University of Texas Rio Grande Valley

ScholarWorks @ UTRGV

Theses and Dissertations

8-2021

Assessing Long-Term Coral Coverage at East and West Flower
Garden Banks

Rebekah Alicia Hernandez
The University of Texas Rio Grande Valley

Follow this and additional works at: https://scholarworks.utrgv.edu/etd

b Part of the Earth Sciences Commons, Environmental Sciences Commons, and the Oceanography and
Atmospheric Sciences and Meteorology Commons

Recommended Citation

Hernandez, Rebekah Alicia, "Assessing Long-Term Coral Coverage at East and West Flower Garden
Banks" (2021). Theses and Dissertations. 887.

https://scholarworks.utrgv.edu/etd/887

This Thesis is brought to you for free and open access by ScholarWorks @ UTRGV. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of ScholarWorks @ UTRGV. For more
information, please contact justin.white@utrgv.edu, william.flores01@utrgv.edu.


https://scholarworks.utrgv.edu/
https://scholarworks.utrgv.edu/etd
https://scholarworks.utrgv.edu/etd?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/153?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/167?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/186?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/186?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.utrgv.edu/etd/887?utm_source=scholarworks.utrgv.edu%2Fetd%2F887&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:justin.white@utrgv.edu,%20william.flores01@utrgv.edu

ASSESSING LONG-TERM CORAL COVERAGE AT EAST AND WEST FLOWER

GARDEN BANKS

A Thesis
by

REBEKAH ALICIA HERNANDEZ

Submitted to the Graduate College of
The University of Texas Rio Grande Valley
In partial fulfillment of the requirements for the degree of

MASTER of SCIENCE

August 2021

Major Subject: Ocean, Coastal, and Earth Sciences






ASSESSING LONG-TERM CORAL COVERAGE AT EAST AND WEST FLOWER

GARDEN BANKS

A Thesis

by
REBEKAH ALICIA HERNANDEZ

COMMITTEE MEMBERS

Dr. David Hicks
Chair of Committee

Dr. Erin E. Easton
Committee Member

Dr. Owen Temby
Committee Member

Dr. Keir Macartney
Committee Member

Dr. Michelle A. Johnston
Committee Member

August 2021






Copyright 2021 Rebekah A. Hernandez

All Rights Reserved






ABSTRACT

Hernandez, Rebekah A., Assessing Long-Term Benthic Community Dynamics at the Flower

Garden Banks National Marine Sanctuary. Master of Science (MS), August 2021, 89 pp., 10

tables, 23 figures, references 164 titles.

Coral reefs provide critical habitat for diverse benthic communities; however, more than
10% of existing reefs have been lost as a result of natural and anthropogenic stressors. While
there has been a decline in reefs around the world, East and West Flower Garden Banks (FGBs),
part of Flower Garden Banks National Marine Sanctuary (FGBNMS), have maintained >50%
live coral cover for over 27 years as revealed by the FGBNMS long-term monitoring (LTM)
program. In the 1980’s, the LTM program at East and West FGBs was developed in response to
the expansion of oil and gas exploration, anchoring, and fishing impacts to assess coral and reef-
associated benthic organism health. As part of the LTM program, repetitive photostations were
established in 1989 to detect and evaluate long-term changes and changes within the benthic
community at East and West FGB. However, the assertion of maintenance of over 50% live coral
coverage has been questioned because of changes in LTM methods used for image acquisition
and data analysis throughout the study period. To address this concern, I used a standardized
methodology to reanalyze repetitive photostation data and found a significant increase in
repetitive photostation coral coverage at West FGB from 1989 to 2017 (P = 4.3154 %) and no
significant change at East FGB (P = 0.36783). This is in contrast to the recorded declines at other

coral reefs in the Gulf of Mexico region.
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CHAPTER I
INTRODUCTION

Located in the northwestern Gulf of Mexico, Flower Garden Banks National Marine
Sanctuary (FGBNMS) consists of 17 banks supporting coral reefs and coral communities. East
Flower Garden Bank (East FGB) and West Flower Garden Bank (West FGB), known together as
the Flower Garden Banks (FGBs), are located 190 km off the coast of the Texas-Louisiana
border (Figure 1). The FGBs are found on top of ancient salt domes (diapirs) that formed 160-
170 million years ago when the seawaters evaporated, leaving an abundant layer of salt on the
seafloor (Schmabhl et al. 2008; Johnston et al. 2021). In time, as the Gulf of Mexico deepened,
pressures from dense overlying sediments caused the uplift of these salt layers (Gardner et al.
1998; Brooke & Schroeder 2007). Coral communities began to colonize the tops of the salt
domes approximately 10,000-15,000 years ago (Hickerson et al. 2008).

East FGB is approximately 65.8 km?, of which 1.02 km? is coral reef, and West FGB is
approximately 77.2 km?, of which 0.4 km? is coral reef (Hickerson et al. 2008). These banks
range in depth from 16-150 m and the shallowest portions (< 40 m) are covered by well-
developed coral reef (Johnston et al. 2016). These coral reefs consist of 21 different species of
scleractinian corals, 18 of which are hermatypic (reef-building) (Bright et al. 1984).

Reet-building corals are a key component of the ocean environment because they provide
habitat for diverse fauna, including commercially important fish species (Hoegh-Guldberg 1999;
Cole et al. 2008; Coker et al. 2013). For example, the FGBs support a high abundance of fish, are

a seasonal habitat for whale sharks, and are an important habitat for juvenile manta rays (Gitting



& Hickerson 1998; Childs 2001; Pattengill-Semmens et al. 2003; Stewart et al. 2018). Coral
reefs not only provide habitat but also protect coastlines and are important for attracting tourism
(Hoegh-Guldberg 1999; Cole et al. 2008; Coker et al. 2014). Diving can be an important tourist
activity for coastal cities, including those in Texas, where the FGBs attract divers not only for
tourism but also to aid scientific research and special-permitted events such as invasive lionfish
removals (Thailing et al. 2003; Johnston et al. 2016). For example, the FGBNMS hosts an annual
Lionfish Invitational, a permitted four-day event to remove as many invasive lionfish as possible
(FGBNMS 2021).

Recognizing the importance of the FGBs, the U.S. Department of Interior, (starting with
the Bureau Land Management, then the Minerals Management Service [MMS]) began
monitoring the reefs in the early 1970s after the first quantitative data was collected in 1972
(Johnston et al. 2018a, 2021). In 1978, offshore drilling activities near the East FGB prompted
the initiation of the first regular monitoring efforts, which continued until drilling ceased in 1983
(Gittings 1998; Aronson et al. 2005). The official start of the current long-term monitoring
(LTM) program at the FGBs began in 1989. The goal of the program was to assess coral health,
detect biotic community changes over time, and provide baseline data in the event of natural or
human-induced impacts. This program was funded through a partnership between the MMS and
Texas A&M University (Johnston et al. 2018a, 2021). The FGBs were designated a national
marine sanctuary in 1992, and Stetson Bank was added to the sanctuary boundaries in 1996
(Gittings & Hickerson 1998; Cancelmo 2008). The motivation for their national marine
sanctuary designation was to protect them from expanding oil and gas exploration as well as

from anchoring and fishing impacts. In 2021, FGBNMS expanded to protect 14 additional reefs



and banks, extending the sanctuary from ~145 km to ~414 km. The FGBNMS is one of 15
national marine sanctuaries in the United States (Schmahl et al. 2008; NOAA Sanctuaries 2021).
The FGBNMS LTM program consists of non-destructive monitoring of the benthic
community within designated 1-hectare study sites via random transect photostations and
repetitive photostations on the coral caps of East FGB and West FGB. The study sites on each
bank were delineated using corner markers and the installation of eyebolts at 25 m markers along
each 100 m perimeter and crosshair line (Figure 2 & 3; Johnston et al. 2018a, 2020, 2021).
Random transects are a series of non-overlapping randomly initiated 10 m photo transects within
study sites that are used to document the benthic reef community at East FGB and West FGB
(Johnston et al. 2016, 2018a, 2021). Repetitive photostations follow specific colonies over time
and document changes in benthic assemblages within study sites (17-27 m) (Johnston et al. 2013,
2016, 2020). Selection of permanent (repetitive) long-term monitoring sites was based on several
factors, such as habitat type, size (coral colonies within the specified area), history (previous
monitoring within the specified area), management relevance, depth, location (to coral colonies
and other study sites), and accessibility and safety during sampling (Johnston et al. 2018a,
2018a). Permanent (repetitive) study sites at East FGB and West FGB were designated in 1988-
1989 within the reef-building zones (Gittings et al. 1992; Johnston et al. 2018a). The data
generated from the repetitive photostations allows for the comparison of the habitats and benthic
communities within and between East and West FGBs (Johnston et al. 2017). Other components
of the LTM program that are important to assess the overall health of the reef include water
quality sampling, coral demographic surveys, planimetry techniques, videotaped transects, fish

surveys, and sea urchin and lobster surveys (Johnston et al. 2018a).



The monitoring program at the East and West FGBs have documented over 50% live
coral cover during the last 30 years (Johnston et al. 2021). This percentage of coral cover
indicates that these reefs support a healthy, thriving coral reef ecosystem (Hickerson et al. 2012;
Johnston et al. 2016, 2021). Such healthy coral ecosystems are uncommon considering there has
been a significant decline in living corals worldwide in recent decades in response to climate
change and anthropogenic activities, which have increased physical stressors that negatively
affect corals (Gardener et al. 2003; Mumby et al. 2011; Jackson et al. 2014; Johnston et al. 2016,
2019, 2021).

