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Abstract High-latitude coral communities exist in vari-
able environmental conditions and provide an opportunity
to study the response of biological communities to chang-
ing environmental conditions. A 30-year monitoring data-
set, initiated in 1993, was used to investigate how biologi-
cal communities have changed in relation to environmental
parameters over time. During the study period, major com-
ponents of the sessile benthic community underwent periods
of stability and significant phase shifts, where hydrocoral
and sponge cover declined while macroalgal cover increased,
with no recovery to observed historical states in more than
a decade. However, despite the significant changes in major
components of the benthic community, scleractinian coral
cover and community composition have remained remark-
ably unchanged, albeit low (4%). This stability suggests the
coral community had a degree of tolerance to environmen-
tal stress over a thirty-year period. Through gradient forest
analysis, mean temperature and reduced water clarity were
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the environmental variables associated with changes in the
benthic community. High-latitude reefs may act as sentinel
sites for future coral resilience research, helping to inform
coastal and offshore resource protection and management.
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Introduction

Coral reefs have evolved under a regime of intermittent
natural disturbances and stressors, including recurrent hur-
ricanes, sedimentation, disease outbreaks, predation, and
competition (Hughes and Connell 1999; Eakin et al. 2010;
Jackson et al. 2014; Muller et al. 2020; Croquer et al. 2021)
alongside chronic anthropogenic stressors, including increas-
ing temperatures, changes in water quality, hypoxia, pollu-
tion, coastal development, overfishing, and marine debris
(Pikulak 2019; Kealoha et al. 2020). From limited studies,
Eddy et al. (2018) estimated baseline scleractinian coral
cover at 53% in the Caribbean from the 1950s to the early
1970s. While coral reef responses to natural and anthropo-
genic disturbances have varied on a local and regional scale,
consistent declines in coral cover and increases in algal cover
have occurred since the late twentieth century, particularly
in the western Atlantic and Caribbean region (Pandolfi et al.
2003; Bellwood et al. 2004; Graham et al. 2007; Jackson
et al. 2014; Contreras-Silva et al. 2020). These phase shifts
have occurred throughout the western Atlantic and Carib-
bean region concomitantly with the mass die-off of Dia-
dema antillarum (Hughes et al. 1985; Lessios et al. 2001;
Gardner et al. 2003), extreme thermal events (Jackson et al.
2014), and escalating climate impacts (Hoegh-Guldberg

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-025-02737-3&domain=pdf
https://doi.org/10.1007/s00338-025-02737-3
https://doi.org/10.1007/s00338-025-02737-3

1670

Coral Reefs (2025) 44:1669-1682

et al. 2007). Changes in climate conditions pose a significant
threat to the persistence of coral reef communities, where
thermal stress, solar radiation, reduced water clarity, changes
in aragonite saturation state, and increased intensity of tropi-
cal weather systems and rain events contribute to declin-
ing coral cover and increasing macroalgal cover (e.g., Cook
et al. 1990; Glynn 1996; Celliers and Schleyer 2002; Riegl
2003; Schleyer et al. 2008; Lugo-Fernandez and Gravois
2010; DeBose et al. 2012; Cheal et al. 2017; Johnson et al.
2021; Stuart-Smith et al 2022; Edmunds 2024).

Numerous reefs and banks occur along the continental
shelf off the Texas and Louisiana coastline, where 17 of
those banks are protected within the Flower Garden Banks
National Marine Sanctuary (FGBNMS) (Fig. 1a). East and
West Flower Garden Banks (FGBs) and Stetson Bank are
extensively studied through established multidecadal moni-
toring programs. These long-term datasets documenting the
benthic community are invaluable for tracking ecological
changes, identifying trends, and informing resource man-
agement in the region. Stetson Bank is considered a high-
latitude reef located on the mid continental shelf, occurring
at the environmental limits for hermatypic coral growth
and productivity, between 25° and 35° latitude (Kleypas
et al. 1999). While East and West FGBs harbor extensive
coral reefs with consistent scleractinian coral cover>50%
(Johnston et al. 2016), Stetson Bank is defined as a coral
community (Schmahl et al. 2008) where hermatypic corals,
including Siderastrea sp., Madracis sp. and Pseudodiplo-
ria strigosa (Edwards 1971), comprise a small proportion
(1-6%) of the benthic community, shallow water soft corals
(e.g., Alcyonacea) are absent (Nuttall et al. 2020), and tropi-
cal marine sponges comprise a large portion of the benthic
community.

