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Abstract 
Coral reefs are of great importance for social, biological and economical purposes. 

However, due to global and local threats they are declining rapidly. One of the ways to sustain 
coral reefs is sexual coral propagation. While the sexual propagation of corals for reef rehabil-
itation has been successful in a few occasions, the survival of coral settlers after they are out-
planted to the reef remains low. New methodologies need to be developed to enhance the 
survival of settlers. This could for example be achieved by increasing available nutrition 
sources for young settlers and reducing their competition with detrimental algae. To address 
this problem, survivorship of settlers of the brooding coral, Favia Fragum, was studied in an 
ocean-based larval rearing pool, in which feeding of Artemia salina nauplii (~300 nauplii L-1) 
and grazing by small-sized Diadema antillarum (test size: ~1.5 to 3.0 cm) was tested. Results 
showed a six-fold decrease of survival between the grazing treatments (15 - 16%) and the non-
grazing treatments (90 - 95%). Feeding did not affect survival, but resulted in an increase in 
settler size between the feeding treatments (2.1 mm2) and the non-feeding treatments (1.7 
mm2). These results indicate that grazing activity of Diadema antillarum resulted in a high 
mortality, leading this to be a non-effective method. However, feeding did increase settler 
size. Settler size is of importance for post-settlement survivorship as bigger settlers have 
higher chances of survival, thus possibly increasing post-settlement survivorship after out-
planting. An alternative method needs to be established in order to reduce competition with 
detrimental algae. However, the feeding of Artemia salina nauplii is an effective method to 
increase settler size. 

Samenvatting 
 Koraalriffen zijn van groot belang voor sociale, biologische en economische doelein-
den, maar door wereldwijde en lokale invloeden worden ze ernstig bedreigd. Eén van de ma-
nieren om koraalriffen te herstellen is door middel van seksuele koraalvoortplanting. Terwijl 
het gebruik van seksuele voortplanting van koralen voor rif-herstel in een paar gevallen suc-
cesvol is geweest, blijft de overlevingskans van jonge koraalpoliepen die zijn uitgeplant op het 
rif, laag. Nieuwe methoden moeten worden ontwikkeld om de overleving van de koraalpolie-
pen te verbeteren. Dit kan bijvoorbeeld worden bereikt door de toevoeging van extra voe-
dingsbronnen en het minderen van concurrentie met schadelijke algen. Om dit probleem te 
benaderen, werd het overlevingsvermogen van koraalpoliepen van het broedkoraal, Favia 
Fragum, bestudeerd in een oceaan gelokaliseerde kweeksysteem. Hierin werd het voeden van 
Artemia salina naupliën (~300 nauplii L-1 ) en de begrazing activiteit door kleinschalige Dia-
dema antillarum (testgrootte: ~1.5 tot 3.0 cm) getest. De resultaten liet een zesvoudige daling 
zien, tussen de begraasde behandelingen (15 - 16%) en de niet-begraasde behandelingen (90 
- 95%). Het bijvoeren had geen invloed op de overleving maar resulteerde in een toename van 
poliep grootte tussen de bijvoer behandelingen (2.1 mm2) en de niet-bijvoerbehandelingen 
(1.7 mm2). Deze resultaten geven aan dat de begrazing van Diadema antillarum een hoge 
mortaliteit tot gevolg heeft. Echter, door het bijvoeren nam de omvang van de poliep toe, de 
omvang van koraalpoliepen is van belang voor de overleving na de uitplanting, grotere koraal-
poliepen hebben een hogere overlevingskans. Er moet een alternatieve methode worden 
vastgesteld om de concurrentie met schadelijke algen te verminderen, om deze methode te 
verbeteren. Echter, het voeden van Artemia salina nauplii is een effectieve methode om ko-
raalpoliepen te vergroten. 
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1. Introduction  
Coral reefs are indispensable for marine and terrestrial life. They participate in the global 

carbonate cycle (Ridgwell & Zeebe, 2005) and provide habitat and shelter for a wide range of 

marine species (Graham & Nash, 2013). It is further estimated that coral reefs provide 

livelihood, food and coastal protection for at least 500 million people (Wilkinson, 2008). Coral 

reefs are not only of importance biologically and socially-wise, but also economically. It is 

suggested that on average coral reefs provide $352,250 USD per hectare annually through 

tourism, fisheries and as a source of new medicines (de Groot, et al., 2012). However, coral 

reefs have been degrading in recent times due to global and local threats (Hoegh-Guldberg, 

et al., 2007; Gordeau, 1992). For instance, climate change causes accelerated changes in the 

oceans’ abiotic and biotic environment such as rising temperatures and acidification which in 

return has drastic effects on marine species. Moreover, human activity such as pollution and 

coastal development cause local water eutrophication, allowing harmful algae that thrive on 

nutrients to dominate coral reefs. This can further be aggravated through overfishing of key 

herbivorous fish species. (Burkepile & Hay, 2006; Belle, 1992) 

Coral reefs cannot adapt fast enough to overcome this rapid change (Pandolfi, et al., 2011), 

and it is therefore imperative to implement measures to reverse, or to the very least slow the 

decline of coral reefs. Coral reefs can be protected through indirect interventions in the form 

of policy and management actions, such as the implementation of marine parks, no fishing 

zones and regulations of coastal development. If these policies are properly enforced, then 

direct interventions in the ecosystem may accelerate the process of population recovery. 

