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Abstract

The Banco Chinchorro Biosphere Reserve, an offshore reef complex in the western
Caribbean, is recognized as one of the healthiest systems in the region due to its high
biodiversity and isolation from land-based threats. However, in 2023, it faced two devastating
events: an outbreak of stony coral tissue loss disease (SCTLD) and the strongest marine
heatwave on record. This study investigates how these events impacted the ecological and
functional integrity of the reef system by analyzing changes in coral communities at eight
sites across the reef bank before, during, and after both events. Coral condition and
composition of coral communities, as well as their overall calcification rates, were assessed
using a minimum of six 10 m? belt transects for each survey period. Results revealed a halving
of coral colony numbers over two years. While density losses were evident across almost all
species, key reef-building species like Pseudodiploria strigosa, and Agaricia tenuifolia
experienced the most severe reductions. Additionally, we report local extirpation of species
such as Dendrogyra cylindrus and Meandrina meandrites. The disproportionate coral
mortality has reshaped communities into simpler, more homogeneous assemblages, largely
dominated by opportunistic and stress-tolerant corals. This decline indicates a critical loss of
geo-ecological functionality, resulting in significant reductions in coral community
calcification. Understanding the response mechanisms of coral communities to the
cumulative effects of global change and disease outbreaks is essential for predicting how
coral reefs will respond to rapidly increasing climatic pressures.

Keywords: Thermal stress; disease outbreaks; Mesoamerican Reef; community reshape,
coral calcification.
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Introduction

Caribbean coral reefs are experiencing unprecedented rates of degradation and heightened
pressure from environmental and anthropogenic disturbances, leading to rapid declines in the
abundance and cover of reef-building corals (Najeeb et al. 2025). Between the 1980s and
2024, the region lost over 80% of its live hard coral cover, primarily driven by anthropogenic
disturbances and disease outbreaks (Gonzalez-Barrios et al. 2023; Schaffelke et al. 2025);
yet changes in absolute cover alone do not fully capture this decline (Alvarez-Filip et al.
2013). Increasing environmental pressures also result in drastic shifts in species abundance
and taxonomic composition, leaving many reefs dominated by tolerant scleractinian corals
characterized by flattened morphologies, brooding reproduction, high turnover, and
resistance to bleaching and disease (Darling et al. 2012; Alvarez-Filip et al. 2013; Gonzalez-
Barrios and Alvarez-Filip 2018; Lima et al. 2023). The resilience of Caribbean coral
communities is further compromised by reduced coral recruitment rates, largely driven by
newly dominant corals, leading to the predominance of weedy species (Muller et al. 2014;
Edmunds 2021; Diaz-Talamantes et al. 2025). Thus, coral declines, accompanied by changes
in species composition and functional traits, are compromising key geo-ecological functions
such as structural complexity, reef growth, and the capacity to track sea level rise (Denis et
al. 2017; Estrada-Saldivar et al. 2019; Gonzalez-Barrios et al. 2021; Alvarez-Filip et al.
2022). Ultimately, these rapid changes in coral communities cascade through trophic
networks, altering fish and invertebrate communities even before structural loss occurs
(Kayal et al. 2012; Richardson et al. 2018).

Over the last decade, two events have severely undermined the integrity of Caribbean reefs.
First, the stony coral tissue loss disease (SCTLD) outbreak has been spreading across the
region since its first documentation in Florida in 2014, becoming the most devastating coral
epizootic to date (Precht et al. 2016; Alvarez-Filip et al. 2019). While SCTLD affects nearly
30 coral species, large and massive taxa are the most affected, exhibiting high disease
prevalence, accelerated rates of tissue loss, and marked population declines (Estrada-Saldivar
et al. 2019; Clark et al. 2021; Guzman-Urieta et al. 2026). Second, the 2023-2024 marine
heatwave (MHW) — the most intense on record for the region, with peaks exceeding 20
degree-heating weeks (DHW) — caused widespread mortality (Reimer et al. 2024). Early
reports indicate substantial coral-cover losses and severe declines of branching and foliose
species such as Agaricia tenuifolia and Acropora palmata (Céaceres and Sanchez 2015; Neely
et al. 2024; Birkart and Alvarez-Filip 2025; Manzello et al. 2025; Bon et al. 2026). Together,
these lethal events have pushed several species toward the verge of extinction (Wilson and
Edmunds 2026) and are likely driving a regime shift toward simplified communities
dominated by small, resilient colonies, compounding long-term declines since the 1970s.

