Global and Planetary Change 247 (2025) 104743

Contents lists available at ScienceDirect

Global and Planetary Change

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/gloplacha

Check for

The Reef Island Geomorphic Activity Assessment: A new approach to | e
quantify cay geomorphic change

a,*

Emily Lazarus™ , Stephanie Duce®, Stephen Lewis b Scott Smithers®

@ Earth and Environmental Sciences, College of Science and Engineering, James Cook University, Townsville, Queensland 4811, Australia
b Catchment to Reef Research Group, Centre for Tropical Water and Aquatic Ecosystem Research, James Cook University, Townsville, Queensland 4811, Australia

ARTICLE INFO ABSTRACT

Editor: Jed O Kaplan Cays (low-lying reef islands) are dynamic, unconsolidated sedimentary landforms which adjust their shape and

position on a reef in response to hydrodynamic conditions and sediment supply. Quantifying meaningful cay

Keywords: geomorphic change is necessary to understand their natural variability and detect change patterns and trajec-
Great Barrier Reef tories. Shoreline movements on cays have been quantified globally using the Digital Shoreline Analysis System
Geomorphology

(DSAS) which records shoreline movements at regularly spaced shore-normal transects. However, DSAS was
developed for relatively straight coasts and is less suited to cays which have 360° shorelines. Here we introduce
the Reef Island Geomorphic Activity Assessment (RIGAA), an alternative approach to quantify changes to cay
area and shape, orientation, and position that uses the entire cay footprint. To compare the RIGAA to the DSAS,
we used digitised cay shorelines captured monthly for three cays on the Great Barrier Reef to quantify cay
geomorphic change over almost a decade (2015-2023). Both approaches yield comparable assessments of net
cay shoreline change but the DSAS overall Net Shoreline Movement metric suggests progradation (4.14-13.12 m)
dominates at all cays whereas the RIGAA indicates more diverse behaviours, including shoreline contraction
(Taylor Cay —32.8 %), expansion (Bushy Islet +22.9 %) and stability (Masthead Island +2.9 %). The RIGAA
approach accounts for the frequency and magnitude of shoreline perturbations and provides a comprehensive
assessment of cay morphodynamic behaviour applied to the entire cay footprint. The outputs provide meaningful
metrics for a range of users, including key information about overall cay area and morphological change, and
movement.

Shoreline change
Morphodynamics
Digital shoreline analysis system

1. Introduction etal., 2016; Sengupta et al., 2021). Few studies have examined potential

changes on cays formed on reef platforms developed on continental

Coral cays are low-lying reef islands composed of largely unconsol-
idated carbonate sediment deposited on reef surfaces that dynamically
adjust their shape and position on the reef in response to changes in
hydrodynamic and sediment supply processes (Gourlay, 1988). There is
widespread concern that anthropogenic pressures associated with
climate change (e.g., sea-level rise, changed storm exposure, and
modified sea-surface temperature and ocean pH which reduce calcifi-
cation and modify biogenic sediment budgets) will force changes to cay
morphology (size, shape, elevation) and morphodynamics (frequency,
magnitude and timing of changes in cay shoreline and position on reef)
that diminish their capacity to support critical ecosystem and cultural
services (Kennedy, 2024). Reef island research to date has largely
concentrated on mid-ocean atoll settings (Costa et al., 2017; Duvat,
2019; Ford, 2012; Kench and Brander, 2006; Kench et al., 2023; Purkis
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shelves, such as those of the Great Barrier Reef (GBR), Australia, which
are exposed to different environmental conditions and may respond very
differently to their mid-ocean counterparts (Dawson, 2021). Systemat-
ically measuring and quantifying the morphodynamic behaviour of cays
is a critical step in better understanding the nature of cay dynamics and
variability over different timescales (episodic, seasonal, interannual and
decadal), and for detecting trends that may require a management
response. In this paper we focus on cays which are predominantly
located on the leeward margins of platform reefs, and are found in lo-
cations such as the GBR (Steers, 1929), Indonesia (Umbgrove, 1928) and
the Caribbean (Stoddart, 1962) but the methods presented are appli-
cable to islands in other contexts.

