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Oord Dredging and Marine Contractors B.V., Rotterdam, Netherlands, 3 Ports and Waterways, Delft University of Technology,
Delft, Netherlands

Accelerating the recovery of marine coastal ecosystems is a global challenge that has
been attempted on many systems around the world. Restoration efforts have shown
varying levels of success at localized-scales, but developing techniques for large-scale
application are still in their nascent stage for many systems. For seagrass meadows
and marsh plants, large-scale successes have been realized by distributing seeds from
moving boats or planes, respectively. Similarly for coral reefs, the harvesting, culturing
and releasing of wild coral-spawn slicks to targeted reefs is anticipated to achieve cost-
efficient, large-scale restoration of coral communities with low-impact technology. Yet,
operational protocols for full-scale application still require development by practitioners.
In this study we conducted a field trial to evaluate the actual feasibility of harvesting
wild coral-spawn slicks for large-scale restoration activities, incorporating technologies
used in oil spill remediation, dredging operations, and land-based aquaculture. Testing
the potential for scalability to commercial vessels, our trial focused on concentrating
and collecting wild coral-spawn slicks for culturing until settlement competency using
an experimental 50,000 L aquaculture facility built on a tugboat. Five objectives were set
and all were achieved successfully, with only one requiring further optimization. Overall,
this restoration approach allows for long-distance translocation of genetically diverse
coral assemblages, and may be combined with other larval conditioning techniques that
are being developed to increase the resistance to stress and survival of coral recruits.
Most importantly, it is fully scalable to produce billions of coral larvae for delivery to target
reefs, with negligible impact to source populations.

Keywords: aquaculture, coral reef restoration, coral-spawn slick, eco-engineering, Great Barrier Reef, harvest,
marine invertebrate larvae, reseeding

INTRODUCTION

Habitat degradation is one of the most pervasive global impacts of environmental degradation
and threats to biodiversity loss in terrestrial, freshwater and marine ecosystems (Millennium
Ecosystem Assessment, 2005; Butchart et al., 2010; Mazor et al., 2018). Habitat degradation occurs
through direct human impacts such as land clearing (Foley et al., 2005), coastal development
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(Lotze et al., 2006), and bottom trawling (Thrush and Dayton,
2002), as well as anthropogenic mediated climate change drivers
(Intergovernmental Panel on Climate Change, 2014) that are
typically larger in scale than direct human impacts. Globally, all
coastal marine habitat providing organisms such as seagrasses,
macroalgae, corals and other sessile invertebrates have been
impacted by recent extreme warming events (Smale et al.,
2019). Given the pervasiveness of habitat degradation, there is
increasing recognition that active restoration interventions are
necessary in order to ensure the viability of natural ecosystems
and their services into the medium-term future (Bullock et al.,
2011; Menz et al., 2013). The urgency of the situation is such
that the United Nations recently declared the “UN Decade of
Ecosystem Restoration 2021-30” that aims to massively scale-up
the restoration of degraded and destroyed ecosystems (United
Nations Environment Programme, 2019).

It remains unclear whether the current application of
traditional coral restoration approaches can be operationalized
to achieve effective ecosystem-scale restoration. Recent successes
on coral reefs destroyed from dynamite fishing have shown the
effective transplantation of fragments onto stable substrata made
from steel rods to restore approximately 7,000 m2 (Williams et al.,
2019), and increases from 0 to 44% coral cover over 16 years when
stable substrata from quarried rocks was provided in rubble fields
in an area of reef with abundant larval supply from nearby reefs
(Fox et al., 2019). Yet such ‘gardening’ or substrate stabilization
approaches aren’t viable options when donor colonies or natural
larval supply are limited. In such circumstances, strategies of
mass seeding have proven an effective large-scale approach in
other coastal marine ecosystems. For example, the distribution
of 38 million Zostera seeds from boats throughout a coastal
bay system over a period of 11 years restored 1,700 hectares
of seagrass habitat (Orth et al., 2012). In coastal saltmarshes,
reseeding trials of Spartina using delivery from aeroplanes have
also proven effective, with planting occurring at rates of 16 s per
hectare (Utomo et al., 2016). Transportation of seeds or larvae
derived from nurseries or distant habitats therefore provides
a means of supplying degraded habitats with new propagules
to aid recovery.

The direct release of vagile larvae from vessels to areas of
reef that lack a sufficient supply of larvae provides a ‘reseeding’
approach for coral reefs equivalent to those applied with seeds
in seagrass meadows and salt marshes. Recent modeling of
industrial-scale harvesting, development, and release of wild
coral-spawn slicks onto reef indicates that the approach has the
potential to achieve large-scale restoration of coral communities
with low impact technology at low cost per colony (Doropoulos
et al., 2019). Yet while approaches for the collecting and culturing
of coral-spawn slicks for use in coral reef restoration have been
trialed using a variety of techniques (Heyward et al., 2002; Omori
et al., 2007; Guest et al., 2014; Edwards et al., 2015; de la Cruz and
Harrison, 2017), the scales at which they have been applied and
their potential for large-scale applications and transportability
are limited. Moreover, results from empirical studies using larval
saturation techniques in highly localized areas of coral reefs
have been mixed, providing nominal (Edwards et al., 2015) and
positive (de la Cruz and Harrison, 2017) outcomes for coral

recovery. Thus, the methods required to achieve restoration of
reefs by harvesting wild spawn at an industrial-scale remain a
critical information gap.

