography and
satellite imagery, errors and uncertainties were quantified. Three
potential sources of error were identified: image resolution (pixel
size), georeferencing and shoreline digitization (Ford, 2012; Duvat
et al,, 2017). Georeferencing error, the root mean square (RMS)
value ArcGIS records during georeferencing, ranged from 0.0 m to
2.7 m. Image resolution error is the pixel size of each image, which
ranged from 0.2 m to 5.0 m. Digitizing error was calculated as the
average of digitizing the same strip of coastline by the operator 10
times and calculating the width at the widest points. Errors ranged
from 0.2 m to 1.0 m for shoreline digitization, and an average was
calculated as 0.54 m. An overall measure of uncertainty was then
calculated as the square root of the sum of each individual
uncertainty squared (RMSE). RMSE was calculated for 1969,
2006, 2011, 2013, 2014, 2015, 2016 and 2019 for each island
shoreline and varied from + 0.3 m to 4.2 m. Table 1 displays the
average RMSE + 1 S.D for each shoreline year. Islands that were
considered eroding had values lower than average RMSE, and
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islands that were accreting had values higher than average RMSE.
Islands that were classified as stable lied within the * average
RMSE boundary.

2.2.4 Deriving environmental variables
2.2.4.1 Island shape and size

Island area was calculated in 2019, and the shape of an island
was converted into a numerical value by dividing the width of an
island by its length. Circular islands resulted in a value closer to 1.0
and elongated islands were less than or greater than 1.0. Island
area and shape data for all 39 islands can be found in
Supplementary Table 1.

2.2.4.2 Wave exposure

Wave exposure was modelled as a function of wind speed, wind
direction and fetch length (i.e. the distance over open ocean that
wind can travel unobstructed by land or reefs). The same protocols
previously applied in reef environments were followed (Chollett
and Mumby, 2012; Graham et al., 2015; Perry et al., 2015). Fetch
lengths were calculated using the USGS model (Rohweder et al.,
2012), which uses the procedure recommended by the Shoreline
Protection Manual (U.S. Army Corps of Engineers, 1984). A binary
raster was generated to represent the distribution of land masses
and reef crests using the outputs of the Millennium Coral Reef
Mapping Project (spatial resolution = 30 m% Andréfouét et al,
2006). Fetch lengths were calculated every 22.5° (16 compass
directions) as the arithmetic mean of 5 radials spread at 3°
increments around the desired wind directions. Maximum fetch
lengths were 650 km as this is the distance required for maximal
wave conditions to be attained (Hill et al., 2010). Wind data from
Kaadedhdhoo Airport (0.49°N, 73.00°E; n = 2643, 2014) were used
to calculate both the probability of wind blowing from each of the
16 compass directions, and the mean wind velocities for each
direction. Fetch lengths were then converted into wave exposures
(Joules m™) using established equations based on linear wave theory
(Chollett and Mumby, 2012). To estimate the wave exposure
associated with each island, data were extracted from the model
from 8 compass directions off each reef platform and an average was
calculated. Wave data for all 39 islands can be found in
Supplementary Table 1.

2.2.5 Groundwater availability

The following steps were used to obtain estimates of
groundwater depth and volume for 2030, 2050 and 2100. Annual
precipitation for GDh. Kaadehdhoo island in 2019 was obtained
from the 2020 Maldives Statistical Year Handbook (National
Bureau of Statistics, 2021). Daily potential evapotranspiration was
calculated using the Thornthwaite method (1948), as applied in
(Bailey and Jenson, 2014; Bailey et al., 2014), and aquifer recharge
was calculated using the Griggs and Peterson method (1993).
Estimates of future island width were calculated using the width
of each island from 2019 and the corresponding island’s average
rate of shoreline change (weighted linear regression, m/year),
resulting in widths for the years 2030, 2050 and 2100. By using
each island’s average rate of shoreline change, we assume future sea
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level rise rates were similar to historical rates. These island widths
were used to calculate the volume of the freshwater lens (Oude
Essink, 2001). Firstly, the deepest position of the fresh-salt water
interface was calculated.

Hype = By |—I
max = T\ ko1 + o)

where B is the width of the island (m), o = 0.025, k is hydraulic
conductivity and f is recharge (m/day). Once H,,,, was calculated,
the freshwater lens volume (V) was estimated.

1
V= Zn(l + o)H,,,. Bn,

where n, is effective porosity (m?/m).

For each island where horizontal hydraulic conductivity was 75
m/day (Bailey et al., 2014), effective porosity was 0.2 m> m™
(Anthony, 1987), and alpha was 0.025 (Oude Essink, 2001).
Freshwater lens volumes were estimated based on changes in
precipitation for 2030, 2050 and 2100, and under different
emission scenarios for each time point (Relative concentrating
pathway (RCP) 2.6, 4.5, 7.0 and 8.5). A summary table for
changes in total precipitation relative to 1995-2014 for each time
point, emission scenario and model output can be found in
Supplementary Table 2. These estimates in total precipitation
were obtained from the IPCC WGI Interactive Atlas using
CMIP6 dataset with advanced uncertainty (Gutiérrez et al.,, 2021).
Supplementary Table 3 lists all 33 global climate models (GLMs)
used in this analysis. The models used in the Atlas generate a range
of statistical values therefore to reflect model output uncertainty.
Volumes were generated based on the 5th percentile (P5), median
and 95t percentile (P95) values (Guti¢rrez et al., 2021).

