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Too hot to handle? The impact
of the 2023 marine heatwave
on Florida Keys coral
Karen L. Neely1*, Robert J. Nowicki2, Michelle A. Dobler1,
Arelys A. Chaparro1, Samantha M. Miller1 and Kathryn A. Toth1

1National Coral Reef Institute, Nova Southeastern University, Dania Beach, FL, United States, 2Storm
Anchor Insights, Big Pine Key, FL, United States
The summer 2023 marine heatwave was the most severe on record for Florida’s

Coral Reef, with unprecedented water temperatures and cumulative heat stress

leading to 100% coral bleaching. An existing fate-tracking program of over 4200

brain and boulder coral colonies across five offshore and four inshore reefs

allowed for analyses of bleaching-related mortality and diseases through the

event. Across the vast majority of assessed corals, there was no partial or full

mortality as a result of the 2023 bleaching event. At seven of the nine sites, only 0

– 2% of fate-tracked colonies experienced any mortality. The other two sites,

both inshore, had the highest cumulative heat stress and did experience

substantial bleaching-related mortality. However, acute mortality at one of

them began at relatively low cumulative heat stress, suggesting death was the

result of exceeding thermal maxima rather than bleaching-related resource

depletion. At the two most impacted sites, 43% and 30% of all monitored

corals died, but mortality varied among species: brain corals fared worse than

boulder corals. The health status of corals before the bleaching event had little

impact on whether they exhibited mortality during the event. At three sites, we

observed unusual lesions on Orbicella faveolata colonies shortly after color

returned to the corals; these were only present for a few months, but on some

colonies led to substantial tissue loss. Though not part of the monitoring

program, we also observed local extinctions of Acroporid corals at most sites,

as well as local extinctions of octocorals at three inshore reefs. Though most

reef-building corals survived the 2023 marine heatwave in the Florida Keys,

continually rising temperatures are likely to make these temperature regimes

more common. We encourage future research on why the brain and boulder

corals fared differently at highly-impacted sites, and on what the unusual O.

faveolata lesions are. Our results also provide perspective on how restoration

strategies, particularly those focused on species likely to die under current and

future climate regimes, might prioritize species likely to survive. Finally, these

results highlight the importance of fate-tracking individuals of different species

and in different geographies and habitat types through disturbance events.
KEYWORDS

coral bleaching, marine heatwave, Florida Keys, fate tracking, species susceptibility,
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Introduction

Stony corals on tropical reefs are subject to a variety of stressors,

and as a result of these, the majority of reefs worldwide are in some

state of decline (Pandolfi et al., 2003; Eddy et al., 2021). Among

these stressors, coral bleaching is the most geographically

widespread, primarily as a result of increasingly warmer seas

periodically exceeding corals’ preferred temperature thresholds

(Eakin et al., 2019; Van Woesik and Kratochwill, 2022). During

these marine heatwaves (MHWs), the symbiosis between tropical

scleractinian corals and their associated zooxanthellae symbionts

breaks down (Brown, 1997), leaving the corals’ tissues transparent

and the coral appearing white or “bleached.” Though the coral is

still alive when bleached, without its symbionts it is deprived of

much of its nutritional uptake (Muscatine et al., 1981), which

ultimately results in death unless the stress event diminishes and

the algal symbionts recolonize the coral. Bleaching events have

become increasingly common across all tropical oceans (Glynn,

1993; Hoegh-Guldberg, 1999), and predictions for future frequency

and intensity of the events are increasingly dire (Hoegh-Guldberg,

1999; McWilliams et al., 2005; Mellin et al., 2024).

Florida’s Coral Reef represents the northernmost extent of reef

development in the Caribbean. Through 2023, eight region-wide

mass-bleaching events have been documented across Florida Keys

reefs. The 1997-98 bleaching events corresponded with a reduction

in species richness and coral cover (Somerfield et al., 2008). The

back-to-back bleaching events in 2014 and 2015 led to some partial

or total coral mortality at certain sites (Gintert et al., 2018) as well as

losses to some stands of Acropora palmata (Neely et al., 2022) and
Frontiers in Marine Science 02
Dendrogyra cylindrus (Neely et al., 2021a). However, other events

and observations on other species documented minor or no losses;

for example, Fitt et al. (1993) found no mortality in their studied

colonies from the 1987 event.

The intensity of past heat stress events in Florida paled in

comparison to the summer of 2023, which saw an unprecedented

heat wave in the Florida Keys. On land, heat records were broken

on 31 of the 62 days in July and August since record keeping began

in 1950 (NOAA National Weather Service, 2023). NOAA’s Coral

Reef Watch monitors sea surface temperatures, calculates

cumulative heat stress, and issues bleaching watches and

warnings for reefs worldwide. A warning indicates that sea

surface temperatures are above the local bleaching threshold,

and that cumulative heat stress is above 0 degree heating weeks

(DHW) but less than 4 DHW. Bleaching alerts are classed into

alert level 1, in which DHW are greater than 4 but less than 8, and

alert level 2 in which DHW are greater than 8. In 2023, a bleaching

warning was issued on June 14, an alert level 1 on July 6, and an

alert level 2 on July 16 (Figure 1). The alerts remained active

through September 30 (NOAA Coral Reef Watch, 2023). This

cumulative heat stress resulted in mass bleaching of all or nearly

all scleractinian corals throughout the region, and some anecdotal

and media reports suggested that widespread coral mortality was

resulting (Deletter, 2023).