Scaling-up environmental restoration efforts to ecologically
meaningful scales requires partnerships between scientists,
engineers, and industry practitioners (De Vriend and Van
Koningsveld, 2012; Gillies et al., 2015). For example, oil spill
remediation routinely contains surface oil slicks with large booms
that can also be used to contain wild coral-spawn slicks prior
to collection (Doropoulos et al., 2019). Dredging operations use
large vessels such as trialing suction hoppers dredgers that pump,
contain, transport, and deposit fine particles at quantities >20 ton
(Laboyrie et al., 2018), which can be adapted for the industrial-
scale collection of densely concentrated coral-spawn slicks. Land-
based aquaculture industries culture billions of marine bivalve
larvae in single facilities (Lucas et al., 2019) that can be applied
to abundant coral-spawn slicks. Here, we incorporate these
principles in a method to operationalize and test techniques
required for the industrial-scale harvesting of coral-spawn slicks
and culturing to settlement competency, enabling long distance
transportation and release onto targeted reefs. To do so, we
spotted coral-spawn slicks from a helicopter, contained them
using an oil boom, and transferred them into a 50,000 L
aquaculture facility built on the deck of a tugboat (Figure 1)
using industrial scale pumps. We addressed the questions below
that include 5 objectives to test the feasibility of the approach for
further upscaling:

1. Concentration – can coral-spawn slicks be encountered
and contained (obj. 1) in high enough concentrations to
make collection viable?

2. Collection – can coral-spawn be pumped at high
abundances (obj. 2) and survival rates (obj. 3) for rapid
transfer?

3. Culturing and transportation – can larval culturing at
large-scales in transportable containers using materials
commonly found on commercial vessels occur at high
survival rates (obj. 4) to competency (obj. 5)?

MATERIALS AND METHODS

Overall Study Approach
Prior to the field-testing component of the study, theoretical
pump selection and initial testing and optimization of the
pumping system were conducted in a controlled environment.
Coral fecundity was then confirmed at Heron Reef in late-
October 2019, and the field execution of the trial occurred in late-
November 2019. Mass coral-spawning occurred on November
29 and 30, in the wild and by colonies housed on board the
vessel. The concentration of live embryos was estimated from
wild-slick coral-spawn slicks (n = 11). Four hand collected
samples from wild spawn and four from colonies housed on
board were pumped and survival estimated. An additional two
samples of wild coral-spawn were skimmed and pumped directly
from the water surface. All the pumped samples were cultured
for up to 102 h in the aquaculture facility. During culturing,
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FIGURE 1 | Testing the feasibility of operationalizing the spotting, containing, collecting, and culturing of coral-spawn slicks at industrial-scales. (A) View of a spawn
slicks in the open ocean from a helicopter. (B) Containing coral-spawn slick in an oil boom for (C) collection onto the tugboat. (D) Overview of the back deck of the
tugboat with the 4,500 L steel (n = 6) and plastic (n = 6) tanks.

larval concentration and survival were estimated every 24 h. At
72 h following spawning, settlement tiles were placed in each
4,500 L culturing tank, and coral settlement was estimated 48 h
later. A methodological flow-diagram (Figure 2) presents the
overall approach of the study, time-points, and replication at the
different stages.

Pump Selection and Trialing
Different pumping principles and capabilities were initially
compared to evaluate the potential of differing pump designs
for safely and effectively pumping coral slicks. A short list
of 17 potentially suitable pumps were ranked using a Multi
Criteria Analysis (Statnikov and Matusov, 2002) by pump
and dredging experts from Van Oord and Delft University of
Technology. Theoretical criteria associated with shear stress,
flow accelerations and pressure changes were included following
Ulanowicz (1976). Four practical criteria were selected and
included pump priming, availability, handling, and scalability.
Following the Multi Criteria Analysis (Table 1), diaphragm and
Hidrostal pumps ranked the highest and were selected for initial
testing and optimization. Centrifugal pumps were included as a
negative control.

Initial tests were conducted within a controlled setting to
assess the damage on different particles used as proxies for coral
embryos, including hydrogel balls, berries, and fish eggs. Trials
indicated that increasing hose diameter and free passages (both
of which decrease surface contact), as well as lowering flow

velocity, all reduced particle damage. With these configuration
principles incorporated in an optimized configuration of the
pumping system, the diaphragm and Hidrostal pumps both
incurred little damage on the particles, especially in comparison
to the centrifugal pump (Table 2), so both were selected for
testing on coral-spawn slicks during the field operation. For the
field operation the two pumps with 100 mm intake diameter
were capable of pumping >1 m3 min−1, with the diaphragm
pump driven by air while the Hidrostal pump was electric
and submersible.