High-latitude reefs support communities with reduced
coral diversity compared to lower latitudes, comprising
fewer reef-building species (Harriott and Banks 2002), and
higher macroalgal cover (Vroom and Braun 2010). High-
latitude reefs are consistently subject to “marginal” environ-
mental conditions, including low winter and high summer
temperatures, reduced water clarity, and reduced aragonite
saturation (Pulley 1963; Johannes et al. 1983; Kleypas et al.
1999; Harriott and Banks 2002). Habitats where environ-
mental conditions are at or near physiological limits for par-
ticular species can support the development of stress-tolerant
communities; coral species found at high-latitude reefs,
despite being routinely exposed to variable environmental
conditions, have been found to have natural stress-tolerance
and have the potential to restore degraded reefs (Riegl 2003;
Beger et al. 2014; Camp et al. 2018).

Stetson Bank is exposed to acute coastal freshwater runoff
events (Deslarzes and Lugo-Fernandez 2007; Kealoha et al.
2020), tropical weather systems (Lugo-Fernandez and Gra-
vois 2010), warming ocean water (Nuttall et al. 2020), and
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Fig. 1 a Location of Stetson Bank along the continental shelf off the
coast of Texas and Louisiana. b Inset of Stetson Bank bathymetric
contours with black circles representing the location of photoquadrats
and an ‘x” marking the datasonde. Photoquadrats are concentrated on
the northwestern portion of the bank near permanent vessel moor-
ings. ¢ Photoquadrat example (Station #01) showing multiple sponge
species, turf algae, and S. infersepta in 2023

anthropogenic impacts including fishing, illegal anchoring,
and noise pollution (Hickerson et al. 2008; Schmahl et al.
2008; O’Connell et al 2023). Extensive benthic community
and environmental monitoring data provide insight into the
dynamics of this high-latitude reef and may provide insight
into how other tropical reef systems in the region may
respond to anticipated changing ocean conditions (Glynn
1996). This study presents a continuation and reanalysis of
work presented in DeBose et al. (2012), which documented
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dramatic benthic community change from 1993 to 2008.
Here, we extend the analysis through 2023 and explore how
changes in the benthic community correlate with environ-
mental conditions.

Materials and methods
Study site

Stetson Bank (28° 09.931 N, 94° 17.861 W), located approx-
imately 130 km southeast of Galveston, Texas, is an uplifted
mid-Tertiary (Miocene epoch) claystone feature associated
with an underlying salt dome (Fig. 1a). The site was added
as a national marine sanctuary by Congress to National
Oceanic and Atmospheric Administration’s (NOAA’s) FGB-
NMS in 1996 (National Marine Sanctuaries Preservation
Act [P.L. 104-283] 1996, 15 C.F.R. § 922, 65 FR 81175),
and is protected through regulations from activities that may
impact the seafloor and natural resources, though diving and
conventional hook-and-line fishing are allowed. The surface
morphology of the bank consists of two distinct hard-bottom
features: a central high-relief outcrop and a surrounding ring
of low-relief patch reefs (rim-syncline). The central feature
rises steeply from a clay-mud seafloor at 53 m before flatten-
ing out at an average depth of 23 m (Fig. 1b). This flattened
area has scattered, vertically oriented outcroppings of bed-
rock with exposed ridges, terraces, and pinnacles (up to 5 m
relief) made of siltstone and claystone rising to within 17 m
of the surface. These features are fragile and particularly
susceptible to physical damage from tropical weather sys-
tems and human activities. This study focused on the benthic
community found on these ridges, terraces, and pinnacles of
the central feature (17-30 m).

The hydrozoan Millepora alcicornis (Linnaeus 1758),
twelve species of hermatypic coral (including P. strigosa
(Dana 1846), Stephanocoenia intersepta (Esper 1795),
Madracis brueggemani (Ridley 1881), Madracis decactis
(Lyman 1859), and Agaricia fragilis (Dana 1848)), and mul-
tiple sponges (primarily Neofibularia nolitangere (Duch-
assaing de Fonbressin and Michelotti 1864), Ircinia stro-
bilina (Lamarck 1816), Agelas clathrodes (Schmidt 1870),
and Chondrilla sp.) have been documented at Stetson Bank
(Nuttall et al. 2020). In 1985, Rezak et al. characterized
the bank crest as a “Millepora-Sponge” community and
later, Schmahl et al. (2008), described it more generally as
a coral community where hermatypic corals are an impor-
tant component of the benthic composition but do not build
reef structure (Fig. 1¢). Following a Caribbean-wide coral
bleaching event in 2005, DeBose et al. (2012) documented
a significant shift from a “Millepora-Sponge” community to
one predominated by algae, where the cover of M. alcicornis

declined dramatically from 27% to < 1% and sponge cover
declined gradually from 36 to 13%.

