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Since 1950, coral abundance has declined worldwide by an estimated 60%, and
further dramatic declines are predicted. Although global reductions in carbon
emissions are essential to prevent further loss, coral reef restoration has become
imperative to maintain the ecosystem services that coral reefs provide to humans
at local scales. Yet, currently coral restoration and gardening efforts are too
expensive to scale up due to the labor-intensive nature of the methods and low
success rates. Here, we present a suite of technologies that improve coral reef
restoration and rehabilitation’s scalability, efficiency, and effectiveness. Our
modular technologies are designed to streamline in and ex situ nursery
workflows, reduce maintenance times, solve problems in transporting corals to
outplanting sites, and enable rapid outplanting on natural and artificial substrates.
These novel structures can act as coral seeding hubs, which placed strategically,
can have the capacity to enhance coral reproduction and replenish degraded
nearby reefs with larvae. They can be applied to coral restoration and reefscaping,
complemented by unique eco-friendly, low-carbon-emission structures for the
creation of architecturally and visually appealing habitats and underwater
landscapes. Our technologies integrate novel monitoring approaches that
support intelligent solutions to track genotypes, optimize and control stock
management, apply assisted evolution approaches, and adaptive management
through long-term monitoring.

KEYWORDS

restoration, maritechture, coral nursery, adaptive management, selective propagation,
blue architecture, coral seeding hubs

1 Introduction

In the last 70 years live hard coral cover on coral reefs has declined by approximately 60
percent globally, which has been accompanied by a decline in the capacity of coral reefs to
provide ecosystem services (Eddy et al, 2021). Even under moderate warming scenarios, a
further loss of 75 to 95% of extant coral reefs is predicted by the end of this century (Frieler
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et al.,, 2013; van Hooidonk et al., 2016; IPCC, 2022). Increases in the
frequency and severity of marine heat waves are expected to cause
significant reductions in coral productivity, calcification, and survival in
the next two decades (Klein et al., 2022). Therefore, substantial
reductions in global carbon emissions and strict commitments to the
Paris Agreement are essential to reduce a further loss (Kleypas et al.,
2021). Provided the extent of realized and projected losses, coral reef
restoration has become imperative to maintain the ecosystem services
that coral reefs provide to humans at local scales (Hein et al., 2021).
However, the biggest challenge remains implementing marine
restoration efforts at scale, which are the most expensive and
inefficient for coral reefs (Duarte et al., 2020). Currently, coral
restoration projects are generally small, measuring only 500 m® per
project in median (Bostrém-Einarsson et al., 2018). One of the most
extensive coral restoration efforts to date was completed at Badi Island
in Indonesia which involved the deployment of 7,000 m* of structures
within an area of two hectares (Williams et al., 2019). However, Razak
etal. (2022) describes a project in Indonesia creating up to 74.3 hectares
distributed over five areas in Bali; notably with the effort of 10,000
people employed to plant nearly 96,000 units of artificial reef.

Unlike the culture of other marine species targeted for aquaculture,
where productivity and yield have evolved over decades with dramatic
technological innovations over the last 50 years, coral farming is still at
the microscale due to a lack of industrial tools and difficult access to the
marine environment (Gibbs, 2021). This contributes to the high costs
associated with coral restoration, which is priced at a median of 404,147
$US ha' (at the base year 2010) (Bayraktarov et al, 2019), with an
uncertain success rate as few projects monitor survival long term
beyond the time frame of the project (Bostrom-Einarsson et al.,
2018). A recent review of patent and scientific literature data in the
field of coral restoration highlighted a disconnect between technological
innovation indicated by patent registrations, scientific findings and
actual needs of coral restoration practitioners (Roch et al., 2023). The
authors stress that research findings are often not translated into
innovative and tangible management solutions. Further, market
needs are not addressed by the majority of the technological
innovations filed. Although the demand for coral restoration is
rapidly growing, most projects are the size of a backyard, created
using custom tools and solutions often specific to each project.
Synthesizing the return-on-effort for the cost-effectiveness and
viability of restoration efforts, Suggett et al. (2019) found no apparent
change indicative of improved methodology over time. Large-scale
projects demanding the implementation and driving the innovation
needed for more industrial approaches and off-the-shelf solutions are
still absent.

While restoration via transplantation on natural substrate is the
most commonly practiced strategy, one-fifth of all projects create or
add substratum such as artificial reefs (Bostrom-Einarsson et al.,
2020). Artificial structures may be used for the augmentation of the
reefscape to increase suitable substrates for coral transplantation,
foster fish abundance via habitat creation, or tourist experiences
(Bostrom-Einarsson et al., 2018). Working on ecosystems that are
already suffering from carbon emission driven climate change and
pollution, restoration efforts should aim to use environmentally
friendly materials, avoid or minimize the use of plastic and target a
low carbon footprint. Previously failed initiatives using old car tires
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for artificial reef construction, which had to be recovered at great
expense (Sherman and Spieler, 2006), underscore the need to carefully
select the materials used in reef restoration.

To reach ecologically meaningful scales in coral restoration, new
solutions are needed to maximize efficiency in particular for marine
operations. A significant bottleneck are the dive operations needed for
outplanting and in situ coral bottleneck. For example, adhesion of a
single coral during transplantation via epoxy takes up to ten minutes
(Chamberland et al., 2017), adhesion with cement requires over five
minutes per coral (Unsworth et al., 2021). One of the fastest methods
for fragment attachment are the Coral clips, nails equipped with a
metal clip to fixate the outplant, which require approximately one
minute per coral (Suggett et al., 2020).

To reduce marine operations, coral aquaculture has been proposed
as an ecological and economically viable solution for scalable reef
restoration (CoralVita, 2019). To date coral aquaculture facilities are
small-scale and frequently use conventional techniques such as tiles or
plugs on plastic egg crates (Yanong, 2008; Craggs et al., 2019; Humanes
et al,, 2021). These types of facility require regular manual cleaning
making maintenance of corals in nursery systems very labor-intensive.
Although land-based systems are more easily accessible and, therefore,
easier to maintain than in situ coral nurseries (O’'Neil, 2015), the
workforce has been identified as the main challenge across different
coral gardening methods (Hein et al, 2021). While integrating
volunteers or citizen scientists can in part compensate for high
workforce requirements in smaller projects (Hesley et al., 2017),
commercial endeavors at scale would not be able to rely on this
approach. Hence, more innovative and advanced technologies are
required to streamline workflows and reduce labor-intensity to reach
meaningful industrial scales of production.