Examples of direct interventions may include the removal of harmful algae, or outplanting 

coral species trough coral propagation. In recent years, coral propagation has gained in 

popularity as a measure to help the recovery of coral population. (Randall, et al., 2020) 

Coral propagation can either be performed via fragmentation or via coral larval 

propagation. Fragmentation techniques make use of the asexual reproductive system of 

corals, whereby parts of a colony are fragmented into multiple genetic clones that are 

replanted to the reef (Highsmith, 1982). While this method is effective for increasing coral 

cover relatively rapidly, it does not increase genetic diversity of restored coral populations. In 

contrast, coral larval propagation approaches make use of the sexual reproductive system of 

corals, thus allowing to increase the genetic diversity of restored populations. A higher genetic 

diversity makes populations more likely to adapt to global and local threats (Baums, et al., 

2019; Baums, 2008). The different steps of coral larval propagation techniques are directly 

linked to the life cycle of corals. Corals can reproduce sexually either via a brooding or a 

broadcast spawning strategy  (SECORE, 2020). Broadcast spawning species release their eggs 

and sperm in the water column where fertilization occurs during mass spawning events, once 

or twice a year. In brooding coral species, fertilization in contrast occurs internally before the 

release of larvae that are fully developed and competent to settle. Brooders typically have an 

extended reproductive season throughout the year (Ritson-Williams, et al., 2009). Coral larval 

propagation is thus achieved by collecting either brooded larvae or broadcasted gametes. The 
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latter are then reared until they reach competency and are then allowed to settle (i.e., attach) 

on artificial settlement substrates. During settlement, coral larvae undergo metamorphosis, 

whereby they transition from motile larvae to sessile polyp (henceforth referred to as 

settlers). Once settled, the settler forms a mouth and tentacles and is therefore capable of 

heterotrophic feeding. After a few days of settlement, the concerned substrates can either be 

kept in a land-based or ocean-based nursery until coral settlers reach larger sizes, or can be 

directly outplanted to the reef. (Chamberland, et al., 2015; Chamberland, et al., 2017)  

While larval propagation techniques have proven to be successful in multiple occasions 

(Chamberland, et al., 2017; Chamberland, et al., 2015; Guest, et al., 2013; Nakamura, et al., 

2011; Villanueva, et al., 2012; Omori, et al., 2008), they are costly and labour intensive to 

implement, preventing their application on large scales. In addition, current methods yield 

very low survival rates of settlers once they are outplanted to the reef (Chamberland, et al., 

2017; Guest, et al., 2013). Thus, increasing settler survivorship as well as developing tools to 

upscale operations would make larval propagation efforts more effective. 

Recently, ocean-based larval rearing pools (LRPs) were developed by SECORE International 

to achieve mass rearing of coral embryos and larvae (Chamberland, 2018). An ocean-based 

LRP is a floating nursery allowing hundreds of thousands of gametes and larvae to be reared 

and settled at once. Because the LRPs are ocean-based, constant flow of large water volumes 

allows successful rearing to occur with relatively little maintenance. To date, this method 

showed to be successful with multiple Caribbean coral species (e.g., Acropora palmata, Col-

pophyllia natans, Pseudodiploria strigosa, Orbicella faveolata, Diploria labyrinthiformis), and 

at multiple locations (e.g., Curaçao, Mexico, Dominican Republic, The Bahamas) (personal 

communication, Kelly Latijnhouwers), whereby hundreds of thousands of coral larvae could 

be reared and settled onto up to two thousand substrates at a time. However, the survival of 

coral recruits after outplanting remains low (<5% after one year; personal communication, 

Kelly Latijnhouwers). One approach to enhance settler survivorship after the outplanting 

phase could be to optimize nursery conditions prior to outplanting. For example, settlers can 

be co-cultured with grazers to suppress the growth of detrimental algae, such as turf and 

macroalgae (Craggs, et al., 2019). These algae are known to overgrow coral settlers limiting 

their available space. In Singapore, Pocillopora damicornis settlers co-cultured with the sea 

urchin Salmacis sphaeroides (73 ± 2 mm test diameter) in a land-based nursery, had a 13-fold 

increase in survival compared to settlers without any grazing activity (Toh, et al., 2013). In 

some cases, however, grazing can negatively affect coral settlers. For instance, Favia fragum 

are highly sensitive to grazing activity, with settlers densities declining to negligible numbers 

in the presence of full grown Diadema antillarum  (four urchins m-2) (Sammarco, 1980). In 

contrast, smaller-sized grazers, such as juvenile sea urchins or snails, have shown to be bene-

ficial to coral settlers (Craggs, et al., 2019). Smaller-sized grazers are able to graze more pre-

cisely without incidentally grazing or damaging coral settlers (Craggs, et al., 2019). Another 

approach to improve settler survival may include providing them with extra sources of nutri-

tion in order to enhance their health and growth. Size for early-phased settlers is of great 
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importance as their chance of survival significantly increases as they grow, i.e. corals follow a 

type III survival curve (Vermeij & Sandin, 2008). Moreover growth is an indication of health: 

unhealthy corals often survive, but remain small-sized and with fewer polyps (Vermeij & 

Sandin, 2008). It was shown that feeding early-staged F. fragum settlers with lipid-rich Artemia 

spp. nauplii enhances their growth by tenfold over a time period of five months in a controlled 

land-based nursery (Petersen, et al., 2008). Outplanting settlers that have been fed during 

their nursery phase may therefore help to overcome the early post-settlement stage. Yet, to 

date, both co-culturing of grazers and feeding of settlers with Artemia spp. were never tested 

within ocean-based in situ nurseries for coral settlers, with large scale restoration as the main 

objective. 

