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Abstract: Coral reefs are threatened by multiple stressors that have driven a decline in
the cover of reef-building coral species, resulting in a loss of reef structure and function.
Restoration reef science provides useful conservation tools to preserve and restore the key
species and ecological functions of these ecosystems. However, gaps remain in restoration
at large scales. This study provides a guide of how to invest and apply innovative solutions
and immediate action strategies from the tourism-hotel sector in alliance with academia
and key stakeholders, through the development and implementation of a multi-species
restoration program at two sites in the Mexican Caribbean: Manchoncitos Reef, Riviera
Maya and La Francesita Reef, Cozumel. We have identified effective propagation and out-
planting techniques for key critically endangered species, as well as genotypes resistant to
temperature stress and Stony Coral Tissue Loss Disease (SCTLD), based on pre-restoration
nursery trials. We include a comparative analysis over time (2020-2022) showing increased
coral cover, structural complexity and fish biomass. Baseline assessment of the study
areas will allow adaptation of repopulation techniques not only for hard corals, but also to
advance in the comprehensive restoration of the ecosystem, incorporating new elements
to the reef, such as fish, crab or sea urchin post larvae. These organisms could accelerate
herbivory functions and in turn could improve the natural processes of the coral reefs. Our
results improve the understanding of the use of restoration as a tool for climate change
adaptation led by the private sector.

Keywords: assisted translocation; coral reef restoration; ecological functions; Mesoamerican
reef; resistant genotypes
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1. Introduction

For decades, coral reefs have faced complex and additive interactions with risk drivers,
which have generated important modifications in their structure and functions, such that
they have undergone relatively rapid changes among ecological states of equilibrium [1].
Their conservation has created major challenges for communities, researchers, governments,
and those involved in coral reef work.

Caribbean reefs have experienced significant losses of key species, such as Acroporids,
since the 1970s [2—4], and, more recently, the loss of coral communities and populations
due to bleaching [5-7] increased the intensity of storm and hurricane frequency [8,9], phase
shifts [10,11] and the prevalence of emerging diseases [12-14], such as the case of Stony
Coral Tissue Loss Disease (SCTLD), first reported in Florida in 2014 [15].

In the Mexican Caribbean, SCTLD has been observed since 2018, and to date has
caused the mortality of over 80% of the most susceptible coral populations, mainly of
the Meandrinadae family and the Faviinae subfamily, affecting important reef-building
species [16]. In the Puerto Morelos region, between 2020 and 2021, reefs were also exposed
to extreme events, such as storms and hurricanes, causing physical and physiological
damage to coral species (Tropical Storm Cristobal, June 2020; Hurricane Gamma Category
1, Hurricane Delta Category 2, and Hurricane Zeta Category 1, all three in October 2020;
and Hurricane Grace Category 1, August 2021). Hurricanes Delta and Grace caused coral
bleaching after their impact (personal observations).

Considering that disturbances on Caribbean coral reefs will increase in the foreseeable
future, it is necessary to improve conservation strategies at the local level (i.e., planning
urban development, reducing sedimentation, water pollution, and overfishing, establishing
no-take protected areas, etc.) and effectively implement active restoration actions in the
coming decades [17,18]. With these interventions, widespread coral reef degradation under
increasingly adverse conditions might be mitigated.

Currently, most coral reef restoration programs in the Caribbean focus on tissue
production, generally using fast-growing species such as Acropora palmata and Acropora
cervicornis [19-21]. Although significant efforts have been made in Asia, Australia and
the Caribbean, few programs consider the sexual reproduction of other mass-growing
type species [20-25]. In most cases the projects are characterized by the implementation
and monitoring over short periods of time (1-2 years), with no baseline data, and gaps in
knowledge, either of the genotypic identity stress tolerance of the corals being used, or
the water quality information in the restoration site [20,21,26,27]. In most programs, the
metrics used to determine effectiveness do not generally contemplate ecological aspects
such as the recovery of ecosystem functions and structural complexity [20,21,28].

Furthermore, there is a need to implement coral reef restoration projects that in-
clude policy, governance, and economic investment, as well as socio-ecological models
that support financial strategies [29]. Scientific commitment is also necessary to develop
novel research that addresses the challenges of climate change, as well as interventions
beyond the reef, considering environmental education and the formation of community
leaders [18,22,26,30-33].