Here we describe the first-ever modular suite of coral restoration
technologies, invented specifically to simplify and increase the
efficiency of critical workflows, from coral husbandary, substrate
creation and outplanting. Each coral restoration technology
described is inter-compatible, and can be used alone or in
combination, targeting flexibility, scalability and cost effectiveness.
We provide a solution for rapid reefscaping using quickly deployable
artificial structures. Rethinking coral restoration efforts from an
industrial scale perspective, the presented technologies are the first
engineered solution with the potential to enable large scale
farming operations.

2 Materials and equipment

The designs described here are registered under the trademark

. ™ .
Maritechture = and patented to ensure they are consistently
engineered and to facilitate economies of scale at the point of
production, thereby reducing the cost of each element.

2.1 Screwable coral tiles
Maritechture " screwable coral tiles have an internal thread that

allows quick and tool free attachment to several other products
outlined below in the following. Tiles are made from cement and
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shapes can be modified to cater for different propagation pathways,
e.g. fragmentation, microfragmentation (Forsman et al., 2015) and
recruitment (Figures 1E, B, C). We chose a hexagon shape for
propagation of larger fragments, which allow easy screwing
(Figure 1D). For propagation via micro-fragmentation, where a
larger flatter surface is preferable, we developed a flatter hexagonal
shape to promote the overgrowth of the surface (Figure 1B). For
sexual propagation via larvae settlement, we developed a shape with
multiple cavities to promote settlement. An RFID (radio frequency
identification) chip can be embedded within the cement tiles, enabling
long-term labelling of individual tiles (Figure 1F) and allowing for the
identification and tracking of origin, performance and survival
throughout restoration or enhancement efforts.

2.2 Coral crates

Maritechture " coral crates (Figure 2) are racks of durable, UV-
resistant ABS plastic that allow coral tiles to be attached via threaded

FIGURE 1

Maritechture™ Screwable coral tiles (patent pending, U.S. Patent Application No. 17/767,251Filed April 7, 2022). (A) Different shapes to cater to different
propagation pathways. (B) Microframentation tile. (C) Recruitment tile. (D) Fragment tile. (E) Coral tiles attached to the coral crate. (F) Trackable tiles are
RFID microchipped and can be identified using a conventional chip reader, which can be operated underwater. White bar indicates 1 cm in width.

10.3389/fmars.2023.1110830

pins erected vertically from linear extrusions (Figures 1A, B). The
design allows multiple tiles to be attached per frame, arranged in a
uniform and equally spaced pattern. The crates are stackable and click
into each other, creating a 10 cm gap between each level. Each row is
pre-labelled, and the crates can be equipped with RFID tags or QR
codes for organization of tiles. In their current design, each unit
measures 50 x 50 x 15.5 cm and can hold up to 56 fragments. The
crates have holes in their legs for horizontal connection of multiple
crates, allowing, for example, the quick set-up of in situ nurseries.

2.3 Coral outplanting/nursery devices

The modular tile system allows for easy attachment and removal
of propagated corals by screwing and provides great flexibility for
different types of coral gardening and outplanting. Maritechture
Reef Nails (patent pending) are threaded nuts that, when combined
with a standard stainless-steel concrete/masonry nail, can be easily
embedded in solid reef substrates and expose a thread that matches

FIGURE 2

Maritechture™ Coral crate (patent pending, 63/187,218 and 29/783,128, "Coral farm crate and methods of use thereof’ May 11, 2021). (A) Stackable coral
crate. White bar indicates 10 cm in width. (B) Coral tiles on coral frame. (C) Easy and safe transport of corals.
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the coral tiles (Figures 3A, B). The nut fits tightly around the nail to
avoid rotation but can be secured with additional adhesives if needed.
Maritechture' " Reef Wall Plugs (patent pending) have the same
function but are attached with a steel screw similar to a standard wall
dowel (Figures 3C, D). They allow for quick and solid attachment of
coral tiles to surfaces with predrilled holes, such as artificial structures.

To equip existing coral gardening infrastructures with our
technology, we have developed several solutions (patents pending):
Maritechture Clips for PVC pipe nurseries [e.g., coral tree
nursery© (Nedimyer et al, 2011)(Figure 3E)], Maritechture
adapters for steel rod/metal frame nurseries (e.g. Williams et al,
2019) that can be fastened with cable ties (Figure 3F), Maritechture
adapters for aluminum frame/grid nurseries (e.g. Suggett et al., 2019)
that can be fastened with cable ties (Figure 3G), and adapters for rope
nurseries (e.g. Levy et al., 2010) that can be twisted into the rope and
expose two sides for tile attachment (Figure 3H).

2.4 Coral pods

To provide a stable artificial substrate for coral outplants where
this is lacking, we developed Maritechture ~ Coral Pods, which are
limestone structures consisting of two plates that can be assembled at
90-degree angles to form a quattro pod (four-legged stand) like
structure (Figure 4). Drilled holes along the top edge allow coral
fragments to be attached with cable ties or Maritechture' " Reef Wall
Plugs (Figure 3C). Additional holes in the center of the segments
provide an ideal place for massive corals to be attached using our tile
system. The shape and size (with individual panels approximately
145 cm long, 47 cm high, and 3 cm thick) aim to minimize waste
during production and allow ergonomic handling, so the weight of
each limestone segment is limited to approximately 20 kg (Figure 4C).
The design provides stability in low to medium-energy environments.
However, these dimensions and design (including number of stacked
plates) can be adjusted depending on the available limestone slab sizes
and the intended use.

FIGURE 3

Devices for different outplanting/nursery types. (A, B) Maritechture™ Reef nails for outplanting on natural substrate (patent pending) (C, D)7 Reef wall
plug for outplanting on coral pods, harbor walls, etc. (patent pending) (E-H). Tools to equip existing nurseries. (E) Clip for PCV pipe nurseries. (F) Adapter
for steel/bar nurseries. (G) Adapter for aluminum frame/grid nurseries. (H) Adapter for rope nurseries. White bar indicates 5 mm in width.
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3 Method description

Our modular infrastructure for coral restoration and reefscape
enhancement has been designed to streamline various elements of the
coral gardening process from husbandry to outplanting (Figure 5)
and facilitate data logging and monitoring.

3.1 Donor

With our technologies, corals may originate from sustainable
harvesting (Rinkevich, 1995; Barton et al., 2017), fragments of hope
(Garrison and Ward, 2012), coral relocation sites (Kenny et al., 2012),
or nursery/growth operations (Rinkevich and Shafir, 2000; Barton
etal,, 2017). Propagation can be asexual by fragmentation (Rinkevich,
1995) or sexual by cultured (Petersen and Tollrian, 2001) or wild-
caught larvae (Doropoulos et al., 2019) (Figure 5). Regardless of
origin, it is critical to collect as much metadata as possible on the
corals to inform husbandry conditions and to direct downstream
applications (Baums et al., 2011). This includes the GPS coordinates
of the sample location in the case of wild-sourced corals or the origin
of the donor/parental lineages in the case of husbandry. The sampling
date, size, species, depth, temperature, light conditions, etc., should
also be provided. These data should be recorded and stored in a
central database (Figure 5) to inform performance assessments and
optimize future deployments.