Some effects of climate change that negatively impact corals include rising ocean
temperatures and ocean acidification. Such effects are caused by increasing concentrations of
atmospheric greenhouse gases and subsequent increases in the concentration of absorbed carbon
dioxide in the ocean (Hoegh-Guldberg & Bruno 2010). The effects of these changes differ with
depth; reefs that are located at shallower depths (< 30 m) are often more heavily affected than
reefs found at deeper depths (Richmond 1993; Hickerson et al. 2008; Bongaerts et al. 2010).
Although the FGBs are between 16-150 m deep, the reef-building coral cap ranges in depth from
16-46 m, potentially exposing them to disturbance (Johnston et al. 2013; Johnston et al. 2019).
For example, a bleaching event occurred in late September and early October of 2016 when
seawater temperatures were above 30°C (86°F) for 36 days at East FGB and 21 days at West
FGB (Johnston et al. 2017, 2019). Bleaching was observed from repetitive photostations at 17-27
m at East FGB, where 24% of the corals exhibited bleaching, and at 18-25 m at WFGB, where
10% of the colonies exhibited bleaching (Johnston et al. 2017, 2019). Most bleached corals had
recovered by January 2017, with only 4% of corals at East FGB still showing signs of bleaching

(Johnston et al. 2017, 2019). Although these corals appeared to have recovered, severe effects



from disturbances, such as prolonged coral bleaching events, can lead to substantial reef die offs
(Hughes et al. 2003). Die offs have occurred in shallower reefs, such as the Great Barrier Reef
and the Florida Keys, where bleaching events have been a common reoccurrence (Berkelmans et
al. 2004).

In addition to climate change, tourism may also have negative impacts on coral reefs.
Although tourism provides economic value and brings appreciation of coral reefs to
communities, direct (e.g., coral mining, digging of canals and access into islands and bays, diver
interactions, and blast fishing) and indirect (e.g., pollution, overfishing, sedimentation) tourism-
related human interaction with coral reefs often causes negative impacts (Pollnac 2007). These
activities also result in loss of coral reef habitat but the extent to which coral reefs are impacted
differs by reef location (e.g., inshore vs. offshore), proximity to human activity and interaction,
and frequency and type of anthropogenic activity (Hodgson 1999; Halpern et al. 2008). Loss of
coral reef habitat can have detrimental effects on the marine environment by reducing habitat and
thus reducing fish abundance and diversity, nursery habitat, and tourism revenue (Hoegh-
Guldberg 1999; Cole et al. 2008; Bridge et al. 2013; Coker et al. 2014). Because the FGBs have
been protected by bottom-contact restrictions since 1992 and are 190 km from shore-based
anthropogenic activities, they may experience fewer negative effects from tourism and fisheries
activities and thus may not have experienced declines in coral reef habitat from these threats.
However, despite their remote locations and bottom-contact restrictions, the FGBs have
experienced fishing threats, such as illegal fishing within the sanctuary as well as discarded
fishing gear (Office of National Marine Sanctuaries 2008).

Although the FGBNMS LTM program does indicate a stable and healthy coral ecosystem

over the last 30 years (Johnston et al. 2021), the assertion of maintenance of over 50% live coral



coverage has been questioned because of changes in LTM repetitive photostations methods used
for image acquisition and data analysis throughout the monitoring period (Table S1). At
repetitive photostations, images are taken by divers, who use maps to locate photostations
(Figure 5 & 6) and then use a t-frame camera setup to take the photograph in the same
orientation annually (Johnston et al. 2016, 2021). From 1989 to 1995, images were analyzed
using mylar traces and a calibrated planimeter (Gittings et al. 1992). From 1996 to 2003, cover
estimates were determined by projecting 35 mm slides onto a flat surface containing three sets of
100 randomly positioned markers (Dokken et al. 1999; Dokken et al. 2003; Johnston et al. 2021).
Within the same time frame, 1996-2003, coverage was also estimated by another point-count
method that electronically distributed 250 random points onto the photo in Photoshop 7.0 (Precht
et al. 2005; Johnston et al. 2021). It was not until 2004 that the current method of projecting
images in Coral Point Count with Microsoft Excel extensions (CPCe) became the standardized
method (Johnston et al. 2021). Using different techniques over the years could have induced
variation unrelated to actual changes in the coral community. To address these concerns relating
to the methodology and to validate the findings of Johnston et al. (2021), this study will analyze
repetitive photostation images from 1989 to 2017 using standardized methodology and modern
taxonomy to determine the state of living corals at the FGBs (Figure 4).

To accomplish this goal, the following objectives were pursued:

(1) Reanalyze repetitive photostation data from 1989 to 2017 using a repetitive
photostation key to determine coral species coverage over the 27-year period (1989-2017). This
assessment will ultimately result in a coral cover time-series analysis from 1989-2017 from the

East and West FGB repetitive photostations using standardized methodology.



(2) Utilizing the dataset produced from the reanalysis of repetitive photostation images,
determine which coral species are the most reoccurring at East and West FGBs.

(3) identify potential drivers of the coral coverage trends observed at East and West
FGBs repetitive photostations.

I anticipate that this standardized approach will improve accuracy of species
identification, coral cover estimates, and monitoring of coral reef health at East and West FGBs.
For example, the development of the photostation keys will allow for better species identification
of older photographs. Applying a standardized method when analyzing repetitive photostation
data from East and West FGB will allow for validation of past coral coverage percentages.

I hypothesize that based on repetitive photostation coral coverage data, a significant
increase in coral coverage will be observed at both East and West FGBs and that Orbicella
franksi and Pseudodiploria strigosa will be the biggest contributors to coral coverage at East and

West FGBs.
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Figure 1: Locations of East and West Flower Garden Banks and Stetson Bank located within the
boundaries of Flower Garden Banks National Marine Sanctuary (FGBNMS). Image is available
from the FGBNMS website.



Flower Garden Banks National Marine Sanctuary
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Figure 2: Bathymetry map of East Flower Garden Bank, located within the boundaries of
Flower Garden Banks National Marine Sanctuary (FGBNMS). Image is available from the
FGBNMS website.



Flower Garden Banks National Marine Sanctuary
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Figure 3: Bathymetry map of West Flower Garden Bank, located within the boundaries of
Flower Garden Banks National Marine Sanctuary (FGBNMS). Image is available from the
FGBNMS website.
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within (a) East Flower Garden Bank and (b) West Flower Garden Bank study sites from 1989 to
2018 (Images from Johnston et al. 2020 publication).
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CHAPTER II

METHODOLOGY

Repetitive Photostations

The FGBNMS’s LTM program includes 37 permanent (repetitive) photostations at East
FGB and 41 at West FGB, within a 1-hectare study site at each bank. Repetitive photostations
were marked by permanent pins with numbered cattle tags. East FGB LTM photostations occur
at 17-27 m depth on the eastern side of the bank (Johnston et al. 2021). West FGB LTM
photostations are at 18-25 m depth in the central region of the bank (Johnston et al. 2021).
Repetitive photostation data were collected during annual monitoring trips that occurred between
June and August, starting in 1989, and coincided with water-quality assessments and faunal
censusing of other key reef taxa (e.g., lobsters, urchins, and fishes). Repetitive photostations
were located by divers using detailed underwater maps (Figure 5 & 6). Once located,
photostations were photographed using a high-quality camera housed in an underwater housing
compartment, camera specifics varied over the 27-year period as technology changed and
advanced (Table S1; Johnston et al. 2021). The camera was mounted 2 m from the substrate on
the center of an aluminum t-shaped frame (Johnston et al. 2021). To ensure correct orientation
each year, the aluminum t-shaped frame was positioned in a north-facing direction using a
compass and was kept vertical with an attached bulls-eye bubble level (Johnston et al. 2021).

This setup captured a seafloor area of 5 m? (Johnston et al. 2021)
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Coral Identification Key/ Identification of ‘Unidentified’ Corals

To increase coral identification accuracy, in particular for the older photos with low-
quality resolution, and to standardize coral identifications, a coral identification key was created
for each repetitive photostation in Adobe Illustrator (AI) with archived FGBNMS images from
2015. This year was chosen because the images were the most recent, high-quality photographs
obtained before bleaching events occurred in 2016. To create the coral identification key, photos
were imported into Al. All living scleractinians within each image were outlined in designated
species-specific colors using a pencil tool and a Wacom Cintiq tablet to trace coral colonies.
Colonies were labeled and assigned a specimen number (Figure 7). For example, all Orbicella
franksi colonies identified within a photo were outlined in orange, labeled, and numbered from
the top left to the bottom right of each photograph. Numbering allowed for a count of total
specimens within each of the images.

Potential ‘unknown’ species, or those that could not be identified because of shadow or
camera angle, were outlined in red, labeled as an ‘unidentified’ or to the lowest possible taxon,
and logged into an excel sheet to track them for future ground truthing. Orbicella colonies that
potentially could be hybrids of Orbicella franksi, Orbicella faveolata, and Orbicella annularis
were labeled Orbicella species (Figure 8). Species confirmation of Orbicella spp. colonies were
done by ground truthing by the FGBNMS dive team during the 2018 field season. After ground
truthing, coral identification keys and the excel sheet were updated to show the correct
identification of the flagged coral.