The tourism industry is commencing to adopt responsible tourism practices through
regenerative leadership [29,34,35]. However, gaps remain between sustainability initiatives
and comprehensive coral reef conservation and restoration. Iberostar Group is strategically
scaling up these efforts, using solid scientific investment, by hiring researchers within
its staff and establishing alliances with academia in each of the destinations where they
operate in the Caribbean region [21,30,31,34,35]. Here we present the results of ecological
assessments of a coral reef restoration program in Mexico, from 2020 to 2022, considering
changes in coral cover and the Reef Functional Index (RFI). The latter is used as a measure
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of coral community functioning [30]. We also show an outline of the program, integrat-
ing academia and government authorities in activities to catalyze coral biodiversity for
resilience, including the selection of appropriate reefs for restoration, the selection of coral
species to maximize functional diversity, the use of heat stress resistant coral material,
water quality monitoring, and the assessment of ecological changes over time as a result of
the restoration strategy.

2. Materials and Methods

The study was conducted at Manchoncitos reef in Riviera Maya (20°45'34” N
86°57'00” W) and Francesita reef on Cozumel Island (20°21'47"” N 87°01/36” W), which are
part of the Mesoamerican Reef System (MAR), the second largest barrier reef in the world
(Figure 1). There are well-studied reefs for these two areas [36—41]. However, there is an
absence of historical data in both peer reviewed and non-peer reviewed literature for these
two reefs. Therefore, to our knowledge, the data provided in this manuscript constitute the
first scientific report of baseline records for these reefs.
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Figure 1. Location of Manchoncitos reef and Francesita reefs in the Mexican Caribbean.

Manchoncitos is an area with reef patches between 5 and 13 m deep. It has an
approximate length of 500 m and an area of 0.15 km?. It presents elevated bottom formations
between one and seven meters high, mainly due to the presence of colonies of Orbicella
spp. that reach between six and seven meters in diameter. This species dominates along
with colonies of Montastraea cavernosa. There are still colonies of Diploria labyrinthiformis,
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Colpophyllia spp. and Pseudodiploria spp. that survived SCTLD and other disturbances
that have occurred over the period of the study. Few isolated colonies of A.cervicornis
and A. palmata are present, where the eroded skeletons of the latter remain. Most of the
year, mobile invertebrates of commercial and ecological importance are present, such as
lobsters (Panulirus arqus) and sea cucumbers (Holothuria ssp.), along with vertebrates such
as green turtles (Chelonia mydas). In 2022, two juvenile specimens of top predators (sharks
Ginglymostoma cirratum and Carcharias taurus) were recorded.

Francesita is a smaller fringe reef formation located on the west side of Cozumel
Island. This reef is approximately 200 m long, and 7-10 m deep, with an estimated area
of 0.0048 km?. The reef is influenced by strong currents most of the year, as is the case
for most reefs located in the Cozumel Reefs National Park. The reef is surrounded by
sand, followed by an area of approximately 0.06 km? of seagrass (Thalassia testudinum and
Syringodium filiforme). It is common to observe hosting rays (Hypanus americanus, Urobatis
jamaicensis), queen conch (Lobatus gigas) and sea cucumbers (Holothuria spp.). The reef is
dominated by species such as Porites spp. and Agaricia spp. and skeletons of the colonies
that died recently due to SCTLD (M. cavernosa, D. labyrinthiformis, Pseudodiploria spp.,
Orbicella annularis, Orbicella faveolata, Orbicella franksi and Eusmilia fastigiata). In addition,
some areas have been colonized by eroding sponges and macroalgae. During the study, one
G. cirratum and three large adults > 40 cm of Sphyraena barracuda specimens were recorded.
This site is a popular snorkeling spot, where c.a. 600 people visit per day.

In the middle of 2020, two coral nurseries were installed on each reef. Each one of
them had 20 structures of three different types with a capacity of 25 to 30 fragments each.
Types of structures included coral fragments attached to hexagonal steel rod structures,
called “spiders”, 30 cm high from the bottom, painted with fiberglass resin and coated
with coarse beach sand to provide a rough substrate for the corals. In addition, corals
were attached to steel rod dome-shaped structures (100 cm). Other structures used in the
nurseries, made with a mix of concrete and sand, were used to form a platform (2 x 2 m)
for the structures on which the coral fragments were mounted. (Supplementary Figure S1).

