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Strategies using sexual
reproduction to conserve

and restore corals: a case study
from the Mexican Caribbean
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Research in the Mexican Caribbean on the use of assisted propagation to
produce coral sexual recruits for outplanting onto local coral reefs has resulted
in success as measured by the persistence of the recruits despite intensive heat
waves and the production of colonies which are reproducing in the wild. This
research is based on four cornerstones: 1) accurate prediction of coral spawning
dates and times based on an analysis of almost 20 years of data that helps to
make for efficient programming of field work to different sites; 2) the
optimization of low-cost methods to assist in the sexual reproduction for five
reef-building species through to outplanting and monitoring of the recruits in the
wild; 3) the cryopreservation of sperm to form a gene bank of six species of reef-
building corals for use in the future when environmental conditions improve and
4) knowledge sharing and capacity building of individuals and organizations
around the Caribbean to increase the possibilities of success in using
these techniques.

KEYWORDS

coral spawning timing, assisted sexual reproduction, sperm cryopreservation,
knowledge sharing, capacity building

1 Introduction

Coral reefs house 25% of the ocean’s biodiversity, while occupying less than 1% of the
ocean’s surface (Burke et al., 2011). These ecosystems benefit more than a billion people
who depend directly or indirectly on coral reefs for food security, especially of healthy
proteins, coastal protection of their homes and hotels, beach formation, and revenue from
tourism and fisheries (Moberg and Folke, 1999; MEA, 2005).

Extreme marine heat waves correlated with high sea surface temperatures and climate
cycles on a global scale have resulted in mass mortalities of corals and subsequent
degradation of coral reefs (Donovan et al., 2021; Hughes et al., 2018). The International
Union for Conservation of Nature (IUCN) Species Survival Commissions’ Coral Specialist

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2025.1688176/full
https://www.frontiersin.org/articles/10.3389/fevo.2025.1688176/full
https://www.frontiersin.org/articles/10.3389/fevo.2025.1688176/full
https://www.frontiersin.org/articles/10.3389/fevo.2025.1688176/full
https://orcid.org/0000-0002-7736-7746
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2025.1688176&domain=pdf&date_stamp=2025-12-16
mailto:banaszak@cmarl.unam.mx
https://doi.org/10.3389/fevo.2025.1688176
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2025.1688176
https://www.frontiersin.org/journals/ecology-and-evolution

Banaszak et al.

Group have been involved in documenting the decline of different
species and, unfortunately, the decline of corals is faster than that of
other groups (Gutierrez et al., 2024).

A long-term trend in declining coral cover has been
documented in the Caribbean (Gardner et al., 2003; Jackson et al.,
2014; Cramer et al., 2020). Reefs along the Mexican Caribbean have
shown signs of degradation due to a combination of disturbances
since the 1980s (Gomez et al, 2022) and are in a crisis that is
bordering on a catastrophe. Devastation from hurricanes, coral
diseases, and poor water quality due to inadequate sewage treatment
plants (Gomez et al., 2022), in combination with the climate change
related bleaching event of 2023 (Birkart and Alvarez-Filip, 2025)
have resulted in a reduction in coral cover on the local coral reefs.
Given the high level of mortality of colonies of many coral species,
the remaining healthy colonies are much more widely dispersed and
no longer found in groups or species-specific patches.

Restoration is becoming a key component to achieve functional,
resilient and self-sustaining ecosystems for future generations (Hein
et al, 2021; Banaszak et al., 2023). The loss of reef-building coral
species is so extensive, widespread, and fast paced that passive
restoration through the protection and conservation of this
incredibly diverse and complex ecosystem is no longer enough.
We need to actively produce reef-building corals to restore coral
reef ecosystems, because these are the foundation species of coral
reefs, forming the critical framework of coral reefs. Fewer
reproductive colonies further apart, which potentially influences
the success of natural fertilization and recruitment of mass
spawning coral species. Even when spawning is synchronized,
with colonies that are fewer and further apart, the probability that
their gametes will coincide with gametes from a colony of the same
species is effectively zero.

One approach to restoration is to produce sexual recruits using ex
situ-assisted fertilization of wild-caught gametes from reef-building
species. Using sexual recombination, we increase genetic diversity,
thereby improving the chances of gametes fertilizing and surviving in
the face of the multiple threats to which they are exposed. By actively
collecting gametes from different colonies, mixing them together and
fertilizing them, we greatly increase fertilization success and overcome
the first barrier to successful recruitment by corals on coral reefs.

