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Coral reefs thrive and provide maximal ecosystem services when they support a multi-
level trophic structure and grow in favorable water quality conditions that include high
light levels, rapid water flow, and low nutrient levels. Poor water quality and other
anthropogenic stressors have caused coral mortality in recent decades, leading to
trophic downgrading and the loss of biological complexity on many reefs. Solutions to
reverse the causes of trophic downgrading remain elusive, in part because efforts to
restore reefs are often attempted in the same diminished conditions that caused coral

mortality in the first place.

Coral Arks, positively buoyant, midwater structures, are designed to provide improved
water quality conditions and supportive cryptic biodiversity for translocated and
naturally recruited corals to assemble healthy reef mesocosms for use as long-
term research platforms. Autonomous Reef Monitoring Structures (ARMS), passive
settlement devices, are used to translocate the cryptic reef biodiversity to the Coral
Arks, thereby providing a "boost" to natural recruitment and contributing ecological
support to the coral health. We modeled and experimentally tested two designs of
Arks to evaluate the drag characteristics of the structures and assess their long-term

stability in the midwater based on their response to hydrodynamic forces.

We then installed two designs of Arks structures at two Caribbean reef sites and
measured several water quality metrics associated with the Arks environment over
time. At deployment and 6 months after, the Coral Arks displayed enhanced metrics
of reef function, including higher flow, light, and dissolved oxygen, higher survival of

translocated corals, and reduced sedimentation and microbialization relative to nearby
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seafloor sites at the same depth. This method provides researchers with an adaptable,

long-term platform for building reef communities where local water quality conditions

can be adjusted by altering deployment parameters such as the depth and site.

Introduction

Across the globe, coral reef ecosystems are undergoing
transitions from high-biodiversity, coral-dominated benthic
communities to lower-diversity communities dominated by
turf- and fleshy macroalgae1*2'3. Decades of progress in
characterizing the mechanisms of coral reef degradation
have revealed how links between microbial and macro-
organismal communities enhance the pace and severity
of these transitions. For example, the overfishing of reefs
by human populations initiates a trophic cascade in which
excess photosynthetically derived sugars from ungrazed
algae shunt energy into the reef microbial communities, thus
driving pathogenesis and causing coral decline?::8. This
trophic downgrading is reinforced by the loss of biodiversity on
reefs that results from water quality decline’ 8. Mesocosm-
level experiments can be used to better understand and
mitigate the trophic downgrading of coral reef communities
by enhancing biodiversity and improving water quality, but
logistical challenges make these studies difficult to implement

in situ.

A consequence of trophic downgrading on reefs is the
widespread loss of cryptic biodiversity, much of which
remains uncharacterized’ 9. Corals rely on a diverse suite
of cryptic reef organisms ("cryptobiota") that support their

health by playing integral roles in predator defense?,

cleaning11 , grazing competing algae12’13

, and the regulation
of reef water chemistry14'15. Until recently and due to the
methodological limitations of visual surveys, reef cryptobiota

have been underrepresented and poorly understood in

the context of reef ecology, and they are, thus, rarely
considered in efforts to restore or rebuild reefs. In the
past decade, the use of standardized settlement units
called Autonomous Reef Monitoring Structures (ARMS)
combined with high-throughput sequencing approaches has
enabled the better collection and characterization of reef
cryptobiota16’17. ARMS passively recruit representatives of
almost all known coral reef biodiversity and have helped
reveal numerous functional roles of cryptic organisms in reef-
scale processesg' 18,19,20,21,22,23 Thege settlement units,
therefore, provide a mechanism to translocate cryptic reef
biota alongside corals in order to assemble more intact reef
communities with biologically mediated mechanisms, such as
grazing, defense, and enhancement of local water quality,

that are essential to maintaining the trophic structure.

Coral-dominated reefs thrive in high-light, low-nutrient, and
well-oxygenated environments. Human activities such as
urbanization, agriculture, and overfishing have reduced the
water quality on many coral reefs by increasing the sediment,
nutrients, metals, and other compounds in runoff2425
and by altering biogeochemical cycling26. In turn, these
activities degrade reef communities through smothering,
energy depletion, the delivery of pollutants associated with

27,28

sedimentation , enhancing the growth of macroalgae

that compete with coralszg, increasing the abundance of

microbial pathogens®:30.31

, and creating hypoxic zones
that kill cryptic invertebrates®2:33. These and other "local

impacts" are compounded by regional and global changes
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in ocean conditions, including increasing temperatures and
decreasing pH, further worsening the conditions for corals
and other reef organisms34 :35_ Atthe benthic-water interface,
specifically, the respiratory and photosynthetic dynamics
of benthic communities cause diel fluctuations in the pH
and dissolved oxygen, which become more pronounced
on highly degraded reefs, thus creating conditions that
benthic invertebrates cannot tolerate32:36,37,38 Providing
appropriate water quality conditions is, therefore, essential
for assembling functioning reef communities, but this remains
challenging because an increasing number of reefs are

trapped in various states of degradation.

Many of the challenges faced by corals and foundational
cryptic taxa on the benthos may be overcome via relocation
to the midwater, defined here as the water column setting
between the ocean surface and the seafloor. In the midwater

d39*40, sedimentation

environment, water quality is improve
is reduced, and the distance from the seafloor dampens
fluctuations in the parameters associated with benthic
metabolism. These characteristics are improved further by
moving offshore, where land-based anthropogenic impacts,
such as terrestrially derived runoff, become increasingly
diluted with distance from the coast. Here, we introduce
and provide protocols to build, deploy, and monitor Coral
Reef Arks, an approach that leverages improved water
quality conditions in the midwater and incorporates cryptic

biodiversity on anchored, positively buoyant structures for the

assembly of coral reef communities.

Coral Reef Arks systems, or "Arks," are comprised of two
primary components: (1) a suspended rigid geodesic platform
elevated above the benthos and (2) organism-covered or
"seeded" ARMS that translocate reef cryptobiota from nearby

benthic areas, thereby supplementing the natural recruitment

processes to provide the translocated corals with a more
diverse and functional reef community. A geodesic structure
was selected to maximize the strength and minimize the
building material (and, thus, the weight), as well as to create
an internal, turbulent flow environment analogous to the reef

matrix.