In this study, we attempted to increase the success of in situ nursery phases of coral set-

tlers by applying grazing and feeding treatments within the above mentioned SECORE ocean-

based LRP. This was achieved using larvae of the Caribbean coral Favia fragum (Esper 1797), 

a brooding coral species that releases larvae throughout the year, thereby increasing oppor-

tunities for research within these ocean-based LRP’s. We tested if co-culturing coral settlers 

with small-sized herbivorous urchins, as well as providing them with a protein and lipid rich 

diet, within an ocean-based nursery setting, optimize the efficiency of larval propagation tech-

niques. We more specifically aimed at answering the following questions: ‘What is the effect 

of the addition of lab-cultured Artemia spp. nauplii on the survivorship and growth of F. fra-

gum settlers?’, and ‘What is the effect of grazing by small-sized, juvenile Diadema antillarum 

urchins on the survivorship and growth of F. fragum settlers?’. To answer these research ques-

tions, F. fragum larvae were settled on artificial settlement substrates and distributed over 

different feeding and grazing treatments within an ocean-based LRP, after which survival and 

growth were monitored just before the outplanting phase.   

We expected that, by increasing available nutrition sources and by reducing competition 

with detrimental algae, Artemia spp. nauplii feeding and grazing by small-sized D. antillarum, 

respectively, would both enhance the survival and growth of settlers. If these expectations are 

validated, then these protocols could be adapted and applied to other coral species, possibly 

increasing the effectiveness of sexual coral restoration techniques for a range of coral species  

 

 

  



 
9 

2. Materials & Methods 

2.1 Study species and Larval collection  

Experiments were conducted between January and April 2020 on Curaçao (12°N, 69°W), a 

Southern Caribbean island located 60 km north of Venezuela. Favia fragum is a relatively small 

coral with mature colonies typically less than 100 cm2 surface area, and is usually hemispher-

ical in shape with large corallites densely packed together (Figure 1). F. fragum occurs in the 

Caribbean, Florida, Bahamas, southern Gulf of Mexico and Bermuda to the south of Brazil, and 

on the tropical west coast of Africa (IUCN, 2020). F. fragum is commonly found in shallow reefs 

(0.5-5 m) and has a monthly larval release that follows 6 to 16 days after new moon (Szmant-

Froelich, et al., 1985). Unlike other coral species, F. Fragum larvae bear zooxanthellae derived 

from the parent colony (Nunes, et al., 2011). Zooxanthella are unicellular marine algae endo-

symbiotic with coral species, providing nutrition trough photosynthesis (Muscatine, 1980). 

 

A larval collection system (Chamberland, et al., 2017) (figure 2A) was used to collect F. 

fragum larvae. This is an enclosed system in which 16 adult colonies were kept overnight dur-

ing the monthly peaks of larval release. One hour before sunset, daily, colonies were placed 

in 16 individual beakers supplied with a constant inflow of 100 µm filtered seawater (FSW), 

causing the beakers to overflow into a larval collection cup (150 µm mesh). F. Fragum larvae 

are positively buoyant and therefore forced to overflow into the collection cups upon release. 

Both the beakers and collection cups were placed in a flow-through aquarium system at a 

constant temperature of 28°C. Each morning, the larvae were collected between 8:00-9:00, 

by gently pipetting the larvae out of the collection cups into a 500 mL plastic container filled 

with FSW. 

For this study specifically, larvae were collected during seven consecutive days between 9 

and 16 days after the March new moon.  

 

 Figure 1. Favia Fragum colony, approximately >1 years old, used to 
collect larvae inside the larval collection system. 
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2.2 Larval settlement 

In order to allow settlement, larvae that were collected each day were equally divided be-

tween two plastic settlement containers (50 × 25 × 15 cm) (figure 2B) filled with 0.5 µm FSW. 

The settlement containers contained 15 tetrapod-shaped artificial settlement substrates 

made of cement. These tetrapods (figure 2C) were specially designed for coral settlement and 

allow for large scale and cost-effective outplanting, because they can be outplanted by simply 

wedging them in reef crevices. Using tetrapod tiles (henceforth referred to as tile) takes ≤ 7% 

of the time used with the traditional labour-intensive and costly outplanting techniques using 

binding materials to secure them to the substrate to the reef (Chamberland et al. 2017). To 

ensure similar settler densities on each tile, the substrates were inspected daily. F. fragum 

larvae fluoresce bright green or red, which can be seen using a blue light and yellow filter, 

therefore making the settlers easily detectable. Each tile with ≥ 10 settlers was placed in a 

container with no larvae and replaced with a new tile in the settlement container. This process 

was repeated until a total of 96 tetrapods each containing at least 10 settlers was reached. 

Until the settlement phase was completed, water changes in the containers were done daily 

to preserve water quality. In order to track survival through time, an initial settler count was 

performed before the tiles were transferred to the ocean-based LRP (figure 2D). To do so, all 

settlers on each tetrapod were thoroughly counted using a blue light and a yellow filter.  

2.3 In situ experiments 

The tetrapods harbouring settlers were placed in the ocean-based LRP and divided among 

four treatments; Control, Feeding, Grazing, and Feeding + Grazing (n = 4 replicate containers 

per treatment). Each replicate was established in a ~60 L cylinder-shaped replicate container 

(figure 2E). In order to prevent nutrition exchange and grazer movement between treatments 

while maintaining water flow within the replicate containers, three removable windows cov-

ered with 100 µm mesh were added on each replicate containers. To include approximately 

the same number of settlers in each replicate container, the tiles were assigned a replicate 

container based on the amount of settlers they harboured.  

For the Grazing treatments, a total of 24 small-sized Diadema antillarum (test size: ~1.5 

to 3.0 cm) were collected at three reef sites between 0.5 - 6.0 m depth (Piscaderabaai 

12.109°N, -68.953°W; Water Factory 12.090°N, -68.904511°W; Marie Pampoen 12.116, °N -

68.964°W) and divided over the eight appropriate replicate containers, so that each replicate 

container received three urchins of similar size ranges (Figure 2F).  