Given the changing conditions of the planet, the creation of
genetic banks worldwide is a growing trend, driven by the need to
preserve biodiversity and conserve endangered species
(Kumaraswamy and Udayakumar, 2011; Hagedorn et al., 2017),
which can serve as an alternative plan in case restoration efforts are
not sufficiently effective.

In the Mexican Caribbean, research on assisted sexual
reproduction as a tool has become a fundamental component in
reef restoration efforts. Here we present what we consider to be the
four cornerstones of a successful restoration program that have
been developed and used in the Mexican Caribbean: 1) prediction of
coral spawning dates and times based on an analysis of almost 20
years of data: 2) optimization of methods in assisted sexual
reproduction for five reef-building species; 3) cryopreservation of
sperm and vitrification of larvae and 4) knowledge sharing and
capacity building. By sharing our approach, our hope is that it will

Frontiers in Ecology and Evolution

10.3389/fevo.2025.1688176

motivate and encourage others to implement sexual coral
reproduction as part of their restoration programs. In addition,
we strongly believe that restoration efforts should always be science-
based and include short, medium and long-term strategies to
address the loss of coral cover and be adaptable and modifiable
depending on the results obtained.

2 Four cornerstones to conserve and
restore corals in the Mexican
Caribbean

2.1 Prediction of coral spawning dates and
times

One of the cornerstones for reef restoration is via assisted coral
sexual reproduction, which requires the accurate prediction of coral
spawning dates and times. Coral spawning of most Caribbean reef-
building species generally takes place in the summer months. In the
Mexican Caribbean, spawning takes place from July to September
and rarely in October. Accurate predictions are crucial to efficiently
allocate human and financial resources, particularly in developing
countries where financial resources are limited. Yearly, prior to the
summer, we analyze the information held in the Mexican Caribbean
Coral Spawning Data Base to prepare spawning prediction
calendars for the major Caribbean reef-building species (e.g.
Banaszak et al., 2025). The Data Base contains 889 records
collected between 2007 and 2024 of 13 hermatypic species
(Table 1) from 29 sites distributed along 400 km of coast, located
in Cancun, Puerto Morelos, Playa del Carmen, Cozumel, Akumal,
and Punta Allen (Figure 1). Spawning dates are predicted relative to

TABLE 1 Hermatypic species in the Mexican Caribbean coral spawning
data base.

Total number of entries in the data

Coral species

base
Acropora cervicornis 44
Acropora palmata 385
Colpophyllia natans 14
Dendrogyra cylindrus 19
Diploria labyrinthiformis 129
Eusmilia fastigiata 04
Montastraea cavernosa 14
Orbicella annularis 64
Orbicella faveolata 133
Orbicella franksi 01
Pseudodiploria clivosa 21
Pseudodiploria strigosa 60
Siderastrea siderea 01
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FIGURE 1

Location of the 29 monitored sites from the Mexican Caribbean Coral Spawning Data Base. Close up of all sites are shown in panels (A-D) except for
Pajaritos-Punta Allen (southern light blue circle in the general map at the top left).

the number of days after the full moon in July, August and
September and varies among species (Table 2). The probability of
a spawning event shown in Table 2 is calculated by determining the
number of spawning events relative to the night of the full moon
using the time frames indicated in Table 2 for the different species.
A larger number of observed spawning events on a given night after

full moon results in a higher probability of spawning (and therefore
a darker color in the Table).

Using the Mexican Caribbean Coral Spawning Data Base
records for the five coral species with the highest number of
effective spawning events (n), we analyzed the spawning
frequency for each week of the most likely spawning months

TABLE 2 Total spawning events registered in the Mexican Caribbean at 29 monitored sites for five reef-building species: A palmata (2007 — 2024,
blue), D. labyrinthiformis (2007 — 2023, green), O. faveolata (2019 — 2024, magenta), O. annularis (2018 — 2024, pink) and P. strigosa (2009, 2014,

2017, 2018, 2020 - 2024, light orange).