Field Study Location and Timing
The field testing was timed to occur during the mass coral-
spawning event after the full moon of November 23, 2018.
Based on ecological monitoring data, we decided to base our
work in the southern Great Barrier Reef where coral cover is
presently the highest (Australian Institute of Marine Sciences,
2018). Other parts of the reef have recently been affected by
crown-of-thorns starfish, cyclones, and bleaching mortality that
have reduced overall coral cover, so higher coral cover in the
southern region provided the best chance of the formation of
coral-spawn slicks that could be harvested using pumps. While
mass spawning of corals has been found to peak 4-5 nights
after full moon on the central Great Barrier Reef (Harrison
et al., 1984; Babcock et al., 1986), examination of records of
spawning at Heron Island in the southern Great Barrier Reef
indicated that the main night of spawning is slightly later,
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Mul� Criteria Analysis (Table 1)
- 17 pumps analysed
- Diaphragm, Hidrostal rank highest
- Centrifugal included as nega�ve control

Damage tests conducted (Table 2)
- 3 x pumps, 3 x substrate proxies
- System op�misa�on

2 pump system configura�ons for field 
tes�ng (diaphragm and Hidrostal)

Stage 1: pump selec�on and trialling Coral oocyte maturity es�mated
- Heron reef flat; 20 Oct 2019

Stage 2: loca�ng, containing and collec�ng slicks (Fig. 1)

Acropora spawn from collected colonies
- A. spathulata collected; 27 Nov 2019
- A. spathulata colonies spawn; 30 Nov 2019
- 10 L samples collected by hand (n = 4)

→ pumping for survival es�mates

Wild coral-spawn slicks
- Reefs spawn; 29, 30 Nov 2019
- 1 L samples collected (n=11)

→ concentra�on es�mates (Table 3)
- 10 L samples collected by hand (n = 4)

→ pumping for survival es�mates 
- Mul�ple slicks contained using oil-boom

→ pumping directly from surface into 
culture tanks (n = 3)

Stage 5: larval competency

Diaphragm pump
- Plas�c tank (n = 3)
- Wild spawn x 2
- Acro. spawn x 1 
- Steel tank (n = 3)
- Wild spawn x 2
- Acro. spawn x 1 

Hidrostal pump
- Plas�c tank (n = 2)
- Wild spawn x 1
- Acro. spawn x 1 
- Steel tank (n = 2)
- Wild spawn x 1
- Acro. spawn x 1 

Larval se�lement
- Tiles placed in tubs 72 hours following 

spawning (2 �les per tub)
- Tiles removed from tubs a�er 48 hours 

and se�lement scored (Fig. 8)

Sample replica�on

Stage 4: larval culturing and survival

Diaphragm pump
- Plas�c tank (n = 3)
- Wild spawn x 2
- Acro. spawn x 1 
- Steel tank (n = 3)
- Wild span x 2
- Acro. spawn x 1 

Hidrostal pump
- Plas�c tank (n = 2)
- Wild spawn x 1
- Acro. spawn x 1 
- Steel tank (n = 2)
- Wild span x 1
- Acro. spawn x 1 

Larval culturing and survival
- Those pumped samples into 4,500 L tanks
- Culture up to 102 hours
- Water samples taken every 24 h (Fig. 6)
- Larval samples taken every 24 h to es�mate 

concentra�on and survival (Fig. 7)

Sample replica�on

Stage 3: effect of pumping coral-spawn slicks (Fig. 5)

Embryo survival and fragmenta�on
- 10 L samples of wild coral-spawn slicks and Acropora spawn
- Concentra�on of live embryos (and larvae) quan�fied prior to pumping
- Samples put through pumps and survival (and fragmenta�on) quan�fied

Diaphragm pump

Plas�c tank
- Embryos (n = 2)
- Wild spawn
- Acro. Spawn

- Larvae (n = 1)
- + 102 hours
- wild spawn

Steel tank
- Embryos (n = 2)
- Wild spawn
- Acro. Spawn

- Larvae (n = 1)
- + 102 hours
- wild spawn

Hidrostal pump

Plas�c tank
- Embryos (n = 2)
- Wild spawn
- Acro. Spawn

- Larvae (n = 1)
- + 102 hours
- wild spawn

Steel tank
- Embryos (n = 2)
- Wild spawn
- Acro. Spawn

- Larvae (n = 1)
- + 102 hours
- wild spawn

FIGURE 2 | Workflow diagram presenting the overall approach of the study, the five major stages, time-points of observations, and replication for each experiment.

TABLE 1 | Multi Criteria Analysis applied to initial pump selection.

Criteria

Pump type Shear Turb. Press.
Diff.

Prim. Head Flow
Acc.

Scal. Avail.∗ Hand.¶ Total

Archimedes Jackscrew Archimedes 4 5 5 5 4 4 5 1 2 39

Positive displacement Continuous Worm 3 3 3 5 2 5 4 1 4 36

Gear 2 3 2 1 1 3 4 4 3 34

Flexible vane 2 3 2 1 1 3 4 4 3 34

Bulkhead 2 3 2 1 1 3 4 4 3 34

Nutating 3 3 3 1 3 2 3 2 3 30

Lobe 3 4 3 1 2 1 1 3 3 30

Discontinuous Piston 2 3 2 1 1 4 2 4 4 35

Peristaltic 2 3 3 3 3 1 1 3 3 31

Diaphragm 3 2 2 5 2 4 2 5 4 43

Centrifugal Radial Peripheral 1 1 1 1 1 3 2 3 3 25

Centrifugal 1 1 1 1 1 4 4 3 4 30

Ejector Hidrostal 3 3 3 2 4 4 4 5 4 46

Axial Propeller and
mixed flow

2 2 3 1 2 3 4 3 4 34

Injection Injection Venturi 1 1 1 3 1 3 4 1 3 23

Airlift Airlift Airlift 4 3 4 1 2 1 2 1 2 24

Bucket chain Bucket chain Bucket chain 3 2 4 5 3 3 1 1 1 26

Worst scenario = 1; best scenario = 5. Diaphragm and Hidrostal pumps are boldfaced because they ranked the highest and were selected for the field trial. Centrifugal
pump is shown in italics as it was selected as a negative control in the preliminary pump testing. ∗weighted by a multiplier of 3; ¶weighted by a multiplier of 2. Shear, low
shear force; Turb., turbulence; Press. Diff., pressure difference; Prim., self priming; Head, hydraulic head capacity; Flow Acc., local flow accelerations; Scal., scalability;
Avail., availability; Hand., handling.
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TABLE 2 | Summary of preliminary damage test outcomes using different pumps and substrates.