For the Feeding treatments, settlers were fed Artemia salina nauplii every other day. To 

do so, 0.5 g of Artemia cysts (A. salina; size: 600 µm; Select Brine Shrimp Eggs; Salt Creek, Inc., 

USA) were hatched in 500 mL of 0.5 µm FSW. A 0.5 L hatchery set-up was used (ArtemioSet, 

JBL GmbH & Co. KG, Neuhofen, Germany) (figure 2H). The first cysts hatched after 16 hours, 

and a 90% hatch rate was reached at 26 hours, resulting in ~150,000 A. salina nauplii 

(henceforth referred to as nauplii) in 500 mL. To ensure that each replicate container received 

equal amounts of nauplii, the water volume was reduced to 400 mL and homogenized, the 
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culture was then divided over eight 50 mL falcon tubes (Becton, Dickinson and Company, NJ, 

USA), resulting in ~18,750 nauplii per tube. The nauplii were poured into the 8 replicate 

containers, resulting in ~300 nauplii L-1 (Petersen, et al., 2008). Settlers were fed for a duration 

of 1.5 hours every other day, leading to seven feeding time points over the two-week nursery 

period. 1.5 hours is an estimated optimal feeding period based on studies where nauplii were 

fed (0.3 to 3.0 hr), in which the nutrition value of nauplii decreased overtime (Léger, et al., 

1986). 

To prevent uncaptured nauplii form decaying within the replicate containers, the win-

dows of the replicate containers were opened to discard the remaining nauplii after the feed-

ing period of 1.5 hours. During the feeding period, maintenance of the ocean-based LRP was 

performed, whereby algae were removed from the inside and outside walls using a scrub 

brush and a sponge. 

2.4 Settler survival and size 

After two weeks, all settlers were re-scored using a blue light and yellow filter in order to 

determine their survival. In addition, photographs of settlers next to a 0.1 mm graduated ruler 

(Figure 2G) were taken using a camera set on microscope mode (TG-6, Olympus) to allow for 

subsequent size measurements (area, mm2) using Image J (Schneider, 2012). 

2.7 Data analysis 

Because all data was non-normal, non-parametric Welch’s t-test followed by Games-

Howell’s post-hoc test were applied in order to test the individual and combined effects of 

grazing and feeding on settler survival and growth (Tomarken & Serlin, 1986). A p-value of 

0.05 was used as significance threshold for all tests.  
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Figure 2. Pictures of methodology. (A) Larval collection system. (B) Larval settlement container. (C) 

Tetrapod tile, used for larval settlement and outplanting. (D) Ocean-based larval rearing pool (LRP). 

(E) Replicate containers placed within the LRP. (F) Diadema antillarum placed inside a replicate con-

tainer to obtain grazing activity. (G) Photographs of settlers next to a 0.1 mm graduated ruler (H) 

Artemia hatchery set-up.  
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3. Results 
A total of ~6,600 larvae were released by the 16 Favia Fragum colonies kept in the larval 

collection system. Approximately 60% (~3,800) of these larvae settled on 96 tiles, resulting in 

~1,000 settlers for each of the four treatments. The amount of settlers per tile averaged ~40 

± 32 SD (n = 96 tiles). 

Settlers grown in the presence of the herbivorous grazers Diadema antillarum were six 

times less likely to survive compared to those reared without urchins (Welch’s t-test: t = 279.6, 

p < 0.05) (Appendix I-a) (figure 3A). When settlers were reared in the absence of D. antillarum, 

survival was high (90 to 97%) regardless if they were fed or not. While feeding F. fragum set-

tlers with nauplii did not influence their survival during the 20-day duration of the nursery 

phase, feeding did result in a 15% increase in settler size (Welch’s t-test: t = 6.028, p < 0.05) 

Appendix I-b) (Figure 3B). Moreover the presence of D. antillarum did not affect settler size. 

At the end of the 20-day study period, all F. fragum settlers in all treatments still consisted of 

one polyp, and had therefore not initiated polyp divisions. 
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Figure 3. Individual and combined effects of Feeding and Grazing on 3 to 10-day-old F. Fragum set-

tlers after a grow-out period of 20 days in and ocean-based larval rearing pool (LRP). (A) Survivor-

ship percentage showing average survival of the 4 treatments (n=24 tiles per treatment). (B) Aver-

age settler size (mm
2
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4. Discussion 
Restoring imperilled populations of corals to help preserved coral reef ecosystems is 

required for social, biological and economical purposes, and this can be achieved via coral 

propagation. Large scale sexual propagation of corals for reef rehabilitation has been 

successful in a few occasions (Chamberland, et al., 2017; Nakamura, et al., 2011; Omori, et al., 

2008), however post-settlement survivorship remained low. To increase the survivorship of 

sexually propagated settlers after outplanting, this study investigated different methodologies 

aimed at increasing available nutrition sources available to young coral settlers and reducing 

their competitive interactions with detrimental algae.  

It was expected that these two approaches would enhance the survival and growth of 

settlers during their nursery phase. This was tested with three to ten-day-old Fava fagum 

settlers, using an ocean-based larval rearing pool (LRP), a SECORE International developed 

nursery allowing mass-rearing and settlement of gametes and larvae. In this set up part of 

Craggs and Petersen’s protocols were tested (Craggs, et al., 2019; Petersen, et al., 2008). In 

contrast to those protocols, this study makes use of Caribbean urchins and are tested in large 

scale ex situ enclosures (LRP).  

