
Academic Editor: Alma Paola

Rodríguez-Troncoso

Received: 30 August 2025

Revised: 16 October 2025

Accepted: 19 October 2025

Published: 29 October 2025

Citation: Calle-Triviño, J.; Méndez,

G.; León-Asunsolo, A.; Angel, D.;

Plata, M.; Flanigan, C.;

Morales-Guadarrama, A.A.;

Arias-González, J.E. Eight Years of

Monitoring Reveal the Disruption of

Reproductive Synchrony in Acropora

palmata in Cozumel. Diversity 2025, 17,

759. https://doi.org/10.3390/

d17110759

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Communication

Eight Years of Monitoring Reveal the Disruption of Reproductive
Synchrony in Acropora palmata in Cozumel
Johanna Calle-Triviño 1,2,3,* , Germán Méndez 3,4, Ariadna León-Asunsolo 1, Diana Angel 2, Miguel Plata 5,
Colleen Flanigan 3,6 , Adrián Andrés Morales-Guadarrama 3,6 and Jesús Ernesto Arias-González 3,7

1 Wave of Change, Iberostar Hotels & Resorts, Riviera Maya, Cancún 77710, Quintana Roo, Mexico
2 Mussa-Science, Art & Community Engagement, Riviera Maya, Cancún 77725, Quintana Roo, Mexico
3 Cozumel Coral Conservatory, Arrecife Villa Blanca, Cozumel 77688, Quintana Roo, Mexico
4 Cozumel Coral Reef Restoration Program (CCRRP), Cozumel 77688, Quintana Roo, Mexico
5 Escuela Nacional de Estudios Superiores Unidad Mérida, Universidad Nacional Autónoma de México,

Mérida 97357, Yucatán, Mexico
6 Zoe—Living Sea Sculpture, Cozumel 77688, Quintana Roo, Mexico
7 Centro de Investigación y de Estudios Avanzados del I.P.N., Departamento de Recursos del Mar,

Unidad Mérida, Mérida 97310, Yucatán, Mexico
* Correspondence: johanna.calle@iberostar.com

Abstract

Acropora palmata, a keystone Caribbean coral species, is currently subject to intense restora-
tion efforts across the region. Despite its known annual broadcast spawning, in situ
monitoring of 33 colonies in Cozumel, Mexico, from 2018 to 2025 revealed a near-complete
absence of spawning activity. While “setting” was occasionally observed, no simultaneous
spawning events occurred among colonies, impeding assisted fertilization. This eight-year
effort, involving academic institutions, government, NGOs, and the community, highlights
the breakdown in reproductive synchrony of A. palmata. We discuss possible contributing
factors, including artificial light, sedimentation, thermal anomalies, water quality and direct
human impact. These findings demand immediate regional attention and investigation to
identify the underlying causes of this reproductive failure.

Keywords: Acropora palmata; coral spawning; reproductive failure; Caribbean reefs;
Cozumel; assisted fertilization; community monitoring

1. Introduction
Acropora palmata (elkhorn coral) was historically one of the most important reef-

building coral species in the Caribbean. With fast growth rates (5–10 cm/year) and a
branching morphology, it forms dense thickets that create natural reef crests in shallow
waters (<10 m), dissipating wave energy and reducing coastal erosion and flooding while
providing critical habitat for reef biodiversity [1].

This species is a simultaneous hermaphrodite that reproduces sexually through syn-
chronized broadcast spawning, releasing gamete bundles 2–10 days after the full moon in
August or September [2]. Gametes are released in bundles during a synchronized broadcast
spawning, ensuring high larval dispersal and genetic connectivity. Successful fertilization
depends on colony density, synchrony, and favorable environmental conditions.

Ecologically, A. palmata plays a key role in coastal protection, dissipating wave energy
and reducing erosion and flooding. It also provides habitat for numerous reef species. Since
the 1980s, populations have declined by over 95% due to White Band Disease, hurricanes,
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rising sea temperatures, and pollution. As a result, it is listed as Critically Endangered by
the IUCN and protected under various national and international frameworks [3].