3.2 Screwable coral tiles

Transplanting fragments or seeding larvae using trackable
Maritechture' "

individuals via RFID tags. This information can guide culturing

Coral Tiles allows metadata to be associated with

conditions during husbandry, for example, regarding light levels.
Embedding the RFID tag into the transplant or seeding substrate
allows for permanent long-term identification and efficient stock

; N
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FIGURE 4

Maritechture™ Coral pods (patent pending, U.S. Patent Application No. 62/954,435] Filed December 28, 2019). (A) Illustration of coral pod design. White
bar indicates 20 cm in width. (B) Diver placing coral pod underwater. (C) Coral pod with coral fragments in situ. (D) Arrangement of coral pods.

management (Schmidt-Roach et al., 2020). It will enable monitoring
and tracking of individual colony performance, stress susceptibility,
health and survival during culture and beyond, all of which can be
related back to colony origin and history. If individuals die, the tiles
can be cleaned and reused.

Tagged tiles are equipped with passive integrated transponders
(PIT) based on radio frequency identification (RFID) with low-
frequency operation (134.2 kHz) and 64-bit identification. The tags
can be read with any PIT reader compatible with the ISO 11785
standard. When used in conjunction with inventory management
software, this solution allows corals to be tracked as they are
propagated or moved between tanks ex situ or sites/structures in
situ to automatically update records. This enables real-time
automated stock management to coordinate aquaculture and
allocate harvestable colonies to outplanting efforts. We are
currently prototyping software customized for this purpose.

For fragmentation, we use various standard cutting techniques
such as bone cutters or a Gryphon Diamond Band Saw (AquaSaw).
Adhesion of coral fragments to tiles or plugs is performed using
various methods, including epoxy (e.g. Hein et al., 2020) or ultraviolet
(UV)-curable oligomer-based adhesives (Takeuchi et al.,, 2019), or
commercially available gel-based cyanoacrylate adhesives. It is
important that the fragment’s tissue has grown over the tiles prior
to outplanting, as the adhesion of the adhesive often wears off over
time. It has been shown that coral fragments from branching species
attached upside down grew significantly wider and faster over the tiles
than corals attached right side up (Tagliafico et al., 2018), and we
recommend this technique to promote rapid tile overgrowth.

The shape of the tile can be adjusted to the propagation pathway
(Figure 1). For fast-growing, branching species, we recommend small
hexagonal tiles (Figure 1E). For slow-growing, massive species,
we recommend larger tiles that allow the use of standard
microfragmentation protocols (Figure 1B) (Forsman et al., 2015).
For recruitment, we recommend structured tiles with small cavities,
which have been shown to promote larval settlement (Nozawa et al.,
2011; Randall et al., 2021).

3.3 Coral crates

Attachment of the tiles to the Maritechture'" Coral Crates
supports the strategic organization of corals. The crates allow coral
genotypes to be organized in rows divided into seven tiles per bar
(labelled A-H on the crate) (Figure 2A). Secure attachment by the
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screw system avoids friction and damage to the colonies (Video 1).
The coral crate units facilitate easy handling in air and underwater
and simplifies cleaning during aquaculture because of their smaller
surface area compared to commonly used egg crate grids. The crates
can also be tagged with RFID technology, allowing for automated
inventory management. For transportation, the units can be safely
stacked and transported directly to the outplanting site underwater.
In addition, the horizontal connection of multiple crates and
attachment to the seafloor enables the rapid establishment of in situ
nurseries, e.g. for temporary storage.

3.4 Coral outplanting/nursing devices

We have developed several solutions for outplanting (Figure 3).
The advantage of our modular, screwable tile system is that coral
crops can be quickly interchanged between crates and different
structures or outplanted directly onto a natural or artificial
substrate. We have developed adapters for the most common types
of coral nursery structures including PVC pipes, metal rods, metal
grids and ropes (Bostrom-Einarsson et al., 2020). This allows existing
structures to be quickly modified and outfitted to accommodate
our technologies.

Our Maritechture " Reef Nails attach quickly (within seconds) to
suitable reef substrate and create a solid bond that promotes
attachment of the fragments to the reef substrate. A single dive
buddy team can outplant over 50 fragments from a coral crate onto
reef substrate in 30 minutes. For artificial structures that can be drilled
with holes prior to deployment, we developed Maritechture' " Reef
Wall Plugs. Similar in function to a conventional dowel, these allow
for a solid connection of our tiles to artificial substrates such as
Maritechture " Reef Pods, jetty walls, floating villas or bridge piers.

3.5 Coral pods

We developed Maritechture' " Coral Pods as an environmentally
friendly underwater landscaping tool to enhance reef landscapes and
provide new substrate for coral outplanting and nursing where this is
lacking. With our methods, we envision their use for the creation of
artistically planned and curated underwater landscapes, whereby the
structures can be arranged in geometric patterns for visual and
orientation purposes. The units can be stacked flat on top of one
another to minimize space requirements and ease transport and
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logistics costs. On-site, the coral pods can be quickly assembled either
on board a vessel or underwater. The corals can be attached with
Maritechture' " Reef Wall Plugs or cable ties.

In their current design, each assembled structure can
accommodate up to 16 coral fragments. Given an area of 1.5 m” for
coral growth per structure, we recommend a density of one structure
per 3 m” With 14-16 corals per structure, this results in an
outplanting density of approximately five corals per square meter,
which may increase further with spontaneous natural recruitment,
given that the material is highly suitable for coral settlement. By
mounting the structures onboard a vessel, corals can be quickly
attached before the pods are placed in the water, reducing dive
time. In this way, a team of six can deploy up to 30 structures per

10.3389/fmars.2023.1110830

dive, with four team members assembling the structures, stocking
them with coral and lowering them with a crane, while two divers
receive and position the structures on the seabed at the deployment
depth. On rotation, a six-person construction team can place 90
structures in four hours, with each team member performing only a
single dive. This allows for up to 250 square meters of reef landscape
to be created in half a day.

4 Discussion

Coral restoration efforts are still limited by a lack of industrial-scale
commercially available tools to facilitate cost-effective operations at
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scale. Although there is no one-size-fits-all solution for coral
restoration, our modular technologies provide flexibility to create
new or to adapt to and upgrade and improve existing infrastructure
and techniques. Our technologies address aquaculture, coral gardening,
substrate creation, outplanting and monitoring workflows, providing
the first holistic, modular toolset for coral restoration and reef
expansion, and enabling an adaptive management approach. Previous
technologies only targeted individual applications or workflows and
often have limited scalability.