Cay morphodynamic analysis began as field mapping, including
topographic profiles (e.g., Stoddart et al., 1978) or tracing aerial
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Fig. 1. An overview of the broader GBR context and (a) the location of the study cays with respect to the north-eastern Australian coastline, as well as the average
cay area over the study period and reef platform area for (b) Taylor Cay, (c) Bushy Islet, and (d) Masthead Island.
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photographs (e.g., Flood, 1974) which were captured sporadically.
Following the widespread accessibility and increased recapture fre-
quency of satellite imagery over the past few decades, cay morphody-
namic analysis can now be undertaken on a near-monthly to weekly
basis using emerging geospatial technologies, some of which are semi-
automated (e.g., Cuttler et al., 2020) or automated (e.g., Bishop-Tay-
lor et al., 2021). These new, vastly larger datasets are more powerful,
requiring new methods of analysis to unlock their potential. In the past
cay morphodynamic behaviour has mostly been assessed by measuring
distances and rates of change to shoreline position at regularly spaced
transects using the Digital Shoreline Analysis System (DSAS), an
extension to ArcMap (Holdaway and Ford, 2019). While this approach
has been usefully applied to numerous reef islands (e.g., Adnan et al.,
2016; Dawson, 2021; Duvat and Pillet, 2017; Ford, 2013; Husband et al.,
2023; Mann and Westphal, 2016), DSAS was primarily developed to
analyse relatively straight coastlines (Himmelstoss et al., 2018) with
each transect assessing only one dimensional (cross-shore) change
(Shope and Storlazzi, 2019). This is not well suited to capture to the
cross-shore and alongshore sediment exchanges around continuous,
360° reef island shorelines (Kench and Brander, 2006; Paris and Mita-
sova, 2014; Smithers and Dawson, 2023). Some limitations of DSAS
include: 1) transects do not account for total planimetric change as
transect spacing does not capture the entire cay shoreline; 2) island
migration (i.e., change in overall location) is not well-captured or
intuitively presented; 3) the user is required to indicate an appropriate
baseline from which changes in distance are measured which is not
necessarily appropriate for highly dynamic islands; 4) change is
measured as distances or rates at each transect which are not directly or
intuitively comparable to ecosystem services (e.g., sea bird or turtle
nesting, habitable land) which are often best quantified by area; 5) it is
difficult to summarise DSAS outputs into a meaningful, island-scale
metric that can be compared between multiple islands (e.g., to help
managers prioritise resources); and 6) requires paid software (ArcMap),
although a free version for use with QGIS is now available (Terres de
Lima et al., 2021).

Here we present the Reef Island Geomorphic Activity Assessment
(RIGAA), an approach that uses free open-source software to: 1) quantify
changes to cay shape and area; 2) enable temporal and spatial variability
in cay shape and position to be determined, and identify zones of sta-
bility and high mobility; and 3) quantify the monthly cay orientation
and migration over the reef platform. The outputs of RIGAA identify
important attributes of cay morphodynamic behaviour, including key
areas of change or instability, which can be intuitively displayed and
understood by a diverse range of users. We compare the results of DSAS
and RIGAA approaches applied to three cays on the GBR and demon-
strate the benefits of the RIGAA approach.

2. Materials and methods

To demonstrate the use of the RIGAA we analysed the morphody-
namics of three cays within the GBR. The cays were selected to capture
some of the diversity of size, morphology and vegetative cover across a
range of latitudinal, cross-shelf and hydrodynamic settings (Fig. 1a). The
cays are Taylor Cay, a small (0.84 ha) unvegetated cay in the northern
GBR; Bushy Islet, a medium (7.94 ha) vegetated cay in the central GBR;
and Masthead Island, a large (46.97 ha) vegetated cay in the southern
GBR (Fig. 1b, c and d, respectively). Direct anthropogenic modifications
that may disrupt natural morphodynamic behaviour are absent from
these cays. The analysis period extended from August 2015 to February
2023, beginning with strong El Nino conditions followed by a period of
largely neutral to La Nina conditions (BOM, 2023) (See Supplementary
Fig. S1).

Short- and long-term fluctuations in cay area, morphology, orienta-
tion and position on the reef platform must be known to fully define a
cay’s morphodynamic behaviour and start to understand its drivers. The
Reef Island Geomorphic Activity Assessment (RIGAA) seeks to

Table 1
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Summary of the definitions and interpretations of metrics measured by the Reef
Island Geomorphic Activity Assessment (RIGAA).

Metric

Definition

Interpretation

Net cay change

Historical cay
footprint
intersection

Cay orientation

Historical cay
positional
envelope

Proportion of
overlap

Maximum
historical
overlap

Change in cay area
between two discrete
timesteps including
identification of areas
that have prograded,
receded or remained
relatively stable

Aggregated area of all
cay footprints for the
observational period

Percentage of cay
footprints that
overlapped at a given
area as a proportion of
the total number of cay
footprints used in the
analysis

Identifies areas of
overlapping cay
footprints as a
proportion of the
historical cay
positional envelope

Measures the
orientation of the cay
long-axis in degrees
from 0° (north)

This can inform the
possible future
trajectory of a cay by
identifying the areas of
contraction, expansion
or relative stability, as
well as estimating a net
overall cay size
trajectory to determine
whether management
intervention may be
required (e.g., if net
contraction is
occurring).

