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Corals comprise a wide variety of colonial marine invertebrates belonging to the 
Phylum Cnidaria. Their polyps form the most colorful, complete, and diverse 

communities on the Earth resembling underwater cities, commonly called coral 
reefs, which host a wide variety of invertebrates and fish species. They are highly 
productive ecosystems, contribute to the health of the biosphere, and offer a good 

number of economic and ecological services to coastal populations and to many people 
around the world. However, due to a diverse number of natural and anthropogenic 

stressors, corals have shown a severe decline over the past few decades. Being aware of 
the importance and relevance of the facts described, the book “Corals in a Changing 

World” offers new scientific information regarding the actual status and, in some 
cases, the resilience state of coral reef systems. Timely information is critical for 
managers and decision makers to implement sustainable management measures 

according to the ecological condition of coral reefs. In addition, the book also discusses 
the use of well-maintained coral microcosms to provide a good basis for performing 
experiments with natural fluctuations and to present studies dedicated to the coral 

diversity characterization and to their importance as a source of important biological 
compounds, which could be converted into industrial products.
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Preface

The 12 chapters of the book “Corals in a Changing World” written by authors from different
countries such as the USA, Puerto Rico, Germany, Colombia, Italy, China, Mexico, and
Spain are grouped into three thematic sections: diversity of corals, corals in changing envi‐
ronments, and industrial products from corals.

The first section is dedicated to the present studies on coral biodiversity. One of its three
chapters carried out by innovative technological tools for coral characterization such as re‐
motely operated vehicles (ROVs) shows the richness of the Mediterranean deep-sea environ‐
ments. The second chapter describes the cold-water coral habitats in the North Atlantic, and
the third chapter shows the use of Raman spectroscopic and modern microscopic techniques
to clearly identify the main commercial species of precious corals.

The second section contains a brief overview of the actual status of corals and, in some cases,
the resilience state of coral reef systems with the hope that timely information will help
managers and decision makers to implement sustainable management measures to alleviate
coral detriment. Furthermore, one of the book chapters presents interesting lessons learned
from the community-based coral aquaculture and reef rehabilitation program in Puerto
Rico, from a multidisciplinary standpoint. The corals will survive, as it is assured in one of
the chapters in this section of the book, but their communities will no longer be the same;
therefore, the author states that we need to work on the acquisition of scientific knowledge,
so that the managers could implement best management practices and reef rehabilitation
strategies. In this section, the book also discusses the use of well-maintained coral micro‐
cosms to provide a good basis for performing experiments with natural fluctuations.

The last section of the book discusses corals, as a source of new bioactive compounds useful
to humans, in fields, namely, new drugs, molecular tools, fine chemicals, cosmetics, nutra‐
ceuticals, and agrochemical industries. Some study cases on structure-activity relationship
(SAR) as a strategy to maximize the activity initially detected in compounds isolated from
octocorals are particularly discussed as a part of the global strategy to make more efficient
the process of sustainable production and industrial application of these compounds.

In conclusion, as the book points out, coral reefs are recognized as unique habitats character‐
ized by numerous structuring species, generating complex ecosystems, which act as impor‐
tant oases of biodiversity in the oceans. For these reasons, and due to the fragility of these
ecosystems under changes (threats) either natural or anthropogenic very frequently intro‐
duced in their environment, it is evident that the key to understanding their future requires
an insightful comprehension of the actual status of corals and continuous following up to
better understand the causes and effects of the coral deterioration, their survival mecha‐
nisms, and their ecological importance. Surely, the knowledge provided and the results pro‐
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1. Introduction

1.1. Corals and coral reefs

Corals have taken about 200–300 million years of evolution to reach the way we currently 
know them. They are mostly polypoid colonial marine invertebrates belonging to the phy-
lum Cnidaria in the subclasses, Hexacorallia (having six tentacles and mesenteries or mul-
tiple mesenteries thereof) and Octocorallia (with eight tentacles and eight mesenteries), both 
included in the class Anthozoa [1, 2]. They are sessile organisms, which have developed 
unique form of symbiosis to be successful in complex marine environments. This complex 
biological assemblage is known to be composed of the coral, its endolithic algae (zooxanthel-
lae), and the associated community of microorganisms including bacteria, archaea, viruses, 
and fungi. The plant host contributes with nitrogenous waste and receives photosynthetic 
products from the symbiont in return. Additionally, the association between plants and ani-
mals also contributes to the brilliant colors of corals.

1.2. Geographical distribution

Those marine animals composed by millions of tiny polyps have evolved in such extraordi-
nary way that they construct through excretion of calcium carbonate, truly underwater cities 
(coral reefs) being homes for numerous invertebrate and fish species. The number of species 
harboring these coral reefs is so high that many people consider them as hotspots of bio-
diversity. Corals are distributed worldwide in the oceans in shallow and deep waters, but 
reef-building corals are only limited to shallow waters in tropical and subtropical areas; their 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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symbionts, particularly the photosynthetic algae, called zooxanthella, the main producer of 
energy, needs light and warm temperatures (generally no lower than 20°C) to provide up to 
98% of the nutritional needs of this unique marine organism. In addition, coral reefs are the 
only living structure to be visible from space (Figure 1) being within the jurisdiction of more 
than 100 countries and occupying more than 600,000 km2 of tropical oceans.

1.3. Benefits that corals provide and current threats

Furthermore, coral reefs are important ecosystems that harbor many aquatic animals, food 
sources of superior organisms (they give almost to one quarter of all ocean species, food, and 
shelter), and commercial and sports fishing for humans. They also provide substantial eco-
logical and economic services to coastal communities. However, they are highly susceptible 
to natural and anthropogenic threats.

Although in the last two decades, deterioration in coral environments worldwide has been 
documented, due mainly to the interaction of anthropogenic and climatic stress factors 
through observation of changes in coral composition, coral bleaching, mass mortality of reef 
organisms, reduction in the number of coral species, and coral reef coverage, among others; 
large-scale information on the current state of the reefs is not up to date. As a result, there is no 
certainty about the actual degree of their status or the degree of recovery or if, on the contrary, 
the degradation has continued. Nowadays, it is of general consensus that to provide scientific 
knowledge has become an international priority to make possible their conservation and the 
reduction of the damages suffered.

Figure 1. Major coral reef regions of the world as presented in the website: https://aamboceanservice.blob.core.windows.
net/oceanservice-prod/education/kits/corals/media/coralreefmap.jpg [accessed 2018-01-08].

Corals in a Changing World4

Thus, not only due to the undeniable importance of corals but also due to its continuous anthro-
pogenic exploitation, climate change, and other threats such as strong El Niño Oscillation 
events, ocean acidification, and ecological aspects that have caused the increase of algae and 
cyanobacteria competitors in affected coral reefs, we have considered of strategic importance 
to present this book. Furthermore, knowledge on corals is now an international priority to 
implement effective management and proper conservation measures.

Author details

Carmenza Duque Beltran1* and Edisson Tello Camacho2

*Address all correspondence to: cduqueb@unal.edu.co

1 Universidad Nacional de Colombia, Bogotá, Colombia

2 Universidad de La Sabana, Chía, Colombia

References

[1] Daly M, Brugler MR, Cartwright P, Collins AG, Dawson MN, Fautin DG, France SC, 
McFadden CS, Opresko DM, Rodriguez E, Romano SL, Stake JL. The phylum Cnidaria: 
A review of phylogenetic patterns and diversity 300 years after Linnaeus. Zootaxa. 
2007;1668:127-182

[2] McFadden CS, Sánchez JA, France SC. Molecular phylogenetic insights into the evolu-
tion of Octocorallia: A review. Integrative and Comparative Biology. 2010;50:389-410. 
DOI: 10.1093/icb/icq056

Introductory Chapter: Introduction to Corals in a Changing World
http://dx.doi.org/10.5772/intechopen.73868

5



symbionts, particularly the photosynthetic algae, called zooxanthella, the main producer of 
energy, needs light and warm temperatures (generally no lower than 20°C) to provide up to 
98% of the nutritional needs of this unique marine organism. In addition, coral reefs are the 
only living structure to be visible from space (Figure 1) being within the jurisdiction of more 
than 100 countries and occupying more than 600,000 km2 of tropical oceans.

1.3. Benefits that corals provide and current threats

Furthermore, coral reefs are important ecosystems that harbor many aquatic animals, food 
sources of superior organisms (they give almost to one quarter of all ocean species, food, and 
shelter), and commercial and sports fishing for humans. They also provide substantial eco-
logical and economic services to coastal communities. However, they are highly susceptible 
to natural and anthropogenic threats.

Although in the last two decades, deterioration in coral environments worldwide has been 
documented, due mainly to the interaction of anthropogenic and climatic stress factors 
through observation of changes in coral composition, coral bleaching, mass mortality of reef 
organisms, reduction in the number of coral species, and coral reef coverage, among others; 
large-scale information on the current state of the reefs is not up to date. As a result, there is no 
certainty about the actual degree of their status or the degree of recovery or if, on the contrary, 
the degradation has continued. Nowadays, it is of general consensus that to provide scientific 
knowledge has become an international priority to make possible their conservation and the 
reduction of the damages suffered.

Figure 1. Major coral reef regions of the world as presented in the website: https://aamboceanservice.blob.core.windows.
net/oceanservice-prod/education/kits/corals/media/coralreefmap.jpg [accessed 2018-01-08].

Corals in a Changing World4

Thus, not only due to the undeniable importance of corals but also due to its continuous anthro-
pogenic exploitation, climate change, and other threats such as strong El Niño Oscillation 
events, ocean acidification, and ecological aspects that have caused the increase of algae and 
cyanobacteria competitors in affected coral reefs, we have considered of strategic importance 
to present this book. Furthermore, knowledge on corals is now an international priority to 
implement effective management and proper conservation measures.

Author details

Carmenza Duque Beltran1* and Edisson Tello Camacho2

*Address all correspondence to: cduqueb@unal.edu.co

1 Universidad Nacional de Colombia, Bogotá, Colombia

2 Universidad de La Sabana, Chía, Colombia

References

[1] Daly M, Brugler MR, Cartwright P, Collins AG, Dawson MN, Fautin DG, France SC, 
McFadden CS, Opresko DM, Rodriguez E, Romano SL, Stake JL. The phylum Cnidaria: 
A review of phylogenetic patterns and diversity 300 years after Linnaeus. Zootaxa. 
2007;1668:127-182

[2] McFadden CS, Sánchez JA, France SC. Molecular phylogenetic insights into the evolu-
tion of Octocorallia: A review. Integrative and Comparative Biology. 2010;50:389-410. 
DOI: 10.1093/icb/icq056

Introductory Chapter: Introduction to Corals in a Changing World
http://dx.doi.org/10.5772/intechopen.73868

5



Section 2

Coral Diversity



Section 2

Coral Diversity



Chapter 2

Cold Temperate Coral Habitats

Lene Buhl-Mortensen and Pål Buhl-Mortensen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71446

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.71446

Cold Temperate Coral Habitats

Lene Buhl-Mortensen and Pål Buhl-Mortensen

Additional information is available at the end of the chapter

Abstract

Cold-water coral habitats are constituted by a great variety of anthozoan taxa, with reefs 
and gardens being homes for numerous invertebrates and fish species. In the cold temper-
ate North Atlantic, some coral habitats such as Lophelia pertusa reefs, and Primnoa/Paragorgia 
dominated coral gardens occur on both sides of the Atlantic over a wide latitudinal range. 
Other habitats, as some dominated by species of Isididae and Chrysogorgidae seem to 
have a more local/regional distribution. In this chapter, we describe the habitat character-
istics of cold-water coral reefs, soft and hard-bottom coral gardens, and sea pen meadows 
with their rich associated fauna illustrated with numerous photos.

Keywords: cold-water corals, associated fauna, coral garden, coral reef, Scleractinia, 
Alcyonacea, gorgonians, Antipatharia

1. Main subtitles of chapter

• Cold water coral reefs; Lophelia

• Hard-bottom coral gardens:

Sections cover different communities with key coral species (e.g., Alcyonacea (Gorgonians), 
Antipatharia) and their associated fauna.

• Soft-bottom coral gardens:

Sections cover different communities with key coral species (e.g., Alcyonacea (Gorgonians), 
Antipatharia) and their associated fauna.

• Sea pen meadows:

Two sections covering shallow and deep water meadows and their associated fauna.
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2. Introduction

“Coral reefs,” “Coral gardens” (reef-forming Scleractinian corals and aggregations of gorgo-
nians, black corals, and sea pens) and “sea pen and burrowing megafauna communities” are 
habitats classified by the Oslo Paris Convention for the Protection of the Marine Environment of 
the Northeast Atlantic (OSPAR) as “Threatened and/or declining” [1]. Sea pen and burrowing 
megafauna communities are also of key conservation importance as defined under Annex V of 
the 1992 OSPAR Convention [2, 3]. Coral gardens are sensitive to physical disturbance impacts 
caused by bottom trawling and activities related to the petroleum industry [4–6]. Bottom trawl-
ing is known to be one of the most destructive ways of fishing and causes reductions in habitat 
complexity, changes in species composition, and reductions in biodiversity [7–9]. These threats 
highlight that it is crucial to assess the ecological importance of these deepwater communities, 
to develop sound scientific advice for management of cold-water ecosystems [10, 11].

Corals include species from various taxonomic groups (including Scleractinia, Zoanthidea, 
Antipatharia, Gorgonians, Pennatulacea, and Stylasteridae). According to Roberts et al. [12], 
65% of a total of 5160 coral species occur deeper than 50 m. Several of the groups (Gold cor-
als, Antipatharia, Octocorallia, and Stylasterida) are represented by more species in deep-
water than shallow.

Studies on cold-water corals have expanded dramatically in recent years and their role as 
habitat providers for a rich fauna has been shown in several studies [11–18].

Cold-water corals are found around the world, most commonly in the depth range of 200–
1500 m [19–33]. Shallower, upper depth limits (up to 40 m) are found in Norway, New Zealand, 
Chile, and British Columbia and demonstrate that it is not the depth per se, but the vertical range 
of intermediate and deep water masses that controls the bathymetric distribution of these corals.

Corals typically create habitats elevated above the surrounding seabed (up to several meters) 
and occur on bottoms with mixed substrata in areas with relatively strong currents (Table 1). 
They offer a variety of microhabitats with different current speeds, food sources, and sub-
strates. Most corals have an arborescent morphology with branches reaching out of the near-
bottom boundary into the faster flowing water above. Corals have a complex 3-D architecture 
and provide substrata of different ages, due to their continuous growth and decay. Sheltered 
cavities within a colony often contain organic-rich sediments, while the outer parts provide a 
high water flow with elevated rates of food supply and little sedimentation.

The relative abundance of food at the shelf-slope transition argues against food limitation in 
this zone and focuses attention upon physical factors [34] to understand the distribution of 
cold-water corals.

Internal waves on continental margins can induce resuspension and even an upward trans-
port of particles in periods of strong wind [35]. Here, biological structures such as corals can 
provide shelter and protection for some organisms against strong currents and predators and, 
at the same time, offer a reliable supply of detrital food within their interstices. Higher struc-
tures that reach into laminar currents above the more turbulent near-bottom currents may 
provide other food sources (e.g., zooplankton) [15].

Corals in a Changing World10

In many ways, the biological habitat structures provide more food particles and other vital 
resources compared to the framing habitat. Often propagules and larvae are present in the 
deep-sea demersal plankton, but suitable firm substratum is lacking. Thus, organisms that 
provide an elevated position on a stable substratum represent a scarce habitat, contributing 
substantially to the species richness of their respective environments [15, 36].

It is known that coral habitats house a large assemblage of crustaceans, mollusks, ophiuroids, 
sponges, and fish [11, 15, 16, 37–42]. These organisms can use corals as a substrate for attach-
ment and shelter [43], for feeding [44, 45] and parasitism [16]. The mobile fauna is particularly 
difficult to document [11, 15, 17, 41], but with the recent development of underwater video 
equipment, it has become possible to inspect coral colonies for even rather small associated 
organisms.

3. Cold-water coral reefs Lophelia pertusa

L. pertusa is common along the European margin and develops reefs in several places 
where the environmental conditions are right. The Northeast Atlantic can be divided 
into three main reef provinces based on geography and environmental similarities: (1) 
The Nordic occurrences, including Sweden, Norway, Faroe Island, and Iceland, (2) Irish-
British margins, and (3) Franco-Iberian margin [46]. L. pertusa is also found along the 
mid-Atlantic ridge, but living reefs have not been confirmed and live coral is only repre-
sented by small scattered colonies [47]. However, large patches of coral rubble indicate 
proliferation of reefs occurred in the past. Changing ocean currents resulting from the 

Coral habitats Habitat provision Main key species Associated fauna Longevity of 
key species 
(years)

Cold-water coral 
reefs

Hard substrate, 
shelter, Elevated 
feeding position

Lophelia pertusa, Oculina 
varicosa, Madrepora oculata, 
Solenosmilia variabilis, 
Gonicorella dumosa, 
Enallopsammia profunda

Mobile: Fish, crustaceans, 
brittle stars, polychaetes. 
Sessile: Actiniarians, 
gorgonians, sponges, 
bryozoans, polychaetes

>1000

Hard-bottom 
coral garden

Shelter, elevated 
feeding position

Paragorgia arborea, Primnoa 
spp., Paramuricea spp., 
Callogorgia verticillata, 
Antipathes spp., Bathypathes 
spp., Leiopathes spp.

Mobile: Fish, crustaceans, 
brittle stars. Sessile: 
Actiniarians, parasitic 
crustaceans, polychaetes

50–300

Soft-bottom coral 
garden

Elevated feeding 
position, Shelter

Acanella arbuscula, Isidella 
lofotensis, Radicipes gracilis

Mobile: Crustaceans, 
polychaetes

50–100

Sea pen meadow Elevated feeding 
position, shelter

Funiculina quadrangularis, 
Kophobelemnon steølliferum, 
Virgularia mirabilis, Pennatula 
phosforea, Halipteris spp., 
Umbellula encrinus

Sessile: Crustaceans, brittle 
stars

15–80

Table 1. Coral habitats.
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 disappearing glaciers during the last deglaciation probably changed the environmental 
settings in a negative way for the coral.