Benthic cover

A long-term monitoring program was initiated at Stetson
Bank in 1993 by the Gulf Reef Environmental Action Team
(GREAT), a non-profit organization composed of volunteer
divers and citizen scientists. The initial effort established
36 permanently marked repetitive photoquadrats for benthic
monitoring selected by scuba divers at biologically interest-
ing sites atop pinnacle features near permanent vessel moor-
ings (Fig. 1b). The proximity to these moorings means that
the site is under increased use and pressure from vessels,
scuba divers, and fishers and, therefore, may not be repre-
sentative of the entire bank. Over time, many of these sta-
tions have been lost due to algal overgrowth or damage, and
new stations have been established, resulting in a total of 75
independent stations throughout the study period. Stations
were marked using nails or eyebolts and numbered tags and
occurred in depths ranging from 17 to 30 m. As of 2023,
52 photoquadrats remained in the monitoring dataset, 15
of which were originally installed in 1993. The 15 original
stations were sampled intermittently and do not necessarily
provide a continuous data record. Nuttall et al. (2020) com-
pared the results of all photoquadrats (75) to the results from
a series of continuous photoquadrats (14) and found similar
significant trends. Therefore, annual variations in stations
photographed were considered to represent a random subset
of all stations. Based on this condition, all stations were used
in this analysis.

From 1993 through 2023 (except for 2020 where no data
were collected due to the COVID-19 pandemic), stations
were photographed on annual monitoring cruises, typically
in June or July (Nuttall et al. 2020, 2021; Blakeway et al.
2022; O’Connell et al. 2024a, b). Stations were located by
scuba divers using detailed maps and photographed using a
camera and strobes mounted to a “T-frame” with a bubble
level and compass (O’Connell et al. 2024b). Stations were
photographed with the camera pointing vertically downward
and the T-frame in a north-facing orientation. Different cam-
era systems and image post-processing were used over the
duration of this study (Nuttall et al. 2020, 2021), but all
images were scaled to capture a consistent seafloor image
of 1.6 m?. Using Coral Point Count with Excel extensions
(Kohler and Gill 2006), trained observers estimated benthic
percent cover from photographs using overlays of 30 ran-
dom points. Coral and sponges were identified to the low-
est possible taxonomic group while other organisms were
identified to the phylum level. Macroalgae were character-
ized as either fleshy macroalgae, thick algal turfs (>3 mm),
or filamentous algae, and crustose coralline algae were
recorded as their own group. Substrates were characterized

@ Springer



1672

Coral Reefs (2025) 44:1669-1682

as fine algal turfs (<3 mm) or bare rock. Data were summed
into six major groups for analysis: scleractinia, hydrocoral,
sponges (encrusting and erect), macroalgae, crustose coral-
line algae, and other biota (ascidians, fish, serpulids, and
unknown species). Bare substrate, rubble, and soft substrate
are not included in the analysis because these variables were
inversely correlated with biotic cover. Other abiotic features
(T-frame post, tape measures, tags, research equipment, and
marine debris), and shadows were also excluded.

Environmental variables

Annual environmental data that spanned the entire study
period (1993-2023) included mean sea surface temperature
(SST), maximum and minimum SST anomalies, maximum
degree heating weeks (DHW), and tropical weather system
activity. Additional environmental parameters available
from 2005 onward included mean temperature at reef depth
(24 m), maximum and minimum temperature anomalies
at 24 m, maximum sea surface Kd490 diffuse attenuation
coefficient anomaly, and minimum salinity anomaly. While
other environmental variables, such as dissolved oxygen and
nutrient levels (e.g., nitrogen and phosphorus) have been
well-documented to influence benthic marine communities
(Johnson et al. 2021; Pascal et al. 2022), timeseries of these
datasets were unavailable and therefore not included in this
analysis.

Daily SST was downloaded from NOAA’s Coral Reef
Watch Program at 5 km resolution and averaged by year to
generate mean SST (NOAA Coral Reef Watch 2024a). SST
data were processed to obtain daily anomalies, where daily
temperature values were subtracted from the mean tempera-
ture for that day for all years in the dataset, whereby the
maximum and minimum anomaly values were obtained for
each year. Annual maximum DHW data were downloaded
from NOAA’s Coral Reef Watch Program at 5 km resolu-
tion (NOAA Coral Reef Watch 2024b). Data from NOAA’s
National Hurricane Center (NOAA Coast 2025) provided
information on tropical weather systems that passed within
200 km of Stetson Bank, following methods used by Lugo-
Fernandez and Gravois (2010).