3 Results

3.1 Multidecadal reef island shoreline
change in Huvadhoo Atoll

3.1.1 Quantifying shoreline change

Shoreline change was analysed by comparing changes in
shoreline positions in historical aerial imagery from 1969 and
satellite images from between 2006 and 2019 at Huvadhoo Atoll

10.3389/fmars.2023.1070217

and results show varying patterns of shoreline change (Figure 2).
Out of the 49 islands studied, 26 islands accreted (53%), 12 eroded
(25%) and 11 remained stable (22%) (Table 2). Out of a total of
14,043 transects, 7,688 accreted (55%), 5,223 eroded (37%) and
1,133 exhibited no change (8%). Accretion dominated
anthropogenic and lagoon islands whereby 90% and 61%
accreted, respectively. Windward islands primarily accreted (37%)
or remained stable (37%). A higher proportion of leeward islands
underwent erosion (40%) or remained stable (40%). Overall, NSM
was 4.13 + 23.99 m and WLR was 0.13 £ 0.60 m/year, with
anthropogenic islands displaying substantial rates and magnitudes
of change (Table 3 and Figure 3). Upon exclusion of anthropogenic
islands, which highly favour accretion due to land reclamation, 44%
of islands accreted, 28% eroded and 28% remained stable.
Shoreline change data for all 49 islands are provided in
Supplementary Table 4.

The rate and magnitude of shoreline change varied substantially
amongst the different island types. Anthropogenic islands displayed
the highest magnitude and rate of island change with NSM of 16.44 +

No change
® Eroding
® Accreting

FIGURE 2
Spatial trends in modes of change at Huvadhoo Atoll, Maldives
(Imagery source: www.esri.com).

TABLE 2 Summary results of modes of change and percent mode of change (%) for each island type.

Mode of change

Accretion Erosion

Leeward 10 2 4
Windward 11 4 3
Lagoon 18 11 4
Anthropogenic 10 9 1
Overall 49 26 12
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Percent mode of change (%)

No change Accretion Erosion No change

4 20 40 40
4 36.4 27.3 36.4
3 61 22 17
- 90 10 -
11 53 24 22
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TABLE 3 Summary results of Net Shoreline Movement (m) and Weighted Linear Regression (m/year) for each island type from 1969 - 2019.

NSM (m) WLR (m/year)
Average + Minimum Maximum Average = 1 S.D. Minimum Maximum
1S.D.
Leeward 10 -1.50 + 14.30 -67.51 31.23 -0.03 +0.27 -1.38 0.63
Windward 11 1.79 + 20.60 -60.58 72.99 0.02 + 0.40 -1.31 1.35
Lagoon 18 1.84 + 18.02 -33.43 30.56 0.06 + 0.48 -0.92 0.98
Anthropogenic 10 16.44 + 45.21 -82.29 181.78 0.52 + 1.34 -2.05 6.79
Overall 49 4.13 £23.99 -56.38 71.08 0.13 + 0.60 -1.33 2.18

4521 m and WLR of 0.52 + 1.34 m/year, largely as a result of sediment
input arising from land reclamation projects. Land reclamation was
observed on nine anthropogenic islands, which included: the increase
in island size, construction of passages between islands, and, in one
case, the joining of islands. Moreover, eight islands experienced the
construction of harbours, boat channels and sea walls. Substantial
island development meant that large rates of shoreline change (up to
2.65 m/year) were observed over the study period. Land reclamation
was observed on the lagoon side of all anthropogenic islands resulting
in advancement of lagoon shorelines due to the constructions of
harbours and artificial shorelines. Notably, one anthropogenic island
eroded over the study period with NSM -8.30 + 30.28 m and WLR
-0.07 + 0.60 m/year, although variation across monitoring transects
was high. In terms of human modifications, it had the least developed
shorelines with the construction of an airport and a harbour dredged
into the reef flat. Morphological change is proceeding at greater
magnitude and rate on anthropogenic islands compared to natural
islands as lagoon islands displayed an NSM of 1.84 + 18.02 m and
WLR of 0.06 + 0.48 m/year and windward islands had a NSM 1.79 +
20.60 m and WLR 0.02 + 0.40 m/year. However, leeward islands
eroded throughout the 50-year time period by -1.50 m + 14.30 m, at
an erosional rate of -0.03 + 0.27 m/year.

15
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FIGURE 3

Histograms showing (A) the distribution of Net Shoreline Movement (m) amongst the different island types; and (B) the distribution of Weighted
Linear Regression (m/year) amongst the different islands types. Dashed black line represents the mean.
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3.1.2 Types of geomorphic change

Table 4 describes the eight types of geomorphic change that were
observed at Huvadhoo Atoll across the study period (Figures 4, 5).
Notable types of adjustment include island migration upon the
lagoonal reef platforms which was observed in 11 study islands.
Further, advance of the lagoon shoreline was detected in nine study
islands. Additionally, seven islands underwent parallel migration,
five of which were leeward islands. Overall, lagoon shorelines
underwent greater magnitudes of geomorphic change with 10
islands exhibiting morphological change on their lagoon shorelines
whereas ocean shoreline change was only observed on five islands.