Benthic Quantification
Corals and other benthic organisms in repetitive photostation images were identified and

quantified using CPCe. These data were used to calculate coral and benthic coverage for a 27-
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year time-series analysis of East and West FGB from 1989-2017. A project-specific code file
with a complete list of identification labels (Table S2) was used for all CPCe analyses. This list
contains labels for all corals that can be found at the FGBs, as well as categories for sponge,
macroalgae, and composite substrate for crustose coralline algae (CCA), turf algae, and bare
rock, among others (Aronson et al., 2005; Johnston et al., 2013, 2021). Each image was first
uploaded into CPCe and 100 random points were generated across each image (Fig. 9). The
object underneath each point was assigned to one of the identification labels. All identifications
were quality assessed and quality checked for misidentifications by a FGBNMS scientist. This
analysis was done for each image taken over the last 27 years for the 37 photostations at East
FGB and 41 at West FGB. CPCe files were exported to Excel as a comma separated file (.csv).
Statistical Analysis

Coral Abundance

The dataset that was originally exported from CPCe was condensed to focus on major
taxa. Corals with 10 or more observations across the 27 y at East FGB or at West FGB were kept
as individual species categories (Millepora alcicornis, Montastarea cavernosa, Mussa angulosa,
Orbicella annularis, Orbicella Pseudodiploria strigosa, Orbicella franksi, Orbicella species,
Pseudodiploria strigosa, and Stephanocoenia intersepta). Groups at species level that were not
represented by 10 or more observations were grouped together by genus if their combined
observations for that group (e.g., Millepora spp) were > 10. For those species with < 10
observations for the genus (e.g., Scolymia cubensis, Rhizosmilia maculata, Eusimilia spp,
Dichocoenia stokesi, and Tubastraea coccinea), they were assigned to the category ‘Other
Identified Corals’. As a result, the dataset was condensed from 33 (Table S2) to 16 coral groups

(Table S2). Data were condensed because numerous groups had less than 100 observations
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across the ~2000 images analyzed, with 17 species categories having less than 10 observations.
Because analysis was based on the analysis of overall coral coverage at East and West FGBs,
condensing would not affect the ability to identify trends in coral coverage.

For each bank, three datasets were created from the raw CPCe output: bank-averaged
coral data (averaged over all photostations and years per bank), year-averaged coral data
(averaged over photostations per year for each bank), and photostation-averaged coral data
(averaged over years for each photostation for each bank).

Bank-Averaged Coral Dataset, East and West FGB

To visualize the contribution of each coral species or genus to the bank-averaged coral
dataset, shade plots were created (Primer-E version 7.0 software). Based on the results of the
shade plots, a fourth-root transformation was performed on the raw CPCe bank-averaged coral
dataset for both East and West FGB to correct for overrepresentation of highly abundant species
categories. To visualize the similarities among coral coverage at the 37 photostations at East
FGB and 41 photostations at West FGB, a non-metric multidimensional scaling analysis (nMDS)
based on a Bray-Curtis similarity matrix was performed with the following settings: 100
bootstrap averages, minimum rho of 0.99, photostations as a factor, and 95% bootstrap regions.
To determine significant long-term trends in mean percentage coral cover at East and West FGB,
a Mann-Kendall trend test in R (version 4.0.4) was conducted using the package “Kendall” and
the command “MannKendall”.

To investigate if initial total percentage cover (i.e., low vs. high) of a photostation
affected the overall rate of coral cover increase or decrease at a photostation, a linear regression
was run using categorized data from initial photostation total percentage cover. Initial total

percentage cover (first appearance within the dataset) for each photostation were calculated and
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photostations were categorized based on their initial total percentage cover rank within the
dataset to one of three categories (Table 1): high (above 75" percentile), medium (between the
25% and 75™ percentile), and low (in 25" percentile). Once photostations were categorized by
initial total percentage cover, all total percentage cover data for photostations were imported into
JMP (16.0.0) for linear regression analysis by bank with year as the predictor variable and
percentage cover as the response variable.

A two-way permutational MANOVA (PERMANOVA) was conducted on East and West
FGB dataset to determine the significance of the relationship of year and bank to coral coverage.
The PERMANOVA was run on the fourth-root overall dataset for East and West FGB with the
following parameters: Type III (Sums of squares type: partial), fixed effects sum to zero for
mixed terms, permutation of residuals under the full model, 999 permutations, and fixed factors
year and bank.
Year-Averaged and Photostation-Averaged Coral Datasets, East and West FGB

Based on shade plots, it was determined that a fourth-root transformation would provide
the best representation of the photostation coral community. A Bray-Curtis similarity matrix was
constructed from the datasets containing mean coral cover by year and mean coral cover by
photostation for each bank. A Cluster analysis with SIMPROF tests was performed on the year-
averaged and photostation-averaged datasets, to identify a posteriori year and photostation
groupings for subsequent analyses. Species contributions (SIMPER) analysis was run with a
70% cutoff for low contributions on “year” groups for each bank to determine which fauna were
the greatest contributors to the similarities and differences within and among years;
“photostation” as a factor was not further considered because no significant clusters were

identified for either bank. A nMDS analysis was conducted for year-averaged and photostation-
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averaged datasets. Year-averaged coral dataset nMDS was performed from the similarity matrix
for that dataset with 100 restarts, minimum stress of 0.01, and year trajectories to visualize the
relationship in coral coverage over time for each of the banks, as well as SIMPROF cluster
overlays to identify significant groups. Photostation-averaged coral datasets nMDS was
conducted with the same parameters that were used on the year-averaged dataset, however
instead of the utilization of trajectories, a cluster overlay was utilized (60%). A bar plot was
created for each dataset within PRIMER to further visualize species contribution to overall coral
coverage based on year and photostation. PERMANOVA analysis on the fourth root transformed
year-averaged dataset was conducted with the following parameters: Type III (sums of squares
type: partial), fixed effects sum to zero for mixed terms, permutation of residuals under the full
model, fixed factor year, and 999 permutations. These same parameters were utilized for the
fourth root transformed photostation-averaged dataset, except the fixed factor examined was

photostation.
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Table 1: Distribution of the first recorded percentage cover from photostations at East Flower
Garden Bank and West Flower Garden Bank used to categorize all repetitive photostation
percentage coral coverage data for all years (1989-2017).

Bank Minimum 25t 50t 75t Maximum
percentile percentile percentile

East FGB 16.49 46.355 58.76 70.67 87.63

West FGB 24.73 42.965 54.35 67.01 83.16
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Figure 5: West Flower Garden Bank study site (100 m x 100 m) depicting the locations of
repetitive photostations (From Johnston et al. 2017).
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Figure 6: East Flower Garden Bank study site (100 m x 100 m) depicting the locations of
repetitive photostations (From Johnston et al. 2017).
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Figure 7: Example of outlining, identifying, and labeling coral species using Adobe Illustrator
(AI) (ver. 23.0.2.567). This 2015 photo is from East Flower Garden Bank, repetitive photostation
#200.
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Figure 8: An example from Adobe Tlustrator of the potential ‘unidentified’ Orbicella species
that are labeled Orbicella spp and outlined in red. The bright red arrows identify the potential

‘unidentified’ Orbicella spp colonies.
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Figure 9: A 2002 photo from repetitive photostation #206 from East Flower Garden Bank with
100 random points (red letters) assigned to coral or substrate category in Coral Point Count.
Percentage cover was determined by tallying the number of points falling on each species as a
percentage of the total 100 points (Table S2).
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CHAPTER III
RESULTS
Bank-Averaged Coral Dataset, East and West FGB

Sixteen coral species groups were observed at repetitive photostations from the
condensed dataset at East FGB and West FGB. Orbicella franksi had the highest cover at East
FGB (33.06% = 0.678 SE), followed by Psuedodiploria strigosa (8.02% + 0.316) (Figure 10).
Bank-averaged percentage coral cover at East FGB exhibited an apparent increase in mean
percentage coral cover over 27 y (1989-2017) (Figure 11 and 12), but the trend was not
significant (Mann-Kendall: tau = 0.121, 2-sided p-value = 0.36783; Figure 13a). The bootstrap-
averaged nMDS (Fig. 14) revealed that the photostation coral communities at East FGB are
similar to one another with low intrabank variability indicating similar photostation coral
communities across the 1-hectare study area. There was a significant increase in total percentage
coral cover across years among photostations with low initial total cover at EFGB (linear
regression: y = -601.48 + 0.3257*Year, R?= 0.0248 P = 0.0219; Table 2) with a predicted 0.32
percentage point increase (e.g., 55.00 to 55.32%) in cover each year. No significant pattern was
observed in repetitive photostations that displayed a medium initial total percentage coral
coverage (linear regression: y=-6.832 + 0.03567*Year, R?=0.00063 P= 0.6067; Table 2). At
photostations with a high initial total percentage coral cover, a significant decrease was observed
in percentage coral cover each year (linear regression: y = 393.92 — 0.1595*Year, R2=0.0225