For substrate creation, Reef Balls™ (Sherman et al., 2002) or similar
derivations, are likely the most widely distributed commercial solution
for reef habitat creation and coastal protection. Attachment of corals to
these structures is usually achieved using epoxy, which is time intensive
and carries risks of toxicity. Although not commercially distributed as
off-the-shelf-product, Mars Reef Stars offer a standardized design for
metal frames that can be interconnected to restore damaged reefs
(Williams et al., 2019). These structures are usually custom made at
each location from steel rods coated with epoxy and sand, and corals are
then attached via cable ties. The Maritechture' " Coral Pods presented
here are similar in functionality to Mars Reef Stars, however, due to their
innate weight they do not require interconnection. Further, unlike steel,
limestone is an environmentally friendly material known to enhance
coral recruitment (Schmidt-Roach et al., 2008). Hence the structures are
self-seeding and with their relatively large surface (approximately 2.5
m?) quickly develop a natural reef-like patina on their surface. Per
square meter, our Maritechture'  Coral Pods have an estimated carbon
footprint of about 80 times less than Mars Reef Stars and over 800 times
less than a standard Reef Ball (Table 1). Constructed from natural
limestone, our structures are reef-like and do not alter the water
chemistry. Further, they have no plastic coatings that may break
down to micro-plastic over time.

4.1 Towards coral restoration at scale

To increase scalability and overcome time intensive adhesion
during outplanting, Suggett et al. (2020) developed Coral Clips®, a
fast solution to outplant fragments or tiles via a metal clip attached to
a nail hammered into the reef. Similar in function to the
Maritechture ™ Coral Nails presented here, these work well on hard
substrate and allow strategic placement of fragments during

10.3389/fmars.2023.1110830

outplanting. While Coral Clips® are ideal to reattach so-called
fragments of hope (lose fragments broken of larger colonies for
example during storms), growing and attaching coral directly to
their outplanting substrate via our Maritechture " Coral Tiles
minimizes the stress that may occur during detachment of corals
after an intermediate gardening phase. Further, our tiles have the
advantage of enabling long-term monitoring.

To avoid the need for dive operations at all during outplanting,
Chamberland et al. (2017) proposed ceramic tetrapod structures
seeded with coral recruits to be deployed from vessels into reefs.
Although this permits the economic deployment of a large number of
structures, tests need to be conducted to understand survival rates
compared to recruitment tiles strategically placed using the Coral
Clips® or Maritechture' " Reef Nail technology. Doropoulos et al.
(2019) went a step further to propose industrial-scale harvesting of
larvae via large vessels for relocation, whereby the mass of harvesting
of coral larval slicks can be deported to foreign reefs to overcome the
low survivorship of settlers. However, large scale pilot studies are still
to be conducted.

Our Maritechture' ™ technologies provide the basis to enable the
automation of coral reef restoration workflows in the future. Coral
aquaculture can achieve higher production rates by optimizing
conditions for increased growth, e.g. by adjusting light or
temperature, or by co-culturing of beneficial biota and reducing
algae growth (Craggs et al,, 2019). However, optimal husbandry
conditions can be species-specific (Merck et al., 2022). The
organized placement of coral colonies on the coral crates allows
quick and strategic performance assessments to ensure individuals are
fostered under ideal conditions. Having coral fragments in fixed
positions in the tanks may eventually facilitate AI-driven automated
phenotyping, for example, via repeated structure from motion
photometry using robotic solutions. Similar techniques are already
in place in terrestrial systems to increase production rates and
promote selective breeding (Humplik et al.,, 2015; Chawade et al,
2019). High-throughput phenotyping could enable big data analytics,
which could dramatically increase production rates and the
effectiveness of coral nursery efforts. Considering the current rise of
applied use of robotic systems in fish farming (Wang et al., 2021) or
even more distant sectors as part of the industry (Javaid et al., 2021),
automatization of workflows is likely to play a significant role in
reducing associated labor costs and achieving scale.

TABLE 1 Carbon footprint of different coral support structures. Greenhouse gases produced associated with construction is estimated based on
Hammond and Jones (2008).

Material kgCO,
Approx. KgCO, emis- emission kgCO,/m?
weight kg sion/kg per unit emission Reference
Maritechture™ Limestone
Coral pod 40 0.017 0.68 1.5 0.5 This study
Steel rod (excluding
Mars Reef Star epoxy) 8 1.71 13.68 0.34 40.6 (Williams et al., 2019)
Cement (Portland) www.reefball.org/
Reef Ball 1364 0.83 1132.12 2.63 430.5 technicalspecs
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4.2 A tool for stakeholder engagement,
outreach, and education

The ability to create detailed records and to trace performances
over time using our trackable Maritechture'" Coral Tile technology
enables unique information tools for stakeholder engagement.
Creating cloud-based inventories and data records can not only
guide coral restoration practitioners during their daily efforts, but it
can also be used to inform stakeholders (e.g. governments or private
entities investing into these efforts) about the success. Measuring and
publishing performance can promote transparency and assist
moderate expectations of the success of restoration efforts. Trust
has been shown to significantly strengthen willingness to pay for
restoration (Metcalf et al., 2015; Bakaki and Bernauer, 2016). In
addition to building trust, communicating success as well as
challenges on websites or social media may motivate public
engagement and foster awareness. Projects could use this
mechanism to transport positive messages of hope, which are
important to gain public acceptance for government-funded
restoration projects (Le et al., 2022).

4.3 Integrating selective propagation

For selective propagation efforts, it is vital to create detailed
records to trace performances over time to permit adaptive
management (Schmidt-Roach et al., 2020) and identify possible
tradeoffs associated with the selected traits. Different pathways for
thermal heat selection have been identified (Baums et al., 2019;
Parkinson et al., 2019; Schmidt-Roach et al., 2020; Voolstra et al.,
2020; Suggett et al., 2022). However, when comparing individuals
from different environments, it should be considered that these may
be phenotypically acclimated to different conditions, which may alter
their performance in acute thermal stress assessments. Common-
garden nurseries ex or in situ offer the advantage that individuals can
be acclimated to similar conditions prior to testing, which may reduce
acclimation biases during performance assessments. Although
different strategies for selective breeding of corals for assisted
evolution have been suggested (van Oppen et al., 2015; van Oppen
etal., 2017) and partially tested (Humanes et al., 2021), the long-term
effect and success of these strategies still remain uncertain. Our
trackable tile system via RFID technology supports long-term
monitoring efforts and permits informed adjustment of selective
propagation strategies. In addition to RFID identification, the
embedded stainless-steel nail in our reef nail solution can be
detected using a metal detector similar to CoralClips® (Suggett
et al., 2020).