Pump type Discharge (m3 h−1) Substrate Replicates Average number of particles pumped Average proportion of particles broken

Centrifugal 17 Berries 6 117 0.45

17 Hydrogel balls 6 60 1.00

17 Fish eggs 0 NA NA

Diaphragm 4.5 Berries 6 75 0.15

4.5 Hydrogel balls 6 60 0.05

4.5 Fish eggs 3 >500 0.00

Hidrostal 30 Berries 6 77 0.17

30 Hydrogel balls 6 60 0.10

30 Fish eggs 3 >500 0.00

most commonly between 6 and 8 nights after the full moon
(Hock et al., 2019).

Locating, Containing and Collecting
Slicks
Naturally occurring coral-spawn slicks were located using a
hierarchy of temporal and spatial approaches. Colony fecundity
and oocyte maturity was estimated at Heron Reef in late-October,
and the majority of Acropora colonies were likely to spawn after
the November 23rd full moon (pers. comm. Dr. Selina Ward).

A contingency plan was incorporated into the study so that
pump testing and larval culturing could still be trialed in the
event that wild coral-spawn slicks could not be located. Fecund
colonies of Acropora spathulata were located on the reef and
transferred to 4 basins on the deck of the tugboat. Each basin was
1 m3 and contained up to 12 mature A. spathulata colonies that
were supplied with constant water flow and aeration until they
spawned. Colonies spawned in the basins from 22:00 to 22:30
on November 30, 2018. All egg-sperm bundles were stirred and
agitated, left for 2 h to allow sufficient time for cross-fertilization,
and used in trials thereafter.

Scientists working at Heron Island Research Station confirmed
spawning by Porites cylindrica in aquaria on the night of
November 27, with further spawning of some Acropora spp. in
tanks on the night of the 28th. Weather on the night of the 28th
was windy and no slicks were seen from the vessel on the water’s
surface during that night. However, signs of slicks were evident
around Heron Island on the morning of November 29.

Further spawning occurred in tanks at Heron Island on the
night of the 29th, and spawn slicks were also observed on the
surface in Heron Island Channel at calm sea state conditions.
Samples of these slicks were collected using 20 L buckets for use
in pumping trials on board the vessel (see below “Pump selection
and trialing”). From 06:45 to 07:30 am on November 30, aerial
observations were made from a helicopter of multiple slicks along
the south and east of Heron Reef (Figure 1A). GPS points were
recorded and communicated so that the tugboat and support
vessel could move to the slicks for sampling. On the evening of
November 30, wild spawn slicks were evident on the sea surface,
as well as on the following morning December 1. Wild slicks
located on the sea-surface in daylight were contained with a 90 m
long × 45 cm oil boom for direct pumping into the aquaculture
tanks (Figures 1B,C).

To compare the concentrations of slicks to the only previous
published account by Oliver and Willis (1987), 1 L samples were
taken when slicks were encountered and concentrations of live
embryos found in wild coral-spawn slicks estimated. Samples of
slicks were conducted from the surface and in their center. A total
of 11 samples were taken from November 29 to December 1.
From each bulk sample, 1–3 × 1 mL subsamples were taken
and the number of live embryos counted under a dissecting
microscope. Bulk samples were well mixed prior to sampling.

Effect of Pumping Coral-Spawn Slicks
The level of impact of pumping coral-spawn slicks with the
diaphragm and Hidrostal pumps was evaluated by comparing
the total abundance of live embryos immediately before and
after pumping. Total abundances of live embryos were estimated
by sampling 50 mL of the harvested or pumped coral-spawn,
immediately counting 1–3 × 1 mL subsamples for the number
of live embryos under a dissecting microscope, and multiplying
embryo density by the absolute volume. Bulk samples were well
mixed prior to sampling.

Harvested coral-spawn was poured into a spare culturing
tank on the tugboat, positioning the hose inflow inside the tank
close to the water surface, and then pumped into a receiving
tank. The total volume of actual coral-spawn poured through
the pumps was 10.1 L per tank on average (min = 8.14 L,
max = 12.0 L), with ca. 1 min of pumping per trial required to
capture the full volume of gametes. Average discharge rates with
the diaphragm pump were 38 m3 h−1 (min = 16; max = 68) and
with the Hidrostal pump 94 m3 h−1 (min = 58; max = 128).
An average of 4.8 million live embryos (min = 2,304,000;
max = 8,884,400) were pumped per trial with the wild slicks
from 00:30 to 01:30 on November 30, whereas an average
of 660,000 live embryos (min = 456,064; max = 830,490)
were pumped per trial using A. spathulata from 00:00 to
01:00 on December 1.