Weekly 2 km resolution diffuse attenuation coefficient
for downwelling irradiance at 490 nm (Kd490) in m~! was
obtained from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) aboard NASA’s Earth Observing System
(EOS) Aqua satellite, using NASA’s KD2M algorithm from
2005 to 2016 (NASA 2025). From 2017 to 2023, Kd490 was
obtained from the NOAA Visible Infrared Imaging Radi-
ometer Suite (VIIRS) satellite from NOAA’s Center for
Satellite Applications & Research (STAR) (NOAA 2025).
This coefficient indicates light (at the specified wavelength)
attenuation through the water column and is directly related
to water clarity and the presence of particles in the water
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column. Higher coefficients mean shallower attenuation
depths and lower water clarity. Diffuse attenuation data were
processed to obtain weekly anomalies, where weekly diffuse
attenuation was subtracted from the mean diffuse attenuation
for that week for all years in the dataset; then a maximum
anomaly was obtained for each year.

Hourly temperature at 24 m was collected using multi-
ple instruments deployed on the reef (Fig. 1b—datasonde
location) at Stetson Bank (2005-2008: YSI multiparameter
sonde; 2008-2015: Sea-Bird® Electronics Inc. MicroCAT
37; 2015-2023: Sea-Bird® Electronics 16plus V2) and
averaged by day then year. In 2005 and 2008, three months
of continuous data were missing due to sensor failure.
Estimated values for the missing data were generated by
subtracting the average daily difference between SST and
temperature at 24 m (between 2005 and 2023) from SST
for each missing day. Following the methods for SST, tem-
perature at 24 m was processed to obtain daily anomalies,
then the maximum and minimum anomalies were obtained
for each year.

Hourly salinity at 24 m was collected using the same
instruments listed above to collect temperature at 24 m and
averaged by day then year. Salinity at 24 m was processed
to obtain daily anomalies, where daily salinity was sub-
tracted from the mean salinity for that day for all years in
the dataset, then a minimum anomaly was obtained for each
year. The absolute value of the salinity anomaly was used
in analysis.

Statistical analysis

Data were examined and transformed for normal distribu-
tion: DHW were square-root (sqrt) transformed and tropical
weather activity was transformed to a categorical variable,
where 1 =tropical weather activity recorded and 0 =no
tropical weather activity. No other transformations were
performed. Benthic cover was summed annually into the
six major groups described above, and all photoquadrats
were averaged to year to remove within-year variability. To
identify broad-scale assemblage changes and associations,
cluster analysis and similarity profile analysis (SIMPROF:
Clarke et al. 2008, 2014) were used to identify significant
(x=0.05) year clusters based on untransformed Bray—Curtis
similarity matrices. Principal component ordination (PCO:
Anderson et al. 2008) was used to visualize the data, with
percent variability explained in each canonical axis. Cor-
relation vectors with Pearson correlation > 0.8 and tempo-
ral trajectory were overlaid on the plot. Where significant
clusters were found, variables contributing to observed dif-
ferences were examined using similarity percentages (SIM-
PER: Clarke 1993; Clarke et al. 2014) on untransformed
Bray—Curtis similarity matrices. Coral cover at the species
level was examined as described above, except in 2021
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where photoquadrats were excluded from analysis due to
the limited sample size (24 images) collected that year. Coral
cover at each photoquadrat for each year was also analyzed
for changes in beta diversity, excluding 1999 and 2021 due
to limited sample size. Beta diversity was calculated fol-
lowing Anderson et al. (2008) using distance-to-centroid as
defined by the Jaccard index similarity on presence/absence
transformed data. Differences between years were tested
using permutational analysis of multivariate dispersions
(PERMDISP; Anderson et al. 2008).

Significant relationships (a=0.05) between environmen-
tal variables were identified using Pearson correlations. If
correlations were found, one variable was selected for fur-
ther analysis and the rest were excluded. To explore how
the additional environmental variables available after 2005
improved model fit, two analyses were conducted using data
from 1993 to 2023 and 2005 to 2023. Gradient forests were
used to quantify multispecies responses to environmental
variables and determine which environmental variables had
the largest influence on changes in the benthic community
(Ellis et al. 2012). Gradient forests use random forests to
determine which environmental variable improves the fit of
the biological observations and then determine the impor-
tance of each predictor for each biotic group in a data set.
The model collates where the greatest density of splits in
biotic groups occurs across the environmental gradient.

Cluster, SIMPROF, PCO, SIMPER, and PERMDISP
were performed in PRIMER version 7 with PERMANOVA
extension (Clarke and Gorley 2015). In R version 3.6.0 (R
Development Core Team), correlation tests were examined
using the PerformanceAnalytics package (Peterson et al.
2018), monotonic trends were examined with the non-
parametric Mann—Kendall trend test (Hipel and McLeod
1994; Helsel and Hirsch 2002), and gradient forests models
were generated using the gradientForest package (Ellis et al.
2012).