4.1 Optimization of post-settlement survivorship 

Tiles kept in the presence of Diadema antillarum appeared, as expected, to have less 

harmful algae growing on them then the tiles kept without urchins (Figure 4). This indicates 

that the grazers functioned as expected. This reduction in algal cover however surprisingly did 

not result in higher survival of F. Fragum settlers, as it appeared that the latter were also 

grazed by D. antillarum. This led to a 6-fold decrease in settler survival in the grazing treat-

ments, indicating that co-culturing F. fragum settlers with herbivorous D. antillarum resulted 

in an increased mortality of young settlers. These findings are contradictory to the expecta-

tions, despite the fact that small sized urchins were collected for this experiment.  

 

  

A B 

Figure 4. Algae growth on tetrapod tiles after outplanting (A) Tetrapod tile derived from grazing 

treatments (B) Tetrapod tile derived from non-grazing treatments.   
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The results correspond with the fact that F. Fragum settlers are sensitive to incidental 

grazing activity of mature D. antillarum  (Sammarco, 1980). However, to avoid incidental 

grazing activity in the present study, only small-sized D. antillarum were selected (test size: 

~1.5 to 3.0 cm). Nevertheless, it may be possible that even smaller-sized D. antillarum should 

have been used for co-culturing, possibly by using urchins right after they metamorphose. 

Craggs, et al., (2019) for example used urchins (Mespilia globulus) that were reared from 

spawned gametes, through their planktonic phase. This way the urchins could be used right 

after metamorphosis. Making this method labour intensive but effective. However, because 

it was too labour intensive to apply in this study, we instead collected wild D. antillarum, 

possibly still leading to oversized and therefore more detrimental D. antillarum. It is further 

possible that, because the tiles with settlers initially did not contain fleshy algae that nor-

mally compose the diet of sea urchins until a certain time after the start of the experiment, 

urchins in the nursery might have been starving, leading them to predate on F fragum set-

tlers. D. antillarum is indeed known to predate on corals when experiencing a food shortage 

(Bak & van Eys, 1975).  

When cultured without urchins, F. fragum settlers had a very high survival (90-97%), 

which is comparable to a survivorship of 90% - 95% of F. Fragum settlers after 20 days of 

treatment for ex situ small scale settings (Petersen, et al., 2008). This had however never been 

achieved in a large scale in situ setting where conditions are not as controlled as in ex situ 

aquarium facilities.  

The settlers where kept ocean-based and contained zooxanthellae proving them with 

enough nutrients to survive, which means that providing them with Artemia salina nauplii is 

an addition to their diet. This could explain that this treatment did not show an effect in settler 

survivorship, but it did enhance their growth. 

4.2. Optimization of settler size 

The size of F. fragum settlers in all treatments varied between ~1.7 to 2.1 mm2 after 20 

days. Sizes ranging between ~0.8 to 1.3 mm2 are common for this species when reared re-

garding the same treatments (feeding and non-feeding) and time period, in land-based small-

scale settings (Petersen, et al., 2008). It is plausible that in situ rearing, in comparison to ex 

situ facilities, promotes the growth of coral settlers. Conditions in the LRP may be more similar 

to natural reef conditions, contain more natural conditions, such as additional nutrients (min-

erals) in the water column, water movement and light cycles, which could be more beneficial 

than a controlled setting. To confirm if coral settlers actually thrive in ocean-based conditions, 

a follow-up research could be executed regarding this. Overall, these finding shows that the 

LRP is not jeopardizing the health and growth for settlers.  
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F. Fragum bear zooxanthellae as larvae, providing them with photosynthetic products in 

early settlement phases. However, there are non-zooxanthellae-bearing corals that lack this 

advantage, and are obliged to provide nutrition themselves until they acquire their symbionts 

(Nunes, et al., 2011). Which means that feeding these corals in their early stages will have an 

even larger benefit than for e.g. F. Fragum, suggesting that this method may be even more 

effective on non-zooxanthellae-bearing corals.  

Grazing activity of D. antillarum has no effect on settler size. A slightly higher average size 

was measured in settler size of the grazing treatments. However, no significant difference was 

shown regarding this, possibly because the sample size was not large enough due to high mor-

tality among grazed settlers (n = 20). The decrease of detrimental algae would give the settlers 

spend less energy into competing and more energy into metabolic processes resulting in 

growth, supporting this assumption. Perhaps the algae did not grow large enough to compete 

with the settlers in the 20 days of treatment.  

4.3. Post outplanting success  
The F. fragum settlers were outplanted after the nursery phase. Their survival and growth 

is currently still being monitored for further examination. Effects of grazing and feeding on the 

post-outplanting survivorship, in which an in depth analysis of the benthic community on the 

tiles and the survivorship of the outplanted settlers are tracked. 

It is expected that the tiles with settlers that were being fed show an increase in survival. 

Additionally, we expect that algal succession on tiles that were exposed to grazers will be 

slower, increasing the chances of survivorship of those settlers as well. These expectations are 

based on the results of this study and the fact that size and the reduction of algal succession 

increases survivorship (Vermeij & Sandin, 2008; Craggs, et al., 2019). If the results show to be 

successful, other species of corals need to be studied to make an increase in the amount of 

species with which we can do large scale restoration in an LRP. 
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5.Conclusion  
In order to optimize settler survival and growth through grazing, a different approach 

of the grazers methodology is required. The reason for the use of D. antillarum in studies is 

because this species is a herbivorous urchin common in the Caribbean region which are 

relatively easy to maintain. However different species could serve for the same purpose, 

Trochus maculatus, an Indo-Pacific snail species, has shown a tenfold increase of the 

survivorship when co-cultured with the coral species Pocillopora damicornis (Toh, 2013). In 

addition, rearing Acropora valida settlers in situ in the presence of Trocus niloticus resulted in 

a 15% higher survival (Villanueva, et al., 2013). Furthermore, Paguristes sp., a hermit crab 

species has been used in aquaculture to control the growth of algae, and has shown no 

primary or secondary damage to coral settlers (Petersen, et al., 2008). In contrast to D. 

antillarum, these species are less harmful to coral settlers and may provide grazing activity 

benefitting the settlers. Similar research could be conducted with Caribbean pervious snail 

species of the same genus Trochus muricatus.  