Two designs of Arks were successfully installed at two
Caribbean field sites and are currently being used for
research into reef community establishment and ecological
succession (Figure 1). Coral Arks structures are intended
to be long-term research platforms, and as such, a primary
focus of this manuscript is to describe protocols to site,
install, monitor, and maintain these structures to maximize
their stability and longevity in the midwater environment.
A combination of modeling and in-water testing was used
to evaluate the drag characteristics of the structures and
adjust the design to withstand the anticipated hydrodynamic
forces. After installation, reef communities were established
on the Arks and on nearby benthic control sites at the same
depth through a combination of active translocation (corals
and seeded ARMS units) and natural recruitment. Water
quality conditions, microbial community dynamics, and coral
survival on the Arks were documented at several time points
throughout the early successional period and compared
against the benthic control sites. To date, the conditions
associated with the midwater Coral Arks environment have
been consistently more favorable for corals and their
associated cryptic consortia relative to the neighboring
benthic control sites at the same depths. The methods
below describe the steps required to replicate the Coral Arks
approach, including how to select sites and design and deploy
Coral Arks structures. Suggested approaches for monitoring

Coral Arks are included in Supplemental File 1.
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Protocol

NOTE: Detailed information regarding the manufacture,
deployment, and monitoring of ARMS and Coral Arks
structures, including technical drawings, diagrams, and
photos, are provided in Supplemental File 1. Sections of the
protocol involving underwater work, including the installation
of Arks and ARMS structures, are recommended to be
conducted by a team of three divers (on SCUBA) and two

surface support personnel.

1. ARMS assembly and deployment

NOTE: ARMS are approximately 1 lise (30 cm3) structures
made from PVC or limestone base materials that mimic the
three-dimensional complexity of reef hardbottom substrates.
Table 1 discusses two designs for ARMS given different
project considerations. ARMS are recommended to be
deployed for 1-2 years prior to transfer to Arks to maximize

the colonization by cryptic biota.

1. PVC ARMS
NOTE: The off-the-shelf components referred to in
this protocol (and listed in the Table of Materials)
are described using imperial units. The fabricated
materials are described using metric units. Detailed
fabrication instructions, including technical drawings for
the manufacture of the components, are provided in

Section 1 of Supplemental File 1.
1. Assembly

1. Insert four 1/4 in-20, 8 in long, hex-head bolts
through the center holes on a 1/2 in thick PVC
baseplate; then, invert it such that the bolts face

up vertically.

2. Add a nylon spacer to each bolt, and then add
a 1/4 in thick, PVC 9 in x 9 in plate. This creates
an open layer between the baseplate and the

first stacking plate.

3. Add a long cross spacer onto two bolts in
opposite corners, and then add two short cross
spacers onto the remaining bolts such that an
"X" is formed. Add another PVC stacking plate

to create a closed layer.

4. Repeat step 1.1.1.2 and step 1.1.1.3,
alternating between open and closed layers,
until seven to nine plate layers have been added

to the bolts (Supplemental File 1-Figure S5).

5. Add a washer, a hex nut, and a nylon insert
locknut to the top of each bolt, and tighten down

securely.

For deployment, transport the assembled PVC
ARMS to the target deployment site, covering the
ARMS with 100 ym mesh during the transfer to
retain small mobile invertebrates (Supplemental
File 1-Figure S6). Locate a patch of reef hardbottom
substrate in close proximity to healthy coral reef
communities.

NOTE: The specific deployment sites should be
selected with consideration of the local regulations
and permit stipulations, such as avoiding the critical
habitats for Endangered Species Act listed species

in US waters.

1. Using 3 in lengths of 1/2 in rebar and a mallet,
secure the ARMS to the benthos at all four
corners by pounding the rebar, slightly angled

outward, into the base limestone such that the
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rebar generates tension against the edge of the

baseplate (Figure 2A, B).

2. Alternatively, connect the chains of the ARMS
using heavy-duty cable ties, and anchor the
ends of the chains with hardened concrete bags
(Figure 2C and Supplemental File 1-Figure
S6).

2. Limestone ARMS

1.

For assembly, begin with 12 in x 12 in unfinished
limestone or travertine tiles (Figure 2). Identify the

desired complexity of the limestone ARMS interior.

3 cubes.

NOTE: It is recommended to use 2 cm
Alternative designs and considerations are provided

in Section 2 of Supplemental File 1.

1. Using a wet tile saw, cut several unfinished tiles

into 2 cm? square spacers (~250).

2. Cut travertine tiles to the desired shape for the
ARMS layers. Similar to the PVC ARMS, use

12 in x 12 in squares, and layer them with

spacers to form 1 ft3 cubes (Supplemental File

1-Figure S8).

3. Using a two-part, non-toxic marine grade epoxy,
glue the smaller travertine pieces to a larger
travertine layering plate along a pre-drawn grid

pattern.

4. Prepare several layers that, when stacked
together, achieve the desired ARMS height.
Allow the epoxy to cure based on the

manufacturer's recommendations.

5. Assemble the ARMS stacking plates using

epoxy to glue each layer to the one above it.

NOTE: The ARMS height will vary based on the

desired weight and internal complexity. A final

size of approximately 1 ft3 is recommended.

6. Allow the epoxy to cure out of direct sunlight for

24 h before deployment.

2. Fordeployment, transport the assembled Limestone
ARMS to the target deployment site. Locate a patch
of reef hardbottom substrate in close proximity to
healthy coral reef communities.

NOTE: The specific deployment sites should be
selected with consideration of the local regulations
and permit stipulations, such as avoiding the critical
habitats of Endangered Species Act listed species

in US waters.

1. Transport the ARMS to the benthos using a milk
crate and lift bag. Wedge the Limestone ARMS
into dead reef matrix (live rock). Avoid sandy
bottom habitats and those heavily colonized by

turf algae or benthic cyanobacterial mats.

2. Place the Limestone ARMS next to rocky
overhangs and outcrops to protect them from

wave action and storm surges.

2. Coral Arks assembly and deployment

NOTE: Table 2 discusses the design considerations of Coral
Arks given different project parameters. The dimensions
of the sub-elements (struts, hubs, platforms, mooring
components, and positive buoyancy) can be modified
depending on the desired size and weight of the final Coral

Ark structures.

1. Installation of the anchoring system
NOTE: Select the anchoring system based on site- and

project-specific considerations such as Ark design, storm
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frequency, bottom type, site exposure, duration of the

project, and anticipated forces due to drag, currents, and

buoyancy. See PADI*! for insights into mooring system

selection.

1. Use sand screws in sandy bottom and loose rubble

habitats.

1. Transport the sand screws to the benthos.

Standing the sand screw upright, twist and bury

the sand screw until the first disk has been

covered in sand or loose rubble.

2. Place a 5 feetlong metal turning bar through the

eye of the anchor such that the majority of the

turning bar sticks out of one side of the eye.

3. Walking or swimming in circles on the benthos,

screw the sand screw into the substrate until

only the eye remains sticking out of the benthos

(Supplemental File 1-Figure S20).

4. Install three sand screws in a triangular pattern,

connected by a chain bridle, for increased

holding power (Supplemental File 1-Figure

S20).

2. Use Halas anchors in hardbottom and carbonate

base rock habitats.