On the North American margin, reefs are much less common than at the other side of the 
Atlantic. Larger reef structures in the eastern USA are only found from North Carolina and 
southward, and into the Mexican Gulf. The reason for this is not clear, but temperature varia-
tion caused by North Atlantic Drift, better known as the Gulf Stream, may prevent long-term 
stable conditions for reefs to develop in the northeastern USA-Canadian margin. A single reef 
occurrence in the mouth of the Laurentian Channel in Atlantic Canada is an exception to this 
[48]. This reef occurs in the southward flowing warm water that has passed the southern coast 
of Greenland after branching off the Gulf Stream south of Iceland. The recently discovered 
reef off southwest Greenland [49] occurs in the same water.

3.1. Environment

L. pertusa can use all kinds of hard substrate as a foundation, even human-made structures 
such as legs of oil platforms in the North Sea. In Norwegian waters, Lophelia reefs are found on 
finer sediments mixed with gravel as well as directly on bedrock. Occurrences on bedrock are 
found in fjords and coastal areas. Further from the coast, on the continental shelf and slope, 
bedrock is rare and morainic material with gravel and boulder on banks and edges of troughs 
is the most common reef foundation substrate [50]. Strong tidal currents, together with sea-
sonal changes in temperature and wave energy, influence the habitats and generate large 
sand waves [51]. In these settings, the large biogenic structures formed by the reef-building 
Lophelia are found in the upper range [28, 32, 52, 53].

3.2. Morphology

At a local scale, the morphology of organisms shapes the environment by modifying the 
hydrodynamics and providing shelter, pockets with trapped particles, and other micro-
habitats. A coral reef can be defined as an aggregation of coral skeletons completely cover-
ing the substrate underneath (Figure 1). Colonial scleractinians need hard substrate for 
settlement. This substrate can be a shell or a pebble, and as soon as one colony is present, 
it provides a new hard substrate for subsequent colonization. Coral colonies may grow at 
one site for hundreds of years. During that time, it transforms the seabed to a complete 
cover of coral skeleton fragments through alternating growth, death, and fragmentation. 
When the bottom beneath the colonies consists of a layer of dead skeleton, the area can be 
termed a “coral reef.” Corals growing on a steep surface may not develop reefs, but are 
rather called coral gardens. When the coral grows large, and break up, due to their own 
weight, skeletal fragments will not accumulate at the site but fall deeper, outside the favor-
able environment.

Cold-water coral reefs typically have a circular or elongated outline with a maximum length 
of c. 1000 m. At the Norwegian continental shelf, it is estimated that there are around 6000 
Lophelia reefs [52]. Many of these reefs are several 100 m long and occur in clusters (reef com-
plexes) up to 35 km long (Røst reef) [54]. Their area, however, covers less than 0.1% of the total 

Corals in a Changing World12

area of the depth zone where they occur. The reefs commonly have vertical zones, with living 
coral at the top and skeletal fragments at increasing stages of decay toward the bottom of the 
reef [55]. The reefs may have different shapes depending on currents and seabed topography.

A.

B.

C.

Figure 1. The cold-water coral reef habitat. (A) Summit of cold-water coral reef. Live Lophelia pertusa (white branches) 
together with a cod. (B) Lower part of Lophelia reef. Typically dominated by dead Lophelia being a substrate for gorgonian 
corals and other associated organisms. (C) Richness of old parts of a Lophelia reef with gorgonians that are overgrown with 
hydroids and sponges. Two redfish are taking shelter below the old Paragorgia.  Red laser dots indicates a scale of 10 cm.
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3.3. Provision of habitat

Reefs represent large and complex structures that significantly increase habitat heterogeneity. 
Framing habitats is varied and offers a wide range of substrates, but the complexity of these large 
structures represents an increased variety of microhabitats that elevate local species diversity [16, 
17, 42, 56]. The associated organisms of cold-water coral reefs are comprised mainly of species 
that occur on other hard-bottom substrates, and their relationships with the coral are facultative.

Three successive habitat zones can be observed when crossing a reef, namely (1) the coral rubble 
zone, bordering the framing habitats, consists of small pieces of skeleton, followed by (2) the coral 
block zone dominated between the foot and the top of the reefs, with mixed coral substrates dom-
inated by larger dead blocks, which lead to (3) the top of the reef where live colonies proliferate.

Within coral colonies of the live reef, four distinct microhabitats can be recognized, namely (i) 
live coral tissue, (ii) surfaces of dead corals often slightly covered with detritus, (iii) cavities 
inside coral skeletons, and (iv) open space between coral branches.

Most coral-associated species are facultative symbionts without a direct relationship with the 
living corals and can survive in similar microhabitats on bottoms without corals [56]. The 
endosymbionts (mainly copepods) are an exception to this. Rather than the presence of live 
coral, it is the hard substrate, and thus the diverse microhabitats provided by dead coral skel-
etons, that facilitates the high biodiversity associated with reef-forming, cold-water corals [56] 
(and references therein) [42].

3.4. Associated fauna

There is a great species diversity of animals found together with cold-water, reef-forming cor-
als [32, 56–59]; however, there are no examples of associated species with an obligate relation-
ship between dead coral skeletons. The highest diversity of associated species is found in the 
zone with dead coral block [56, 59]. Here, the skeletons are exposed and occur with a higher 
three-dimensional complexity than in the rubble zone surrounding the reefs.

The live tissue of cold-water scleractinians seems to prevent attachment of sessile epibi-
otic species. Even among the few species that are commonly found intimately associated 
with living coral polyps, there are few examples of obligate relationships [15] (Figure 2). 
However, many of these species are rarely found in other habitats. The polychaetes Eunice 
norvegica and Harmothoe oculinarum are two good examples: E. norvegica lives in a close 
relationship with L. pertusa. The coral embed the parchment-like tube of the polychaete 
in its skeleton. After some years of skeletal growth, the tube of E. norvegica may contain 
several openings, each one close to a polyp, where it can search for food spills [60]. E. nor-
vegica spends time searching for food, cleaning the coral’s surface for organic particles, and 
removing organisms invading its territory or over-growing the coral [59]. The strategically 
located tube openings allow easy access to food trapped by L. pertusa. The polynoid poly-
chaete H. oculinarum is a commensal that can be found inside the tube of E. norvegica. The 
highest diversity of associated species is found in the zone with dead coral block [56, 59]. 
Here, the skeletons are exposed and occur with a higher three-dimensional complexity than 
in the rubble zone surrounding the reefs.
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4. Hard-bottom coral gardens

4.1. Alcyonarian corals

The alcyonarian corals (soft corals) utilize a wide range of substrates, including semiconsolidated 
mudstone. Alcyonarian corals, in particular Nephtheidae, have a wide geographical and bathy-
metric distribution [33, 47]. The colonies are rather small (<30 cm) but may occur in relatively 
high densities (>500 colonies per 100 m2) [33]. The extent of patches of this coral group seems 
to be larger than for gorgonians. There are few known relationships documented with other 
invertebrates. The association between ophiuroids and nephtheids has been reported at various 
locations [61–63]. Mortensen [62] observed juveniles of the basket star, Gorgonocephalus eucne-
mis, parasitic on Eunephtia, and Fedotov [61] reports juveniles of Gorgonocephalus on colonies 
and within the polyps of Drifa glomerata. The foraminiferan Planispirinoides bucculentus has been 
observed on Duva florida off Nova Scotia [40]. Compared to the rigid structures of scleractinians 
and gorgonians, the soft coral represents an unstable substrate not suitable for attached species.

4.2. Gorgonian corals

Gorgonian corals provide habitats within and between colonies, when they occur in stands. 
The density of colonies within stands is typically higher for smaller species than for larger 

Figure 2. Close associates with Lophelia pertusa. A: Living part of a Lophelia reef with sponges. B: Eunice norvegica is a 
common polychaet living intimately with the polyps of Lophelia that rarely occur in other habitats.  C: The scleractinian 
Madrepora oculata with the basket star Gorgonocephalus sp. (lower right). D: The squat lobster Munidopsis serricornis on 
the branches of Lophelia.
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3.3. Provision of habitat
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Framing habitats is varied and offers a wide range of substrates, but the complexity of these large 
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Here, the skeletons are exposed and occur with a higher three-dimensional complexity than 
in the rubble zone surrounding the reefs.
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4. Hard-bottom coral gardens
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species [64]. This is illustrated by coral gardens off the Aleutian Islands (Alaska) [64–66] and 
Nova Scotia (Canada) [64], where smaller gorgonians and stylasteridae are found in densities 
of up to 200–400 colonies per 100 m2. The larger gorgonian Paragorgia arborea occur less dense 
with a maximum of 49 colonies per 100 m2. The gorgonian stands extend horizontally from 
10 to 100 m [64]. In addition to accessing faster-flowing water above the bottom, colonies 
orient themselves toward the main current to maximize the amount of water passing the 
polyps [67]. The advantages of this morphologically enhanced feeding may also be utilized 
by suspension feeding and epizoic animal attached to the colony. In addition, the suspension 
feeders may also derive nutrition from detritus or microorganisms commonly found trapped 
in the mucus secreted by the gorgonians [13].

4.2.1. Associated fauna

The gorgonian-associated fauna is dominated by crustaceans, particularly amphipods. This 
is true for tropical gorgonians [68], which also host parasitic copepods, but deepwater gor-
gonian taxa exhibit a richer echinoderm fauna, including ophiuroids adapted to capturing 
particles in the elevated flows provided by the corals [39, 69]. The cold-water gorgonians 
have fewer decapods (crabs and shrimps) and gastropods than warm-water corals [13, 68]. 
In a study focusing on the associated fauna of cold-water gorgonians, Buhl-Mortensen and 
Mortensen [17] found that only a few specialized and obligate symbionts are connected to 
the live parts of corals. Among these are three highly specialized parasitic copepod species, 
presumably feeding on their hosts’ coenenchyme [13]. The number of obligate symbionts 
is higher for gorgonians than for antipatharians, alcyonarians, and scleractinians. In their 
review of available literature, Buhl-Mortensen and Mortensen [17] reported 24 species having 
obligate relationships with 21 gorgonian host species. For comparison, only seven obligate 
symbionts have been reported for four scleractinians.

4.2.2. Habitat provision

Primnoa resedaeformis and P. arborea are the most abundant and widely distributed large gor-
gonians in the North Atlantic [25, 30, 33, 64, 70], where they can form stands or “coral gar-
dens” (Figure 3). They are among the largest cold-water gorgonian corals, reaching a height 
of 50–250 cm. These corals offer two different microhabitats for associated species: (i) the clean 
and living surface of coral tissue in the younger parts of the colony and (ii) pockets of detritus 
and exposed skeleton in the older parts.

4.2.3. Associated fauna

P. arborea and P. resedaeformis host a rich fauna, dominated by suspension feeders using 
the coral as substratum or mobile animals using it as a refuge against predators [15–17] 
(Figure 4). The fauna composition differs for the two corals, but consists mainly of species  
also occurring in other habitats. However, a few highly specialized parasites have been 
identified associated with each of the species [15–17]. The abundance and species richness 
of the associates are significantly correlated with the host morphology, such as number of 
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branches and area of exposed skeleton. Even though the cold-water gorgonians support 
fewer obligate associations, several of the associated species are rare in other habitats and 
seem to prefer gorgonian species [15].

Close inspection of P. arborea using video [71] shows that crustaceans are the most common 
group of associates. Amphipods belonging to the family Stegocephalidae were found on 26% 
of the colonies, and other common crustacean associates were shrimps and hermit crabs. 

Figure 3. Hard-bottom coral gardens. Three species that form hard-bottom coral gardens are the “bubble gumme” coral 
Paragorgia arborea, on top, Primnoa resedaeformis, in the middle, and Paramuricea placomus. P. arborea can reach several 
meters in height and widths, while the two other species normally reaches a height of 20–70 cm.
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Galls of the endoparasitic copepod Gorgonophilus canadensis, which is highly adapted to its 
host P. arborea [16], has been observed on both sides of the North Atlantic. In addition to para-
sitic copepods, the ophiuroid Gorgonocephalus is one of very few examples of host-specific 
associates. It uses the elevated position offered by P. arborea to collect particles (detritus or 
plankton) from the water passing by.

4.3. Antipatharia

North Atlantic black corals (Antipatharia) appear to be restricted to open ocean areas 
with Antipathes erinaceus, Distichopathes sp., Phanopathes sp., and Stauropathes punctata only 
recorded on Josephine seamount, the Azores, and Cape Verde Islands [72]. Around the 
Azores, Antipathella wollastoni is the most common species in deep infralittoral and circalit-
toral grounds (>20 m) and is known to form dense stands. In bathyal areas, the black corals, 
Leiopathes spp., are common between 200 and 600 m and can grow to a height of 2.5 m [73, 77].

Figure 4. Habitats hard-bottom coral gardens. The larger sea trees can form forest-like habitats (upper photo). Here, we 
find a mixture of coral species. Shrimps are hiding between the branches, and the large “Basket star” Gorgonocephalus sp. 
is feeding from their elevated position on the branches of Paragorgia arborea. (photo lower left). It is the oldest parts of the 
colonies that hosts the riches associated fauna (photo lower right). Her we often find hydroids, crinoids and even hermit 
crabs. Bellow the old colony is a sponge.

Corals in a Changing World18

4.3.1. Associated fauna

Black corals have many associated epifauna, most commonly serpulid worms, bryozoans, 
and ascidians, and the number of epibionts of Antipathella subpinnata shows an increase 
with the age of the corals and decrease with the depth [74].

5. Soft-bottom coral gardens

5.1. Gorgonian corals

Most gorgonians are confined to hard bottoms, except for some species of Isididae and 
Chrysogorgiidae, such as Isidella lofotensis, Acanella arbuscula, and Radicipes gracilis, which 
attach to sandy and muddy bottoms with root-like holdfasts (Figure 5).

Figure 5. Soft-bottom coral gardens. The bamboo coral I. lofotensis is in the Norwegian Hardangerfjord and in the Norwegian 
through forming coral gardens at a depth of 200–300 m depth (upper photo). This species is only known from Norwegian 
waters. In deep and cold North Atlantic waters the gorgonian Radicipes “pigtail coral” forms coral gardens.
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Soft-bottom bamboo coral gardens are found on both sides of the North Atlantic, repre-
sented by two species with different geographic ranges. The geographic barrier represented 
by the Greenland-Scotland Ridge separates the Nordic Seas and the North Atlantic. To the 
south of this, A. arbuscula occur sometimes with sea pens and the solitary scleractinian cup 
coral Flabellum alabastrum [33, 75], while on the other side of the barrier, in the North Sea 
and the Norwegian Sea, I. lofotensis occur in troughs and fjords [76]. In the western North 
Atlantic, A. arbuscula is found in the upper and middle bathyal (200–1000 m depth), while 
in the eastern North Atlantic, it occurs deeper (1800–2700 m depth) in the lower bathyal 
zone [69].

5.1.1. Associated fauna

In the western North Atlantic, the brittle star Ophiomuseim lymani is often found on A. arbuscula 
and assemblage. From the eastern side, Buhl-Mortensen and Mortensen [40] found that the 
polynoid polychaeta Eunoe spinulosa was strongly associated to this coral. Very little is known 
about the associated fauna of Isidella and Radicipes.

6. Sea pen medows

Sea pens are slender anthozoans reaching 0.1–2 m above the bottom accessing the elevated bot-
tom currents. They provide predation shelter and good position for particle collection away 
from the slower current in the near-bottom boundary layer. Although the number of studies 
is limited, sea pens appear to have fewer associated organisms compared to scleractinians 
and gorgonians. Funiculina quadrangularis is a species with greatest conservation importance 
in the greater North Sea and Celtic Sea areas [78]. It can become a little more than 2 m tall, 
with approximately one quarter of the lower part of the structure embedded in the sediment 
[78]. Predators on sea pens include nudibranchs, which have been observed preying on sea 
pen polyps. The nudibranch Armina loveni is a specialized predator on the sea pen Virgularia 
mirabilis. It is infrequently recorded but known to occur from Norway to Western France. In 
Puget Sound (western USA), a related species, Armina californica, is one of the predators on 
Ptilosarcus gurneyi [79]. Many specimens of V. mirabilis lack the uppermost part of the colony, 
a feature that has been attributed to predation by fish.

6.1. Associated fauna

The associated fauna of sea pens is poor compared to gorgonian corals. In a study of >1000 
sea pens from Norway [71], only 4% of the colonies had fauna on them, but 15% had organ-
isms sitting near the colony. The squat lobster Munida sp. was found close to 8% of the 584 
Kophobelemnon stelliferum colonies studied (Figures 6 and 7). It appears to use the sea pen 
as a base station for scavenging, active hunting, and sheltering against predators. Sea pens 
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have stinging cells and often emits light that could scare away the potential predators of the 
organisms seeking shelter under these [80]. The only associated species found on F. quadran-
gularis was the ophiuroid Asteronyx loveni that has a close relationship with its host that is 
also reported from the west coast of Scotland [81]. The sea pen provides a suitable feeding 
platform in an elevated position for particle collection away from the slower current in the 
near-bottom boundary layer [39]. A. loveni catches small pelagic animals, mainly copepods, 
for food, but polyps and mucus of from sea pens have also been reported as stomach content 
[39]. It has been suggested by Buhl-Mortensen and Mortensen [40] that the relationship with 
the host could be mutualistic as, A. loveni could keep colonies clear of sediment and therefore, 
making them less vulnerable to smothering. Associated fauna has only in very few occasions 
been found on the sea pens Pennatula phosphorea and V. mirabilis [71].