A close examination reveals that different species are particularly susceptible to each of these
disturbances. SCTLD is associated with high mortality in species with stress-tolerant life-
history traits, characterized by large, massive colonies, slow growth, and diffuse spawning
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with high fecundity, whose contribution to the formation of the physical framework of the
reef'is essential for reef ecosystem functioning (Alvarez-Filip et al. 2011; Darling et al. 2012).
By contrast, species most susceptible to thermal stress are primarily those with thin tissues
and plate-like colony morphologies, which typically exhibit weedy life-history traits.
Meanwhile, massive species, considered stress-tolerant, have shown greater population-level
resistance to thermal stress mortality, although they often display early signs of stress and
partial tissue mortality (Darling et al. 2012; Manzello et al. 2018; Muiiz-Castillo et al. 2024).
However, the combined effect of both stressors is likely to increase coral susceptibility and
mortality rates across multiple species. For example, coral bleaching primarily leaves
colonies immunocompromised, thereby increasing their vulnerability to disease outbreaks
and further exacerbating the effects of large-scale thermal stress events (Reed et al. 2010;
Palmer et al. 2011; Raymundo et al. 2025). Furthermore, we can reasonably assume that
disease colonies are also more vulnerable to heat stress, as diseases disrupt the physiological
balance of the healthy coral microbiota, leaving corals immunocompromised both internally
and externally (Daszak et al. 2001; Aeby et al. 2020). Therefore, we might expect that species
exhibiting null, low, or moderate susceptibility to SCTLD will be more prone to bleaching-
induced mortality (Croquer et al. 2021; Bon et al. 2026).

The net outcome of both stressors occurring simultaneously is therefore likely to trigger
substantial changes in coral community composition, affecting a wide range of species with
different life-history strategies and varying susceptibility to either or both stressors. This
could alter the trait composition of ecological communities, compromise the calcification
potential, and undermine reefs’ capacity to maintain their three-dimensional structure
(Alvarez-Filip et al. 2013; Gonzalez-Barrios and Alvarez-Filip 2018; Urbina-Barreto et al.
2021). In 2023, Banco Chinchorro in the Mexican Caribbean was hit by SCTLD and the
2023-2024 marine heatwave in quick succession. SCTLD was first reported in early 2023,
just a few months before anomalously high thermal stress spread across the western
Caribbean. Here, we analyzed data from eight reef sites distributed across the bank, sampled
before the disturbances, during the onset of the SCTLD outbreak, and after the events, to
assess coral-community responses to their combined impacts and the consequences for reef
functioning, quantified as changes in community calcification. This study, therefore, aims to
quantify shifts in assemblage composition and density, the processes of simplification and
homogenization, and the resulting effects on calcification rates across morpho-functional
groups.

Methods
Study sites and temporality

The Banco Chinchorro Biosphere Reserve is the largest coral reef system in Mexico, with a
total area of more than 700 km? (Hernandez 2008). Chinchorro was designated a Biosphere
Reserve in 1996; it has restricted access, limited human infrastructure, and regulated tourism