1. Transport 9-12 in eyebolts and a submersible

drill (electric or pneumatic) to the anchor site.

2. Use the submersible drill and a 1 in diameter

masonry hole saw to drill a 9 in deep and 1

in wide hole into the base rock. Periodically

clean out excess substrate from the hole using

a turkey baster.

3. Fill the hole with Portland cement or marine-

grade epoxy. Push the eyebolt shaft into the

hole, and fill the remaining gaps with cement or

€poxy.
4. Letthe cement/epoxy cure for 5 days.

5. Forincreased holding power, install three Halas
anchors in a triangular pattern, connected by a

chain bridle.

3. Use block-type mooring at sites with existing
mooring blocks or heavy debris elements.
NOTE: The installation of a new mooring block
requires commercial-grade installation equipment
such as a barge-mounted crane and is not

recommended for projects with a smaller scope.

1. Attach the mooring system to existing heavy

debris elements (sunken vessels, engine
blocks) or to existing mooring block eyes via

hardware and tackle.

2. Ensure the metal mooring components are
made from similar metals and protected against

galvanic corrosion using sacrificial anodes.

The 1V frequency structure (Two Platform)

NOTE: Detailed fabrication instructions, including

technical drawings for the manufacture of the
components, are provided in Section 4 of Supplemental
File 1. The off-the-shelf components referred to in this
protocol (and listed in the Table of Materials) are

described using imperial units.
1. Assembly of the 1V geodesic frame

1. Screw a 1/4-20 stainless steel hex nut onto a
1/4-20 2.5 in stainless steel bolt 3/4 of the way
to the top of the bolt. Insert the bolt into one of

the inside-facing holes on the strut.
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Secure a locknut onto the other side of the
screw, tightening it down until it mates securely
with the PVC to prevent the hub from sliding
down the length of the strut.

Repeat for the opposite side of the strut and for

the remaining 29 struts.

Push the end of each strut through one of
the holes in the hubs and fasten another bolt
through the outer hole on the strut, finishing with
a locknut to prevent the strut from sliding out of

the hub (Supplemental File 1-Figure S24).

Repeat for all five struts in one hub, and
then continue to add hubs and struts until the
geodesic sphere is assembled (Supplemental

File 1-Figure S24).

Unspool the 1/8 in stainless steel wire rope and
begin threading it through the struts. Create 12
loops, about the size of a silver dollar, out of
nylon cable ties-one for each hub. As the wire
rope is threaded through the struts, pass the
rope through the zip tie loop at the hub, and then
continue to the next strut.

NOTE: Some struts will be repeated.

Continue threading until the wire rope has been
threaded through all the struts, connected in the

middle of each vertex by the zip tie loop.

Thread the cable back to the starting point.
Using pliers, pull the zip tie loops to shrink
them to the smallest size possible, bringing the
lengths of wire rope close together. Fita 1/2 in
stainless steel cable clamp onto all the wire rope

lengths and tighten down securely.

10.

11.

12.

13.

14.

Repeat for all the vertices of the structure.

Mate the beginning length of the wire rope with
the end length, and clamp these together using
three 1/2 in cable clamps.

NOTE: The wire rope (breaking strength: 2,000
Ib) should now support most of the load placed

on the structure, strengthening it considerably.

Add the rigging system, which is composed
of two lengths of 3/8 in stainless steel cable
hydraulically swaged onto an eye at each end.
Fit the PVC endcaps between the swages such
that the cable passes through the entire Ark
length, with eyes at the top and bottom for the
mooring/buoy line attachments. A turnbuckle
system in the middle connects the two lengths

of stainless cable.

Pass the bottom ends of the cable through
the top and bottom of the Ark, fitting the
endcaps onto the top and bottom hubs using a
mallet. Screw the eyebolts into the turnbuckle
and tighten until there is sufficient tension
on the structure to make the system rigid

(Supplemental File 1-Figure S24).

Add each molded fiberglass grating, cut into
two half-pentagons, into the Ark interior using
heavy-duty 250 Ib zip ties to anchor the sides
of the platform to the Ark struts (Supplemental
File 1-Figure S24).

Underneath the structure, place one length of
fiberglass I-beam so that it joins both halves of
the fiberglass platform. Secure to the underside
of the platform using two 1/4 in-20 stainless

steel U-bolts.
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15. Repeat for the other four I-beams, equally
distributing them down the length of the
platform. This joins and supports the two halves

of the platform, creating a full pentagon.

16. Tighten the heavy-duty zip ties at the edges
of the platform, and clip off the excess. At the
end of this step, the internal platform is firmly
integrated into the Ark structure (Supplemental

File 1-Figure S24).

17. Use stainless steel mousing wire to mouse the
ends of the turnbuckle and all the shackles.
At the end of this step, the Ark will have
two integrated platforms, top and bottom
attachments for hardware attachment, and a
central cable that bears the bulk of the tension
force placed on the structures via anchoring and

positive buoyancy.

Attachment of the mooring line to the geodesic frame
NOTE: Mooring systems should be designed such
that the breaking strength of all the individual
mooring components exceeds the maximum
load expected due to ambient and extreme
environmental conditions. See the representative
results for a description of the use of hydrodynamic
modeling in mooring system design. It is
recommended to distribute the load across multiple
attachment points on the Ark and on the seafloor
anchoring system, as this adds redundancy to the

system in case of the failure of individual elements.

1. Design the mooring lines and hardware to
ensure secure connections between the Ark
base and the anchor system (see Figure 1 for

an example).

NOTE: It is recommended to design the
mooring system such that the midline of the Ark

structure is positioned at a 30 m depth.

Connect the top of a double-spliced line to
the base eye of the Ark with a shackle.
Connect a high-strength, stainless steel swivel
shackle to the base of this line (Figure 1 and

Supplemental File 1-Figure S25).

Connect the top of a double-spliced line to the
base of the swivel shackle. The bottom of this
line will connect to the anchor system (Figure 1

and Supplemental File 1-Figure S25).

Transportation of the Ark to the deployment site

1.

Transport the Ark via a flatbed truck to a beach
adjacent to the deployment site (nearshore
deployment with sand entry) or to a boat launch

site (vessel deployment).

Attach a 220 Ib lift bag to the top stainless eye
of the Ark using a 1/2 in shackle.

Attach a mooring line, including the hardware
for attaching to the seafloor anchor, to the base

of the Ark.

For deployment from a vessel lacking an A-
frame or davit, load the Ark onto the vessel such
that it can be easily rolled off the boat and into
the water (avoiding bows with high gunnels or

sterns with outboard engines).

For deployment from the shore, roll the Ark into
the water until a sufficient depth at which the lift

bag can be filled with air (Figure 3).