Indicates the total area
occupied by the cay for
the observational
period (including
migration) to provide
an estimate of the
possible sediment
exchange envelope/
storage capacity across
the reef flat.

Provide insight into the
frequency at which
various sections of the
cay undergo change.
When monthly
footprints are used, as
was the case in this
study, these values can
be interpreted as a
proportion of time that
the cay is present at a
given position. This
information can be used
to inform management.
For example, it would
not be advisable to
place a building or hard
structure in an area
with a low proportion
of overlap. The
suitability of certain
areas for renourishment
or grading could also be
assessed based on the
frequency of change.
Gives an indication of
the stable proportion of
the historical cay
positional envelope. A
high value suggests
most of the cay is
relatively stable while a
low value shows the cay
is more dynamic. This is
a good metric to
compare geomorphic
activity between
different islands and
can give insight into the
ongoing capacity of the
cay to support
ecosystem services, and
thus, the need for
management
intervention.

Identify whether the
orientation of the cay is
changing in response to
external forcings, and

(continued on next page)
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Table 1 (continued)

Metric Definition Interpretation

whether management
intervention may be
required to preserve
ecosystem or cultural
services.

Provides an estimate of
whether the cay is
migrating across its reef
platform in response to
external forcing
conditions. This can
inform a long-term
trajectory of change.

Cay migration Quantifies the change
in cay centroid
position over time
relative to the position

of the first timestep

characterise cay behaviour using the following metrics: 1) net cay
change, 2) historical cay footprint intersection (including proportion of
cay overlap and maximum historical overlap), and 3) cay orientation
and migration as described below and summarised in Table 1.

2.1. Data acquisition

Monthly cay shoreline positions were used to compare the DSAS and
RIGAA methods. The monthly shoreline positions were manually digi-
tised by a single operator in ArcMap 10.8.2 from Sentinel-2 satellite
imagery (10 m pixel resolution) at a 1:1000 scale (Fig. 2a). The vege-
tation line is commonly used as a shoreline proxy, however, the position
of the toe of the beach (TOB) was instead chosen to apply a standardised
method to unvegetated and vegetated cays. The TOB is defined by the
break in slope from the cay shoreline to the reef flat, often associated
with a change in sediment texture (Kench and Brander, 2006) and de-
fines the most geomorphologically active section of cays (Costa et al.,
2017). The area enclosed by the TOB is considered in this study to be the
cay footprint (Fig. 2b).

Sentinel-2 image resolution (10 m) was sufficient to manually detect
the TOB regardless of the tidal level. Given the size of the smallest cay on
the GBR is approximately 60 m?, Sentinel-2 imagery is at the threshold
for manual shoreline detection. Additionally, the image recapture fre-
quency of Sentinel-2 allowed near-monthly analysis which is an
advancement on episodic aerial photos. This increased temporal reso-
lution enabled us to capture the more subtle changes to cay geomorphic
behaviour. Images where cloud cover obscured any part of the cay TOB
were omitted resulting in some months being excluded from the anal-
ysis. Over the complete time series (August 2015 — February 2023, n =
91 months), the monthly images used in the analyses include Taylor Cay
n = 83 (92 % of the study period); Bushy Islet n = 78 (87 %); and
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Masthead Island n = 86 (95 %) (Fig. 3a, b and c, respectively).

Positional uncertainty of the shorelines was calculated by the Root
Mean Square Error (RMSE), taking the square root of the sum of the
squared sources of error divided by the sample size (n) for each cay. The
three sources of error considered were: 1) geolocation error of Sentinel-2
imagery (20 m (ESA, 2012)); 2) satellite image pixel size (10 m); and 3)
human digitisation error (Husband et al., 2023). Human digitisation
error was calculated by digitising the entire shoreline perimeter of each
cay ten times from the same image and calculating the average variance
of perimeter lengths. The overall RMSE was 2.41 m (Masthead Island),
2.45 m (Taylor Cay) and 2.53 m (Bushy Islet).