September

3rd 4th 1st an 3rd 4th

Months
Species/weeks

A. palmata

D. labyrinthiformis 37
O. faveolata 31
O. annularis 14
P. strigosa 15

Darker colour shades indicate higher probability of a spawning event.
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TABLE 3 Extreme dates for spawning events registered in the Mexican Caribbean at 29 monitored sites for five reef-building species: A palmata
(2007 — 2024, blue), D.labyrinthiformis (2007 — 2023, green), O. faveolata (2019 — 2024, magenta), O. annularis (2018 — 2024, pink) and P. strigosa

(2009, 2014, 2017, 2018, 2020 — 2024, light orange).

July

Species/weeks =~ 1% 2nd 3

A. palmata
D. labyrinthiformis

O. faveolata

O. annularis

September

3rd 4th 1St 2nd 3I’d 4th

P. strigosa

We only include the five coral species with the highest number of effective spawning events: A palmata, D. labyrinthiformis, O. faveolata, O. annularis and P. strigosa. At the end of each bar the

extreme date of registered spawning is shown.

(Table 2). The earliest and the latest dates of spawning events per
species that are registered in the Data Base are shown in Table 3.
Spawning times are predicted relative to local sunset time, and the
range of times are shown in Table 4. Taken together, this
information is very useful for decision-making as to when and
where to send divers with a higher probability of successful
monitoring and capture of spawn.

A closer analysis of the data indicates that a species such as
Acropora palmata, whose patches belong to the same genetic
population along the Mexican Caribbean (Baums et al., 2005;
Gomez Campo, 2015), vary in terms of spawning dates by as
much as five to seven days depending on the location of the
patch. Currently, due to the decline in healthy, living colonies, we
are exploring reefs further North and South, where we had never
monitored spawning to date. Eventually we hope to have more
information that will allow us to predict spawning along the
Mexican Caribbean considering this spatial variation.

2.2 Optimization of methods in assisted
sexual reproduction

Another cornerstone in the restoration of corals has been the
optimization of methods in assisted sexual reproduction (Figure 2).
Sexual reproduction allows for the increase of genetic diversity and

TABLE 4 Predicted spawning window. Minutes after sunset (MAS) and
minutes before sunset (MBS).

Srﬁgfmit?\ss/ August September
A. palmata 15\;1:)5 102-226 (MAS) 147-262 (MAS)
D. labyrinthiformis 17-81 (MBS) 70 ((11\\/141158))-10 30 ((1\&132)-10
O. faveolata 1(2;5[::55)5 185-255 (MAS) 147-273 (MAS)
O. annularis 1(515\/5[—;:)0 211-234 (MAS) 142-301 (MAS)
P. strigosa 181-270 (MAS) 206-257 (MAS)
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the adaptability of its offspring to environmental and climatic
changes. Based on these principles, our objective is to establish
reproductive and self-sufficient corals in the reef that constitute the
basis of restored coral reefs.

For each species that we work with, adult reproductive colonies are
selected from different sites from as many reefs as possible and
monitored for spawning activity. Their gametes are captured in
synchronous spawning events, and either cross fertilized in batch
cultures where gametes from all colonies are mixed or crosses are
made from specific pairs of colonies. Fertilization of batch cultures can
be initiated on the boat, controlling some conditions such as the use of
filtered (1 micron) and UV sterilized seawater maintained at 28 °C and
using disinfected glass and plasticware. This is done mainly when the
distance to the laboratory requires a journey of more than one hour.
Otherwise, gametes can be transported to the laboratory prior to
assisted fertilization. Specific crosses of colonies are required, it is
preferable to perform this in a controlled environment, however, in a
few cases we have recorded incompatibilities between gametes of some
colonies resulting in low or no fertilization (Grosso-Becerra and
Banaszak, unpublished data). Under normal conditions, fertilization
success of over 90% is generally obtained. Fertilization success of
Acropora palmata ranged from 90% to 99% (Mendoza Quiroz et al,
2023a), whereas that of Pseudodiploria strigosa was 95% in 2020
(Mendoza Quiroz et al, 2023b). Using assisted fertilization with
batch cultures and/or small-scale experiments, we have annually
produced settlers of five species of reef-building corals. The
timeframe for each step is species specific, and more information can
be found in Chamberland et al. (2023a, b, c).