Four trials were conducted using the coral embryos derived
from the wild coral-spawn slicks and four trials were conducted
using the coral embryos derived from the A. spathulata
spawn. Four additional trials were conducted using settlement
competent larvae originating from the harvested wild coral-
spawn slicks, at 11:00 on December 4, 4.5 days (108 h)
following original collection. Trials were equally split between
Diaphragm and Hidrostal pumps, resulting in 4 replicates per
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pump type for coral embryos, and 2 replicates per pump type for
competent coral larvae.

Aquaculture Tank Construction and
Water Quality Control
As a first-step of scaling-up prior to full-scale trials, we aimed to
rear the wild coral-spawn slicks using a transportable 50,000 L
system consisting of 12 tanks in total (6 × steel, 6 × plastic;
Figure 1D). Previous studies have scaled the in situ rearing of
wild coral-spawn slicks in floating ponds up to a total of 22,000 L
(7 × 3,200 L, Omori et al., 2007), and in laboratory rearing
up to 13,000 L (1 × 1,000 L fiberglass tank and 3 × 4,000 L
inflatable pools, Edwards et al., 2015). We used 6 × 4,500 L steel
rainwater tanks, as scaled equivalents of hoppers commonly used
in commercial vessels, to investigate critical factors for coral larval
survival. The insides of the steel tanks were sandblasted to remove
the protective zincalume coating and mimic a raw steel surface
equivalent to that in a dredger. In addition, 6 × 5,000 L capacity
polyethylene (food grade) rainwater tanks were used as an inert
control. Steel tanks measured 1900 mm diameter x 1500 mm
height, while polyethylene tanks measured 1800 mm diameter x
2200 mm height. Tank replicates were randomly positioned and
secured on the back deck of the tugboat (Figure 1D).

Water quality in the tanks was maintained by filtration (50
and 5 µm cartridge filters) and UV treatment (80Watt Emperor
Aquatics UV) of seawater supplied to the tanks using a constant
flow-through system (Figure 3). Cartridge filtration removes
particles such as sediment, phytoplankton and zooplankton from
the seawater, while UV filtration sterilizes the water from bacteria
and viruses. No cleaning of the tanks was conducted throughout
the entire culturing period, but water quality relied on the
constant flow of filtered seawater.

Trace metal and physico-chemical properties of the seawater
were characterized for the duration of the culturing period in
the tanks. For total recoverable metals, three replicate steel
and three replicate plastic tanks were sampled at 11:00 am on
November 30th, December 2nd and 4th. At each time point,
150 mL of seawater was sampled, preserved with Nitric acid, and
frozen. Seawater samples were sent to the Australian Government
National Measurement Institute for analysis of total copper, iron,
manganese, and nickel concentrations. Standard measurements
of water quality including temperature, dissolved oxygen, salinity
and pH were monitored using a YSI EXO1 Multiparameter
Sonde. Water quality measurements were taken at 11:00 am, on
November 30th, and December 2–4. Measurements were taken
from the top and bottom of each tank, but no differences between
depths was observed.

Larval Culturing and Survival
Pumped coral-spawn slicks were cultured in the steel and
plastic rainwater tanks until competency was confirmed. Two
approaches of collection were used to collect the coral-spawn
slicks to test survival during culturing to competent larvae.
Firstly, as described in “Pump selection and trialing”, collections
by hand of wild slicks on November 30 and from the A. spathulata
colonies housed on the tugboat on December 1 were poured

through the pumps to estimate survival. Three additional samples
were collected using a secondary approach by directly pumping
wild slicks that had been concentrated and contained in oil booms
from the sea-surface using the diaphragm pump (Figures 1B,C).
Hence, a total of 7 replicates of competent larvae were pumped
through the diaphragm pump – with 4 cultured in steel tanks and
3 cultured in plastic tanks; and a total of 4 replicates of competent
larvae were pumped with the Hidrostal pump – with 2 cultured in
steel tanks and 2 cultured in plastic tanks. All collected slicks were
reared through to competency, with the concentrations of live
embryos estimated every 24 h to test for differences in survival in
the different tank types and following collection with the different
pump types. Estimates of larval concentrations were conducted as
described previously.

Larval Settlement Competency
To test the competency of larvae reared in the aquaculture
facility, artificial tiles were placed in each rainwater tank at 72 h
following slick collection. Ceramic tiles measured 5 × 5 cm,
had an outer surface with fine-manufactured rugosity, with a
hole drilled in the center for attachment (for further details see
Doropoulos et al., 2014). The tiles were placed on the reef crest of
Heron Island and preconditioned for 3 weeks. Upon collection,
tiles were brushed to remove any fleshy algae and sediment,
and placed in the rearing tanks. Two tiles were placed in each
tank, with one tile laid flat on the bottom of the tank and the
other tile left hanging at 10 cm above the bottom of the tank.
The tiles were scored for larval settlement (i.e., attachment and
metamorphosis) under a dissecting microscope 48 h after being
placed into each tank.

Data Analyses
The effect of pumping stress was tested on the instantaneous
survival of coral embryos and larvae. The proportional change of
fertilized gametes was assessed by slick source (wild, Acropora),
life phase (embryo, larvae), pump type (diaphragm, Hidrostal),
and tank type (steel, plastic) using a linear model with Gaussian
variance structure. Interactions among pump type, tank type, and
slick source were specified in the model.

The concentration and survival of live gametes, from the
embryo to larval phases, were both tested using generalized
additive models with Gaussian variance structures for each
model. Temporal trends of gamete concentration and survival
were smoothed using natural splines (knots = 4), with pump
type and tank type, and their interaction, incorporated as
categorical predictors.