In Cozumel, particularly at the public beach south of the API pier, A. palmata once
formed natural coastal defenses. However, from 2018 to 2025, long-term monitoring
revealed no synchronized spawning, minimal growth (<10 cm/year), and frequent mechan-
ical damage. In contrast, colonies along the mainland (Cancún–Punta Venado) continue
to spawn annually in a north-to-south gradient (pers. comm., Red Mexicana de Restau-
ración de Corales). Although not measured in this study, water quality may represent a
critical driver of reproductive impairment. Pollutants, sediment resuspension, and coastal
eutrophication have been shown to disrupt gametogenesis and spawning synchrony in
Caribbean corals [4,5] and thus merit further investigation in the context of the observed
island–mainland differences.

Our long-term monitoring suggests that these Cozumel colonies may be allocating
most of their energy simply to survival. Observed stressors include prolonged sea surface
temperature anomalies, seasonal sea level drops that expose colonies, mechanical damage
from shore-based fishing (e.g., entangled fishing lines, spark plugs), and frequent trampling.
Colonies are often used as ‘steps’ to enter the water despite educational signage in the
area. These combined physical and anthropogenic pressures may be inhibiting growth and
suppressing reproductive behavior, further compromising this keystone species’ role in
reef recovery and coastal resilience.

2. Materials and Methods
2.1. Study Site

The study was conducted at the public beaches of Cozumel Island (20◦29′37′′ N
86◦57′54′′ W), Tikila (20◦29′00′′ N 86◦58′17′′ W) and Playa Corona (20◦26′06′′ N 87◦00′08′′ W),
Quintana Roo, Mexican Caribbean. Monitoring focused on a population of A. palmata dis-
tributed across a shallow reef crest (<2.5 m depth), located directly in front of a highly
visited recreational area. Mainland reference sites included Cuevones Reef (21◦21′00′′ N,
87◦74′00′′ W) and Punta Venado (23◦39′30′′N, 102◦03′27′′ W), located south of Playa del
Carmen (Figure 1).

Figure 1. Study area showing the monitoring sites of Acropora palmata in Cozumel Island (La Caletita,
Tikila, and Playa Corona) and the mainland reference sites in the Mexican Caribbean (Punta Venado
and Cuevones Reef).
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2.2. Monitoring of Spawning Activity

A total of 33 A. palmata colonies were monitored across three sites in Cozumel: La
Caletita (10 colonies), Playa Corona (14 colonies), and Tikila (9 colonies). Colony sizes
ranged from >30 cm to >2 m in diameter. Monitoring focused on signs of sexual reproduc-
tion, including visual detection of gamete bundles (“setting”) and synchronized spawning
events. During 2018–2025, surveys were conducted nightly during the predicted Surveys
(2–7 days after the full moon in August and September), from 19:00 to 23:00 h, following
established protocols [2,6].

Prior to field monitoring, histological analyses were conducted to determine game-
togenic development and detect the presence of gametes at different embryogenic stages.
Procedures followed standardized coral reproductive protocols [7,8], enabling confirma-
tion of gametogenesis even when spawning was not observed in situ. In colonies where
histology confirmed the presence of mature gametes, gamete-collector traps were deployed
during predicted spawning windows to capture bundles and assess gamete viability and
assisted fertilization potential.

2.3. Colony Condition and Threats

Each year, colony health was documented (e.g., tissue loss, bleaching), growth (by
measuring linear extension on marked branches), and evidence of human impacts. Stressors
were recorded through photos, snorkeling and diver observations, and interviews with
local stakeholders. Specific anthropogenic threats—such as fishing gear entanglement,
direct contact by swimmers, and beach use patterns—were noted in situ. Sea surface
temperatures (SST) and sea level anomalies were obtained from NOAA coastal monitoring
stations and compared across seasons.

In western Cozumel, A. palmata colonies occur at relatively low densities, typically
separated by distances of 1–20 m, and do not form the continuous reef-front barriers that
characterize the species. By contrast, on the mainland reference sites, colonies are much
more contiguous, generally spaced <5 m apart, and frequently form extensive barriers
along the reef crest. This higher density and spatial continuity on the mainland is largely
attributed to fragmentation processes driven by wave exposure and the recurrent impacts
of storms and hurricanes.