2.2. Digital Shoreline Analysis System

A mid-shore baseline (positioned between the most upper and lower
shorelines) was digitised from the ESRI basemap. Transects were cast
from the mid-shore baseline at 5 m intervals around the cay perimeters
to measure the Net Shoreline Movement (NSM) and Shoreline Change
Envelope (SCE). The NSM is the distance between the oldest and
youngest shoreline positions and is calculated in metres (Himmelstoss
et al.,, 2018). The SCE is the greatest distance of shoreline position
movement along a transect, regardless of timing, and is calculated in
metres (Himmelstoss et al., 2018). To enable a comparable analysis
between RIGAA and DSAS at the island scale, the average value of NSM
and SCE across all transects around a cay was used. Where the average
NSM value for a cay was positive we classed this as showing cay
expansion, while a negative average NSM value indicated cay contrac-
tion. We acknowledge that the use of an average value for each cay is not
ideal as localised shoreline changes will be smoothed out and the overall
value may be influenced by outliers. The difficulty calculating a single
meaningful metric that characterises cay shoreline change is a limitation
of the DSAS approach which our method seeks to overcome.

2.3. Reef Island Geomorphic Activity assessment

The RIGAA was undertaken using QGIS 3.22 where the digitised TOB
lines were converted to polygons of the monthly cay footprint and the
area calculated (ha) (Fig. 2b). The methods to obtain each of the metrics
are detailed below, as well as a summary of the RIGAA metric definitions
and interpretations in Table 1.

2.3.1. Net cay change

The net cay change was determined for each cay by performing a
spatial union overlap analysis between two timesteps (Fig. 4). In this
study, the oldest and most recent cay footprints were used; however, this
metric can be adapted to analyse net change between any two timesteps.

Fig. 2. Using Masthead Island as an example to compare (a) a linear shoreline manually digitised at the toe of beach (TOB) position as used for the DSAS approach

and (b) the conversion to a cay footprint used in the RIGAA approach.
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Fig. 3. The manually digitised monthly shorelines from the toe of beach (TOB) position displayed by year for (a) Taylor Cay (n = 83), (b) Bushy Islet (n = 78), and (c)

Masthead Island (n = 86).

For example, it can be used to assess the impact of episodic events such
as tropical cyclones (TCs) to determine the net change in cay area post-
event. Additionally, for seasonal cay behaviour it could be used to
identify change between a summer and winter cay footprint. This metric
identified which areas of shoreline have prograded (net expansion),
receded (net contraction) or remained relatively stable. The net cay
change was calculated as the difference in cay area between the newest
and oldest timesteps as a proportion of the area of the oldest cay foot-
print (1). Based on the approach established by Webb and Kench (2010),
values above 3 % indicate net expansion, below —3 % indicate net
contraction, and values in between indicate relative stability. It is
important to note that this metric only takes into account the two
shorelines selected for inclusion and therefore excludes any shoreline
changes that occurred between these two timesteps.

Area (new) — Area (old)
Area (old)

Net cay change = x 100 1

2.3.2. Historical cay footprint intersection

Three metrics capture the intersection of all cay footprints recorded
over the observational period. The historical cay positional envelope is
the total (aggregated) area occupied by all the cay footprints (Fig. 5a)
over the observational period calculated using the Dissolve tool
(Fig. 5b). The proportion of cay overlap was calculated using the Count
Polygon Overlap Model (Jenkins, 2020) to determine the total number
of cay footprints that overlapped at each area within the historical cay
positional envelope (Fig. 5¢). In the field calculator for each of the
output overlap polygons a ratio of the number of intersecting cay foot-
prints present in that area to the total number of cay footprints was
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calculated to determine the proportion (%) of overlapping footprints
(Eq. 2).
. To calculate the maximum historical overlap the area/s where all
X input cay footprints overlapped were identified. The proportion of the
entire historical cay positional envelope covered by this area of
; maximum overlap was then calculated (Eq. 3, Fig. 5d). This gives the
percentage of the historical cay footprint envelope which can be
considered relatively stable or consistent. For highly mobile cays it is
possible that there will be no area where all input footprints overlap (as
was the case for Taylor Cay in our study). In such cases, the area with the
greatest number of overlapping footprints can be used to calculate the
maximum historical overlap. As with the net cay change, this metric can
be adapted to measure seasonal intersections of cay footprints to char-
Fig. 4. A simplified example of the net cay change metric where the cay acterise cay footprint perturbations relative to seasonal wind and wave
footprint of the first timestep is outlined in solid black and the second timestep conditions.
is the dashed red outline. The areas of relative stability are shown by the orange . . .
RS . . . Number of intersecting cay footprints
shading (indicating the overlapping area between the two timesteps), the Proportion of cay overlap = - X
prograded area is shown in green, and cay shoreline recession shown by the Total number of cay footprints
pink shaded area.