The abundance of settled larvae were tested using a
generalized linear model using a quasi-Poisson variance structure
due to overdispersion of the model residuals (Crawley, 2013).
Settlement abundance was tested according to pump type,
tank type, tile orientation (upwards, downwards), depth (flat,
hanging), and their interactions.

All analyses were conducted in R (R Development Core Team,
2018), using the ‘lme4’ (Bates et al., 2015), ‘gamm4’ (Wood and
Scheipl, 2013), ‘lsmeans’ (Lenth, 2016) libraries. All models were
assessed by visualizing residual fits and normal distribution of
the raw data. Statistical significance was based on comparison
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FIGURE 3 | Detail of tank design for flow-through rearing of the coral larvae. The water is circulated by the two opposing inflows and mixed from the flow of bubbles.
The cone shaped mesh provides a large surface area that prevents larvae being lost to the outflow holes on the internal standpipe while the bubble curtain prevents
them sticking to the mesh.

between the full model with reduced models using likelihood
ratio test χ2 P values for each term.

RESULTS

Very high concentrations of live embryos were consistently
encountered in the naturally occurring coral-spawn slicks.
Average densities revealed in situ concentrations of 169,330 live
embryos L−1 (Table 3). These samples were collected by hand
from a small boat and were composed of a variety of taxa
based on sizes, color, and presence or absence of symbiotic
zooxanthellae (Figure 4).

The boom was deployed multiple times to successfully
surround coral-spawn slicks (Figures 1B,C), but attempts to
move the slick met with mixed success. Occasionally, small wave
action caused overtopping of the contained slick. Also, tidal flows
in the area were substantial, meaning that even very low tow
speeds resulted in loss of spawn-slick material below the weighted
45 cm depth of the boom skirt. Concentrations of live embryos
collected by pumping these slicks from the sea surface were
far lower than collection conducted by hand, averaging 44 live
embryos L−1 (n = 3).

The total number of live coral embryos pumped was
approximately 29 million – i.e., the amount in recipient tanks
directly after pumping regardless of the collection or pumping
method. “Survival” rates were often recorded to be greater
than 100% following pumping, which includes embryos that
fragmented and remained alive. Pumping live coral embryos

<3 h following collection from a tank on deck to another tank
on deck occurred with very high levels of survival (Figure 5A),
averaging 131 ± 51% (stdev; n = 8). Occasional formation
of vortices above the suction mouth did not appear reduce
survival. It was also possible to pump 5-day old competent larvae
(Figure 5B), with survival averaging 112 ± 88% (n = 4).

An interaction between pump type and tank type (p = 0.029)
showed that the survival of embryos and larvae was higher when
pumped with the Hidrostal pump into steel tanks compared to
plastic tanks (steel 204% vs. plastic 92%, pair-wise p = 0.0027),
whereas when embryos were pumped with the diaphragm pump

TABLE 3 | Concentrations of live coral embryos found in wild coral-spawn slicks.

Date Slick sample Subsample L−1 Stdev

November 29, 2018 1 1 196,000 NA

2 1 192,000 NA

3 1 804,000 NA

4 1 468,000 NA

November 30, 2018 1 1 45,000 NA

2 1 26,700 NA

3 1 267 NA

December 1, 2018 1 3 12,333 3,786

2 3 74,000 14,422

3 3 13,000 1,732

4 3 31,333 2,517

Mean 169,330 5,614
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FIGURE 4 | Microscope image of a wild coral-spawn slick sample taken from
one of the culture tanks approximately 36 h following spawning. The sample
indicates a variety of coral species found in a wild coral-spawn slick,
recognized through the range of sizes, colors, and those that have
zooxanthellae already present (e.g., black arrow) or absent (e.g., red, blue and
green arrows). Observed are a range of developmental stages of intact
embryos to larvae, including: morula (e.g., green arrow), prawn chip (e.g., red
arrow), and elongated planulae (e.g., black and blue arrows) (terms following
Jones et al., 2015).

there was no statistical difference between steel tanks compared
to plastic tanks (steel 116% vs plastic 87%, pair-wise p = 0.426).
An interaction was also evident between pump type and slick
source (p = 0.035), due to higher rates of survival when wild
slicks were pumped with the Hidrostal pump compared to the
diaphragm pump (161% vs 87%, pair-wise p = 0.021).

Flow rates in the aquaculture tanks were set to provide at least
two full water changes per day within each tank, maintaining a
high standard of water quality throughout the larval culturing
period (Figure 6). Concentrations of trace metals were similar
between steel and plastic tanks, were always below 1 µg L−1

for nickel and manganese, were slightly higher for copper
at 1.5 µg L−1, and averaged 11.7 µg L−1 for iron. Minor
variations in salinity and water temperature were found between
steel and plastic tanks. Seawater temperature averaged 26.8◦C
throughout the culturing period (min = 25.5◦C, max = 28.8◦C),
with steel tanks on average 0.5◦C warmer than plastic tanks.
Oxygen saturation was always over 100%, and pH appeared to
increase steadily over the period that larvae were cultured, rising
from 8.24 to 8.30.