Geomorphic change varied between island type as on lagoonal
islands migration was widespread because this behaviour tends to
favour islands located on lagoonal platforms which results in an
increase in island size (Aslam and Kench, 2017). Migration was also
found in smaller (< 10 ha), circular (< 1.5) islands which is expected
as these types of islands are typically found on lagoonal platforms.
Larger (> 10 ha), more complex islands favoured parallel migration
whereby different erosion and accretion of the island resulted in
alongshore migration and these tend to be found on the atoll rim.
As such, the majority of leeward islands underwent parallel
migration, which could explain their overall erosional response as
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: I Windward
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| Y
5 i I | 2
| I
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TABLE 4 Summary of the different types of geomorphic change at Huvadhoo Atoll from 1969 — 2019 by island type where Le = leeward, W =

windward, La = Lagoon and A = anthropogenic islands.

Island type

Geomorphic change

Characteristics

3 - 3 - - Ocean migration Erosion of lagoon shoreline and accretion of ocean shoreline.

2 - 1 - 1 Advance of ocean shoreline Stability of lagoon shoreline and accretion of ocean shoreline.

1 1 - - - Lagoon shoreline erosion Erosion of lagoon shoreline and stability of ocean shoreline.

2 - 1 - 1 Lagoon migration Erosion of ocean shoreline and accretion of lagoon shoreline.

9 - 1 - 8 Advance of lagoon shoreline Stability of ocean shoreline and accretion of lagoon shoreline.

7 5 2 - - Parallel migration Erosion and accretion sideways of the island promotes alongshore migration.
11 - - 11 - Migration Migration of islands on lagoonal reef platforms.

4 2 1 1 - Rotation Rotation and migration of reef islands.

when sediment is eroded from one side of the island and
transported to the other, it is possible that some sediment is lost
along the way, resulting in net island erosion. However, ocean
migration dominated windward islands which could be because of
the larger wave energies, due to being exposed to oceanic swell,
providing the energy to transport sediment to oceanward island
shorelines. Or, because windward islands have a larger sediment
budget that has enabled accretion of oceanward shorelines. Finally,
our study found that advancement of lagoon shorelines was
prevalent in anthropogenic islands due to being heavily modified
with land reclamation and harbours resulting in expansion of
lagoon shorelines. Geomorphic changes of all 49 islands are
provided in Supplementary Table 5.

3.2 Identifying predictors of
shoreline change

As land reclamation had significantly altered anthropogenic
island shorelines, the 10 anthropogenic islands were excluded from
size, shape and wave exposure statistical tests.

3.2.1Island area

Island area varied from 0.3 ha to 33.2 ha with island size
averaging 5.3 + 6.6 ha. Larger islands were situated on the atoll
rim with leeward and windward island area averaging 8.9 + 6.8 ha
and 6.7 + 9.4 ha respectively, whereas island area in the atoll lagoon
averaged 2.5 + 1.5 ha. Windward islands exhibited the largest
variability in island size with a range of 32.5 ha followed by
leeward at 18.9 ha and lagoon at 5.7 ha. Overall, smaller islands
(0 to 10 ha) accreted by 0.56 + 16.77 m with at a rate of 0.02 + 0.39
m/year and larger islands (> 10 ha) accreted by 3.65 + 23.38 m at a
rate of 0.06 + 0.46 m/year. No significant correlation was found
between net shoreline movement and island size (r = 0.093, P =
0.573, n = 39; Pearson’s correlation). Similarly, no significant
correlation was found between weighted linear regression and
island size (r = 0.014, P = 0.931, n = 39; Pearson’s correlation).
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3.2.2 Island shape

Shape data ranged from 0.4 to 8.1, with average island shape
2.4 + 1.8. No significant correlation was found between net
0.026, P = 0.811;
Pearson’s correlation). Equally, no significant correlation was

shoreline movement and island shape (r =

found between weighted linear regression and island shape
variables (r = -0.021, P = 0.899; Pearson’s correlation).

3.2.3 Wave exposure

In Huvadhoo Atoll, wave exposure is highest (< 124.35 ] m’)
off the western margin of the atoll rim while the most sheltered
locations are on the leeward side of the westerly and south-westly
atoll rim platforms (> 0 J m™). The atoll lagoon is subject to a
cross-atoll gradient with wave exposure increasing from west (<
0] m™>) to east (<~95 ] m™) due to the dominant westerly wind
direction, which means fetch length increases as wind blows
from west to east across the atoll lagoon (Figure 6). Lagoon
islands experienced on average wave exposure of 60.8 ] m~,
leeward 96.0 ] m™ and windward 120.0 ] m™>. No significant
relationship was found between net shoreline movement and
wave exposure (R*> = 0.006, P = 0.766; linear regression).
Additionally, no significant relationship was found between
weighted linear regression data and wave exposure (R* = 0.043,
P = 0.410; linear regression). Finally, no clear correlation was
found between wave exposure on natural islands (leeward,
windward and lagoon), and the magnitude and rate of
shoreline change despite the varying degrees of wave exposure
experienced at each island type.