Swim, tow, or transport the Ark to the anchoring

site at the surface (Figure 3).
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Attachment of the Arks to the mooring system

NOTE: At this stage, the Ark system is floating at
the surface above the anchoring site with a lift bag.
The following tasks are performed underwater on

SCUBA and require a team of at least three divers.

1. Slowly venting the air from the lift bag, perform

a controlled descent to the anchoring system.

2. Attach the mooring hardware at the base of the

Ark to the anchoring system.

3. Increase the positive buoyancy of the Arks
system by filing the lift bag with air,
and inspect the monitoring components for
structural integrity. Ensure the shackles are

seated properly and that the anchors are firmly

in place. Use mousing wire to mouse all the 3

shackles.

4. Connect the eye of a short, double-spliced
length of line to the top eye of the Arks system
with a shackle. Connect a polyform, inflatable
mooring buoy to the other end of this line with a

shackle (Supplemental File 1-Figure $25).

5. Fill the mooring buoy with air using a standard
low-pressure air nozzle adapter attached to
a pony bottle of compressed air until it is

approximately 75% full of air.

6. Slowly vent the air from the lift bag, and remove

it from the system.

7. Add larger or more numerous mooring buoys
for Arks systems utilizing limestone ARMS or to

compensate for biological mass accumulation.

Attachment of the ARMS to the Arks

Retrieve the ARMS from the seeding location,
and place into milk crates lined with 100 um
mesh to prevent the loss of small mobile

invertebrates living within the ARMS.

Transfer the ARMS to the Arks sites in tubs of

shaded, cool seawater.

Place the ARMS on the top or bottom platform
of the Arks, evenly distributing the weight across

the platform.

Pass heavy-duty cable ties through both the
molded fiberglass platform and the base of the
PVC or Limestone ARMS and tighten to secure
the ARMS to the Ark frame (Supplemental File
1-Figure S25).

The 2V frequency structure (Shell)

NOTE: Detailed fabrication instructions, including

technical

drawings for the manufacture of the

components, are provided in Section 3 of Supplemental

File 1.

1.

Assembly of the 2V geodesic frame

1.

Assemble the Ark mounting framework
according to the provided guide from
VikingDome (Supplemental File 1-Figure
S$11).

Add a washer to a 2.5 in long, 10/32 stainless
bolt. Insert the bolt through one of the two holes
at the end of a strut, adding a STAR connector
to the inside face (hole specific to S1 or S2

struts), and fasten with a locknut.

Repeat for the second bolt hole. Continue

without tightening the locknuts until the structure
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is fully assembled (Supplemental File 1-

Figure S$12).

Tighten down the Ark mounting framework.
At the end of step 2.3.1.1, the strut-STAR
connections will be loose and malleable. Begin
tightening the locknuts using a socket wrench
(10 mm or 3/8 in socket) and a Philips head

screwdriver.

Continue throughout the structure until all the
locknuts have been tightened, with the nylon
insert of the locknut fully engaged on the

threads of the bolts.

Add pad eyes for the attachment of the mooring
bridle. Add a pad eye to the stainless S1 strut
at the base of the Ark, and secure with four 3 in

pan head stainless steel bolts.

Add 1/4 in-20 locknuts and tighten down.
Repeat for a total of five mooring connection

points (Supplemental File 1-Figure S$17).

Mount 10 ARMS baseplates to the middle-
facing N2 STAR connectors. Place a 3 in pan
head bolt through the center hole on the ARMS
baseplate. Add a grey PVC standoff to the bolt
shaft and place it through the center hole of the
N2 STAR connector, with the baseplate inside
the structure. Add a washer and a locknut and

tighten down.

Add two brackets and use four 3 1/4 in hex
head bolts and locknuts to secure the ARMS
baseplate to the struts. Tighten down all the
locknuts. Maintain the same orientation for all
the ARMS baseplates (Supplemental File 1-
Figure S15).

10.

11.

12.

13.

14.

Mount 20 coral plate baseplates to the top-
facing struts. Place four 3 in hex head bolts
through the holes on the coral plate baseplate
and fasten to the strut using a bracket and
a locknut. Repeat for the other side. Tighten
the locknuts to secure (Supplemental File 1-

Figure S15).

Add a central rod and trawl float to the
central spine of the Ark. Insert an 8 feet
long, unthreaded fiberglass rod into the STAR
connectors modified with a welded pipe
segment at the base of the Ark. Add a 1 in
washer and an unmodified trawl float onto the
unthreaded fiberglass rod inside the structure.
Finish inserting the rod through the top STAR

connector of the Ark.

Fit the bolts through the metal tube on the
modified STAR connectors and the locknuts to
the lock rod inside the Ark. Add a green tube
clamp snugly below the trawl float (top of the

Ark), and tighten down.

Mount modified trawl floats inside the top facing
N2 and N1 STAR connectors modified with a 1
in center hole. Add a fiberglass washer to the
longer end of the exposed threaded fiberglass

rod.

Secure through the modified STAR connector
hole so that trawl float faces inside the structure.
Add another fiberglass washer and a fiberglass
hex nut. Tighten down using a wrench and by
twisting the floats (Supplemental File 1-Figure
$16).
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Attachment of the mooring system to the geodesic

frame

1. Design the mooring lines and hardware to
ensure secure connections between the Ark
base and the anchor system (see Figure 1 for
example).

NOTE: It is recommended to design the
mooring system such that the midline of the Ark

structure is positioned at a 10 m depth.

2. Connect each pad eye at the base of the Ark
structure to the spliced eye at the end of a
double-spliced length of a 3/4 in spectra line
with a high-strength, 7/16 in stainless steel

shackle (Supplemental File 1-Figure S$17).

3. Using a 1/2 in screw pin shackle, connect the
other end of each spectra line to one of the two
stainless steel Masterlinks, such that each link

has two or three connections.

4. Attach the 3/4 in swivel shackle to the bottom of
the Masterlink and the eye of a 1 in nylon line

spliced with a stainless-steel thimble.

5. Attach a 3/4 in shackle to the eye and thimble at
the other end of the nylon line. This shackle will
connect to the anchor system (Supplemental

File 1-Figure S17).

Transportation of the 2V Ark to the deployment site
NOTE: The deployment of the Shell Ark requires a
vessel with a flat stern and inboard engines, such
that the Ark can be rolled off the boat deck and into

the water, or a vessel with a large davit or A-frame.

1. Transport the Ark via a flatbed truck to the dock

or marina.

2. Load the Ark onto the vessel using an
appropriately sized forklift (Supplemental File
1-Figure S21).

3. Attach the mooring lines and hardware,
including the downlines and hardware for
attaching to the seafloor anchor system, to the

base of the Ark.

