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Tracking over 30 years of coral
reef infrastructure degradation in
Barbados

Aliyah Griffith'™, Max Buglisi*, Sandra Lee? & Karl Castillo*

Coral reefs face escalating threats from global and local stressors, and these challenges are
exacerbated in the Caribbean. This study focuses on coral reef structure in Barbados, where a previous
study documented reef degradation in the 1990s. As 30 years have passed, we examined the rate

of change of reef structure and quantified associated substrate presence along the western reefs of
Barbados. Using satellite and geotagged imagery, we analyzed 19 reef structures over the interval
2013 to 2023 along the west coast of Barbados, comparing them to the previous study’s findings

in 1950 and 1991. We ground-truthed five sites previously categorized as highly degraded reefs to
confirm their structural integrity and substrate-type. Results confirmed ongoing reef structural loss,
averaging ~137.68 m* annually across all sites. We identified four primary substrate types: coral,
algae-covered substrate, rubble, and sand, with algae-covered substrate predominating and projected
to persist. Our results underscore the urgency of monitoring reef health and highlight the potential
limitations of satellite assessment. This research enhances understanding of reef dynamics and offers a
framework for identifying vulnerable areas, which are crucial for effective conservation efforts.

Coral reefs are essential to islands in the Caribbean. They provide food and resources, act as natural barriers
from storms, and aid in sustaining tourism'~*. Unfortunately, coral reef health is at risk due to various global
and local stressors. Globally, recent climate models predict that as more atmospheric CO, is absorbed, seawater
temperatures will continue to rise, ocean acidification will persist, and the frequency and intensity of hurricanes
will increase>®. Locally, reef structures can be influenced by algal recruitment and disease, such as stony coral
tissue loss, which can change reef-building coral’s functionality and reduce calcification”®. These environmental
stressors and functionality defects influence the structural integrity of the reef ecosystem, initiating habitat
fragmentation that affects coral reefs and many associated organisms”°. In Barbados, global and local stressors
compromise coral reef structures, decrease reef-dwelling organisms’ habitats, and decrease coastal communities’
resources and income. Considering these stressors, it is crucial to evaluate how the structural integrity and
substrate types of Barbados’ vital reef ecosystem have changed over time. In response to concerns about the
degradation of the reef ecosystem along the Barbados coastline, Lewis (2002)!! compared aerial photographs
of twenty fringing coral reefs over a 40-year interval from 1950 to 1996. He found that reef size impacted the
percent loss and overall area difference, but location relative to the island did not. Eight of twenty reef sites were
categorized as locations experiencing “high degradation,” and sketches and descriptions were developed based
on reef observations'!. Over thirty years have passed since this initial study found degradation at some sites
along the west coast. Since the 1990s, reefs along the Barbados coastline have been exposed to even more intense
global and local stressors not previously considered, including carbonate budget shifts, macroalgal blooms, and
disease!?"!°. In response to these stressors, numerous laws and intergovernmental strategies have been enacted,
often in collaboration with the United Nations and other Small Island Developing States (SIDS), aiming to
safeguard oceans, including reefs, within designated Marine Protected Areas (MPAs)!¢-18, Barbados specifically
established Folkestone Marine Reserve in the middle of their western coast to minimize the impacts of overfishing
and delineate zones for science, water sports, and activities'®. With the establishment of the MPA in 1981, the
reserve serves as a natural experiment that allows for assessing the impacts of these policies on aspects of reef
health such as structural integrity and habitat loss. Developments in satellite image analysis offer promising
avenues for coral reef mapping and monitoring, enhancing our ability to understand environmental changes and
inform conservation efforts?’. New web-mapping software allows cross-referencing findings with aerial imagery
to indicate impact on calculated area or quantify reef substrate type. Therefore, further investigation into the
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current reef structures of Barbados is both timely and critical, leveraging advanced technology to reassess and
enhance conservation strategies.