The embryonic or larval development, up to the settlement of
larvae on specialized artificial substrates can be carried out in in situ
or ex situ cultures. In situ, mainly Coral Rearing In-situ Basins
(CRIB’s as described in Miller et al., 2022) or direct seeding (Waters
et al, 2025) are used. Along the Mexican Caribbean, exposure to
waves and currents as well as the annual presence of Sargassum
blooms decaying on the coastline (Banaszal, 2021) are not favorable
for applying in situ early-stage culturing methods, due to the
reduction in water quality (Banaszak, 2021). An alternative is to
use ex situ larval cultures, which have been very successful as a
strategy allowing small scale (up to 1.5 L cultures) to larger scale (57
L cultures) if water quality can be controlled. Small scale cultures
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FIGURE 2

Flow diagram of assisted coral reproduction, considering the crucial stages from cross-fertilization, larval culture, larval settlement and finally transfer

to the reef.

are easily replicable and are used for experiments with less than 500
larvae per culture vessel. For larger scale optimization experiments,
a hatchery system was designed and installed inside a laboratory
with continuously controlled temperature and water quality
conditions. The modular hatchery system consists of 28
incubators with a culture capacity of up to 2ml of concentrated
eggs per incubator. Given the modular design, this system can and
has been installed in remote sites around the Wider Caribbean
using resources generally available in local hardware stores.

When the larvae develop and reach the settlement stage,
artificial substrates, previously conditioned in the sea for two
months, are introduced into the incubators. Once the larvae
undergo metamorphosis to form a polyp with a mouth, the water
conditions are changed to allow for the uptake of symbiotic algae
(Symbiodiniaceae). At this stage the skeleton begins to form.

In general, under the controlled culture conditions we use, larval
settlement success is high if the substrates are non-toxic and pre-
conditioned, with yields ranging from 3.5% (A. palmata) to 6.3% (D.
labyrinthiformis) as presented in Mendoza Quiroz et al. (2025), but can
be as high as 22% (P. strigosa in Mendoza Quiroz et al., 2023b). Cement
substrates tend to be more favorable for settlement than ceramic
substrates or glazed tiles. However, there are exceptions. For
example, Orbicella faveolata larvae prefer ceramic tiles to cement-
based substrates. We have achieved settlement success of over 500
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larvae per substrate, but we aim for much lower settlement values as
eventually one settler will outcompete the others to occupy the
substrate. By renewing the substrates in the culture bins daily or
more often, a settlement success of 30 larvae per substrate is
desirable. Post-settlement coral mortality, while a normal part of the
life cycle of an r-strategist, is nevertheless a bottleneck that has required
the study of the many factors that can cause failure of settlers to survive.
Controlling algal overgrowth using herbivores, such as snails, that do
not damage the coral polyps, and complementary feeding are crucial
factors at this stage (Lippens and Banaszak, 2025).

Once the uptake of symbionts is confirmed, these coral settlers
can now be transferred to an outdoor aquarium facility under
natural solar radiation. Water quality, temperature and salinity are
controlled, and the corals are fed daily. The 10,000 L aquarium
system currently used can hold more than 3,000 substrates, each
approximately 7x7x7 cm. An alternative to the intensive care that ex
situ nurseries require is to install in situ nurseries that require less
intensive care. In this case, monthly monitoring is strongly advised.

As of 2015, we have outplanted 65 times in 14 reef sites along the
Mexican Caribbean, including 280,000 Acropora palmata, 68,000
Orbicella faveolata, 16,500 O. annularis, 39,000 Diploria
labyrinthiformis and 6,300 Pseudodiploria strigosa settlers on artificial
substrates. Some A. palmata colonies are 14 years old, have developed
gametes and have released them in spawning events synchronously
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with wild colonies that inhabit the same reef site and have generated
new recruits, thus demonstrating that colonies that were obtained from
the methods we have developed and implemented are fertile and viable
to contribute to the population of their species (Mendoza Quiroz et al.,
2023a, b). Of the other four species of reef-building corals that we have
produced in the laboratory, some are already 7 years old, and all
recruits survived the Stony Coral Tissue Loss Disease (SCTLD;
Mendoza Quiroz et al, 2023b) and other younger recruits survived
the 2023 mass bleaching event that affected the Mexican Caribbean
(Miller et al., 2024). It should be noted that the species planted in the
last decade have experienced regional stressors that have put the adult
coral population at critical risk such as coral diseases, such as SCTLD,
thermal stress events, intense hurricanes, among others; and despite
these stressors, most of the recruits planted have not been affected
(Mendoza Quiroz et al., 2023b; Miller et al,, 2024), demonstrating that
these new recruits are more resilient than the colonies that gave rise to
them and that they can be the baseline in the reef recovery. Our results
indicate that using sexual recruits in restoration programs is a viable
alternative to outplanting fragments derived from pruning adult
colonies, which suffered high mortality levels during the 2023
heatwave (Birkart and Alvarez—Filip, 2025).