3.2.4 Simultaneous analyses of all
candidate predictors

Visual plotting suggested that island type was the strongest
predictor of shoreline change, and subsequent testing of all factors
simultaneously showed this to be the case (Figure 7). Linear Mixed
Models were fitted to both NSM and WLR within the nlme package
[R ‘nlme’ package, function Ime(), Pinheiro, 2023)], separately, in
which type was controlled for as a random factor (random
intercept), and wave exposure, island size, and island shape were
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FIGURE 4

Different styles of geomorphic change from 1969 — 2019 at Huvadhoo Atoll, Maldives; (A) advance of ocean shoreline, island 11, (B) ocean migration,
island 17, (C) lagoon shoreline erosion, island 9, (D) lagoon migration, island 45, (E) advance of lagoon shoreline, island 48, (F) parallel migration,
island 3, (G) rotation, island 6; and (H) migration, island 36 (Imagery Source: www.esri.com).
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included as fixed factors. No significant effects of wave exposure,
size or shape were found, with either NSM or WLR as the response
variable (p< 0.05, Supplementary Table 6). For further confirmation
we removed the island type variable and fitted analogous
Generalised Linear Models (GLMs, R ‘stats’ package, function glm
(), R Core Team 2021) to the same data, with wave exposure, size of
island, and shape of island as predictors, i.e. omitting island type as
an explanatory variable altogether. Here again no continuous
variables were found to be significant predictors (p< 0.05,
Supplementary Table 7) of either NSM or WLR (also reflecting
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the single variable regressions reported in 3.2.1 to 3.2.3 above), so
we proceeded by further analyzing the effect of island type on
shoreline change alone, using ANOVA/MANOVA testing.

In these final analyses of shoreline change predictors, island
type was identified as a significant predictor of NSM and WLR
(Figure 7). The effect of type was confirmed both via (one way)
ANOVA tests on the two response variables separately- NSM (F
(3,45) = 5.891, p = 0.002), WLR (F (3,45) = 4.411, p = 0.008)- and
when combined into one model using MANOVA (Pillai’s trace =
0.30, F (3,45) = 2.62, p = 0.022).
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FIGURE 5

Shoreline change rates calculated by weighted linear regression (m/year) from 1969 - 2019 at Huvadhoo Atoll, Maldives for; (A) island 11, (B) island
17, (C) island 9, (D) island 45, (E) island 48, (F) island 3, (G) island; 6 and (H) island 36 (Imagery Source: www.esri.com).

3.3 Groundwater availability and
shoreline change

Rates of shoreline change (WLR data) were used to estimate
island widths for 2030, 2050 and 2100, which enabled numerical
modelling of freshwater lens volumes under different recharge
conditions. Recharge conditions were based on the corresponding
changes in rainfall for each emission scenario (RCP 2.6, 4.5, 7.0 and
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8.5) and model output (P5, median, P95) in 2030, 2050 and 2100
(Figure 8). Rainfall for emission scenarios RCP 2.6, 4.5, 7.0 and 8.5
varied from -2.7 t0 8.1%, -3.8 to 11.1%, -3.4 to 10.1% and -3.5 to 14.1%,
respectively. Model outputs reflected the range of uncertainties in
percent changes in future rainfall predictions whereby P5 (5"
percentile) reflected a decrease in rainfall ranging between -3.8 to -
0.6%, median varied from 0.2 to 4.7%, and P95 (95th percentile)
showed larger increases in rainfall at 3.2 to 14.1%. Recharge data for
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(A) Annual wind rose showing wind speed (m/s) and direction generated using 2014 wind data from Kaadedhdhoo Airport (0.49°N, 73.00°E; n =

2643); and (B) wave exposure model J m™®) for Huvadhoo Atoll.

the different years, emission scenarios, and model outputs are provided
in Supplementary Table 2.

The largest variability in freshwater lens volume was associated
reef island shoreline change, while changes in rainfall had less of an
impact. Figure 9 displays the percent changes in lens volume for
accreting and eroding islands combined. In Figure 9A, median
values tend to be similar for RCP 2.6 (-1.0%, 0.6%, 3.5% for 2030,
2050 and 2100 respectively) and 4.5 (-1.6%, 0.1%, 3.5% for 2030,
2050 and 2100 respectively), but decrease slightly for RCP 7.0
(-0.9%, 0.1%, 1.9% for 2030, 2050 and 2100 respectively) and 8.5
(-1.4%, 0.1%, 1.9% for 2030, 2050 and 2100 respectively). In
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Figure 9B median values tend to remain consistent (at ~ 1.0%,
3.0% and 6.0% for 2030, 2050 and 2100 respectively) between all
emission scenarios for each year. Figure 9C displayed a wider range
in the percent difference in lens volume, particularly for 2100 with
median values 8.1%, 9.6%, 9.1%, and 11.1% for RCP 2.6, 4.5, 7.0 and
8.0 respectively. Median values varied considerably between each
year and time point, suggesting that at P95 outputs there is greater
variability in freshwater lens volume. As islands predominantly
accreted in this study, overall, an increase in island lens volume was
found across all timeframes and emissions scenarios. Further, upon
exclusion of anthropogenic islands, which favoured accretion and
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FIGURE 7