To explore how new technological advances can aid in reef structure and substrate identification, we
investigated coral reef structure loss along the west coast of Barbados for the years 1950, 1991, and 2013 using
satellite images to assess the percent loss and rate of change in reef infrastructure. Due to the limited visual
resolution of satellites, some reef areas may consist of non-coral substrates, highlighting the potential for bias in
image analysis®!. To address this bias, we further investigated the precision and validity of the satellite images by
incorporating ground-truthing, i.e., collecting in-situ images to determine the substrate at the exact latitude and
longitude. We hypothesize that location, time, and protection levels will impact the rate of change. We anticipate
the rate of change in the Barbados coral reef structure’s surface area will be negative, indicating a loss of surface
area and greater reef degradation. Additionally, with the compounding effects of climate change and heightened
local impacts, we hypothesize an accelerated rate of coral reef degradation?>?. As the MPA covers the middle
region and has high protection levels, we propose the middle region will have low area loss and a low rate of
change. Where regions in the south, previously categorized as highly degraded in 1996 with low protection
levels, will have a higher rate of change and overall higher area loss.

Results

Surface area changes over time based on reef characteristics

We evaluated the rate of change in surface area during two periods: the initial 41 years (1950-1991) and the
subsequent 22 years (1991-2013), by reef and location. The rate of change for reefs located in the northern
region appears to exceed the rate for most reefs located in the middle and southern regions in the 1950 to 1991
timespan (Fig. 1). The Sunset Crest 2 reef in the middle appears to be the only positive change in terms of area
rate. In the 1991 to 2013 timespan, some reefs located in the middle and south have small gains in surface area.
The Heywoods reef in the north is the outlier concerning the rate of surface area loss (Fig. 1). All reefs were kept
for further decadal analysis, with the addition of DeadTree reef due to its proximity to the other reefs, which
created 19 reef sites. All reefs except Bellairs 2 and Paynes Bay 1 showed significant loss (p-value range: p <.001
to p=.01691). Further analysis was used on only our data looking at decadal changes (see Supplementary Figure
S1).

Location, protection level, and initial degradation level over time were tested for correlations with the rate of
change, area, or percentage loss. This analysis indicated that the degradation level was not statistically significant,
whereas year was found to be substantial. A mixed effect linear regression addressing location impact indicated
all reefs across all years (1950-2023) averaged 137.68 m? of surface area loss (p <.001). There were no statistically
significant differences in surface area loss by location. When focusing on decadal change (2013-2023), a mixed
effects linear regression model indicated the average rate of change was 152.4 m? area loss when controlling for
location and protection level. T-tests conducted on location and protection level with surface area change during
our consecutive period, 2020-2023, showed no significance. It did, however, highlight that the middle locations
and high-protection reefs lost less surface area overall, shown in Fig. 2, compared to the two other locations,
north and south, which held low-protection level reefs.

A cluster analysis using the decadal data (2013 to 2023) was conducted to determine which reefs had similar
profiles concerning characteristics of interest. Specifically, clustering was based on previous degradation level,
location, protection level, and percent loss from 2013 to 2023. The results identified four distinct clusters in the
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Fig. 1. Rate of change in surface area of reef sites from 1950-1991 (left) and 1991-2023 (right).
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Fig. 2. Decadal changes in surface area of reefs based on location from (2013-2023).

data (Fig. 3). The middle region with low to medium degradation and high protection (Cluster 2) had the least
percent loss at 4.45% (SD=49.7). The middle region with low to high degradation and low protection levels
(Cluster 3) experienced the second lowest at 6.2% (SD =4.8). The highest loss was in the northern region, with a
high degradation level and low protection (Cluster 4), with a 26.3% (SD =12.5) loss. The southern sites with low
and medium degradation and low protection (Cluster 1) had the second highest with a 10.4% (SD=10.4) loss.
When evaluating cluster distribution and composition, the average cluster values for clusters 1 and 3 were 0.50
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Fig. 3. Clustering of decadal percent loss changes in reefs based on location, degradation level, and protection
level (2013-2023). The value in the parenthesis represents the standard deviation of the average percent loss.

and 0.61, respectively, indicating a robust structure. Conversely, clusters 2 and 4 exhibited lower average values
of 0.42 and 0.46, suggesting a comparatively weaker structural coherence.