 

Settler size and number of polyps is of great importance for early-stage settlers as 

corals follow a type III survival curve, which means bigger settlers have higher chances of 

survival (Vermeij & Sandin, 2008). Growth rates in relation with different types of diets is 

therefore relevant for post-settlement survivorship. For example, feeding nauplii enriched 

with omega-3 polyunsaturated fatty acids (PUFAs) increases the ability of corals coping with 

terminal stress (e.g. coral bleaching). It has further increased growth rates in the Pacific coral 

species Duncanopsammia axifuga and subsequently their survival. (Tagliafico, 2017). It is 

worth investigating the effect of different lipid-high diets on the rate of polyp divisions and 

growth. Since growth increases survival an optimum diet may help increase post-settlement 

survivorship and thus the effectiveness of sexual coral propagation. 

 

This study focused on addition of nutrients and reducing algal growth to achieve a 

higher post-settlement survivorship, however other factors impacting the health and survival 

of coral settlers could further be tested. Biotic factors such as mutualistic relationships with 

bacteria or algae, or abiotic factors such as waterflow, temperature, light or even placement 

on the reef (vertical or horizontal). These are all factors that could be tested within LRP to 

further increase the success of in situ larval rearing. For example survivorship of F. Fragum 

settlers decreases at temperatures exceeding 28 degrees C° (Randall & Szmant, 2009), which 

may occur during the warmest periods of the year between June and November (Climate-

Curacao, 2020). Thus, rearing F. Fragum in during cooler months could be of importance to 

support settlers trough their early live stages. 
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The addition of Artemia salina nauplii as a source of nutrients, pre-outplanting phase, 

had no effect on the survivorship of F, Fragum settlers. However, it increases settler size, 

possibly increasing post-outplanting survivorship. The co-culturing with small-sized Diadema 

antillarium had a decreasing effect on the survivorship of Favia fragum settlers, regardless of 

the fact that algal growth appeared to be significantly absent on the grazed tiles. Moreover, 

grazing did not affect settler size. We conclude that providing coral settlers with a protein and 

lipid rich diet within an ocean-based nursery setting, helps optimizing the efficiency of larval 

propagation techniques as it is beneficial for coral settler size. In contrast to co-culturing coral 

settlers with small-sized D. antillarum, which are harmful and therefore not an effective 

approach to optimize efficiency of larval propagation techniques in this specific setting.  

 

  



 
19 

References 
Aranda, M., Banaszak Anastrazia T, Till, B., R., L. J., Medina, M., & R., V. C. (2011). Differential sensitivity of coral 

larvae to natural levels of ultraviolet radiation during the onset of larval competence. Molecular 

Ecology, 2955-2972. 

Bak, R. P., & van Eys, G. (1975). Predation of the Sea Urchin Diadema antillarum Philippi on Living Coral. 

Oecologica, 111-115. 

Barton, J. A., L., W. B., & Hutson, K. S. (2015, December 21). Coral propagation: a review of techniques for 

ornamental trade and reef restoration. Aquaculture, 238-256. doi: https://doi.org/10.1111/raq.12135 

Baums, I. B. (2008). A restoration genetics guide for coral reef conservation. molecular ecology, 2796-2811. 

Baums, I. B., Baker, A. C., Davies, S. W., Grottoli, A. G., Kenkel, C. D., Kitchen, S. A., . . . Shants, A. A. (2019, July 

22). Considerations for maximizing the adaptive potential of restored coral populations in the western 

Atlantic. Ecological Applications. doi:https://doi.org/10.1002/eap.1978 

Bell, P. (1992). Eutrophication and coral reefs—some examples in the Great Barrier Reef lagoon. Water 

Research, 553-568. 

Brooders. (sd). Opgehaald van Secore: Tomarken, A. J., & Serlin, R. C. (1986). Comparison of ANOVA 

alternatives under variance heterogeneity and specific noncentrality structures. Psychological Bulletin, 

99(1), 90–99. doi:10.1037/0033-2909.99.1.90  

Burkepile, D. E., & Hay, M. E. (2006). Herbivore vs. nutrient control of marine primary producers: context-

depenent effects. ecology, 3128-3239. 

Byrne, M., & Przeslawski, R. (2013). Multistressor Impacts of Warming and Acidification of the Ocean on 

Marine Invertebrates’ Life Histories. Integrative and Comparative Biology, Volume 53, Issue 4, 582-

596. 

Chamberland, V. F. (2018). Enviormental drivers of recruitment succes in caribbean corals. Universiteit van 

Amsterdam, Faculteit der Natuurwetenschappen, Wiskunde en Informatica. 

Chamberland, V. F., Latijnhouwers, K. R., jef, H., Hartmann, A. C., & Vermeij, M. J. (2017, June 28). Costs and 

benefits of maternally inherited algal symbionts in coral larvae. The Royal Society. 

doi:https://doi.org/10.1098/rspb.2017.0852 

Chamberland, V. F., Petersen, D., Guest, G. R., Petersen, U., Mike, B., & J.A., V. M. (2017). New Seeding 

Approach Reduces Cost and time Outplant Sexually Propogated Corals for Reef Restoration. Scientific 

Reports. 