Results

The benthic community at Stetson Bank has changed sig-
nificantly since the onset of monitoring. In 1993, sponges
and hydrocoral covered 36% and 21% of the photoquadrats,
respectively, but declined to 12% and 3% cover in 2023,
respectively (Supplementary Table 1). The most dramatic
transition occurred after 2005, with the loss of hydrocoral
and concurrent rise in macroalgal cover (Fig. 2a). Two sig-
nificant year clusters were found (Fig. 2b) (A:1993-2005
and B:2006-2023), representing a change in biotic com-
munity structure. The decline of hydrocoral and sponges,
as well as changes in the cover of macroalgae, contrib-
uted predominantly to the dissimilarity between clusters
(Table 1). Mann—Kendall trend tests identified significant
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Fig. 2 a Mean percent cover of major groups from 1993 to 2023
where the solid black line represents scleractinian coral cover, black
dotted line represents hydrocoral cover, black dashed line represents
sponge cover, gray solid line represents macroalgae cover, gray dotted
line represents other biota, and gray dashed line represents crustose
coralline algae. b PCO of benthic cover at Stetson Bank, where the
solid black line represents year trajectory, dashed black line repre-
sents significant SIMPROF clusters, and gray text and lines represent
factor vector overlays (> 0.8 Pearson correlation)

negative monotonic trends in hydrocoral (M. alcicornis) and
sponge cover (t=—0.43, p=0.001 and t=-0.72, p<0.001,
respectively) and significant positive trends in macroal-
gae (t=0.43, p=0.001) (Fig. 2a). The scleractinian coral
community cover and beta diversity were not statistically
significantly different throughout the course of the study
(pseudo-F=1.15, p=0.16 and F=2.34, p=0.46, respec-
tively) (Fig. 5¢).

When examining environmental data from 1993 to
2023, mean SST correlated significantly with maximum
and minimum SST anomalies (r=0.73, p <0.001 and
r=0.80, p <0.001, respectively) (Supplementary Fig. 1a).
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Table 1 Similarity percentages

. Species Mean cover A Mean cover B % contribution Cumulative %

(SIMPER) predominant contribution
contributor to observed
dissimilarity between cluster Macroalgae 28.68 47.89 36.14 36.14
groups A (1993-2005) and
cluster B (2006-2023) Hydrocoral 22.38 3.02 34.90 71.05

Sponge 28.14 16.11 21.96 93.00

CCA 2.59 2.93 3.39 96.39

Scleractinian Coral 4.34 4.26 2.19 98.58

Other Biota 0.76 1.23 1.42 100.00

To minimize the number of correlations, only mean SST,
tropical weather activity, and sqrt DHW were used for gra-
dient forest models from 1993 to 2023. Similarly, correla-
tions were found when examining the environmental data
available from 2005 to 2023; mean temperature at 24 m sig-
nificantly correlated with mean SST (r=0.58, p=0.009),
and mean SST significantly correlated with maximum and
minimum temperature anomalies at both the sea surface and
at 24 m (r=0.81, p<0.001; r=-0.82, p<0.001; r=0.65,
p=0.002; and r=-0.63, p=0.004, respectively). Maxi-
mum Kd490 anomaly significantly correlated with tropi-
cal weather activity (r=0.60, p=0.001) (Supplementary
Fig. 1b). Due to these correlations, mean SST, maximum
Kd490 anomaly, minimum salinity anomaly, and sqrt DHW
were selected for analysis in gradient forest models from
2005 to 2023.

Mean SST and temperature at 24 m increased throughout
the study period, with the highest mean values recorded in
2023 (25.87 °C and 25.13 °C, respectively) (Fig. 3a). The
greatest DHWs were also recorded in 2023 (8.82 °C-weeks)
(Fig. 3b). Tropical weather systems passed within 200 km
of Stetson Bank in 13 of the 31 years studied (Fig. 3b). The
lowest salinity anomaly occurred in 2005 (—7.93 psu) and
the greatest Kd490 anomaly occurred in 2019 (+0.13 m™)
(Fig. 3c¢).