114
115
116
117
118
119
120
121

122

123
124
125
126
127
128
129
130
131
132
133

134

135
136
137
138
139
140
141
142
143
144

(Beltran-Torres et al. 2003; Torruco and Gonzalez-Solis 2024). Until late 2022, Chinchorro
had not been affected by SCTLD, which reached the Mexican Caribbean in 2018 and spread
throughout the continent and Cozumel island in only a few months (Alvarez-Filip et al. 2019,
2022). However, in early 2023, the first reports of the disease were made by recreational
divers, which were later confirmed by MPA authorities and scientists. SCTLD spread rapidly
across the entire bank, and by May 2023, the disease was confirmed throughout the bank (Fig
1). Just as the disease outbreak was reaching its peak, sea temperature began to rise rapidly,
peaking at ~18 DHW by October 2023 (Fig. 1).
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Figure 1. Location of the study sites and graphical representation of SCTLD outbreak prevalence and
the 20232024 marine heatwaves in the Banco Chinchorro Biosphere Reserve. (a) Geographic location of
the monitored sites, showing coral community calcification during the first (2019) and last (2025) periods of
survey. The inset (upper right) shows the Caribbean region, with the location of Banco Chinchorro marked by
a red asterisk. (b) Monitoring periods are shown in vertically dashed lines. The Degree Heating Weeks are
shown in the black curve (data obtained NOAA Coral Reef Watch), and the green curve represents the empirical
trajectory of SCTLD epizootic constructed using the patterns depicted in Guzman-Urieta et al. 2026. In panel
(a), circle size denotes coral colony density (colonies m?) at each site, and color indicates the monitoring period:
September 2019 (blue) and August 2025 (gold). In panel (b), dashed-line colors correspond to the monitoring
periods: September 2019 (blue), May 2023 (purple), November 2024 (red), and August 2025 (gold). Left and
right axes indicate disease prevalence (%) and degree heating weeks (DHW), respectively.

Field surveys

To evaluate the impacts of the disease outbreak and heat stress we surveyed eight reef sites
around Banco Chinchorro (Figure 1) over four periods: Before disturbances (September
2019), during the onset of SCTLD outbreak (May 2023), November 2024 just when thermal
stress was diminishing, and in August 2025 (Fig. 1b). At each site, 3 to 11 (mean = 5.48; SD
=1.51) 10 x 1 m belt transects were surveyed following the AGRRA coral protocol to analyze
the coral community (Lang et al. 2010). The following data were recorded for each coral
colony within the transect, species name, colony size (maximum diameter, perpendicular
diameter, and height), percentage bleaching, percentage mortality (recent, transitional, and
old), and presence of SCTLD and other diseases. We calculated the prevalence of SCTLD at
each site and across all coral species. Colonies with 100% mortality were recorded across all
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periods. Colonies exhibiting 100% recent or transitional mortality in the 2023 monitoring
were attributed to SCTLD (see Estrada-Saldivar et al. 2021).

Additionally, targeted searches for Dendrogyra cylindrus colonies used manta tow (towed
snorkel transects at ~1 knot covering ~1 km per tow), roving dives (systematic free-
swimming searches along depth contours) and freediving (breath-hold dives into shallow
crevices). Identified colonies were tagged at sites, minimizing disturbance to their integrity.

Data analyses

To provide a comprehensive representation of the impacts of both events, we examine
changes in colony density, condition, coral community structure, and coral community
calcification. Coral density was represented as the number of colonies per m? and assessed
across all four periods. Furthermore, we also calculated the percentage change in density per
site for different taxa (genera or species) and at the regional level was estimated between the
survey from before impacts (September 2019) and the one immediate after impacts
(November 2024), as this survey was the most the representative of the condition immediate
after the disease outbreak and the 2023-24 heat stress.

Coral community structure was described by means of Hill numbers that represent three
different axes of diversity: species richness (q0), diversity (ql), and dominance (q2).
Calculations were performed on transect-level abundances (colonies), with
rarefaction/extrapolation curves appended where necessary to compare samples of differing
sizes (INEXT package; (Hsieh et al. 2016)). Changes in coral community composition
between surveyed periods were assessed using bidimensional ordinations and Bray-Curtis
dissimilarities. For this procedure, data were square root transformed (Legendre and De
Caceres 2013), and ordinations were prepared with multiple restarts until stress stabilized.
Permutational multivariate analysis of variance (PERMANOVA; (Legendre and De Caceres
2013)) with 999 permutations was used to assess separation between years per site.
Multivariate analyses used Bray-Curtis distance in RStudio (4.1.1). The resulting similarity
matrices were further analyzed using principal component analysis ( R Core Team 2025).