~ -
S

100

Area where all footprints overlap

Maxi historical lap = 1
aximum historical overiap Area of historical cay positional envelope 00
(@) cay footprints (b) Historical cay positional envelope
T1 7 ha
Number of cay footprints = 3
(C) Number of intersecting footprints (d)

Area where all footprints overlap
Area of historical cay positional envelope

Proportion of cay overlap:

Maximum historical overlap :

- X 100
Total number of cay footprints

3333%

2 36ha
Example calculation: 3 X 100 = 66.67 % Example calculation: —— x 100 =51.43 %

Fig. 5. The process of the historical cay footprint intersection from: (a) using the digitised cay footprints (based on three timesteps at T1, T2 and T3 as an example) to

calculate (b) the historical cay positional envelope, then (c) determining the proportion of cay overlap, including an example calculation, and (d) determining the
maximum historical overlap, including an example calculation.
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Fig. 6. The process of deriving the cay long-axis orientation (above right) and generating cay centroids (below right) from the digitised cay footprints (left).

2.3.3. Cay orientation and migration

Monthly cay orientation was calculated for the long axes derived
from the footprints using the expression: main_angle(geometry) in the
QGIS Field Calculator (Fig. 6). This function gives the bearing of the
long-axis in degrees from north. Patterns of cay migration were
measured by generating monthly centroid points from each cay foot-
print polygon (Fig. 6). Centroids were generated at the geometric centre
of each polygon derived from the mass centre analysis method devel-
oped by Paris and Mitasova (2014) and applied to reef islands by Albert
et al. (2016). The Distance to Nearest Hub (Points) tool was used to
measure the distance of monthly cay centroid movement relative to the
centroid position of the first timestep. The Align Points to Features tool
was used to measure the monthly cardinal direction of centroid
movement.

Rose diagrams were used to visualise the monthly long-axis orien-
tation and cay centroid migration. Monthly cay long-axis orientation
was plotted using the long-axis angle (degrees) and area (ha) of the
monthly cay footprint. Centroid migration was plotted to visualise the
monthly cardinal direction (degrees) and distance (m) measured relative
to the first timestep. These measurements were plotted using the Python
package ‘plotly’.

2.4. Comparing the methods

We compared the DSAS metric of average NSM to RIGAA’s net cay
change, and the average SCE (DSAS) to the RIGAA metrics proportion of
overlap and maximum historical overlap. While we acknowledge that
we cannot draw direct comparisons as the two methods use different
units, these comparisons provide useful insights into the advantages and
limitation of each approach. Net cay change was used to determine the
extent of cay shoreline progradation (net expansion), recession (net
contraction) or relative stability between two timesteps, which can be
considered the first step in determining whether a cay may be changing
or contracting in total area and require management intervention. The
results of the historical cay footprint intersection enabled identification
of sections of the cay which had undergone more frequent change and
could be used to inform the suitability of management interventions.

Finally, while there is no DSAS equivalent, we show how cay orientation
and migration can be used to understand short-term movements due to
extreme events, or the long-term response of a cay to external forcings,
such as hydrodynamic conditions, and can be used to infer future
trajectories.

3. Results and discussion
3.1. Net cay change

The NSM from DSAS and the net cay change metric from RIGAA
identify the same locations of shoreline progradation, relative stability
and recession (Fig. 7). However, different conclusions with respect to
cay change are derived for the overall net cay change (RIGAA) and the
average overall NSM (DSAS) (Table 2). The DSAS results indicate a net
positive (expanding) change in average shoreline movement at all three
cays, whereas the RIGAA indicates a net contraction of cay area (—32.8
%) and complete relocation at Taylor Cay, net expansion at Bushy Islet
(22.9 %), and relative stability at Masthead Island (2.9 %). This
discrepancy arises because the DSAS method does not accommodate
changes in cay area or position on the reef platform (Mann et al., 2016).
This phenomenon is best exemplified at Taylor Cay (Fig. 7a and b) where
the RIGAA method shows that the cay has entirely relocated to the north
while the DSAS method identifies high net shoreline progradation (up to
60 m) on the northern shore accompanied by moderate shoreline
recession (10-30 m) on the southern shore, which is not intuitively
interpreted as complete cay relocation. We emphasise that a reduction in
cay area does not universally indicate net sediment loss from the cay
(Lowe et al., 2019); the change may be the result of a temporary flux
between the cay and proximal reef flat, or vertical accretion of the cay,
which cannot be measured by either the DSAS or RIGAA methods. A
three-dimensional assessment (e.g., using LiDAR or drone-derived
structure from motion methods to create digital elevation models) of
cay morphology and change over time is required to assess this
(Hamylton, 2017; Lowe et al., 2019).