Despite these achievements, the long-term survival of recruits on
the reef is a bottleneck that needs to be addressed from several aspects
such as improving seeding strategies from the individuals to be planted,
the size of the colonies and even the fusion of colonies to form chimeras
prior to outplanting, as well as the implementation of methods that
allow greater stability of the substrates on the reef in the long term and
at the same time its easy implementation on a large scale (Mendoza
Quiroz et al, 2025). Site selection is also a key factor in post-
outplanting success and is an important area of ongoing research.

In most countries, permits must be obtained, or to at least
collaborate with staff from an institution that manages the areas
where collecting and outplanting will take place. We encourage
engaging local governments and authorities involved in coral reef
protection, such as park rangers, and include them in training and
field activities.

2.3 Sperm cryopreservation

Cryopreservation is a method for long-term, very low-
temperature maintenance of living cells and tissues for later use
such that on thawing they can be reactivated in another geographic
location to improve genetic diversity in the face of low spawning
activity. The cryopreserved material, maintained under adequate
conditions, can be viable for years, decades and possibly centuries.
The implementation of this method in corals is aimed at
conservation (Hagedorn et al, 2012a, b, 2017, 2019, 2021),
species rescue (Hagedorn et al,, 2021; Daly et al, 2022), and
research (Cirino et al., 2021, 2022). However, its application will
be efficient if the donor populations are healthy, genetically diverse
and reproductively active (Hagedorn and Spindler, 2014; Hagedorn
et al., 2016; Grosso-Becerra et al., 2021).

The Mexican Coral Biorepository, established in 2017 as part of
ongoing coral reef restoration research, is one of only four
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cryopreservation banks of its kind worldwide and the only facility
located in a low- to middle-income country. As of the current
reporting period, the repository holds 1,221 cryopreserved
accessions, representing 131 distinct genotypes from six species of
reef-building corals listed on the JTUCN Red List. These samples
were collected during 78 summer spawning events across 34 reef
sites (see Tables 5, 6). The main objectives of this gene bank are to:
1. Safeguard the genetic diversity of corals through the
cryopreservation of their sperm; 2. Preserve the viability and
fertilization potential of sperm; 3. Contribute to genetic recovery
in the face of the loss of connectivity between populations and 4.
Support conservation and restoration efforts for threatened species.

An example of one of our achievements using cryopreservation
is the case of the reef-building coral Diploria labyrinthiformis, a
species that has been severely impacted due to Stony Coral Tissue
Loss Disease (SCTLD). Of the patch of nine colonies that we were
following for several years before the outbreak, seven of these have
succumbed to this disease. Although the colonies are now dead, the
cryopreserved sperm remains viable and is securely stored in the
Mexican Coral Biorepository (Grosso-Becerra et al., 2021). The
samples can be thawed and used in species rescue efforts to cross-
fertilize with freshly spawned coral eggs (which cannot be
cryopreserved due to their high lipid content), making it possible
to produce genetically diverse cohorts of this species at any time in
the future. This is an example of a long-term strategy designed to
ensure that this, and other coral species in our repository, survive
well into the future.

Six reef-building species are housed in our repository (Figure 3)
with the most to least represented, in terms of number of samples
being Acropora palmata (34.64%), Diploria labyrinthiformis (33.01%),
Orbicella faveolata (16.05%), Pseudodiploria strigosa (12.12%),
Orbicella annularis (3.28%) and Dendrogyra cylindrus (0.9%).

The integrity of the gametes to be preserved is essential,
however there are factors that put their viability at risk even prior

TABLE 5 Summary of coral accessions in the Mexican Biorepository by
collection site through to 2024.

Reef No. of samples

Limones 196
Bocana 229
Rodman 109
Picudas 28
Akumal 67
Abanico 67
Jardines 252
Jardines Profundo 47
Bonanza 138
Cuerno de Alce 53
Mesocosmos INAPESCA 29
Canal de Jardines 2
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TABLE 6 Summary of accessions in the Mexican Coral Biorepository by genotype, collection year, and species.