To estimate the effects on the physical functionality of coral reefs, we calculated the potential
calcification (i.e., kg CaCO3 m 2 yr ') of the coral assemblages for each period using the sum
of the calcification rate of each colony proportional to the sampled reef area (m?). We used
reef-level estimates to calculate the mean coral community calcification for each period. For
this, we estimated the calcification rate of each colony within each study site, considering the
size, mean annual growth rate (cm yr ~!), mean skeletal density (g cm™), and morphological
growth of each species, following the methodology described by Gonzalez-Barrios &
Alvarez-Filip 2018. The latter variables were obtained from the literature (see Gonzalez-
Barrios & Alvarez-Filip 2018) thus, our calcification estimates do not account for local
environmental or ecological variations. For each colony, only the percentage of live tissue
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(accounting for disease and partial mortality effects) was considered to adjust the
calcification rate (i.e., effective calcification = theoretical species calcification X proportion
of live tissue). For each period, the calcification rate was estimated as the annual volume of
calcium carbonate accumulated by the colony’s living tissue, based on data from the
resampled sites.

To evaluate disparities in density, Hill indices, and coral community calcification across reef
communities, we employed the non-parametric Kruskal-Wallis test due to non-homogeneous
variance in the data. Post hoc multiple comparisons were performed using the nonparametric
Dunn test, adjusted for Bonferroni. Boxplots and density diagrams show medians and
quartiles. For variables of interest (density, Hill indices, coral community calcification rates),
central tendency and dispersion measures (median and interquartile range) are presented,
with the corresponding statistical tests reported in the figure captions.

Results
Changes in coral condition and colony density

In total, we censused 8,299 coral colonies across eight sites and four periods. In 2019, before
the impacts, 2,075 colonies were surveyed, and only a minimal proportion of diseases and
full colony mortality, while only a small proportion showed signs of bleaching (Fig. 2a).
During the first months of 2023 3,325 colonies were surveyed, and 19.84% already showed
signs of SCTLD, but only 3.31% presented evidence of thermal stress (Fig. 2b). From the
1,507 colonies surveyed in November 2024, 35.76% showed damage dominated by heat
stressed colonies (34.92%) whereas SCTLD was practically absent (0.39%) (Fig. 2b).
Although thermal stress persisted in 2025 (Fig. 1b), the proportion of stressed colonies in the
1,016 surveyed colonies decreased notably to 14.86%, contrasting with the high
susceptibility observed in 2024, possibly amplified by prior SCTLD impact. Despite fewer
stressed colonies monitored in 2025 than in 2024, it is important to note that statistical tests
detected no significant differences in density (Table S1) between these years.

Our results revealed a halving of coral colony numbers on Banco Chinchorro attributable to
the combined impacts of SCTLD and the heatwaves. Intense and prolonged disturbances
reduced colony density from six to fewer than three colonies per m? (Kruskal-Wallis test: >
= 58.761, df = 3, p < 0.001; Fig. 2). Post hoc analysis indicates that in November 2024
differed significantly from September 2019 and from May 2023 (p< 0.001). Similarly,
August 2025 differed significantly from September 2019 and May 2023. No differences
September 2019, nor between November 2024 and August 2025 after Bonferroni correction,
as shown in Figure 2b.
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Figure 2. Changes in coral colony density and health status at Banco Chinchorro across monitoring
periods. (a) Proportional composition of colony health states, including healthy, stressed colonies showing
signs of SCTLD, dead colonies, and colonies affected by other diseases. (b) Boxplots of coral colony density
(colonies m?) among periods. In panel (a), colors represent the proportion of colonies in each condition: healthy
(pale mint green), stressed (pastel aqua), showing signs of SCTLD (teal), dead (black), and affected by other
diseases (ice blue). In panel (b), boxplots show the median (horizontal line), first and third quartiles (box height),
and minimum and maximum values (whiskers; outliers excluded). Percentages below the boxplots indicate the
proportion of colonies exhibiting signs of SCTLD in each period. Colors correspond to the monitoring period:
September 2019 (blue), May 2023 (purple), November 2024 (red), and August 2025 (gold). Estimates are based
on colony density per m?,