We focused on 14 of the original reef sites investigated in Lewis (2002)!! as these were the locations that best
aligned geographically with the original study sites, allowing for a reliable comparison. Since 1991, we found
that 10 out of the 14 reefs had a percent loss in surface area, with 90% of the ten reefs having high degradation.
The highest was Heywoods, with an 83% loss in surface area, followed by Cunards 1 at a 77% loss in surface area
(see the entire list of area and percent changes in Supplementary Table S1). When assessing a 73-year gap from
1950 to 2023, based on available data, 11 reefs experienced reef area loss, 9 of which were highly degraded. The
highest was Heywoods, with 88.9% reef area loss, followed by Cunards 1 at 80%. A visualization of some of these
spatial changes from 1950 to 2023 can be found in Supplementary Figure S2. In comparison to our findings,
Lewis identified that all 19 reefs on the west coast of Barbados experienced percent loss except for Sunset Crest
2! Eight were categorized as high degradation (over 10%), with the highest loss being Six Mens with 24% loss,
followed by Heywoods (23.24%) and Paynes Bay 1 (23.42%) in 1991.

Substrate influence on surface area

The two methods used, visual verification and random point verification using CoralPointCount, were used
at 5 of the eight sites originally identified as “high degradation” by Lewis in 1991'. These sites included Six
Mens, Paradise Beach, Sandy Lane, Bellairs, and Paynes Bay. Both indicated variations in available substrate and
the dispersal of each type. Ground truthing indicated a satellite deficiency in the proper categorization of reef
substrate where a traditional reef structure may not actually be present. Both methods revealed four substrate
types: healthy/live coral, algae-covered substrate, rubble, and sand. The first method of visual verification
identified that only 15.4% of the fringing reefs were coral, 45.6% of the images were algal-covered, and 34.2%
were identified as rubble (see Supplementary Figure S3). A test was conducted comparing both image analysis
methods. The findings concluded that there were no statistically significant differences between the visual
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verification and random point verification approaches (p-values: 0.13 and 0.16) and a moderate to high degree
of agreement among the approaches (ICC range of 0.56 to 0.72). As a result, the CoralPointCount data indicated
similar results but were not included in the final predictive model due to the lack of statistical difference. The
identified images were used as a baseline in a predictive model to determine how the nearest 25 m would be
categorized based on its proximity to each image point. The predictive model (Fig. 4) depicts 3 of the five
originally-categorized highly degraded reefs. Reef A (Bellairs) exhibited a higher concentration of algal coverage
and sand, specifically further from the main reef mass. Reef B (Sandy Lane) had a fairly even distribution of all
groups, with more isolated locations being identified as coral. Reef C (Paynes Bay) exhibited high amounts of
algae near the southern edge, a preference for rubble along the inner fringe, and a shift in the sand as gaps are
seen within the reef structures.