On collection of the coral-spawn slicks, initial stocking
densities averaged 1272 live embryos L−1, ranging from 14 to
8,000 L−1. Differences in larval concentrations (Figures 7A,B)
or survival rates (Figures 7C,D) throughout the culturing period
were not affected by either pump type or tank type. The only
significant factor influencing concentration and survival was time

since collection, with overall concentrations (p = 0.038) and
survival (p < 0.001) decreasing with larval age. By 4.5 days
following spawning, coral-spawn pumped and reared in the
aquaculture facility on the deck of the tugboat were fully
competent, with a total of 5.6 million larvae remaining. Average
survival of the initial stock from the coral-spawn slicks to larval
competency was 14 ± 8% (stdev; n = 11).

High densities of settled coral larvae were found on
conditioned tiles from both steel and plastic tanks, with an
average of 7 settlers cm−2 on tile topsides (Figure 8A) and
15 settlers cm−2 on tile undersides (Figure 8B; settlement
orientation p = 0.014). An interaction between pump type
and tank type (p = 0.007) showed much lower settlement
on tiles in steel tanks following pumping by the diaphragm
pump (1.6 settlers cm−2) compared to all other combinations
(16.1 settlers cm−2).

DISCUSSION

Industrial-scale collection, culturing, and transport of coral
propagules may provide an important tool for the restoration
of coral reefs. Prior to full scale application of our suggested
approach (Doropoulos et al., 2019), considerations relating
to containment, collection, and culturing needed empirical
trialing. This field trial has demonstrated that harvesting and
culturing of wild coral-spawn slicks for delivery to targeted
reefs is achievable using a transportable 50,000 L aquaculture
system built on-board a tugboat. To our knowledge, our
study is the first to (1) harvest and culture coral-spawn
at such a large volume, (2) use an aquaculture facility
that can transport larval cultures 1000’s of km’s – distances
relevant to the world’s largest coral reef ecosystems, and (3)
show that live coral embryos and larvae can be pumped
for rapid collection and distribution, respectively, surviving
the shear forces and turbulence generated by pumping.
These outcomes suggest that further upscaling of coral-spawn
harvesting and culturing to millions of liters for release onto
reefs is feasible.

Mass coral spawning events occur on many reefs at predictable
times of the year (e.g., Great Barrier Reef - Harrison et al., 1984;
Babcock et al., 1986; Penland et al., 2003; north-western Australia
- Gilmour et al., 2016), so, weather dependent, encountering
coral-spawn slicks for harvest provides a reliable source of live
embryos from a diverse mix of species. Given this periodicity
of a known source of gametes, it is surprising that there was
only one prior published account of the concentration of live
embryos found in coral spawn slicks – i.e., 230 L−1 from the
central Great Barrier Reef (Oliver and Willis, 1987). Following
sampling from 11 slicks in our present study, the average
concentration of live embryos found in the coral-spawn slicks was
orders of magnitude higher than the concentration previously
published. This information, in addition to previous in situ
culturing of wild coral-spawn slicks (Heyward et al., 2002; Omori
et al., 2007), show that wild coral-spawn slicks provide a highly
abundant source of material that can be utilized for large-scale
restoration efforts.
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FIGURE 5 | Survival of coral (A) embryos and (B) larvae immediately following pumping by diaphragm and Hidrostal pumps in the plastic and steel tanks. Values
ranging from 0 to 1 indicate unfragmented embryo survival, whereas values ranging 1–3 indicate the proportion of fragmented and surviving embryos. The middle
line of each boxplot indicates the median value, upper and lower hinges indicate the 75 and 25% quantiles, upper and lower whiskers represent the maximum and
minimum observations +1.5 × the inter-quartile range, and individual dots represent outliers (n = 2 per tank type × pump type for embryos; n = 1 per tank
type × pump type for larvae).

Pumping coral-spawn slicks provides a means of collection
for scaling-up coral reef restoration. Prior to conducting this
field study, the potential for coral embryo survival during
pumping was unknown and proportional survival estimated
at 0.7–0.8 for modeling purposes (Doropoulos et al., 2019).
Previous work has found size-dependent survival decreases
as a linear function of increasing shear stress for eggs to
juveniles of five fish taxa (Killgore et al., 2001), whereas our
preliminary tests provided promising results with little to no
damage on fish eggs and other proxies using the diaphragm
and Hidrostal pumping systems (Table 2). When we applied
these pumps to coral embryos in our field study, we discovered
that coral embryos at two distinct developmental phases, i.e.,
fertilized eggs and competent larvae, could be pumped with
high levels of survival that included fragmentation. That is,
the overall average level of survival following pumping was
>120%, indicating that fragmentation had occurred on the
coral embryos. These smaller, fragmented embryos remained
alive and continued to develop to fully competent larvae,
a phenomena that has previously been demonstrated and
hypothesized as a tool for clonal reproduction in corals
(Heyward and Negri, 2012).

Survival of the pumped coral-spawn slicks to competent larvae
following 4.5 days of culturing averaged 14% of the initial stock.
Storage and culturing in 4,500 L steel and plastic rainwater tanks
did not result in differences in survival. Steel tanks did have

slightly higher temperatures than plastic tanks on average, a
factor that may be related to lower rates of settlement. Overall
however, the use of steel basins does not appear to pose a
limitation to larval culturing in scaling to larger hoppers that
are typically found in commercial vessels hoppers that typically
use raw steel, such as those found in hopper dredgers of
commercial vessels.