Figure 6. Sea pen meadows. K. stelliferum, upper photo, is together with Pennatula phosphorea, two common and relatively 
small sea pens (10–20 cm) forming “sea pen meadows” in the North Atlantic. There are few associates living on them, 
but organisms are often found to hide below a sea pen, likely as a protection against predators. Below K. stelliferum, we 
see two Munida squat lobsters and sitting on the P. phosphorea is a shrimp and an ophiuroid.
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7. Conclusion

Clearly, cold-water coral habitats in the North Atlantic represent several different ecosys-
tems, with different species compositions and habitat characteristics. Coral garden is a het-
erogeneous habitat covering contrasting environments and a wide range of anthozoan taxa. 
A main division of this habitat relating to substrate (hard vs. soft seabed) is relevant to pro-
vide better consistency of habitat definitions. Further subdivisions are presented in this chap-
ter. Main problem of management of cold-water coral habitats is still a lack of knowledge. 
Mapping of these habitats cannot rely only on bycatch records from the fishing fleet. Directed 
mapping of identified priority areas should be carried out before new industries move into 
deeper oceanic waters. Climate change (increased temperature, changing current patterns, 

Figure 7. Sea pen meadows, Funiculina quadrangularis, upper photo, and Umbellula encrinus are among the largest 
sea pens (1–2.5 m) in the North Atlantic. They form sea pen meadows at larger depths and firmer substrate than the 
smaller sea pens. U. encrinus occur at 900 m in arctic waters off Norway. These large sea pens have few associated 
organisms, but there is a strong and likely mutualistic relation between the ophiuroid Asteronyx loveni and F. 
quadrangularis. In upper photo (a compilation of three photos), we see how the ophiuroid stretching outs its arms uses 
its elevated position to catch particles from the water.
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and other indirect effects) represents a pressure that could compromise the coral livelihood 
differentially in different areas. There is a risk that the combined effect of human impact and 
climate change will cause greater negative effects in some places than anticipated today.
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Mapping of these habitats cannot rely only on bycatch records from the fishing fleet. Directed 
mapping of identified priority areas should be carried out before new industries move into 
deeper oceanic waters. Climate change (increased temperature, changing current patterns, 

Figure 7. Sea pen meadows, Funiculina quadrangularis, upper photo, and Umbellula encrinus are among the largest 
sea pens (1–2.5 m) in the North Atlantic. They form sea pen meadows at larger depths and firmer substrate than the 
smaller sea pens. U. encrinus occur at 900 m in arctic waters off Norway. These large sea pens have few associated 
organisms, but there is a strong and likely mutualistic relation between the ophiuroid Asteronyx loveni and F. 
quadrangularis. In upper photo (a compilation of three photos), we see how the ophiuroid stretching outs its arms uses 
its elevated position to catch particles from the water.
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Abstract

Recent studies, carried out by means of innovative technological tools as remotely oper‐
ated vehicles (ROVs), have highlighted the richness of the Mediterranean deep‐sea 
environments, characterized by great diversity and abundance of organisms. In partic‐
ular, corals, gorgonians, and sponges play the important ecological role of ecosystem 
engineers in deep marine environments, creating complex three‐dimensional habitats 
enhancing high biodiversity and ecosystem functioning at every level. Coral forests and 
bathyal white coral communities, starting from depths of 50–70 m and below 300 m, 
respectively, represent the richest ecosystems known so far for the Mediterranean basin. 
The different assemblages show a strong heterogeneity, varying in terms of specific com‐
position, abundance, size of colonies, and associated fauna, even on a small spatial scale. 
Unfortunately, the high commercial fishing effort of trawling and longline fleets mainly 
operating along this bathymetric range represents a major threat for these vulnerable 
marine ecosystems, particularly in consideration of their structuring organisms which 
are long‐lived species with slow growth rates and recovery ability. Further knowledge 
on deep coral assemblages is urgently needed to implement effective management and 
proper conservation measures. This approach is now an international priority that pro‐
ceeds together with the inclusion of the structuring species in numerous directives.

Keywords: corals, deep‐sea benthic communities, animal forest, Mediterranean Sea, fishing 
impact, ROV‐Imaging

1. Introduction

The Mediterranean basin, considered a biodiversity hotspot [1], has been widely investigated 
for centuries. Nevertheless, for obvious logistic reasons, most of the investigations have been 
carried out within the depth range of traditional scuba diving (∼40 m depth) [2–5]. So, knowl‐
edge about Mediterranean coral and gorgonian assemblages in coastal areas and photic zone 
had significantly increased in recent decades [3]. Conversely, knowledge about the deep realm 
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Unfortunately, the high commercial fishing effort of trawling and longline fleets mainly 
operating along this bathymetric range represents a major threat for these vulnerable 
marine ecosystems, particularly in consideration of their structuring organisms which 
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and gorgonian assemblages located on the continental shelf and slope still remains largely 
unknown [1, 6–7]. Occurrence, in the Mediterranean Sea, of coral ecosystems dwelling at depth 
greater than 50 m depth was already reported in the 18th century. Their presence were mostly 
observed due to specimens by‐cached by fishermen or withdrawn by blind destructive tech‐
niques, such as grabs and dredgers [8–9] for taxonomical studies [10]. In the Mediterranean, 
the scientific curiosity for these ecosystems arose for the first time about 10 years ago, after the 
discovery, in the Ionian Sea of living white corals reefs [11–12] between 500 and 600 m depth, 
hosting a very rich associated fauna [13, 14]. Successively, rich coral biocoenoses, the so‐called 
coral forest [sensu 15], made of arborescent gorgonians and antipatharians, were reported also 
at bathymetric range starting within the circalittoral zone (50 m depth) and ending at the limit 
of the continental shelf, around 200 m depth, both along coastal areas and seamounts [16–28].

The most recent innovative technological development and increased availability of video‐
equipped towed gears, remotely operated vehicles (ROVs), and manned submersibles, coupled 
with multibeam echo‐sounder (MBES), have significantly increased accessibility to deeper 
areas, allowing for controlled sampling and quantitative study of deep bottoms communities 
[4, 5, 16–31]. The use of ROV technology has revolutionized the knowledge of such environ‐
ments, allowing scientists to obtain, through many operating hours of direct observation in 
not destructive way, new ecological data such as habitat preferences, bathymetric distribution, 
and species association. Moreover, the acquisition of small fragmented samples allowed sci‐
entist to obtain biological data on reproduction, fecundity, recruitment, genetics, and growth.

With increasing depth and as a result of light attenuation, benthic sessile organisms replace 
algal and seagrass “forests” and become progressively the most important contributors to the 
three‐dimensional complexity of deeper ecosystems [32]. In particular, large benthic cnidar‐
ians can play an important ecological role in deep realm. From a structural point of view, they 
act as ecosystem engineers [sensu 33] forming complex structures that provide a suitable habi‐
tat, a colonizable substrate [2, 14, 18, 25], a refuge for numerous species, and a nursery area for 
fish [15, 19, 31]. From a functional point of view, corals promote a significant flow of matter 
and energy from the pelagic to the benthic system by capturing plankton and suspended par‐
ticulate organic matter [2, 3, 25]. Current flow, food availability, and sediment re‐suspension 
vary widely within the complex structures formed by the colonies, and this heterogeneity 
increases the abundance and functional diversity of the associated fauna [20, 25–32], sustain‐
ing high biodiversity levels in both epibenthic and proximal interstitial surroundings [7, 13, 
23, 34]. In the Mediterranean Sea, the recent discovery of the two major coral ecosystems, 
mesophotic coral forests [15] (between 50 and 300 m depth) and bathyal white coral mounds 
(from 300 m depth), is progressively increasing awareness of their ecological relevance under‐
lying their paramount ecological role. Unfortunately, these deepwater ecosystems are highly 
vulnerable to a wide spectrum of direct or indirect anthropogenic impacts [35]. In particu‐
lar, high commercial fishing effort of trawling and longline fleets mainly operating along 
this bathymetric range represents a major threat for deepwater ecosystems, whose structur‐
ing organisms are long‐lived species with slow growth rates and recovery ability [36–38]. 
However, there is still a great lack of information on communities’ structure, extension and 
distribution, environmental constraints, and adaptive responses to stress of these habitats, 
mainly due to the technical difficulties associated with deep exploration.

Corals in a Changing World30

The present chapter intends to focus its attention on these Mediterranean deep‐sea coral envi‐
ronments, whose studies were carried out with the aim to give a biocenotic characterization, 
to describe the biodiversity and the ecological role of coral assemblages, and to evaluate the 
anthropic impact on the structuring species.

2. Materials and methods

Since the first years of the 2000s, an increasing number of expeditions were carried out along 
the western Mediterranean coasts with the aim of studying biodiversity and ecology of the 
benthic communities and of evaluating the anthropic impact on the structuring species in 
the depth range of 70–500 m through ROV‐Imaging and taxonomic sampling. Investigations 
and samplings focused on areas mainly located along the Italian, France, and Spanish coast 
(Figure 1). The surveys were carried out on board the oceanographic vessels, mainly instru‐
mented with multibeam echo‐sounder (MBES) and the remotely operated vehicle (ROV) 

Figure 1. (A) The Italian R/V Astrea of ISPRA used for the surveys. (B) The Italian ROV “Pollux III” equipped 
for scientific purpose. (C) Study areas: example of location of ROV dives (dots) along the Italian seas. (D) example 
of morpho‐bathymetric maps of a study areas and ROV transect (line). (E) The depth environment with the ROV in 
exploration phase.
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equipped for scientific purpose (Figure 1). MBES provided high detailed morpho‐bathymet‐
ric three‐dimensional maps in order to localize rocky outcrops then explored by means of the 
ROV. The MBES is a device used to determine the depth of water and the nature of the seabed. 
It works by transmitting a broad acoustic fan shaped pulse from a transducer every seconds. 
The data processing of returning soundwaves is used to generate accurate high resolution 
three‐dimensional maps of sea bottom. The ROV is an underwater unmanned vehicle that is 
able to navigate at a speed of approximately 2–3 knots equipped with video camera and con‐
nected to the surface through an umbilical cable (a long electrical cable) that carries the power 
source and control signals deriving from the vessel and transmits the acquired video and 
sensor data. The surface unit is composed of a console for the remote controls, a unit for the 
storage of data, and monitors to observe in real time the acquired images. The winch with the 
umbilical cable completes the set of equipment to guarantee the full operability of the system. 
The ROV has a depth sensor, a compass, and an Ultra Short Baseline underwater acoustic 
tracking position system, providing detailed records of the tracks along the seabed and a 
navigation Sonar. Moreover, some ROVs are furnished with specific scientific tools such as a 
digital high definition photo camera, underwater strobes, HD video camera, ultra‐led power 
system providing light for the cameras, and laser beams placed at fixed distance and used as 
a metric scale of the images and the visual field. In addition, manipulator arms can be used 
to collect any biological samples.

The ROV was generally conducted ∼1.5 m above the seabed, at constant speed (approxi‐
mately 0.5 knots). Explorative or vertical transects, from the shallow to depth, were carried 
out, and geographical positions and depth were registered from the beginning to the end of 
each transect, every 1 second. Along each transect, videos were constantly recorded and HD 
photos were systematically acquired in order to better identify and quantify the target species, 
the marine benthic litter, or misunderstanding items. ROV‐Imaging analysis of video tran‐
sects was carried out to examine diversity, spatial distribution, abundance, demography, and 
vulnerability of the gorgonian and coral species detected in order to obtain information about 
ecology of a single species or a benthic communities characterization. So data on occurrence, 
occupancy (frequency of coral patches m−1), density (number of colonies m−2), population size‐
frequency distribution by means of measure of the main morphometric parameters (colony 
height, basal diameter, and branching order), and community composition were extracted 
and analyzed. Usually, some large anthozoans were used as surrogate descriptors of mega‐
benthic marine biodiversity due to their richness, abundance, identification easiness, and eco‐
logical role. The correspondence between the visual assignment of an individual to a certain 
coral species and its actual taxonomic classification was checked through the collection of at 
least one sample per species. The collection of photographic material and high resolution vid‐
eos helped to define the species composition of these populations. Moreover, environmental 
variables, such as substrate exposure, substrate slope, sediment cover, co‐occurrence with 
other species, or debris presence, were collected to habitat characterization and benthic com‐
munity’s assessment.

To assess some anthropic impacts, such as the presence of marine debris, observed items were 
usually divided into categories: fishing gears, plastics, recreational litter, and so on. The pres‐
ence of debris was evaluated both by occurrence (frequency of debris types), relative abundance 
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(debris items 100 m−2), or taking into consideration the percentage of frames showing lost debris. 
To evaluate the impact of debris on the benthic fauna, different types of impact were identified 
(covering, abrasion, hanging, lying), and every damaged or entangled colony was annotated.

3. Animal forest

In the past, deep‐sea ecosystems were among the least studied and explored marine regions 
of the world [4, 5, 35], and until a few years ago, a common assumption was to consider 
deep‐sea areas to be lacking in terms of biodiversity. The exploration carried out with ROV 
leading to the discover that deep‐sea ecosystems are characterized by a great heterogeneity 
of assemblages and dominated by sessile suspension feeder organisms (such as sponges, cor‐
als, gorgonians and bivalves) that vary in dimension, richness, and abundance, representing 
important natural heritages in the world [31, 35]. In the Mediterranean, cnidarian‐rich deep‐
sea habitats, dominated by antipatharians, gorgonians, and scleractinians, as major habitat 
forming taxa, for the typical bush or arborescent development similar to the trees in the ter‐
restrial forest, finally build up the so‐called animal forest [15]. Comparable to earth forests in 
terms of stability, complexity, biodiversity, role, and longevity, these communities are widely 
distributed along rocky areas of Mediterranean Sea and represent unique ecosystems, very 
oasis of biodiversity [15, 20, 24–30, 32, 39].

Terrestrial forests supply food, protection, and support to a great variety of organisms, which 
may establish occasional or highly specialized relationships with both the dead and liv‐
ing portions of the trees [24, 40]. Similarly, oceans host astonishing examples of forests in 
the deep‐sea, entirely structured by colonial animals, which represent the most frequently 
observed coral taxa in these ecosystems [18, 24, 25, 31].

Thanks to their flexible organic skeletons, which offer them a weak resistance to the cur‐
rent, gorgonians and black corals can tolerate strong currents, thus enabling them to obtain 
a greater quantity of food and favoring larval dispersal [24]. The local turbulent conditions 
that develop among the branches encourage the persistence of food in suspension and thus 
attracting numerous organisms both epibiontic, such as molluscs, platyhelminthes, hydroids, 
and bryozoans, and vagile organisms, such as fish, crustaceans, and echinoderms. So, they 
represent an attractive pole for a very rich associated fauna of small invertebrate, increase 
the possibility of new ecological niches, and also play key site and species‐specific roles on 
the early‐stage recruitment of other epibenthic assemblages [31]. Moreover, they provide ref‐
uges for numerous species and host nursery areas for several commercial fish, favoring the 
development of plentiful high‐quality fish. As a consequence, the richness and biodiversity of 
these environments are increased. Hence, the important ecological role of these large antho‐
zoans: major elements in the formation of forests and hosts of a rich associated fauna into and 
around their wide branches. Moreover, like the oldest terrestrial trees, also some of these coral 
species may live for thousands of years [24]. The most complex forests are the result of a long 
history of growth and structure. The oldest, for example, are formed by tall and branched 
corals such as the 1000‐year‐old smooth black coral, Leiopathes glaberrima, able to reach 2 m 
height [24]. These deep benthic communities show their best form on the rocky bottoms due 
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equipped for scientific purpose (Figure 1). MBES provided high detailed morpho‐bathymet‐
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ROV. The MBES is a device used to determine the depth of water and the nature of the seabed. 
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umbilical cable completes the set of equipment to guarantee the full operability of the system. 
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navigation Sonar. Moreover, some ROVs are furnished with specific scientific tools such as a 
digital high definition photo camera, underwater strobes, HD video camera, ultra‐led power 
system providing light for the cameras, and laser beams placed at fixed distance and used as 
a metric scale of the images and the visual field. In addition, manipulator arms can be used 
to collect any biological samples.

The ROV was generally conducted ∼1.5 m above the seabed, at constant speed (approxi‐
mately 0.5 knots). Explorative or vertical transects, from the shallow to depth, were carried 
out, and geographical positions and depth were registered from the beginning to the end of 
each transect, every 1 second. Along each transect, videos were constantly recorded and HD 
photos were systematically acquired in order to better identify and quantify the target species, 
the marine benthic litter, or misunderstanding items. ROV‐Imaging analysis of video tran‐
sects was carried out to examine diversity, spatial distribution, abundance, demography, and 
vulnerability of the gorgonian and coral species detected in order to obtain information about 
ecology of a single species or a benthic communities characterization. So data on occurrence, 
occupancy (frequency of coral patches m−1), density (number of colonies m−2), population size‐
frequency distribution by means of measure of the main morphometric parameters (colony 
height, basal diameter, and branching order), and community composition were extracted 
and analyzed. Usually, some large anthozoans were used as surrogate descriptors of mega‐
benthic marine biodiversity due to their richness, abundance, identification easiness, and eco‐
logical role. The correspondence between the visual assignment of an individual to a certain 
coral species and its actual taxonomic classification was checked through the collection of at 
least one sample per species. The collection of photographic material and high resolution vid‐
eos helped to define the species composition of these populations. Moreover, environmental 
variables, such as substrate exposure, substrate slope, sediment cover, co‐occurrence with 
other species, or debris presence, were collected to habitat characterization and benthic com‐
munity’s assessment.

To assess some anthropic impacts, such as the presence of marine debris, observed items were 
usually divided into categories: fishing gears, plastics, recreational litter, and so on. The pres‐
ence of debris was evaluated both by occurrence (frequency of debris types), relative abundance 
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(debris items 100 m−2), or taking into consideration the percentage of frames showing lost debris. 
To evaluate the impact of debris on the benthic fauna, different types of impact were identified 
(covering, abrasion, hanging, lying), and every damaged or entangled colony was annotated.