Using an existing monitoring program for corals affected by and

treated for stony coral tissue loss disease (SCTLD) throughout the

Florida Keys, we quantified the impacts of this MHW on boulder

and brain corals across inshore and offshore reefs throughout the

Florida Keys.
FIGURE 1

Sea surface temperatures (top) and cumulative heat stress degree heating weeks (bottom) data for the Florida Keys collected by NOAA Coral Reef
Watch since 1985. Black lines show the values through the 2023 hyperthermal event; colored lines show each year’s data from 1985-2022. Colored
bars along the bottom indicate the bleaching alert levels through 2023. Figure slightly modified from NOAA Coral Reef Watch.
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Methods

Field assessments

From 2019-2024, stony corals at reef sites throughout the

Florida Keys were monitored approximately every other month as

part of a stony coral tissue loss disease (SCTLD) intervention

program (Neely et al., 2021b). A total of five offshore and four

inshore/midchannel patch reef sites were assessed before, during,

and after the 2023 summer (Figure 2). Part of one reef (Cheeca

Rocks) was also monitored an additional time during the peak

bleaching impact to further assess temporal mortality patterns. Sites

were defined as the full extent of any patch reef, and the extent of

the high-relief spur and groove area of offshore reefs. Site size varied

from 17,100 – 59,400 m2. Coral density varied across sites, and the

number of corals regularly monitored at each site varied from 96 to

1335. Offshore sites were, from southwest to northeast, Sand Key,

Looe Key, Sombrero Reef, Grecian/Key Largo Dry Rocks, and

Carysfort. Inshore sites were Newfound Harbor, Marker 48,

Cheeca Rocks, and Hen and Chickens. At offshore sites, the bases

of corals were between 1.2 – 9.4 m in depth; at inshore sites, corals

were between 1.2 – 6.4 m in depth.

All corals fate-tracked through this 2023 MHW were originally

tagged as part of a multi-year disease intervention project on colonies

affected by SCTLD lesions. Beginning in 2019 for six of the sites, 2020

for two sites, and 2021 for the ninth site, corals with active SCTLD

were tagged using numbered cattle tags, mapped, identified to species,

and measured. Tagged corals were all treated during the initial

tagging with the amoxicillin+Base2b treatment which is largely

effective at halting SCTLD lesions (Neely et al., 2020, 2021; Shilling

et al., 2021; Walker et al., 2021). Each site was revisited approximately
Frontiers in Marine Science 03
every twomonths and surveyed for any corals showing signs of recent

mortality. During each of those monitoring events (2019-2023),

untagged corals with newly-present SCTLD lesions were tagged,

treated, and added to the monitoring program when encountered.

Tagged corals with new SCTLD lesions were re-treated as needed.

Some corals at some sites had received treatments as early as two

months prior to the onset of the bleaching mortality surveys, while

others had not received treatments in up to 4.5 years.

During each monitoring period, previously-tagged corals with

signs of recent mortality were assessed for the cause of mortality

(Figure 3). During the bleaching period (July 2023 – October 2023),

sources of mortality were:
1. SCTLD.

2. BBD: recent partial mortality as a result of black

band disease.

3. OF-unk: an unusual condition seen only on O. faveolata

corals as they regained zooxanthellae. Characterized by

multiple “lesions” scattered throughout the colony, but

most often originating from the tops or ridges of

the colonies.

4. RM-BL: recent partial mortality as a result of bleaching.

5. Dead-BL: colony completely dead as a result of bleaching-

related mortality.

6. Dead: coral died since the last monitoring period, but it was

not possible to conclude what the cause of death was.
Because each assessed coral was tagged and mapped, we were

assured of monitoring the same corals over multiple time periods.

Prevalence data for each of the health status categories were based

on a fixed number of corals and repeated over multiple time
FIGURE 2

Location of regularly monitored reef sites in the Florida Keys. Four inshore sites (triangles) and six offshore sites (circles) are all located within the
Florida Keys National Marine Sanctuary (FKNMS).
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periods. However, because only colonies that had displayed SCTLD

lesions in the past were tagged, the monitoring excludes non-

SCTLD susceptible species like the Acroporids and Porites

branching species, as well as colonies of susceptible species that

had not displayed active SCTLD lesions between the start of site

monitoring and summer 2023. The relative abundance of species of
Frontiers in Marine Science 04
monitored corals varied by site (Figure 4), as most offshore reefs

were not initially incorporated into the SCTLD intervention

program until many of the highly susceptible colonies had died

off, while at inshore reefs, intervention was initiated earlier in the

disease outbreak timeline, thus allowing for more of the highly

susceptible species to survive.
FIGURE 4

Proportion of monitored corals at each site by species. Boulder corals are solid cool tones, brain corals are crosshatched warm tones.
FIGURE 3

Images of the bleaching and post-bleaching sources of tissue loss observed on monitored corals. (A) Stony coral tissue loss disease (SCTLD),
(B) black-band disease (BBD), (C) Orbicella faveolata unknown condition (OF-unk), (D) partial recent mortality from bleaching (RM-BL), and
(E) complete mortality from bleaching (Dead-BL).
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All reefs received post-bleaching assessments between

December 2023 – April 2024 after heat stress had subsided to

pre-bleaching levels. At some of these reefs, unusual mortality

patterns were seen on some Orbicella faveolata corals (Figure 3C).

While it is possible that these are from a known disease such as

SCTLD or white plague, they were unusual enough that we recorded

their presence separately. These lesions were only found on O.

faveolata colonies; no or few other SCTLD susceptible species

exhibited disease. Though these lesions were generally not on

actively bleached tissue, they generally appeared on the tops of

corals, particularly colonies located in the shallows, which were the

most thermally and UV-stressed areas. Lesions were generally

multi-focal and acute, radiating from central points rather than a

colony edge, and almost all had halted by subsequent monitoring

events. Colonies affected by these unusual lesions were coded as “O.

faveolata unknown” or OF-unk. We calculated the proportion of

OF-unk affected colonies by dividing the number of fate-tracked

colonies at each site exhibiting OF-unk lesions by the total number

of living fate-tracked O. faveolata colonies at the site.
Frontiers in Marine Science 05
Temperature data

Sea surface temperature and cumulative heat stress data were

downloaded from NOAA’s Coral Reef Watch 5km single-pixel

virtual station online products (NOAA Coral Reef Watch, 2023).

These single-pixel stations were set up by NOAA specifically for the

2023 hyperthermal event, and strategically included our long-term

monitoring stations (Figure 5; Supplementary Figure S1). Sea

surface temperatures are derived from satellite sensors and

ground-truthed by operational buoys to maintain accuracy.

Beginning in the summer of 2023, these data were shared daily in

near-real-time (Supplementary Figure S1).