The study sites in Cozumel are subject to higher levels of artificial light at night (ALAN)
compared to the mainland reference sites. This is mainly because the monitored colonies
in Cozumel are located right on the coastline. Tikila is in front of a densely urbanized
coastal zone, characterized by intense human activity, including frequent recreational
diving (day and night), constant pier illumination, and a tourist submarine operating with
lights during evening hours. Additionally, shoreline lighting from adjacent beaches and
nearby establishments remains active throughout the night. Playa Corona is situated next
to the car ferry terminal and flanked by beach clubs, resulting in continuous exposure to
direct coastal light sources.

In contrast, the mainland sites are in areas far from the coast and offshore, and access
to them requires a boat, so exposure to artificial light is minimal.

This pronounced contrast in the intensity, duration, and sources of ALAN between
insular and continental reefs represents an important environmental variable that should
be considered when interpreting differences in the observed biological patterns.

2.4. Graphical Representation and AI Tools

The graphical abstract and the Figure 3 were produced with the assistance of AI-based
design tools (OpenAI DALL·E 3 and Canva AI Image Generator) for illustrative purposes
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only. The AI tools supported the visual layout of concepts but were not involved in writing,
data analysis, or interpretation. The authors created all scientific content.

3. Results and Discussion
Across eight consecutive years of monitoring (2018–2025), no synchronized spawning

of Acropora palmata was observed in Cozumel. Only three isolated spawning events were
recorded: a single colony at Tikila in 2019, two colonies at the public beach in 2021 (on
different nights), and two colonies at La Caletita and Playa Corona in 2025 (Figure 2). All
other colonies either showed “setting” behavior or no reproductive activity. In contrast,
mainland sites from Cancún to Punta Venado exhibited predictable annual synchronized
spawning, consistent with the well-documented north–south gradient of reproductive
activity in the Mexican Caribbean [9,10].

Figure 2. Interannual summary of Acropora palmata spawning observations in Cozumel and mainland
Mexican Caribbean reefs (2018–2025). Continuous (SST) and discontinuous (Sea Level) lines represent
August–September mean sea surface temperature (SST, left y-axis) and minimum sea level anomalies
(right y-axis). Spawning occurrence is indicated by symbols: circles for Cozumel and triangles for the
mainland, with open symbols representing no spawning (0 colonies) and filled symbols indicating ≥1
spawning colony.

Mainland sites (Cuevones Reef and Punta Venado) were characterized by high colony
density (≥3 colonies per 10 m2), restored F1 colonies aged 2–4 years, and large colony sizes
(>1 m), which supported synchronized spawning. In contrast, Cozumel sites (La Caletita,
Tikila, and Playa Corona) exhibited low colony density (≤1 colony per 10 m2), smaller
colonies (<50 cm), and chronic anthropogenic pressures, including trampling, fishing-gear
entanglement, and artificial light at night. Consistent with these local stressors, most
Cozumel colonies showed only “setting” behavior or no reproductive activity, whereas
mainland colonies displayed predictable, annual synchronized spawning (Figure 3).

Histological analyses confirmed that gametogenesis persisted in several colonies across
all years, with gametes observed at different developmental stages even when spawning
was not detected in situ. However, maturation rarely advanced to synchronized release,
aligning with the recurrent observation of “setting” without spawning. In colonies where
histology revealed the presence of mature gametes, collector traps occasionally recovered
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small numbers of bundles, yet fertilization success was negligible due to the absence of
multi-colony synchrony.

Colony growth in Cozumel remained consistently low (<10 cm/year), and evidence of
chronic mechanical disturbance was widespread, including broken branches, entanglement
with fishing gear, spark plugs, and trampling. Despite the installation of educational
signage, colonies in the public beach area were frequently used as physical steps to enter
the sea, suggesting persistent anthropogenic pressure.

Figure 3. Environmental triggers and local conditions of Acropora palmata spawning in the Mexican
Caribbean. Mainland sites (Cuevones Reef and Punta Venado) show high colony density, restored
F1 individuals, and large colonies (>1 m) that support synchronized spawning. In Cozumel (La
Caletita, Tikila, and Playa Corona), low colony density, smaller remnant colonies, and chronic
anthropogenic stressors—including artificial light at night (ALAN), trampling, and fishing gear
entanglement—appear to suppress reproductive synchrony.