Impacts on coral diversity and community composition

All three metrics of effective diversity changed substantially due to the impacts of the
SCTLD outbreak and the two marine heat waves. Prior to the disturbances, reefs exhibited
the highest values for species richness, diversity, and evenness (as opposed to dominance;
Fig. 3a). Post hoc analysis indicates a significant (p< 0.001) decrease in all these metrics by
May 2023, during the outbreak of SCTLD, as a result of the rapid loss of some of the most
highly susceptible species to SCTLD, such as Meandrina spp., Diploria labyrinthiformis,
and Pseudodiploria spp., which was accompanied by a concomitant increase in dominance
and decreases in evenness. The November 2024 period accentuated these patterns of loss,
with the most pronounced reduction in diversity and the greatest decline in evenness,
reflecting a considerable dominance of species that were better able to withstand multiple
stressors, primarily those in the genus Porites (Fig. 4). In this regard, this period marks the
greatest loss of diversity and variability, alongside marked increases in dominance within the
coral community structure (Fig. 3b). The overall trend in this November 2024 period
indicates a massive loss of species and a reduction in ecological complexity. By 2025, the
consequences of the disturbances show a pattern in which all reefs maintained very low
values of richness, diversity, and evenness. Therefore, this period exhibits a simplified
community structure very similar to that of the November 2024 period (Fig. 3).
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The principal component analysis showed a drastic homogenization in coral communities
following the disturbances. Multivariate analysis of variance (PERMANOVA, Bray—Curtis
distance, 999 permutations) revealed significant differences in coral genera composition
among the four evaluated periods (September 2019, May 2023, November 2024 and August
2025) across all analyzed sites (p = 0.001). The time factor explains 9.3% of the total
variation in community structure (see supplementary Table 2). In September 2019, the sites
exhibited distinct community compositions, primarily explained by exposure levels: exposed
reefs (Canal de Glenview and Far Star) showed lower diversity and richness than protected
ones (e.g. Acuario 2 and MX3082; Fig. 3b), with differences driven by genera such as
Eusmilia, Dichocoenia, Isophyllia, Meandrina, Dendrogyra, Mycetophyllia, Diploria and
Pseudodiploria. Following the disturbances in May 2023 and November 2024, severe and
statistically significant reductions in diversity and variability were observed (Fig. 3b), linked
to the loss of rare and infrequent genera; this was reflected in a contraction of multivariate
space, with 2024-2025 communities converging in a reduced multidimensional space along
PC1. These patterns indicate a clear trend toward communities with increased relative
abundance of Porites and Stephanocoenia, with no evidence of significant recovery (Fig. 3b).
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Figure 3. Changes in coral community composition across eight reef sites of the Banco Chinchorro
Biosphere Reserve (RBBC) among monitoring periods. a) Boxplots showing patterns of alpha and beta
diversity at the species level across site x period, based on Hill numbers (g0, ¢/ and ¢2) (q0: x> = 22.866, df =
3, p <0.001; ql: 2 =20.525, df = 3, p < 0.001; g2: ¢*> = 19.295, df = 3, p < 0.001). b) Principal component
biplots of coral assemblages at the genus level as a function of site X period (PERMANOVA, Bray—Curtis; F =
9.40, R? = 0.093, p = 0.001). In panel (a), geometric symbols represent reef sites, while vectors indicate the
absolute contributions of colony density by genus. Color polygons depict the multivariate dispersion of sites
within each period in the PC1-PC2 space. Genus codes are as follows: COLP (Colpophyllia), DEND
(Dendrogyra), DICH (Dichocoenia), EUSM (Eusmilia), ISOP (Isophyllia), MEAN (Meandrina), MILL
(Millepora), MONT (Montastraea), PORI (Porites), PSEU (Pseudodiploria), STEP (Stephanocoenia). In panel
(b), points represent individual reef sites, while boxplots show the median (horizontal line), first and third
quartiles (box height), and minimum and maximum values (whiskers). In both panels, colors correspond to the
monitoring period: September 2019 (blue), May 2023 (purple), November 2024 (red), and August 2025 (gold).

Patterns of loss at genera level

A detailed analysis of genus-level patterns reveals different responses to combined
disturbances from the SCTLD outbreak and thermal stress when comparing changes in
density, occurrence and percentage of dead tissue for the main genera in Chinchorro (Fig. 4).
The first group comprises genera that experienced complete losses in both colony density
and presence at previously recorded sites. Notably, M. meandrites exhibits a concerning trend
of likely complete extirpation from Chinchorro. In 2023, 76 colonies were recorded, of which
32 were already dead, 17 were diseased, and only 27 were healthy. By 2024, only five
colonies were recorded, all dead and exhibiting signs of old mortality. Likewise, for
Mycetophyllia, we recorded nine healthy colonies in 2019, and by 2024, only one dead colony
was observed in the surveys.