Degree heating weeks (DHW) are calculated by NOAA Coral

Reef Watch using the sea surface temperature data. The metric

combines the intensity of the heat stress (degrees C over the

normal maximum) as well as duration (number of weeks of that

stress), summed over the previous 12 weeks. DHW has been shown

to be a more precise predictor of coral stress than temperature

(Kayanne, 2017), with past accumulation of 4 DHW shown to
FIGURE 5

Sea surface temperatures (top) and cumulative heat stress (DHWs; bottom) for each monitored site from June 1, 2023 through May 2, 2024. The
average DHW and SST for Sand Key from 1985-2022 is displayed (grey line) for comparison. Shapes on the cumulative heat stress lines indicate the
dates each site was monitored. For sites at which monitoring took multiple days, the mid-point of monitoring dates is indicated. The pop-out box
(right) shows fine-scale differences between sites during peak heat stress. Raw data are from NOAA’s Coral Reef Watch single-pixel virtual stations.
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cause significant coral bleaching, and values over 8 DHW known to

cause severe bleaching and significant mortality (Kayanne, 2017).

For a historical perspective on cumulative heat stress during

past summers at each site, we used the Coral Reef Watch single-

pixel database to track cumulative heat stress (DHWs) back to 1985.

We identified the maximum DHW value for each year at each site.

For the 14 years in which the maximum DHW value at any site

exceeded 4, we ranked each of the sites against each other in terms

of heat stress. For each year, the warmest of the 9 sites received a

value of 1, and the coolest a value of 9.
Analyses

Effect of site on mortality
To assess the effect of site on the risk of bleaching mortality for the

three most common species (Orbicella faveolata, Montastraea

cavernosa, and Colpophyllia natans), we performed a series of logistic

regressions followed by pairwise site comparisons using the stats and

multcomp packages in R (Hothorn et al., 2008; R Core Team, 2022).

Because there was only one categorical predictor variable, we did not

test for linearity or collinearity. All pairwise comparisons had their p-

values adjusted via the single-step method to correct for multiple

comparisons. Prior to model construction, we binned partial- and full-

bleaching mortality together to capture bleaching mortality holistically.

Because of the class imbalance in the data (i.e. mortality was much

more rare than survival), model diagnostics revealed that data points

showing mortality were sometimes disproportionately influential

(i.e. they had high leverage in the model). To ensure our results were

robust, when individual levels were shown to be highly influential

(such as a single site), we removed the site, re-ran the model, and

compared results. If the significance of the predictor variable (site or

species) did not change with the removed level, we considered the

result to be robust to high influence points.

The first model forO. faveolata included all sites, including those

with no mortality. Initial model results indicated high leverage for

corals found at Newfound Harbor, so this site was dropped, and the

model was run a second time. Significance of site as a global factor in

mortality likelihood was assessed via chi-squared testing on the

logistic regression model. Because site was found to be highly

significant in both global models, Newfound Harbor was re-

introduced for pairwise comparisons. Furthermore, because three

sites (Carysfort, Hen and Chickens, and Sombrero) had no mortality

and therefore no variability to model, they were removed prior to

pairwise comparisons.

For theM. cavernosamodel, the two sites with 20 or fewer corals

were removed (Grecian/KLDR and Carysfort). The resulting dataset

included seven sites: Sand Key, Looe Key, Sombrero, Newfound

Harbor, Marker 48, Cheeca Rocks, and Hen and Chickens. The

logistic regression indicated a significant effect of site, so follow-up

pairwise comparisons were performed as outlined above.

For the C. natans model, the four sites with 20 or fewer corals

were removed (Sand Key, Sombrero, Grecian/KLDR, and Carysfort

Reef). The resulting dataset included five sites: Looe Key, Newfound

Harbor, Marker 48, Cheeca Rocks, and Hen and Chickens. The

logistic regression indicated a significant effect of site, so pairwise
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comparisons between the three sites with mortality - Cheeca Rocks,

Marker 48, and Newfound Harbor - were performed.

Effects of species on mortality
To complement the species specific, cross-site comparisons, we

also performed logistic regressions at the two sites where both species

diversity and bleaching-related mortality were high (Newfound

Harbor and Cheeca Rocks). At each site, we removed any species

with fewer than 14 colonies represented, as it provided a natural cutoff

in collected data. However, species with N < 30 are more likely to have

false negatives reported.We then performed a global logistic regression

to assess whether species had a significant effect on likelihood of

bleaching mortality. Finally, as with the cross-site analyses, since the

global model was significant, we performed pairwise comparisons to

determine which species pairs were significantly different from one

another, in which case holm correction factors were used to assist in

model convergence with low sample sizes. Model validation

approaches followed the methods for the site models.

At the two high-mortality sites, we also assessed odds ratios of the

species with at least 14 monitored colonies. We used the epitools

package in R to measure the conditional maximum likelihood

estimation via the Fisher method (Aragon et al., 2020). We used C.

natans as the anchor species to normalize other results to, because of

its prevalence and intermediate mortality rate at both sites.

Effect of pre-bleaching history
At Cheeca Rocks, a large number of corals exhibited SCTLD

lesions and were treated with topical amoxicillin in the months

immediately preceding the hyperthermal event. This provided an

opportunity to assess how these diseased/treated corals fared

through the event in relation to non-diseased/non-treated corals.

For the four common species in which bleaching-related mortality

was observed – P. strigosa, D. labyrinthiformis, C. natans, and O.

faveolata - we compared the numbers of corals exhibiting

bleaching-related mortality [either full (Dead-BL) or partial (RM-

BL)] for corals that were healthy in June to those that were diseased/

treated in June. We compared the treatment groups using chi-

squared tests with a Bonferroni correction (a = .0125).

We did a similar analysis to assess whether pre-bleaching health

status in June 2023 correlated with the appearance of black band

disease in August 2023. Six common species developed black band

disease – P. strigosa, D. labyrinthiformis, C. natans, O. faveolata,M.

cavernosa, and S. siderea. For each, we compared the number of

corals with black band disease and the number of living corals

without black band (any corals that were dead in August 2023 were

excluded from analyses) between the two June 2023 health groups.

We used chi-square tests with a Bonferroni correction (a = .0083).
Results

Summary of impacts

Across all offshore sites, bleaching-related mortality and black

band disease prevalence on fate-tracked colonies were both very low

despite 100% bleaching (Figure 6). Of the 1547 offshore monitored
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colonies, only four had any partial mortality related to bleaching.