3. Animal forest

In the past, deep‐sea ecosystems were among the least studied and explored marine regions 
of the world [4, 5, 35], and until a few years ago, a common assumption was to consider 
deep‐sea areas to be lacking in terms of biodiversity. The exploration carried out with ROV 
leading to the discover that deep‐sea ecosystems are characterized by a great heterogeneity 
of assemblages and dominated by sessile suspension feeder organisms (such as sponges, cor‐
als, gorgonians and bivalves) that vary in dimension, richness, and abundance, representing 
important natural heritages in the world [31, 35]. In the Mediterranean, cnidarian‐rich deep‐
sea habitats, dominated by antipatharians, gorgonians, and scleractinians, as major habitat 
forming taxa, for the typical bush or arborescent development similar to the trees in the ter‐
restrial forest, finally build up the so‐called animal forest [15]. Comparable to earth forests in 
terms of stability, complexity, biodiversity, role, and longevity, these communities are widely 
distributed along rocky areas of Mediterranean Sea and represent unique ecosystems, very 
oasis of biodiversity [15, 20, 24–30, 32, 39].

Terrestrial forests supply food, protection, and support to a great variety of organisms, which 
may establish occasional or highly specialized relationships with both the dead and liv‐
ing portions of the trees [24, 40]. Similarly, oceans host astonishing examples of forests in 
the deep‐sea, entirely structured by colonial animals, which represent the most frequently 
observed coral taxa in these ecosystems [18, 24, 25, 31].

Thanks to their flexible organic skeletons, which offer them a weak resistance to the cur‐
rent, gorgonians and black corals can tolerate strong currents, thus enabling them to obtain 
a greater quantity of food and favoring larval dispersal [24]. The local turbulent conditions 
that develop among the branches encourage the persistence of food in suspension and thus 
attracting numerous organisms both epibiontic, such as molluscs, platyhelminthes, hydroids, 
and bryozoans, and vagile organisms, such as fish, crustaceans, and echinoderms. So, they 
represent an attractive pole for a very rich associated fauna of small invertebrate, increase 
the possibility of new ecological niches, and also play key site and species‐specific roles on 
the early‐stage recruitment of other epibenthic assemblages [31]. Moreover, they provide ref‐
uges for numerous species and host nursery areas for several commercial fish, favoring the 
development of plentiful high‐quality fish. As a consequence, the richness and biodiversity of 
these environments are increased. Hence, the important ecological role of these large antho‐
zoans: major elements in the formation of forests and hosts of a rich associated fauna into and 
around their wide branches. Moreover, like the oldest terrestrial trees, also some of these coral 
species may live for thousands of years [24]. The most complex forests are the result of a long 
history of growth and structure. The oldest, for example, are formed by tall and branched 
corals such as the 1000‐year‐old smooth black coral, Leiopathes glaberrima, able to reach 2 m 
height [24]. These deep benthic communities show their best form on the rocky bottoms due 
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to habitat heterogeneity. The different assemblages vary strongly not only based on the spe‐
cific composition, but also in terms of abundance, size of the colonies, and associated fauna, 
even on a small spatial scale. Their distribution is strongly influenced by multiple factors, as 
their limited larval dispersal, slow growth rates, low ability of recovery, late maturity age, 
availability of nutrients, heterogeneity of the habitat, rate of sedimentation, colonies vulner‐
ability to impacts and habitat destruction, harvesting by fishery operation, or other threats 
are determined by human activity. In fact, these animal forests, of long‐living, slow‐growing 
organisms, are fragile ecosystems. They are able to adapt to environmental standard changes 
and to overcome occasional perturbations, but those which are more important and recurring, 
such as professional and recreational fishing, trawling, hypertrophication, and pollution, can 
have devastating effects when they all play in synergy, making recovery impossible.

For their importance from the ecological point of view, from their capacity to contribute to 
the creation of habitat, from the facies of deep coral to white coral reefs of the Mediterranean 
bathyal zone, certain species of anthozoan can be considered emblematic of the state of health 
of the benthic population of Mediterranean seas, heavily influenced by multiple human 
activities.

3.1. Gorgonians

Gorgonians are one of the most important and diverse bioengineering organisms in the 
Mediterranean Sea, forming dense assemblages that extended over vast areas. The majority 
of them have a fan‐like structure that can be as wide as 2 m, but they can also be found in the 
arborescent or finely branched form, bush‐like, or also devoid of branches. They are typical 
of the hard seabeds, but they are also able to tolerate high levels of sedimentation or anchor 
themselves on soft bottoms. They have a wide bathymetric and geographical distribution. 
According to the species, they can be predominant in deep areas, forming different associa‐
tion and assemblages. In the Mediterranean basin, the most abundant and frequent deep gor‐
gonian species are Eunicella singularis (Esper, 1791), Eunicella cavolini (Koch, 1887), Paramuricea 
clavata (Risso, 1826), Paramuricea macrospina (Koch, 1882), Corallium rubrum (Linnaeus, 1758), 
Acanthogorgia hirsuta (Gray, 1857), Callogorgia verticillata (Pallas, 1766), Ellisella paraplexuroides 
(Stiasny, 1936), Viminella flagellum (Johnson, 1863), Swiftia pallida (Madsen, 1970), Villogorgia 
bebrycoides (Koch, 1887), Bebryce mollis (Philippi, 1842), and Muriceides lepida (Carpine & 
Grasshoff, 1975). These gorgonians can form dense monospecific facies that gradually shift 
to other facies or more complex assemblages, made by sponges, antipatharians, scleractin‐
ians, alcyonacean, and associated fauna [15, 18, 20–26, 28, 32, 39, 41]. Depth clearly segregates 
gorgonians and the assemblage composition varied strongly from sites to another. However, 
a general pattern of high gorgonian diversity is observed (Figure 2), since these species have 
been recently found with increasing frequency on rocky substrates at similar depths in differ‐
ent areas of the Mediterranean Sea [7, 16–28, 32, 37–39, 41–44, 46–52].

Overall, spatial structure of these gorgonian distribution can be generalized: i) coastal spe‐
cies extending their distribution to deep coralligenous banks (E. singularis, E. cavolini, and  
P. clavata; E. paraplexuroides; C. rubrum); ii) dominance of one single species on the continental 
shelf (P. macrospina, E. cavolini, C. rubrum); iii) concentration of several gorgonian species on the 
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shelf edge (E. cavolini, P. macrospina, S. pallida, A. hirsuta, V. flagellum, B. mollis and C. verticillata, 
and C. rubrum); iv) species extending their distribution deeper into the upper slope (B. mollis, 
C. verticillata, V. flagellum, V. bebrycoides, and S. pallida).

E. singularis dominated assemblages located on the continental shelf on rocky and horizontal 
substrate (Figure 3 (A)) and in the western side of basin (along the Spanish coast), in particu‐
lar water transparency condition, it can extend its distribution to deeper water [26, 42]. In 
deeper environments, populations of P. clavata were found in low‐density patches on coral‐
ligenous banks at 70–90 m depth [26, 30, 39, 42] and few colonies on the shelf edge and slope 
at 100–120 m depth [20, 37, 39]. Colonies, generally, achieved larger sizes than in shallower 
environments [3], as a possible consequence of the higher environmental stability of deeper 
areas. The common Mediterranean coastal species E. cavolini showed a wide distribution: it 
was found on sloping and vertical rocky on deep coralligenous banks on the continental shelf 
and on the shelf edge (45–150 m depth), where it can form dense facies. Commercially har‐
vested since ancient times, the red coral C. rubrum is emblematic species occurring on rocky 
bottoms over a wide bathymetric range (15–800 m) [15, 43–45]. Recent deep investigation led 
to discovery of new thriving deep population [45] (Figure 3 (B)). The brick‐red candlestick 
colonies of E. paraplexuroides were rare and discontinuously distributed in the Mediterranean. 
They were very shallow (12–35 m) and abundant in Chafarinas Islands and around Alboran 

Figure 2. Zonation of the megabenthic assemblages. The figure presents the distribution of the most conspicuous and 
abundant components of the megafauna dwelling at about 50–500 m depth.
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to habitat heterogeneity. The different assemblages vary strongly not only based on the spe‐
cific composition, but also in terms of abundance, size of the colonies, and associated fauna, 
even on a small spatial scale. Their distribution is strongly influenced by multiple factors, as 
their limited larval dispersal, slow growth rates, low ability of recovery, late maturity age, 
availability of nutrients, heterogeneity of the habitat, rate of sedimentation, colonies vulner‐
ability to impacts and habitat destruction, harvesting by fishery operation, or other threats 
are determined by human activity. In fact, these animal forests, of long‐living, slow‐growing 
organisms, are fragile ecosystems. They are able to adapt to environmental standard changes 
and to overcome occasional perturbations, but those which are more important and recurring, 
such as professional and recreational fishing, trawling, hypertrophication, and pollution, can 
have devastating effects when they all play in synergy, making recovery impossible.

For their importance from the ecological point of view, from their capacity to contribute to 
the creation of habitat, from the facies of deep coral to white coral reefs of the Mediterranean 
bathyal zone, certain species of anthozoan can be considered emblematic of the state of health 
of the benthic population of Mediterranean seas, heavily influenced by multiple human 
activities.

3.1. Gorgonians

Gorgonians are one of the most important and diverse bioengineering organisms in the 
Mediterranean Sea, forming dense assemblages that extended over vast areas. The majority 
of them have a fan‐like structure that can be as wide as 2 m, but they can also be found in the 
arborescent or finely branched form, bush‐like, or also devoid of branches. They are typical 
of the hard seabeds, but they are also able to tolerate high levels of sedimentation or anchor 
themselves on soft bottoms. They have a wide bathymetric and geographical distribution. 
According to the species, they can be predominant in deep areas, forming different associa‐
tion and assemblages. In the Mediterranean basin, the most abundant and frequent deep gor‐
gonian species are Eunicella singularis (Esper, 1791), Eunicella cavolini (Koch, 1887), Paramuricea 
clavata (Risso, 1826), Paramuricea macrospina (Koch, 1882), Corallium rubrum (Linnaeus, 1758), 
Acanthogorgia hirsuta (Gray, 1857), Callogorgia verticillata (Pallas, 1766), Ellisella paraplexuroides 
(Stiasny, 1936), Viminella flagellum (Johnson, 1863), Swiftia pallida (Madsen, 1970), Villogorgia 
bebrycoides (Koch, 1887), Bebryce mollis (Philippi, 1842), and Muriceides lepida (Carpine & 
Grasshoff, 1975). These gorgonians can form dense monospecific facies that gradually shift 
to other facies or more complex assemblages, made by sponges, antipatharians, scleractin‐
ians, alcyonacean, and associated fauna [15, 18, 20–26, 28, 32, 39, 41]. Depth clearly segregates 
gorgonians and the assemblage composition varied strongly from sites to another. However, 
a general pattern of high gorgonian diversity is observed (Figure 2), since these species have 
been recently found with increasing frequency on rocky substrates at similar depths in differ‐
ent areas of the Mediterranean Sea [7, 16–28, 32, 37–39, 41–44, 46–52].

Overall, spatial structure of these gorgonian distribution can be generalized: i) coastal spe‐
cies extending their distribution to deep coralligenous banks (E. singularis, E. cavolini, and  
P. clavata; E. paraplexuroides; C. rubrum); ii) dominance of one single species on the continental 
shelf (P. macrospina, E. cavolini, C. rubrum); iii) concentration of several gorgonian species on the 
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shelf edge (E. cavolini, P. macrospina, S. pallida, A. hirsuta, V. flagellum, B. mollis and C. verticillata, 
and C. rubrum); iv) species extending their distribution deeper into the upper slope (B. mollis, 
C. verticillata, V. flagellum, V. bebrycoides, and S. pallida).

E. singularis dominated assemblages located on the continental shelf on rocky and horizontal 
substrate (Figure 3 (A)) and in the western side of basin (along the Spanish coast), in particu‐
lar water transparency condition, it can extend its distribution to deeper water [26, 42]. In 
deeper environments, populations of P. clavata were found in low‐density patches on coral‐
ligenous banks at 70–90 m depth [26, 30, 39, 42] and few colonies on the shelf edge and slope 
at 100–120 m depth [20, 37, 39]. Colonies, generally, achieved larger sizes than in shallower 
environments [3], as a possible consequence of the higher environmental stability of deeper 
areas. The common Mediterranean coastal species E. cavolini showed a wide distribution: it 
was found on sloping and vertical rocky on deep coralligenous banks on the continental shelf 
and on the shelf edge (45–150 m depth), where it can form dense facies. Commercially har‐
vested since ancient times, the red coral C. rubrum is emblematic species occurring on rocky 
bottoms over a wide bathymetric range (15–800 m) [15, 43–45]. Recent deep investigation led 
to discovery of new thriving deep population [45] (Figure 3 (B)). The brick‐red candlestick 
colonies of E. paraplexuroides were rare and discontinuously distributed in the Mediterranean. 
They were very shallow (12–35 m) and abundant in Chafarinas Islands and around Alboran 

Figure 2. Zonation of the megabenthic assemblages. The figure presents the distribution of the most conspicuous and 
abundant components of the megafauna dwelling at about 50–500 m depth.
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sea [46–48], whereas only isolated deep colonies (70–200 m) were found in the southern west‐
ern basin [49–50]. Populations of the whip‐like gorgonian V. flagellum were known to have a 
patchy distribution, alternating dense meadows with sparse colonies, in vertical and subhori‐
zontal rocky bottoms [10, 50]. Recent records [17, 32, 49–51] have showed wider distribution 
of this species in the deep water (100–250 m) of the western basin, where it is one of the most 
abundant and frequent [39] (Figure 3 (C)). A. hirsuta is a species showing restricted distribu‐
tion, occurring in few locations of the shelf edge at 150–200 m depth [39]. This species usually 
occurred on lightly silted rocky substrates and it often observed together with other antho‐
zoan species [10, 52], suggesting a certain adaptability to various environmental conditions. 
P. macrospina dwelled on rocky substrates and never as a dominant species [39], but it was 
also observed that it associated with horizontal Maërl beds on the continental shelf where it 
can raise very high abundances [39]. Moreover, P. macrospina can also grow as a fouling and 
epibiontic organism, suggesting a fast growth rate [19]. Populations of C. verticillata formed 

Figure 3. Coral assemblages and impacts of fishing litter on the rocky bottom of the Tyrrhenian Sea. (A) Rocky elevation 
covered by E. singularis facies, 50 m. (B) Example of coral forest, composed of C. rubrum, C. verticillata, E. cavolini, and B. 
mollis, 140 m. (C) Mixed assemblage of V. falgellum, E. cavolini, and juvenile colony of C. verticillata, 180 m. (D) Multi‐species 
meadows of E. cavolini, V. bebrycoides, and the new species of Mediterranean soft coral Chironephthya Mediterranean n. sp., 
recently described, 120 m. (E) Arborescent colony of A. subpinnata, 97 m. (F) Alive white corals M. oculata, associated 
with the crustacean Paromola cuvieri, which often carries a sponge on its exoskeleton, 470 m. (G) The precious red coral 
colonies entangled and abraded by an old line snagged on the rocks, 114 m. (H) Lines, colonized by alcyonarians and 
hydroids, are fully incorporated in the yellow scleractinia D. cornigera, 80 m. (I) Example of the so‐called ghost fishing: 
Munida rugosa caught by an abandoned or lost net, 150 m.
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dense facies [20, 23, 27, 32] mainly in areas characterized by high sedimentation rates and 
the low values of coral abundance, providing a general “forest‐like” aspect to the coral com‐
munities [32]. The small size gorgonian B. mollys, S. pallida, and V. bebrycoides were observed 
to extend their distribution under 200 m depth [39] from the shelf edge to the upper slope. 
Together with sponges, they can create a sort of “underbrush,” living at the base of bigger 
species. So, a rich community of filtrating organisms is supported (Figure 3 (D)), composed 
principally of corals and erect sponges of large dimensions, thus representing an important 
passage in transferring energy between the benthic and the pelagic zone. On the scarce rocky 
substrates occurring in these deeper environments, gorgonian abundance tends to decrease 
with increasing depth, and antipatharians become the dominant arborescent species [24, 53].

At these depth (100–250 m) are also recorded some rare species like the stylasterid Errina aspera 
in the Messina Strait [28], or the parasitic zoanthid Isozoanthus primnoidus (Carreiro‐Silva, 2011) 
that when mechanically stimulated, produced an intense green‐blue bioluminescence that dis‐
appeared after some seconds [23]. Moreover, facies of the scleractinians as Dendrophyllia ramea in 
Cyprus and Sicily and D. cornigera were recorded often in the Western Mediterranean [23, 41]. 
Finally, the soft sediments of these deeper environments can be colonized by the bamboo coral 
Isidella elongata [24, 36], which can form extended assemblages in bathyal muds [8] or in natural 
protected enclaves [24].

Distribution of coral communities may be determined by the combination of both biological 
and environmental factors that can synergistically affect spawn, larval development and set‐
tling, growth, and death rates of individuals and geomorphological characteristics of settle‐
ment substrates that affect sediment accumulation rates, bottom currents, and the rates of 
food supply [39]. Overall, these factors shape Mediterranean coral communities, which show 
very high variability within the smallest spatial scale [32].