Difference between island type and (A) Net Shoreline Movement (m); and (B) Weighted Linear Regression (m/year), * P = 0.002, ** P = 0.025, and ***P = 0.014.

displayed large rates of shoreline change due to land reclamation,
lens volume nevertheless increased for natural islands. For instance,
at median model outputs for emission scenario RCP 2.6 lens volume
increased by 5.2 + 1.9%, 9.6 + 5.2% and 17.6 + 12.6% for 2030, 2050
and 2100 respectively. Additionally, for RCP 8.5 lens volume
increased by 2.0 £ 1.9%, 6.3 + 5.3% and 15.0 + 12.8% for 2030,
2050 and 2100 respectively.

Estimated freshwater lens volumes in 2030, 2050 and 2100 were
compared against 2019 to calculate percent differences in lens
volume, and islands were grouped as either accreting or eroding
based on their shoreline change statistics. Summary statistics of
percent difference in lens volume are provided in Supplementary
Table 8. On accreting islands, increases in island width

il “
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FIGURE 8

Total precipitation change (%) for 2030, 2050 and 2100 under
different emission scenarios (RCP 2.5, 4.5, 7.0 and 8.5) Data source
Gutiérrez et al,, 2021.
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compensated for a reduction in precipitation. Decreases in
recharge (P5) still led to increases in lens volume across all
emission scenarios which increased over time from 2030 to 2100.
For instance, under RCP 2.6 scenarios in 2030, 2050 and 2100, lens
volume increased by 1.3 + 2.8%, 6.8 + 7.4% and 184 + 17.2%,
respectively. Under RCP 8.5 scenarios, in 2030, 2050 and 2100 lens
volume increased by 0.8 + 2.8%, 6.2 + 7.5% and 16.6 + 17.5%,
respectively. The largest decrease in lens volume was in 2100 under
RCP 7.0 and 8.5 at -0.7%, whereas the greatest increase in volume
was in 2100 under RCP 2.6 and 4.5 at 65.05%. Median values
showed very little differences in lens volume between emission
scenarios. For example, in 2030 lens volume increased by 3.3 + 2.8%
for RCP 2.6, 4.5, 7.0 and by 2.9 + 2.8% for RCP 8.5. Larger increases
in recharge (P95) resulted in substantial expansions of the
freshwater lens, which doubled at each time point for each
emission scenario. For example, for RCP 7.0 lens volume
increased by 4.5 + 2.8%, 10.6 + 7.4% and 23.9 + 17.1% for the
years 2030, 2050 and 2100 respectively. The greatest decrease in
volume was in 2030 under RCP 7.0 and 1.9% and the largest
increase in lens volume was in 2100 under RCP 8.5 with a
maximum increase of 71.1%.

On eroding islands, the freshwater lens decreased when
recharge was reduced (P5) which intensified with each time point.
For instance, under RCP 7.0 the lens volume decreased by -3.8 +
1.8%, -6.3 + 52% and -15.2 + 14.5% for 2030, 2050 and 2100
respectively. The largest decrease in lens volume was in 2100 under
RCP 8.5 at -50.4%, followed closely by RCP 7.0 at -50.3%; whereas
the greatest increase in volume was in 2100 under RCP 2.6 and 4.5
at -0.6%. Similar to accreting islands, median values showed very
little differences in lens volume between emission scenarios. For
example, in 2030 lens volume decreased by -1.2 + 1.8% for RCP 2.6,
4.5, 7.0 and by -1.6 £ 1.8% for RCP 8.5. Greater increases in
recharge (P95) meant that in 2030 the freshwater lens increased
slightly by 1.6 + 1.8%, 0.9 £ 1.8%, 0.6 £ 1.8% for RCP 2.6, 4.5 and 8.0
respectively while under RCP 7.0 lens volumed remained the same
when compared to 2019 at 0.0 + 1.8%. Despite an increase in
rainfall, lens volume decreased for 2050 and 2100, however, the
decrease in volume was not as severe when compared to P5 and
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FIGURE 9

Percent difference in freshwater lens volume when compared to 2019 for 2030, 2050 and 2100 under difference emission scenarios (RCP 2.6, 4.5,
7.0 and 8.5) for IPCC model outputs (A) fifth percentile, (B) median; and (C) ninety fifth percentile.

median outputs. Under RCP 7.0, the lens volume decreased by -
1.9 + 5.3% and -8.0 + 14.6% for 2050 and 2100 respectively; and
under RCP 8.0 by -1.2 + 5.3% and -6.1 + 14.6% for 2050 and
2100, respectively.