Strategic outplanting can further increase genetic diversity and
stress resilience, as restored corals have been observed to be
reproductively active (Diraviya Raj et al., 2015). Coral pods and reef
nails can be used to create coral seeding hubs (CSH), where different
genotypes of conspecifics are planted in clusters strategically placed in
the reef to promote reproduction and increase genetic diversity in the
offspring (Schmidt-Roach et al., 2020). A portion of these transplants
can be sourced from selected, higher stress resistant colonies to
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increase the frequency of favorable alleles in the population while
maximizing genetic diversity (Schmidt-Roach et al., 2020). However,
not all genotypes should be selected for increased single stress
performance, and genetic diversity should be maximized to account
for unforeseen stressors such as disease (Moriarty et al., 2020).

4.4 Towards a blue architecture and
landscaping approach in coral restoration

In contrast to present coastal developments that rarely extend beyond
the shoreline, we advocate for a “blue architecture” and landscaping
approach that extends landscaping of coastal developments into the sea.
Community-conscious coastal developments that integrate the marine
environment may secure natural capital (Cziesielski et al., 2021). Schmidt-
Roach et al. (2020) stressed the mutual benefit of integrating coral
restoration efforts in coastal developments to rehabilitate natural
habitats and foster and secure blue natural capital as part of
development assets. In addition to conventional restoration operations,
the elements, tools and processes presented here allow easy and quick
beautifications of jetty walls and other coastal structures with corals,
turning these into meaningful resources to grow corals for restoration and
to create or restore fully functional habitats.

A blue architecture and landscaping approach to coral restoration
requires the contribution of a multidisciplinary team including marine
ecologists, engineers, architects and artists, forming a community of
practice that extends well beyond the competencies applied in
conventional coral restoration projects. Applying a landscaping
approach, our techniques allow the creation of scientifically and
artistically curated underwater habitats resembling land-based
botanical gardens. Architecture that extends into the sea connects
coastal residents with their natural marine resources, engages citizens
with restoration, raises awareness, promotes responsible stewardship,
and boosts local economies. This may especially be of interest for
ecotourism projects providing a dual benefit of attracting visitors and
increasing resilience hence securing investments (Schmidt-Roach et al.,
2020). Visionary plans for floating cities to address sea-level rise and
overpopulation have become more concrete (Bolonkin, 2011; Wang,
2019) and offer unique opportunities for integrating marine landscape
designs into marine urban projects. Massive tropical floating cities such
as Oxagon envisioned by NEOM (https://www.neom.com/en-us/
regions/oxagon) or Oceanix by BIG (https://big.dk/#projects-sfc)
could be easily adjusted to harbor coral farming using the
technologies presented here.

In conclusion, our platform aims to provide simple, eco-friendly
and flexible infrastructure that caters towards a variety of different
coral restoration and reefscaping efforts with a view of rendering coral
restoration more cost-effective, scalable and sustainable. This is
achieved by reducing workflow times as outlined above and ease of
handling. Integrating novel monitoring tools, our approach delivers
an intelligent solution to optimize and control stock management and
enables adaptive management. The modularity of the tools aims to
allow greater flexibility as different components can be added in the
future to increase efficiency and effectiveness. We aim to make the
above-described solutions available as the first modular off-the-shelf
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coral restoration technology, targeting production at scale to drive
down costs, and to make them universally available.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding author.

Ethics statement

Written informed consent was obtained from the individual(s),
and minor(s)’ legal guardian/next of kin, for the publication of any
potentially identifiable images or data included in this article.

Author contributions

SS-R invented, designed, and prototyped the technologies with
contributions of all authors. SS-R prepared the manuscript, which was
revised and improved by all authors. All authors contributed to the
article and approved the submitted version.

Funding

The project was funded by KAUST Research Translation Fund
RTF2020 (REI/1/4203-01-01).

References

Bakaki, Z., and Bernauer, T. (2016). Measuring and explaining the willingness to pay
for forest conservation: Evidence from a survey experiment in Brazil. Environ. Res. Lett.
11. doi: 10.1088/1748-9326/11/11/114001

Barton, J. A., Willis, B. L., and Hutson, K. S. (2017). Coral propagation: A review of
techniques for ornamental trade and reef restoration. Rev. Aquac. 9, 238-256.
doi: 10.1111/raq.12135

Baums, I. B, Baker, A. C,, Davies, S. W., Grottoli, A. G., Kenkel, C. D,, Kitchen, S. A,,
et al. (2019). Considerations for maximizing the adaptive potential of restored coral
populations in the western Atlantic. Ecol. Appl. 29. doi: 10.1002/eap.1978

Baums, I. B, Lirman, D., and Schopmeyer, S. (2011) Caribbean Acropora restoration
guide: Best practices for propagation and population enhancement integrated Biscayne bay
ecosystem assessment and management view project restoration genetics view project.
Available at: https://www.researchgate.net/publication/289540459.

Bayraktarov, E., Stewart-Sinclair, P. J., Brisbane, S., Bostrom-Einarsson, L., Saunders,
M. L, Lovelock, C. E., et al. (2019). Motivations, success, and cost of coral reef restoration.
Restor. Ecol. 27, 981-991. doi: 10.1111/rec.12977

Bolonkin, A. A. (2011). “Floating cities,” in Engineering earth (Netherlands: Springer),
967-983. doi: 10.1007/978-90-481-9920-4_55

Bostrém-Einarsson, L., Babcock, R. C., Bayraktarov, E., Ceccarelli, D., Cook, N., Ferse,
S. C. A, et al. (2020). Coral restoration — a systematic review of current methods,
successes, failures and future directions. PloS One 15, €0226631. doi: 10.1371/
journal.pone.0226631

Bostrom-Einarsson, L., Ceccarelli, D., Babcock, R. C., Bayraktarov, E., Cook, N.,
Harrison, P., et al. (2018). Coral restoration in a changing world - a global synthesis of
methods and techniques, report to the national environmental science program (R. R. C.
Ltd Cairns). Ed. https://researchonline jcu.edu.au/59790/. Accessed in November 2022.