4. Transport the Ark to the anchor site (Figure 3).
Prepare a line approximately the same length
as the depth of the anchoring system with a

shackle at one end and a buoy at the other end.

5. Attach the shackle end of the line to the
anchoring system, with the buoy end floating at

the surface.

6. Roll the Ark safely off the stern deck into the
water or deploy the Ark into the water with a
davit or A-frame. Attach the buoy end of the
line to the positively buoyant Ark such that the

structure floats above the anchoring system.

Attachment of the Ark to the mooring system

NOTE: At this stage, the Ark structure is floating
at the surface above the anchoring site with the
integrated buoyancy elements (floats) providing
flotation. The following tasks are completed
underwater on SCUBA and require a team of at least

three divers and two surface support personnel.

1. Attach the top block of a block and tackle
pulley system to a secure attachment point
on the base of the Ark, unspooling the pulley
while descending toward the seafloor, and then
attach the bottom block to the anchoring system

(Supplemental File 1-Figure S$19).
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Pull the line through the bottom block to engage
the pulley, pulling the Ark to depth. The line
should be locked into the cleat with each pull
(Supplemental File 1-Figure S$19).

NOTE: For Arks systems with high initial
positive buoyancy, use a 6:1 block and tackle
system for maximum purchase. Weights can
also be temporarily attached to the Arks system
to reduce the buoyant force necessary to sink

the structure.

Continue to pull the Ark to depth until the
downline and mooring attachment hardware
can be connected to the anchor system. Use

wire to mouse all the shackles.

Inspect all the mooring components for integrity.
Ensure the shackles are seated properly and

the anchors are firmly in place.

Slowly transfer the tension from the block and
tackle to the mooring system. Remove the block

and tackle, weights, and buoy line.

Attachment of the ARMS to the Arks

1.

Retrieve the ARMS from the seeding location,
and place into milk crates lined with 100 pm
mesh to prevent the loss of small mobile
invertebrates living within the ARMS. Transfer
the ARMS to the Arks sites in tubs of shaded,

cool seawater.

Maneuver the ARMS through one of the larger
triangular openings near the midline of the Ark
such that the ARMS is inside the structure. Hold
the ARMS firmly to one of the white baseplates

mounted inside of the Ark framework.

Secure a 1/2 in-13, 1.75 in long, stainless-
steel hex head bolt through an open corner
hole of the ARMS baseplate and the white,
underlying HDPE baseplate, attach a stainless-
steel locknut to the bolt protruding through the
other side, and tighten down until snug. Repeat

for the other three sides (Figure 2D).

Push the ARMS back and forth to ensure firm

attachment.

6. Attachment of the corals to the Arks

1.

Fasten the coral plates containing corals
epoxied to the limestone tile to the coral plate
HDPE baseplates on the exterior of the Ark
using 2 in long, 1/4 in-20, stainless steel hex
head bolts, a washer, and a locknut at all four

corners.

Tighten the locknuts using a socket wrench to

secure the coral plate in place.

3. Coral Arks monitoring and maintenance

NOTE: Detailed fabrication instructions, including technical

drawings for the manufacture of the components, are

provided in Section 7 of Supplemental File 1.

1. Measuring the in-water weight of the Arks

1.

Attach the submersible load cell to a block and tackle

pulley system for use in temporarily transferring

tension on the mooring line to the strain gauge

system.

Attach the base of the block and tackle to a secure

location on the Ark mooring system, such as an

intermediate shackle point or to the seafloor anchor.

Attach the top of the load cell to a secure location on
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the Ark mounting framework (Supplemental File 1-

Figure S33).

3. Without removing or altering the mooring
components on the Ark, pull the line through the
block and tackle pulley system such that tension
is transferred from the Ark mooring system to
the pulley system, cleating the line with each pull

(Supplemental File 1-Figure S33).

4. Ensure the mooring line is completely slacked
to allow the strain gauge to collect tension

measurements (Supplemental File 1-Figure S33).

5. Slowly transfer the tension from the block and tackle
pulley system to the Ark mooring line, checking to
ensure the shackles and other mooring components

are properly seated and secure.

6. For long-term data collection, integrate a load cell
into the mooring system as an "in-line" component.
Periodically switch out the dataloggers to retrieve the

data.
2. Long-term maintenance of the Arks

1. Perform routine inspections of the Arks mooring
system and conduct maintenance work as needed.
NOTE: See Supplemental File-Figure S18 for
an example maintenance checklist. Biannual

maintenance is recommended.

2. Ensure the anchors are continuing to provide
maximum holding power (i.e., not backing out of the

substrate).

3. Clean the mooring lines of fouling organisms that

can invade and compromise the integrity of the lines.

4. Replace degrading components, such as the
sacrificial anodes, shackles, and mooring lines, as

needed (Supplemental File-Figure S$18).

5. Add supplemental buoyancy as needed by adding
fixed buoyancy floats or air to the existing
mooring buoys to compensate for biological mass

accumulation.

Representative Results

The above methods provide assembly and installation
instructions for two designs of Coral Arks systems. Prototypes
for each design were assembled and field-tested in San
Diego, USA, prior to long-term deployment to evaluate the
drag characteristics and optimize the structural integrity
based on modeled and empirical values of strength. The
modeling efforts instrumental to the selection and refinement
of both the Arks geometries presented here, including the
results from wind tunnel testing, hydrodynamic simulations,
and the in-water validation of the modeled values using
prototype structures, are described in detail in Section 6
of Supplemental File 1. The results from the modeling
and in-water testing of the "Shell" Arks design are shown
here. Two structures of each design were then deployed
at Caribbean field sites in Puerto Rico and Curacao (four
total Arks structures installed), and corals were translocated
to the structures. Water quality, microbial community, and
coral survival metrics associated with the "Shell" Arks design
and two seafloor control sites were collected at several time
points spanning 6 months to characterize and determine
the changes in the environmental parameters and coral
health associated with the Arks structures following natural

recruitment and the addition of seeded ARMS.

Drag characteristics of Coral Arks
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It is important to understand the drag characteristics of
Coral Arks in order to design a structure and mooring
that will survive the target environment. From a structural
perspective, the hydrodynamic drag, in combination with
the net buoyancy, imposes loadings within the structure,
particularly on the mooring and its anchoring system. We
conducted modeling and experimental measurements to
estimate the drag characteristics of the Arks structures. The
results of these tests for the "Shell" design of Arks structures
are detailed below. Modeling was carried out by estimating
the drag of the individual elements of the structure, summing
these, and then combining the result into an effective drag

coefficient as shown in equation (1) and equation (2):
Diotar = Li=o Ds (1)

Cr = Dtotal
EpUzﬂ (2)

where Diptg/ is the total drag of the structure estimated
from the sum of the D; element drags, Cp is the overall
structure drag coefficient, is the fluid density, U is the
flow speed of the object relative to the fluid, and A is
the frontal area of the structure. In these calculations,
the elements were all assumed to be cylinders, with their
orientation to the flow dictated by the upright geometry of
the Ark structure. The modeling was performed for the same
prototype "Shell" system (a 2V geodesic sphere) that was
used for tow testing (described below) prior to the construction
of the final field systems. The prototype had a total frontal
area of approximately 2.10 mZ, and the modeling results
indicated an effective drag coefficient for the entire structure
of approximately 0.12. The model-predicted drag of the

structure as a function of velocity is shown in Figure 4.