Two outplantings were performed in May and July 2021 on each of the reefs, and
a third one in August 2021, just after hurricane Grace (this was done with opportunity
coral fragments that were detached by the hurricane), and two more in May and July 2022.
(Supplementary Table S1).

All criteria and steps used in the design and implementation of the restoration pro-
gram are described in detail in the planning and design guide for coral reef restoration
programs [42—-44].

2.1. Ecological Monitoring

The ecological assessment was carried out through annual monitoring of both reefs at
the outplanted sites between 2020 and 2022. Based on the Atlantic and Gulf Reef Rapid
Reef Assessment protocol (AGRRA) Version 5.4 [45], six permanent transects of 10 m were
randomly located at the sites to carry out the assessments. For the benthos survey, the point
intercept methodology was used with measurements collected every 10 cm along each of
the transects, recording the category corresponding to the substrate observed just below
each point. The benthic community was grouped into six categories: coral (scleractinian
coral), CCA (crustose coralline algae), cyanobacteria, other invertebrates, macroalgae and
abiotic substrate.

To measure fish abundance, six transects were performed (30 m long x 2 m wide) in
the same habitat as the permanent transects. The number of individuals corresponding
to the reef fish species of commercial and ecological importance covered by the AGRRA
protocol were recorded, as well as their sizes in the class size ranges proposed in the
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protocol [45]. This was complemented by a survey of coral and fish species richness at each
of the reefs.

In addition, data for photomosaic analysis were collected from both reefs at the same
time for 2020 and 2021 in order to have complementary databases and high-resolution
spatial mapping available. Data for 2022 are still under analysis. Photos were taken with
two parallel GOPRO Hero 8 cameras separated by approximately 1 m. Images were taken at
a 0.5 s interval, making several tracks in an area of approximately 250 m? [46]. For each reef
survey, photos were imported into Agisoft Metashape (v. 1.7) to construct photomosaics
using a standardized processing pipeline. This entailed first aligning the photos, then
manually inspecting and correcting alignment errors and finally optimizing the camera
distortion modeling to achieve a scene model with the greatest degree of accuracy possible.
Vector files based on the photomosaics were uploaded into QGIS. AGRRA codes [45] were
used to identify and categorize all points distributed across the photomosaics into living
and non-living benthic categories. All live corals (LC) were identified to the lowest level
possible (species and genus). Coral health status was noted when there was visual evidence
of disease, bleaching, paleness, or predation at the colony level. Epibenthic sponges and
gorgonians were characterized in other invertebrates (OINV), while aggressive sponges
(Cliona spp., Chondrilla caribensis, Palythoa caribaeorum, among others) and Millepora spp.
were characterized in aggressive invertebrates (AINV). Abiotic factors (ABIO) were divided
into the following descriptive codes: sand, rock, rubble, mud, and hole. All unidentifiable
points, due to image quality (blurriness/distortion/artifacts) or the presence of something
blocking clear sight to the benthic floor (i.e., fish, sea fan, scale bars, etc.), were marked as
unknown (UNK). For instances in which points fell within holes in the photomosaic itself
(e.g., due to a lack of imagery overlay), the points were marked as having no data (N/A).
Point count data files were exported from QGIS and compiled in RStudio (version 4.0.5)
before summary statistics were acquired using Excel.

Constant environmental monitoring has also been carried out on both outplanted sites
over the years. Temperature and light measurements were recorded by hanging HOBO data
loggers. One was placed at each site at a depth of 10 m. Each logger was programmed to
record every 20 min, with logger replacement every two months. During this time, cleaning
and removal of algae that could cover the sensors was carried out. In addition, annual
water quality analyses have been performed for the following parameters: dissolved O,,
pH, temperature, nitrates, nitrites, salinity, enterococci by defined chromogenic substrate,
total phosphorus digestion, total phosphorus and total phosphates (from total P), during
the months of October. These were analyzed by ABC Intertek Laboratories, a qualified
and certified external company that provides water quality analysis services in the State of
Quintana Roo, Mexico.