Environmental variables further highlight the vulnerability of these colonies. Spawn-
ing events in 2019, 2021, and 2025 coincided with elevated SST (≥29.7 ◦C) and unusually
low sea levels (~42–43 cm). In contrast, years without spawning were characterized by
lower SST (~28.6 ◦C) and higher mean sea levels (~47 cm) (Figure 4A,B). A logistic regres-
sion model confirmed this association: each 1 ◦C increase in SST increased the odds of
spawning nearly sixfold (p = 0.04), while low sea level exerted a marginally negative effect
(p = 0.08). These results are shown in Figure 4. The location factor (Cozumel vs. mainland)
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was not statistically significant, suggesting that environmental triggers remain universal
but their expression may be suppressed by local stressors. This pattern suggests that when
colonies experience heightened heat stress, a specific physiological, molecular or genetic
mechanism may be triggered, prompting them to reproduce, possibly enhancing their
survival prospects.

Comparable reproductive collapses have been reported in the Florida Keys, where
A. palmata populations show minimal recruitment due to low colony density and com-
pounded environmental stress [11]. Nevertheless, successful synchronized spawning has
been documented in nursery-raised and outplanted colonies, both in Florida and Mexico,
demonstrating that reproductive capacity can be restored under controlled or less-disturbed
conditions [10].

Recent studies further indicate that coral reproductive synchrony is increasingly dis-
rupted at global scales. Artificial light at night (ALAN), for instance, has been identified
elsewhere as a key driver delaying gametogenesis and hindering synchronization of gamete
release, in some cases leading to a complete collapse of reproductive cycles [12,13]. Al-
though we did not measure ALAN directly in this study, we highlight it here as a candidate
hypothesis for Cozumel, where coastal infrastructure provides persistent light exposure
during spawning windows. Similarly, thermal stress has also been shown to override lunar
and tidal spawning cues in corals, as reported in cases from the Indian Ocean and the
Maldives [14].

In Cozumel, we hypothesize that several of these stressors may be acting simultane-
ously. Persistent exposure to artificial light from coastal infrastructure, recurrent thermal
anomalies during the spawning season, and continuous mechanical damage from trampling
and fishing gear likely compound the physiological stress of colonies, disrupting gamete
maturation and reproductive synchrony despite the presence of environmental cues.

At the physiological level, published transcriptomic analyses of A. palmata under abi-
otic stress provide insights into potential mechanisms underlying these observations [15,16].
Although gene expression was not measured in this study, previous work suggests that
chronic stress may trigger molecular pathways associated with heat response, oxidative
stress, apoptosis, and extracellular matrix (ECM) remodeling—core processes that reflect
the sensitivity of this species to elevated temperature and acidification. The activation of
these pathways can represent compensatory responses linked to bleaching, calcification
loss, and tissue repair, ultimately diverting energetic resources away from gametogen-
esis and reproductive synchronization. This chronic energetic imbalance may therefore
contribute to the reproductive collapse observed in Cozumel colonies.

Beyond these physiological responses, demographic constraints and colony density
may further exacerbate the loss of reproductive synchrony in Cozumel. We did not con-
duct density transects in this study; instead, we infer low density from repeated in situ
observations of scattered, fragmented colonies. The prolonged absence of synchronized
spawning in Cozumel may reflect a demographic Allee effect, where low colony density
undermines fertilization success and disrupts reproductive recovery. Experimental work
in Palau demonstrated that fertilization rates plummet as distances between conspecific
colonies increase beyond a few meters, underscoring the importance of proximally aggre-
gated colonies for successful reproduction [17]. In contrast, mainland outplanting efforts
at Cuevones Reef yielded gravid F1 colonies with measurable fecundity and successful
spawning two years post-transplantation, allowing viable gamete fertilization and larval
development [10]. This contrast highlights that, while environmental triggers remain ac-
tive, reproductive failure in Cozumel is likely exacerbated by both ecological (low density,
fragmentation) and chronic stress barriers. These results demonstrate the potential of
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sexual restoration interventions to enhance colony density and connectivity, supporting
the functional recovery and resilience of Caribbean Acropora spp. populations [18].