Chamberland, V. F., Petersen, D., Guest, J. R, Petersen, U,, Brittsan, M., and Vermeij,
M. J. A. (2017). New seeding approach reduces costs and time to outplant sexually
propagated corals for reef restoration. Sci. Rep. 7. doi: 10.1038/s41598-017-17555-z

Frontiers in Marine Science

10.3389/fmars.2023.1110830

Conflict of interest

The patents for the technologies were filed by King Abdullah
University for Science and Technology KAUST with SS-R, MA, CD,
and CH as inventors. SS-R, CD, MA, AA-S, and RK are shareholders
of Ocean Revive Company (ocean-revive.com), which targets to
commercially distribute the technologies and make them available
to coral restoration scientists and practitioners globally. Author JC is
the founder of company Studio Julian Charriére.

The remaining author declares that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmars.2023.1110830/

full#supplementary-material

SUPPLEMENTARY VIDEO 1
Deployment and use of the Maritechture™ technologies.

Chawade, A., van Ham, J., Blomquist, H., Bagge, O., Alexandersson, E., and Ortiz, R.
(2019). High-throughput field-phenotyping tools for plant breeding and precision
agriculture. Agronomy 9. doi: 10.3390/agronomy9050258

CoralVita (2019). Developing a scalable business model to support Large-scale global
coral reef restoration. UN Secretary Gen. Climate Action Summit. Available online at:
https://wedocs.unep.org/handle/20.500.11822/288242show=full. (accessed November,
2022).

Craggs, J., Guest, J., Bulling, M., and Sweet, M. (2019). Ex situ co culturing of the sea
urchin, Mespilia globulus and the coral Acropora millepora enhances early post-settlement
survivorship. Sci. Rep. 9. doi: 10.1038/s41598-019-49447-9

Cziesielski, M. J., Duarte, C. M., Aalismail, N., Al-Hafedh, Y., Anton, A., Baalkhuyur,
F., et al. (2021). Investing in blue natural capital to secure a future for the red Sea
ecosystems. Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.603722

Diraviya Raj, K., Mathews, G., Malleshappa, H., and Patterson Edward, J. K. (2015).
Reproductive success of restored coral colonies in vaan island, gulf of mannar,
southeastern India. India. IIMS 44 (04), 589-598

Doropoulos, C., Elzinga, J., ter Hofstede, R., van Koningsveld, M., and Babcock, R.C.
(2019).0Optimizing industrial-scale coral reef restoration: Comparing harvesting wild
coral spawn slicks and transplanting gravid adult colonies. Restor. Ecol. 27, 758-767.
doi: 10.1111/rec.12918

Duarte, C. M., Agusti, S., Barbier, E., Britten, G. L., Castilla, J. C., Gattuso, J. P., et al.
(2020). Rebuilding marine life. Nature 580 (7801), 39-51. doi: 10.1038/s41586-020-2146-
7

Eddy, T. D,, Lam, V. W. Y,, Reygondeau, G., Cisneros-Montemayor, A. M., Greer, K.,
Palomares, M. L. D,, et al. (2021). Global decline in capacity of coral reefs to provide
ecosystem services. One Earth 4, 1278-1285. doi: 10.1016/j.oneear.2021.08.016

Forsman, Z. H., Page, C. A., Toonen, R. J., and Vaughan, D. (2015). Growing coral

larger and faster: Micro-colony-fusion as a strategy for accelerating coral cover. Peer] 3.
doi: 10.7717/peer;j.1313

frontiersin.org


https://ocean-revive.com
https://www.frontiersin.org/articles/10.3389/fmars.2023.1110830/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2023.1110830/full#supplementary-material
https://doi.org/10.1088/1748-9326/11/11/114001
https://doi.org/10.1111/raq.12135
https://doi.org/10.1002/eap.1978
https://www.researchgate.net/publication/289540459
https://doi.org/10.1111/rec.12977
https://doi.org/10.1007/978-90-481-9920-4_55
https://doi.org/10.1371/journal.pone.0226631
https://doi.org/10.1371/journal.pone.0226631
https://researchonline.jcu.edu.au/59790/
https://doi.org/10.1038/s41598-017-17555-z
https://doi.org/10.3390/agronomy9050258
https://wedocs.unep.org/handle/20.500.11822/28824?show=full
https://doi.org/10.1038/s41598-019-49447-9
https://doi.org/10.3389/fmars.2020.603722
https://doi.org/10.1111/rec.12918
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1016/j.oneear.2021.08.016
https://doi.org/10.7717/peerj.1313
https://doi.org/10.3389/fmars.2023.1110830
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Schmidt-Roach et al.

Frieler, K., Meinshausen, M., Golly, A., Mengel, M., Lebek, K., Donner, S. D., et al.
(2013). Limiting global warming to 2C is unlikely to save most coral reefs. Nat. Clim.
Chang 3, 165-170. doi: 10.1038/nclimate1674

Garrison, V. H., and Ward, G. (2012). Transplantation of storm-generated coral
fragments to enhance Caribbean coral reefs: A successful method but not a solution.
Revista de biologia tropical 60, 59-70. doi: 10.15517/rbt.v60i0.19845

Gibbs, M. T. (2021). Technology requirements, and social impacts of technology for at-
scale coral reef restoration. Technol. Soc. 66. doi: 10.1016/j.techs0c.2021.101622

Hammond, G. P., and Jones, C. I. (2008). Embodied energy and carbon in construction
material. Proc. Instn Civil. Engrs: Energy. https://perigordvacance.typepad.com/files/
inventoryofcarbonandenergy.pdf. (accessed November, 2022).

Hein, M. Y., Beeden, R, Birtles, A., Gardiner, N. M., le Berre, T., Levy, J., et al. (2020).
Coral restoration effectiveness: Multiregional snapshots of the long-term responses of
coral assemblages to restoration. Diversity (Basel) 12. doi: 10.3390/D12040153

Hein, M. Y., Vardi, T., Shaver, E. C,, Pioch, S., Bostrom-Einarsson, L., Ahmed, M., et al.
(2021). Perspectives on the use of coral reef restoration as a strategy to support and
improve reef ecosystem services. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.618303

Hesley, D., Burdeno, D., Drury, C., Schopmeyer, S., and Lirman, D. (2017). Citizen
science benefits coral reef restoration activities. J. Nat. Conserv. 40, 94-99. doi: 10.1016/
1.jnc.2017.09.001

Humanes, A., Beauchamp, E. A, Bythell, J. C,, Carl, M. K, Craggs, J. R., Edwards, A. ],
et al. (2021). An experimental framework for selectively breeding corals for assisted
evolution. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.669995

Humplik, J. F., Lazar, D., Husickova, A., and Spichal, L. (2015). Automated
phenotyping of plant shoots using imaging methods for analysis of plant stress
responses - a review. Plant Methods 11. doi: 10.1186/s13007-015-0072-8

IPCC (2022). “Changing ocean, marine ecosystems, and dependent communities,” in
The ocean and cryosphere in a changing climate (Cambridge University Press), 447-588.
doi: 10.1017/9781009157964.007

Javaid, M., Haleem, A., Singh, R. P., and Suman, R. (2021). Substantial capabilities of
robotics in enhancing industry 4.0 implementation. Cogn. Robotics 1, 58-75. doi: 10.1016/
j.cogr.2021.06.001

Kenny, I, Kramer, A., Kelly, P. W,, and Burbury, T. (2012). Coral relocation: A
mitigation tool for dredging works in Jamaica (Terra et Aqua: Cairns, Australia) 128, 20A.