4 Discussion
4.1 Shoreline change at Huvadhoo Atoll

This study assesses coral reef island shoreline change at
Huvadhoo Atoll, with islands undergoing substantial shoreline
change over the 50-year time period. Similar to previous shoreline
change studies (Webb and Kench, 2010; Ford, 2013; Yates et al,,
2013), this study found that despite sea level rising 4.24 mm/year at
Huvadhoo Atoll, the majority of islands accreted (53%), whereas
only 25% of islands eroded, and 22% displayed no change.
Moreover, 55% of transects accreted, 37% eroded and 8%
displayed no change. Even with the exclusion of anthropogenic
islands, which highly favour accretion due to land reclamation, 44%
of islands accreted, 28% eroded and 28% remained stable. Net
shoreline change (NSM) ranged from -17.51 to 65.73 m, with an
average shoreline movement of 4.13 + 23.99 m. Additionally,
shoreline change rates varied from -0.07 to 2.65 m/year with an
average accretional rate of 0.13 + 0.60 m/year. Bruun-style
predictions of the impacts of sea level rise on shorelines project
catastrophic erosion of coral reef island shorelines (Yamano et al.,
2007; Dickinson, 2009). Though sea level rise is an important factor
driving long-term shoreline change (Yates et al., 2013), due to the
lack of widespread and consistent erosion, results indicate that sea
level is not the sole factor impacting reef island shoreline change.

The prevalence of accretion at Huvadhoo Atoll contrasts
previous findings of Aslam and Kench (2017) that erosion was
the dominant style of island change (45%) followed by no change
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(40%) and accretion (15%). Both studies observed shoreline change
on some of the same study islands with conflicting results, for
instance, from 1969-2008 in Aslam and Kench’s study, three lagoon
islands were eroding and two were displaying no change, however,
in this study, the same five study islands have accreted. Similarly, an
island on the windward rim that was displaying no change between
1969 and 2008 has eroded between 1969 and 2019. This discrepancy
in findings may be because (i) the islands have shifted to a more
accretionary mode of shoreline change since 2008 due to an increase
of sediment production and/or transport to reef island shorelines;
or (ii) our study covered a longer time period (1969-2019) than
Aslam and Kench’s analysis (1969-2008), which enabled the
inclusion of naturally occurring periods of shoreline variability.
The differences that can arise when interpreting short- and long-
term shoreline change rates was emphasized by Mann et al. (2016)
who compared shoreline change on 14 islands in Taku Atoll, Papa
New Guinea, over varying time points between 1943-2012. They
found substantial variations in shoreline change rates depending on
the time period of analysis, for example, from 1943 to 2012, WLR
ranged from -1.04 + 0.22 m/year to 0.65 + 0.15 m/year, with an
average rate of 0.06 + 0.07 m/year. However, for shorter time
periods (2003 to 2021), WLR rates of shoreline change were
substantially higher, with WLR ranging between -2.81 + 1.04 m/
year and 2.74 + 1.62 m/year with an average rate of -0.25 + 0.37 m/
year. Hence, reef island shoreline change findings are sensitive to
the timeframe of analysis.

4.2 Environmental variables and
shoreline change

4.2.1 Island size
Contrary to previous studies, this study found no relationship
between island size and shoreline change. Multiple studies in the
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Pacific have documented a relationship between island size and
shoreline change, suggesting that smaller islands (< 10 ha) undergo
erosion whereas larger islands tend to be more stable (Duvat, 2019;
Sengupta et al,, 2021). In the Maldives, Aslam and Kench (2017)
found that islands in Huvadhoo Atoll behaved very similar to
islands in the Pacific as a significant relationship was discovered
between island size and shoreline change whereby smaller islands (<
10 ha) eroded and larger islands were dominated by accretion.

4.2.2 Island shape

Despite the variety of island shapes at Huvadhoo Atoll, there
was no significant relationship between island shape and shoreline
change with results contradictory to the findings by Kench and
Brander (2006) in the Maldives, who found island shape impacted
morphological change more than wave energy, whereby the beaches
on circular islands were more susceptible to shoreline oscillations
than elliptical islands. However, the observed geomorphological
responses were over seasonal time frames, whereas this study
investigates shoreline change over multi-decadal time scales. Yet,
some studies have found that circular and elliptical reefs are more
prone to retain sediment, compared to linear reefs (Mandlier and
Kench, 2012; Mandlier, 2013).

4.2.3 Wave exposure

As Huvadhoo Atoll is situated close to the equator, it rarely
experiences tropical storms, however, it is exposed to oceanic swell
driven by high latitude storms (Aslam and Kench, 2017). Previous
studies suggested that wave exposure is a key control on island
morphology (Fletcher et al., 2003; Webb and Kench, 2010; Yates
et al., 2013; Duvat and Pillet, 2017; Duvat et al., 2017), yet results
from the present study found no relationship between wave
exposure and shoreline change.

The lack of significant relationships between island size, island
shape, wave exposure and shoreline change contrasts findings and
suggestions from previous research (Webb and Kench, 2010; Aslam
and Kench, 2017; Duvat and Pillet, 2017; Duvat, 2019; Sengupta
et al., 2021). As such, findings from this study highlight that reef
island shoreline dynamics are very site-specific and controlled by a
range of different variables. For example, in addition to the variables
analysed in this study, variability in island sediment grain size,
vegetation type, elevation, reef platform morphologies, bathymetry
are all additional variables that may be interact to control the
magnitudes of reef island shoreline change. From a management
perspective, the site-specific nature of reef island shoreline
dynamics makes island planning decisions problematic as it is
complex to predict which islands may be the most and least
mobile over decadal timescales.

