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Restoration of Cold-Water Coral Desmophyllum pertusum by Deployment of Artificial Reefs

Summary

The LIFE Lophelia project (2019-2025) developed and demonstrated a cost-effective method for
restoring habitats formed by the cold-water reef-building coral Desmophyllum pertusum (formerly
Lophelia pertusa) through the deployment of artificial reefs. The project was implemented in the
Kosterfjord—Véaderdfjord area on the Swedish west coast and aimed to address the degradation of
cold-water coral habitats by combining ecological research, engineering innovation, and practical
restoration measures.

A key objective of the project was to design artificial reef structures that can promote long-term
coral recovery while being economically and environmentally sustainable. Two reef models were
developed and tested: a cast concrete reef with a star-shaped design and a 3D-printed concrete
reef. Both designs were engineered to provide structural complexity, create favourable
hydrodynamic conditions, and increase opportunities for coral larval settlement. The project also
evaluated the use of industrial by-products metallurgical slag and ground granulated blast furnace
slag (GGBFS), as sustainable construction materials with properties that promote coral
recruitment.

Extensive laboratory and field studies were conducted to understand the factors that influence
coral larval settlement. Experimental studies showed that surface complexity, microtopography,
and material composition play important roles in attracting coral larvae. Concrete mixtures
containing GGBFS and surfaces incorporating porous metallurgical slag showed particularly
promising results. Although recruitment of D. pertusum was not observed on test panels during
the project period, the studies generated valuable knowledge regarding habitat suitability,
biodiversity development, substrate preferences, and restoration design. Hydrodynamic
assessments further demonstrated that reef spacing and cluster configuration influence water
flow patterns and can enhance the probability of larval contact and attachment. The findings
contribute significantly to the emerging field of active restoration of deep-sea coral ecosystems.

The handbook provides detailed guidance on the manufacture and deployment of artificial reefs.
It includes practical recommendations for site selection, environmental assessments and
deployment logistics. Lessons learned from large-scale reef production and deployment are
presented to support future restoration initiatives.

To facilitate wider application across Europe and elsewhere, the handbook also includes an
analytical toolkit for adapting the methodology to other cold-water coral species and restoration
settings. By combining ecological understanding with practical engineering solutions, the LIFE
Lophelia project provides a scientifically grounded framework for future restoration efforts aimed
at rebuilding these vulnerable marine habitats and enhancing ecosystem resilience.
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Introduction

The main objective of the LIFE Lophelia demonstration project, which ran from 2019 to 2025, was
to develop a cost-effective method for restoring habitats of the reef-building cold-water coral
Desmophyllum pertusum (syn. Lophelia pertusa). During the project period, L. pertusa changed
name to D. pertusum due to a revision of its taxonomic relatedness with species within the
genera Desmophyllum. LIFE Lophelia aimed to develop and implement the restoration method
using artificial reefs, and to share the results with other stakeholders within the European Union.
The project also specifically evaluated the use of the by-product metallurgical slag as a
sustainable material rich in calcium and with a highly complex surface structure that was
hypothesised likely to promote recruitment of coral larvae. This handbook is one of the project’s
outcomes.

In the wild, D. pertusum forms reefs that can reach heights ranging from a few decimetres up to
several metres. Their branched skeletons break up the currents, thereby reducing water flow and
creating turbulence and micro-vortices that increase sedimentation and make it easier for coral
larvae to settle. This is a desirable feature for artificial reefs too, as they are intended to serve as
a foundation for a new coral reef. Artificial reefs do not need to be the same size and structure as
natural formations; they simply need sufficient height and structural complexity to attract new
coral larvae. Our aim was to design a reef structure that minimises sediment accumulation,
maximises larval contact and attachment, and can be manufactured at a reasonable cost.

Cold-water corals grow slowly, so the artificial reef should be able to provide support for the
growing young corals for decades, or ideally for up to a century, without breaking apart. It must
also be heavy enough not to tip over or drift across the seabed due to the strong currents. The
Romans used volcanic material mixed with lime and sand, and these structures are still intact
today. Inspired by them, we used modern equivalents, namely by-products from the cement and
steel industries: metallurgical slag and ground granulated blast furnace slag, or GGBFS, instead
of volcanic material. Concrete mixes containing GGBFS reduce the amount of cement required
and thus carbon dioxide emissions, whilst improving durability in the harsh marine environment.

In this handbook, we begin by describing the design, manufacturing and deployment of the reefs,
for you who wish to directly copy the method and produce and deploy reefs like those in the LIFE
Lophelia project. The next section provides a brief description of the methods and results that
form the basis for the design and choice of materials for the artificial reefs within the project. If
you wish to develop or adapt artificial reefs to optimise them for another framework-forming
scleractinian cold-water coral, the methods presented here may be helpful, and a separate
chapter entitled ‘Analytical toolkit’ has been added specifically for this purpose.
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Manufacturing of artificial reefs

Artificial reefs in concrete can be manufactured either by casting in moulds or using 3D printing
technology. In the LIFE Lophelia project, we built two types of reefs: one by traditional casting
and one by 3D printing (Fig. 1). We decided to manufacture most of the artificial reefs using
moulds (135 in total). Twenty-eight reefs were manufactured using 3D printing technology. The
appearance and manufacturing process for each type of artificial reef are described below.

25
20
15

10

Kategori 1 Kategori 2

m Serie 1 Serie 2 mSerie 3 ®Serie 4 Serie 5 ®mSerie 6

Figure 1 Two model of artificial reefs in concrete stored in the harbour of Grebbestad, Sweden, casted reefs at the left and 3D
printed at right.

Model I, a star-shaped reef by casting

The cast design is a six-armed star shape that tapers to a smaller faceted ring at the top with a
large central flow-through opening and smaller openings at the tips of the arms (Fig. 2). The
purpose is both to reduce weight and to allow fish and other mobile fauna to swim through and
use the AR as shelter or refuge. The shape is designed to break up currents and thereby
increase the chance that coral larvae will attach themselves. It is adapted for casting upside down
in moulds, with a wide base, a narrow top, and a gentle slope. The artificial reef is 65 cm high,
has a base diameter of 150 cm, and weighs 600 kg.
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Figure 2 Left: Cast artificial reefs, photo Anders Rudang. Right: CAD-model.

Casting moulds were made of stainless steel, which provides durable moulds that can be used
repeatedly. It is advantageous if the moulds can be disassembled for cleaning and efficient
storage (Fig. 3 and 4). The mould was constructed arm by arm and mounted together to form the
star. Figure 3 shows the drawing of the mould; it is also available in full scale in appendix A.

Figure 3 Left: Mold in stainless steel (with concrete) easy to disassemble, photo Anders Rudang. Right: Drawing of the mould.

Moulds can also be made of other materials e.g. wood, plastic or rubber. The price varies and
stainless-steel moulds are expensive but provide the most durable moulds. If the moulds are
maintained, their lifespan is basically infinite, unlike wooden or plastic moulds that can only be
reused a few times. The advantage of the stainless-steel-moulds is that they can also be modified
easily. Therefore, the scale of the production will determine the best choice of material.

To create cavities in the moulds, removable thick plastic tubes of three sizes were used. A big
plastic tube (300 mm diameter) in the centre creates a large central hole, and additional plastic
tubes create swim-through holes (200 mm diameter) at the *arm pits’, horizontally, radiating from
the central hole. Smaller plastic tubes (100 mm diameter) are wedged in at the tip of the arms.
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The moulds were lined on the inside with a textured rubber mat to give the side surfaces more
complexity. Rubber mats with a pattern of sharp edges are recommended to create a surface
texture that increase larval contact and provide shelter for settling coral larvae in high-flow
environments (Fig 4). Instead of using rubber mats to create textured patterns, the pattern can be
welded onto a stainless-steel mould, which makes production more cost-effective.