3.2. Black corals

Black corals are spread throughout all the oceans of the world. They are found especially in 
tropical and subtropical areas, where they can colonize very shallow waters, and in temperate 
and polar regions, where they dwell in deep water. The black corals have a black skeleton, 
from which they derive their common name, while the living organisms have a whitish color 
and heavily branched tufts. In the past, it was believed that they had magical and curative 
properties—in fact, the scientific name, Antipatharia, refers to the Latin term which indicated 
a talisman against witchcraft. Some species was used for jewelry trade [54–55]. Black corals 
seem to be keystone species, essential for the maintenance of high biodiversity levels. Six spe‐
cies are described for the Mediterranean Sea: Antipathes dichotoma (Pallas, 1766), Antipathes 
fragilis (Gravier, 1918), Parantipathes larix (Esper, 1790), Leiopathes glaberrima (Esper, 1792), 
Antipathella subpinnata (Ellis and Solander, 1786), and Antipathella wollastoni (Johnson, 1899) 
[56]. In this basin, black corals are usually restricted to deep habitats, probably to avoid strong 
seasonal fluctuations of temperature [57]. The shallowest species were found never shallower 
than 50 m in depth, while the majority occurs between 100 and 300 m depth only on rocky 
slopes and isolated shoals [56] (Figure 2). These organisms carry out an important ecological 
role in the deep sea. Considered to be among the rarest coral species of the Mediterranean 
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sea [46–48], whereas only isolated deep colonies (70–200 m) were found in the southern west‐
ern basin [49–50]. Populations of the whip‐like gorgonian V. flagellum were known to have a 
patchy distribution, alternating dense meadows with sparse colonies, in vertical and subhori‐
zontal rocky bottoms [10, 50]. Recent records [17, 32, 49–51] have showed wider distribution 
of this species in the deep water (100–250 m) of the western basin, where it is one of the most 
abundant and frequent [39] (Figure 3 (C)). A. hirsuta is a species showing restricted distribu‐
tion, occurring in few locations of the shelf edge at 150–200 m depth [39]. This species usually 
occurred on lightly silted rocky substrates and it often observed together with other antho‐
zoan species [10, 52], suggesting a certain adaptability to various environmental conditions. 
P. macrospina dwelled on rocky substrates and never as a dominant species [39], but it was 
also observed that it associated with horizontal Maërl beds on the continental shelf where it 
can raise very high abundances [39]. Moreover, P. macrospina can also grow as a fouling and 
epibiontic organism, suggesting a fast growth rate [19]. Populations of C. verticillata formed 

Figure 3. Coral assemblages and impacts of fishing litter on the rocky bottom of the Tyrrhenian Sea. (A) Rocky elevation 
covered by E. singularis facies, 50 m. (B) Example of coral forest, composed of C. rubrum, C. verticillata, E. cavolini, and B. 
mollis, 140 m. (C) Mixed assemblage of V. falgellum, E. cavolini, and juvenile colony of C. verticillata, 180 m. (D) Multi‐species 
meadows of E. cavolini, V. bebrycoides, and the new species of Mediterranean soft coral Chironephthya Mediterranean n. sp., 
recently described, 120 m. (E) Arborescent colony of A. subpinnata, 97 m. (F) Alive white corals M. oculata, associated 
with the crustacean Paromola cuvieri, which often carries a sponge on its exoskeleton, 470 m. (G) The precious red coral 
colonies entangled and abraded by an old line snagged on the rocks, 114 m. (H) Lines, colonized by alcyonarians and 
hydroids, are fully incorporated in the yellow scleractinia D. cornigera, 80 m. (I) Example of the so‐called ghost fishing: 
Munida rugosa caught by an abandoned or lost net, 150 m.
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dense facies [20, 23, 27, 32] mainly in areas characterized by high sedimentation rates and 
the low values of coral abundance, providing a general “forest‐like” aspect to the coral com‐
munities [32]. The small size gorgonian B. mollys, S. pallida, and V. bebrycoides were observed 
to extend their distribution under 200 m depth [39] from the shelf edge to the upper slope. 
Together with sponges, they can create a sort of “underbrush,” living at the base of bigger 
species. So, a rich community of filtrating organisms is supported (Figure 3 (D)), composed 
principally of corals and erect sponges of large dimensions, thus representing an important 
passage in transferring energy between the benthic and the pelagic zone. On the scarce rocky 
substrates occurring in these deeper environments, gorgonian abundance tends to decrease 
with increasing depth, and antipatharians become the dominant arborescent species [24, 53].

At these depth (100–250 m) are also recorded some rare species like the stylasterid Errina aspera 
in the Messina Strait [28], or the parasitic zoanthid Isozoanthus primnoidus (Carreiro‐Silva, 2011) 
that when mechanically stimulated, produced an intense green‐blue bioluminescence that dis‐
appeared after some seconds [23]. Moreover, facies of the scleractinians as Dendrophyllia ramea in 
Cyprus and Sicily and D. cornigera were recorded often in the Western Mediterranean [23, 41]. 
Finally, the soft sediments of these deeper environments can be colonized by the bamboo coral 
Isidella elongata [24, 36], which can form extended assemblages in bathyal muds [8] or in natural 
protected enclaves [24].

Distribution of coral communities may be determined by the combination of both biological 
and environmental factors that can synergistically affect spawn, larval development and set‐
tling, growth, and death rates of individuals and geomorphological characteristics of settle‐
ment substrates that affect sediment accumulation rates, bottom currents, and the rates of 
food supply [39]. Overall, these factors shape Mediterranean coral communities, which show 
very high variability within the smallest spatial scale [32].

3.2. Black corals

Black corals are spread throughout all the oceans of the world. They are found especially in 
tropical and subtropical areas, where they can colonize very shallow waters, and in temperate 
and polar regions, where they dwell in deep water. The black corals have a black skeleton, 
from which they derive their common name, while the living organisms have a whitish color 
and heavily branched tufts. In the past, it was believed that they had magical and curative 
properties—in fact, the scientific name, Antipatharia, refers to the Latin term which indicated 
a talisman against witchcraft. Some species was used for jewelry trade [54–55]. Black corals 
seem to be keystone species, essential for the maintenance of high biodiversity levels. Six spe‐
cies are described for the Mediterranean Sea: Antipathes dichotoma (Pallas, 1766), Antipathes 
fragilis (Gravier, 1918), Parantipathes larix (Esper, 1790), Leiopathes glaberrima (Esper, 1792), 
Antipathella subpinnata (Ellis and Solander, 1786), and Antipathella wollastoni (Johnson, 1899) 
[56]. In this basin, black corals are usually restricted to deep habitats, probably to avoid strong 
seasonal fluctuations of temperature [57]. The shallowest species were found never shallower 
than 50 m in depth, while the majority occurs between 100 and 300 m depth only on rocky 
slopes and isolated shoals [56] (Figure 2). These organisms carry out an important ecological 
role in the deep sea. Considered to be among the rarest coral species of the Mediterranean 
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Sea [56], instead, new findings indicate that black corals are among the most conspicuous 
and widely distributed components of the Mediterranean deep‐circalittoral coral communi‐
ties, where they can form huge meadows [7, 18–19, 22–24, 57]. They may reach impressive 
abundances and sizes, forming important facies in the deep‐sea realm [22]. The large, white, 
branched A. subpinnata is a common component of the lower fringe of the circalittoral (60–150 m) 
and is the most widespread [57]. It is able to form dense meadows (Figure 3 (E)), counting 
more than 30,000 colonies [18], starting at 60 m, and is also occasionally recorded at up to 500 m  
associated with white coral mounds [14]. The congeneric A. wollastoni forms conspicuous 
populations in both shallow and deep Atlantic waters, but has also recently been recorded in 
the Mediterranean basin in the vicinity of the Gibraltar Strait [22, 58]. A. dichotoma is character‐
ized by tall arborescent colonies with loose, long, flexible branches and large polyps [19, 22]. 
Sparse colonies were found at 100 m and deeper in several Mediterranean areas in benthic 
assemblage characterized by several coral species [14, 16–17, 41, 59]. A. fragilis is a doubtful 
species. It has never been found again with certainty, and since the type specimen is lost, 
there is no possibility to verify, at present, its taxonomic status [22]. L. glaberrima is a tall arbo‐
rescent, bright orange or white, black coral species, among the most common black corals of 
the Mediterranean basin [22]. Occasionally found at 100 m, it forms dense forests only from 
200 m along the rocky bench terraces [23–24, 52, 60] or among white coral reefs [14, 61]. It is a 
frequent bycatch of long‐line fishermen or trawlers [55]. P. larix is a monopodial or sparsely 
branched species showing a characteristic bottle‐brush pinnulation pattern, up to 2 m tall [22]. 
This Atlantic‐Mediterranean species living on rocky bottoms both along the continental shelf 
and in very deep waters (up to 2300 m) [54, 62] is usually very sparsely distributed [22, 62]. 
Exceptional forests dominated by dense monospecific populations of P. larix were recorded 
only off the Island of Montecristo (Tuscan Archipelago, Tyrrhenian Sea) [22]. Similar to other 
filtering colonial organisms, black corals tend to settle in areas of moderate to strong current, 
maximizing food capture and larval dispersion. The black coral population is inhabited by a 
huge variety of sessile, encrusting, and vagile organisms, searching for a refuge or a source 
of food, supporting the hypothesis that the existence of the coral canopy is able to enhance 
biodiversity at every level [4, 24, 56].

It is intriguing how these species, known for centuries and representing a conspicuous struc‐
ture‐forming component of relatively deep coral ecosystems in a well‐known basin such as 
the Mediterranean Sea, have avoided attention for such a long time. In comparison, recent 
explorations are progressively unveiling the characteristics of Mediterranean black coral for‐
ests [18–19, 55].

3.3. White corals

The so‐called white coral bathyal community or cold‐water coral (CWC) [8] consists of 
the scleractinians species as Lophelia pertusa (Linnaeus, 1758), Madrepora oculata (Linnaeus, 
1758), and Desmophyllum dianthus (Esper, 1794). These taxa, known to be well alive in the 
Atlantic Ocean at present, were considered almost eradicated from the Mediterranean 
basin from the last deglaciation age [65]. In the Mediterranean Sea, the last ROV explora‐
tion and fishery operations [12, 64] step‐by‐step led to discovery of many new still‐alive 
CWC sites [65]. Live stocks were and are unevenly distributed in the Mediterranean Sea 

Corals in a Changing World38

under 300 m depth (Figure 2), with six cold‐water coral provinces identified thus far: the 
Southwestern Adriatic CWC (Bari Canyon), the Northern Ionian CWC (Santa Maria di 
Leuca), the Strait of Sicily CWC (South Malta), the Nora canyon, offshore the southern 
Sardinia [63], the Alboran Sea CWC (Melilla), and the Catalan‐Provençal‐Ligurian can‐
yons CWC, to which to add more spotty records of live CWC [65]. The distribution of 
living CWC in the Mediterranean does not overlap everywhere the occurrence of sub‐
fossil counterparts, and this is particularly evident in the eastern basin [63]. These areas 
include both highly‐structured ecosystems covering substantial surfaces, and patchy or 
spot records [27, 29, 60, 64–69]. The structural complexity offered by CWC habitats allows 
for the development of highly diverse associated communities that usually result in con‐
siderably higher biodiversity than the surrounding environment [30]. Antipatharians, 
gorgoniaceans, the scleractinians Dendrophyllia cornigera and sponges such as Pachastrella 
compressa and Poecillastra monilifera are also characteristic components of CWC communi‐
ties elsewhere [21, 63, 67, 69]. The living coral colonies offer shelter to many invertebrates, 
such as the decapod crustaceans Munida cf. tenuimana and Anamathia rissoana. The vagrant 
macrofauna within or around coral grounds includes also a few echinoderms, such as the 
echinoids Cidaris sp. and Echinus sp., the sea star Peltaster placenta, and the spider crab 
Paromola cuvieri (Figure 3F). CWC bioconstructions are found and work as nurseries for 
several deepwater species of commercial interest (i.e., gadids or lophids) and are prob‐
ably important for the maintenance of superficial stocks [5, 9, 10]. Demersal fish such as 
blackbelly rosefish Helicolenus dactylopterus, the Atlantic wreckfish Polyprion americanus, 
the large lender rockfish Scorpaena elongata, and the Blackspot seabream Pagellus bogara-
veo are the principal species of fishes associated with CWC. The rare scale‐rayed wrasse 
Acantholabrus palloni and the rare Ophidiidae Benthocometes robustus and several shark spe‐
cies such as Hexanchus griseus are also observed [63]. The dead coral portions are charac‐
terized by iron oxide and are fouled by hydroids, zoanthids, bryozoans, and brachiopods 
[63]. The solitary coral D. dianthus is almost ubiquitous preferentially settling live and dead 
colonies. The bivalve oyster N. zibrowii serves as substrate to living D. dianthus and M. 
oculata, but one living specimen was observed settling a dead M. oculata frame [63]. As it 
is the common rule in CWC grounds, the highest diversity is encountered in the dead part 
of the coral reef and within the interspersed soft sediment. Recent research has shown 
that canyons may be home to lush CWC communities [32, 63, 70–72]. This holds true for 
the Mediterranean Sea as well where important CWC presence has been documented at 
a number of canyons [27, 29, 44, 63, 65, 67, 73]. Because of their general patchiness inside 
canyon systems and intrinsic exposure to a number of direct and indirect dangers, canyon 
coral habitats are classified as vulnerable marine ecosystems (VME) [27] and obviously 
deserve protection [73–75].

4. Impacts and threats

In recent years, a marked increase of the human activities impact on deep‐sea habitats has been 
observed [75, 76]. Dumping, increasing littering, oil spilling, mineral extraction, on‐bottom 
framework works (e.g., pipes, cables), and fishing activity [34] are affecting the health status 
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Sea [56], instead, new findings indicate that black corals are among the most conspicuous 
and widely distributed components of the Mediterranean deep‐circalittoral coral communi‐
ties, where they can form huge meadows [7, 18–19, 22–24, 57]. They may reach impressive 
abundances and sizes, forming important facies in the deep‐sea realm [22]. The large, white, 
branched A. subpinnata is a common component of the lower fringe of the circalittoral (60–150 m) 
and is the most widespread [57]. It is able to form dense meadows (Figure 3 (E)), counting 
more than 30,000 colonies [18], starting at 60 m, and is also occasionally recorded at up to 500 m  
associated with white coral mounds [14]. The congeneric A. wollastoni forms conspicuous 
populations in both shallow and deep Atlantic waters, but has also recently been recorded in 
the Mediterranean basin in the vicinity of the Gibraltar Strait [22, 58]. A. dichotoma is character‐
ized by tall arborescent colonies with loose, long, flexible branches and large polyps [19, 22]. 
Sparse colonies were found at 100 m and deeper in several Mediterranean areas in benthic 
assemblage characterized by several coral species [14, 16–17, 41, 59]. A. fragilis is a doubtful 
species. It has never been found again with certainty, and since the type specimen is lost, 
there is no possibility to verify, at present, its taxonomic status [22]. L. glaberrima is a tall arbo‐
rescent, bright orange or white, black coral species, among the most common black corals of 
the Mediterranean basin [22]. Occasionally found at 100 m, it forms dense forests only from 
200 m along the rocky bench terraces [23–24, 52, 60] or among white coral reefs [14, 61]. It is a 
frequent bycatch of long‐line fishermen or trawlers [55]. P. larix is a monopodial or sparsely 
branched species showing a characteristic bottle‐brush pinnulation pattern, up to 2 m tall [22]. 
This Atlantic‐Mediterranean species living on rocky bottoms both along the continental shelf 
and in very deep waters (up to 2300 m) [54, 62] is usually very sparsely distributed [22, 62]. 
Exceptional forests dominated by dense monospecific populations of P. larix were recorded 
only off the Island of Montecristo (Tuscan Archipelago, Tyrrhenian Sea) [22]. Similar to other 
filtering colonial organisms, black corals tend to settle in areas of moderate to strong current, 
maximizing food capture and larval dispersion. The black coral population is inhabited by a 
huge variety of sessile, encrusting, and vagile organisms, searching for a refuge or a source 
of food, supporting the hypothesis that the existence of the coral canopy is able to enhance 
biodiversity at every level [4, 24, 56].

It is intriguing how these species, known for centuries and representing a conspicuous struc‐
ture‐forming component of relatively deep coral ecosystems in a well‐known basin such as 
the Mediterranean Sea, have avoided attention for such a long time. In comparison, recent 
explorations are progressively unveiling the characteristics of Mediterranean black coral for‐
ests [18–19, 55].

3.3. White corals

The so‐called white coral bathyal community or cold‐water coral (CWC) [8] consists of 
the scleractinians species as Lophelia pertusa (Linnaeus, 1758), Madrepora oculata (Linnaeus, 
1758), and Desmophyllum dianthus (Esper, 1794). These taxa, known to be well alive in the 
Atlantic Ocean at present, were considered almost eradicated from the Mediterranean 
basin from the last deglaciation age [65]. In the Mediterranean Sea, the last ROV explora‐
tion and fishery operations [12, 64] step‐by‐step led to discovery of many new still‐alive 
CWC sites [65]. Live stocks were and are unevenly distributed in the Mediterranean Sea 
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under 300 m depth (Figure 2), with six cold‐water coral provinces identified thus far: the 
Southwestern Adriatic CWC (Bari Canyon), the Northern Ionian CWC (Santa Maria di 
Leuca), the Strait of Sicily CWC (South Malta), the Nora canyon, offshore the southern 
Sardinia [63], the Alboran Sea CWC (Melilla), and the Catalan‐Provençal‐Ligurian can‐
yons CWC, to which to add more spotty records of live CWC [65]. The distribution of 
living CWC in the Mediterranean does not overlap everywhere the occurrence of sub‐
fossil counterparts, and this is particularly evident in the eastern basin [63]. These areas 
include both highly‐structured ecosystems covering substantial surfaces, and patchy or 
spot records [27, 29, 60, 64–69]. The structural complexity offered by CWC habitats allows 
for the development of highly diverse associated communities that usually result in con‐
siderably higher biodiversity than the surrounding environment [30]. Antipatharians, 
gorgoniaceans, the scleractinians Dendrophyllia cornigera and sponges such as Pachastrella 
compressa and Poecillastra monilifera are also characteristic components of CWC communi‐
ties elsewhere [21, 63, 67, 69]. The living coral colonies offer shelter to many invertebrates, 
such as the decapod crustaceans Munida cf. tenuimana and Anamathia rissoana. The vagrant 
macrofauna within or around coral grounds includes also a few echinoderms, such as the 
echinoids Cidaris sp. and Echinus sp., the sea star Peltaster placenta, and the spider crab 
Paromola cuvieri (Figure 3F). CWC bioconstructions are found and work as nurseries for 
several deepwater species of commercial interest (i.e., gadids or lophids) and are prob‐
ably important for the maintenance of superficial stocks [5, 9, 10]. Demersal fish such as 
blackbelly rosefish Helicolenus dactylopterus, the Atlantic wreckfish Polyprion americanus, 
the large lender rockfish Scorpaena elongata, and the Blackspot seabream Pagellus bogara-
veo are the principal species of fishes associated with CWC. The rare scale‐rayed wrasse 
Acantholabrus palloni and the rare Ophidiidae Benthocometes robustus and several shark spe‐
cies such as Hexanchus griseus are also observed [63]. The dead coral portions are charac‐
terized by iron oxide and are fouled by hydroids, zoanthids, bryozoans, and brachiopods 
[63]. The solitary coral D. dianthus is almost ubiquitous preferentially settling live and dead 
colonies. The bivalve oyster N. zibrowii serves as substrate to living D. dianthus and M. 
oculata, but one living specimen was observed settling a dead M. oculata frame [63]. As it 
is the common rule in CWC grounds, the highest diversity is encountered in the dead part 
of the coral reef and within the interspersed soft sediment. Recent research has shown 
that canyons may be home to lush CWC communities [32, 63, 70–72]. This holds true for 
the Mediterranean Sea as well where important CWC presence has been documented at 
a number of canyons [27, 29, 44, 63, 65, 67, 73]. Because of their general patchiness inside 
canyon systems and intrinsic exposure to a number of direct and indirect dangers, canyon 
coral habitats are classified as vulnerable marine ecosystems (VME) [27] and obviously 
deserve protection [73–75].