Discussion
The surface area assessment of the coral reefs along the western coast of Barbados revealed that although five
sights gained area since 1991, the majority of sights experienced significant degradation trends over time. Since
1991, the highest levels of degradation were observed on Heywoods and Cunards 1 reefs, indicating substantial
environmental shifts. The significant degradation trends observed in the surface area assessment and rate
of change of the coral reefs highlight the pressing need for comprehensive conservation efforts and effective
restoration. Reefs such as Heywoods and Cunards 1, which exhibited the highest levels of degradation, serve as
critical indicators and a proxy of the environmental change occurring along the Barbados coastline over time.
The observed loss underscores the urgency of addressing global and local stressors affecting these ecosystems??.
When focusing on decadal changes, the clustering analysis found that the lowest percent loss was in both
middle region clusters with high protection (cluster 2) and with low protection (cluster 3). This correlation
between location and percent loss supports the potential success of the marine protected area (MPA) located
in the middle of the western coastline and the reefs just around it. As Folkestone is Barbados’ only MPA in
the middle region and the surrounding reefs exhibit the lowest percent loss, the other locations outside of the
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Fig. 4. Identified substrate and predicted dispersal of substrate across Bellairs (A), Sandy Lane (B), and Paynes
Bay (C) (Satellite imagery and maps were created using ArcGIS Pro (version 3.2.2). Available at: https://www.es
ri.com/en-us/arcgis/products/arcgis-pro/overview.)
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middle could provide evidence for the multi-stressor theory of local impacts such as ecotourism, pollution, and
overfishing!®. As the reserve does not extend to the north and south regions, we could not explore the role of
MPAs in these regions. The standard deviation of average area percent loss indicated high variation in the middle
cluster with high protection. This indicates that the reefs within this cluster have a higher variation of area values.
This is consistent with our theory that the scientific zone within the Folkestone Marine Reserve experiences
greater protection and less loss than the surrounding reefs with less protection. Low variation in the middle
region, as indicated by the standard deviation of average area percent loss, suggests reefs within this cluster
are similar and vary less in terms of their area values. This may suggest the positive influence of proximity to a
protected area with greater restrictions since degradation was minimal overall for both clusters residing in the
middle. The large differences in area loss based on region, with only one cluster being at the MPA site, highlight
the importance of considering spatial dynamics and enforced laws in coral reef management. By expanding
protection for these degraded reefs, frameworks like the Degraded Reefs Marine Protected Area (DR-MPA)
could incorporate additional degraded reefs, allowing for a shift in management approaches that better address
local needs and potentially promote recovery®.

During our analysis, unanticipated anthropogenic impacts were observed, notably the emergence of new
coastal structures, such as breakwaters along the shoreline. These developments influenced sand deposition
patterns and certain previously delineated structures. Notably, specific reef formations, like Paradise Beach,
experienced immediate anthropogenic influences stemming from increased tourism activities?. The construction
of a new hotel prompted dredging operations, resulting in a decrease in surface area and the formation of a
substantial stretch of sand. These developments prompted a reassessment of our reef labeling system for Paradise
Beach, specifically regarding the initial classification of Paradise Beach as “1” versus “2” in light of the alterations
caused by anthropogenic interventions (Fig. 5). In a complementary study forthcoming with the university,
we examined tourism dispersion and its correlation to highly degraded sites; this was found to be statistically
significant. A similar impact of anthropogenic stressors was found in St. Martin’s Island®’, where a combination
of fisherman extraction and tourism indicated a continuous decrease in the spatial change of coral colonies from
1980 to 2018.

Fig. 5. Heywood (A and B) and Paradise Beach (C and D) from 2013 (left column) and 2022 (right column)
with and without anthropogenic developmental (artificial breakers and dredging ) impacts (Satellite imagery
and maps in this figure was generated using Google Earth Pro (version 7.3.6.9796). Available at: https://www.g
oogle.com/earth/versions/#earth-pro).
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A few limitations were based on access to data from the 1950s and 1991. We had to rely solely on Lewis’
published calculations and reef diagrams'!. While we benefited from local assistance, it’s important to note that
our final confirmation of locations may not be perfectly aligned with the prior reef sites due to location name
changes. To address this limitation, we placed greater emphasis on analysis that relied solely on our collected
data from 2013 to 2023.

The substrate analysis identified four substrate groups, which varied from our coral presence predictions.
Algal cover and rubble were dominant in geotagged images and predicted models of substrate shifts. Sand
sustained regional dispersal in satellite images, geotagged images, and the predicted model across most regions.
Substrate identification accuracy in both the geotagged images and satellite imagery was found, as sand was
properly identified by the satellite, but the other substrates vary and could not be identified with just satellite
imagery. The high levels of algal coverage and rubble observed indicate potential environmental stressors. This is
supported by local reports of Barbados pollution and disease?® and the idea that local ecological drivers mainly
impacted coral survival due to low physical implications?. This underscores the critical importance of ground-
truthing and considering the nearest-neighbor relation, which better entails analyzing the spatial relationships
between reef sites to understand substrate variations and ecological dynamics.