For D. cylindrus, the data reveal an extreme population decline. In 2019, 52 colonies were
recorded using different survey protocols (see methods). During the outbreak of SCTLD in
April-May 2023 surveys, standardized monitoring detected only two colonies and tagged 39
additional. Of these, 14 showed signs of SCTLD and 25 appeared healthy at the time. By
August 2025, all but one tagged colony was found to be dead. In addition, we found one
additional colony with ~1% live tissue. Overall, these results indicate a near-total loss of the
2019-recorded colonies within the monitored area.

A second group includes taxa that underwent drastic and widespread reductions in density
and disappeared from numerous sites where they had previously been recorded (Fig. 4a-b).
This group includes many important reef-building corals, such as P. strigosa, E. fastigiata,
M. alcicornis, M. complanata, A. palmata, A. cervicornis, D. labyrinthiformis, D. stokesi,
and C. natans, which have historically been dominant in Chinchorro and elsewhere in the
Caribbean. Interestingly, the mean percentage of partial mortality in live colonies across
these species did not differ substantially between 2019 and 2024 (Fig. 4c), suggesting that
these species experienced little partial mortality due to the impacts, and that most colonies
that died from the combined effects of disturbances suffered complete tissue mortality.
Additionally, the remaining colonies in 2024 exhibited smaller sizes compared to 2019 (Fig.
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S1), indicating greater susceptibility of larger colonies, a pattern consistent with findings
from other Caribbean regions.

The third group, formed by genera such as Agaricia, Montastraea, Orbicella and Siderastrea,
exhibited moderate reductions in colony density (33—50%), although the occurrence of these
genera persisted at most reef sites. Yet a consistent increase in the percentage partial mortality
between 2019 and 2024 was evident for Agaricia and Siderastrea, while M. cavernosa and
Orbicella seems to be relatively less affected, as the % of colony mortality in 2019 remained
similar to that in 2024 (Fig. 4). Lastly, there is a group of genera, where minimal effects were
observed due to the impacts, in this group, mainly the genus Porites, but also to some degree
the genus Stephanocoenia, emerged as the winners in the system. In the case of Porites, it
maintained its presence at all monitored sites and increased in density by 19.4%, with no
significant change in the percentage of partial tissue mortality.
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Figure 4. Changes at the genus level Banco Chinchorro between the pre-period (2019; blue) and the post-
impact period (2024; red). (a) Percentage change in colony density by genus between periods. The total
number of colonies (n) is indicated for each genus, with values shown as Sep 2019 — Nov 2024. The solid
vertical black line denotes zero change; points to the left indicate declines in colony density, whereas points to
the right indicate increases relative to the before period. (b) Spatial comparison of reef sites where each genus
was present at each period. (¢) Comparison of mean partial colony mortality (%) between periods. In panels (a)
and (c), circles represent mean values and vertical lines indicate the standard error of the mean.

Coral community calcification

Although there were marked significant differences in community calcification between
2019 and 2024, no such significance was observed for the estimated in 2024 and 2025 (Fig.
Sa; Table S3). This indicates that, nine months after the most severe disturbances ended, coral
communities continued to calcify at approximately the same level as at the end of the 2023—
2024 heatwave. Calcification community thus declined from an average of 6.68 to 3.98 kg
CaCO; m? year! (Fig. 5). Moreover, by summer 2025, the coral community calcification
showed a pattern of increased variance, suggesting that most surviving coral colonies across
genera calcify at low rates, resulting in distributions skewed towards low values. Finally,
there was significant variation in net carbonate production among coral communities and reef
types, according to the Kruskal-Wallis test (3>=27.902, df=6, p<0.001). Overall, this
widespread reduction in community calcification reflects not only shifts in coral community
structure but also a diminished reef-building capacity.

o

=]

w

o

Coral community calcification (Kg CaCQ; /1 m3lyear)

Figure 5. Decline in coral community calcification (CaCO3) across the four evaluated periods. Boxplot
showing significant variation among reef types (Kruskal-Wallis test, x*= =27.902, df=6, p<0.001). Significant
differences are evident between 2019 and 2024, with stabilisation in 2024 and 2025, and increased variance in
summer 2025.