Figure 4 Above: Patterns and pattern sizes of the rubber mats, photos Daniel Paulsson. Below: Dismantled moulds with rubber
mats on inside, photo Anders Rudéng.

To further increase surface complexity and material diversity, large pieces (about 5—-6 cm) of
metallurgical slag is added to the arms and to the top of the reef (Fig. 5). Before casting begins,
the slag is placed in moist sand in the bottom of the mold and along the ridges of the arms, so
that it does not completely cast in. After demoulding, the sand is high-pressure washed off the
reef (Fig. 5). This procedure eliminates the need for glue, mortar and fastening iron that can
weaken the structure. In this way, parts of the slag would be protruding from the concrete,
creating additional complexity around the top ring and ridges of the arms. The slag should
protrude as much as possible so that the complex surface becomes accessible to the coral
larvae.
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Figure 5 Left: Close-up of surface texture and metallurgical slag added to the top and arms. Right: The slag in the sand before it
is washed away. Photos Anders Rudéng.

The metallurgical slag is rich in minerals with a composition of calcium, iron, silica, and
magnesium and our laboratory tests showed that D. pertusum larvae were attracted by both the
material composition and by the pores offered. It is a by-product of steel production and used as
alternative to gravel and macadam as aggregate in concrete and as a construction material in
road construction and other ground construction. It is non-toxic and can also be used for water
purification, both in private sewage systems and in industrial contexts. The slag looks like stone
and gravel, with the difference that the particle surfaces have a multitude of open pores offering
many small cavities for coral larvae to hide in. In LIFE Lophelia we used slag called Petrit E from
the steel industry Hoganas Sweden AB (Tab 1). There are steel mills in many locations across
Europe that produce slag like Petrit E, such as ArcelorMittal (Hamburg), Sidenor Basuari (Bilbao),
ABS Acciaierie Bertoli Safau S.p.A. (Udine), and Sidenor SA (Thessaloniki). The appendix C
contains a map of steel mills in Europe with electric arc furnaces (EAF), like the one operated by
Hdganas AB.

Table 1 Material composition of the metallurgical slag, Petrit E (from Hoganas AB, Sweden) in %, and its physical properties
(density & tons/m3). Product sheet from Hoganas AB is annexed in the appendix B. The oxides listed below are found in one or
more different mineral compounds.

Main chemical composition of Petric E %
CaO 40
MgO 10
SiO, {5
Al,O3 6,5
FeO 25

Physical properties of Petric E

Density Tons/m?
Grain density 3.5 tons/m?3
Bulk density 0—-25 mm 1.7 tons/m3
Bulk density 25-50 mm 1.4 tons/m3
Compacted density 2.6 tons/m?3
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A welded reinforcing bar (Fig. 6) inserted into the mold to strengthen the concrete structure and
reduce the risk of cracks. When reinforcing, great importance is placed on the cover layer to
maximize the life of the reef. The casting can be done both outdoors and indoors, outdoors the
weather is affecting the process.

After casting the spars are torn off and reused for the next casting, since the reefs were cast
upside down, they did not need to be lifted out of the mould but simply removed and the mould
was disassembled into parts. The stainless-steel moulds are cleaned and prepared for the next
casting. After the concrete has hardened, the reefs are turned so that they are facing the right
way up.

Figure 6 Left: Welded rebar used in casting. Middle above: Stainless steel eyelet at the top of the reef. Middle below: The reef
should have an uneven surface on the underside to prevent sliding. Right: The star-shaped reefs. Photos Anders Rudang.

By inserting stainless steel loops at the bottom of the mould during casting (top of the reef),
handling, transport and deployment of the reef is made easier. The loops should have the
following dimensions: 100 mm wide and 100 mm high to allow for the use of a gripping claw. The
round bar should have a diameter of 12 mm and be made of acid-resistant steel (SS 2343/ EN
1.4436) (Fig. 6).

The bottom of the reef should have a certain structure so that the contact surface provides a
braking effect when the reef is placed on the seabed, to prevent the reef from sliding away (Fig.
6). A rough concrete surface is obtained by raking the underside of the reef in several directions.
This gives a good result and is made possible by casting the reef upside down.

The concrete used in the casting was a mixture of 30% Portland Cement (SEM 1), 40% Ground
Granulated Blast furnace Slag (GGBFS, a finely ground slag) and 30% MicroFil Silica (silica
oxide). Each workflow (Fig. 7) of preparing the mould, reinforcement, casting and curing took 90
hours for 11 reefs, i.e. preparing the moulds day 1, casting day 2, curing days 3 and 4,
demoulding and transport day 5. The recommendation is to manufacture as many moulds as
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needed to be able to use the entire volume of concrete that can be delivered by a concrete truck.
This way, the production cost per unit can be reduced and the workflow can be streamlined.

Figure 7 Part of the casting process. Above: Casting up-side down direct from concrete truck and pour the concrete into the
mould, photos Daniel Paulsson, SABB. Below left: The reefs cure in the moulds. Right: The moulds have been removed, photos
Anders Rudang.

When the reefs have cured, they can be turned over and placed on a pallet for storage and
further transport.
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Model Il by 3D printing

The second model, model Il, was aimed for 3D printing in concrete. It was modelled to mimic the
reef habitat complexity with cavities, shelves, and protruding extensions on top with spaces for
fish and squat lobsters, and with top extensions mimicking the profile of a reef (Fig 8). With a
maximum weight of 600 kg measuring 100 cm high, 120 cm wide and 70 cm deep.

Figure 8 Left: Model Il, 3D printed reefs; right: printable CAD file.

Considering additive manufacturing, 3D printing in concrete can be done in two ways: spritzing
out concrete layer by layer as is done when building houses with 3D printing, or printing in a bed
of dry concrete mix by squirting water layer by layer in the dry goods (Yoris-Nobile et al., 2023;
Matus et al., 2024). In LIFE Lophelia we used the first method with regular 3D printing. This
method has limitations since every layer must be supported by previous layers, otherwise
premade supports need to be added during the printing. Figure 9 show a schematic diagram of
the 3D printing process.

Figure 9 Schematic diagram of the 3D printing process provided by ConcretePrint.
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The concrete mix used was a 50:50 mix of Portland cement (SEM 1) and GGBFS adapted to our
requirements within the limitations for workability and extrudability that must be managed when
3D printing in concrete. A silica slurry with fine particles is added, and the sand used for ballast
material is of a finer grain than is commonly used in casting. Instead of reinforcement bars we
used basalt fibers in LIFE Lophelia to have a natural and non-toxic material (Fig. 10). Other
alternatives are hemp (less durable) or carbon fiber (more expensive). Plastic fibers are not
recommended for use in the marine environment.

Figure 10 Left: Fine grained GGBFS. Right: Basalt fibers.

For small series of AR, the dry goods can be hand mixed in buckets before printing, thus
decreasing the time needed for preparation before each round of printing. When larger series are
produced, bags of ready mixed dry goods can be ordered from a concrete company. This would
give a good workflow and speed up the production, as well as reducing the cost per unit. As it
was set up for production for LIFE Lophelia it took 10 hours to print two reefs, the company
managed to print two units per day, with one day for preparation of the buckets of dry goods
before printing. The reefs needed 72 hours to cure before the printed units could be moved to
make space for the next two reefs. The design of our 3D-AR included open-ended structures (to
further increase chances of coral larval attachment) where the printer must pause and move
before continuing. With a design that allows for a continuous extrusion around the entire shape
printing time can be reduced. Two rods were inserted into the centre layer during printing to
create holes for a handle. Before the concrete sets, stainless steel loops are attached to the top
surface and through four wall layers to facilitate handling during transport and installation (Fig.
11).
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Figure 11 Stainless steel loops are attached through four wall layers. Drawing provided by ConcretePrint.