Only two colonies, both M. cavernosa (one at Sand Key and one at

Sombrero), had black band disease during the bleaching event.

At inshore sites (all of which also had 100% bleaching), mortality

relating to the MHW was more variable. Two sites, Marker 48 and

Hen and Chickens, had minimal mortality. At Marker 48, no corals

had bleaching-related mortality or black band disease in July, and

five colonies experienced partial or full mortality from bleaching or

black band disease in September. Overall, of the 348 colonies

monitored at this Middle Keys reef, 0.3% had black band, 0.9%

had partial mortality from bleaching, and 0.3% died from bleaching.

At Hen and Chickens, values were similarly low, with no black band

or bleaching-related mortality observed in early August and only a

single colony with black band disease in late September.

At the two other inshore reefs, losses were greater. Newfound

Harbor was already experiencing thermal-related losses during the

first visit in July (11.9 DHW). Of the 510 monitored colonies, 0.1%

were afflicted with black band disease, 11.8% had partial mortality

due to bleaching, and 6.7% were already fully dead as a result of

bleaching. Two months later (499 colonies monitored), black band

prevalence had increased to 2.4%, 17.4% had partial mortality due

to bleaching, and an additional 10.4% had died completely as a

result of bleaching. An additional 2.9% of colonies had died since

the previous visit but their cause of death could not be confirmed. In

March 2024 (423 remaining colonies monitored), bleaching-related

partial mortality was non-existent, and black band disease was

present on only a single colony. However, an additional 30.2% of

colonies had died since the previous monitoring event. In total,

43.1% of monitored colonies at Newfound Harbor perished

completely during the hyperthermal event, and an additional
Frontiers in Marine Science 07
12.3% exhibited partial mortality from bleaching and/or black

band disease.

Colonies at the inshore Cheeca Rocks site were also heavily

impacted. During August (15.6 DHW), prevalence of various

stressors on the 1295 monitored colonies was: 7.0% black band

disease, 11.9% bleaching-related partial mortality, 6.7% full

mortality from bleaching, and 2.9% full mortality from

indeterminate cause. One month later, within the subset of 326

colonies, black band prevalence had declined to 3.7%, and the

remaining lesions had smaller more diffuse disease mats and slower

progression rates. However, the proportion of colonies with

bleaching-related mortality had increased to 19.0%. An additional

6.1% of colonies had died completely as a result of bleaching, and an

additional 3.1% had died without a determinant cause. By October/

November, black band disease prevalence was 0.7%, 1.8% of

colonies had active partial mortality from bleaching, 0.9% were

recently dead from bleaching, and 7.2% were dead from

indeterminate cause. When colonies were revisited in April 2024,

there was no black band disease or bleaching-related mortality, but

an additional 5.5% of colonies had died since the previous

monitoring. Overall, at Cheeca Rocks, 30% of corals experienced

complete mortality through the bleaching event while an additional

13% had partial mortality due to bleaching and/or black

band disease.
Effect of site on mortality

Summary trends identified Newfound Harbor as the reef with

the highest mortality rates, followed by Cheeca Rocks. Other sites
FIGURE 6

Percentage of monitored corals exhibiting tissue loss from various stressors during each site visit. Presumed heat stress-related sources of mortality
are stacked bars; SCTLD prevalence is displayed as orange lines. Corals experiencing full mortality are only shown as such when first observed
deceased. Numbers of monitored corals during each visit are shown below each bar; these numbers can change across time points because of
death, not being found, or (at Cheeca Rocks in September), only a subset of colonies being monitored. Conditions are: stony coral tissue loss
disease (SCTLD), unknown Orbicella faveolata disease (OF-unk), black band disease (BBD), recent mortality from bleaching (RM-BL), dead from
bleaching (Dead-BL), or dead from unknown cause (Dead - unk).
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had minimal to no mortality. The regression models confirmed

these significant site-specific differences in mortality (Figure 7). For

O. faveolata, both global logistic regression models (including and

excluding Newfound Harbor) indicated that site had a strongly

significant effect on likelihood of mortality (Analysis of deviance.

p < 0.0001 for both), indicating that the effect of site was not driven

only by high mortality at Newfound Harbor. From a pairwise

perspective, Newfound Harbor had significantly higher mortality

than most tested sites (Tukey tests. Sand Key p = 0.02; Looe Key p =

0.005; Grecian/KLDR p = 0.02). Exceptions were Marker 48 (which

had a small sample size) and Cheeca Rocks, which had the second

highest mortality rate. While mortality at Cheeca Rocks was

significantly higher than only Looe Key in the model (Tukey test
Frontiers in Marine Science 08
p = 0.006), the fact that all other sites aside from Newfound Harbor

had lower mortality than Looe Key suggests that O. faveolata at

Cheeca Rocks had a higher mortality risk than all sites except

Newfound Harbor.

Site had a moderately significant effect on M. cavernosa

bleaching-related mortality (Analysis of deviance. p = 0.015).

However, corrected pairwise comparisons identified no significant

differences between reefs. This discrepancy is likely driven by the

multiple comparison penalty corrections imposed in the pairwise

model. As a result, it is likely that actual site level differences are real,

but minimal for this species.