Coral species

No. of genotypes in the biorepository

Total by species

2017 2018 2019 2020 2021 2022 2023
APAL 10 5 1 1 29 46
OFAV 3 4 7 8 2 24
OANN 5 1 2 8
DLAB 4 7 6 5 2 10 4 38
PSTR 6 4 2 1 1 14
DCYL 1 1
Total by year 17 18 0 19 17 14 41 5 131

APAL, Acropora palmate; OFAV, Orbicella faveolata; OANN, O. annularis; DLAB, Diploria labyrinthiformis; PSTR, Pseudodiploria strigosa; DCYL, Dendrogyra cylindrus.

to their cryopreservation. The detrimental effects of coral bleaching
on reproductive parameters are well documented (Levitan et al.,
2014; Hagedorn et al., 2016; Padilla-Gamino et al., 2024).
Specifically, bleaching events significantly reduce sperm motility
and cryotolerance, thereby limiting their potential application in
assisted reproductive efforts (Hagedorn et al, 2016; Daly et al,
2022). This presents a substantial challenge to cryopreservation-
based strategies, particularly given the increasing incidence of mass
coral bleaching events (Reimer et al., 2024). Given this scenario, we
are also in the process of incorporating vitrification, an innovative
technique in cryopreservation which can be applied to larvae
(Cirino et al., 2019; Narida et al., 2023; Guo et al., 2024) and
early-stage settlers, which does not rely on the collection of fresh
gametes to complete the coral life cycle.

During the cryopreservation process, coral sperm are exposed
to osmotic and thermal stress, which can compromise their viability
and motility (Hagedorn et al.,, 2012a; 2014; 2021; Grosso-Becerra
et al., 2021). However, several studies have demonstrated that

= APAL
= OFAV
= OANN
= DLAB
m PSTR

= DCYL

3.28

FIGURE 3

Accessions in the Mexican Coral Biorepository. Percentages are
calculated based on the number of samples (cryovials) per species.
Acropora palmata (APAL, light blue), Orbicella faveolata (OFAV,
orange), O. annularis (OANN, grey), Diploria labyrinthiformis (DLAB,
yellow), Pseudodiploria strigosa (PSTR, dark blue), Dendrogyra
cylindrus (DCYL, green). Updated as of September 16, 2024.
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cryopreserved sperm stored in cryobanks can retain fertilization
competence for up to ten years (Hagedorn et al., 2017, 2021; Daly
et al., 2022). Even sperm from diseased colonies that were
cryopreserved maintained both viability and fertilization capacity
(Grosso-Becerra and Banaszak, unpublished data).

Using cryopreserved sperm from the Mexican Coral
Biorepository and assisted fertilization, we have produced recruits
of Diploria labyrinthiformis, Acropora palmata, and Pseudodiploria
strigosa, which show comparable development to those with fresh
sperm. In controlled ex situ culture systems, no significant
differences were observed in survival rates, early growth, or
morphology during the initial post-settlement stages of Diploria
labyrinthiformis (Grosso-Becerra et al, 2021). These findings
confirm the functional viability of cryopreserved sperm in
supporting early development and overall coral health. Because
generating and maintaining these recruits is vital, ensuring their
long-term survival remains a challenge, as they may be the only
viable organisms available for future restoration efforts. Therefore,
strategies aimed at improving post-settlement survival and
performance both in ex situ systems and during in situ
persistence focus on providing optimal nutrition to enhance their
adaptability and resilience to environmental stressors.

Cryopreservation guarantees that coral reproductive materials
are properly saved for future generations, especially if our
restoration efforts fall short due to current or unexpected
stressors like severe bleaching or new disease outbreaks. Our
cryobank is a vital and valuable resource that will be accessible
for future generations to grow corals once conditions are suitable
for reef recovery. By cryopreserving sperm, we also help to increase
genetic diversity, benefiting both local and distant populations now
and in the future—be it one year, ten years, or even centuries later,
when conditions improve. This approach is similar to the Svalbard
Global Seed Vault in Norway. We aim to preserve coral gametes and
larvae as a genetic resource and legacy for future generations, with
the hope that future oceans will eventually recover.