2.2. Ecological Indicators Assessment over Time

To determine the effects related to active restoration and outplanting efforts, ecological
indicators were estimated. Three main variables considered as condition indicators were
calculated: (1) coral cover, obtained directly from the benthos percentage cover data,
(2) Reef Functional Index (RFI), calculated considering the values and equation presented
by Gonzalez-Barrios and Alvarez-Filip [47], which focuses on quantifying the relative
contribution of abundance (live coral cover) of the species present in a coral reef system by
integrating mean calcification rate, rugosity, and the height of each species—a value close
to one represents dominance of species with the highest calcification rates and the highest
values of structural complexity—and (3) total fish biomass, obtained using the abundance
and size class data, considering the length-weight relationship equation W = aLb described
by Bonsack and Harper [48]. Constants (a and b) for length-weight relationships for



Diversity 2025, 17, 268

6 of 18

each species were obtained from Froese and Pauly [49]; a logarithmic transformation was
performed to improve the visualization of the data.

Data was not normally distributed. Therefore, Friedman tests were performed to com-
pare the values of the three indicators between years for each reef, followed by Conover’s
post hoc tests for pairwise comparisons. All analyses were performed at a significance of
o = 0.05 and carried out with the statistical program R, using customized scripts.

2.3. Genetic Intervention Strategies

For genetic characterization, 1 cm? tissue samples were collected from twenty-four
colonies of A. palmata and three colonies of A. cervicornis from Cozumel. Samples were
placed in vials with 95% ethanol, stored, and sent to Eurofins BioDiagnosis laboratory
(Madison, Wisconsin, USA) for DNA extraction and Single Nucleotide Polymorphisms
(SNPs) analysis. This process and genetic information were analyzed through the Galaxy
web-based portal described by Kitchen et al. [50]. A cluster plot was generated from a
multilocus genotype assay searching for associations between genotypes using Galaxy.
These multi-locus genotypes were then compared against each other and a database of
acroporid reference genotypes to identify genets [51].

As an approach to integrate assisted translocation into the restoration program, 13
of the 24 genotyped A. palmate colonies which had been maintained and adapted to tem-
peratures 1 °C above typically reported on the continent during 23 months in Francesita’s
nursery, were translocated to the Manchoncitos outplanting site.

Finally, to have a comprehensive restoration program, as part of the efforts led by the
Government of the State of Quintana Roo in compliance with the SEMA-Zone 4 project
under parametric insurance, and with the collaboration of INAPESCA and UNAM (Spanish
acronyms), 43 individuals of Caribbean King Crab (Maguimithrax spinosissimus), were
released at the same outplanted site in Manchoncitos.

3. Results

The results obtained from the monitoring analysis using the AGRRA methodology
(Figure 2), at the outplanting sites of both reefs over time, showed an increasing trend
in the scleractinian coral cover, along with a decrease in macroalgae and abiotic sub-
strate. In Francesita reef, for 2020, macroalgae cover (53 £ 10.01%) was predominant,
followed by other invertebrates (19 + 11.40%), corals (11.33 £ 3.44%) and abiotic substrate
(8.83 = 10.06%). In 2021, there was a decrease in macroalgae cover (45.33 & 7.71%) and an
increase in coral (14.33 & 2.58%) and abiotic substrate cover (10 &= 12.11%). Finally, in 2022
there was a substantial increase in coral cover (33.66 £ 20.02%), which contrasts with the
decrease in the percentage of macroalgae cover (24.33 & 14.73%). In the case of Manchonci-
tos, in 2020 abiotic substrate cover predominated (46.33 £ 0.19%), followed by macroalgae
(21.50 £ 13.27%), other invertebrates (12.16 £ 5.45), and coral cover (15.83 £ 4.57%), with
minor contributions of CCA (3.66 £ 3.07%) and cyanobacteria (0.5 £ 1.22%). In 2021,
there was an increase in coral cover (31.16 4 7.16%) and a considerable decrease in abiotic
substrate (17.33 & 10.07%). In 2022, the percentage coral cover (30.16 £ 14.49%) and the
other benthic categories remained the same as the previous year, except for cyanobacteria
with no observations in 2022.