Experimental estimates of the drag force of the structure that

would be experienced under different flow velocities were

obtained by towing the Ark structure behind a vessel with a
load cell spliced in-line with the towing line and a tilt sensor
to record the changes in the Ark's orientation relative to the
vertical axis at a range of tow speeds. Prior to towing, the in-
water weight of the structure was determined, and sufficient
additional weight was added to the structure to simulate a
net buoyancy of approximately 200 kg (an initial target for
the system). Based on the tension in the tow cable and the
inclination angle of the Ark, the drag (Dtoyy) at each speed

was determined using equation (3):
Digw =T X sinf (3)

where T is the measured tension from the load cell, and is
the tilt angle relative to the vertical axis. The resulting drag
versus speed relationship is shown in Figure 4. A best fit drag
curve (of the form Doy a U see Figure 4), combined with
estimates of the frontal area and the water density, was then

used to determine the empirical drag coefficient of 0.13.

The Reynolds number during the tow testing (and the range
used for the modeling) was in the range of 10%-108, generally
in the turbulent flow regimes. Typical values of the drag
coefficient for a sphere in this Reynolds number range are
between 0.2 and 0.4. For comparison purposes, a plot of the
drag curve for a sphere with a drag coefficient of 0.3 is shown
in Figure 4. Thus, the modeled and experimental estimates
of the drag coefficient are in the order of two to three times
smaller than for a sphere, which is consistent with the more

open character of the structure.

To validate these modeled results, we also conducted field
measurements of the response of two "Shell" Arks structures
to flow. To achieve this, the same load cell was installed
temporarily in line with the Ark main mooring line, a tilt sensor

was installed on the Ark, and a current meter was installed

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

January 2023-191+ e64778 - Page 14 of 31


https://www.jove.com
https://www.jove.com/

jove

at the site to simultaneously monitor the water speed. The
buoyancy and drag components of the tension were then
calculated from the tilt angle and the load cell measurements
(Figure 5). The current speeds during the measurement
period were relatively stable at about 20 cm/s, and the data
set was relatively short; hence, the data were averaged over
the period and used to compare the field drag and velocity
response to the modeled and experimental towing estimates.
These results show that under expected conditions at the
deployment site (flow speeds up to 1.3 m/s during a typical
storm event), the drag force on the system is expected to be

less than 300 kg.

Both "Shell" structures in Vieques, Puerto Rico, survived a
direct hit from the Category 1 Hurricane Fiona in September
2022 with no apparent damage to the structures, mooring,
or anchoring system, providing an in situ test that supports
the design. A nearby buoy (CARICOOS) recorded current
speeds of 1.05 m/s at a 10 m depth at the deployment
site, corresponding to a drag force of approximately 160
kg on the mooring systems. The systems were designed to
withstand 1,600 kg of force (considering the anchor capacity
and component breaking strength) and, therefore, are not

expected to fail under ambient or typical storm conditions.

Net buoyancy monitoring for Coral Arks

The same approach described for validating the drag
characteristics of the Ark structures was also used to develop
a method for monitoring the net buoyancy of the Arks. As long
as the physical structure of the Ark remains constant, the net
buoyancy provides a rough proxy for monitoring the overall
community calcification and, thus, the coral growth, as well as
a maintenance metric to determine if the system has sufficient
positive buoyancy to compensate for biological growth over

time. The buoyancy component (B) of the mooring tension

was calculated using the strain gauge and tilt sensor data in

equation (4):

B=TXcosB (4)

where T is the measured tension from the load cell, and is
the tilt angle. The resulting time series of the net buoyancy
is shown in Figure 5. Under the relatively stable current
conditions present during the field monitoring events, we
found the two "Shell" Arks structures deployed in Vieques,
Puerto Rico, to have similar net buoyancies of 82.7 kg +
1.0 kg (Ark 1) and 83.0 kg + 0.9 kg (Ark 2) when averaged
over the monitoring period (+ one standard deviation) after
all the corals and seeded ARMS units were translocated to
the structures 6 months after the initial structure deployment.
The results show that short-term monitoring during relatively
stable periods of water flow can be used to determine the
net buoyancy in the field to within ~1 kg, which should prove

useful over the long term for monitoring changes in biomass.

Water quality and microbial community dynamics

Metrics associated with water quality and water column-
associated microbial communities were measured on two
midwater "Shell" Arks, which were anchored in 55 ft of water
with the top of the Arks at a 25 ft depth, offshore of Isla
Vieques, Puerto Rico (Figure 6C). The water quality metrics,
microbial and viral abundances, and average microbe size
from two Arks were compared to the same metrics from
two nearby seafloor "control" sites, which were also at a
25 ft depth but much closer to shore (Figure 6D). The
measurements shown were collected immediately after the
installation of the Arks with an initial batch of translocated
corals (November 2021) and 6 months later after a second
batch of corals and seeded ARMS were translocated to the
Arks (May 2022); they were then averaged across both sites

(Arks and control sites) for comparison. As the seeded ARMS
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were transferred to the Arks at 6 months post-deployment,
the accumulation of biological communities on the structures
during the first 6 month period was associated with biofouling

and natural recruitment.

The Arks environment exhibited higher average daytime
light intensities (Figure 6A), higher average flow speeds
(Figure 6C), lower dissolved organic carbon concentrations
(Figure 6F), and lower diel fluctuations in dissolved oxygen
concentrations (Figure 6G) than the benthic control sites. The
Arks also displayed microbial communities with higher virus-
to-microbe ratios than the control sites (Figure 7A), driven
by a higher abundance of free viruses (Figure 7C) and a
lower abundance of microbes (Figure 7B) in the midwater
Arks environment. The microbial communities on the Arks
were composed of, on average, physically smaller cells than
the microbial communities at the seafloor sites (Figure 7D).
Differences in temperature between the Arks and the control
sites were not significant (Figure 6E). All of the above
trends are consistent with better water quality and healthier
microbial communities on the Arks than at the control sites.

These conditions persisted through the initial 6 months of

the deployment, during which a nascent biological community
developed on the Arks through both the translocation of coral
nubbins and natural recruitment from the water column and
experienced successional changes, as well as through the

addition of seeded ARMS onto the structures at month 6.