4. Impacts and threats

In recent years, a marked increase of the human activities impact on deep‐sea habitats has been 
observed [75, 76]. Dumping, increasing littering, oil spilling, mineral extraction, on‐bottom 
framework works (e.g., pipes, cables), and fishing activity [34] are affecting the health status 
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of such bottom communities. In addition, indirectly, global warming trends affect vital hydro‐
graphical attributes and progress in ocean acidification [34]. However, major direct threats 
are connected to fishing practices, which include (accidental) trawling, long lining, and crab 
trapping [77]. The effects of fishing activities on the benthic biocoenoses represent a world‐
wide problem particularly relevant in the Mediterranean Sea, a site characterized by intense 
historical fishing traditions. The majority of the studies concerning fishing impact have been 
addressed on the soft bottom assemblages subjected to trawling activities [33, 78], while very 
few information is available on the response of hard bottom communities, with the exception 
of some priority habitats such as seamounts [79] and white coral forests [29, 61, 73]. The recent 
ROV investigations in the western Mediterranean basin have revealed the heavy impact of 
fishing activities on the benthic communities as an omnipresent feature in all the surveyed 
localities [20, 23–24, 27, 29, 37–38, 80]. In the Mediterranean Sea, the rocky bottoms between 50 
and 700 m depth, being generally avoided by trawlers, represent important fishing grounds 
for artisanal and recreational fleets. The rocky areas populated by coral forests attract a rich 
associated fauna, including fish species of commercial interest, which therefore increase the 
importance of these habitats for fishermen [25, 37]. Coral bycatch data suggest a dramatic effect 
of certain gears, estimated in various dozens of eradicated colonies per fishermen per year  [73]. 
Moreover, due to complex structure of rocky bottom, some gears (e.g., trammel nets, gill nets, 
and long lines) can become entangled in the surrounding rocks, breaking and covering all the 
organisms that elevate on the substrate (e.g. corals, sponges, bryozoans) and accumulating in 
great quantity and at any depth (Figure 3 (G)). The gears also produce a continuous mechani‐
cal scouring on the sea bottom, determining sediment re‐suspension. As a result, progressive 
and extended habitat degradation is observed [81, 82, 33] with substantial modifications of the 
structure and functioning of deep ecosystems through a shift in species composition toward 
opportunistic species with a faster growth rates and adapted to live on more silted or unstable 
habitats [37]. The abrasive action due to entangled gears on the colonies causes a continuous 
removal of their tissues (Figure 3 (H)), making them more vulnerable to parasite or bacterial 
infections as well as the epibiont agglomerates covering [37–38], which in the long term can 
also cause the colony mortality [83]. The introduction of very strong fishing gears, made of 
non‐biodegradable synthetic materials, contributes to the phenomenon of “ghost fishing”: the 
abandon nets, still in their working position, may continue to catch for a long span of time a 
large spectrum of organisms [82, 84] (Figure 3 (I)). Due to the extremely slow degradation of 
nylon, lost gears may persist for a centuries [85, 86] accumulating on the sea bottom, altering 
the surrounding habitat, and covering wide portions of the settled communities impeding the 
re‐colonization for large anthozoans [87]. In the sea bottom, also other kind of litters, such 
as tyres, cans, glass bottles, and bigger objects (washing machines, bins, etc.), were observed. 
This debris can be adapted as shelters and colonized by encrusting or sessile organisms, vagile 
fauna, formed by echinoderms, fish, crabs, and other crustaceans [86, 88]. Although such arti‐
ficial substrata enhance biodiversity, they are an alteration of the natural environment and of 
the communities which might settle down [89].

Generally, the most impacted species are those with a medium‐large colony size, an arbo‐
rescent morphology, and a flexible skeleton, that easily remain entangled. Coral skeletal 
characteristics, such as stiffness, flexibility, or fragility, are known to play an important role 
in the resistance of friction, which explains the different responses of coral to mechanical 
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impacts [27, 37–38, 52]. Some species are often removed, while other are frequently crushed 
or only scrape the soft tissue of the branches [37–38, 52]. It is likely that such colonies can be 
completely eradicated from some heavily fished sites where coral forests have almost disap‐
peared. Finally, in some highly impacted sites, the high percentage of damaged colonies that 
are partially or entirely covered by epibionts may suggest a general state of stress of the com‐
munity [52]. The continuous pressures of human activity on such particular animal forests 
make them extremely vulnerable and are one of the major causes of degradation of the marine 
environment [82, 86, 88].

Different regional fishing traditions, accessibility of the fishing grounds, distance from the 
coast and the exploited depth range, hence efforts, as well as the typology of employed gears, 
the species composition of the community and, therefore, the response of the community to 
the impact and its recovery ability can play a synergistic role in defining different impact 
among the investigated areas [37]. In the Mediterranean basin, with impressive peaks along 
some areas [27, 37–38], the deep shoals are progressively depleting with dramatic conse‐
quences that have a negative effect also on the productivity of artisanal fishing. These data 
suggest that it is highly probable that pristine coral forests no longer exist also on rocky sea 
bottoms, especially in traditionally exploited fishing grounds [37].

5. Conclusion

The Mediterranean Sea offers an example on how advancement in marine technology and 
the recent increasing effort to investigate the deep‐sea frontier have led to a revolution in the 
knowledge about deep realm [63]. The deep‐sea benthos of the Mediterranean basin did tar‐
get preferentially soft bottom (mobile) substrates, easier to sample by trawls, dredges, grabs, 
and corers. On the contrary, hard substrates have been understandably little touched by the 
biological exploration especially when associated with canyons and seamounts because of the 
intrinsic risk to imperil sampling gears [65, 89]. ROV exploration has opened new perspec‐
tives in the study of the deep benthic fauna, providing qualitative and quantitative descrip‐
tion of benthic assemblages and progressively unveiling the characteristics of Mediterranean 
coral forests [22, 18–19, 55]. The high‐density deep coral assemblages may provide an approx‐
imate idea of how Mediterranean continental shelves and upper slopes stood before decades 
of commercial fishing. These coral communities include the most common species which 
suffer by‐catch of bottom trawling, trammel nets, and longline fishing which can have far‐
reaching and long‐lasting negative effects [24]. Effects of fishing activities on the seabed and 
benthic communities have been indeed compared to those of forest clear‐cutting, with an 
immediate reduction of the structural diversity and following alteration of biogeochemical 
cycles, species recovery, and settling rates [24]. Animal forest has now been internationally 
recognized as unique habitats characterized by numerous structuring species, generating 
complex and fragile ecosystems, which act as important oases of biodiversity in the deep 
realm. For these reasons, the international scientific community has recently proposed the 
inclusion of some of these species in many protection lists, recognizing their ecological value 
and their vulnerability to human activities: the Convention of Biological Diversity [17]; “Coral 
Garden” habitats were added to the OSPAR (Oslo and Paris Conventions for the Protection 
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of such bottom communities. In addition, indirectly, global warming trends affect vital hydro‐
graphical attributes and progress in ocean acidification [34]. However, major direct threats 
are connected to fishing practices, which include (accidental) trawling, long lining, and crab 
trapping [77]. The effects of fishing activities on the benthic biocoenoses represent a world‐
wide problem particularly relevant in the Mediterranean Sea, a site characterized by intense 
historical fishing traditions. The majority of the studies concerning fishing impact have been 
addressed on the soft bottom assemblages subjected to trawling activities [33, 78], while very 
few information is available on the response of hard bottom communities, with the exception 
of some priority habitats such as seamounts [79] and white coral forests [29, 61, 73]. The recent 
ROV investigations in the western Mediterranean basin have revealed the heavy impact of 
fishing activities on the benthic communities as an omnipresent feature in all the surveyed 
localities [20, 23–24, 27, 29, 37–38, 80]. In the Mediterranean Sea, the rocky bottoms between 50 
and 700 m depth, being generally avoided by trawlers, represent important fishing grounds 
for artisanal and recreational fleets. The rocky areas populated by coral forests attract a rich 
associated fauna, including fish species of commercial interest, which therefore increase the 
importance of these habitats for fishermen [25, 37]. Coral bycatch data suggest a dramatic effect 
of certain gears, estimated in various dozens of eradicated colonies per fishermen per year  [73]. 
Moreover, due to complex structure of rocky bottom, some gears (e.g., trammel nets, gill nets, 
and long lines) can become entangled in the surrounding rocks, breaking and covering all the 
organisms that elevate on the substrate (e.g. corals, sponges, bryozoans) and accumulating in 
great quantity and at any depth (Figure 3 (G)). The gears also produce a continuous mechani‐
cal scouring on the sea bottom, determining sediment re‐suspension. As a result, progressive 
and extended habitat degradation is observed [81, 82, 33] with substantial modifications of the 
structure and functioning of deep ecosystems through a shift in species composition toward 
opportunistic species with a faster growth rates and adapted to live on more silted or unstable 
habitats [37]. The abrasive action due to entangled gears on the colonies causes a continuous 
removal of their tissues (Figure 3 (H)), making them more vulnerable to parasite or bacterial 
infections as well as the epibiont agglomerates covering [37–38], which in the long term can 
also cause the colony mortality [83]. The introduction of very strong fishing gears, made of 
non‐biodegradable synthetic materials, contributes to the phenomenon of “ghost fishing”: the 
abandon nets, still in their working position, may continue to catch for a long span of time a 
large spectrum of organisms [82, 84] (Figure 3 (I)). Due to the extremely slow degradation of 
nylon, lost gears may persist for a centuries [85, 86] accumulating on the sea bottom, altering 
the surrounding habitat, and covering wide portions of the settled communities impeding the 
re‐colonization for large anthozoans [87]. In the sea bottom, also other kind of litters, such 
as tyres, cans, glass bottles, and bigger objects (washing machines, bins, etc.), were observed. 
This debris can be adapted as shelters and colonized by encrusting or sessile organisms, vagile 
fauna, formed by echinoderms, fish, crabs, and other crustaceans [86, 88]. Although such arti‐
ficial substrata enhance biodiversity, they are an alteration of the natural environment and of 
the communities which might settle down [89].

Generally, the most impacted species are those with a medium‐large colony size, an arbo‐
rescent morphology, and a flexible skeleton, that easily remain entangled. Coral skeletal 
characteristics, such as stiffness, flexibility, or fragility, are known to play an important role 
in the resistance of friction, which explains the different responses of coral to mechanical 
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impacts [27, 37–38, 52]. Some species are often removed, while other are frequently crushed 
or only scrape the soft tissue of the branches [37–38, 52]. It is likely that such colonies can be 
completely eradicated from some heavily fished sites where coral forests have almost disap‐
peared. Finally, in some highly impacted sites, the high percentage of damaged colonies that 
are partially or entirely covered by epibionts may suggest a general state of stress of the com‐
munity [52]. The continuous pressures of human activity on such particular animal forests 
make them extremely vulnerable and are one of the major causes of degradation of the marine 
environment [82, 86, 88].

Different regional fishing traditions, accessibility of the fishing grounds, distance from the 
coast and the exploited depth range, hence efforts, as well as the typology of employed gears, 
the species composition of the community and, therefore, the response of the community to 
the impact and its recovery ability can play a synergistic role in defining different impact 
among the investigated areas [37]. In the Mediterranean basin, with impressive peaks along 
some areas [27, 37–38], the deep shoals are progressively depleting with dramatic conse‐
quences that have a negative effect also on the productivity of artisanal fishing. These data 
suggest that it is highly probable that pristine coral forests no longer exist also on rocky sea 
bottoms, especially in traditionally exploited fishing grounds [37].

5. Conclusion

The Mediterranean Sea offers an example on how advancement in marine technology and 
the recent increasing effort to investigate the deep‐sea frontier have led to a revolution in the 
knowledge about deep realm [63]. The deep‐sea benthos of the Mediterranean basin did tar‐
get preferentially soft bottom (mobile) substrates, easier to sample by trawls, dredges, grabs, 
and corers. On the contrary, hard substrates have been understandably little touched by the 
biological exploration especially when associated with canyons and seamounts because of the 
intrinsic risk to imperil sampling gears [65, 89]. ROV exploration has opened new perspec‐
tives in the study of the deep benthic fauna, providing qualitative and quantitative descrip‐
tion of benthic assemblages and progressively unveiling the characteristics of Mediterranean 
coral forests [22, 18–19, 55]. The high‐density deep coral assemblages may provide an approx‐
imate idea of how Mediterranean continental shelves and upper slopes stood before decades 
of commercial fishing. These coral communities include the most common species which 
suffer by‐catch of bottom trawling, trammel nets, and longline fishing which can have far‐
reaching and long‐lasting negative effects [24]. Effects of fishing activities on the seabed and 
benthic communities have been indeed compared to those of forest clear‐cutting, with an 
immediate reduction of the structural diversity and following alteration of biogeochemical 
cycles, species recovery, and settling rates [24]. Animal forest has now been internationally 
recognized as unique habitats characterized by numerous structuring species, generating 
complex and fragile ecosystems, which act as important oases of biodiversity in the deep 
realm. For these reasons, the international scientific community has recently proposed the 
inclusion of some of these species in many protection lists, recognizing their ecological value 
and their vulnerability to human activities: the Convention of Biological Diversity [17]; “Coral 
Garden” habitats were added to the OSPAR (Oslo and Paris Conventions for the Protection 
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of the Marine Environment of the North‐East Atlantic) “List of threatened and/or declining 
species and habitats” in 2007 [17]. Moreover, due to the fact that they are considered sensitive 
habitats, they may be identified as vulnerable marine ecosystems (VMEs). Recently, the Food 
and Agriculture Organization (FAO) [40] recommended the establishment of protected areas 
where such VMEs are known to be or likely to occur in order to put into action an ecosystem‐
based fishery management of deep‐sea ecosystems [27]. Despite the European Commission 
has now proposed regulations against the use of trawling nets on important ecosystems as 
coralligenous, seamounts, and white coral mounds [90], in the Mediterranean waters, the 
interdiction of these deep‐sea coral sanctuaries located on trawling routes or within tradi‐
tional artisanal fishing grounds would raise numerous socio‐economic problems [24].

Future research efforts should be paid to better understand the factors driving deep coral 
biodiversity in the Mediterranean Sea in a more “holistic” key, focused on understanding 
how, at different spatial scales, the disappearance of animal forests could represent a point 
of no‐return whose consequences are still not clear to the scientific community [15, 24, 37].
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and Agriculture Organization (FAO) [40] recommended the establishment of protected areas 
where such VMEs are known to be or likely to occur in order to put into action an ecosystem‐
based fishery management of deep‐sea ecosystems [27]. Despite the European Commission 
has now proposed regulations against the use of trawling nets on important ecosystems as 
coralligenous, seamounts, and white coral mounds [90], in the Mediterranean waters, the 
interdiction of these deep‐sea coral sanctuaries located on trawling routes or within tradi‐
tional artisanal fishing grounds would raise numerous socio‐economic problems [24].

Future research efforts should be paid to better understand the factors driving deep coral 
biodiversity in the Mediterranean Sea in a more “holistic” key, focused on understanding 
how, at different spatial scales, the disappearance of animal forests could represent a point 
of no‐return whose consequences are still not clear to the scientific community [15, 24, 37].
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Abstract

Precious coral, with attractive pink-to-red color, has been used for ornamental purposes for
several thousand years. According to the related science, attractive red precious corals
material, are defined to the class Anthozoa, subclass Octocorallia, order Alcyonacea, subor-
der Scleraxonia, and family Coralliidae in zootaxy. About 30 species are discovered in
Coralliidae family compared to the huge Cnidaria phylum. Corallium rubrum, Corallium
japonicum, and Corallium elatius are the three main species in Coralliidae family used for
jewelry material in the gem market. The purpose of this chapter is to show the nature of
animals in Coralliidae family, analyze the nondestructive test methods to identify the natural
species from the imitations, and discuss the origin of color and the interactions in between
the organic matrix and mineral. The chapter was organized in six parts. The first part
reviews the history of precious coral used for different purposes by humans and then
describes exact affiliation of precious coral on zoology and taxonomy. The second part deals
with the biology and formation of precious coral. The paragraph also presents the informa-
tion about Coralliidae colonies’ sexual maturity, life span, growth rate, and mortality. The
trade market and conservation are also summarized in this part. The gemological properties
of C. rubrum, C. japonicum, and C. elatius, the main species in precious coral market, are
introduced in the third part. As a consequence, an effective and nondestructive identification
method to distinguish natural precious corals from their imitations was stated with Raman
spectra as demonstrated in the fourth part. In the fifth part, the origin of precious coral color
based on the results of Raman scattering measurements and PeakFit analysis is demon-
strated. Three different excitation wavelengths (785, 633, and 514 nm) were used for the
same samples at the same points. The result shows that all of the samples are colored by a
mixture of pigments. Different colors are explained by different mixtures, not by a single
pigment. Organic composition, even present in a small amount, plays an important role in
the color of precious corals. The sixth part concludes the text by presenting what we have
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learned from the experimental data of microscope, SEM, TEM, and EBSD. The spatial
relationship between the organic matrix and mineral components is determined by SEM
observation on decalcification-treated samples. By integration of the results from nanometer
to centimeter-scale detections, a hierarchical structure of precious coral is revealed. In the
skeleton of precious coral, building blocks are arranged into several hierarchical levels of
oriented modules. The modules in each hierarchical level assemble into larger unit that
comprises the next higher level of the hierarchy. Precious coral, as a member of biomineral
family, assembled skeleton as a delicate arrangement of a hierarchy of crystals with well-
defined orientations under the control of organic matrix. Organic matrix works in both color
pigment and architecture field for the precious coral.