Collecting gametes from different reefs with distinct
environmental conditions requires a significant effort in terms of
both human and economic resources, and timing is always of the
essence, given that spawning events only occur on one or two nights
a year for each species. We have collected from a variety of reef
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FIGURE 4
A Google Earth map (Data SIO, NOAA, U. S. Navy, NGA, GEBCO © 2018 Google) of the Caribbean Sea showing the country of origin of participants
trained in workshops and capacity building courses led by Coralium lab. http://www.google.com/earth/index.html (Accessed September 9, 2018).

TABLE 7 Key lessons learned for each of the four cornerstones.

Cornerstone Lessons learned

Document monitoring data for each species in detail is crucial to increasing the accuracy of
predicting spawning dates and times. Data on absence of spawning are also very important
to include.

Create standardized formats for capturing data during spawning monitoring helps ensure
nothing is overlooked and supports the standardization of local records, e.g. using the

AGRRA spawning monitoring template.
1: Prediction of coral spawning dates and times

Train staff to complete the forms accurately and carefully. Daily data collection and review
after monitoring is crucial because it facilitates error detection and correction.

Maintain up-to-date backups of these databases in the cloud or AGRRA to avoid data loss.

Evaluate the accuracy of the prediction calendars produced each year and use it to generate
the calendar with new forecasts.

Select multiple collection sites based on a prior diagnosis (in conjunction with local
stakeholders and organized communities) with apparently healthy and georeferenced
colonies since there is variability in the times and sites of spawning, including within
species.

Maintain proper hygiene in all initial steps, including sterilization of seawater and
materials, as well as isolating cultures if they become contaminated.

2: Optimization of methods in assisted sexual reproduction o . . . X
Generate several combinations of crosses during fertilization and in balanced proportions to

prevent one genotype from predominating over others.

Use substrates made from different materials with micro-niches that are pre-conditioned
(15 to 45 days) and that are easy to manipulate for settlement and for attachment to the
reef.

Outplant colonies that are at least 1 cm in diameter by breeding in situ or ex situ nurseries.

(Continued)
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TABLE 7 Continued

Cornerstone Lessons learned

In the case of ex-situ cultures, develop protocols for care, feeding and contingencies (e.g.,
hurricanes, water warming, sargassum blooms).

Select sites that are suitable for each species using attachment methods suitable for the
substrate and rugosity and consider connectivity between reefs.

Monitor on a short- and long-term basis and adapt methods based on the results obtained.

Current methods for preserving coral sperm are not universal, so it is important to
continue research to include difficult species.

Ensure representativeness of species and colonies from a variety of collection sites.

Assess sperm quality before and after cryopreservation.

3: Sperm Cryopreservation
Establish long-term processing, preservation, and storage protocols and develop databases
with metadata.

Ensure adequate resources and space for long-term conservation.

Have a backup bank in an alternative and secure location in case of a disaster.
Restoration requires long-term commitment and participants should be aware.

Discuss different methods, from low cost to high cost, so that each organization can adapt
them to their local needs and possibilities.

Trainees should have basic knowledge of corals, their work sites, and the resources and
permits for collecting, outplanting and monitoring. If they lack these, ensure they have the
capacity to obtain them.

4: Knowledge sharing and capacity building

Include local stakeholders and organized communities in the training programmes.

Long-term support and guidance are essential, as is feedback on adapting methods to local
situations, which improves the lessons learned, for the trainees and trainers.

environments (considering species depth distribution, different
light and wave energy environments, latitudes and adequate
distance between colonies to avoid sampling clones) to ensure
representation and allelic diversity in the repository. This has
required substantial amounts of funding due to the complex
infrastructure involved, which we have obtained from multiple
national and international organizations and agencies.

2.4 Knowledge sharing and capacity
building

One of the aims of our restoration program is to promote the
establishment of successful restoration programs around the Wider
Caribbean through mentoring, motivation and empowerment. The
United Nations defines capacity building as “the process of

TABLE 8 Relative costs and recommended actions depending on level of access to infrastructure on a local level.