3.2. Historical cay footprint intersection

The SCE results (DSAS) identify the greatest fluctuation of shoreline
position along the southern end of Bushy Islet (110-120 m) (Fig. 8c,
Table 2) and western spit of Masthead Island (100-115 m) (Fig. 8e,
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0 50 100m
e B

Cay expansion
(22.9 % change)

Relative cay stability
(2.9 % change)

0 200 400m
| I I—

Net cay change
|| Progradation

Cay expansion
(Average NSM 4.14 m)
Net Shoreline Movement (m)

-54.5 - -50 -10-0 —— 40-50

—— -50 - -40 0-10 —— 50-60 I Recession

—— -40--30 10 - 20 — 60 - 66.92 [ Relative stability

—— -30--20 — 20-30 D Oldest cay footprint

- 20--10 —— 30-40 1771 Most recent cay footprint

Fig. 7. Comparing the average Net Shoreline Movement (NSM) statistic at each transect calculated in DSAS and the net cay change results from the RIGAA,
respectively, to measure planimetric cay area change at (a, b) Taylor Cay which completely relocated to the north, (c, d) Bushy Islet, and (e, f) Masthead Island.
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Table 2
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Quantitative summary of the results comparing the DSAS to RIGAA for all method metrics. The DSAS metrics are
highlighted in blue and the RIGAA metrics are highlighted in orange. Note: that the two approaches are often not

directly comparable given the different units of some metrics.

Taylor Cay

Bushy Islet

Masthead Island

Net cay change

DSAS — Net shoreline
movement (NSM)

Net cay expansion
(overall average
13.12 m)

Net cay expansion
(overall average
13.07 m)

Net cay expansion
(overall average
4.14 m)

RIGAA — Net cay

Net contraction (-

Net expansion

Relative stability

change 32.8 %) (22.9 %) (2.9 %)
Historical cay DSAS - Shoreline Overall SCE Overall SCE Overall SCE
footprint change envelope (SCE) average 63.5 m average 39.9 m average 33.2 m
intersection

RIGAA — Proportion of
overlap

Largest
proportion of
overlap 62.65 %

Largest
proportion of
overlap 100 %

Largest proportion
of overlap 100 %

RIGAA — Maximum
historical overlap

Largest maximum
historical overlap
32%

Largest maximum
historical overlap
56.9 %

Largest maximum
historical overlap
78.1%

Cay orientation

Cay migration

RIGAA - Cay
orientation

RIGAA — Cay migration

Range of long-axis
orientation 68-
94°

Maximum
distance of
migration 121 m

Range of long-axis
orientation 158-
177°

Maximum
distance of
migration 32 m

Range of long-axis
orientation 91-
100°

Maximum distance
of migration 30 m

Table 2). These positions coincide with the areas with the least pro-
portion of overlap (0-20 %) when applying the RIGAA. However, the
DSAS results do not indicate the temporal dynamics of these shoreline
fluctuations, whereas the RIGAA proportion of overlap offers a measure
of the frequency of these fluctuations. Given monthly cay footprints are
used in this analysis, the proportion of overlap percentages reported
here can be interpreted as the proportion of time across the study period
that the island is present in those locations. For example, the central
(deep purple) sections of Bushy and Masthead show the cay footprint in
those locations 90-100 % of the time (Fig. 8d, f), while at Taylor Cay the
cay footprints mostly overlap 20-50 % of the time (Fig. 8b). Ecosystem
services such as high-value vegetation (e.g., Pisonia), require continuous
occupation of a considerable proportion of the historical cay positional
envelope to maintain these services. Therefore, the results of the RIGAA
inform the temporal dynamics and indicate that there is sufficient stable
area at both Bushy Islet and Masthead Island to continue to support such
high value vegetation communities.

At Masthead Island the maximum historical overlap was 78.1 %
indicating that 78.1 % of the historical cay positional envelope is
overlapping for the entire observation period (i.e., every cay footprint)
between August 2015 and February 2023 (Fig. 8f). At Bushy Islet the
maximum historical overlap is 56.9 % (Fig. 8d). The area where all cay
footprints overlap is indicative of stable areas of the historical cay po-
sitional envelope with Masthead Island being the most stable cay of
those studied. Conversely, the sections where the overlap measured
<30 % through the observational period relate to the distal spits at the
ends of these cays, indicating areas which are both mobile and diverse in
their morphological development. The sensitivity of such spits to small
changes in the strength and direction of waves and currents is well
established (Flood, 1986; Gourlay, 1990; Hopley, 1981). The maximum
historical overlap is an important metric to determine a cay’s capacity to
support permanent ecosystem and cultural services (Albert et al., 2016),
while also informing sustainable management of cays by identifying

highly dynamic sections of the shoreline. An example of the application
of such an investigation is given in Smithers and Dawson (2023) where
beach reprofiling at Raine Island was targeted at areas considered stable
in the longer-term and corresponded to ecological benefit (in this case
facilitating successful turtle nesting). The results for Bushy Islet and
Masthead Island indicate that there are large proportions (>50 %) of the
historical cay positional envelope which are able to provide ongoing
support for ecosystem services.