Keywords: precious coral, organic matrix, oriented module

1. Introduction

Precious coral, as an organic gem material with attractive pink-to-red color, has been used for
ornamental purposes for several thousand years. The earliest history of this material used for
decoration could be traced back to 8000 BC for the red coral amulets uncovered in Neolithic
graves in Switzerland. It was also reported the discovery of fine coral jewelry in Sumeria and
Egypt around 3000 BC [1]. Coincidently, precious coral was valued highly in Asian Culture
throughout history.

In China, precious coral was recognized treasure of the ocean since Three Kingdoms Times
around 2000 years ago. It appeared constantly in palace tribute, imperial trappings, Buddha
beads, medicinal material during the complete China’s history after then. The first description
about precious coral was the geographic monograph of the South China Sea with the book
name “Fu Nan Zhuan”. The morphological characteristics of coral were demonstrated in that
ancient writing (Figure 1). Later, precious coral was also mentioned as medicinal material in
literatures of both Li Jing (Tang Dynasty, 659 AD) and Li Shizhen (Ming Dynasty, 1578 AD).
Due to its distinctive tree-like appearance and hard texture, precious coral was mistaken for
plant or mineral for its early history. The misunderstanding about the nature of precious coral
was not by chance, even distinguished naturalist Pliny the Elder named it Zoophyte, which
habituated with the features of both animal and plant.

Being benefited from the developments of biology and taxonomy, the biological behavior and
habits on coral’s growth, reproduction, nutrition, and habitat are much well known nowadays
than before. According to the related science, attractive red precious corals, which are com-
monly used as jewelry material, are defined to the class Anthozoa, subclass Octocorallia, order
Alcyonacea, suborder Scleraxonia, and family Coralliidae in zootaxy [2].

Since fine specimens of red coral, which is also called gem-class coral or precious coral
(Figure 2), are the most desirable yet among the least available [3], series of enhancement and
treatment technologies, such as dyeing, bleaching, and polymer impregnation, are applied to
precious coral’s imitations to get higher value. Since a significant amount of imitations share
the similar color distribution and structural characteristics with the natural precious corals, the
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traditional identification methods are facing the difficulties to distinguish the precious corals
from the others. The present chapter looks the current statues of precious coral from zoological
taxonomy, gemological properties, and adopted methods to explore the essence of precious
coral’s attractive color and to determine the spatial relations between the organic matter and
mineral component in order to provide information for identification, appraisal, and biomin-
eral research.

Figure 1. “Fu Nan Zhuan” in Three Kingdoms Times described the morphological characteristics of coral for the first time.

Figure 2. Fine precious coral carving designed as religious blessing pattern.
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2. Biology and formation

2.1. General biological background of precious coral

The term coral, as it is commonly intended by divers and enthusiasts, leads itself to numerous
misunderstandings in strictly zoological terms. This happens mainly because many books on
these extraordinary organisms broadly use the word coral to describe all creatures with a hard
skeleton. This definition may thus be used to group organism very different one from the
others. The term precious coral ought to be used only for the Coralliidae family in zootaxy.
About 30 species are discovered in Coralliidae family compared to the huge Cnidaria phylum,
which is containing over 10,000 species of animals.

Despite the obvious differences in form, shape, and dimension between one species and another,
animals in Coralliidae family share the same basic structural distinction. They keep the sedentary
living habits of organisms, mobile only at the larva stage. Every animal can be divided according
to the infinite patterns of symmetry along the radius of incredible regular circle. The animal
responsible for skeletal formation is precious coral’s primary unit-polyp, which is a sort of sac
adhering at the base to a rigid substratum and having an aperture facing upwards, surrounded
by a variable number of tentacles (Figure 3). The number of these (six, eight, or multiples thereof)
allows the Anthozoa group to be divided into Octocorallia or Hexacorallia. The Coralliidae
belongs to Alcyoniina suborder, Alcyonacea order, and Octocorallia subclass accordingly.

Precious corals are colonial animals, which consist of thousands of small polyps. They repro-
duce sexually by releasing eggs and sperm polyps of gametes of the same species simulta-
neously over a period of one to several nights around a full moon. The polyps remain
connected and continue to grow and reproduce on their own. These colonies can live for
several centuries, during which their continuous calcification creates layered skeletal archives
that used to be the material for the jewelry, medicine, and so on. The formation process of the
precious coral’s skeleton inspired the understanding on bio-mineralization and environmental
impact on biological growth. Coralliidae corals grow under strict habitat requirements, which
include deep water, rocky bottom, typically aggregate on banks, seamounts, under ledges, and

Figure 3. The arrangement of the polyps of coral colonies.
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in and around caves (Figure 4); generally, where there are strong bottom currents. The suitable
growth temperature for precious corals is from 8 to 20�C.

Coralliidae colonies reach sexual maturity until 10–12 years old after then adhere to the
bottom. Compared with other invertebrate animals, Coralliidae colonies live a long life, grow
at slow rate, and die at low mortality. S. Giacomelli, F. Cicognae, and G. Bavestrello studied the
biology of Coralliidae colonies from 1965 to 1966. The results indicate that the colonies can
attain height of only 1 cm during 1 year. It is impossible to artificially breed the Coralliidae
colonies until nowadays [4].

2.2. Trade market

The traditional trade market of precious coral was concentrated in Italy at the very beginning,
which was supposed to be the earliest and biggest market once upon a time. There was
significant trade in precious coral between the Mediterranean and India. Italy, as an irreplace-
able trade market, stood head above the other trade regions could be boiled down to its unique
integrated functions of precious corals’ producing region, design center, and commercial
market. A creative drum-like precious coral bead was first designed in Italy and became
widely spread to Tibet and Japan along the Silk Road. The trade market on precious coral’s
season began and lasted for several centuries.

In 1847, precious coral was explored in Sea of Japan infused the fresh blood to the market. As a
result, the output production of precious coral went straightly upwards while the fine
designed jewelry was more popular than ever before. The history occurred similarly in 1923,
a new fishery of precious coral was discovered in Taiwan that year. After the development over
decades, Taiwan caught up from behind to be the world’s biggest producing region for
precious coral in 1964. It was reported that the output of precious coral in Taiwan accounted
for 80% compared with the total production of the world in 1984. Over 90% precious corals
produced in Taiwan were exported to Japan and Italy during that time.

The red coral species produced in Italy grew in relatively shallow region of the sea. The diameter
of the Italian precious coral was small with a diameter less than 10 cm as the consequence of its

Figure 4. Coralliidae corals inhabit deep water, rocky bottom habitats.
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habitat, which provided easier conditions for collecting. It explained that the common coral
jewelry style in Italy was delicate, exquisite, and always set in gold or silver. Precious coral
species grew in Taiwan sea were in the depth of over 200 m and could reach the size of several
meters. Thus, the jewelry designs of precious coral vary from sculpture, carving, snuff bottle,
headwear to common jewelry. Since precious coral is a non-renewable resource, many regula-
tions or bans on protection are launched by governments all over the world.

2.3. Conservation

Since the species of Coralliidae family could not be cultivated, the limited resources raised
public concerns on their protection. Recently, on April 8, 2008, China, which now has domestic
laws to protect these species, requested that CITES include four Corallium species (C. elatius,
C. japonicum, C. konojoi, and C. secundum) under Appendix III [5].

Meanwhile, the rising price of precious coral resulted in a variety of imitations is flooding the
market. Consequently, the research on the composition and structural properties of precious
coral, which will promote the development of identification of precious corals from their
imitations, is more desired for both the researchers and public than ever before.

3. Basic gemological properties of main commercial species in
Coralliidae family

C. rubrum, C. japonicum, and C. elatius are the three main species in Coralliidae family used for
jewelry material in the gem market. Since they are belonging to the same zoological family,
they have some components or structural characteristics in common and also some distinctive
features of each own (Table 1).

3.1. Chemical composition and mineral components

As being determined by EPMA, LA-ICP-MS, FTIR, and XRD, the samples from Coralliidae
family show similar principle chemical composition of CaCO3 and major mineral component
of high-Mg calcite (Figures 5 and 6). Beyond that, the samples also contain a small amount of
organic matters, which play a magic role in the construction of precious coral skeleton (will be
explained in Sections 4 and 5). One interesting fact is the theory several decades ago indicated
that the color of precious coral was caused by metal ions such as Cu and Fe, of which they
absorbed from the seawater, is negated by the test results of EPMA with small to non-detective
amount of these elements (Table 2).

3.2. Optical properties

3.2.1. Color

Most precious corals show attractive even pink-to-red color, while some species have white
spots, white core, or entire white on the body. To conclude, three main precious coral species’

Corals in a Changing World56

Trade name Biological term Producing area

Aka Coral, Aka Red Coral C. japonicum Taiwan, Japan

Momo Coral, Formosa Coral, Pink Coral C. elatius Taiwan, Japan

Midway Coral C. secundum Midway

Deep Sea Coral Corallium sp. Midway

Sardinia Coral, Red Coral C. rubrum Southern Europe, North Africa

White Coral C. konojoi Pacific Ocean

Table 1. Main precious coral species’ trade names and biological term.

Figure 5. C. japonicum always has glass bright luster.

Figure 6. The FTIR spectra of precious samples identifies the biogenic calcium carbonate phase of the skeleton (CaCO3),
with peaks positioned at 1084, 817, and 716 cm�1.
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features of color are described in Table 3 and Figures 7–9. The features of color are the
important information to distinguish the different species of precious coral when they are kept
of original dendritic shape.

3.2.2. Luster and transparency

Precious corals show waxy to glass luster when they are polished. Among the three species of
precious corals, C. japonicum obtained the best transparency of subtranslucent, while C. elatius
and C. rubrum are opaque.

3.2.3. Refractive index

The refractive indexes of precious corals are ranged from 1.49 to 1.65.

Composition elements (ωB%)

Na Ca Mn Mg Ba Fe Si Cu Sr

Max 0.503 38.775 0.015 4.413 0.161 0.381 7.652 0.0752 1.063

Min 0.227 28.022 — 0.108 — — — — 0.192

Table 2. The value of principle composition elements in precious corals.

Species Color features

C. japonicum Orange-to-red color has white core certainly

C. elatius Pink-to-red color, some specimens are white entirely, white core appears in most specimens

C. rubrum Deep red color does not have white spot or core

Table 3. Precious coral species’ color features.

Figure 7. White core of C. japonicum.
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3.3. Mechanical properties

3.3.1. Hardness

Moh’s hardness of precious corals is 3–4. However, brittleness of precious coral species is
determined by environmental factors like ocean depth they grow at. Some data indicate that
the precious corals, which living in deep sea, are easier to get fragile.

3.3.2. Relative density

As tested by hydrostatic weighing method, the results show the slight difference among the
three species of precious coral. The relative density of C. japonicum is various from 2.55 to 2.65,
while C. elatius with the relative density of 2.68–2.70, and 2.65–2.70 for C. rubrum.

Figure 8. White core of C. elatius.

Figure 9. Worm cavities distributed on C. rubrum.
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3.4. Morphology features

The structures of most precious corals are typically consisting of two patterns. The first is
ribbed or striated pattern that extends roughly parallel to the length of the coral branch. The
other is a concentric, scalloped structure. Paralleled grooves are typically appear on the surface
of C. elatius and C. rubrum (Figures 10 and 11), while the surfaces are relatively smooth on
C. japonicum (Figure 12). In addition, natural dotting the coral surface, which may be described
as pits and pockmarks, is only observed on C. rubrum. However, the paralleled stripes exist in
the internal vertical section of all three species, no matter how different they look like on the
surface (Figures 13 and 14).

These two patterns are easily to be understood by recognizing the formation of polyps in
precious coral. Actually, the longitudinal section of precious coral is made in correspondence
with the oral disc at the bottom.

Figure 10. Paralleled grooves appear on the surface of C. elatius.

Figure 11. Paralleled grooves and pit marks appear on the surface of C. rubrum.
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Figure 12. Relatively smooth surface of C. japonicum.

Figure 14. Micrograph of the vertical section of precious coral.

Figure 13. Micrograph of the cross section of precious coral.
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4. General identification

Precious coral with its unique appearance and distinctive structure is easy to distinguish them
from the common imitations such as dyed bone artifacts, dyed shell, dyed marble, conch pearl,
Gilson coral, red glass, red plastic, and dyedwood. The identification features are listed in Table 4.

Among all these imitations, dyed corals are the most complicated. Some of the dyed corals are
sharing the similar features on cross and vertical sections. Fan [6] acquired four specimens
covering C. japonicum, C. elatius, C. rubrum, and Isis hippuris, which are the common species
coral in trade market.

I. hippuris, also known as the name “bamboo coral”, is a white coral belonging to family
Isididae, phylum Cnidaria, class Anthozoa, and subclass Octocarallia (Figures 15 and 16).
The chemical composition and mineral component are keeping the same as the precious coral
in Coralliidae family. It is also hard to tell the distinction from the texture and structure. As a
result, dyed I. hippuris is always selected to be the material to imitate the precious coral
(Figures 17 and 18). All the specimens are tested by laser Raman spectroscopy. The result

Properties
varieties

Color Transparency Luster Refractive
index

Relative
density

Moh’s
hardness

Fracture Others

Precious
coral

White,
pink-
to-red

Opaque to
semitransparent

Oily
luster

1.48–1.65 2.70
(�0.05)

3–4 Even
fracture

Color distribution is
naturally uneven;
concentric annulus on
cross section; parallel
stripes on vertical
section acid blistering

Gilson
coral

Red Opaque Waxy
luster

1.48–1.65 2.44 3.5–4 Even
fracture

No chromatic
difference, fine
grained texture; acid
blistering

Dyed bone Red Opaque Waxy
luster

1.54 1.70–
1.95

2.5 Splintery
fracture

Uneven color on the
surface and inside;
round hole structure

Dyed
marble

Red Opaque Glass
luster

1.48–1.65 2.70
(�0.05)

3 Uneven
fracture

Fine grained texture;
acid blistering

Red plastic Red Transparent to
opaque

Waxy
luster

1.49–1.67 1.4 <3 Even
fracture

Hot needle test (acrid
odor); bubble
inclusion

Red glass Red Transparent to
opaque

Glass
luster

1.635 3.69 5.5 Conchoidal
fracture

Bubble inclusion

Dyed coral Red Transparent to
opaque

Waxy 1.48–1.65 2.70
(�0.05)

3–4 Even
fracture

Acetone reaction
(color developing
effect)

Conch
pearl

Light
salmon

Opaque Waxy 1.486–
1.658

2.85 3.5 Splintery
fracture

Flame structure; acid
blistering

Table 4. Identification features for precious coral and its imitations.
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Figure 15. Raw I. hippuris.

Figure 16. Polished I. hippuris.

Figure 17. Dyed and polished I. hippuris (claret-colored).
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shows that the white part of the precious coral and I. hippuris has the same and distinctive
spectrum of calcite. The interesting thing is that the red part of all precious corals shows a suit of
peaks at 1016, 1128, 1296, 1518, 2147, 2250, 2633, 3032, 3361, and 3470 cm�1, while the dyed red
I. hippuris has no featured peaks within this range. The study indicates that laser Raman
spectroscopy is the useful, rapid, and nondestructive identification methods to distinguish
precious coral from dyed I. hippuris.

5. Determination on the origin of precious coral’s color

In the end of last century, carotenoids are determined to be responsible for a broad range of
colors of plants and animals depending on the complex form and its incorporation into the
host [7]. Rolandi et al. [8] attributed that various carotenoids are responsible for yellow,
orange, brown, and blue-to-violet hues in coral skeletons. Kaczorowska et al. [9] opined that
color of the red coral is caused by partial degradation and “leakage” of organic matter
including beta-carotene from plant and algae material.

Raman effect arose from the inelastic collision between light and the molecule. The number,
intensity, and shape of the Raman spectrum are correlative with molecular vibration or base
group vibration. Raman scattering effect is a unique tool for the in situ study of biomineral
[10]. Some previous studies using Raman spectroscopy have suggested that this method is
useful to detect pigments in red corals. Understanding the nature of the pigments in the
natural red corals can help to separate them from their equivalents. The present study shows
that precious corals may contain more than one pigment.

This study was carried out on various coral samples of C. japonicum, C. elatius, and C. rubrum.
Samples of C. japonicum and C. elatius are selected the ones with white portions. Samples were
tested by 514, 633, and 785 nm laser of Renishaw inVia micro-Raman spectrometer at normal
temperature and pressure. The power on the sample was 2 mW, whereas the acquisition time

Figure 18. Dyed and polished I. hippuris (scarlet color).
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was 20 s and the slits were set at 40 μm. Raman tests were carried on at red color zone and
white color zone of the specimens for the detection of chromatic composition. PeakFit 4.12
software was adopted to overlap the peaks at approximately 1500 cm�1 for finer analysis.