Klein, S. G., Geraldi, N. R,, Anton, A., Schmidt-Roach, S., Ziegler, M., Cziesielski, M. J.,
et al. (2022). Projecting coral responses to intensifying marine heatwaves under ocean
acidification. Glob. Chang Biol. 28, 1753-1765. doi: 10.1111/gcb.15818

Kleypas, J., Allemand, D., Anthony, K., Baker, A. C,, Beck, M. W, Hale, L. Z,, et al.
(2021). Designing a blueprint for coral reef survival. Biol. Conserv. 257. doi: 10.1016/
j.biocon.2021.109107

Le, D., Becken, S., and Curnock, M. (2022). Gaining public engagement to restore coral
reef ecosystems in the face of acute crisis. Global Environ. Change 74. doi: 10.1016/
j.gloenvcha.2022.102513. (Jenny).

Levy, G., Shaish, L., Haim, A., and Rinkevich, B. (2010). Mid-water rope nursery—
testing design and performance of a novel reef restoration instrument. Ecol. Eng. 36, 560—
569. doi: 10.1016/j.ecoleng.2009.12.003

Merck, D. E,, Petrik, C. G., Manfroy, A. A, and Muller, E. M. (2022). Optimizing
seawater temperature conditions to increase the productivity of ex situ coral nurseries.
Peer] 10. doi: 10.7717/peerj.13017

Metcalf, E. C., Mohr, J. J., Yung, L., Metcalf, P., and Craig, D. (2015). The role of trust in
restoration success: Public engagement and temporal and spatial scale in a complex social-
ecological system. Restor. Ecol. 23, 315-324. doi: 10.1111/rec.12188

Moriarty, T., Leggat, W., Huggett, M. J., and Ainsworth, T. D. (2020). Coral disease
causes, consequences, and risk within coral restoration. Trends Microbiol. 28, 793-807.
doi: 10.1016/j.tim.2020.06.002

Nedimyer, K., Gaines, K., and Roach, S. (2011). Coral tree nursery©: An innovative
approach to growing corals in an ocean-based field nursery. Aquaculture Aquarium
Conserv. Legislation 4, 442-446.

Nozawa, Y., Tanaka, K., and Reimer, J. D. (2011). Reconsideration of the surface
structure of settlement plates used in coral recruitment studies. Zool. Stud. 50, 53-60.

O’Neil, K. L. (2015). Land-based coral nurseries: A valuable tool for production and
transplantation of Acropora cervicornis. Retrieved from NSUWorks, Oceanographic
Center, 41. http://nsuworks.nova.edu/occ_stuetd/41.

Parkinson, J. E., Baker, A. C.,, Baums, L. B., Davies, S. W., Grottoli, A. G., Kitchen, S. A.,
et al. (2019). Molecular tools for coral reef restoration: Beyond biomarker discovery.
Conserv. Lett. doi: 10.1111/conl.12687

Petersen, D., and Tollrian, R. (2001). Methods to enhance sexual recruitment for
restoration of damaged reefs. Bull. Mar. Sci. 69, 989-1000.

Frontiers in Marine Science

10

10.3389/fmars.2023.1110830

Randall, C. J., Giuliano, C., Heyward, A. J., and Negri, A. P. (2021). Enhancing coral
survival on deployment devices with microrefugia. Front. Mar. Sci. 8. doi: 10.3389/
fmars.2021.662263

Razak, T. B., Bostrom-Einarsson, L., Alisa, C. A. G., Vida, R. T., and Lamont, T. A. C.
(2022). Coral reef restoration in Indonesia: A review of policies and projects. Mar. Policy
137. doi: 10.1016/j.marpol.2021.104940

Rinkevich, B. (1995). Restoration strategies for coral reefs damaged by recreational
activities: The use of sexual and asexual recruits. Restor. Ecol. 3, 241-251. doi: 10.1111/
j.1526-100X.1995.tb00091.x

Rinkevich, B., and Shafir, S. (2000). Ex situ culture of colonial marine ornamental
invertebrates: Concepts for domestication. Aquarium Sci. Conserv. 2, 237-250. doi:
10.1023/A:1009664907098

Roch, C., Schmidt-Roach, S., and Duarte, C. M. (2023). Coral restoration patents are
disconnected from academic research and restoration practitioners. Front. Mar. Sci. 9,
2805. doi: 10.3389/fmars.2022.1093808

Schmidt-Roach, S., Duarte, C. M., Hauser, C. A. E., and Aranda, M. (2020). Beyond reef
restoration: Next-generation techniques for coral gardening, landscaping, and outreach.
Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.00672

Schmidt-Roach, S., Kunzmann, A., and Martinez Arbizu, P. (2008). In situ observation
of coral recruitment using fluorescence census techniques. J. Exp. Mar. Biol. Ecol. 367, 37—
40. doi: 10.1016/j.jembe.2008.08.012

Sherman, R. L., Gilliam, D. S., and Spieler, R. E. (2002). Artificial reef design: Void space,
complexity, and attractants. ICES J. Mar. Sci. 59, $196-S200. doi: 10.1006/jmsc.2001.1163

Sherman, R. L., and Spieler, R. E. (2006). Tires: Unstable materials for artificial reef
construction. WIT Trans. Ecol. Environ. 88, 215-223. doi: 10.2495/CENV060211

Suggett, D. J., Camp, E. F.,, Edmondson, J., Bostrom-Einarsson, L., Ramler, V., Lohr, K.,
et al. (2019). Optimizing return-on-effort for coral nursery and outplanting practices to
aid restoration of the great barrier reef. Restor. Ecol. 27, 683-693. doi: 10.1111/rec.12916

Suggett, D. J., Edmondson, J., Howlett, L., and Camp, E. F. (2020). Coralclip®: a low-
cost solution for rapid and targeted out-planting of coral at scale. Restor. Ecol. 28, 289-
296. doi: 10.1111/rec.13070

Suggett, D. ], Nitschke, M. R., Hughes, D. J., Bartels, N., Camp, E. F., Dilernia, N., et al.
(2022). Toward bio-optical phenotyping of reef-forming corals using light-induced
fluorescence transient-fast repetition rate fluorometry. Limnol. Oceanogr. Methods 20,
172-191. doi: 10.1002/lom3.10479