Figure 12 A) 3D printer for additive manufacturing in concrete. The printer was scaled for printing one-story buildings. B) Two
AR units were printed in parallel switching between units for each layer. The extruder (blue tube) is visible in the image. Two
sticks were inserted at certain layers to add holes for a handle to lift the unit during transportation and deployment. C) Close-up
of the surface texture of the 3D-AR. D) The final product. Image B and C courtesy of ConcretePrint.

-18 -



Restoration of Cold-Water Coral Desmophyllum pertusum by Deployment of Artificial Reefs

For a larger production series, the 3D printer can be moved to a location close to the harbor
where the ARs will be loaded for transportation to the deployment site(s) and save time and
money on logistics. On the other hand, printing indoors is perhaps preferable with a controlled
environment with even temperature and humidity. In too hot weather there may be a risk that the
concrete layer underneath will dry too quickly before the next layer is in place, although you can
cool by flushing water.

The technology for 3D printing in concrete is currently under development. The size of the printer
required depends on the size of the artificial reefs to be manufactured. By adjusting the print
speed, you can influence how rough the surface will be. Different types of nozzles also affect the
surface structure, and by over-pressurizing the concrete when it comes out of the pipe, you can
make the surface small-pored. For coral larvae, a rough and rugged surface is advantageous.

The different methods

The two different manufacturing methods have different advantages and disadvantages. With
casting, we were able to fix the metallurgical slag and create a pattern on the surface which in
laboratory experiments proved beneficial for coral larvae. Here, the limitation was in the number
of holes and cavities for larger associated organisms. With 3D technology, we were able to
achieve a more organic shape for associated fauna, but here the limitation was in the pattern
depth and the fact that we were unable to attach the metallurgical slag to the reefs. With 3D
technology, it is much easier to change and adjust the shape, simply by modifying the print file.
Whereas with casting, new moulds are required, which are costly to manufacture. 3D technology
may also become less expensive in the future as the technology develops.

In terms of cost, the two reef designs were quite similar in production cost in 2024. The 3D reefs
ultimately cost 890 euros per reef, but the start-up manufacturer did not charge the full cost of
development and printing equipment. The cast reefs cost 1250 euros per reef. The cost-
effectiveness depends on how many reefs you want to produce. For casting, the steel moulds are
a major cost, but the more reefs you produce, the lower the cost per reef. If you only need to
produce a small number of reefs, 3D printing is much more cost-effective. Alternatively, you can
use other materials (plastic or wood) for the moulds to reduce the cost when producing just a few
reefs. The metallurgical slag for the cast reefs is available at a low cost from 15 euros/ton (Bjérn
Haase, Hogands Sweden AB, 2024) and in large quantities. The steel industry in Europe
produces about 2.5 million tons of metallurgical slag annually.
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Deployments and preparations

Environmental monitoring

To optimize deployments for best results in your restoration area you need information on
environmental variables and bottom conditions. Multibeam and backscatter sonar data can help
identify the best locations, which are firm, current-swept seafloor with minimal slope so that the
reefs will not slide away. In the LIFE Lophelia project, the most suitable subareas for coral growth
were also chosen with the help of habitat suitability modelling (HSM) using high-resolution
bathymetry and backscatter data as well as current dynamics, living and dead Desmophyllum
pertusum coral colonies, and coral rubble. If environmental variables like temperature, salinity,
oxygen concentration, pH and sediment exposure is expected to vary within or between your
restoration areas, these can also be measured to concentrate restoration efforts to the most
promising spots.

Knowledge of current speeds and their fluctuations in the restoration sites are essential and D.
pertusum is globally associated with above average near-bed currents of 13+8 cm/s (mean + SD;
Maier et al., 2023). Besides being indicative of how well this coral will thrive, the current speed
affects the flow pattern and turbulence around and between the artificial reefs. Laboratory flume
studies showed that chances of coral recruitment increased when grouping the artificial reefs in
clusters and that the upstream-downstream distance between ARs should be adapted to local
flow conditions. In ambient flow velocities of around 0.07 cm/s we recommend the star-shaped
reefs to be deployed cc 2.5 to 3 reef diameters in between (3.75-4.5 m between centre of reefs)
and in around 14 cm/s, cc 2 reef diameters (3 m between centre of reefs). By optimising the
upstream-downstream distance between reef units, both the downmix of larvae and chances of
larval contact and attachment on the reefs are enhanced.

Deployment

To be able to deploy large numbers of ARs you either need a large ship with a generous amount
of deck space, a barge, or a vessel with an additional pontoon. A dynamic positioning system
(DP) is preferential to avoid anchoring in sensitive areas and to have control over the positioning
to be able to deploy ARs at designated areas. The size of vessel is depending on the restoration
site and its level of exposure to the elements. Offshore sites with high exposure and longer
distances to travel to reach the site will demand a larger vessel while sites closer to the coast and
some protection from an archipelago can allow for smaller vessels to be used. The restoration
areas in LIFE Lophelia were situated in a coastal area with some of the sites within an
archipelago, and some more exposed sites at open waters.

Most of the deployments in LIFE Lophelia were done with a specially constructed pontoon with 7
slots for the artificial reefs, one in the middle, and 6 surrounding slots to get the reefs deployed in
a 7-unit cluster formation (Fig. 13 and 14). The distance between the reef structures could be
adjusted slightly on the pontoon, and in LIFE Lophelia it varied between cc 3 and 4.5 meters,
depending on the measured current speed at the restoration sites.
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Figure 13 From left: Schematic placement of reefs in clusters of 7 and a drawing of a pontoon. Right: pontoon and ship used in
LIFE Lophelia, image courtesy of Green-Bay.

Figure 14 Left: Two reefs attached to pontoon, photo Anders Rudéang. Right: On the way to the deployment site, the pontoon
was towed behind the ship.

Using the vessels dynamic positioning system, the pontoon was kept in position while one unit at
a time was lowered to the seafloor. Before and after deployments a tow-camera was used to first
inspect the seafloor to confirm that the bottom was suitable, and finally to check the positions of
the reefs. Inspection can also be done with an ROV. The specially built pontoon was ideal
because it made it easy to place the ARs where we wanted them. However, the pontoon was
sensitive to weather conditions and could not be used if the wind speed exceeded 6 m/s. The 3D-
reefs were deployed in smaller clusters of four units. Some reefs were also deployed one at a
time without using the pontoon when fewer reefs were to be deployed in smaller areas.

A crane truck is recommended to facilitate the installation of the reefs on the pontoon (Fig 15).
When the reefs arrive from the manufacturer, forklifts or a crane truck may be needed to assist
with unloading. Storage space for the reefs may be required during the period between their
arrival from the manufacturers and their deployment.
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Figure 15 Left: Loading of AR onto pontoon using a crane truck. Right top: Unloading with forklift/truck. Right bottom: storage.

The cost for deploying the artificial reefs will totally depend on the location and depth of the
restoration site. In LIFE Lophelia we deployed the reefs close to the coast at around 100 m depth.
In that regard our sites must be considered “cheep” to restore. Including also costs for transport,
loading/unloading the reefs, and mounting of the reefs onto the pontoon using a crane, the cost
for deployment per reef in 2024 was 1465 EUR with the great majority of costs (1387 EUR) being
hiring the vessel with crew. The deployment was weather dependent and too much wind on
several planned deployment days increased the total costs for deployments. Deployments in e.g.
Irish protected areas with much longer distances from shore and in rougher waters will inherently
be much more expensive. Larger vessels are needed and with deeper deployment depths more
advanced equipment is needed.

The project’s website also features a video on Artificial reefs and restoration — Production and
deployment, which you may find useful; see Results - LIFE Lophelia.
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Methods and results

In this section follows a short description of the methods and results leading to the design and
material choice for the artificial reefs in LIFE Lophelia. If you want to develop or modify ARs to
optimise them for another framework-forming scleractinian cold-water coral (see Analytical toolkit
below), the methods presented here can become useful.

Rearing of coral larvae

To study larval attachment possibilities and preferences you need to rear coral larvae to the
mature stage in the laboratory.