Site had a highly significant effect on C. natans bleaching mortality

(Analysis of deviance. p < 0.0001), driven by high mortality at
FIGURE 7

Proportion of monitored corals exhibiting partial (yellow) or full (red) bleaching-related mortality. Sites are separated by offshore/inshore and
displayed west to east. The number of colonies assessed in the logistic regression models for each species is shown after the site name. Within each
species, sites not significantly different from each other share a lettered bar. Sites with fewer than 20 corals of a species were excluded from the
models, and sites with no mortality were excluded from pairwise comparisons; for these, no significance letters are displayed.
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NewfoundHarbor and Cheeca Rocks, minimal mortality at Marker 48,

and no mortality at other sites. Newfound Harbor had the greatest

mortality, significantly higher than at Cheeca Rocks (p = 0.049) and

Marker 48 (p < 0.001) and by extension Hen and Chickens and Looe

Key. Cheeca had greater mortality than Marker 48 (p < 0.001), and by

extension Hen and Chickens and Looe Key.
Fate tracking

For the three sites with the highest bleaching-related mortality –

Newfound Harbor, Marker 48, and Cheeca Rocks – we assessed

how the status of individual corals changed through multiple

months of the bleaching event (Figure 8). At Newfound Harbor,

81% of monitored corals had no signs of mortality in July. Of those,

70% continued to show no signs of mortality through September,

while 21% developed bleaching-related tissue loss, and 10% had

died by September. Conversely, 11% of corals exhibited bleaching-

related mortality in July; 40% of these “recovered” to a state of no

active tissue loss, 19% continued to show bleaching-related partial

mortality, and 41% died. Though nearly double the proportion of

corals transitioned from partial bleaching-related mortality to no-

mortality than vice versa, death and partial mortality were affecting
Frontiers in Marine Science 09
more corals in September as a result of the large number of

previously “healthy” corals that transitioned to partial and total

mortality. The corals continued to experience mortality between the

September 2023 and March 2024 monitoring events. Though 70%

of the black band diseased corals and 4% of the corals with

bleaching-related partial mortality in September recovered to

non-mortality status, 56% of corals with partial mortality as well

as 24% of corals showing no signs of mortality in September were

dead by March 2024.

At Marker 48, there were no signs of thermal-related mortality

in July. Of the four colonies that exhibited partial mortality in

September, all had recovered by December.

The subset of corals monitored monthly at Cheeca Rocks was

also assessed for individual colonies’ status through time. The

proportion of colonies showing no signs of mortality was at its

lowest during the September and October assessments (54%). Black

band disease was highest in August and continued to decline

through subsequent months. Bleaching-related partial mortality

was 14-15% during both August and September, but declined to

4% in October and was 0% by March 2024. Between August and

September, 13% of corals without signs of mortality developed

partial bleaching-related mortality, while 20% of those with partial

mortality recovered to a no-mortality state. From September to
FIGURE 8

Flow diagram demonstrating the change in health status of fate-tracked corals across monitoring periods. Each health category is differentiated by
color, with the width of the colored flow lines between bars proportional to the number of corals transitioning between health status groups. Each
bar sums to 100% of the fate-tracked corals, but categories have some separation (white gaps) to better illustrate the flow. Data are shown for the
three inshore reefs that experienced any bleaching-related mortality, and each plot represents an individual species within the boulder and brain
coral categories. Sample size for each is shown in each plot.
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October, only 2% of non-affected corals transitioned to a bleaching-

related mortality state, while 41% of those with bleaching-related

mortality recovered to a no-mortality state. By March 2024, an

additional 7% of corals had died. These newly dead corals were

mostly from those with partial mortality in October 2023: 35% of

corals with bleaching-related partial mortality, 21% of those with

treated SCTLD lesions, and 6% of those with no signs of mortality

in October. On the recovery side, 30% of those with treated SCTLD

lesions and 64% of corals with partial mortality from bleaching in

October appeared fully healthy in March. Though stony coral tissue

loss disease was prevalent at this site before the bleaching event, it

declined to 1% in August, but began to reappear in subsequent

months, up to 4% in September and 12% in October.
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Effect of species

At both Newfound Harbor and Cheeca Rocks, mortality varied

significantly by species (p < 0.0001), with complex pairwise

comparisons (Figure 9A). At both sites, P. strigosa colonies

experienced the greatest mortality, with 88% of colonies at

Newfound Harbor and 57% of colonies at Cheeca Rocks losing

some or all of their tissue to bleaching. At both sites, the next most

highly impacted species were the other brain coral species, while

boulder corals had lower rates of mortality. At both sites, M.

cavernosa was the least impacted species.

Odds ratios identified the same patterns of mortality

(Figure 9B). At both sites, the brain coral P. strigosa was more
FIGURE 9

(A) The proportion of colonies of various coral species exhibiting partial bleaching-related mortality (yellow) or full bleaching-related mortality (red)
during the 2023 thermal bleaching event at the two most heavily impacted sites. Groups not significantly different from each other share a lettered
bar. At Cheeca Rocks, Orbicella franksi and O. annularis had small sample sizes and did not differ significantly from any other species. (B) Odds ratios
for Newfound Harbor and Cheeca Rocks identify the odds of a coral species having higher or lower mortality in relation to the anchor species,
Colpophyllia natans. Black dots indicate the odds ratio, with whiskers identifying the 95% confidence intervals. Whiskers that cross 1 do not have
significantly different odds of mortality than C. natans.
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likely to experience mortality than C. natans (Newfound Harbor:

6.6 times. Cheeca Rocks: 2.5 times). The other brain corals had

similar mortality odds ratios to C. natans at both sites. Most boulder

corals had lower odds of experiencing mortality than C. natans. At

Newfound Harbor, the odds of mortality as compared to C. natans

decreased by 96% for M. cavernosa, 89% for S. siderea, and 66% for

D. stokesii. The odds of mortality for O. faveolata decreased by 61%,

but this was not significantly different. At Cheeca Rocks, the odds of

mortality compared to C. natans decreased by 87% for M.

cavernosa, 87% for O. annularis, and 88% for O. faveolata. Odds

decreased by 81% for O. franksi and 51% for S. siderea, but these

were not significantly different.
Effect of pre-bleaching history

We assessed the status of corals from six species in August,

comparing individuals that were healthy in June to those which had

SCTLD lesions and were treated (Figure 10). For four of the six

species, black band prevalence was higher on corals that had

SCTLD lesions in June, but only for C. natans was this difference

significant (p < 0.007; a = 0.0083). For two species, the proportion

of corals exhibiting bleaching-related mortality (partial or total) was

greater for corals that had SCTLD in June than for those that had

been healthy, but this difference was only significant for C. natans (p

< 0.001; a = 0.0125).
Post-bleaching O. faveolata mortality

Though most sources of mortality abated upon coral color

returning, some sites experienced an unknown source of mortality

on O. faveolata colonies. Prevalence of the “OF-unk” condition on

fate-tracked colonies varied greatly. At the offshore sites, 6% (6 of

109) of tagged O. faveolata colonies at Sand Key, 19% (121 of 654)

at Looe Key, and 0% at Sombrero (0 of 66), Grecian/KLDR (0 of 90),

and Carysfort (0 of 89) exhibited this condition. At inshore sites,

none of the O. faveolata at Newfound Harbor (0 of 14), Marker 48

(0 of 48), or Hen and Chickens (0 of 117) exhibited signs of OF-unk,

but 33% (80 of 246) of live fate-tracked O. faveolata at Cheeca Rocks

did. For most affected corals, tissue loss was relatively minor

because the condition was short lived, but for 27% of colonies

with this condition, live coral cover on the colony decreased by 15%

or more.