Coral survival

A cohort of corals comprising eight species and various
morphologies were distributed to the Arks and benthic control
sites both following the installation of the Arks (month 0)
and following the addition of the seeded ARMS at month 6.
The original parent colonies of each species of coral were
fragmented into nubbins (2-8 cm in a given dimension) and
attached to limestone coral plates (four to five nubbins per 20
cm? plate) that were distributed equally at both the Arks and
control sites, ensuring that the same species and genotypes
were represented at both the midwater Arks sites and control
sites. The survival of these translocated corals was assessed
every 3 months at the Arks and control sites. Nine months
after the translocation of the first cohort of corals, more corals
were still alive on the Arks (80%, Figure 8) compared to the

control sites (42%, Figure 8).
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Figure 1: Diagram showing the structural components of two fully installed Coral Ark structures. Left, "Shell" and
"Two-Platform" (right) Coral Arks structures are shown, together with two methods for providing positive buoyancy and two
methods for anchoring. Abbreviation: ARMS = Autonomous Reef Monitoring Structures. Please click here to view a larger

version of this figure.
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Figure 2: Design, deployment, and transfer of ARMS units. (A-D) PVC ARMS and (E-H) Limestone ARMS from seafloor
seeding sites to Coral Arks. (A) Photo credit to Michael Berumen. (B) Photo credit to David Littschwager. Abbreviations:
PVC = polyvinyl chloride; ARMS = Autonomous Reef Monitoring Structures. Please click here to view a larger version of this

figure.
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Figure 3: Images representing the deployment stages of Coral Arks, including transport to the site and full

installation. (A-C) Shell type and (D-F) Two-Platform type systems. Please click here to view a larger version of this figure.
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Figure 4: Drag characteristics of the "Shell" Ark structures based on modeling, experimental tow testing, and field

validation relative to the drag of a sphere of the same approximate scale. "ARK1" and "ARK2" are identical "Shell" Ark

structures installed at the same site in Vieques, Puerto Rico. Please click here to view a larger version of this figure.
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Figure 5: Measured net buoyancy values for two "Shell" Arks in Vieques, Puerto Rico. Shown are the water velocity
(right axis, medium colors), net buoyancy (left axis, light colors), and calculated drag/tension on the mooring line (left axis,

dark colors) for "Shell" Ark 1 (blue) and "Shell" Ark 2 (green). Please click here to view a larger version of this figure.
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Figure 6: Water quality metrics associated with the "Shell" Arks and seafloor control sites in Vieques, Puerto
Rico, immediately following the installation and 6 months afterward. (A) Daytime light intensity, (B) current speed,
(C,D) photos taken 6 months post installation, (E) temperature, (F) dissolved organic carbon, (G) changes in dissolved

oxygen levels in the Arks versus control sites over 6 months. Please click here to view a larger version of this figure.
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Figure 7: Metrics associated with the water column-associated microbial communities on the "Shell" Arks and
seafloor control sites in Vieques, Puerto Rico immediately following installation and 6 months afterward. (A) Virus-
to-microbe ratio, (B) bacterial cell abundance, (C) free virus abundance, and (D) average bacterial cell size. Please click here

to view a larger version of this figure.
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Figure 8: Proportion of surviving corals on the "Shell" Arks and seafloor control sites in Vieques, Puerto Rico

during the first 9 months following translocation. The images represent the status of a single coral plate on the Arks (top)

and on the benthic control sites (bottom) immediately following translocation (left) and 6 months after translocation (right).

Please click here to view a larger version of this figure.

Table 1: ARMS construction and design considerations.

Abbreviations: ARMS = Autonomous Reef Monitoring
Structures; PVC = polyvinyl chloride. Please click here to

download this Table.

Table 2: Coral Arks design considerations. Abbreviations:
PVC = polyvinyl chloride; ARMS = Autonomous Reef
Monitoring Structures; HDPE = high-density polyethylene.

Please click here to download this Table.

Supplemental File. Please click here to download this file.

Discussion

The representative results presented above demonstrate that
Coral Arks provide a habitat and improved water quality

conditions for assembling reef communities on stable, in

situ research platforms. Arks and seafloor control sites at
the same depth displayed consistently different water quality
profiles. Higher average current speeds and further distance
from the coast reduced sedimentation and turbidity in the
midwater environment at the Arks sites (Figure 6B), likely
contributing to the lower measured dissolved organic carbon
concentrations on the Arks (Figure 6F). Further, these
improvements in water clarity resulted in elevated daytime
light intensities on the Arks relative to the control sites (Figure
6A). Lower diel fluctuations in dissolved oxygen indicate
improved oxygen availability for corals on the Arks compared
to the benthos, especially at night (Figure 6G). These
metrics have all been associated with improvements in coral

42 h43,44,45 46,47 |,

survival™, growt , and recovery from stress

past work and may be linked to enhanced survival outcomes
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of corals translocated to Arks as compared to benthic control
sites (Figure 8). The fact that these conditions persist
even after the accumulation of substantial biomass through
biofouling indicates that natural recruitment processes do not
diminish the improved water quality characteristics of the
midwater environment. Arks were deployed 3 km offshore of
the benthic control sites and likely benefitted from decreased
inputs of terrestrially derived sediment, nutrients, and possibly
fishing pressures that challenge nearshore sites. Siting Arks
in areas with clean water and low human impact (such as
offshore) may provide a better setting than heavily impacted
coastal zones to propagate reef biodiversity for mesocosm-

level experiments.

The preliminary findings also suggested that the midwater

Arks experienced less microbialization, a central reef
process associated with the degradation of benthic reef
habitats®48. High nutrient inputs and overfishing have been
identified as drivers of reef-wide trophic feedback loops
in which energetically destabilized microbial communities
proliferate,

resulting in the respiratory drawdown of

metabolically available oxygen and the increased incidence

6,49,50,51 The reduced

of coral pathogens at the benthos
abundance of free viruses on microbialized reefs, which serve
as a primary lytic control on microbial community growth,
indicate a breakdown in the trophic structure that favors
further microbial expansion52. Water column-associated
microbes on the Arks were both less abundant (Figure
7B) and physically smaller (Figure 7D) than at the seafloor
sites. The Arks also displayed higher virus-to-microbe ratios
(Figure 7A), abundance of free viruses (Figure 7C), and
dissolved oxygen availability, particularly at night (Figure 6G).
Taken together, these findings indicate that the midwater

environment displayed less potential for microbialization

relative to the seafloor sites. Arks, as mesocosms on which

environmental conditions can be altered simply by vertical
adjustment in the water column, offer an opportunity to
mitigate and further explore the microbial and molecular

mechanisms of reef degradation.