Mean SST was from 1993 to 2023 had the largest impact
on changes in benthic cover, followed by sqrt DHW and
Tropical Weather Activity (TWA) (Gradient forest mod-
els; Fig. 4a). Temperatures between 24.9 and 25.6 °C and
sqrt DHW between 0.9 and 1.2 (0.8—1.4 oC-weeks) had
the greatest relative importance for benthic compositional
change (Ratio of forest splits; Supplementary Fig. 2a),
whereas TWA did not generate any significant splits in the
data. Sponges and ‘other biota’ (ascidians, fish, serpulids,
and unknown species) were most influenced by mean
SST, while changes in scleractinian coral cover were more
strongly associated with increasing DHW, albeit at a lesser
magnitude (Cumulative importance plots; Supplementary
Fig. 3a).

When more environmental parameters were included and
the dataset was narrowed to 2005-2023, max Kd490 dif-
fuse attenuation anomaly was the most important variable
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influencing benthic cover, followed by sqrt DHW, mean
SST, and minimum salinity anomaly at 24 m (Gradient
forest models; Fig. 4b). Max Kd490 anomalies between
0.03 and 0.06 m™', sqrt DHW between 0.5 and 1.5 (0.3
to 2.3 °C-weeks), mean SST between 24.8 and 25.5 °C,
and minimum salinity anomalies greater than 5 psu had
the greatest relative importance for benthic compositional
change (Supplementary Fig. 6b) . Changes in macroalgae
cover were most influenced by increasing max Kd490 and to
a lesser magnitude by sqrt DHW and mean SST (Cumulative
importance plots; Supplementary Fig. 3b) and hydrocoral
cover was most influenced by mean SST and increasing sqrt
DHW (Supplementary Fig. 3b).

Discussion

While periodic censuses provide only a snapshot of the com-
munity at specific points in time, the long-term dataset from
Stetson Bank has documented a significant change in the
sessile benthic community over a 31-year period. Stetson
Bank is part of a series of remote and isolated natural reefs
in the northern Gulf of Mexico and supports a distinct coral
community, comprised of a limited diversity of Caribbean
coral, sponge, and fish species. Biotic cover that had been
dominated by the hydrocoral M. alcicornis and sponges (the
“Millepora-sponge community” described by Rezak et al.
(1985)) since the earliest observations in the 1970s has
changed to a macroalgae dominated assemblage over the
last three decades (Fig. 5a, b). Algal dominance has been
observed following some form of disturbance, such as coral
bleaching, storm damage, or nutrient enrichment, and has
increased in frequency over the past few decades (Hughes
1994; McManus and Polsenberg 2004). DeBose et al (2012)
documented that the 2005 phase shift occurred in conjunc-
tion with a Caribbean-wide coral bleaching event. This event
coincided with extensive coral and sponge bleaching at Stet-
son Bank with a subsequent drastic decline in hydrocoral
cover and concurrent increase in macroalgae cover (DeBose
et al 2012). Community resilience is often characterized as
the rate at which the community returns to its previous,
pre-disturbance, condition and is influenced by community



Coral Reefs (2025) 44:1669-1682

1675

Fig. 3 a Mean temperature a

at sea surface (black line) and _ 2600 = 38T
24 m (gray line). b Number of & —24m
DHWs and presence of tropical I
weather systems denoted by * E 25.00 1
for each year. ¢ Maximum dif- §
fuse attenuation (Kd490) at sea %
surface (gray line) and salinity ;,3 24.00 +
anomaly at 24 m (black line) =
L
=,

3.00 —7—7—7—7—

6.00 1

:J‘!

(=]

=
L

4.00 1

3.00 4

DHW (*C-weeks)

2.00 -

1.00 4

0.00 +————T—

0.00 A
-2,00 A

-4.00

-6.00

Salinity Anomaly (psu)

-8.00 ~

—— Min Salinity Anomaly
— Max Kd490 Anomaly

0
0
0
0
0
0
0
0
0
0
02
0
0

oot W O - 00 O

DD D0 O o e e o e o s e ]

[ = = e T e e =
Lo B o B o B Mo B ot B B B B o B R B B o R

r 014

[&]

- 0.1
= 0.08
- 0.06

0.04

Kd490 Anomaly (m™')

0.02

77" (

-10.00

complexity, herbivory rates, and other stressors such as fur-
ther disturbances and nutrient enrichment (McManus and
Polsenberg 2004). At Stetson Bank, the community over-
all has failed to recover to the community structure present
from 1993 through 2006 and has seen increased variability
in benthic community composition between annual observa-
tions (PCO plot; Fig. 2a). Similarly, an increasing number of
studies are documenting macroalgal phase shifts in marine
communities that persist for decades or more (Hughes 1994;
McManus and Polsenberg 2004; Diaz-Pulido et al. 2009;
Cheal et al. 2010; Williamson et al. 2014).