P=0.0389;Table 2) with a predicted 0.15 percentage point decrease in total coral cover each year.
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Orbicella franksi had the highest percentage cover at WFGB photostations (31.25% +
0.502 SE) followed by Pseudodiploria strigosa (7.69% =+ 0.262 SE) (Figure 10). Bank-averaged
coral percentage cover at West FGB displayed an increase in mean total percentage coral cover
from repetitive photostations over a 27-year period (1989-2017) (Figure 11 & 12). Mean total
percentage coral cover from repetitive photostations from 1989 to 2017 at WFGB ranged from
50.82-61.67%, displaying a significant increasing trend (Mann-Kendall: tau = 0.54, 2-sided
pvalue = 4.3154 e-05) (Figure 13b). The bootstrap-averaged nMDS (Figure 15) revealed that the
photostation coral communities at West FGB are similar to one another with low intrabank
variability indicating similar photostation coral communities across the 1-hectare study area.
There was a significant increase in total percentage coral cover across years among photostations
with low initial total percentage coral cover (linear regression: y =-1393.09 + 0.7196*Year,
R?=0.1866 P=<0.0001; Table 3) with a predicted coral cover increase of 0.71 percentage points
per year. A significant increase was observed in percentage total coral cover each year among
photostations that displayed medium initial total cover (linear regression: y = -487.75 +
0.2725*Year, R?=0.0489 P=<0.0001; Table 3). These stations show a predicted total coral cover
increase of 0.27 percentage points per year. There was no trend observed in percentage total
coral cover each year among photostations with high initial percentage total coral cover (linear
regression: y = -119.37 + 0.0939*Year, R?=0.005764 P=0.2781; Table 3).
PERMANOVA analysis revealed that bank and year have a significant effect on coral
cover with no significant interaction between bank and year at East and West FGB (Table 4).
Year-Averaged Coral Dataset, East and West FGB
Coral communities among 37 photostations at EFGB were similar to one another in terms

of coral coverage (Table 7 & 9, Figure 16 & 17). CLUSTER analysis resulted in three significant
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clusters based on year: Cluster A (1995, 1996, 1997, 1998, 2001, 2002), Cluster B (1989, 1990,
1991, 1992, 1994, 1999, 2000, 2003, 2004, 2005, 2006, 2007, 2008, 2010), and Cluster C (2009,
2011, 2012, 2013, 2014, 2015, 2016, 2017). The SIMPER analysis indicated that average
similarity and dissimilarity within significant year cluster groups at East FGB was primarily due
to Orbicella franksi (Table 7). The most reoccurring species within Clusters A (average
similarity: 93.79) and B (average similarity: 93.40) included, Orbicella franksi, Orbicella
faveolata, and Pseudodiploria strigosa. Orbicella franksi contributed 32.6% - 33.73% to coral
cover (14.26% - 17.35% contribution to similarity), Orbicella faveolata contributed 6.71% -
6.07% to coral cover (9.6% - 6.89% contribution to similarity), and Pseudodiploria strigosa
contributed 6.39% - 6.07% to coral cover (9.43% - 11.49% contribution to similarity). The most
reoccurring species within Cluster C (average similarity: 91.48) included Orbicella franksi,
Pseudodiploria strigosa and Porites spp. Orbicella franksi contributed 32.08% to coral cover
(15.90% contribution to similarity), Pseudodiploria strigosa contributed 10.26% to coral cover
(11.91% contribution to similarity) and Porites spp contributed 4.54% to coral cover (9.70%
contribution to similarity) (Table 7, Figure 16 & 17). Differences between year clusters were due
primarily to the high contribution of Mussa angulosa, Orbicella annularis, Orbicella spp,
Millepora alcicornis, and Other Identified Coral to overall coral coverage at East FGB (Table 7).
The nMDS analysis of the year-averaged dataset with overlayed year trajectories showed the
similarity among years and direction of change of coral coverage with the three clusters resulting
from the Cluster analysis with SIMPROF test being well separated (Figure 17). Figure 16
displays coral species that carried the most weight in overall coral coverage among years at East
FGB. The most reoccurring species identified within the bar plot are Orbicella franksi,

Pseudodiploria strigosa, Orbicella faveolata, and Porites spp, which are the species identified

26



within the SIMPER analysis as contributing the most to similarities within year clusters (Table 7;
Figure 17). PERMANOVA analysis revealed, clustering by year has a significant relationship
with coral coverage among years at East FGB study sites (P = 0.001; Table 5).

Coral communities among 41 photostations at West FGB were similar to one another in
terms of overall coral coverage and the species that drove the similarity. Cluster analysis on the
bank-averaged coral dataset for WFGB resulted in seven significant clusters: Cluster A (2004),
Cluster B (2002), Cluster C (1991, 1992, 1994, 1995, 1996, 1997, 1998, 1999. 2001, 2003, 2005,
2006, 2007, 2008, 2009, 2010, 2011), Cluster D (2012), Cluster E (1989, 1990, 2000), Cluster F
(2013), and Cluster G (2014, 2015, 2016, 2017). The SIMPER analysis indicated that average
similarity and dissimilarity within significant year cluster groups at West FGB was primarily due
to Orbicella franksi (Table 8). The most reoccurring species within Clusters C (average
similarity: 94.93) and E (average similarity: 95.55) included Orbicella franksi, Pseudodiploria
strigosa, and Orbicella faveolata (Table 8). Orbicella franksi had an average percent cover of
54.73% - 53.14% (15.96% - 14.81% contribution to similarity), Pseudodiploria strigosa had an
average percent cover of 13.30% - 13.30% (11.05% - 10.37% contribution to similarity) and
Orbicella faveolata had an average percent cover of 6.55% - 7.05% (9.19% - 8.43% contribution
to similarity). The most reoccurring species within Cluster G (average similarity: 96.78) included
Orbicella franksi, Pseudodiploria strigosa, and Porites spp. Orbicella franksi contribute 50.06%
to coral cover (14.01% contribution to similarity), Pseudodiploria strigosa contribute 13.30% to
coral cover (9.98% contribution to similarity) and Porites spp contribute 7.59% to coral cover
(8.75% contribution to similarity) (Table 8). Species driving dissimilarities within these clusters
are Orbicella spp, Agaricia spp, Mussa angulosa, Madracis spp, Siderastraea spp,

Stephanocoenia intersepta, Orbicella faveolate, Millepora alcicornis, Unknown Coral and Other
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Identified Coral to overall coral coverage at West FGB (Table 8). The nMDS analysis of the
year-averaged dataset with overlayed year trajectories showed the similarity among years and
direction of change of coral coverage with the three clusters resulting from the Cluster analysis
with SIMPROF test being well separated (Figure 19). The most reoccurring species at West FGB
are Orbicella franksi, Pseudodiploria strigosa, Porites spp., and Montastraea cavernosa, which
were the species identified within the SIMPER analysis as contributing the most to similarity
within groups (Table 8; Figure 19). PERMANOVA analysis revealed, clustering by year has a
significant relationship with coral coverage among years at West FGB study area (P = 0.001;
Table 6).
Photostation-Averaged Coral Dataset, East and West FGB

The Cluster analysis with SIMPROF test found no significant clustering of photostations
(Figure 20). The SIMPER analysis showed that the photostation-averaged dataset coral
communities at East FGB are similar to one another in terms of coral coverage across the study
area (average similarity: 75.26) (Table 9). Orbicella franksi carried the most weight in overall
coral coverage at East FGB (Table 9). The most species contributing the most to similarity
within repetitive photostations were Orbicella franksi, Pseudodiploria strigosa and Porites spp.
(Table 9). Likewise, the nMDS analysis of the photostation-averaged coral dataset with
overlayed clusters (80%) showed the similarities among photostations across the study area
(Figure 21).

West FGB SIMPER analysis displayed similar results as to East FGB (Figure 22). The
SIMPER analysis showed that photostation-averaged coral dataset coral communities at West
FGB are similar to one another in terms of coral coverage across the study area (similarity:

74.55) (Table 10). Orbicella franksi was the species that drove similarity among photostations
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and was the species that carried the most weight in overall coral coverage (Table 10). The most
common species contributing the most to similarity within repetitive photostations were
Orbicella franksi, Pseudodiploria strigosa, and Porites spp. Like East FGB, the nMDS analysis
of the photostation-averaged coral dataset with overlayed clusters (80%) displayed similarities

among photostations across the study area (Figure 23).
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Table 2: Linear regression analysis output for initial coral coverage at East Flower Garden Bank

repetitive photostations.

Low (15% - 46%)

Linear Fit
Rsquare
P

Sample Size

y =-601 + 0.3205*Year
0.0248
0.0219
9

Medium (47% - 70%)

Linear Fit
Rsquare
P

Sample Size

y =-6.832+ 0.0357*Year
0.00063
0.6067
18

High (71%- 100%)

Linear Fit
Rsquare
P

Sample Size

y=393.92-0.1595*Year
0.0225
0.0389
10
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Table 3: Linear regression analysis output for initial coral coverage at West Flower Garden
Bank repetitive photostations.

Low (23% - 42%)
Linear Fit y =-1393.09 + 0.7196*Year
Rsquare 0.1866
P <.0001
Sample Size 10
Medium (43% - 66%)
Linear Fit y =-487.75 + 0.2725*Year
Rsquare 0.0489
P <.0001
Sample Size 21
High (67% - 100%)
Linear Fit y=-119.36 + 0.0939*Year
Rsquare 0.0057
p 0.2781
Sample Size 10
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Table 4: Two-way PERMANOVA analysis for percentage coral cover, comparison of repetitive
photostations at East and West Flower Garden Bank with bank and year as fixed factors,
including degrees of freedom (df), sum of squares (SS), mean squares (MS) and number of
unique permutations (perms).