At the two heavily affected sites – Looe Key and Cheeca Rocks –

we compared the health status of the corals before bleaching to

assess whether that influenced their likelihood of developing OF-

unk lesions after bleaching, but found no differences. At Looe Key,

19% of OF-unk colonies (26 of 135) were SCTLD-infected in June,

compared to 18% (95 of 519) of non OF-unk affected colonies (chi-

squared: p = 0.9). At Cheeca Rocks, 36% (29 of 80) of OF-unk

affected colonies had SCTLD in June, compared to 34% (57 of 166)

of non-OF-unk colonies (chi-squared: p= 0.9).
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Discussion

Fate-tracked brain and boulder coral monitoring through the

2023 MHW that caused near 100% bleaching in the Florida Keys

identified extremely low mortality rates overall. However, some

spatial and species-specific patterns did emerge. In general, offshore

corals fared well through the bleaching event, with no colony-level

losses to bleaching or black band disease. In contrast, some inshore

sites fared worse, though losses were not uniform across inshore reefs.

These spatial patterns largely match temperature and cumulative heat

stress variation among the reefs (Supplementary Figure S1). Overall,

cooler offshore waters and the more northern regions (Upper Keys)

experienced less cumulative heat stress than inshore and southern

waters (Lower Keys) (Figure 5). With the exception of Hen and

Chickens, all inshore reefs experienced greater cumulative heat stress

than all offshore reefs. This is not surprising, as inshore waters are

generally shallower and more affected by the shallow Florida Bay

waters moving between islands (Manzello, 2015), while offshore reefs

are generally slightly deeper with temperatures more moderated by

the proximity to the Gulf Stream. However, the cooler waters at Hen

and Chickens reef compared to Cheeca Rocks is surprising. The sites

are only 7.5 km from each other, and both are approximately the

same distance from shore and from channels to Florida Bay.

Nevertheless, the differences in DHWs between the two reefs are

consistent with the vastly different outcomes in coral survival.

In general, corals on Florida Keys inshore reefs now pale or

bleach during most summers as a result of warm water

temperatures (Mote Marine Laboratory BleachWatch, 2005-2022).
FIGURE 10

The proportion of corals exhibiting different health statuses at
Cheeca Rocks in August: no mortality, black band disease (BBD),
bleaching-related partial mortality (RM-BL), and dead from
bleaching (Dead-BL). Corals are separated by species, and by their
health status in June – healthy (H) or diseased and treated for
SCTLD lesions (D). Species are represented by four letter codes:
PSTR, Pseudodiploria strigosa; CNAT, Colpophyllia natans; DLAB,
Diploria labyrinthiformis; SSID, Siderastrea siderea; OFAV, Orbicella
faveolata; and MCAV, Montastraea cavernosa. Values do not always
sum to 100% because a small number of colonies exhibited both
RM-BL and BBD. Significant differences between the two groups
within each species are indicated by *.
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It is possible that as a result, the corals that remain are more

resistant or resilient to heat stress and potentially stress-hardened

(Maynard et al., 2008; Hughes et al., 2019), though whether the

driver of this is underlying genetics or some induced process is

unclear. Though they certainly have fared better through past

bleaching events than corals at offshore sites, acute heat stress

from the 2023 unprecedented MHW was too extreme for colonies

at two of these sites. Notably, however, the extensive loss of corals at

Newfound Harbor was observed as early as the July monitoring

event when DHW were 11.9 – a level of cumulative heat stress far

below what was present throughout all sites later in the summer. An

in-water temperature logger (Hobo UA-001-64) recorded the

summer maximum temperature of 34.06°C on the substrate at

Newfound Harbor on July 10 (15 days before our survey).

Additionally, while the increase to this temperature averaged

0.07°C per day from the point when the 30.5°C bleaching

threshold was first exceeded (51.3 days), the temperature increase

accelerated to 0.32°C per day for the 8.5 days immediately

preceding the thermal maximum (from 31.3°C degrees on July 2).

In the absence of catastrophic cumulative heat stress, it is

unlikely that these corals died from “bleaching” in the sense of

depleted energy reserves. Rather, two temperature-related factors

may have driven this mortality: 1) rapid increase in temperature or

2) abnormally high temperature maximum. Rapid temperature

increases (on the order of hours) have been used in laboratory

settings to induce coral bleaching (Klepac et al., 2024) in the absence

of cumulative heat stress, and Ainsworth et al. (2016) showed on the

Great Barrier Reef that steady temperature increases were more

damaging to corals than temperatures that vacillated around the

monthly maxima before increasing to bleaching thresholds.

However, neither of these scenarios apply to the thermal patterns

seen at Newfound Harbor. While we cannot rule out that mortality

may have been a result of this rapid increase in temperature, further

experimentation would be necessary to verify it. We think it more

likely that these corals died as a result of exceeding their thermal

maxima and dying from hyperthermia. To our knowledge, this

condition has not been previously documented in wild corals (but

see Leggat et al. (2019) for similar observations in laboratory

experiments). This is particularly concerning with ocean

temperatures expected to further increase, suggesting that other

reefs may meet similar fates in future years. It also has implications

for predictability of cumulative heat stress models, which could

severely underestimate mortality if thermal maxima are reached.

Though it is tempting to assume that corals at sites faring well

or poorly through the 2023 event may have certain resiliency or

susceptibility, we caution against oversimplifying. Thermal

patterns, and thus coral performance, within a reef and within a

region experience high variability in weather patterns, changes in

current as a result of variations in global circulation, waterflow from

upstream, wind, and tidal influences, variation in cloud cover and

turbidity, and other factors. There is no guarantee that sites will

perform the same in future years, and we caution against making

management decisions such as outplanting regimes or spawning

hubs based on one year’s worth of temperature and survival data.