Our findings align with current concerns about the biology and ecology of coral rubble, underscoring the
need for standardized metrics and the incorporation of habitat fragmentation considerations for improving
reef management and more effective conservation strategies®. Substrate shifts emphasize the importance of
monitoring substrate dynamics and understanding their implications for coral recovery, as discussed in previous
research on coral rubble dynamics and material legacies®!. These foundational characteristics drive regime shifts
and stable states, influencing coral to macroalgal-dominated reef shiftst32:33, In Barbados’ case, with a fluctuation
in high physical implication disturbances, their focus on structure-retaining habitats is vitally important. These
findings contribute to the broader understanding of coastal and coral reef degradation impacts, highlighting
the intricate relationship between terrestrial and marine ecosystems. The studies on terrestrial degradation
impacts emphasize the importance of integrated management approaches to mitigate local threats and enhance
reef health®*. Similarly, discussions on land use impacts underscore the need to address fragmented land-cover
patterns®, and as researchers have begun to use this comparison of forest to reef*, the same processes and
pattern observations need to be recognized widely and consistently applied to coral ecosystem work. This could
combat further shifts and hopefully sustain the overall available area and present substrate.

In conclusion, integrating various research findings and methodologies provides valuable insights into the
complex dynamics of coral reef ecosystems. It underscores the urgency of implementing holistic management
strategies to safeguard these invaluable marine habitats. Our reef structures are degrading in some areas but
can be effectively monitored with satellite for structure assessments if ground-truthing for substrate conditions
is conducted. Since our analysis, many organizations have maximized their reach into the oceans and created
higher-resolution open-access ocean assessment tools. With the continuation of developments like this,
assessments that could tackle structure and substrate are soon to come. Further exploration into the temporal
dynamics of substrate alterations and their consequential impact on overall reef area loss would provide critical
knowledge.

Methods

Site description

Barbados is the easternmost Caribbean country. Our sites include fringing reefs about 5-10 m deep that line
the entire west coast of the island. The following reefs were selected to include data from 1950 to 1991: Paynes
Bay 1, Paynes Bay 2, Sandy Lane 1, Sandy Lane 2, Sunset Crest 1, Sunset Crest 2, Bellairs 1, Bellairs 2, Cunards
1, Cunards 2, Heywoods, Six Mens, Smitons Bay (split into two reefs), Fitts Village 1, Fitts Village 2, Appelby,
and Paradise Beach 1 (only known as Paradise Beach). The site DeadTree was added for analysis after 1991. The
total number of reefs included in this study is 19 (Fig. 6). Four sites fall within the Folkestone Marine Reserve:
Bellairs 1, Bellairs 2, Sandy Lane 1, and Sandy Lane 2. Due to the stricter regulations of Bellairs, which falls in
the scientific zone, only Bellairs was considered the MPA for this study. Paradise Beach 2 was omitted from tests
after 1991 due to the inability to confirm its location. Sandy Lane 3 and Sandridge (not included in Fig. 6) were
in some original analyses but were later omitted from the entire study due to issues with location confirmation
and sufficiently clear satellite data.