Pseudo- P Unique
Source df SS MS F (perm)  Permutations P (MC)
Bank 1 29075 29075 33.144  0.001 998 0.001
Year 27 77590  2873.7 3.2759  0.001 996 0.001
Bank x
Year 27 1608 689.18 0.78563  0.969 996 0.958
Residual | 1701 1.49E+06 877.23
Total 1756 1.62E+06

Table 5: PERMANOVA analysis for percentage coral cover among years at East Flower Garden
Bank repetitive photostations with year as the fixed factor, including degrees of freedom (df),
sum of squares (SS), mean square (MS) and number of unique permutations (perms).

unique
Source df SS MS Pseudo-F  p(perm) perms p(MC)
cluster year 2 91446  457.23 16.481 0.001 999 0.001
Residuals 25 693.59  27.744
Total 27 1608.1

Table 6: PERMANOVA analysis for percentage coral cover among years at West Flower
Garden Bank repetitive photostations with year as the fixed factor, including degrees of freedom
(df), sum of squares (SS), mean square (MS) and number of unique permutations (perms).

unique
Source df SS MS Pseudo-F  P(perm) perms p(MC)
cluster_year 6 620.56 103.43 8.44 0.001 998 0.001
Residuals 21 25734 12254
Total 27 877.9
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Table 7: One-way analysis of similarity (SIMPER) with a 70% cut off for low contributing species to coral community structure at
East Flower Garden Bank based on year, including average abundance (Av. Abund), average similarity (Av. Sim), similarity standard

deviation (Sim/SD), percent contribution (Contrib%), cumulative contribution (Cum.%), average dissimilarity (Av. Diss), and

dissimilarity standard deviation (Diss/SD).
Group A, average similarity: 93.79

Group A (1995, 1996, 1997, 1998, 2001, 2002)

Species Av. Abund Av. Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.39 13.38 40.68 14.26 14.26
Orbicella faveolata 1.61 9.01 61.72 9.6 23.87
Pseudodiploria strigosa 1.59 8.84 23.14 9.43 33.3
Group B, average similarity: 93.40
Group B (1989, 1990, 1991, 1992, 1994, 1999, 2000,
2003, 2004, 2005, 2006, 2007, 2008, 2010)
Species Av. Abund Av. Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.41 16.21 33.82 17.35 17.35
Pseudodiploria strigosa 1.62 10.73 22.6 11.49 28.84
Orbicella faveolata 1.57 10.46 27.59 11.19 40.04
Group C, average similarity: 91.48
Group C (2009, 2011, 2012, 2013, 2014, 2015, 2016,
2017)
Species Av. Abund Av. Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.38 14.55 21.09 15.9 15.9
Pseudodiploria strigosa 1.79 10.9 27.64 11.91 27.82
Porites spp 1.46 8.87 17.27 9.7 37.51
Groups B & A, average dissimilarity: 12.54
Group B Group A
Species Av. Abund. Av. Abund Av. Diss Diss/SD  Contrib% Cum.%
Other identified coral 0 1.05 3.25 16.61 25.94 25.94
Mussa angulosa 0.32 1.22 2.79 3.5 22.21 48.15
Orbicella annularis 0.77 0.74 0.87 0.89 6.91 55.05
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Groups B & C, average dissimilarity: 11.16

Group B Group C
Species Av. Abund. Av. Abund Av. Diss Diss/SD  Contrib% Cum.%
Siderastraea spp 0 0.59 1.91 4.5 17.15 17.15
Orbicella spp 0.57 0.93 1.64 1.67 14.71 31.86
Millepora alcornis 0.99 0.69 1.05 1.6 9.37 41.24
Groups A & C, average dissimilarity: 13.69

Group A Group C
Species Av. Abund Av. Abund Av. Diss Diss/SD  Contrib% Cum.%
Mussa angulosa 1.22 0.38 2.5 3.62 18.29 18.29
Other identified coral 1.05 0.24 2.44 2.34 17.8 36.09
Orbicella spp 0.67 0.93 1.29 1.62 9.45 45.55
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Table 8: One-way analysis of similarity (SIMPER) with a 70% cut off for low contributing species to coral community structure at
West Flower Garden Bank based on year, including average abundance (Av. Abund), average similarity (Av. Sim), similarity standard
deviation (Sim/SD), percent contribution (Contrib%), cumulative contribution (Cum.%), average dissimilarity (Av. Diss), and
dissimilarity standard deviation (Diss/SD).

Group A (2004)

Less than 2 samples in group
Group B (2002)

Less than 2 samples in the group

Group C, average similarity: 94.93

Group C (1991, 1992, 1994, 1995, 1996, 1997,
1998, 1999, 2001, 2003, 2005, 2006, 2007, 2008,
2009, 2010, 2011)

Species Av. Abund Av. Sim Sim/SD  Contrib% Cum. %
Orbicella franksi 2.72 15.15 44.31 15.96 15.96
Pseudodiploria strigosa 1.91 10.49 36.31 11.05 27.01
Orbicella faveolata 1.6 8.72 22.35 9.19 36.2
Group D (2012)

Less than 2 samples in the group

Group E, average similarity: 95.55

Group E (1989, 1990, 2000)

Species Av. Abund Av. Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.7 14.15 201.54 14.81 14.81
Pseudodiploria strigosa 1.91 9.91 59.8 10.37 25.18
Montastraea cavernosa 1.63 8.06 9.3 8.43 33.61
Group F (2013)

Less than 2 samples in the group
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Group G, average similarity: 96.78

Group G (2014, 2015, 2016, 2017)

Species Av. Abund Av. Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.66 13.56 71.79 14.01 14.01
Pseudodiploria strigosa 1.91 9.66 51.26 9.98 23.99
Porites Sp 1.66 8.46 60.81 8.75 32.74
Groups E & C, average dissimilarity: 8.96

Group E Av.  Group C Av. Av.
Species Abund Abund Diss Diss/Sd Contrib% Cum.%
Orbicella spp 1.27 0.07 3.27 4.42 36.44 36.44
Agaricia spp 0 0.45 1.21 1.46 13.51 49.94
Mussa angulosa 0.79 0.57 0.6 1.26 6.72 56.67
Groups E & B, average dissimilarity: 9.50

Group E Av.  Group B Av. Av.
Species Abund Abund Diss Diss/SD Contrib% Cum.%
Mussa angulosa 0.79 0 2.2 20.47 23.12 23.12
Madracis spp 0.71 0 1.98 126.09 20.86 43.98
Orbicella spp 1.27 0.65 1.75 2.82 18.4 62.38
Groups C & B, average dissimilarity: 9.51

Group C Group B Av. Av.

Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Madpracis spp 0.69 0 1.99 7.12 20.94 20.94
Orbicella spp. 0.07 0.65 1.67 2.86 17.54 38.48
Mussa angulosa 0.57 0 1.63 3.27 17.13 55.61
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Groups E & A, average dissimilarity: 9.67

Group E Av.  Group A Av. Av.
Species Abund Abund Diss Diss/SD Contrib% Cum.%
Siderastea spp 1.14 0 3.18 10.78 32.95 32.95
Orbicella spp 1.27 0.67 1.68 2.72 17.36 50.3
Stephanocoenia intersepta 1.07 0.75 0.9 8.29 9.35 59.66
Groups C & A, average dissimilarity: 10.83

Group C Group A Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Siderastrea spp 1.12 0 3.23 17.1 29.86 29.86
Orbicella spp 0.07 0.67 1.73 2.97 15.98 45.83
Agaricia spp 0.45 0 1.28 1.43 11.85 57.68
Groups B & A, average dissimilarity: 11.90
Group B Group A Av. Av.

Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Siderastrea spp 1.15 0 34 Undefined! 28.6 28.6
Mussa angulosa 0 0.84 2.51 Undefined! 21.06 49.66
Madracis spp 0 0.8 2.37 Undefined! 19.95 69.61
Groups E & D, average dissimilarity: 8.91

Group E Av.  Group D Av. Av.
Species Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 1.27 1.83 1.42 2.51 15.91 15.91
Agaricia spp 0 0.54 1.37 419.06 15.36 31.3
Other Identified Coral 0 0.46 1.18 419.06 13.21 44.51
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Groups C & D, average dissimilarity: 12.16

Group C Group D Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.07 1.83 4.62 8.39 38.03 38.03
Unknown Coral 0.91 1.44 1.4 3.25 11.51 49.54
Other Identified Coral 0 0.46 1.21 81.85 9.97 59.51
Groups B & D, average dissimilarity: 14.32

Group B Group D Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.65 1.83 3.19 Undefined! 22.3 22.3
Madpracis spp 0 0.77 2.07 Undefined! 14.47 36.78
Mussa angulosa 0 0.64 1.72 Undefined! 12.01 48.79
Groups A & D, average dissimilarity: 15.39

Group A Group D Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.67 1.83 3.12 Undefined! 20.29 20.29
Siderastrea spp 0 1.11 3 Undefined! 19.53 39.82
Agaricia spp 0 0.54 1.45 Undefined! 941 49.23
Groups E & F, average dissimilarity: 8.85

Group E Av.  Group F Av. Av.