Collection: The first step is to collect parental colonies from a healthy reef site. Remotely
Operated Vehicles (ROV) can be used for the collections, either equipped with a manipulator arm
with a claw and a sample box for smaller samples, or an ROV equipped with a basket for
collection of larger samples. Larger and well-fed polyps have more gametes, and one way to
discern the more well-fed polyps is to look for colonies that seem to be ‘fleshier’, i.e. having
thicker, soft tissues. Trying to assess the size of the polyps are more difficult on video and a good
size reference attached to the ROV is necessary. For Desmophyllum pertusum and other species
that have separate sexes, a sufficient number of samples should be gathered to be sure to get
both genders and to have several mating pairs. Not all pairs are compatible and able to produce
viable larvae.

Sex determination: To be able to identify which sample of coral is male or female, a few polyps
can be sacrificed from each sample and dissected or prepared for histology. For dissection,
polyps are cut in half lengthwise with a sharp blade (we use an old microtome blade) and then
examined under a stereo-magnifier to see whether egg sacs or sperm sacs are present centrally
within the mesenteries (Fig 16). If you find egg sacs all polyps of that sample are female, vice
versa. Rarely there will be a colony made up of two anastomosed colonies with separate sexes.
Mature egg sacs are conspicuous and have visible germinal vesicles, making the eggs look like
donuts with a central cavity. Sperm sacs are more difficult to spot but is recognized by their finely
wrinkled surface. Dissect out pieces of egg or sperm sacs to confirm your findings under a
microscope if necessary.

Maintenance: The collected coral fragments thrive better if raised above the aquarium floor. We
mounted the coral fragments onto concrete bases with the help of coral epoxy putty. The
concrete bases should be kept on flow-through for at least a week before using them for coral
mounting to neutralize the pH. The corals can be handled above water for a short period without
any damage thanks to their mucus production that prevents desiccation. The putty hardens under
water, so as soon as the corals are mounted, they can be put into the tanks. The concrete base
can be marked with sample ID and gender.
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Figure 16 Gamete sacks in Desmophyllum pertusum. A) A lengthwise divided calice with tentacles to the right, base to the left.
Arrow pointing at egg sac adjacent to a mesentery. The gamete sacs are found centrally within the calice, just below the oral
disc. B) Close-up of the same egg sac as in A under stereo magpnifier. Individual oocytes are discernible within the sac.
Germinal vesicles are visible as dark spots. C) Oocytes (eggs) under light microscopy. Arrow pointing to a germinal vesicle, a
sign that oocytes are mature. D) A sperm sac in a male polyp. Elongated, almost rectangular cells visible. E) A sperm sac
attached to a mesentery under light microscopy, arrow pointing at the sac. F) A close-up of the sperm sac in E.

For maintenance of the parental D. pertusum colonies, water circulation speed in the aquaria
should be adequately high and is best achieved with a propeller-type circulation pump. Pumps
that produce air bubbles that can become stuck to the coral fragments should be avoided. The
water velocity should be high enough, so you clearly see movement of the tentacles. Another
benefit of a propeller-type circulation pump is that during spawning the propellers can be set at a
very low rpm, and this will be gentle enough so that the released eggs are not ruined. A pump
with a filter inside cannot be used with gametes in the water. We kept the corals in tanks with a
flow-through of deep-water but alternatively closed systems with water management can be used.
Depending on the quality of the incoming water, it can be cleaned through a series of filter such
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as a sand filter, and additional polypropylene cartridge filters with 50 um, 5 um and also 1 pm
mesh size. A UV filter can be added to avoid contamination of parasites if there are detrimental
parasites present in your water system to prevent infection of embryos during the spawning.
Water temperature should be kept at the ambient in situ temperature in the region and for the
season. In Skagerrak during spawning season in January through February this is at 7-8°C at the
D. pertusum reef sites. The aquaria should be kept in darkness as much as possible to avoid
algae growth.

Feeding: D. pertusum is a generalist feeder but the most important food is highly nutritious
zooplankton such as copepods which are rich in protein and fat. Frozen Red Plankton with
Calanus finmarchicus can be bought in blister packs, thawed in seawater and poured into the
tanks. Keep the propellers running at a moderate level during feeding to keep the food in
suspension and enhance encounter with and ingestion by the coral polyps. The Red Plankton can
be complemented with other types of food to offer a wider range of nutrients depending on the
needs of the species. Feeding is done at least three times per week.

Cleaning: The tanks need to be cleaned from sediments and food residue to avoid too much
bacterial activity. A silicone hose attached to a plastic tube can be used as a vacuum cleaner,
siphoning residue from the bottom of the tanks. Coral mucus should also be sucked out of the
tanks if there has been a disturbance since coral mucus is a good substrate for bacteria.

Figure 17 Gamete release in Desmophyllum pertusum. A) Polyp in pre-spawning position with swollen oral disc and tentacle
bases. B) Egg release. C) Post-spawning position with mouth wide open and using ciliary movement to release the remaining
oocytes. D) Another view of a female polyp releasing eggs. E) A male polyp during sperm release. It was poked and has
released more than normal. A slow ooze of sperm is more common.

Spawning: With larval production as the main goal, male and female colonies should be kept
together in the aquaria to enable hormonal signalling and synchronised spawning. The spawning
season for D. pertusum is mid-January to mid-March with peak in February in the Skagerrak.
Usually, the males will start releasing sperm and females follow with egg release. In D. pertusum
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the polyps have a very conspicuous look as they are getting ready to release their gametes (Fig.
17). The tentacles are squeezed together at the tips, and the oral disc is protruding, gathering
fluid within the gastrovascular cavity and tentacle bases to release the gametes within it. This
pumped-up mode is kept for about 1 hour before they release the gametes. Males slowly ooze
out their sperm unless disturbed, while females release their eggs more forcefully, usually in three
bursts separated by 15-20 minutes. We have found that spawning sometimes can be triggered
by reducing both the flow-through of water and the pump speed, with the possible mechanism
being more concentrated signals.

Gamete collection: With gametes in the water, the flow-through should be cut off completely,
and the propeller set at the lowest possible speed. The low turbulence will help fertilization. If
possible, wait until spawning is finished if the gamete density is not becoming too high. Gametes
can then be collected by siphoning water out into large (e.g. 2—4 L) glass bowls. Make sure to use
clean hoses for siphoning out gametes. Use glass ware only for gamete handling. Sperm can
stick to plastic.

Larval rearing: Reared at 7-8°C, the D. pertusum embryos reach the 64-cell blastula stage after
48 h. Most embryos are neutrally buoyant and at this stage they can be moved to clean water in
culture flasks. In the dark, illuminate the glass bowls from the side and pick the bright reflecting
embryos with a clean Pasteur-pipette (glass). Cilia start appearing by day 3—4 and by day 5 the
embryos are clearly swimming. At higher rearing temperatures embryo development is faster so
adjust to your conditions. Glass Erlenmeyer flasks (1-2 L) are recommended as culture flasks
with a maximum density of 1 embryo/larva per mL (these larvae are 0.2 mm, adjust to larval size).
Embryos and larvae swim upwards during the first weeks and gather in the upper portion of the
water body. The E-flasks are recommended to be put upside down on a rack so that the wide
bottom is facing upwards, giving the larvae maximum volume. The E-flasks should be filled up
completely, with no or minimum air present. Some cultures are fine without water exchange until
larvae are mature while other benefit from regular water exchange (1-2 times a week). Itis a
trade-off between the risk of bacterial growth on decaying larvae and the risk of introducing e.g.
parasites when changing the water. We have tried different levels of water filtration from 0.2 um
to 5 um with no clear best result. When larvae are around 5 weeks old, they have a fully
developed mouth and gastrovascular cavity. By this time, they are also getting ready for settling
and begin to display bottom-probing behaviour. These larvae are planktotrophic (obligate or
facultative, presently unknown) that might need to feed to become competent for settling and
metamorphosis. Feeding the larvae will likely anyhow enhance chances of settlement and
recruitment.