Discussion

Heatwaves are rapidly destabilizing marine ecosystems, a trend worsened by disease
outbreaks and other human impacts (Smith et al. 2023; Trégarot et al. 2024). Our results
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show that the most extreme heat stress on record in the Caribbean, combined with a highly
lethal disease outbreak, had catastrophic effects on Banco Chinchorro reefs. Coral abundance
fell by roughly half over just two years, with some species such as D. cylindrus and M.
meandrites disappearing from our surveys. Key reef-building acroporids, large massive
species (e.g., P. strigosa and C. natans), and foliose A. tenuifolia experienced severe
population declines. Losses were nonrandom across size classes, disproportionately affecting
larger colonies. In some species, the mean colony size declined by nearly 50%. Overall,
mortality transformed communities into simpler, more similar assemblages dominated by
opportunistic, stress-tolerant corals, largely P. astreoides, and drove an almost 40% decline
in community calcification, a proxy for the capacity to accrete calcium carbonate and
maintain reef structure.

In the Caribbean, disease outbreaks have been a leading driver of coral decline, with
ecological impacts comparable to large-scale bleaching events (Harvell et al. 2007;
Gonzalez-Barrios et al. 2023). We show that the combined effects of these two mortality
drivers likely amplify damage beyond their independent impacts. Evidence includes extreme
losses of brain corals, which are highly susceptible to SCTLD, exceeding 90% in our study,
substantially higher than mortality attributed to only SCTLD (30—70%) in the same region
(Alvarez-Filip et al. 2022; Camacho-Vite et al. 2022). Furthermore, the preferential loss of
large colonies indicates that consecutive intense disturbances increase vulnerability, probably
via interactions between physiological stress and disease: disease-driven shifts in coral
microbiota can weaken host responses to prolonged thermal stress (McDevitt-Irwin et al.
2017; Putnam 2021), suggesting disease may degrade physiological condition and raise
susceptibility to heat (Bruno et al. 2007; Muller et al. 2008), although our data cannot fully
dissociate their relative contributions. This resulted in a subset of remnant colonies,
predominantly small in size (Fig. S1), with no recent signs of tissue loss. The persistence of
smaller colonies may relate to reduced pathogen exposure, lower initial stress loads, and
greater physiological acclimation capacity (Li et al. 2021; Palacio-Castro et al. 2025).
Overall, high-intensity, successive disturbances reduce coral condition (Fig. 2) and recovery
potential, increase mortality (Fig. 4), and drive functional reef degradation.

The SCTLD outbreak and the 2023 heatwave not only reduced coral abundance but also
consistently restructured community composition over a two-year period. Our results show
that even species with relatively stress-tolerant life-history traits, such as Agaricia spp. And
Siderastrea spp., experienced substantial abundance declines, albeit less severe than those in
highly susceptible corals. These shifts were accompanied by a marked decline in effective
diversity, with pronounced reductions in species richness (from 19 to 9 species) and
evenness, signaling strong community simplification at the regional scale (Fig. 3). In parallel,
the increase in relative abundance of species like P. astreoides and S. intersepta aligns with
a replacement process toward more stress-tolerant taxa. These species help maintain live
coral cover and occupy available substrate, potentially limiting macroalgal colonization and
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reducing substrate exposure to bioerosion processes. However, their contribution is primarily
limited to space occupation, without compensating for the loss of structural volume and
three-dimensional complexity provided by branching, foliose, and massive corals (Logan
1984; Alvarez-Filip et al. 2013; Kuftner and Toth 2016; Toth et al. 2018; Lima et al. 2023).
Overall, these results indicate that disturbances do not affect all species equally, favoring
certain life-history traits while others decline or disappear. Under this framework, these
dynamics may indicate either a transient phase in the coral community following disturbance
or a shift toward an alternative stable state characterized by the dominance of disturbance-
tolerant species under increasingly frequent and intense perturbation regimes, ultimately
depending on the frequency and intensity of future stress events (Baum et al. 2023; Turner
and Seidl 2023; Edmunds 2024).