From 1993 to 2023, significant declining trends occurred
in hydrocoral and sponge cover. The steep decline of

Year

hydrocorals defined the acute change in community follow-
ing 2005. However, no associations with individual envi-
ronmental variables were identified for this group in gradi-
ent forest models. Millepora alcicornis, the sole species of
hydrocoral found at Stetson Bank, is considered thermally
sensitive and is often the first species reported to bleach
during acute ocean warming events (Hagman and Gittings
1992; Marshall and Baird 2000; Fitt 2012). At Stetson
Bank, hydrocoral cover dramatically declined from 25 to 6%
between 2005 and 2006. As the decline in hydrocoral cover
occurred over a short time period and no subsequent recov-
ery occurred, limited data were available for the models
to identify relationships between cover and environmental
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variables. DeBose et al. (2012) suggested that the decline in
hydrocoral cover at Stetson Bank after 2005 was the result
of the combined effects of extended elevated SST and sub-
sequent coastal runoff due to hurricane activity, resulting in
stress and subsequent death and inhibition of recovery of the
sessile benthic community. Converse to the rapid decline in
hydrocoral cover, sponge decline continued to occur gradu-
ally over the study period.

In 1993, sponges predominated the benthic cover (36%)
at Stetson Bank and have undergone a steady decline over
this study, to 12% in 2023. Sponges contribute significantly
to habitat structure through bioerosion, substrate stabili-
zation, and the creation of complex habitat that supports
other species (Bell 2008). Therefore, declines in sponge
cover lead to reduced habitat complexity (Bell 2008). The
dominant sponge species in 1993, Chondrilla caribensis
(Schmidt 1862), is considered stress intolerant (Gochfeld
et al. 2007) and, due to the presence of a photosynthetically
active cyanobacterium symbiont, is susceptible to bleaching
during warm temperature anomalies and cannot tolerate low
light environments (Arillo et al. 1993). Gradient forest mod-
els identified an association with declines in sponge cover
with increased mean SST. Unsurprisingly, with significantly
increasing SST at Stetson Bank, C. caribensis is no longer
observed at Stetson Bank (Fig. 5d) and, as ocean models pre-
dict the continued increase in sea water temperatures, there
is an increasing threat to the tropical reef sponge species
with symbiotic photosynthetically active cyanobacterium,
which make up 30-50% of the sponge cover at Stetson Bank
(Usher 2008). While total sponge cover at Stetson Bank has
generally declined, one species has increased over the study
period. In 2023, the dominant sponge at Stetson Bank was V.
nolitangere, a species with rapid regeneration rates (Hoppe
1988). The cover of N. nolitangere has slowly increased
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since 2005 as it has opportunistically filled the available
habitat following the significant community shift.
Macroalgal cover at Stetson Bank increased signifi-
cantly throughout the study period, starting at 22% in 1993
and peaking in 2011 at 65%. In addition to contributing to
the significant shift in the benthic community after 2005,
macroalgal cover fluctuations characterized the increase in
variability of community composition observed since 2005.
Water clarity and thermal stress (DHW and SST) were found
to be related to changes in the cover of macroalgae. Reduced
water clarity, or high diffuse attenuation coefficient, reduces
light intensity and decreases photosynthesis (Weber et al.
2006) while the influx of organic matter associated with
turbid waters can increase algal productivity (Schaffelke
and Klumpp 1998). This study found that reduced water
clarity events were associated with lower macroalgal cover,
suggesting that reduced water clarity may be reducing pho-
tosynthesis at Stetson Bank. Typically, the water column
at Stetson Bank is oceanic and oligotrophic (Nuttall et al.
2020). However, reduced water clarity events have been
attributed to the acute intrusion of turbid, low salinity, and
coastal water (Nuttall et al. 2020). Climate models anticipate
an increase in intensity of tropical weather systems (Pielke
et al. 2005) and precipitation events (Trenberth 2011), with
the potential to increase the frequency of low water clarity
events at Stetson Bank in the future. Nuttall et al. (2020) also
documented a significant correlation between the density of
the herbivore, D. antillarum, with reduced macroalgal cover
at Stetson Bank. Early records documented a decline in D.
antillarum density immediately preceding the rise in mac-
roalgal cover, which persisted until macroalgal cover peaked
in 2011. Following 2011, herbivorous fish and D. antillarum
density increased, with D. antillarum nearing pre-die-off
densities (O’Connell et al. 2024b), and macroalgal cover
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declined (Nuttall et al. 2020). While macroalgal cover at
Stetson Bank is strongly influenced by the top-down control
of herbivores, a better understanding of the complex rela-
tionship between macroalgae and ecosystem health is still
needed. An abundance of macroalgae is commonly consid-
ered a key negative reef health metric that reflects dysfunc-
tion in shallow tropical reef ecosystems (Vroom et al. 2006),
where declines in coral cover and increases in macroalgal
cover indicate negative changes in the community (Hughes
1994; Jones et al. 2004; McManus and Polsenberg 2004);
however, macroalgae are important for healthy reef func-
tion (Vroom et al. 2006) and the high macroalgal cover on
other near-pristine high-latitude reefs, such as the North-
western Hawaiian Islands and Australia’s southern Great
Barrier Reef (Harriott and Banks 2002; Vroom and Braun
2010), suggests that its use as a negative reef metric may be
an oversimplification of community processes (Bruno et al.
2009).