However, multi-year patterns may be of value. Our analysis of

cumulative heat stress during all years since 1985 that the 4 DHW
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threshold was breached showed that while “rankings” of sites from

warmest to coolest were not consistent across years, there were

overall “warmer” and “cooler” sites (Figure 11). Newfound Harbor

was consistently one of the most thermally stressed reefs, while

Grecian/KLDR and Carysfort were consistently the coolest. Hen

and Chickens consistently ranked lower for heat stress than other

inshore reefs as well as most offshore reefs. These temporal patterns

suggest that some sites, even sometimes those in close proximity,

may have oceanographic or bathymetric features that promote

patterns of greater or lesser heat stress than other reefs in the

region. These should be further explored as possible factors for

management actions.

This history of differential heat stress may also provide a

potential explanation for the substantial losses of corals at Cheeca

Rocks as compared to Marker 48, even when losses within

individual species are compared. Though Marker 48 experienced

slightly greater DHWs in 2023 than Cheeca Rocks, coral mortality

at Cheeca Rocks was much greater. We propose three

possible hypotheses.
1. Stress-hardening. Marker 48 has repeatedly experienced

higher heat stress than Cheeca in past years, including a

peak of 7.3 DHW in 2007 while Cheeca has never

experienced DHWs greater than 6.3. While these past

stress levels are minor compared to the 19 DHW that

both sites endured in 2023, it is possible that previous stress

at Marker 48 either killed off thermally intolerant

individuals or stress-hardened the survivors.

2. Lower UV radiation. Though both sites experience variable

water quality and are susceptible to high turbidity from

nearshore runoff and wave action, Marker 48 is, in general,

a more turbid site compared to Cheeca Rocks. This may

have resulted in reduced UV radiation, which may have

minimized bleaching impacts (similar to results by Sully

and Van Woesik (2020)). It is also possible that other biotic
FIGURE 11

The comparative ranking of maximum cumulative heat stress values
across the nine study reefs for years 1985-2023 in which degree
heating weeks (DHW) exceeded 4 for at least one site. Black lines
are the median, and plot widths indicate the instances of each value
for each site.
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or abiotic factors that could influence susceptibility of

corals to bleaching-related mortality differ between these

two sites (see McClanahan (2022) for a review of other

possible variables).

3. Site resilience. Though we generally reject the idea of site

resilience due to the correlations of higher bleaching-

related mortality with greater DHW levels, this

comparison between Marker 48 and Cheeca does defy

that trend. It is possible that colonies at Marker 48 do

have some sort of resilience that enabled them to survive

the same temperatures and cumulative heat stress

conditions that resulted in substantial mortality at Cheeca

Rocks. Transplant experiments or laboratory testing of

corals from these two sites may provide insight into

this possibility.
Though coral fates among sites are largely explained by

variation in cumulative heat stress, we show conclusively that

some species perform better than others under the same thermal

conditions. At both sites experiencing substantial mortality, brain

corals had higher mortality rates than boulder corals. Pseudodiploria

strigosa colonies in particular were highly susceptible to bleaching-

related mortality. To our knowledge, this is the first observation of

differential mortality rates among these two coral growth forms.

However, Brandt (2009) found similar patterns in non-lethal

bleaching extent and bleaching duration during the 2005 Florida

hyperthermal event, with C. natans and P. strigosa remaining

bleached for longer and having greater proportions of their tissue

area bleached than M. cavernosa, O. faveolata, and S. siderea. Loya

et al. (2001) suggested that different survival rates between

branching and massive corals following a bleaching event in Japan

could be due to greater tissue thickness among the “winners,” which

could offer self-shading to underlying zooxanthellae. However,

patterns of tissue thickness do not correlate with our observed

patterns of mortality, as the thick-tissued C. natans and P. strigosa

(Smith et al., 2013) were particularly susceptible to mortality while

the thin-tissued S. siderea was not. The role of symbionts in

bleaching susceptibility is also widely known, with some species

known to be more thermally tolerant than others. While the corals

monitored in this study were not specifically sampled for symbiont

identification, other studies have not documented widespread

differences in symbiont communities between brain and boulder

corals; the species assessed here contain predominantly Breviolum

or Cladocopium (Lajeunesse, 2002; Correa et al., 2009; Grajales and

Sánchez, 2016). As such, it is unlikely that genus-level symbiont

differences are driving these differential patterns of mortality

between brain and boulder corals. Alternate explanations for

differential survival that may warrant future study include

differences among species in energy reserves, degree of

autotrophy, mass transfer efficiency (Loya et al., 2001), or

other parameters.

Because the monitoring used to assess the trends in this paper

was focused on SCTLD-affected corals, it excluded coral species that

are seemingly immune to SCTLD such as the branching Acropora
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species. However, the authors anecdotally saw extremely high

bleaching-related mortality rates of both wild and outplanted

Acropora palmata and Acropora cervicornis colonies across the

monitoring sites. There are two long-term A. palmata monitoring

programs within the Florida Keys, both of which documented

significant bleaching-related mortality following the 2014-2015

back-to-back hyperthermal events (Williams et al., 2017; Neely

et al., 2022), and these programs may be expected to yield

information in the future about the fate of remaining fate-tracked

colonies through the 2023 event. A NOAA survey of A. palmata

founder genotypes across Florida’s Coral Reef following the 2023

MHW documented extinction of 77% of genotypes in the wild

(Williams, 2024). Acropora cervicornis monitoring in the Florida

Keys is primarily via restoration programs. Early news reports and

preliminary presentations suggest A. cervicornis mortality on both

wild and outplanted colonies was extremely high, and it is hoped

that future publications will be able to quantify these losses, as our

observations suggest the Acroporids fared much more poorly than

the SCTLD-susceptible species. Similar observations of branching

corals faring more poorly than massive/boulder corals during other

non-Caribbean bleaching events were reported by both Loya et al.