Chamberland, V. F., Vermeij, M. J., Brittsan, M., Carl, M., Schick, M., Snowden, S., . . . Petersen, D. (2015). 

Restoration of critically endangered elkhorn coral (Acropora palmata) populations using larvae reared 

from wild-caught gametes. Global Ecology and conservation , 526-537. 

Christiansen, N. A., Ward, S., Harii, S., & Tibbetts, I. R. (2009). Grazing by a small Wsh aVects the early stages of 

a post-settlement stony coral. Coral Reefs, 47-51. 

Climate-Curacao. (2020, 06 02). Opgehaald van Climate to travel: 

https://www.climatestotravel.com/climate/cura%C3%A7ao 

Craggs, J., Guest, J., Bulling, M., & Sweet, M. (2019). Ex situ co culturing of the sea urchin, Mespilia globulus and 

the coral Acropora millepora enhances early post-settlement survivorship. Scientific reports. 

doi:https://doi.org/10.1038/s41598-019-49447-9 

de Groot, R., Brander, l., van der Ploeg, S., Robert, C., Bernard, F., Braat, l., . . . van Beukering, P. (2012). Global 

estimates of the value of ecosystems and their services in monetary units. Ecosystem Services, 50-60. 



 
20 

Gordeau, T. J. (1992). Bleaching and Reef Community Change in Jamaica: 1951–1991. American Zoologist, 683-

695. 

Graham, N., & Nash, K. (2013). The importance of structural complexity in coral reef ecosystems. Coral reefs, 

315-326. 

Guest, J., Baria, M., Gomez, E., Heyward, A., & A.J., E. (2013). Closing the circle: is it feasible to rehabilitate reefs 

with sexually propagated corals? Coral Reefs, 45-55. 

Highsmith, C. R. (1982, Feburary 15). Reproduction by fragmentation in corals. Marine Ecology, 207-226. 

Hoegh-Guldberg, O., Mumby, P., Hooten, A., Steneck, R., Greenfield, P., Gomez, E., . . . M.E., H. (2007). Coral 

Reefs Under Rapid Climate Change and Ocean Acidification. Science, 1737-1742. 

IUCN. (2020). Golfball coral. IUCN red list. Opgehaald van 

https://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T133594A3819647.en 

Lapointe, B. E., Barile, P. J., Litter, M. M., Littler, D. S., Bedford, B. J., & Gasque, C. (2005). Macroalgal blooms on 

southeast Florida coral reefs: I. Nutrient stoichiometry of the invasive green alga Codium 

isthmocladum in the wider Caribbean indicates nutrient enrichment. Harmful algea, 1092-1105. 

Léger, P., Bengtson, D., Simpson, K., & Sorgeloos, P. (1986). THE USE AND NUTRITIONAL VALUE OF ARTEMIA AS 

A FOOD SOURCE*. Oceanogr. Mar. Biol. Ann. Rev.,, 521-623. 

Mittermeier, R. A., Turner, W. R., Larsen, F. W., M, B. T., & Claude, G. (2011). Global Biodiversity Conservation: 

The Critical Role of Hotspots. Biodiversity Hotspots, 3-22. 

Muscatine, L. (1980). Productivity of Zooxanthellae. Primary Productivity in the Sea, 381-402. 

Nakamura, R., Ando, W., Yamamoto, H., Kitano, M., Sato, A., Nakamura, M., . . . Omori, M. (2011). Corals mass-

cultured from eggs and transplanted as juveniles to their native, remote coral reef. Inter-Research 

Science Publisher, 161-168. doi:https://doi.org/10.3354/meps09257 

Nunes, F. L., Norris, R. D., & Knowlton, N. (2011). Long Distance Dispersal and Connectivity in AmphiAtlantic 

Corals at Regional and Basin Scales. PLoS ONE. 

O'Leary, J. K., Potts, D., Schoenrock, K. M., & R, M. T. (2013). Fish and sea urchin grazing opens settlement 

space equally but urchins reduce survival of coral recuits. Marine Ecology Progress Series, 165-177. 

Omori, M., Iwao, K., & Tamura, M. (2008). Growth of transplanted Acropora tenuis 2 years after egg culture. 

Coral Reefs, 165. 

Pandolfi, J. M., Connolly, S. R., Marshall, D. J., & Cohen, A. L. (2011, Juli 22). Projecting Coral Reef Futures Under 

Global Warming and Ocean Acidification. Science, 418-422. doi:10.1126/science.1204794 

Penland, L., Kloulechad, J., Idip, D., & van woesik, R. (2004). Coral spawning in the western Pacific Ocean is 

related to solar insolation: evidence of multiple spawning events in Palau. Coral Reefs, 133-140. 

Petersen, D., Laterveer, M. L., & Wietheger, A. (2008). Influence of different food sources on the initial 

development of sexual recruits of reefbuilding corals in aquaculture. Aquaculture, 174-178. 

Petersen, D., Wietheger, A., & Laterveer, M. (2008). Influence of different food sources on the initial 

development of sexual recruits of reefbuilding corals in aquaculture. Aquaculture , 174-178. 

Randall, C. J., Negri, A. P., Quigley, K. M., Foster, T., Ricardo, G. F., Webster, N. S., . . . Heyward, A. J. (2020). 

Sexual production of corals for reef restoration in the Anthropocene. Mar. Ecol. Prog. Ser. 635:203-

232.  