Over the duration of this study, sponges and hydrocoral
have significantly declined, failed to recover, and were
replaced by rapidly colonizing macroalgae. However, the
cover and community composition of scleractinian corals
were remarkably unchanged throughout the 31-year study,
suggesting that Stetson Bank may harbor naturally stress-
tolerant scleractinian corals (Camp et al. 2018) (Fig. 5c)
(anomalously low and high cover in 1999 and 2021, respec-
tively, is likely a result of sampling bias and reduced sam-
ple size in those years). Despite the temporal stability in
this group, gradient forest models identified an association
between DHWs, a metric for predicting coral bleaching, and
scleractinian coral cover, supporting the value of monitor-
ing this metric as an indicator for changes specifically in the
coral community. Of the eight species documented at Stetson
Bank, Siderastrea radians is considered somewhat stress-
tolerant (Fitt and Warner 1995; Okazaki et al. 2013) and P.
strigosa to be disease-tolerant (Fuess et al. 2017), with the
notable exception of susceptibility to stony coral tissue loss
disease (Meiling et al 2021). Stress-tolerance information
is limited for the remaining species, including M. decactis,
which has the highest percent cover of all stony corals at
Stetson Bank. It is evident that species-specific investigation
of these corals is needed, e.g., growth rates (Cziesielski et al.
2019), gene expression (Edge et al. 2005), microbial com-
munity (Thurber et al. 2009), and Symbiodinium community
characterization (Hume et al. 2016), to better understand the
mechanisms and potential trade-offs behind this apparent

stress-tolerance and how this could influence management
of these resources.

The most valuable environmental variables to document
in coral reef monitoring studies have been a topic of exten-
sive discussion for many years. Kleypas et al. (1999) exam-
ined how a wide variety of oceanic parameters impacted
coral development and growth, suggesting that the three
most important variables to monitor were water tempera-
ture, light attenuation, and aragonite saturation. Similarly,
this study found both water temperature and water clarity, as
measured by the kd490 diffuse attenuation coefficient, were
associated with changes in the benthic community at Stetson
Bank, supporting that these variables are not only important
for coral reef development, but to the benthic reef commu-
nity as a whole. Mean SST at Stetson Bank significantly
increased from 1993 to 2018 (Nuttall et al. 2020), suggest-
ing that persistent thermal stress was a significant driver of
change and that measurable impacts of climate change have
occurred at Stetson Bank. The majority of changes in the
benthic community were observed when mean SST reached
between 24.9 and 25.6 °C, much lower than the temperatures
identified in coral-focused bleaching events (Johnston et al.
2019). As additional environmental variables were added to
the analysis of data from 2005 to 2023, the importance of
mean SST was reduced and the most important environmen-
tal variable influencing benthic cover was water clarity. The
majority of changes occurred when water clarity anomalies
were between 0.03 and 0.06 m~!. Modeling studies indicate
that both major river systems, such as the Atchafalaya and
Mississippi, and smaller Texas rivers, are potential sources
of acute terrestrial water intrusion along the continental shelf
in the region (Dodge and Lang 1983; Kealoha et al. 2020)
that contribute to changes in water clarity at Stetson Bank.

The collection of multidecadal benthic cover and environ-
mental data on a high-latitude reef community, and the com-
mitment to research and monitoring as a federally protected
area, uniquely position Stetson Bank as a valuable sentinel
site for exploring questions about the impacts of climate
change, ocean acidification, and anthropogenic stressors on
the benthic communities. The results from this study provide
insight on how various environmental variables associated
with changes in the benthic community can help to focus
research, monitoring, and management efforts and may serve
to help predict the fate of other tropical marine communi-
ties as environmental conditions in the region continue to
change.
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«Fig. 5 a Benthic cover by group in 1993 and 2023 with b example
images of photoquadrat Station #55 in 1993 and 2023. ¢ Scleractinian
coral cover by year (note years 1999 and 2021 were excluded from
analysis due to low sample size) and d sponge cover by year
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