These findings at Bushy Islet and Masthead Island reflect the
behaviour of larger and vegetated cays on the GBR which are less
spatially and temporally dynamic when compared to smaller and
unvegetated cays (Hamylton and Puotinen, 2015). Fluctuations in the
shoreline position around the western distal end of Masthead Island are
visible in both the DSAS and RIGAA outputs (Fig. 8e, f) and have pre-
viously been observed, suggesting that it is a section most vulnerable to
geomorphic change (Edgell, 1928). Considerable spit dynamics have
also been observed at the southern end of Bushy Islet which appear to be
related to variable wind-wave conditions (Hopley, 1981). Therefore, it is
important to note that while there are greater stable proportions of
overlap at larger, vegetated cays, they are not exempt from geomorphic
change.

At Taylor Cay, there are no areas where 100 % of the cay footprints
overlap for the observational period (Fig. 8b, Table 2). The largest
proportion of overlap (62.65 %, or 52 of the 83 monthly footprints)
represents 3.2 % of the historical cay positional envelope (maximum
historical overlap). This indicates a highly dynamic cay in terms of both
area and position on the reef platform. Conversely, the SCE result, an
average of 63.5 m, for Taylor Cay is misleading suggesting that a pro-
portion of the historical cay positional envelope is in a consistent posi-
tion for the duration of the analysis period (Fig. 8a). This misleading
DSAS result is likely due to the use of a baseline shoreline from which to
measure change which is not suitable for dynamic cays. Despite the low
proportion overlap and maximum historic overlap metrics showing it is
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Table 3
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Summary comparing the advantages (highlighted green) and disadvantages (highlighted red) of the Reef Island
Geomorphic Activity Assessment and the Digital Shoreline Analysis System approaches to assess and measure cay

geomorphic change.

Reef Island Geomorphic Activity Assessment

Digital Shoreline Analysis System

Accessible and interpretable to a range of users
using open-access software

Requires paid, specialist software

Inherently captures the dynamic nature of the cay
shoreline position to calculate metrics

Uses a reference shoreline position which can
misrepresent overall cay change

Calculates the spatiotemporal activity of a cay with
reference to the historical cay positional envelope
which is the total area occupied by the cay over the
analysis period.

The use of a reference shoreline can result in
misrepresentation of the shoreline change envelope
and does not capture the dynamic movement of
some cays

Metrics can be meaningfully compared between
cays to assist in prioritising monitoring or
management works

Metrics are difficult to compare between cays

Metrics inform multiple aspects of cay geomorphic
change in a way that is relevant to management
interpretation and application

Results are calculated in distances (m) or rates
(m/yr) of shoreline change rather than area which
may not be meaningful to suitably inform the
management of cays and the services they support

Can only be applied to the entire cay shoreline

highly dynamic, this does not necessarily mean that ecosystem services
like sea bird or turtle nesting cannot be supported by Taylor Cay. Further
analysis undertaken around key timeframes (e.g., bird nesting months)
would be required to assess the capacity to support ecosystem services at
key time periods. The RIGAA metrics reflect the dynamic nature of
Taylor Cay, much of which regularly migrates rapidly over the reef flat
as wind and wave conditions fluctuate. This behaviour is typical of many
unvegetated cays on the GBR (Gourlay, 1983; Hopley, 1978; Taylor,
1924), where the RIGAA methodology could be usefully applied to
systematically quantify and compare morphodynamic behaviour and
trends.

3.3. Cay orientation and migration

The orientation of a cay’s long-axis can rotate in response to external
forcings (Cuttler et al., 2020; Flood and Heatwole, 1986). The RIGAA
method tracks the oscillations of the cay long-axis orientation. The long-
axis orientation of Taylor Cay is easterly oscillating between 68 and 94°
(Fig. 9a, Table 2). While there is a marked reduction in cay area over the
observation period from 0.8 to 0.55 ha which corresponds with the net
contraction findings of the net cay change metric (Fig. 7b) there is no
associated change in orientation. These findings suggest that Taylor Cay
is undergoing net contraction, rather than fluctuating around an equi-
librium morphology, which could indicate a permanent shift in the
overall geomorphic change trajectory.