(2001) and McClanahan (2004). While A. palmata and A.

cervicornis were once dominant components of Florida Keys

reefs, their widespread losses decades ago made them minor

components of remaining reefs, with only a few wild thickets of

each species remaining in the region before this event. Though the

loss of wild individuals represents a blow to species diversity in the

region, it has little impact on reef function or even coral cover and

species diversity outside of those few small areas. On the other

hand, it represents a devastating blow to restoration efforts in

Florida which, though diversifying, still focus primarily on these

two species. The increasing frequency and intensity of marine

heatwaves may represent a call for restoration practitioners to

assess the value of focusing primarily on species which seem so

poorly suited for handling the climate of the immediate future.

Acroporids appear very poorly suited for future climate conditions.

But this study also shows that as temperatures continue to rise, and

bleaching events become more severe, Caribbean restoration

practitioners may also need to prioritize boulder corals over brain

corals. In particular, M. cavernosa fared best at the highly impacted

reefs, while P. strigosa colonies fared worst.

Even after MHWs subside, they can leave behind substantial

legacies in a variety of marine benthic communities (summary in

Smith et al. (2023)). Though we show here that most sites

experienced negligible loss of brain and boulder corals, and that

even at the most heavily-impacted sites, most corals survived, the

longer-term impacts of the bleaching event remain to be seen.

Previous bleaching events have shown that bleached corals are more

susceptible to diseases such as black band disease and white plague

(Spadafore et al., 2021), presumably because stressed corals are

immuno-compromised. Though we observed black band disease at

affected sites peaking with water temperatures and then quickly

subsiding even before color was returning to many corals, our

observations of unusual lesions onO. faveolata at some sites as color
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returned to coral tissues suggests a level of bleaching impact which

caused, in some cases, substantial mortality on survivors. Should

this condition continue to appear as a result of what are likely to be

increasingly frequent and intense hyperthermal summers, it will

have a notable impact on this species.

In contrast, SCTLD decreased substantially during and

immediately after this bleaching event. This has been observed

during previous bleaching years in Florida (Sharp et al., 2020; Neely

et al., 2021b) and the U.S. Virgin Islands (Meiling et al., 2020). The

relationship between thermal bleaching and disease thus appears to

be dependent on the disease type. Fine-scale, fate-tracked, temporal

monitoring is important in assessing the relationship between these

and other stressors.

Longer-term impacts of bleaching events on coral populations

are well documented through reduced reproductive output of

bleached corals (Szmant and Gassman, 1990; Mendes and

Woodley, 2002; Levitan et al., 2014). Though the loss of boulder

and brain corals through this event was minimal, the ability of these

survivors to contribute to the next generation of corals within the

next few years is very unlikely. As bleaching events are predicted to

become even more frequent in the immediate future, these losses to

reproductive capacity are expected to become chronic, with

associated losses of juvenile demographic classes.

Other observations that were not quantified during the

monitoring surveys, but which represented clear ecosystem

changes, include the decimation of octocorals at nearshore sites.

In addition to the near or total bleaching of hard corals, octocorals

at all sites showed significant or total bleaching, as did

corallimorphs, anemones, and zoanthids. As octocorals,

particularly the seafan Gorgonia ventilina and the sea plume

Antillogorgia americana, are incredibly abundant and make up a

notable component of the benthos, changes in their populations are

obvious even when not quantified (Supplementary Figure S2). At

offshore sites, these octocorals appear to have undergone minimal

mortality, with most sites having fully-colored individuals and few if

any obvious skeletal remains after bleaching of stony corals

subsided. Inshore sites on the other hand experienced near

decimation of these populations. At Newfound Harbor, Marker

48, and Cheeca Rocks in particular, anecdotal observations suggest

that few if any of these individuals survived. We have continued to

opportunistically survey small sections of these reefs looking for

survivors or new recruits, but to date have found none. The loss of

these octocorals, as well as potentially other more rare benthic

organisms, may also have ecosystem impacts. For example, Neely

(2023) documented unusual basket star behavior following this

octocoral die-off. Though stony corals are well studied for their

responses to disturbance events, other benthic biota, and the fauna

that depend on them, are not. Pre-2023 data do not exist for most of

these organisms, and so how bleaching events may impact their

behavior or populations remains unknown.
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Conclusions
1. Despite 100% bleaching rates, bleaching-related mortality

of brain and boulder corals across the Florida Keys were

minimal during the 2023 MHW.

2. The few sites where bleaching-related mortality on brain

and boulder corals did occur also experienced the most

extreme cumulative heat stress. At one site, mortality began

at relatively low degree heating weeks, suggesting that

corals reached thermal maxima rather than death by

cumulative heat stress. This may have implications for

the predictive power of cumulative heat metrics as

temperatures continue to increase.

3. At the few sites that did exhibit substantial mortality, brain

corals fared substantially worse than boulder corals, with

Pseudodiploria species, D. labyrinthiformis, and C. natans

having the highest mortality rates. This may have

implications for management decisions on outplanting.

Anecdotal losses of essentially all Acroporids at the

monitored sites may also warrant consideration in

whether outplanting programs focusing on susceptible

species are sustainable or a worthwhile use of resources.

4. The health status of corals before bleaching had limited

impact on how they fared through the event. For one

species (C. natans), the presence and treatment of SCTLD

lesions in June resulted in significantly greater propensity

for bleaching-related mortality and black band disease in

August, but for all others it did not.

5. The appearance of unknown lesions on O. faveolata at

some sites as zooxanthellae returned to corals warrants

further study. Though the lesions were short-lived, they did

cause substantial mortality on some of the largest colonies

and may be an emerging threat. We recommend future

monitoring for and sampling of this condition to

learn more.

6. Fate-tracking large numbers of corals across multiple

species and reefs provides high-resolution data on

survival, recovery, and how health histories evolve across

space and time. To our knowledge, this is the only such

program in the Florida Keys, and is critical for

understanding future disturbance impacts across species

and reefs.

7. Despite generally high survivorship of non-branching corals,

significant legacy effects for the community are likely. These

may include reduced coral reproductive output, increased

disease susceptibility, and altered benthic community

composition. Future monitoring should expand its scope to

be able to capture these greater sub-lethal and community

level effects if we are to predict the fate of coral reef

communities in the Anthropocene.
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