Tagliafico, A., Rangel, S., Christidis, L., and Kelaher, B. P. (2018). A potential method
for improving coral self-attachment. Restor. Ecol. 26, 1082-1090. doi: 10.1111/rec.12698

Takeuchi, I, Yamashiro, H., and Gushi, M. (2019). Usage of UV-curable oligomer-
based adhesive agent in hermatypic coral experimental research. MethodsX 6, 1600-1607.
doi: 10.1016/j.mex.2019.06.007

Unsworth, J. D., Hesley, D., D'Alessandro, M., and Lirman, D. (2021). Outplanting
optimized: Developing a more efficient coral attachment technique using Portland
cement. Restoration Ecology 29 (1), €13299. doi: 10.1111/rec.13299

van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G., Raymundo, L.,
et al. (2016). Local-scale projections of coral reef futures and implications of the Paris
agreement. Sci. Rep. 6. doi: 10.1038/srep39666

van Oppen, M. J. H., Gates, R. D., Blackall, L. L., Cantin, N., Chakravarti, L. J., Chan, W.
Y., et al. (2017). Shifting paradigms in restoration of the world’s coral reefs. Glob. Chang
Biol. 23, 3437-3448. doi: 10.1111/gcb.13647

van Oppen, M. J. H,, Oliver, J. K,, Putnam, H. M., and Gates, R. D. (2015). Building
coral reef resilience through assisted evolution. Proc. Natl. Acad. Sci. U.S.A. 112, 2307-
2313. doi: 10.1073/pnas.1422301112

Voolstra, C. R., Buitrago-Lopez, C., Perna, G., Cardenas, A., Hume, B. C. C., Ridecker,
N., et al. (2020). Standardized short-term acute heat stress assays resolve historical
differences in coral thermotolerance across microhabitat reef sites. Glob. Chang Biol. 26,
4328-4343. doi: 10.1111/gcb.15148

Wang, B. (2019) Floating cities: The future or a washed-up idea? the conversation.
Available at: https://eprints.qut.edu.au/202345/ (Accessed June 3, 2022).

Wang, C,, Li, Z., Wang, T., Xu, X,, Zhang, X,, and Li, D. (2021). Intelligent fish farm-
the future of aquaculture. Aquaculture Int. 29, 2681-2711. doi: 10.1007/s10499-021-
00773-8

Williams, S. L., Sur, C., Janetski, N., Hollarsmith, J. A., Rapi, S., Barron, L., et al. (2019).
Large-Scale coral reef rehabilitation after blast fishing in Indonesia. Restor. Ecol. 27, 447-
456. doi: 10.1111/rec.12866

Yanong, R. P. E. (2008). “Aquacultured coral and restoration. advances in coral
husbandry in public aquariums,” in Public aquarium husbandry series, vol. 2 . Eds. R. J.
Leewis and M. Janse (Netherlands: Burgers’ Zoo, Arnhem), 375-389. Available at: https://
www.researchgate.net/publication/228488067.

frontiersin.org


https://doi.org/10.1038/nclimate1674
https://doi.org/10.15517/rbt.v60i0.19845
https://doi.org/10.1016/j.techsoc.2021.101622
https://perigordvacance.typepad.com/files/inventoryofcarbonandenergy.pdf
https://perigordvacance.typepad.com/files/inventoryofcarbonandenergy.pdf
https://doi.org/10.3390/D12040153
https://doi.org/10.3389/fmars.2021.618303
https://doi.org/10.1016/j.jnc.2017.09.001
https://doi.org/10.1016/j.jnc.2017.09.001
https://doi.org/10.3389/fmars.2021.669995
https://doi.org/10.1186/s13007-015-0072-8
https://doi.org/10.1017/9781009157964.007
https://doi.org/10.1016/j.cogr.2021.06.001
https://doi.org/10.1016/j.cogr.2021.06.001
https://doi.org/10.1111/gcb.15818
https://doi.org/10.1016/j.biocon.2021.109107
https://doi.org/10.1016/j.biocon.2021.109107
https://doi.org/10.1016/j.gloenvcha.2022.102513
https://doi.org/10.1016/j.gloenvcha.2022.102513
https://doi.org/10.1016/j.ecoleng.2009.12.003
https://doi.org/10.7717/peerj.13017
https://doi.org/10.1111/rec.12188
https://doi.org/10.1016/j.tim.2020.06.002
http://nsuworks.nova.edu/occ_stuetd/41
https://doi.org/10.1111/conl.12687
https://doi.org/10.3389/fmars.2021.662263
https://doi.org/10.3389/fmars.2021.662263
https://doi.org/10.1016/j.marpol.2021.104940
https://doi.org/10.1111/j.1526-100X.1995.tb00091.x
https://doi.org/10.1111/j.1526-100X.1995.tb00091.x
https://doi.org/10.1023/A:1009664907098
https://doi.org/10.3389/fmars.2022.1093808
https://doi.org/10.3389/fmars.2020.00672
https://doi.org/10.1016/j.jembe.2008.08.012
https://doi.org/10.1006/jmsc.2001.1163
https://doi.org/10.2495/CENV060211
https://doi.org/10.1111/rec.12916
https://doi.org/10.1111/rec.13070
https://doi.org/10.1002/lom3.10479
https://doi.org/10.1111/rec.12698
https://doi.org/10.1016/j.mex.2019.06.007
https://doi.org/10.1111/rec.13299
https://doi.org/10.1038/srep39666
https://doi.org/10.1111/gcb.13647
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1111/gcb.15148
https://eprints.qut.edu.au/202345/
https://doi.org/10.1007/s10499-021-00773-8
https://doi.org/10.1007/s10499-021-00773-8
https://doi.org/10.1111/rec.12866
https://www.researchgate.net/publication/228488067
https://www.researchgate.net/publication/228488067
https://doi.org/10.3389/fmars.2023.1110830
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Novel infrastructure for coral gardening and reefscaping
	1 Introduction
	2 Materials and equipment
	2.1 Screwable coral tiles
	2.2 Coral crates
	2.3 Coral outplanting/nursery devices
	2.4 Coral pods

	3 Method description
	3.1 Donor
	3.2 Screwable coral tiles
	3.3 Coral crates
	3.4 Coral outplanting/nursing devices
	3.5 Coral pods

	4 Discussion
	4.1 Towards coral restoration at scale
	4.2 A tool for stakeholder engagement, outreach, and education
	4.3 Integrating selective propagation
	4.4 Towards a blue architecture and landscaping approach in coral restoration

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