Satellite imagery retrieval

Reef locations were selected to best match the 20 reef locations identified by Lewis (2002) to provide ongoing
analysis of the sites investigated in the initial study'!. Interpretations of the locations were used based on
available maps, previous papers, and some geotagged imagery to best fit previous sites assessed. Using Google
Earth Pro Version 7.3, satellite images were retrieved from various sources, including Sentinel-3, DigitalGlobe
(Maxar), and other aerial photography providers, ensuring image resolution at or below 1 m per pixel. 2023,
2022, 2021, 2020, 2018, 2016, and 2013 were selected. The data retrieved did not show every reef yearly due
to interference from clouds, boats, and shadows. Reefs were only traced if resolution and clarity were high
enough to make confident distinctions about the borders of each reef. Using Google Earth Pro’s tracing module,
individual polygons of the main reef and any surrounding reef structure were generated. This reef selection
process is depicted as a flow chart in Fig. 7. For each reef, one polygon labeled “MainReef,” as well as any
number of applicable polygons labeled “SubReef;” which included any reef structure generally within ~10 m
of the “MainReef;” was used. The 10 m buffer around the “MainReef” was used on all reefs and years to instill
consistency and to constrain reef boundaries uniformly. The shoreline of each polygon was standardized to
ensure consistent surface area measurements across all satellite imagery and to facilitate comparability with
the results from Lewis. Any “SubReefs” located within five meters of the “MainReef” were conjoined with the
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Fig. 6. Reef Site Locations along the West Coast of Barbados (Satellite imagery and maps were created using
ArcGIS Pro (version 3.2.2). Available at: https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview.)

main structure. Reefs further than five meters from the main reef were excluded. These combined features,
which included the “MainReef” and nearby “SubReefs,” were used for area calculations (see polygon processing
imagery depicted in Supplementary Figures S4-S6).
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Fig. 7. Flow chart of reef site assessment methods for both polygon processing and substrate verification.

Surface area assessment

Rate of change analysis

The total number of included reefs analyzed for the rate of change in reef surface area was 18. Fourteen of Lewis’
original 20 were included in this analysis. Each reef was measured in ArcGIS Pro Version 3.2 using polygons for
perimeter and surface area, where area loss, percent loss, and rate of change were later determined. The equation
Rate = (x; — w2)/(y1 — y2)was used where the numerator represents the surface area at a specific year
((x, and (x, ), and the denominator (y1 and y2)represents the change with respect to time (or the difference
between the observation years). This equation allows us to measure how quickly the surface area changes over
time. If the rate is positive, the surface area increases over time. If it's negative, the surface area decreases over
time. The size of the rate of change in surface area tells us how fast the change is happening.

Factor correlation analysis

Lewis (2002)!! satellite image data were used for 1950 and 1991. Each reef was converted to m? and assessed for
annual or decadal change(s) in surface area. Mixed effect linear regressions, paired t-tests, and descriptive analysis
were used to identify trends in variation in surface area over time (from 1950 to 2023). This was performed on
14 of the initial 18 locations. Factors correlated to the rate of change, area, or percent loss were then addressed
using a series of t-tests and a mixed-effect linear regression model. These factors included location, protection
level, and initial degradation level. Lewis previously found that location was not significant!!. As we did not
have the same sites, we decided to consider location again and include a protection level. All reefs were kept
for further decadal analysis, with the addition of DeadTree reef due to its proximity to the other reefs, creating
19 reef sites. A random intercept mixed effect linear regression model estimated via maximum likelihood with
year as a level-1 variable was fitted to identify any significant change to Surface Area and Year. To assess decadal
change comparing 2013 to 2023, paired t-tests and a random intercept linear mixed effect model estimated via
maximum likelihood with year as a level-1 variable and protection level and location as level-2 variables were
conducted. Assumptions for the normality of residuals were examined post hoc and adequately met. Mixed
effects models were performed using the R packages nlme Version 4_1.1-35.1. The final best-fitting mixed effect
model based on BIC was estimated using an AR(1) covariance matrix.
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Clustering analysis

Cluster analysis was performed utilizing Gower Distance. This approach supports both quantitative and
qualitative variables. Reefs that were not missing surface area in 2013 and 2023 were included in the analysis.
The optimal number of clusters (k=4) was determined using silhouette plots. The cluster plot was constructed
using the k-medoids algorithm. Features considered for clustering included location, degradation, protection
level, and decadal percent loss. Cluster analysis was performed using the R packages cluster Version 2.1.6 and
factoextra Version 1.0.7. Average cluster values were calculated because they play a crucial role in cluster analysis
as they provide insight into the distribution and composition of clusters. Calculated estimations were rendered
to depict surface area in 1950, 1991, and 2023 based on available data and drawings. These serve as visualizations
of predicted reef layouts at previously highly degraded locations.