Based on the results obtained from the analysis of photomosaics, turf algae was the
most abundant benthic component in Manchoncitos reef in both 2020 and 2021. Inver-
tebrates and fleshy macroalgae were the next most abundant benthic organisms. The
live coral cover was less than 10% for both years (Figure 3). The coral composition was
dominated by some of the main Caribbean reef building species, including O. annularis, O.
faveolata and M. cavernosa—totaling 65.0% in 2020 and 70.9% in 2021 of the species observed.
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This reef was affected by SCTLD, mainly colonies of O. faveolata in 2020 and 2021, and
Siderastrea siderea in 2021.
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Figure 2. Changes in benthic community structure at Francesita reef and Manchoncitos reef over
time. Bar lines represent the standard deviation (£SD).
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Figure 3. Benthic reef cover (%) for Manchoncitos reef (Mexico) for 2020 (black bars) and 2021 (white
bars). Benthic category codes are LC: live coral, FMA: fleshy macroalgae, TA: turf algae, CMA:
calcareous macroalgae, CCA: crustose coralline algae, AINV: aggressive invertebrate, OINV: other in-
vertebrate, CYAN: cyanobacteria, ABIO: abiotic substrate, UNK: unknown/unidentifiable substrates.

The main benthic components of Francesita reef were turf algae, invertebrates and
fleshy macroalgae (Figure 4). Live coral cover was 7.8% in 2020 and 9.2% in 2021. Brooders
are the primary coral species in Francesita reef (>90% in 2020 and >85% in 2021), with
A. agaricites being the most abundant, followed by Porites porites and Porites furcata. Reef
building species (e.g., Orbicella genus) cover less than 5% of all coral cover in both 2020 and
2021. The coverage of the most abundant species was similar between years. However,
P. furcata shifted from 2.9% in 2020 to 15.1% in 2021. The species affected by SCTLD in
Francesita were A. agaricites in 2020 and S. siderea in 2021.
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Figure 4. Benthic reef cover (%) for Francesita reef (Mexico) for 2020 (black bars) and 2021 (white bars).
Benthic category codes are LC: live coral, FMA: fleshy macroalgae, TA: turf algae, CMA: calcareous
macroalgae, CCA: crustose coralline algae, AINV: aggressive invertebrate, OINV: other invertebrate,
CYAN: cyanobacteria, ABIO: abiotic substrate, UNK: unknown/unidentifiable substrates.

At Manchoncitos Reef 35 coral species and 54 fish species were registered, while at
Francesita reef 26 coral species and 69 fish species were observed (Supplementary Table S2).
At both reefs, the Haemulidae family presented the highest abundance.

A Friedman test showed significant differences between years for the RFI (Figure 5A),
with an increase of ~0.10 at Manchoncitos Reef (x? = 10.333, df = 2, p-value = 0.0057) and an
increase of ~0.09 at Francesita reef from 2020 to 2022 (x2 =6.3333, df = 2, p-value = 0.04214).
Post hoc pairwise comparisons revealed significant differences in RFI at Francesita reef
between 2020 and 2022 (Conover test, p-value = 0.036), and 2022 compared to 2020 and
2021 (Conover test, p-value = 0.0017, 4.5 x 10~%) at Manchoncitos reef. The RFI increased
for both sites between 2020 and 2022, which could be related to the transplantation efforts.

Live coral cover was significantly different over time at the two reefs. Manchoncitos
reef showed an increase of ~15% (x?* = 6.3333, df = 2, p-value = 0.04214) in hard coral cover
over time, between 2020 and 2022 (Conover test, p-value = 0.036), while at Francesita reef
there was a ~22% increase in hard coral cover (x> = 10.333, df = 2, p-value = 0.005704)
(Figure 5B), presenting a significant gain in 2022 compared to 2020 and 2021 (Conover test,
p-value = 4.5 x 107>, 0.0017).

No significant differences were observed between years for the total fish biomass at
Manchoncitos reef (x> = 1.2, df =2, p-value = 0.5488). However, in Francesita fish biomass
changed over time (x> = 7.6, df = 2, p-value = 0.02237) (Figure 5C), in 2020/2022 and
2021/2022 (Bonferroni test, p-value = 0.005, 0.011).

A coral multilocus genotype plot showed that the main Cozumel nursery contained
five genotypes in the 24 ramets studied (Figure 6).