Randall, C., & Szmant, A. (2009). Elevated temperature reduces survivorship and settlement of the larvae of the 

Caribbean scleractinian coral, Favia fragum (Esper). Coral Reefs, 537-545. 



 
21 

Ridgwell, A., & Zeebe, R. E. (2005). The role of the global carbonate cycle in the regulation and evolution of the 

Earth system. Earth and plantedary Science Letters, 299-315. 

Ritson-Williams, R., Arnold, S. N., Fogarty, N. D., Steneck, R. S., Vermeij, M. J., & Paul, V. J. (2009). New 

Perspectives on Ecological Mechanisms Affecting Coral Recruitment on Reefs. Smithsonian 

Contributions to the Marine Sciences, 437-457. 

Sammarco, P. W. (1980). Diadema and its relationship to coral spat mortality: Grazing, competition, and 

biological disturbance. Journal of experimental marine biology and ecology. 

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. 

Nature methods, 617-675. 

SECORE. (2020, Mei 2). Larval settlement. Opgehaald van Secore international: 

http://www.secore.org/site/corals/detail/larval-settlement.18.html 

Szmant-Froelich, A., Reutter, M., & Riggs, L. (1985). Sexual reproduction of Favia fragum (Esper): lunar patterns 

of gametogenesis, embryogenesis and planulation in Puerto Rico. Bulletin of Marine Science, 880-892. 

Tagliafico, A., Rudd, D., Rangel, M., Kelaher, B., Christidis, L., Cowden, K., . . . Benkendorff, K. (2017). Lipid-

enriched diets reduce the impacts of thermal stress in corals. Marine Ecology Progress Series, 128-141. 

Toh, T. C., Soon Lionel, C., Guest, J., & Ming Chou, L. (2013). Grazers improve health of coral juveniles in ex situ 

mariculture. Aquacultre, 288-293. 

Tomarken, A. J., & Serlin, R. C. (1986). Comparison of ANOVA alternatives under variance heterogeneity and 

specific noncentrality structures. Psychological Bulletin, 90-99. 

Vermeij, M. J., & Sandin, A. S. (2008). Density-dependent settlement and mortality structure: The earliest lief 

phases of coral population. Ecology, 1994-2004. 

Villanueva, R. D., Baria, M. B., & Cruz, D. W. (2011). Growth and survivorship of juvenile corals outplanted to 

degraded reef areas in Bolinao-Anda Reef Complex, Philippines. Marine Biology Research, 877-884. 

Villanueva, R. D., Baria, M. V., & dela Cruz, D. W. (2013). Effects of grazing by herbivorous gastropod (Trochus 

niloticus) on the survivorship of cultured coral spat. Zoological studies 52, 44. 

Villanueva, R. D., Yap, Helen T., M., & E., M. N. (2005). Survivorship of coral juveniles in a fish farm environmen. 

Marine Pollution Bulletin, 580-589. 

Wilkinson, C. R. (2008). Status of Caribbean coral reefs after bleaching and hurricanes in 2005. Caribbean Aera: 

National Environmental Satellite and Data Information Service (NESDIS). 

 

  



 
22 

Appendix 

Appendix I-a Post hoc survivorship 

 

Multiple Comparisons 

Dependent Variable:   Survival   
 

(I) Treatment (J) Treatment 

Mean Diffe-

rence (I-J) Std. Error Sig. 

95% Confidence Interval 
 

Lower Bound Upper Bound 

Games-Howell Control Feeding 7,63610 4,18713 ,280 -3,6582 18,9304 

Grazing -74,23942* 4,89879 ,000 -87,3071 -61,1717 

Grazing and 

Feeding 

-73,57971* 4,64158 ,000 -85,9863 -61,1731 

Feeding Control -7,63610 4,18713 ,280 -18,9304 3,6582 

Grazing -81,87552* 3,75435 ,000 -91,9614 -71,7896 

Grazing and 

Feeding 

-81,21581* 3,41193 ,000 -90,3506 -72,0810 

Grazing Control 74,23942* 4,89879 ,000 61,1717 87,3071 

Feeding 81,87552* 3,75435 ,000 71,7896 91,9614 

Grazing and 

Feeding 

,65971 4,25528 ,999 -10,6905 12,0099 

Grazing and 

Feeding 

Control 73,57971* 4,64158 ,000 61,1731 85,9863 

Feeding 81,21581* 3,41193 ,000 72,0810 90,3506 

Grazing -,65971 4,25528 ,999 -12,0099 10,6905 
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Appendix I-b Post hoc settler size 

Multiple Comparisons 

Dependent Variable:   Size Settler (Area mm2)   

Games-Howell   

(I) Treatment (J) Treatment 

Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Control Feeding -,304258* ,074730 ,000 -,49719 -,11133 

Grazing -,082508 ,143238 ,938 -,47884 ,31383 

Grazing and 

Feeding 

-,324742 ,166101 ,222 -,76929 ,11981 

Feeding Control ,304258* ,074730 ,000 ,11133 ,49719 

Grazing ,221750 ,149383 ,460 -,18688 ,63038 

Grazing and 

Feeding 

-,020484 ,171428 ,999 -,47710 ,43613 

Grazing Control ,082508 ,143238 ,938 -,31383 ,47884 

Feeding -,221750 ,149383 ,460 -,63038 ,18688 

Grazing and 

Feeding 

-,242234 ,210523 ,660 -,80041 ,31594 

Grazing and 

Feeding 

Control ,324742 ,166101 ,222 -,11981 ,76929 

Feeding ,020484 ,171428 ,999 -,43613 ,47710 

Grazing ,242234 ,210523 ,660 -,31594 ,80041 

*. The mean difference is significant at the 0.05 level. 

 