(A) 

 
(B) 

Figure 4. (A) Sea Surface Temperature (SST) and minimum sea level during years with and without
spawning of Acropora palmata in Cozumel and mainland Mexican Caribbean reefs (2018–2025).
Boxplots show August–September mean SST (left) and minimum sea level (right), separated by
spawning outcome (0 = no spawning, 1 = spawning) and location. Spawning years (2019, 2021, and
2025 in Cozumel; annually in the mainland) were generally associated with higher SST and lower sea
levels. (B) Relationship between sea surface temperature (SST), sea level, and spawning outcome for
Acropora palmata (2018–2025). Scatter plot shows Cozumel and mainland observations, with color
indicating spawning outcome (0 = no spawning, 1 = spawning). Events in Cozumel (2019, 2021, and
2025) clustered at elevated SST (>29.5 ◦C) and low sea levels (~42–43 cm), while mainland colonies
spawned under a wider range of conditions.
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Our findings show that although gametogenesis continues in Cozumel colonies, syn-
chrony has been lost. Environmental cues (SST and tidal cycles) remain active but are
insufficient under conditions of low colony density, chronic disturbance, and heightened
stress. Evidence from other Caribbean reefs indicates that water quality and sediment-
associated toxicity can further suppress coral reproduction [4,5], suggesting that pollutants
and turbidity may exacerbate reproductive failure in Cozumel. Mainland sites, on the
other hand, still display synchronized spawning and successful fertilization, emphasizing
the impact of local stressors in causing site-specific reproductive failure. These findings
emphasize the urgent need for targeted management strategies to reduce human pressures
in coastal areas, thereby restoring the reproductive function and long-term viability of
A. palmata populations.

4. Conclusions
Eight years of observations reveal a persistent collapse of reproductive synchrony in

Acropora palmata at Cozumel. Despite three isolated spawning events (2019, 2021, 2025),
colonies did not spawn in concert, effectively preventing fertilization and recruitment.
In contrast, nearby mainland reefs continue to exhibit predictable, annual synchronized
spawning, indicating that regional environmental cues remain intact.

Multiple chronic local stressors, artificial light at night, trampling, and entanglement
or damage from shore-based activities, combined with shallow exposure during seasonal
sea-level drops, likely drive colonies into a persistent “survival mode.” This interpreta-
tion is consistent with a physiological trade-off: stress-response pathways (heat/oxidative
stress, HSPs/chaperones, ECM restructuring) are upregulated at the expense of repro-
ductive processes, aligning with our conceptual model of energy reallocation under
repeated disturbance.

Demographically, the system shows signs of an Allee effect: fragmented and isolated
colonies reduce the probability of gamete encounter even when individual colonies retain
the capacity to develop gametes and, sporadically, to spawn. The contrast with mainland
sites and the documented sexual reproduction of restored F1 colonies there demonstrates
that reproductive function can be rebuilt when density, connectivity, and local conditions
are favorable.

Management should therefore focus on restoring the conditions for synchrony, not
only the condition of individual colonies. Immediate, site-specific measures are warranted:
(i) strict controls on coastal lighting (shielding, spectrum shifts, curfews) during the spawn-
ing window; (ii) physical exclusion and dedicated entry points to eliminate trampling and
“coral-as-steps” behavior; (iii) no-gear shoreline buffers to stop snagging and entanglement;
and (iv) targeted reinforcement of colony density and spacing (sexual restoration/assisted
fertilization) to overcome mate limitation and re-establish local synchrony.

Finally, we identify priority tests to accelerate recovery and reduce uncertainty: co-
ordinated ALAN mitigation experiments (before/after at Cozumel sites), continuous in
situ thermal/tidal logging aligned to gametogenesis, periodic histology of colonies to
track reproductive development, light-environment mapping, and multi-site compar-
isons of density, spacing, and synchrony indices. Equally important, we highlight water
quality monitoring (e.g., turbidity, pollutants, sediment toxicity) as a priority for future
work, since evidence from other Caribbean systems indicates it may critically constrain
coral reproduction.

Together, these interventions can move Cozumel from isolated, energetically costly
spawning to recurrent, synchronized reproduction, safeguarding the coastal protection and
ecological functions uniquely provided by A. palmata in this high-use shoreline.
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