Substrate confirmation

Ground-truthing

In July 2023, a sample of 5 reefs, previously categorized as highly degraded in 1996 by Lewis (2002)!!, were
ground-truthed in the field to verify substrate presence and potential degradation. Each site selected was
verified upon arrival to their respective reef(s). This included bringing images, consulting with the local captain,
comparing Lewis drawings to each site, and matching three distinct landmarks. Field verification included
ground truthing each reef within each site. Geotagged photos were taken of the fringing reefs via snorkeling
using an Olympus TG-6 to identify the substrate-type presence, as seen in Fig. 8.

Substrate classification

Color and texture were used for substrate classification, identifying four main categories: sand, rubble, algae,
and coral. Substrate classification defined each substrate structure type by texture and color identification
following previous study methods>*373, This was derived to identify ecological shifts in the environment,
the development of rubble as a potential habitat, and to understand what parts of the originally identified reef

Geotagged Images at Sandy Lane

Identified Substrate

® Sand

* Rubble

* Algae
Coral

0.03 Miles

Fig. 8. 2023 GPS coordinates as geotagged images taken while ground truthing for both Sandy Lane locations
(Satellite imagery and maps were created using ArcGIS Pro (version 3.2.2). Available at: https://www.esri.com/e
n-us/arcgis/products/arcgis-pro/overview.)
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brown/green| and
and standardized

standardized
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texture
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texture

100%
coral

light H : light
of identified =
brown/green brown/green
and "n,1 and
standardized I age standardized
-bumpy -bumpy
texture texture

SUBSTRATE SUBSTRATE
CATEGORY: CORAL CATEGORY: CORAL

Over 50% of an image color and texture, defined the substrate

Fig. 9. Substrate identification visual verification method: coral identified geotag image example and
classification descriptions of each section.

were categorized as hard coral. Coral is defined as hard coral or hard standardized substrate that is not white
(bleached) or deep brown (dead). Algae was defined as smothering organisms on hard surfaces, including turf
algae and CCA. Rubble was described as a hard substrate completely covered in sediment with randomized
texture and/or pattern. Lastly, sand was defined as no hard substrate present and only uniform soft terrain where
any attachment is rare (see examples of substrate categories in Supplementary Figure S7).

Substrate identification

A multi-radar method was used to track substrate presence accurately. The in-situ images were assessed by
visual inspection using a “50% ruling of the image” (Fig. 9). The color and texture were evaluated once the
image was split into four quadrants. If two or more quadrants fell into the same category, the entire image was
identified as the majority substrate found. The classification’s performance was then quantitatively assessed via
CoralPointCount (CPCe) for overall image accuracy and any bias elimination. This second method included ten
random points categorized as a specific substrate on each image following previous method recommendations®* 4!
(see Supplementary Information for more detail). The image was then categorized when the majority (>50%) of
the points were identified as one substrate type.

Substrate prediction modeling

ArcGIS Pro Version 3.2 was used for substrate layer descriptive analysis and processing. To identify the reliability
or agreement of our substrate results from each verification method, an Intraclass Correlation Coeflicient or ICC
was conducted. This was based on a 0 to 1 scale. All analyzed images were converted to substrate-categorized
GPS points and deposited onto five of their corresponding reef sites. Geotagged images were sorted by site and
substrate category using color. Each geotagged point was used to predict the regional substrate for the edge
of each reef site. A 25-meter buffer was applied to limit analytics to the designated research site. Calculated
estimations were then rendered to depict visualizations of predicted and identified substrates at each location
(see Supplementary Information for details on interpolated map layering).
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Data availability

Raw satellite imagery for Barbados from 2013 to 2023 is available on Google Earth Pro. All polygon files, other
scripts, and code required to generate percent loss, rate of change, and further analysis are available upon re-
quest. Please use email listed for the corresponding author.
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