4.2.4 Island type

A significant difference in shoreline change was found between
island types whereby shoreline change was significantly higher on
anthropogenic islands than all other island types. A key reason for
this was due to the extreme modifications of anthropogenic island
shorelines, which meant that they were undergoing morphological
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change at a greater magnitude and rate than natural islands. While
nine out of the 10 anthropogenic islands accreted, the least modified
island eroded. Therefore, small-scale modifications may enable
erosion to be more clearly identified, whereas erosion may be
occurring on other islands, but large-scale modifications, such as
land reclamation, may be masking any natural morphological
changes within the data.

Large island communities (>1,000 people) tend to inhabit
islands that have undergone significant modifications (i.e., coastal
development or hard engineering) and the future stability of these
islands is still unclear. While these anthropogenic islands may have
experienced a substantial increase in size, modifications have been
relatively recent and there is a lack of long-term data available
which would enable us to understand how such severe
modifications may impact island shoreline dynamics. Further,
modifications have been found to not only impact shorelines on
the modified island, but those of other islands within the atoll. For
instance, when investigating the impact of coastline modification
and sea level rise on island shorelines in North Malé Atoll,
Maldives, Rasheed et al. (2020) found that increased flow rate in
the channel between Hulhumalé and the neighbouring island
Kanifinolhu influenced erosion of the island Kudabandos. This
increased erosion was due to land reclamation blocking sediment
transport across the lagoon to Kudabandos’s shorelines and
sediment was instead transported to the channel.

Modification of reef island shorelines is widespread in the Maldives
and a recent investigation by Duvat and Magnan (2019) across 608
islands found that the capacity of inhabited and modified islands to
respond to climate pressures had severely decreased over the last decade.
An increase in human activities has meant that in one decade 56 natural
islands were exploited. Further, significant population growth has
occurred on 47 inhabited islands meaning that the number of islands
experiencing a substantially high human footprint increased by 9.2%.
Similarly, this study found that island modification occurred on rapid
timescales with major developments appearing over the last decade
(from 2006 to 2014). The Maldives have experienced a surge in
population over recent years as in 2021 the population was 543,620
whereas in 2011 the population was 380,493 (World Bank, 2022). A
rapidly increasing population will place extra pressure on islands as land
becomes increasingly sparse, thus, islands may undergo further
modification to combat the growing population. In addition to a surge
in population, a rise in tourism has led to an increase in visitors each year
with 1,321,855 people visiting the country in 2021. As such, it has become
the one of the dominant industries in the region accounting for 26% of
the country’s GDP (Maldives Bureau of Statistics, 2020). This hasled toa
rise in the number of resorts, hotels and guests houses and, as of
December 2020, 159, 13 and 638 existed respectively (Statistical
Yearbook, 2021). As the tourism industry increases in the Maldives,
more islands may undergo substantial transformations to accommodate
the rise in popularity. Expansions in population and tourism could lead
to the construction of additional island infrastructure both globally and
in the Maldives. Consequently, a challenge for the future adaptive
capacity of atoll nations is to develop infrastructure that can
accommodate for naturally shifting reef island shorelines which is
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implemented quickly enough to ensure that reefisland physical response
to sea level rise is not compromised.

4.3 Implications of shoreline change on
groundwater availability

Results from this study have demonstrated how shoreline change
can substantially impact groundwater availability as freshwater lens
volume was primarily influenced by the erosion or accretion of
islands over the coming decades. The percent difference in
freshwater lens volume, when compared to 2019, varied
considerably between 2030, 2050 and 2100, while changes in model
outputs (i.e., P5, median and p95) and emission scenarios had little
impact. We suggest that decreases in recharge, as reflected in the
IPCC scenarios for the next 78 years (Gutierrez et al., 2021), may not
impact lens volume on accreting islands, but could contribute to
reductions in the lens volumes of eroding islands. Moreover, as
increases in recharge from 2030 onwards are highly likely (Gutierrez
etal., 2021), this could lead to an increase in lens volume for accreting
islands and offset substantial decreases in lens volume for eroding
islands (White et al., 2007). We note that this study used island width
estimates based on current rates of sea level rise, therefore, the
increase in magnitude and rate of sea level rise could further
influence island dynamics and, in turn, groundwater availability.