Food preparation and feeding: Food for larvae can be prepared by homogenizing Red
Plankton, the same food as given to the adult corals. The homogenized plankton can then be
centrifuged at 3000 rpm for 20 minutes so that the different fractions separate. Use the fine
protein fraction in the middle and pipette it into small portions, e.g. 1.5 mL tubes, and put in the
freezer. Larvae can also be fed with unicellular microalgae such as Rhodomonas salina,
Tetraselmis sp. and Duniella tertiolecta (Paulsrud et al. 2025). After feeding for a number of
hours, move larvae to clean water to avoid possible detrimental growth of bacteria. If your larvae
have developed an oral pore, but you are not sure they are competent to feed, their swimming
behaviour may provide a good indication (Strémberg & Larsson 2017, Paulsrud et al. 2025).
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The project’s website also features a video on the Collection and maintenance of adults and
larvae, which you may find useful; see Results - LIFE Lophelia.

Laboratory experiments on coral larvae

Close to nothing is known about what stimulates the larvae of deep-sea corals to settle onto the
substrate and metamorphose. Tropical coral larvae respond to chemical cues from bacteria or
encrusting algae on the surface of the substrate, but they also respond to surface texture,
chemical cues in the substrate material itself (like calcium carbonate, or magnesium), as well as
water movement, or sound. Many cold-water corals are associated with high flow environments
which makes it challenging for the weekly swimming larvae to be able to attach. We don't know
much about how coral larvae first attach to the substrate, but there are indications they may use
mucous strings or stinging cells (Stromberg et al. 2019) to anchor themselves. Flow may also be
an important cue stimulating them to settle. When larvae begin to display bottom probing
behaviour and are getting ready settle, experiments on prerequisites and preferences for
settlement can begin. The aim of our laboratory studies was to investigate how the material
composition and surface structure affect larval exploration of substrates and attachment to them.
The main materials investigated was various concreate mixes, calcium carbonate substrates
enriched with Sr and Mg, and metallurgical slag. The effect of surface structure/topography was
investigated in both still and moving water to assess propensity and ability of larvae to attach. For
D. pertusum, no permanent settling and metamorphosis have still occurred in a laboratory
environment. Therefore, our experiments concentrated on assessment of larval exploration
behaviour.

Staining of larvae for experiments

We found it very helpful to stain the small (0.2 mm) white D. pertusum larvae to increase visibility
and trackability in experiments. Following protocols in Aleman-Nava et al. (2016) and Doropoulos
and Roff (2022), we used the lipophilic stain Nile red. In our experiments we used 1 mg of Nile
Red dissolved in 2 mL DMSO to produce a stock solution. A portion of the stock solution was
then mixed with seawater to a concentration of ¢. 2.5 mg mL™1. Larvae were then incubated in the
solution for a few hours before use in the experiments. When illuminated with blue light and
studied or filmed through a yellow filter, the larvae fluoresce in bright orange.

Larval experiments in still water

To test different material compositions or textures, we ran short-term experiments with larvae in
standard 6- or 12-well plates in still water. When larvae are added to the wells you make a
video/time laps photo recording for a few minutes to track their behavior. Tracking can then be
done in ImageJ/Fiji or a similar tracking software. If larvae are interested in the substrate they will
display bottom-probing behavior exploring the surface carefully. If they don't detect what they
perceive to be an interesting cue, they'll swim faster, farther up in the water column and away
from the substrate (Fig. 18). From the swimming trajectories, average swimming velocity and
average angular change can be used as proxies of interest where a slower swimming speed and
higher angular change indicate higher interest in the substrate. The angular change of a larva is
its trajectory deviation (in degrees) compared to if the larva would have continued straight ahead.
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If your larvae attach on a more permanent basis and settle, number of metamorphosed
individuals can of course be used for assessment of settling preferences.

Figure 18 Example of swimming behaviour of Desmophyllum pertusum larvae in wells of a 6-well plate with a piece of
metallurgical slag present. B1) Starting positions of larvae. B2) Tracks of larvae during a 5 min recording period where larvae
display both water column swimming and substrate exploration behaviour. Some larvae attached to the substrate and remained
on the spot for the duration of the recording. Adapted from Stromberg et al. (2025)

Results

Main results on settling preferences of D. pertusum larvae found through these experiments
include:

e Concrete with pulverised slag (GGBFS, magnesium-rich) is preferred over standard Portland
cement.

* Enrichment of the cement with Silica oxide showed neutral to positive response.

¢ Both the highly porous structure and the material composition of metallurgical slag attracted
larvae more than pieces of granite stone.

* Ridged surfaces providing troughs just larger than the larvae themselves were more attractive
than smooth surfaces.

Larval experiments in moving water

Since water movement and turbulence potentially can act as both a trigger and a hindrance to
attach, we performed experiments in 2 types of flow chambers/channels. The first, a cylindrical
tank, was constructed to stimulate attachment by providing flow and turbulent eddies around
substrates placed in the chamber (Fig 19A). The second one, a small racetrack flume with
definable flow conditions in the working section, was used to test attachment possibilities
depending on substrate topography (Fig 19B).
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Figure 19 Experimental setups larval attachment in moving water. A) Cylindrical tank equipped with a motor driven Mississippi
paddle. Motor and steering box were attached on a table placed over the tank. Recordings were made from the front. B) Small
racetrack flume with the propelling wheel in the back. Test panels were placed flushed on the floor in the working section and
recordings were made from above.

From recordings in the cylindrical tank, observations of how larvae move in the turbulence around
the substrates and make contact with them could be made. Attachment of larvae on several
substrates were spotted indicating larvae were both promoted to and able to attach (Fig 20A). To
stay in touch with a surface in flow, some attachment mechanism is needed (e.g. stinging cells or
mucous). This design can be used for settling experiments and potentially also for creating
laboratory-seeded substrates (substrates with coral recruits) for transplantation to a restoration
site. In the racetrack flume, ridged surfaces on 2 scales were tested and compared to smooth
surfaces, all made of PLA plastic. Ridges/furrows were 4 mm wide and 2-4 mm deep, 0.3-0.4 mm
wide and as deep, and a third type had a combination of both ridge scales (Fig 20B). Larvae
contacting smooth panels were mostly quickly swept off without attaching. On the ridged panels,
some larvae were mixed down into the mm-scaled furrows and larvae were seen to take
advantage of the reduced flow rate in the furrow to explore the substrate. Also ridges/furrows on
the sub-mm scale on its own increased attachment to the panels and larvae were frequently seen
to disappear into these furrows usually remaining there for the full 10 min recording time.

Figure 20 Stained coral larvae visible as bright orange dots in the photos. Larvae were stained in a Nile Red solution,
illuminated by blue light, and recorded through a yellow filter. A) Arrows pointing at larvae attaching to substrates made up of
ceramic (left) and natural calcareous organisms (right) in the cylindrical flow tank. B) Larvae in contact with and attached to a
structured panel with a combination of smaller and larger ridges and furrows. Arrow pointing to a larva disappearing into the fine
scaled furrow. Recorded from above in the racetrack flume with flow from left to right.
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Results

Main results on attachment of D. pertusum larvae in flow include:

e Larvae can and do attach to flow exposed surfaces using some attachment mechanism.

e Attachment to and exploration of substrates was facilitated by topographical features on the
mm scale (width and depth) offering microenvironments with reduced flow.

e Surface roughness on a scale slightly larger than the larvae themselves also facilitate
attachment and cavities on this scale encourage exploration.