Temperature and light at both reefs during 20202022 presented similar data, as did
mean dissolved oxygen (DO), pH, salinity, nitrites, nitrates, phosphates, and enterococci
(Supplementary Table S3). However, in 2020, after Tropical Storm Cristobal and Hurricanes
Gamma, Delta, and Zeta in the second half of the year there was a strong decrease in water
temperature, which was more evident at Manchoncitos reef (Figure 7A). This might be
related to the strong mass bleaching event observed, mainly affecting O. faveolata colonies
(Figure 7B).
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Figure 5. Ecological benefits due to outplanting. Considering date as a descriptive variable. Reef
Functional Index (RFI) (A); Coral cover (B); Total fish biomass (C). Significantly different values of the
three indicators between years for each reef, except biomass in Manchoncitos, according to Friedman
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Figure 7. Temperature (°C) and luminosity (Lux) trend at Manchoncitos Reef in 2020. (A) Black line
represents temperature (°C) and blue line represents light intensity (Lux) over time. The black dashed
box highlights a period of decrease inluminosity during hurricanes Gamma, Delta, and Zeta. (B) O.
faveolata colonies before Hurricane Delta (left) and bleached O. faveolata colonies after Hurricane
Delta (right).

4. Discussion

This study suggests that active restoration actions appear to be a suitable approach
to maximize diversity at different scales (reef, species and genetic level) and positively
influence the maintenance of reef ecological functionality. Our results suggest a direct
relationship to the significant increase in the percentage of live coral cover obtained through
restoration actions, and the maintenance of genetic variation and coral species richness,
from selecting and growing coral colonies in nurseries [33,52]. The significant increases
in live coral tissue, the constant amount of fish biomass recorded, and the maintenance
of bottom structural complexity over the years at both sampling sites (Manchoncitos and
Francesita reefs), are greater than what has been reported in other reef areas with similar
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characteristics throughout the Mexican Caribbean. In the region, slight increases have
been reported ca 3.8% to 8.9% of coral cover during the first decade of the 2000s [53,54].
In addition, in recent years, prolonged heat waves and the outbreak of new and severe
diseases, such as hard coral tissue loss disease (SCTLD), have limited the increase in coral
cover [55,56]. However, the significant increase in coral cover recorded at both intervention
sites, with values higher than those observed in the region, suggests that active restoration
actions, such as those carried out in this study, seem to positively influence the maintenance
and recovery of ecological processes and functions within the locally treated reefs.

Generally, the tourism sector has played a purely financial role in restoration projects,
as it has long-term economic stability compared to sectors that depend on external funding
cycles for the implementation of restoration programs [29]. In the case of Mexico, col-
laborative work with different stakeholders has allowed the incorporation of innovative
techniques for restoration programs [31], such as molecular biology, analysis of spectral sig-
natures, implementation of digital underwater photogrammetry, among others. Molecular
biology is becoming a useful tool for understanding coral reefs, generating information
that helps to improve coral adaptation to climate change [36]. Additionally, as highlighted
by Blanco-Pimentel et al. (2022) [35], the tourism sector can play a pivotal role in coral
reef restoration beyond financial contributions. Their study emphasizes the importance
of integrating tourism operators into long-term restoration efforts by fostering collabo-
ration between hotels, local communities, and scientific institutions. In this context, our
study aligns with these recommendations by implementing a multi-stakeholder restoration
program that directly involves the tourism sector in monitoring and conservation actions.

A key example of this commitment is the Wave of Change innovation center, through
which the hospitality industry is actively engaging in marine conservation by hiring special-
ized scientists to design, develop, and implement various strategies, experiments, and inno-
vative solutions. This initiative not only generates new approaches to ecosystem restoration
but also ensures that findings and results are disseminated through open-access scientific
publications, presentations at national and international forums, and the publication of ap-
plied science protocols and nature-based solutions [21,30,31,34,35,51,57-62]. Furthermore,
the industry’s efforts extend beyond coral reef conservation and restoration programs
to include coastal dune stabilization, mangrove rehabilitation, and seagrass restoration,
enhancing ecosystem connectivity across all destinations where the company operates.

In addition to its direct involvement in marine ecosystem restoration, the hospitality in-
dustry has made significant strides in sustainable operations. Since 2020, all of its more than
120 hotels have eliminated single-use plastics, setting a precedent for large-scale corporate
sustainability. In 2023, the company achieved its goal of sourcing 100% responsible seafood
in Mexico, demonstrating a strong commitment to ocean health beyond reef restoration.
Moreover, it has launched two Circular Economy and Coastal Health roadmaps and a
guide of Decarbonizing Hotel Food Systems, aimed at reducing its operational carbon
footprint by 2030, reinforcing the role of the private sector in advancing climate resilience
and sustainability https://waveofchange.com/ (accessed on 3 February 2025).