As islands predominantly accreted in this study, overall, an
increase in island lens volume was found across all timeframes and
emissions scenarios, and when removing anthropogenic islands
calculations of average shifts in lens volumes. Results from this
study infer that groundwater has the potential to be a crucial source
of freshwater for islands in the Maldives (Bailey et al,, 2014),
particularly on uninhabited islands as they are not subject to the
stresses of exploitation and anthropogenic contamination. However,
groundwater in the Maldives is highly susceptible to pollution due to
high hydraulic conductivity and shallow depths to the water table
(White et al., 2007; Bailey et al., 2016). While there is limited
groundwater quality research in the region, a handful of studies
have identified poor water quality with elevated salinity levels from
saltwater intrusion and sewage-based pollutants (such as nitrates and
fecal coliform) commonly detected (Barthiban et al., 2012; Jaleel et al.,
2020; MoEnv, 2020; Leoni et al., 2021). Currently, 54% of the
population use rainwater harvesting, 34% bottled water and 15%
using desalinated water (National Bureau of Statistics, 2014). Due to
increasing climate variability, rain tanks have been depleted during the
dry period, which has led to an increasing reliance on emergency
water from desalination facilities. For instance, between 2017 and
2020, 59 islands were supplied with drinking water during the dry
season at an annual cost of 6.9 million MRF (Ministry of
Environment, 2020). On accreting islands, further investigations
into groundwater quality and aquifer remediation could enable
groundwater to become a sustainable resource, especially during the
drier months when rainwater harvesting is challenging. In addition to
the benefits for island communities, groundwater is vital for future
island ecology, such as mangroves, as groundwater flow can reduce
salinity and increase nutrient availability, increasing plant growth
(Hayes et al., 2019). Thus, groundwater has both high socioeconomic
and ecological value as it can play a crucial role in sustaining reef
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island ecosystems and humanity. Indeed, we highlight that the future
resilience of fresh groundwater on reef islands, as projected in the
present study, represents a valuable geomorphic ecosystem service.

4.4 Future reef island stability

GIS-based shoreline change research and numerical modelling of
future shifts in freshwater lens volumes have revealed insights into
positive outcomes for island communities whereby we have found the
prevalence of reef island accretion and, in turn, a future increase in
the volume of island fresh water lenses. However, when taking into
consideration the future stability of reef islands, it is important to note
that their persistence may be threatened with increasing climatic and
environmental pressures. Firstly, as the surrounding coral reefs are
responsible for supplying sediment to reef islands, a decline in reef
health may influence sediment budgets and, therefore, island physical
stability (Kench and Cowell, 2002; Perry et al., 2008; Perry et al., 2011;
Aslam and Kench, 2017; East et al., 2020). Reductions in reef health
can arise from a variety of climatic and anthropogenic stressors, such
as bleaching (Morri et al., 2015; Sully et al., 2019), ocean acidification
(Hoegh-Guldberg et al., 2007; Liu et al., 2014; Mollica et al., 2018) and
pollution (Wear and Thurber, 2015; Wenger et al., 2016). Each of
these stressors has the potential to reduce sediment supply to reef
island shorelines, in the absence of which, reef island physical
resilience will be contingent upon the adjustment of finite volumes
of sediment on reef platforms. Secondly, it is possible that the increase
in the magnitude and rate of sea level rise over the coming decades
(IPCC, 2019) could result in a tipping point being reached for coral
reef islands, beyond which they could lose the capacity to keep up
with rising sea levels. Lastly, changes in shoreline positions can
impact the habitability of reef islands by potentially devastating
island infrastructure (East et al.,, 2018) and threatening the security
of freshwater supplies due to substantial erosion of island shorelines
(Alsumaiei and Bailey, 2018a; Duvat and Magnan, 2019). Hence,
while island landforms may remain physically resilient, and may
maintain their freshwater lenses, their habitability may become
increasingly challenging for island communities.

5 Conclusion

Multidecadal shoreline change research of 49 islands in Huvadhoo
Atoll, Maldives has facilitated a greater understanding of reef island
shoreline vulnerabilities. Specifically, analyses of historical aerial
photographs and satellite imagery revealed substantial changes in
reef island shorelines at Huvadhoo Atoll between 1969 and 2019.
Contrary to previous findings, our results found accretion was the
dominant mode of island change whereby 53% of islands accreted, 25%
eroded and 22% displayed no change. Our results provide evidence that
islands are continually changing their shape and size as eight different
types of island adjustment were documented in this study, with lagoon
migration and parallel migration being the most dominant modes of
adjustment. Of note, advancement of the lagoon shoreline was
prevalent due to the artificial shorelines that were created on the
lagoon side of anthropogenic islands. Thus, shoreline change was
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significantly higher on anthropogenic than natural islands, and the
rates and magnitudes of island shoreline change were significantly
higher on anthropogenic islands than on all other island types.
Additionally, this study utilised numerical modelling with rates of
shoreline change to estimate freshwater lens volume for 2030, 2050 and
2100 in response to changes in recharge and shoreline migration.
Freshwater lens modelling inferred that lens volume was substantially
impacted by shoreline change compared to changes in recharge,
whereby shoreline accretion led to large increases in lens volume. As
islands predominantly accreted in this study, overall an increase in
island lens volume was found across all timeframes and emissions
scenarios, which remained the case when anthropogenic islands were
removed from calculations. The capacity for accreting islands to
increase their storage of groundwater over the coming decades offers
new insights into groundwater resources in the Maldives. Our findings
have implications for reef island management as the immobilisation of
shorelines through hard engineering (e.g., construction of sea walls and
concrete harbours) compromises the value of these geomorphic
ecosystem services and, in turn, reef island physical resilience to
climate change. We suggest that the capacity of reef islands to both
(1) adjust their shorelines, and even accrete, under conditions of sea
level rise; and (2) increase their storage of groundwater over the coming
decades represents highly valuable geomorphic ecosystem services.
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