Hydrodynamic assessment of artificial reef design and spacing

The overall design of artificial reefs is important for larval settlement in high flow environments.
Adding an artificial reef to a flat sea floor will break up the otherwise unidirectional currents,
creating eddies that can transport larvae back towards the reef and increase chances of
attachment. The probability of attachment increases as local flow velocities decline close to the
reef surface. The extent of this flow reduction can be assessed by computing the shear stress. If
you have data on natural flow conditions at reef sites, you can simulate those flows in a flume. By
using scaled models of artificial reefs but exposing them to faster flows in such a way that you
maintain the Reynolds number of the artificial reef in nature, natural flow patterns are recreated.
An alternative to doing flume experiments is to use Computational Fluid Dynamic (CFD)
modelling.

To further facilitate larval contact and attachment possibilities to the artificial reefs, we decided to
deploy them in groups of seven as described in the deployment section. The placement of reefs
within a cluster, should if possible be oriented to the predominant current direction. By doing that,
the upstream reef will reduce the flow coming on to the next reef and in the wake, downmixing of
larvae and nutrients occur. The distance between the reefs should be optimised to maximise the
downward advection of larvae and at the same time ensure that flow velocities on downstream
reefs are lower than ambient flow rates to facilitate larval attachment. If reefs are placed too close
to each other so called slimming flow may occur where downmixing of new water is limited. If
reefs are placed too far from each other, the downstream reef will not benefit from flow reduction.

Flume experiments

In Life Lophelia we could not assess reef designs as planned due to malfunctioning of our Particle
Image Velocimetry (PIV) system. After the system was repaired and renewed, we used the
system to assess the optimal spacing between the star-shaped reefs before deployment. Scaled
models of the reefs were 3D printed, and metallurgical slag attached on top of them to mimic the
casted full-scale reefs. The models were placed upstream-downstream of one another in a large
recirculating flume and the distance between them was varied. Experiments were run in flow
velocities equivalent to 0.07 m s and 0.14 m s at the reef sites which correspond to the
minimum median velocity and the maximum median velocity respectively for the sites where our
reefs were going to be deployed. PIV-recordings were made in between the 2 reefs through the
transparent sidewall of the flume (Fig 21).
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Figure 21 Examples of instantaneous PIV measurements of flow fields in between 2 models of star-shaped atrtificial reefs in a
laboratory flume. The flow direction is from left to right and the flow speed is 30 cm/s corresponding to 7 cm/s in the field with full
scaled reefs. The cc distance between the reefs is in (A) 2 reef diameters and in (B) 3 reef diameters. The x-axis shows the
position in the streamwise direction and the y-axis in the vertical direction. Black arrows are vectors showing the magnitude and
direction of the flow in each point. Colour contours show the absolute flow velocity. The white field in the lower right corner is the
masked-out tip of the arm of the downstream reef.

Results

Main results from the hydrodynamic assessment of spacing of artificial reefs are:

¢ The distance between reefs when placed in clusters should preferably be adjusted to the
ambient flow velocity (measured 1-2 m above the bottom) at respective restoration sites.

e In ambient median flow velocities around 0.07 m s the star-shaped reefs should be placed
cc 2.5 to 3 reef diameters from each other corresponding to 3.75—-4,5 m between the centres
of the reefs.

e In ambient median flow velocities around 0.14 m s™! the star-shaped reefs should be placed
about cc 2 reef diameters from each other corresponding to 3 m between the centres of the
reefs.

Field experiments with settlement panels

Deployment of settlement panels on or near the planned restoration sites is useful for various
assessments. Settlement panels are panels or other objects that are deployed for some time and
then retrieved again for identification of recruited fauna. The two main ways to identify fauna is
visual (live and/or from photo) or by eDNA. In the latter method, all fauna on one panel is scraped
off as one sample and found DNA-sequences compared to a reference library. Recruitment of
new individuals in the deep-sea takes longer than in shallow waters, so settlement panels need to
be deployed comparably longer. For panels at 100 m, the most common species will probably
have recruited after one year, and faster-growing organisms will be clearly visible but be aware of
seasonality and take that into account. For a more complete and mature community to develop
you may need to wait three to four years, depending on the site. At deeper sites recruitment rates
can be even more sporadic and slower. Choice of material and surface structure of the panels will
influence recruitment with highly complex surfaces at a range of scales promoting higher
recruitment rates and diversity. A disadvantage with highly complex substrates is that it can be
harder to visually identify recruited fauna and more difficult to scrape it off for biomass- or eDNA-
sampling. Sediment may accumulate on horizontal upward facing surfaces so vertical and
downward facing surfaces should also be offered. The height above the seafloor where the

-31-



Restoration of Cold-Water Coral Desmophyllum pertusum by Deployment of Artificial Reefs

panels are placed is another factor that can influence what organisms are recruiting. Depending
on your goal with the investigation and your deployment site you need to plan accordingly.

In LIFE Lophelia we had four different goals with the investigations using settlement panels:

1. To assess the pool of D. pertusum larvae at our planned restoration sites.

2. To assess the associated biodiversity at the restoration sites, comparing sites with presently
live coral and sites with only coral rubble. This baseline can also be used to compare with
biodiversity after implemented restoration.

3. To assess how height above the seafloor affect recruitment patterns to guide the decision on
height of artificial reefs.

4. To assess how different material compositions and substrate topographies affect recruitment
to guide material choice to and design of the artificial reefs.

Settling racks on all restoration sites

Settling racks to address the three first questions above was deployed at our six restoration sites
and at our reference site, the thriving Tisler reef built up by D. pertusum. These settling racks
comprised of four poles where stacks of three panels made of concreate were placed at 30, 60
and 90 cm above the seafloor (Fig 22). Half of panels had pieces of metallurgical slag attached
on the top surface, in one stack all panels were equal. The panels were left for four years on the
seafloor before retrieved. The panels were immediately after retrieval thoroughly documented by
photographing and identification of fauna to lowest possible taxonomic level was done from
photos.
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Figure 22 Settling racks after 4 years on the seafloor. The fauna differs between the sites. A-C) Recruitment at sites with live
coral cover, high habitat complexity and relatively high current velocity. The fauna was dominated by the colonial serpulid
Filograna implexa and other calcified fauna, and the soft octocoral Dead man'’s fingers (Alcyonium digitatum); D-F) Recruitment
at sites with no live coral cover, very low habitat complexity and lower current speed. Fauna was dominated by hydroids, saddle
oysters, peacock worms (Sabella pavonina) and tunicates.

Results

Main results from analyses of the settling racks at all restoration sites include:

e No recruitment of D. pertusum found on any of the sites.

¢ Diversity was high with 12 phyla represented and species (or taxa) counts ranging from 96 to
128 per site.

o Community composition differed among sites, and the difference can be correlated to
environmental conditions and status of the reef habitat.
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Settling panels to test effects of material composition and substrate topography on
recruitment

The fourth objective listed above was investigated through a series of settling panel deployments.
To a large extent, the same materials and topographies that had been tested in the laboratory
were also used in the field. Deployments of these racks were all done on sites with live coral.
Panels (7x7 cm) in PLA plastic with ridges and furrows of the same dimensions as in the
laboratory study above, was deployed for 1.5 years at 2 different sites. Concreate panels (10x10
cm) with pieces of highly porous metallurgical slag, smooth metallurgical slag and granite stone
embedded in and covering in total 50% of the surface of the panels were deployed for 26 months
on one site. Panels (5x10 cm, Fig 23) made up of four different concreate mixes (including
standard Portland cement as a control) and two levels of surface roughness (high=cement
covered embedded metallurgical slag and low=jute soaked in wet cement, Fig 23B and 23C).

Figure 23 A) Rack with settling panels with different mixes of concrete and two levels of complexity. Standard Portland cement
was used as controls against three mixes with different ratios of Ground Granulated Blast Furnace Slag (GGBFS) and silica
oxide (SiO). B) Settling panel with high complexity (slag). C) Settling panel with lower complexity (jute). D) The rack upon
retrieval after 19 months on the seafloor. E) Close-up of two panels with recruited fauna. The most conspicuous fauna observed
here is the octocoral Dead Man'’s Fingers (Alcyonium digitatum, the white and orange cushions), and the Filigreed Coral Worm
(Filograna implexa), a polychaete in the family Serpulidae.
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Results

Main results from analyses of effect of material composition and substrate complexity on field
recruitment include:

e No recruitment of D. pertusum found.

e Higher number of organisms recruited into furrows (both on the mm- and sub-mm scale) than
onto ridges.