As part of this holistic approach to ocean conservation, scientific research plays a
crucial role in ensuring the effectiveness of restoration efforts. One key aspect is under-
standing the genetic diversity of coral reef species, which varies considerably between
species and even among individuals of the same species. This knowledge allows for the
identification of more resilient genetic variants that can be strategically applied in restora-
tion programs [37-39,58-62]. To this end, our research has been conducted in collaboration
with research centers and universities in Mexico, leveraging scientific innovation to identify
and utilize coral genotypes that are better adapted to changing environmental conditions,
further enhancing the long-term success of reef restoration initiatives.
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Challenges remain in achieving results towards comprehensive ecological restoration.
Hence the importance of continuing to consolidate multidisciplinary collaborations and
catalyze solutions for future reef restoration, incorporating research, passive and active
restoration actions, local support, and long-term monitoring (Figure 8). If humanity were to
succeed in reducing greenhouse gas emissions, it is still necessary to continue investing and
working on these types of strategies and solutions that can be replicated and implemented
in different locations where coral reef restoration is needed [30,41,42].

Invest in Research ‘7 Restoration criteria

Adaptative coral gardening

* Thermotolerant species and individuasls
¢ Coral Molecular Biomarkers (CMB)
* Spectral Signatures

Asexual propagation

Microfragmentation
Supply of tissue
Reskinning

Restoration efforts
Respond to extreme events

Genetic characterization
Outplanting efforts

—’ Invest in Active restorarion Rebuilding Coral Reefs /mprovelocal conditions ‘

Ecosystem Function Assessment

Ecological approach

e Reef condition systematic monitoring
e Photomosaic landscape
e Landsat multispectral satellite images

Assisted traslocation

¢ Resistant individuals
¢ Adult colonies
* Promote sexual reproduction

Figure 8. Outline for rebuilding coral reefs through the organizational capacity of the private sector
to invest in research, active restoration, improve local considerations and long-term engagement.

Based on the results obtained, both reefs are degraded. Francesita reef has low coral
cover (%) and species richness, and Manchoncitos reef has high algal cover (turf and fleshy)
and cyanobacteria. Despite the degraded conditions, a remarkable result is the increase
in coral cover from 2020 to 2022 observed in both reefs. This increase is associated with a
decrease in macroalgae cover at Francesita reef and the low cover of abiotic substrate at
Manchoncitos reef, at least in the areas of active intervention. Furthermore, despite the
impact of four hurricanes in these areas in 2020, coral cover increased or was maintained
and could be considered as a positive indicator of active restoration efforts.

Both photomosaics and AGRRA analyses for Francesita indicated that there was
an increase in coral cover in 2021. However, for Manchoncitos the photomosaic analysis
indicated a decrease in coral cover, while AGRRA analysis showed an increase. The contrast
of these results could be related to the sampling method used. The use of visual or in
situ coral cover estimation methods, such as the AGRRA protocol or the Point Intercept
Transect (PIT), have been previously considered to overestimate the percentages of live
coral cover [43,63,64] compared to underwater photogrammetry.

Our results of coral cover obtained with digital photogrammetry also contrast with
those reported by visual surveys for different reefs in the Caribbean region Reyes-Bonilla
et al. (2014) [65-67].

Notwithstanding the discrepancies between visual methods and photogrammetry,
both methods can complement each other to obtain a more complete assessment of coral
cover condition and changes over time.
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In the case of Francesita, a reef with a smaller area (0.0048 km?) and considering that
the ideal sampling area using UDP is c.a. 0.00038 km? [44], the restoration efforts carried out
in the intervened area (0.001 km?) suggest a positive impact on the changes observed over
the whole reef. However, at Manchoncitos (0.15 km?), with an intervened area of 0.0015 km?,
active restoration efforts should be increased to see results in all the reefs. It is possible that
these changes will be reflected in the long term in ecological succession processes, where
demographic monitoring of populations is evaluated to determine changes in population
growth rates or sexual recruitment rates [36]. The results indicate that the approach and
actions proposed here may accelerate the ecological succession processes needed to scale
up restoration [27,45-48].