Species Abund Abund Diss Diss/SD Contrib% Cum.%
Agaricia spp 0 0.76 2.01 406.44 22.66 22.66
Orbicella faveolata 1.4 0.86 1.41 3.03 15.99 38.65
Orbicella spp 1.27 1.72 1.16 1.99 13.1 51.75
Groups C & F, average dissimilarity: 10.98

Group C Group F Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.07 1.72 4.46 7.86 40.65 40.65
Orbicella faveolata 1.6 0.86 2 10.03 18.21 58.85
Agaricia spp 0.45 0.76 0.9 1.1 8.18 67.03
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Groups B & F, average dissimilarity: 14.42

Group B Group F Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.65 1.72 2.98 Undefined! 20.66 20.66
Agaricia spp 0 0.76 2.13 Undefined! 14.77 3543
Orbicella faveolata 1.62 0.86 2.1 Undefined! 14.57 50
Groups A & F, average dissimilarity: 14.49

Group A Group B Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum%
Orbicella spp 0.67 1.72 2.9 Undefined! 19.91 19.91
Siderastrea spp 0 0.96 2.66 Undefined! 18.23 38.14
Orbicella faveolata 1.7 0.86 2.32 Undefined! 15.91 54.06
Groups D & F, average dissimilarity: 7.52

Group D Group F Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Unknown Coral 1.44 0.93 1.31 Undefined! 17.36 17.36
Other Identified Coral 0.46 0 1.18 Undefined! 15.65 33
Orbicella faveolata 1.28 0.86 1.05 Undefined! 14.03 47.03
Groups E & G, average dissimilarity: 6.92

Group E Av.  Group G Av. Av.

Species Abund Abund Diss Diss/SD Contrib% Cum.%
Agaricia spp 0 0.75 1.95 9.29 28.16 28.16
Millepora alcicornis 1.09 0.83 0.68 3.02 9.76 37.92
Orbicella spp 1.27 1.35 0.57 1.51 8.21 46.12
Groups C & G, average dissimilarity: 7.74

Group C Group G Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella spp 0.07 1.35 3.43 4.85 44.36 44.36
Agaricia spp 0.45 0.75 0.88 1.11 11.33 55.68
Millepora alcicornis 0.99 0.83 0.5 1.4 6.41 62.09
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Groups B & G, average dissimilarity: 10.53

Group B Group G Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Agaricia spp 0 0.75 2.07 8.39 19.65 19.65
Orbicella spp 0.65 1.35 1.94 3.6 18.39 38.04
Madracis spp 0 0.68 1.88 16.14 17.84 55.88
Groups A & G, average dissimilarity: 11.73

Group A Group G Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Siderastea spp 0 1.01 3.12 26.3 26.62 26.62
Agaricia spp 0 0.75 2.06 8.39 17.57 44.19
Orbicella spp 0.67 1.35 1.87 3.48 15.9 60.09
Groups D & G, average dissimilarity: 7.35

Group D Group G Av. Av.
Species Av. Abund Abund Diss Diss/SD Contrib% Cum.%
Unknown Coral 1.44 0.93 1.28 7.94 17.47 17.47
Orbicella spp 1.83 1.35 1.21 2.46 16.51 33.98
Other Identified Coral 0.46 0 1.16 439.87 15.85 49.83
Groups F & G, average dissimilarity: 5.39

Group F Av.  Group G Av. Av.

Species Abund Abund Diss Diss/SD Contrib% Cum.%
Orbicella faveolata 0.86 1.51 1.69 7.2 31.44 31.44
Orbicella spp 1.72 1.35 0.95 1.87 17.68 49.11
Stephanocoenia intersepta 1.14 0.95 0.49 3.5 9.12 58.23
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Table 9: One-way SIMPER with a 70% cut off for low contributing coral species based on 37
repetitive photostations at East Flower Garden Bank including average abundance (Av. Abund),
average similarity (Av. Sim), similarity standard deviation (Sim/SD), percent contribution
(Contrib%) and cumulative contribution (Cum.%).

Av. Av.
Species Abund Sim Sim/SD  Contrib% Cum.%
Orbicella franksi 2.31 16.3 5.39 21.65 21.65
Pseudodiploria strigosa 1.58 10.3 4.66 13.69 35.34
Porites spp 1.4 9.92 6.7 13.19 48.53

Table 10: One-way SIMPER with a 70% cut off for low contributing coral species based on 41
repetitive photostations at West Flower Garden Bank including average abundance (Av. Abund),
average similarity (Av. Sim), similarity standard deviation (Sim/SD), percent contribution
(Contrib%) and cumulative contribution (Cum.%).

Av. Av.
Species Abund Sim Sim/SD Contrib%  Cum.%
Orbicella franksi 2.64 16.94 5.37 22.72 22.72
Pseudodiploria strigosa 1.78 10.4 3.38 13.95 36.68
Porites spp 1.56 9.55 9.33 12.81 49.49
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Figure 10: Averaged coral species coverage (= SE) from repetitive photostations at East and West Flower Garden Banks from 1989-

2017.
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Figure 11: Mean percentage coral cover (+ SE) from repetitive photostations at East and West Flower Garden Banks for 1989 and
2017.
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Figure 12: Mean percentage coral coverage from repetitive photostations at East and West Flower Garden Banks for the 27-year time
frame (1989-2017).

44



A) B)

0 _|
(o]
O _|
©
o < | E’
> ©
§ S 8+
® ©
o
8 84 S
= = 0 _|
§ 8- g o
C C
8 o
= o p=
Q
o _|
n
© _|
0
| | | | | | | | | | | |
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
Year Year

Figure 13: Mann Kendall trend test displaying an overall increasing trend for (A) East Flower Garden Bank and (B) West Flower

Garden Bank. The black represents the trend in repetitive photostation mean percentage coral coverage among years and the blue line
represents a smooth line to visualize the trend.
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Figure 14: nMDS based on 100 bootstrap averages of coral community samples at 37 repetitive photostations at East Flower Garden
Bank. Ellipses represent 95% bootstrap regions generated from 100 bootstrap averages for each photostation.
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Figure 15: nMDS based on 100 bootstrap averages of coral community samples at 41 repetitive photostations at West Flower Garden
Bank. Ellipses represent 95% bootstrap regions generated from 100 bootstrap averages for each photostation.
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Figure 16: Bar plot representing species coral coverage for each year over the last 27 year for East Flower Garden Bank for each year
(1989-2017).
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Figure 17: nMDS based on annual Bray-Curtis similarities among percentage coral coverage from East Flower Garden Bank
repetitive photostations for 27 years. The trajectory represents the time progression of the dataset and SIMPROF clusters represent
significant year groupings.
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Figure 18: Bar plot displaying species coral coverage for each year over the last 27 years for West Flower Garden Bank (1989-2017).
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Figure 19: nMDS based on annual Bray-Curtis similarities among percentage coral coverage at West Flower Garden Bank repetitive
photosations for 27 years. The trajectory represents time progression of the dataset and SIMPROF clusters represent significant year

groupings.
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Figure 21: nMDS based on Bray-Curtis similarities for percentage coral coverage at 37 repetitive photostations at East Flower Garden
Bank with cluster overlay (60% similarity).
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Figure 23: nMDS based on Bray-Curtis similarities for percentage coral coverage at 41 repetitive photostations at West Flower

Garden Bank with cluster overlay (60% similarity).
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CHAPTER IV

DISCUSSION
Coral Coverage Trends and Coral Species Contributions

Long-term monitoring at East and West FGBs began in the early 1980s and have been
continuously monitored since. The official start of the long-term monitoring program at East and
West FGBs was 1989, leading to a series of camera setups, point count analysis, data analysts
and utilization of repetitive photostation coral identification key. As years have progressed,
camera setups and data analysis for LTM repetitive photostations has varied, progressing from
35-mm slides and film to digital still images (Table S1; Dokken et al. 2003; Precht et al. 2005;
Johnston et al. 2018a, 2021). Based on previous studies coral coverage at East and West FGBs
has exhibited an ability to maintain a high percentage of coral coverage (>50%) over 30 years of
monitoring (1989-2019) (Johnston et al. 2016, 2018a, 2020, 2021). Due to the various camera
setups, data analysis and data analysts, a reanalysis of the historical repetitive photostation image
dataset was conducted to determine if coral coverage at East and West FGBs has truly
maintained or increased high coral coverage rates. Because of the utilization of various camera
and light setups, image quality and clarity progressed and bettered as technology advanced,
allowing for possible discrepancies within the image analysis. In reanalyzing repetitive
photostation images utilizing a standardized methodology allows for a more thorough analysis by
a single individual, utilizing a repetitive photostation coral identification key to allow for more

accuracy in the identification of fauna within images. I hypothesized that coral coverage at East
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and West FGBs would increase significantly over the 27-year time period, however this was
incorrect. Reanalysis resulted in only West FGB exhibiting a significantly increasing trend in
coral coverage based on repetitive photostation data. This could have occurred because of
varying proportions of low to high initial percentage coral cover across the two banks with low
and medium exhibiting the highest increases. West FGB had a greater proportion of low and
medium initial percentage coral coverage which likely resulted in the observed significant trend
(Figure 13b, Table 3). However, at East FGB no significant trend was observed, rather it
maintained high rates of coral coverage. This could be due to repetitive photostations that had
low initial percentage coral cover exhibited a significant increasing trend, while those that had
high initial percentage coral cover exhibited a significant decreasing trend and those that had a
medium initial percentage coral cover displayed no trend (Figure 13a, Table 2). Other
attributable factors leading my study to differ include, varying light and camera setups, as well as
different data analysis utilized, progressing from mylar traces to a point count analysis and also
the differing data analysts who processed the image analysis (Johnston et al. 2018a, 2021).
Because monitoring at East and West FGBs has occurred for 30 years, various entities assumed
responsibility for conducting LTM (Johnston et al. 2018 a, 2021). Monitoring was first
conducted through a contract between the MMS and Texas A&M University (TAMU),
establishing the 1-hectare study sites (Johnston et al. 2018a, 2021). LTM was conducted by
TAMU and environmental consulting groups until 2009, when BOEM and NOAA formed an
interagency agreement, allowing FGBNMS to take over monitoring efforts (Johnston et al.