The disproportionate loss of massive corals with large colonies, as well as rare and low-
abundance species, resulting in a restructuring of the coral community and its functional
traits. Consistent with these changes, community calcification declined by ~40%, with 2025
data showing no recovery toward pre-disturbance levels (Fig. 5). This pattern indicates
persistent deterioration in reef-building potential that cannot be explained solely by shifts in
coral cover, suggesting that the loss of key functions—rather than live tissue area reduction
per se—is limiting reef accretion (Alvarez-Filip et al. 2013). In this context, reductions of
this magnitude have been linked to transitions toward low or even zero net growth states in
coral reefs, particularly under simultaneous disturbance scenarios (Perry et al. 2015, 2018),
implying that the studied communities may are transitioning into erosional regimes more
quickly than previously predicted, a threshold projected to be reached in over a decade (Perry
et al. 2025).

This deterioration appears driven by multiple mechanisms acting in concert. Selective
mortality disproportionately eliminated major carbonate production contributors, while
community composition shifts favored encrusting or plate-like morphologies, smaller
colonies, and overall reduced carbonate production (Alvarez-Filip et al. in review).
Moreover, although some functionally important colonies survived, their exposure to
consecutive thermal stress events suggests physiological trade-offs, where greater bleaching
tolerance may be associated with reduced calcification and carbon translocation (Yao et al.
2023; Grottoli et al. 2025). Consequently, even if coral cover stabilizes or partially recovers,
reef functional integrity may remain compromised: loss of builder corals diminishes habitat
structural complexity, limiting refuges and settlement substrates for organisms and affecting
associated communities (Kayal et al. 2012; Richardson et al. 2018). Degradation of branching
corals into unstable fragments exacerbates these effects by hindering recruitment and
promoting ecosystem degradation trajectories (Dove et al. 2020; Hoegh-Guldberg et al.
2023). Ultimately, sustained reductions in coral community calcification carry direct
geomorphological implications, as diminished capacity to maintain physical reef-framework
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growth heightens vulnerability and reduces reefs' ability to keep pace with sea-level rise
(Perry et al. 2013, 2015, 2025; Perry and Morgan 2017).

Certainly, the situation facing the reefs of Banco Chinchorro represents an unprecedented
loss. Protecting remaining coral communities, together with interventions aiming to restore
the populations of affected species, is essential to halt their degradation not only in this
biosphere reserve but across the wider Caribbean region (Knowlton et al. 2021; Reimer et al.
2024; Suggett et al. 2024). A range of direct interventions can help maintain or recover the
capacity of these systems to respond to disturbances, particularly in contexts where adaptive
limits have been exceeded (Mora et al. 2016); for example, branching coral restoration has
been shown to promote the recovery of coral calcification at the community level over
relatively short time scales (<5 years) (Lange et al. 2024; Toth et al. 2025). In this context, it
is essential to prioritize ecological restoration actions aimed at conserving species, their
interactions, and reef functioning (Barredo et al. 2021; Suggett et al. 2024). One example of
these efforts is the rescue of D. cylindrus coral fragments by researchers and reserve staff in
Chinchorro, with some fragments maintained in aquaria and others left in situ. Given the
severity of the 2023-2024 disturbances, combining species-based rescue with broader,
function-oriented restoration offers a strong opportunity to rebuild reef structure and
processes (Darling et al. 2017). Integrative restoration that includes multiple functional
groups can restore population abundance, interaction networks, and key biogeochemical and
ecological processes (e.g., carbonate accretion, nutrient cycling, herbivory), and can be
implemented at the population, community, or ecosystem level depending on objectives
(Croquer et al. 2026). Centering efforts on ecosystem functioning increases the likelihood of
long-term persistence (Peixoto and Voolstra 2023), while complementary measures such as
balanced tourism policies and community-scale restoration can further aid recovery (Lamb
et al. 2015; Rinkevich 2021; De et al. 2022). Crucially, all these measures will be effective
only in the long term if accompanied by substantial reductions in local and global stressors.

Data availability

The data that support the findings of this study are available within the paper and in the
Supplementary Information. Any additional data not found within are available from the
authors upon request.
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