Level of access Recommended actions Cost
No internet access, lack of
collection nets, and/or no Monitor spawning and record data such as species, sites, dates, start times and end times, etc. in a local database. -
collection permit.
Internet access, lack of
. Monitor spawning and record data such as species, sites, dates, start times and end times, etc. in a local database and register
collection nets, and/or no .
. . data in Coral Observer app. https://coralobserver.com/
collection permit.
Access to collection permit
P Monitor spawning and record data such as species, sites, dates, start times and end times, etc. in a local database and register
and nets; lack of access to . . - .
. . data in Coral Observer app. Collect gametes and assist fertilization, then release embryos in the field.
aquaria for culturing coral.
Access to collection permit, . . L . . . .
. P . Monitor spawning and record data such as species, sites, dates, start times and end times, etc. in a local database and register
collection nets and aquaria for . . ae . .
. data in Coral Observer app. Collect gametes and assist fertilization, culture sexual recruits and outplant in the field.
culturing coral.
Access to collection permit, . i X . . . X .
lecti ts. and Monitor spawning and record data such as species, sites, dates, start times and end times, etc. in a local database and register
collection nets, an . . . e
7 data in Coral Observer app. Collect gametes, cryopreserve sperm, and determine sperm quality before and after fertilization
cryopreservation . ) .
) with fresh and cryopreserved sperm, culture sexual recruits and outplant in the field.
infrastructure. +
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developing and strengthening the skills, instincts, abilities, processes
and resources that organizations and communities need to survive,
adapt, and thrive in a fast-changing world” (www.un.org). This is
different from traditional training, where the goal is to teach a
person a particular skill. For example: you can teach a person to fish
through training, but providing the knowledge of when to fish or
not, where and where not to fish is different and requires applying
the given information to the local conditions. It also empowers local
communities to continue the efforts long after the capacity building
is completed. We believe that this approach is more useful over the
long-term to sustainably restore corals reefs.

Our goal is that participants in our capacity building program
attain enough knowledge to sustain their organizations from within
over time and to increase their chances of success. We teach them
but also learn from them, and together we build upon the collective
experiences to find viable and innovative, context-appropriate
solutions to improve coral restoration methods custom designed
for the local conditions. When engaging with communities, it can
be advantageous to work alongside civil society organizations that
have previously been involved with the communities and have
established relationships based on trust. Capacity building can be
adapted to different scenarios depending on available resources. As
an example, in the most basic scenario where collection permits are
not available, spawning monitoring can be done and a database
initiated. An intermediate level, where permits are available, but
infrastructure is limited could involve gamete collection followed by
assisted fertilization for 15 to 20 minutes and release of the embryos
into the ocean. At an advanced level, gamete collection followed by
production and maintenance of sexual recruits in ex situ or in situ
nurseries can be applied when infrastructure is available.

To date, we have trained approximately 260 people from 23
Caribbean countries, including Colombia, the Dominican Republic
and Cuba, by offering over 20 workshops and courses including
basic training and advanced methods in coral sexual reproduction
and restoration (Figure 4). We do not charge course fees and when
possible, find funding to cover all expenses. An additional key to the
success of these workshops and courses, aside from their content, is
that we teach them in English or Spanish thereby reaching a much
wider audience throughout the Caribbean.

After the recent mass bleaching event in the Caribbean, many
stakeholders are interested in introducing sexual reproduction into
their restoration programs. We start by providing information on
the simplest methods: from how to accurately predict coral
spawning, collect the gametes and fertilize them whilst still in the
boat and then to release the embryos, thus increasing the chances of
successful recruitment by assisting in the fertilization process. This
requires no land-based infrastructure but does require access to dive
boats and equipment. Many Caribbean nations have dive shops to
service the tourist industry as well as owners and staff are often keen
to be involved in the night-time spawning activities. This is an
example of a low cost, low technology method that can be easily
taught and is another key feature of the research we undertake. As
the local marine park managers gain experience and, if they have
access to infrastructure (such as private or public aquaria), we teach
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them more advanced techniques to develop and maintain a
successful restoration program.

We have formed and continue to form well trained and
knowledgeable technicians who are now greatly sought after by
restoration programs in other countries requesting aid in the
early phases.

During the establishment of this restoration program we have
learned a number of lessons. We have presented them for each of
the four cornerstones in Table 7, to aid new practitioners in
implementing these methods into their own programs. As a
guide, Table 8 indicates relative costs and recommended actions
depending on the local situation, in terms of level of access
to infrastructure.

We need to restore corals and coral reefs before there are no
corals left, and we hope that by sharing this information freely with
others we can increase the chances that corals and coral reefs are
maintained for future generations.
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