2021). Community composition of the FGB coral reefs may also contribute to the stability and
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increasing coral coverage trends. The FGBs consists primarily of reef-building corals (stony
corals), with Orbicella franksi carrying the most weight in overall coral coverage at both East
FGB and West FGB (Tables 9, 10, 11, & 12; Figures 13, 16, & 17). Orbicella franksi displayed
an ability to adapt to local climate change in Panama and Bermuda (Silberger et al. 2019).
However, thermal tolerances varied among the two areas; corals in Panama had a higher heat
tolerance as opposed to those in Bermuda (Silberger et al. 2019). The difference in thermal
tolerance is most likely due to the different climates in the area and potentially different
symbiont types (Silberger et al. 2019). Because of the maintained high coral coverage of the
FGBs, it could be inferred that coral composition plays a key role in the success of the FGBs
(Middlebrook et al. 2008; Silberger et al. 2019). Species most observed at East and West FGBs
based on previous reports (Johnston et al. 2021) include Orbicella franksi and Pseudodiploria
strigosa as the most reoccurring species. Based on these reports, I hypothesized that these
species would remain the most reoccurring species observed at the FGBs. My reanalysis on the
repetitive photostation dataset revealed Orbicella franksi and Pseudodiploria strigosa as the
most reoccurring species among East and West FGBs.
Potential Drivers of the Trends Observed at East and West FGBs

The FGB has the benefit of being over 204 km offshore and therefore are typically
buffered from anthropogenic stressors thereby reducing some negative effects. Part of their
success is likely due to their designation as a national marine sanctuary and subsequent
protection and intensive monitoring (Hickerson et al. 2008, 2012; Johnston et al. 2016, 2021).

Mean percentage coral coverage at repetitive photostations at West FGB exhibited a significant
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increase over the 27 y (Figure 12a) and coverage in repetitive photostations at East FGB
remained stable (Figure 12b), which is contrary to many patterns observed for many other reefs
in the Caribbean. However, anthropogenic, and natural-induced stressors are still known to occur
at the FGBs, although it seems that they are not as impactful as compared to other coral reefs in
the Caribbean region (Hickerson et al. 2012; Johnston et al. 2016). Nevertheless, they have been
subjected to other natural-induced stressors, such as hurricanes and environmental stressors
caused by precipitation and current events. For example, East FGB experienced a coral mortality
event outside of the LTM study sites in July 2016 that is believed to have been caused primarily
by localized low dissolved oxygen because of the accumulation of turbid coastal waters along the
Texas coast after precipitation and excessive river discharge and possible upwelling at East FGB
(Johnston et al. 2018b; Le Henaff et al. 2019; Kealoha et al. 2020).

Despite their importance, coral reefs around the world have been experiencing high
mortality rates (Pandolfi et al. 2003; Bellwood et al. 2004; Hoegh-Guldberg et al. 2017; Madin &
Madin 2019) associated with seawater temperatures above 30°C, which results in corals
bleaching. Coral bleaching events affect coral reefs differently based on a variety of factors.
Typically, reefs can recover if the event does not have a high duration. However, if it has a high
duration or recurrence within a certain time period, the coral's ability to recover decreases. This
leaves them highly susceptible to coral disease or natural disturbances and anthropogenic
stressors (Baker et al. 2008; Gil-Agudelo et al. 2019). Bleaching events have had detrimental
effects on coral reefs around the globe, while some seemingly had little or no effect at all on the

reef’s health (Baker et al. 2008; Johnston et al. 2019). Bleaching severity could differ because of
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reef depth and proximity to locales affected by anthropogenic stressors (e.g., whether reefs are
inshore or offshore) (Berkelmans et al. 1999; Hickerson et al. 2008; Smith et al. 2016a & 2016b).
Bleaching events have progressively intensified within the last few decades because of climate
change, revealing that coral reefs are among the most vulnerable to the effects of climate change,
anthropogenic stressors, and coral disease (Donner et al. 2005; Wilson et al. 2006; Hoegh-
Guldberg et al. 2017). For example, the Great Barrier Reef (GBR) experienced some of its worst
coral bleaching events in 1998 and 2002 (Berkelmans et al. 1999; 2004). The coral reefs of the
Florida Keys have also experienced mass coral bleaching events since 1987, with them
progressively worsening as years progress (Manzello 2015). Shallow-water coral reefs are the
most affected by coral bleaching, likely due to seawater temperatures at the surface being higher
or more UV rays are able to penetrate shallow reefs (Putnam et al. 2017; Johnston et al. 2019).
Unlike these shallower reefs, the East FGB and West FGB experience fewer coral bleaching
events. However, one occurred in 2016 that had a more pronounced effect on East FGB
(Johnston et al. 2019). The severity of the bleaching event occurred because seawater
temperatures were above 30 C longer at East FGB compared to West FGB, because of this, the
effects of coral bleaching were much more severe at East FGB. However minimal mortality was
observed at both banks and most corals were able to fully recover by the next year. The absence
of prolonged bleaching is likely a contributor to the consistent and increasing coral coverage
observed at the FGBs. Depth and location of the FGBs likely contributed to reduced coral

bleaching as compared to other coral reefs within the Caribbean Ocean (Smith et al. 2008, 2015,
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2016a & 2016b; Bongaets et al. 2010; Loya et al. 2016; Lesser et al. 2018; Rocha et al. 2018;
Belter et al. 2020).

The FGBs depth is believed to aid them in their ability to avoid many different factors
that are affecting other coral reefs around the world (Cancelmo 2008; Hickerson et al. 2012).
Reefs that are further offshore, away from human interaction and those deeper than traditional
shallow depths have been observed to exhibit a healthier ecosystem (Hickerson et al. 2008;
Gouezo et al. 2019). Offshore coral reefs still experience natural induced stressors (hurricanes,
coral species, diseases, etc.), as well as some anthropogenic stressors (scuba divers, invasive
species, pollution, and overfishing). Coral reef depth also has an effect on coral recruitment
composition, with size of coral recruits increasing with depth (Turner et al. 2018). The FGBs reef
crest is considerably deeper than most shallow-water reefs.

Stressed corals, either due to bleaching or other stressors such as pollution, may be more
susceptible to disease, which can also lead to declines in coral reefs over time in response to
climate change (Estrada-Saldivar et al. 2020; Estrada-Saldivar et al. 2021). The coral reefs found
within the Caribbean are among the most affected by coral diseases (Bruno et al. 2007; Alvarez-
Filip et al. 2019; Estrada-Saldivar et al. 2020). Diseases that affect scleractinians (reef-building)
include yellow-band disease, white pox, black-band disease, red-band disease (Hickerson et al.
2008; Bruno et al. 2007; Estrada-Saldivar et al. 2020), and stony coral tissue loss disease
(SCTLD), which is an emergent white-plague type coral disease that has caused large scale die-
offs in reef building coral communities in the Caribbean (Alvarez-Filip et al. 2019; Estrada-

Saldivar et al. 2020; Meiling et al. 2020). It has affected 20 or more scleractinian corals,
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including reef-building species, as well as species that are listed as endangered (Hickerson et al.
2008; Aeby et al. 2019; Meyer et al. 2019; Meiling et al. 2020; Estrada-Saldivar et al. 2021).
SCTLD was first recorded off the Florida coast in 2014 and has continued to spread throughout
the Caribbean, infecting corals causing multifocal lesions that can quickly progress throughout
the colony often resulting in total mortality of the colony (Meiling et al. 2020; Estrada-Saldivar
et al. 2021). Unlike at Caribbean and other Gulf of Mexico coral reefs, the FGBs have not had
any SCTLD or other coral disease outbreaks (Hickerson et al. 2008; Belter et al. 2020).
Therefore, the lack of coral disease on the FGBs may contribute to the stable and increasing
trends at these reefs relative to other reefs. The relative lack of disease presence could be partly
because the coral reef is living within a national marine sanctuary at deeper depths and thus
corals are not exposed to stressors that might allow for opportunistic pathogens to infect them.
However, there is no definitive answer, which emphasizes the importance of conducting further
research, such as comparative surveys of disease affected reefs and the FGB.

Other anthropogenic stressors that plague coral reefs around the globe include pollution,
human interaction, overfishing, and invasive species. For example, oceans around the world have
experienced increasing amounts of pollution, including oil to microplastics. Oil spills have
occurred around the globe, some being worse than others. The worst in United States was the
2010 Deepwater Horizon Oil Spill, which affected all marine life in the spill zone (Joye 2015;
Kujawinski et al. 2020). This spill occurred over an 87-day period in the northern Gulf of
Mexico, 520 km from East FGB, from the Mancondo well, spilling at least 5 million barrels of

oil and 250,000 metric tons of natural gas, primarily methane (Joye 2015). While the spill did
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cause damage to wildlife and marine life within the Gulf of Mexico, no effects were documented
at the FGBs, most likely because the spill zone did not reach the FGBs (Johnston et al. 2013;
Kujawinski et al. 2020). However, if the Deepwater Horizon oil spill had impacted the FGBs,
long-term monitoring conducted within the sanctuary would have provided valuable data,
emphasizing the importance of long-term monitoring among coral reefs (Lubchenco et al. 2012;
Johnston et al. 2013; Murawski et al. 2016).