¢ No difference in recruitment of the leather coral dead man’s fingers (Alcyonium sp.) or cover
of calcifying organisms among panels in the metallurgical slag versus stone treatment.

¢ On panels with different mixes of concreate, high surface complexity had a strong positive
effect on species richness and diversity.

e The concreate mix itself showed less effect but the panels with the highest levels of silica
oxide had significantly lower richness and diversity.

e Although not tested in the same study, recruitment on concreate panels were much higher
than on plastic panels with comparable surface complexity and deployment time.

The project’s website also features a video on the Experimental work in the lab and in the field,
which you may find useful; see Results - LIFE Lophelia
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Analytical toolkit for implementation to other
species and areas

This section provides some information on what to think about if you want to restore other species
of cold-water corals (CWC) than D. pertusum which was the targeted species in LIFE Lophelia.
The technique with deploying artificial reefs is mostly useful for restoration of reef building
scleractinian corals although solitary scleractinian species (e.g. cup corals) likely also can benefit
from reef deployments. The method is likely less useful for hard octocorals (e.g. gorgonians)
although you find these also on rocky bottoms. This has to do with their way of growing where
they don't branch out to reefs but grow upwards to form whips or fans.

This analytical section primarily focuses on adapting the method to restore the lost coral species
and not all the function of the lost habitat immediately.

Get to know your species

Unfortunately, there is still so much unknown when it comes to reproduction in cold-water corals.
When you know which single or mix of species you target to restore, start by doing thorough
literature research on all aspects of reproduction in the coral/corals. Find out all you can about
sexuality, fecundity, maturity, modes of reproduction, time of spawning, larval nutrition, larval pre-
competency period, pelagic larval duration, larval mortality, larval size, embryo and larval
behaviour, larval settlement preferences. These traits will inform you about dispersal potential
which together with knowledge of coral distribution and current patterns in the region give you
basic information on connectivity possibilities. If you aim to restore corals by facilitating recovery
through larval settlement, you must make sure larvae from a nearby source can reach your area.
These traits will also inform you of modifications of the artificial reefs to increase settlement of
your coral species, and possibilities of a restored site to become to act as source population.
Current knowledge on reproduction of CWCs is reviewed in Waller et al. (2023) and is together
with references therein a useful source of information. Below we also advice in own studies that
directly or indirectly can give indication of the requested traits.

Sexuality, fecundity and maturity

Most cold-water coral species are gonochoric, i.e. have separate sexes. The other alternative is
hermaphroditism where the same individual can produce both eggs and sperm either
simultaneously in different polyps, sequentially in the same polyp or the sex of the individual
change in periods (Waller et al. 2023). To examine the sexuality the presence of eggs and sperm
in mature polyps can be assessed through dissection (see section Rearing of coral larvae, sex
determination above) or by histology (e.g. Feehan et al. 2019). The sexuality is important
information if you want to add some coral fragments on your artificial reefs to make sure you have
both sexes. The information is also imperative to make quick assessments of potential source
populations where fragmented reefs may reproduce poorly because of long distances between
male and female colonies. Water turbulence dilutes the gametes and for some species the
fertilisation rate drops dramatically with sperm concentration (Moreno-Moran et al. 2026).

Fecundity measures the reproductive output of corals and is quantified by the number of
eggs/larvae that are produced, usually per polyp and year. The fecundity can be used as an
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indicator of dispersal potential since organisms that produce large quantities of larvae may show
greater connectivity compared to species which produce fewer offspring. This because a greater
number of larvae produced increases the probabilities of successful recruitment (Johnston &
Larsson 2019). In cold-water corals the fecundity is usually assessed through histological
analysis (e.g. Feehan et al. 2019). The age before recruited coral individuals begins reproducing,
i.e. become mature, is also good to know. Your restored area will not function as a source
population producing offspring before this and concordantly surrounding populations will only be
able to contribute to the larval pool if individuals are mature. Maturity is indicated by the presence
of egg and sperm and can be assessed through dissection or histology.

Reproductive mode and time of spawning

The sexual reproductive mode (broadcast spawner or brooder) is generally a very good indicator
of the dispersal potential of larvae. Broadcast spawning corals release eggs and sperm into the
water column where fertilization and embryo development takes place. In cold-water
environments, this leads to comparably long development times before larvae are mature to settle
(e.g. Strobmberg & Larsson 2017). Brooding species on the other hand, release fully developed
larvae which can settle soon after they are released. The main difference between these modes
is the result in larval pre-competency periods which will be further discussed below. The larvae of
broadcast spawners will drift for weeks to months before they can settle and will have low
chances of returning to their natal site. The brooded larvae can settle quickly and thereby
possibly colonize the natal site effectively. Brooded larvae generally also have shorter median
pelagic larval duration, i.e. spend less time in the water column resulting in typically lower
dispersal distances than for larvae of broadcast spawners.

Most of the studied cold-water corals reproduce either seasonally (once a year) or produce
multiple cohorts annually. This will affect the colonisation of your artificial reefs where recruits can
be expected maximum once annually or more continuously. The time of spawning also affects
larval dispersal since the circulation of water masses within a sea basin differs with seasons.

If the reproductive mode or reproductive season is unknown, histological studies using sampled
polyps from several seasons during the year can help. If larvae are found in (or in some cases
on) the polyps there is direct evidence of brooding. If you find late stage oozytes (mature eggs,
but no larvae) and for seasonal species also can follow the egg size and development, the
species is likely a broadcast spawner (e.g. Feehan et al. 2019). If you only find one size class and
development stage of eggs in the polyps, seasonal spawning is indicated with spawning occurring
in between when the largest and smallest eggs are found. Multiple size-classes of eggs in the
same polyp indicate multiple cohorts per year. However, for some species and populations that
reproduce seasonally, there can be overlapping cohorts with next year's eggs starting to develop
before release of the present year's (Brooke & Jarnegren 2011).

Larval pre-competency period and pelagic larval duration

The pre-competency period and the pelagic larval duration are traits determining dispersal
potential of the species and possible connectivity among populations. Knowledge of these traits is
important if you want to model or estimate larval exchange between your restoration sites and
neighbouring coral sites. The pre-competency period determines the minimum amount of time
that embryos and larvae, after being released, spend in the water column before they settle. This
period can be experimentally assessed by studying larvae in the laboratory. If your larvae settle
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and metamorphose, the first ones to do so marks the end of the pre-competency period. This
period can also be evaluated by behavioural studies when larvae start swimming downwards and
explore substrates at the bottom (Strémberg & Larsson 2017). There are also indications that
coral larvae may use stinging cells for anchoring on substrates in moving water which results in
that these need to be developed before the larvae can settle (Stromberg et al. 2019). The
absence or presence of stinging cells can easily be documented by microscopical studies with
larvae in a drop of water under a cover glass. By gently tapping or pressing the cover glass, the
planulae are triggered to fire their stinging cells.

The pelagic larval duration (PLD) is harder to determine but the pre-competency period is equal
to the minimum PLD period for coral planulae. The maximum PLD is the maximum time the
larvae can drift and still have energy to settle and metamorphose when suitable substrate is
encountered. But the longer you drift the higher the risk of mortality and very few larvae will make
it in the long run. In the laboratory you can assess the median PLD when a majority of larvae
settle or show bottom probing behaviour. But if larvae drift without encountering suitable substrate
to settle on, this period will be longer. If larvae develop a mouth and feed (e.g. Paulsrud et al.
2026), the maximum PLD can be prolonged because of renewed energy supply. You can study
longevity by just keeping larvae in the lab, but if they do not settle you cannot draw conclusions
on the maximum PLD.