Bushy Islet is orientated north-south between 158 and 177° (Fig. 9c,
Table 2). This small range of long-axis orientation may be influenced by
the presence of the southern spit which is present <30 % of the time
(Fig. 8d). Masthead Island demonstrates an even smaller range of east-
erly long-axis oscillations between 91 and 100° (Fig. 9e, Table 2). This
slight long-axis rotation of Masthead Island may be influenced by the
western spit which is spatiotemporally variable (Fig. 8f). Overall, by
tracking the angles of long-axis orientation the RIGAA provides an
additional indication of the cay dynamics and the response of these cays
to external driving forces, such as hydrodynamic conditions (Bonesso
et al., 2020).
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Can be used to measure change at discrete sections
of a cay shoreline

Cay migration and potential sediment loss across or over the edge of
the reef platform has been linked to modified hydrodynamic and sedi-
ment transport processes associated with sea-level rise in several studies
(Bramante et al., 2020; Shope et al., 2017), where the location of sedi-
ment accumulation and cay position changes as wave refraction and
energy vary (Webb and Kench, 2010). The RIGAA method can track and
clearly depict cay migrations across a reef platform whereas the DSAS
lacks a comparable analysis. Taylor Cay demonstrated the greatest range
of migration, the centroid moving 120 m towards the northeast of the
reef platform (Fig. 9b, Table 2). Considering this pattern of migration in
conjunction with net cay contraction, the behaviour of Taylor Cay
suggests a gradual redistribution of material over the reef platform and
relocation of the cay over time. Additionally, changing hydrodynamic
conditions may result in contraction (as seen in Fig. 7b) where there is
insufficient energy to transport all the redistributed material up on to the
cay or material is permanently lost off the edge of the reef platform.
However, as the RIGAA and DSAS only account for cay planimetric
change, further volumetric analysis would be required to measure if the
total amount of sediment composing the cay has decreased. Bushy Islet
and Masthead Island exhibit smaller migration ranges of up to 32 m
towards the south and 30 m towards the west, respectively (Fig. 9d, f,
Table 2). These findings are more likely to be influenced by the
spatiotemporally variable spits at these cays causing a fluctuation in
centroid position corresponding to the presence/absence of these spits.
A more detailed understanding of the geomorphic controls across a
spectrum of environmental and hydrodynamic settings is necessary to
infer local and regional influences of cay migration and orientation, and
the RIGAA method will provide a standardised approach to accurately
quantify cay movements and further develop this understanding, the
merits of which are quantitatively summarised in Table 2. Measuring
cay orientation and migration is useful to understand the direction and
magnitude of processes that drive geomorphic change.

Our new RIGAA approach offers a flexible, comprehensive and
multifaceted quantification of cay geomorphic change which is appli-
cable to both relatively stable and dynamic cays. However, the merit of
DSAS should not be discounted; it remains useful where the aim is to



E. Lazarus et al.

measure the distance of shoreline retreat or accretion, or the geomorphic
change along a particular section of shoreline is of interest. A qualitative
comparison of the RIGAA and DSAS metrics is provided in Table 3. The
heterogeneity of our results characterising monthly cay geomorphic
activity at three cays shows they can have highly dynamic footprints
which are important for users to meaningfully measure to resolve
whether perturbations are of a greater magnitude than usual or if they
represent longer-term trends. Further investigation into the geomorphic
settings which lead to varied cay behaviour is required to classify cays
more broadly and systematically within the GBR. The findings from this
study show how RIGAA provides meaningful and quantitative outputs
which enable users to understand cay geomorphic change over episodic,
seasonal and interannual timescales (i.e., the user’s timeframe of in-
terest). The outputs can be used to inform the appropriate and sustain-
able management of the valuable ecosystem and cultural services that
cays support. Finally, the RIGAA method can be tailored by the user to
the timeframe of interest and be applied to the most suitable shoreline
proxy based on the study setting (e.g., TOB, vegetation line or mean sea
level).

4. Conclusion

The Reef Island Geomorphic Activity Assessment (RIGAA) approach
offers a high spatiotemporal resolution method to quantify and compare
cay geomorphic behaviour applicable to global reef island settings. The
RIGAA metrics provide a more quantitative and thorough understanding
of cay shoreline and positional change. These metrics are more relevant
to managers than existing approaches, such as DSAS. The improved
metrics offered by RIGAA can be used to identify cays where net cay
change (e.g., net contraction), indicates that management intervention
may be required then quantify the spatiotemporal scale of cay mor-
phodynamics (using the historical cay footprint intersection metrics) to
inform appropriate and sustainable cay management to preserve
ecosystem and cultural services supported by cays. Finally, the cay
orientation and migration metrics can inform the short- to long-term
response of the cay to external conditions, such as variable hydrody-
namic conditions. The RIGAA is an easily adaptable approach with
outputs that are accessible to a range of users.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gloplacha.2025.104743.
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