As human populations have increased, the demand on coral reefs as source of food has
also increased significantly (Roberts 1995) resulting in overfishing effects on coral reefs
(Roberts 1995; Shantz et al. 2020). Overfishing takes a toll on coral reef health because all
organisms living within the reef rely on each other; when a part of that food chain is either
removed or numbers are significantly depleted, it will cause changes in species abundance and
composition within the system (Roberts 1995; Valentine & Heck 2005; Shantz et al. 2020).
Overfishing can reduce species diversity, leading to local extinctions of not only the species
being targeted but also other organisms living within the reef (Roberts 1995). For example,
overfished reefs are susceptible to algae growth due to the loss of herbivorous fish (Loh et al.
2015; Shantz et al. 2020). With the loss of herbivorous fish, algal overgrowth of coral occurs,
primarily affecting mound/boulder corals, such as Pseudodiploria strigosa (Loh et al. 2015).
Despite its designation as a national marine sanctuary, recreational fishing and illegal fishing
have been observed at the FGBs, as well as lost or discarded fishing gear (Office of National
Marine Sanctuaries 2008). Nevertheless, these activities are not common occurrences at the

FGBs, which may contribute to the stability and increase in coral coverage at the FGBs.
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Marine protected areas, such as, National Marine Sanctuaries (NMS) have played an
important role in the survival and overall health of coral reef ecosystems around the world. NMS
are designated areas of the US marine systems that are protected to preserve the marine life
within that area. There are 15 NMS and 2 national monuments in the United States

(https://sanctuaries.noaa.gov). The Florida Keys National Marine Sanctuary (FKNMS), one of

the largest NMS, protects over 6,000 species of marine life, the nation’s only bank-barrier coral
reef and the largest seagrass communities are included in this NMS (Donahue et al. 2011).
FKNMS experienced detrimental declines in marine life before its designation as a national
marine sanctuary in 1990 (Donahue et al. 2011; Toth et al. 2014). After its designation as a
national marine sanctuaries, protective measures were immediately executed to protect and
preserve the remaining marine life in the area, such as prohibiting mining, oil exploration or
anything that would cause damage to the seafloor, also enacting a restriction on large ship traffic

through the area (Shivlani et al. 2008; https://floridakeys.noaa.gov/about/fknmsp_act.html).

However, their designation as a national marine sanctuary has not allowed for an increase or
stability in coral coverage to occur (Somerfield et al. 2008; Toth et al. 2014). While the
designation as a national marine sanctuary has benefited the FGBs, enforcing regulations to all
who visit, while also running a long-term monitoring (LTM) program to keep track of the
benthic community living within the sanctuary, it cannot be considered as the only factor driving
the high coral coverage trends observed.

Although national marine sanctuaries have the advantage of being protected from various

anthropogenic stressors that are causing significant declines in coral reef health, the adjacent
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areas, e.g., at the border of the sanctuaries, can still be adversely affected if an oil spill, originates
in the adjacent area. National marine sanctuaries reefs are also still subjected to human induced
stressors. For example, SCUBA diving is a recreational activity that is permitted within national
marine sanctuaries and that can, result in direct and indirect stressors to the coral reef ecosystem
(DM Lawrence; Roche et al. 2016). SCUBA is an important part of tourism at coastal destination
sites, creating a large portion of income for local areas, it causes stress to the reefs that utilized
(Hawkins et al. 2002; Roche et al. 2016). As years have progressed, the impact that scuba has on
coral reefs has become clearer (Roche et al. 2016). For example, it is now known that damage to
corals (such as removal, hitting or breaking) living within dive sites that are frequently visited
occurs more than previously thought (Roche et al. 2016). While scuba diving can have adverse
effects, the FGB is well regulated, and no significant diving based damaged was observed in this
study.

The trend of maintaining high coral coverage and potentially being resistant to different
natural stressors, such as coral diseases and coral bleaching, is not something that is seen
globally within coral reefs. East and West FGBs have retained high coral coverage that has
remained stable or increased throughout the time it has been monitored (Bellwood et al. 2004;
Bruno & Selig 2007; De’ath et al. 2012; Bridge et al. 2013; Madin & Madin 2019). Given that
this trend is not common globally, further studies of the FGBs ability to maintain high coral
coverage rates is required. The success of the FGBs is not truly known, it is assumed by many
that its success is due in part to their depth (17-25 m), offshore location, and designation as a

national marine sanctuary which buffers them from common stressors.
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Further analysis should be conducted to determine the drivers behind the FGBs ability to
increase and maintain high levels of coral coverage at each bank and if these trends are predicted
to continue. It has been observed that depth and location most likely play a significant role in the
success of maintaining coral coverage at coral reefs found within mesophotic depths since they
are believed to be somewhat shielded from localized anthropogenic and natural induced stressors
(Lesser et al. 2009; Smith et al. 2015). Although the photostations from this study are not found
within mesophotic depths (30-150 m), a better understanding of reefs found within mesophotic

depths would allow for a better understanding of East and West banks.
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APPENDIX A

Table displaying the various light and camera setups and data analysis utilized for the long-term
monitoring program at East and West FGB.

Year Equipment

1989|Nikonos V camera, 15 mm wide angle lens, two 225 watt-second strobes, 36 exposure, 100 ASA Kodacolor VRG or Fujicolor print fim
1991|Nikonos V camera, 15 mm wide angle lens, two 225 watt-second strobes, 36 exposure, 100 ASA Kodacolor VRG or Fujicolor print fim

1992 |Nikonos V camera, 15 mm wide angle lens, two 225 watt-second strobes, 36 exposure, 100 ASA Kodacolor VRG or Fujicolor print fim

1994 |Nikonos V camera, 15 mm lens and two lkelite 225 watt-second strobes

1995[Nikonos V camera, 15 mm lens and two lkelite 225 watt-second strobes

1996 [Nikonos V camera, 15 mm lens and two lkelite 225 watt-second strobes

1997 [Nikonos V camera, 15 mm lens and two lkelite 225 watt-second strobes

1998|Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

1999|Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

2000|Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

2001 |Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

2002|Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

2003 |Nikonos V camera, Kodak Ektachrome 100, 36-exposure slide film, 15 mm lens, and two lkelite 225 watt-second strobes

2004 |Nikonos V camera, Kodak Ektachrome or EliteChrome 200 ASA, 36-exposure slide film, 15 mm lens, and two lkelite 75 watt-second strobes
2005|Nikonos V camera, Kodak Ektachrome or EliteChrome 200 ASA, 36-exposure slide film, 15 mm lens, and two lkelite 75 watt-second strobes
2006 |Nikonos V camera, Kodak Ektachrome or EliteChrome 200 ASA, 36-exposure slide film, 15 mm lens, and two lkelite 75 watt-second strobes
2007|Nikonos V camera, Kodak Ektachrome or EliteChrome 200 ASA, 36-exposure slide film, 15 mm lens, and two lkelite 75 watt-second strobes
2008|Sea&Sea DX-1G digital camera and underwater housing, two Inon D-2000S strobes and a Sea&Sea Wide Angle Lens

2009|Nikon Coolpix PS000 camera in lkelite housing, Inon UWL-100 Type 2 wet mount wide-angle converter lens, and two lkelite DS125 strobes
2010|Canon Power Shot G11 digital camera, FIX Fish-Eye housing with 165 dome port, two Inon Z240 strobes

2011|Nikon D300 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2012|Nikon D300 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2013|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2014|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2015|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2016|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2017|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2018|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes

2019|Nikon D7000 SLR digital camera, 16 mm lens in Sea&Sea housing with small dome port, and two Inon Z240 strobes
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Year

Analysis

1989
1991
1992
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

images were analysed using mylar traces and calibrated planimeter

images were analysed using mylar traces and calibrated planimeter

paper templates of photos with 100 randomly located dots

paper templates of photos with 100 randomly located dots

paper templates of photos with 100 randomly located dots

projecting image onto a flat surface, then using 24 transparent overlays containg 100 randomly positions crosses
projecting image onto a flat surface, then using 24 transparent overlays containg 100 randomly positions crosses
slides were projected onto a flat surface and each was overlain with 3 sets of 100 randomly positions markers
slides were projected onto a flat surface and each was overlain with 3 sets of 100 randomly positions markers
slides were projected onto a flat surface and each was overlain with 3 sets of 100 randomly positions markers
slides were projected onto a flat surface and each was overlain with 3 sets of 100 randomly positions markers
CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 300 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image

CPCe overlaid with 100 random dots on the image
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Original dataset compared the condensed dataset used to run statistical analysis. The seven
different colors display the species that were condensed down to a genus level, other identified
coral and the unknown corals.

Original Dataset Condensed Dataset

Agaricia agaricites Agaricia spp

Agaricia fragilis Colpohyllia s,

garicia lanarc [Sadraciopp
Agaricia sp Millepora alcicornis

Colpophyllia amaranthus Montastraea cavernosa

Colpophyllia natans Mussa angulosa

Colpophyllia s Orbicella annularis

Orbicella faveolata
Orbicella franksi
Orbicella spp

Millepora alcicornis Porites spp

Montastraea cavernosa Pseudodiploria strigosa

Mussa angulosa Siderastrea spp

Orbicella annularis Stephanocoenia intersepta

Orbicella faveolata
Orbicella franksi
Orbicella spp

Porites astreoides

Porites furcata
Pseudodiploria strigosa
Siderastrea radians
Siderastrea siderea
Siderastrea sp
Stephanocoenia intersepta

Tubastraea coccinea
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