It is important to keep in mind that the water temperature affects the larval development time with
faster development in higher temperatures. Especially in the span of temperatures (~4-14 °C)
where CWCs thrive, the development rate can differ substantially. The pre-competency period of
D. pertusum larvae was found to decrease threefold with temperature in this temperature range
(Ann Larsson, unpublished data). This implies that you cannot use data of pre-competency period
and PLD as is but need to have an idea about the temperature in your restoration area compared
to in the study you derive the data from.

To conclude, a short pre-competency period will increase the proportion of larvae recruiting
locally near the natal reef. The longer PLD, the greater dispersal potential and both median and
maximum dispersal distance increase with PLD (Treml et al. 2015).

Larval type and swimming behaviour

In addition to pre-competency period and PLD, the dispersal distance can be significantly
influenced by traits such as embryo and larval buoyancy, larval type (crawling or swimming) and
swimming behaviour. Of great importance are if larvae are crawling or swimming. Some brooding
corals release non-swimming planulae (crawlers) that depending on ambient current conditions
and release height above the bottom may be transported a very short distance in the water
column before they become demersal on the bottom and only crawl or possibly drift along the
bottom if currents are strong. Crawling larvae have been documented in several orders and
species of CWC (Waller et al. 2023) and for the cup coral Balanophyllia elegans settlement
typically occur within a few metres from the parents (Gerrodette 1981). With crawling larvae,
recruitment is often restricted to within a few hundred meters from the parental colonies (e.g. Harii
and Cayenne, 2003).

Vertical swimming behaviour is another very important trait for dispersal of larvae. This behaviour
will decide where in the water column larvae are transported during their different life phases
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which affects dispersal since both current strength and direction varies with depth. Laboratory
experiments have shown that larvae of D. pertusum (Fig 24) swim upwards during their first 4-5
weeks at a speed of up to 50 m/day, cross salinity gradients and survive in salinity of 25 psu
(Stromberg & Larsson 2017). The realised dispersal distance is much increased if you take this
vertical swimming and resulting near surface dispersal into account in biophysical modelling of
larval dispersal (Fox et al. 2016).

Figure 24 SEM image of a fully developed Desmophyllum pertusum planula. The cilia are used for swimming, and the oral pore
is clearly visible. Photo credit Fredrik Pleijel.

Also, the buoyancy of eggs and embryos can affect dispersal and both negative and neutral
buoyancy is reported for released eggs in CWCs.

To find out about all these traits, you need to keep spawning corals in the laboratory. For
brooding species, you can easily distinguish if the released larvae are swimming or drop to the
bottom and crawl. The buoyancy of eggs and early embryo can be studied in a water column with
no water circulation. Directional swimming (upwards/downwards) and swimming speed can be
studied in a pillar aquarium where you can also add one or several salinity gradients (Strémberg
& Larsson 2017).

Larval size and settlement preferences

Many marine invertebrate larvae choose to settle into grooves and pits with slightly larger
dimensions than the larvae themselves. This is hypothesised to increase anchoring efficiency and
to protect the recruits from predation during the early most vulnerable phase. Coral larvae are
included in this category, and as presented above, larvae of D. pertusum prefer such tight
spaces. Consequently, you should offer substrates on your artificial reefs with cavities/furrows
that offers the right dimensions for the size of your species’ larvae. If the larval size is not known,
the mature egg size will indicate the size of the larvae at least for species where the larvae do not
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feed. If larvae develop a mouth and feed, they may also grow substantially before they are
mature to settle (Tranter et al. 1982).

Settlement and metamorphosis have been observed for some CWC species in the laboratory but
to our knowledge no systematic experiments testing various substrates and cues where larvae
also have settled have been performed. Here we can only refer to studies on tropical species for
some guidance on what could induce or enhance settlement except for the study by Stromberg et
al. (2025) where larval exploration behaviour was used as a proxy for settlement in D. pertusum.
To gain specific knowledge of settlement prerequisites and preferences of your targeted species,
experiments need to be performed. The experiments can be performed in the laboratory but also
by deploying settlement panels in the field and compare recruitment of the targeted species. The
knowledge can be used to add specific materials and cues to the artificial reefs to increase
recruitment of the species to be restored.

How you implement biological traits of your species to your
restoration method

We try below to summarize how you can modify your deployments of reef structures to suit other
CWC species. The basic function with breaking up the strong unidirectional currents by just
deploying the reefs, and to provide sheltered micro-environments on the reef surfaces, should be
beneficial to all species since they have the same type of weekly swimming planula larvae. And
the concept of placing them in clusters with the distance between the reefs modified to ambient
currents is also applicable independent of species. A major recommended modification is to add
(transplant) fragments of coral onto your reef structures if your species is a brooder (Fig 25A). If
you have no other information, you will not know if the larvae are crawlers or swimmers and how
long the expected PLD is. Since larvae independent of type are ready settle very soon after
release, larvae produced at the site have great chances of also settling down there and help the
site to recover more quickly. Depending on the distance to adjacent populations, recruitment may
otherwise be more sporadic. On the contrary, adding coral fragments of a broadcast spawning
coral will likely not result in any significant self-recruitment to the site. However, such an
intervention may shorten the time until the restored site can contribute to the larval pool and seed
other populations.

Another important difference between species is the larval size. If you know the size of the
mature larvae you can make sure there are cavities offered for the larvae that are slightly wider
than the larvae themselves (Fig 25B). Many mature planulae are plastic in shape and can
elongate but the width of round or slightly oval shaped larvae will be a good indication. If you also
can provide substrates which chemically stimulate your species to settle, recruitment can be
furthermore enhanced (Fig 25C).
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Figure 25 Overview of measures to take to modify artificial reef deployments to other cold-water coral species than D.
pertusum. A) Modifications depending on reproductive mode. B) Modification depending on larval size. C) Modifications
depending on settlement inducers for the specific species.

The biological traits can also be used to assess the dispersal potential (Fig 26) which together
with knowledge of coral distribution and current patterns in the region can give you a basic idea
about how connected your restoration site is with other populations. For a more thorough
analysis, the traits can be integrated into a biophysical model of larval dispersal. Basically, larvae
of brooding species settle closer to the natal site since their pre-competency period is minimal
after release. If the larvae in addition are only crawling, most larvae may settle within a few
metres from the parents. If larvae are swimming, some larvae can anyhow disperse far providing
the pelagic larval duration (PLD) is long enough. For broadcast spawners, the shorter the pre-
competency period and PLD, the lower the dispersal potential. In relatively higher temperatures,
the larvae become competent to settle faster and the PLD decreases resulting in even shorter
dispersal. If larvae feed, the PLD can be prolonged resulting in higher dispersal potential. Of great
importance is also larval swimming behaviour. Larvae that migrate upwards during their pre-
competency period and possibly are transported in the relatively stronger near-surface currents
will disperse further.
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Figure 26 Overview of how biological traits in adults and larvae affect dispersal potential in cold-water corals. The ambient
temperature embryo and larvae are residing in is also displayed as a factor since larvae of the same species can encounter very
different temperatures depending on where geographically they are released. PLD = Pelagic larval duration.
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Header on the back cover

This technical handbook describes the results of the EU LIFE Lophelia project. It sets out the
restoration method for the cold-water coral Desmophyllum pertusum, developed using artificial
reefs, and explains how the method should be applied. The handbook contains descriptions and
drawings of the artificial reefs so that other construction companies can replicate the design and
build the artificial reefs. The methods and results that form the basis for the design and choice of
materials for the artificial reefs within the project is briefly described. The handbook also includes
an analytical toolkit that describes how the method can be adapted to other species of deep-sea
corals. The aim of the handbook is to disseminate the project’s results for application in other EU

waters.

The Swedish Agency for Marine and Water Management, SWAM, is an administrative authority in the environmental
field. We run and coordinate the work for flourishing seas, lakes and streams now and for future generations.
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