Geodesic spheres of two different frequencies were selected
for the design of the Coral Arks presented here (Figure
1). Geodesic frequency (1V, 2V, 3V) indicates the number
of repeating sub-elements in a geodesic sphere, with
higher frequencies corresponding with a higher number
of triangular sub-elements. From a structural perspective,
geodesic polyhedra distribute mechanical stress throughout
the structure, resulting in a high innate strength for their
size®3:%4_ These characteristics provide high durability and
longevity but come at the cost of higher hydrodynamic drag,
which can result in higher loadings on the mooring system.
From a habitat perspective, the drag generated by an Ark
system represents an indicator of the diffusion of momentum
within the structure and, thus, the degree to which the internal
ambient flow is reduced. The modeled and experimentally
validated results indicate a 40%-70% reduction in the flow
speed inside of the "Shell" Arks relative to the surrounding
flow field due to the generation of turbulent flow inside the
structures (see Section 6 of Supplemental File 1). While
the optimal level of internal flow reduction is not clear (and
differs with geodesic frequency), areas of reduced flow within

the structure are important for creating niche habitats®%56,

remineralizing nutrients®’ %8

, and promoting the retention
and settlement of larvae®?-60_ In general, larger and higher
frequency geodesic structures, particularly at more exposed
installation sites, require anchoring systems with higher
holding power and more redundancy incorporated into the

structural design.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

January 2023-191+ e64778 - Page 25 of 31


https://www.jove.com
https://www.jove.com/

jove

The results from the field-based measurements of the drag
component of tension on the "Shell" Ark mooring system
closely matched those results generated from the modeled
and experimental towing estimates (Figure 4) and were
well within the expected design ranges. These results
indicate that the assumptions of the hydrodynamic model are
valid and that the model can predict drag forces over the
background current ranges. However, while the deviations in
the modeled and experimental data were small, the range
of flows during the testing period, which were typical of
ambient, non-storm flow speeds at the site, did not enable
a rigorous validation over the full modeling spectrum. In
predicting the design requirements of Coral Arks systems,
modeling efforts should be combined with information on
storm frequency and exposure at the planned deployment
sites to design structures and mooring systems that can
survive the anticipated hydrodynamic forces. The modeling
work presented here can be used to design Ark systems at
other sites with minimal inputs (desired Ark size, frequency,
and average current speeds at the deployment site) by
providing drag coefficients and maximum expected forces on

the mooring and anchoring system.

Arks and ARMS systems are modular and may be built at
different scales and with alternative materials than those
described here. Although their ultimate longevity has not
yet been determined, Coral Arks were designed to have an
approximately 10 year life cycle. The material composition of
the Arks and ARMS affects the longevity of the structures, the
weight of the systems, and, therefore, the required buoyancy
to offset the weight and may affect the response of early
fouling communities (Supplemental File 1-Figure S7). For
example, limestone provides a more natural substrate for
biological colonization on the ARMS and is readily and

inexpensively sourced on most carbonate reef islands, but

it is more fragile and heavier than other materials such as
PVC and fiberglass. These factors should be considered
against site-specific characteristics to design ARMS, Arks,
and mooring systems that best address the desired project

outcomes.

The deployment sites for Coral Arks should also be
selected based on the intended project goals (i.e., research,
mitigation, or restoration). Factors to consider for site
selection include the access to materials, reef state
or condition, community investment/involvement, resource
limitation, institutional support, and permit requirements.
Coral Arks may provide opportunities to meet specific needs
at sites that (1) contain living coral reefs that are in
relatively poor condition and would benefit from restoration
activities to enhance the coral recruitment, coral cover,
coastal protection, or human food resources; (2) have a need
for the translocation of corals to another location, which may
occur, for example, when there are legal requirements to
move living corals off of debris items slated for removal (at
these sites, Coral Arks can be used in collaboration with,
or in support of, existing restoration and outplanting efforts
to improve translocation outcomes); (3) require research
into novel conservation and restoration technologies using
Coral Arks to improve the success of local efforts; or
(4) have sufficiently distinct local conditions (i.e., different
magnitude of anthropogenic impact), meaning standardized
mesocosms could yield meaningful comparisons about reef
processes and interventions. The specific approaches for
monitoring aspects of the Coral Arks ecosystem such as
biological growth, diversity, and water chemistry will vary
between projects based on the project goals and site-specific

variables.A representative outline for the scientific monitoring
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of Coral Arks conducted to date is provided in Section 5 of

Supplemental File 1.

The design of Coral Arks structures can accommodate corals
of nearly any species, size, and age and should provide
improved conditions relative to those on a disturbed reef
benthos. Depending on the growth and calcification rates
observed on a given system, the addition of positive buoyancy
to the Arks structures may be required to compensate for
biological growth and to reduce the risk of sinking. Positively
buoyant midwater structures can be weighed using a tension/
compression load cell, or strain gauge, to determine if the
in-water weight of the community is increasing (Figure 5).
Periodic or long-term measurements using the load cell
can complement other finer-resolution coral growth metrics
to generate a metric of community-level growth/calcification
and have been included as a regular maintenance task to
determine if the system has sufficient positive buoyancy
to compensate for this biological growth over time. In the
case that an installed Ark can no longer be monitored or
maintained, it could be relocated and/or the buoyancy could
be removed to allow the Ark to be firmly attached to the

benthos.

The methods described here provide researchers with a
versatile toolkit for assembling midwater reef communities
that can be sited at locations with improved water quality. By
altering the depth or location of the Arks structures, changes
in water quality parameters can be experimentally linked
to changes in reef community structure and successional
trajectories. This design feature allows researchers to exploit
the abundant and underutilized space in the midwater
environment to assemble and study coral reef mesocosms.
The use of seeded ARMS to translocate cryptic biodiversity

and deliver a "boost" to the natural recruitment of mobile

grazing invertebrates provides a functional solution for
reducing algal biofouling and, thus, benthic competition
for corals. Using established and standardized sampling
structures as components of this system provides added
value by enabling the long-term monitoring of cryptic
communities on Arks and comparison to datasets generated

using ARMS as a global biodiversity census tool.

Coral Arks can serve as a more holistic, integrated, and
self-regulating platform for propagating coral and invertebrate
biomass that can then be outplanted to nearby degraded
reefs and can provide a safe haven for corals to grow
and reproduce in improved water quality conditions. As is
currently being demonstrated in Puerto Rico, Arks can yield
improved survival outcomes for mitigation projects involving
the relocation of corals and reef biodiversity from debris items
or degraded areas. Arks have relevance in long-term projects
as a method to replace habitats for fish populations, test novel
conservation strategies, and preserve native reef biodiversity.
In the process, Arks provide versatile tools for conducting in
situ studies of reef assemblies and ecological succession and

may generate novel insights into reef connectivity.
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