To date, these results also show the ecological benefits of outplanted colonies, mainly
manifested in an increase in coral cover and greater structural complexity reflected in the
RFI. This was also reported by Calle-Trivifio et al. [21], in an area of the Arrecifes del Sureste
Marine Sanctuary in the Dominican Republic.

Periodic active restoration actions can influence the decrease in the cover of oppor-
tunistic species [49], as well as in the processes of herbivory and corallivory. Furthermore,
including massive corals is also favorable because they have shown higher outplanted
survival, influencing the repair and maintenance of ecological services and functions [50].

In this study, the observed increase in fish biomass at Francesita Reef carries significant
functional implications for the ecosystem. One of the most critical roles of increased fish
biomass is its contribution to nutrient cycling. Reef-associated fish facilitate the redistribu-
tion of nutrients through excretion, enhancing primary production and supporting coral
health [68-70].

Beyond macroalgae regulation, an increase in fish biomass influences the composition
of the trophic structure, promoting a more balanced ecosystem [71,72]. Moreover, a well-
structured fish community enhances ecosystem resilience, buffering against environmental
stressors such as coral bleaching and disease outbreaks [73,74].

From a socio-economic perspective, increased fish biomass has direct implications
for food security and local fisheries. Healthy fish populations ensure sustainable seafood
resources for coastal communities, providing both economic benefits and nutritional sup-
port [75,76]. Additionally, well-managed reef ecosystems attract ecotourism, further rein-
forcing conservation efforts and local economic stability [77,78].

Overall, the positive shift in fish biomass at Francesita Reef highlights the importance
of effective fisheries management and conservation strategies in maintaining ecological
balance and ensuring the long-term sustainability of reef-associated livelihoods [79,80].

The ecology and structural functionality of Caribbean coral reefs have undergone
severe ecological changes due to the abrupt mortality of massive and large corals as a
consequence of bleaching events and the presence of SCTLD. Alvarez-Filip et al. [16]
described a 30% reduction in the ability of coral communities in the Mexican Caribbean
region to produce calcium carbonate. If this scenario of coral cover loss continues, in the
absence of natural recovery processes, the structural complexity will be modulated only
by destructive forces, representing a high risk for coastal protection. This is particularly
relevant considering the unprecedented long heat wave observed in 2023 in the Caribbean.
Because of this, hard coral cover needs to be increased as a step towards increasing reef
resilience. This must be done not only with active calcification processes by building
corals [51] but also by forming a protective surface layer on a reef framework [52] using
different restoration techniques. In this regard, preliminary results on coral assessment at
Manchoncitos reef in 2023, have shown a 97.5% survival rate of the translocated A. palmata
colonies that were adapted to higher temperatures, which needs to be further explored.
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Obtaining the greatest possible quantity and quality of data from the area will allow
us to adapt outplanting techniques, incorporate new elements to the system, such as
the introduction of fish post larvae [22], crabs or urchins that could accelerate herbivory
functions and in turn improve the natural processes of the coral reefs, allowing them to
return to a more favorable state.

Due to the current high numbers of Coral Bleaching Heat Stress Degree Heating Week
(DHW) in the Caribbean Basin [53], we are working on the development of probiotics to
increase the adaptive capacity of corals and reduce the percentage of coral losses due to
environmental stress and disease.

It is important that we do whatever possible to preserve as many genetically unique
colonies as possible to allow for the greatest chance of successful future propagation and
restoration. We are trying to solve this problem by creating a treatment for SCTLD that
can eradicate the pathogens from infected colonies and fragments. The creation of this
treatment could allow our community to preserve the living tissue of genetic individuals at
a large scale.

It will be fundamental to continue building relationships between government,
academia, tourism, and local communities to increase restoration efforts and expand
watershed-based approaches to make rehabilitation and restoration processes more effi-
cient, as well as to promote nature-based solutions.
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/ /www.mdpi.com/article/10.3390/d17040268/s1, Figure S1. Coral Reef Restoration Program in
Mexico, all tables have captions. Table S1. Outplanted colonies in Manchoncitos reef and Francesita
reef over time. Table S2. Coral and fish species observed in the Manchoncitos Reef and Francesita
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