The larval-culturing survival rate of 14% using a 50,000 L
facility with an average stocking density of 1,272 L−1 (range
18–8,000) in our study is among the highest found in the
literature, demonstrating that the filtering system and flow rates
provided water quality that is sufficient for larval culturing. In
comparison, culturing of wild coral-spawn slicks using in situ
ponds with a constant exchange of ambient seawater have found
averages of ca. 17% survival using a 22,000 L capacity with initial
stocking densities ca. 840 L−1 (Omori et al., 2007), and 5%
survival using a 6,000 L capacity with initial stocking densities
ca. 5,000 L−1 (Heyward et al., 2002). Such high initial stocking
densities of ca. 5,000 L−1 in Heyward et al. (2002) likely resulted
in such low proportional survival. Similarly in our study, while
differences in larval concentrations between steel and plastic
tank types were not statistically different, trends indicate that
the initial reductions in concentration were steeper in the steel
tanks than plastic tanks, caused by two steel tanks with much
higher initial concentrations (Figures 7A,B). Work by Pollock
et al. (2017) shows that density-dependent survival occurs when
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FIGURE 6 | Measurements of (A–D) dissolved metal concentrations and (E–H) water quality in the culture tanks throughout the duration of the coral larvae culturing
period. The first batch of spawn slicks were pumped into the culture tanks at 00:30 am on Nov 30. Light gray = plastic tanks; dark gray = steel tanks (n = 3 per tank
type for A–D; n = 6 per tank type for E–H; NA = no samples for A–D).
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FIGURE 7 | Temporal trends in larval (A,B) concentration and (C,D) proportion survival following pumping by diaphragm and Hidrostal pumps in the plastic and steel
tanks. Solid circles represent individual data points, solid lines represent mean of the generalized additive model fits, and shading is the 95% confidence interval of
model fits (n = 3 per tank type for the diaphragm pump; n = 2 per tank type for the Hidrostal pump).

initial stocking densities are ≥500 larvae L−1, and Edwards
et al. (2015) suggested initial stocking densities of no more
than 300 larvae L−1. Thus, adjusting larval concentrations to
300–500 L−1 and increasing flow rates for steel tanks to keep

water temperatures at ambient levels may help improve larval
survival and competency.

While encountering, collecting, pumping, and culturing
the coral-spawn slicks through to competency were realized
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FIGURE 8 | Coral settlement density (cm-2) on tile (A) topsides and (B) undersides placed in the plastic and steel culture tanks. Two 5 × 5 cm settlement tiles were
placed in each tank and scored for settlement at 4.5 days following the introduction of embryos into the tanks (n = 6 per tank type × tile orientation for the
diaphragm pump; n = 4 per tank type × tile orientation for the Hidrostal pump).

with great success during this study, containing the slicks in
the oil booms and skimming the coral-spawn slicks directly
from the surface of the seawater with the used pumping
configuration was met with mixed outcomes that require
further development. Additional tests are needed to improve
the skimmer head design, such as configuring the skimmer to
pass spawn slicks into the pump intake at depth. Optimizing
this step of the collection phase will provide capacity for
full-scale collection of wild coral-spawn slicks by minimizing
any requirement of containment and manual handling. If
containment of coral-spawn slicks on the sea surface is necessary,
temporary collection into floating ponds could be an option
prior to collection into the primary aquaculture facility on-
board a vessel.

The type of pumping system for future large-scale
implementation also requires consideration. While the Hidrostal
pump has optimal flow control, pumps of this type require
priming to enable a continuous water flow which can be time
consuming and is likely to be problematic in rougher conditions
since air may enter the pump resulting in partial or total loss
of effectiveness. In contrast, diaphragm pumps do not require
priming and are therefore easier to handle and quicker to deploy.
Ultimately the choice of pump may need to be made taking
into consideration the final design of the skimmer head, since
diaphragm pumps will be more difficult to scale up further in
terms of capacity, while this is more feasible with the Hidrostal
design if priming and air intake issues can be overcome.

Of the upmost importance is that if harvesting is to be up-
scaled and used as a common practice, initial characterizations of
where excess material is located must be conducted to remove
any possibility of over-harvesting that could reduce natural
meta-population recovery (Doropoulos and Babcock, 2018). For
example, based on demographic modeling from Doropoulos et al.
(2019), only <0.0001% of the gametes spawned from Heron Reef
slope alone were used in this current study. Moreover, coral-
spawn harvesting should only occur where larval abundances
are not degraded compared to historical levels, as has recently
been found in the central to northern Great Barrier Reef
(Hughes et al., 2019).

The potential for scalability of our approach is one of
the key attributes that makes it an ideal candidate for use
in addressing the challenge of coral restoration efforts at
ecologically relevant scales. The number of embryos that could
be harvested using our technique with a medium-sized trialing
suction hopper dredger – volume 14,000 m3 – was initially
estimated at 1.6 billion, translating to >500 million competent
larvae, and 11 million newly settled coral recruits onto reefs
(Doropoulos et al., 2019). Opportunities using other vessels with
the capacity to hold large volumes of water while maintaining
high levels of water quality can also be utilized. Developing and
moving this number of larvae is unprecedented and practically
impossible using conventional approaches. However, following
some optimization to the collection component of our approach,
full-scale application of this restoration tool appears fully feasible.
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We are now at the stage to scale further and pump competent
larvae onto a degraded reef in an unconstrained manner to
test whether this restoration approach is viable for routine and
large-scale application.
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