Not surprisingly, all the specimens present the diagnostic peaks of calcite at 1085 cm�1 among
100–1800 cm�1 range. In Figure 19, Raman spectra of a white portion in C. japonicum and
C. elatius using three different excitation wavelengths are shown. Raman peaks are due to calcite
at 1085 cm�1 (υ1, symmetric mode of carbonate), 712 cm�1 (in-plane bending mode of the
carbonate), and 282 cm�l (crystal lattice vibration of calcite).

In Figure 20, Raman spectra of four different precious coral samples, using the 514 nm excita-
tion, show two intense additional bands in the region 1000–1800 cm�1 compared to the spectra
of white core in samples. In all the samples tested in this study, these peaks can be found. It is
clear that these peaks, which are characteristics of polyenic chains, are responsible for the
pigmentation in the samples.

Figure 19. Raman spectra of the white core in the sample, using three different excitation wavelengths.

Figure 20. Raman spectra of the red parts in the samples, using 514 nm excitation wavelength.
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Figure 18 shows the Raman spectra of samples presented in Figure 21, which is measured by
three different excitation wavelengths. In these figures, changes in shape and relative intensi-
ties occur at the same point by changing the excitation wavelength. Region 1500 cm�1 is
sensitive to the length of the polyenic chain.

All the samples show the two major Raman peaks at 1130 and 1519 cm�1. These peaks were
not detected in the white core of the precious coral samples. C]C (υ1 near 1500 cm�1) and
CdC (υ2 near 1130 cm�1) stretching vibration observed only in red coral samples suggests
that these compounds play the main role with regard to the color. The series of bands observed
by decomposition can be assigned to a series of polyenic molecules lacking methyl groups.
Different colors of the precious corals are because of different mixtures of pigments in varying
relative proportions. These kinds of pigments are not found free in nature but rather are
complexed with some forms of a protein. A CaCO3 一 pigment complex has been proposed
for the calcareous skeletons of corals and some shells. In the absence of an adequate protein
complex, the pigments in the precious corals could possibly be complexed with carbonates. All
of the samples are colored by a mixture of pigments. Different colors are explained by different
mixtures, not by a single pigment. As we mentioned in Section 3.1, organic composition, even
is a small amount, plays an important role on the color of precious corals.

6. Determination on organic matrix and biogenic calcite in precious corals

In the process of determining the origin of precious corals’ color, we are very clear about the
existence of organic matter and its role. In spite of detailed studies, the internal structure of the
axial skeleton of precious corals is not understood. In particular, the spatial relation between
the organic matrix and biogenic calcite remains in great part unexplored. Curiously, the
answers for how is the spatial distribution of the organic matter, the interface between
the organic matter and biogenic calcite, the effect of the organic matter produced during the
mineral construction of precious corals are still need to be studied.

Figure 21. Raman spectra of the red parts in the samples, using three excitation wavelengths.
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Different techniques, such as SEM and HR TEM, will be applied to study how each hierarchi-
cal layer of precious corals assembles into larger units. EBSD and TEM studies will show the
degree of crystallographic misorientation between the building blocks. The approach of in situ
analysis will be carried out by means of sputtering ion, decalcification, and structural analysis
techniques. The method is to observe the spatial distribution of organic framework and
organic/inorganic interface spatial relationship in multilevel. The study is to understand a
multiscale physico-chemistry characterization of mineral part of precious coral and its three-
dimensional architecture.

6.1. Organic matrix

Since the amount of organic matter is very slight in precious coral, an inclined decalcification
experiment was conducted in the study. First, fine polished vertical and cross sections of
precious coral samples were fixed on an inclined specimen holder. Then EDTA (Ethylenedia-
minetetraacetic acid disodium salt) solution in certain concentration was dropping from drop-
per to etch the surface of the samples gradually. Several hours later, a transition surface
including fine polished part, semi-etched part, and fully decalcified part was formed. Spicules
and organic matrix of precious coral were observed by SEM.

We observed several types of spicules, such as cross spicule (Figure 22), eight-axial spicule
(Figure 23), six-axial spicule (Figure 24), and double eggplants spicule (Figure 25). Organic
matrix could be easily found around the surface of the spicules.

The organic matrix net is distributed in layers to form a three-dimensional cavity (Figure 26),
which provides the growth space for the spicule. Most of spicules were wrapped by organic
matrix (Figure 27). But, we also observed some flaw parts of the samples (Figures 28 and 29)
lacked of organic matter leaded a sprawling growth habit, which indicate the growth of precious
coral were under the control of organic matter.

Figure 22. Cross spicule.
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Figure 22. Cross spicule.
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Figure 23. Eight-axial spicule.

Figure 24. Six-axial spicule.

Figure 25. Double eggplants spicule.
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Figure 26. The organic matrix net is distributed in layers to form a three-dimensional cavity.

Figure 27. Spicules were wrapped by organic matrix.

Figure 28. Sample with flaws.

Precious Coral
http://dx.doi.org/10.5772/intechopen.73149

69



Figure 23. Eight-axial spicule.

Figure 24. Six-axial spicule.

Figure 25. Double eggplants spicule.
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Figure 26. The organic matrix net is distributed in layers to form a three-dimensional cavity.

Figure 27. Spicules were wrapped by organic matrix.

Figure 28. Sample with flaws.
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6.2. Multilevel modular mesocrystalline organization in precious coral

Biominerals often display morphological, chemical, and crystallographic patterns at length
scales ranging from the nanoscale to the macroscale (Figure 30).

In the skeleton of precious coral, we observed that building blocks were arranged into several
hierarchical levels of oriented modules. The modules in each hierarchical level assemble into
larger unit that comprises the next higher level of the hierarchy. The EBSD and TEM studies
show the degree of crystallographic misorientation between the building blocks, which
decreases with decreasing module size (Figure 31). The crystal units of axial skeleton are
columnar with two perpendicular directions. Throughout the region, the orientation of c axis
is consistent with its long axis of each unit. The orientation of a axis and b axis of each unit is
relatively complex with four kinds of orientation. One orientation is parallel to the plane. The
other orientation is perpendicular to the plane. The remained orientation crosses the plane

Figure 29. Radial growth of calcite crystal without the control of organic matter.

Figure 30. Precious coral skeleton formed by nanoscale to the macroscale calcite crystals.
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with different skew angles. The misorientation angle of different units is between 33 and 48�.
The misorientation angle is nearly 5� in the area of similar orientation (Figure 32).

That is to say, precious coral, as a member of biomineral family, assembled skeleton as a
delicate arrangement of a hierarchy of crystals with well-defined orientations under the control
of organic matrix.

Figure 31. TEM test shows the crystallographic orientations of precious coral sample.

Figure 32. The misorientation angle of different units of precious coral is between 33 and 48�. The misorientation angle is
nearly 5� in the area of similar orientation by EBSD test.
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The misorientation angle is nearly 5� in the area of similar orientation (Figure 32).

That is to say, precious coral, as a member of biomineral family, assembled skeleton as a
delicate arrangement of a hierarchy of crystals with well-defined orientations under the control
of organic matrix.

Figure 31. TEM test shows the crystallographic orientations of precious coral sample.

Figure 32. The misorientation angle of different units of precious coral is between 33 and 48�. The misorientation angle is
nearly 5� in the area of similar orientation by EBSD test.
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Coral reefs are central to the biology of our planet, but in the past few decades, they have 
suffered a severe decline due to a variety of natural and anthropogenic disturbances. On 
a worldwide scale, the main disturbance is bleaching, which can be defined as the loss of 
endosymbiotic dinoflagellates and/or of their photosynthetic pigments from their cnidar‐
ian host; with that, the normal pigmentation of the tissue of cnidarians is generally lost 
and the white calcium carbonate skeleton becomes visible through the transparent tissue 
of the host. Coral bleaching can be triggered by multiple factors, but most of the bleach‐
ing observed in the field is a result of elevated sea surface temperature. It has been widely 
documented that bleaching is deleterious to coral reefs, significantly altering the biologi‐
cal and ecological processes that maintain reef communities; yet populations resistant 
to climate change have recently been identified, and it has been reported that acclima‐
tization occurs in less than two years. The aim of this review is to provide up‐to‐date 
information regarding cnidarian‐dinoflagellate symbiosis; causes of coral bleaching; 
mechanisms underlying this phenomenon; consequences of bleaching; and the survival 
mechanisms by which coral reefs face this threat.
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1. Introduction

Despite occupying only 0.1% of the ocean, coral reefs play a critical role in marine ecology, 
and in human sustainability, they are invaluable from a variety of perspectives. They are 
home to more than a quarter of all the species that inhabit the ocean, provide coastal protec‐
tion, and support more than 10 millions of people living on tropical coasts [1, 2]. Economic 
goods and ecosystem services of coral reefs are worth more than US $20 trillion annually [3].

Coral reefs are central to the biology of our planet; in terms of biodiversity, they are the most 
rich, complex, and productive marine ecosystem on Earth. It has been estimated that over 90% 
of the species inhabiting coral reefs have yet to be described [4]. Therefore, it is not surpris‐
ing that the organisms that constitute these ecosystems produce a great variety of molecules 
with unique structural characteristics that exhibit numerous biological activities [5], and are 
considered a rich source of novel bioactive agents with great pharmaceutical and biotechno‐
logical potential [6].

Unfortunately, coral reefs are extremely susceptible to the stress related to greenhouse gas 
emissions, particularly ocean warming and acidification [7–10], which provoke disturbances 
that can seriously affect and break down the homeostatic capacity of coral reefs to overcome 
stressors [11]. One of these disturbances is the event called “bleaching,” in which the tissues of 
corals and hydrocorals lose their photosynthetic endosymbiotic zooxanthellae (dinoflagellate 
algae of the genus Symbiodinium) or their pigments, which exposes the white exoskeleton of 
calcium carbonate [12–14].

Numerous studies have shown that bleaching is harmful to coral reefs, since it significantly 
alters the biological and ecological processes that maintain equilibrium in the reef communi‐
ties. Bleaching episodes have resulted in massive damage to coral reefs around the world, 
with serious effects on the maintenance of biodiversity in the marine tropics. Bleaching is also 
responsible for other declines in reef health, such as the increase in coral diseases, declines 
in reef calcification, the breakdown of reef framework by bioeroders, and the loss of critical 
habitat for associated reef organisms [15–18]. Climate models predict that, if CO2emissions 
continue to rise at the current rate, bleaching events will increase in frequency and severity, 
threatening the survival of coral reefs. Actually, it has been projected that 90% of coral reefs 
around the world will be at risk if bleaching events occur annually [15, 16, 19].

The US National Oceanic and Atmospheric Administration (NOAA) coral reef watch, the 
Global Coral Reef Monitoring Network (GCRMN), as well as other environmental agencies 
around the world have been monitoring mass coral bleaching events for more than a decade, 
in order to understand conditions that cause bleaching and to develop measures to rehabili‐
tate reefs [1–20]. On the other hand, academic researchers have addressed the study of this 
phenomenon employing different approaches, including genomics, transcriptomics, and pro‐
teomics to better comprehend the molecular mechanisms that provoke it, its consequences, 
and the potential adaptive response of cnidarians to this condition [21–29]. Undoubtedly, 
bleaching represents an enormous threat to the survival of coral reefs, as bleached organ‐
isms display an increased susceptibility to pathogens, a decreased resistance to predators 
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and bioeroders, declines in reef calcification, depressed growth and reproduction rates, and 
a lessening of ability to repair damages [15–18]. In this context, the purpose of this review 
is to provide updated information regarding cnidarian‐dinoflagellate symbiosis; causes and 
consequences of coral bleaching; the molecular processes underlying this phenomenon; and 
the survival mechanisms by which coral reefs face this threat.

1.1. Search strategy

The literature consulted corresponds to the main reviews and articles explaining the phenom‐
enon of bleaching, which contributes to the understanding of the relationship between the 
causes, mechanisms, and consequences of bleaching.

2. Cnidarian‐dinoflagellate symbiosis

An important feature of coral reef ecosystems is that most of the 798 reef‐forming species 
have developed a mutualistic symbiosis with unicellular dinoflagellate algae of the genus 
Symbiodinium, commonly referred to as zooxanthellae (Figure 1). This symbiosis is essential 
in the formation of large and important structures in coral reefs [30]. The genus Symbiodinium 
encompasses nine major clades (A to I), most of which were identified based on the ribosomal 
DNA small subunit [31]. These tiny organisms (8–10 μm in diameter) live within cnidarian 
cells, inside a host‐derived vacuole (symbiosome) located within the gastrodermal cell layer. 
Under normal conditions, the population density of symbionts ranges from 0.5 to 5 × 106 cells 
per cm2 of coral surface, although the limits of this range may vary [30, 32]. Regulation of sym‐
biont density involves different mechanisms, such as limiting the nutrients delivered from 
corals to symbionts, digesting photosynthetic algae, expulsing excess symbionts, rearranging 
excess symbionts into new coral cells, and producing growth inhibition factors [30, 33–35].

Symbiodinium algae carry out photosynthesis, but instead of retaining the sugars and amino 
acids that result from this activity for their own growth and reproduction, they deliver more 
than 95% of their photosynthetic production to their host. In return, Symbiodinium has direct 
access to the waste products of coral metabolism, such as carbon dioxide, which is used in pho‐
tosynthesis. The recycling of nutrients between coral host and its endosymbionts is extremely 
efficient and allows them to live in nutrient‐poor waters [30, 35, 36]. Endosymbionts translo‐
cate molecular oxygen to their hosts and most of their photosynthetically‐fixed carbon in the 
form of glycerol, glucose, amino acids, and lipids. Moreover, the oxygen produced during 
photosynthesis helps maintain the high levels of ATP required for the calcification process 
[30]. In exchange, cnidarians afford inorganic nitrogen, phosphorus, and carbon, as well as 
a lighted environment that provides refuge from herbivores (Figure 1) [36, 37]. Signaling 
molecules regulating host‐symbiont interaction have not been fully characterized. It has been 
suggested that translocation of photosynthetic products may be controlled by host release fac‐
tors (HRFs) [30, 36], some of which are of proteinaceous nature (approximately 10 KDa) [38], 
although free amino acids and mycosporine‐like amino acids have been found to induce the 
release of photosynthetically fixed carbon [39, 40].
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Another important characteristic of reef‐forming cnidarians is their capacity to produce 
 calcified skeletons. Calcification is a crucial process for building the largest biological struc‐
tures in the world [38, 41]. Despite its importance, the mechanism of calcification, or, more 
broadly, biomineralization, is little known. The coral exoskeleton is made of aragonite, a crys‐
talline form of calcium carbonate (CaCO3), and it is completely covered by a thin single layer 
of epithelial cells called calicoblastic epithelium (calicodermis). These cells play an important 
role in coral calcification, controlling the ionic composition of the medium in which calcifica‐
tion occurs (extracellular calcifying medium, ECM) [38, 41, 42].

Two hypotheses have been proposed to explain the stimulation of calcification by the pres‐
ence of dinoflagellate symbionts [38]. One of them considers that absorption of CO2 and 
release of O2 by the symbionts [43] indirectly alter the pH and/or modify inorganic calcium 
concentration inside the gastrovascular cavity of the cnidarian, which leads to calcification 
by the precipitation of CaCO3 [44]. The other hypothesis states that symbiotic algae produce 
organic molecules, such as nitrogenous compounds, glucose, and glycerol, that carry out 
the following functions: provide energy for calcification, modify the buffering capacity of 
the ECM, or are precursors for organic matrix synthesis [38, 45].

Colonies of reef‐building cnidarians exhibit a great variety of colors due to the  different 
types and concentrations of pigments conferred by the presence of the millions of  symbionts 

Figure 1. Cnidarian‐Symbiodinium symbiosis.
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found per square centimeter in their tissues [46]. Symbionts can be acquired by either 
vertical or horizontal transmission. Vertical transmission occurs when symbionts are 
transferred from parents to offspring through direct inheritance. On the other hand, hori‐
zontally transmitted symbionts are acquired from the environment, such is the case of 80% 
of scleractinian symbiotic corals, whose larvae acquire their symbionts during a nutritional 
process [47–50]. The process of the establishment and maintenance of symbiosis comprises 
six phases: (i) initial contact; (ii) immersion of the symbiont; (iii) dynamic intracellular sort‐
ing of the symbionts; (iv) proliferation of symbionts in gastrodermal cells; (v) stabilization 
dynamics; and (vi) symbiosis dysfunction and breakdown [38]. According to some authors, 
the recognition of symbionts works in the same way as the recognition of pathogens, i.e., it 
involves pattern recognition receptors (PRRs) that are able to recognize and bind to specific 
conserved components of the cell walls of the algae (carbohydrates, lipids, and proteins) 
[51–53].

During their life cycle, Symbiodinium cells interchange between a vegetative cyst, which is 
the dominant form in the endosymbiotic state, and a motile zoospore that possesses thecal 
plates and two flagella, one transverse and one longitudinal [54]. The current hypothesis 
about the establishment of symbiosis between host cnidarians and Symbiodinium states that 
in the first phase, lectins, secreted by the host cell, induce symbionts to progress to cyst 
stage [30, 53]. Subsequently, lectins on the host cell surface attach to glycoproteins pres‐
ent on the surface of non‐motile Symbiodinium cysts, which are subsequently phagocy‐
tized and carried into an early endocytic compartment by Rab5 proteins. Afterward, cells 
that were successfully recognized end up in a symbiosome, whereas damaged symbionts 
are digested by fusion with lysosomes after transiting through the late endocytic com‐
partment. This traffic takes place through Rab7 and Rab11 proteins [30]. The relationship 
between cnidarians and symbiotic algae is regulated by environmental and physiological 
conditions of the host [30, 55].

It is clearly evident that establishment and maintenance of cnidarian‐Symbiodinium symbiosis 
are critical to preserve homeostasis in coral reef ecosystems. On one side, algal symbionts 
obtain from their hosts protection and inorganic compounds, which are essential for their 
metabolism. On the other hand, cnidarians receive from their symbionts a great percentage 
of their energy demand and a balanced pH and precursor molecules needed for the calcifi‐
cation process. Undoubtedly, disruption of this symbiotic relationship can trigger numer‐
ous adverse effects, not only for the reef‐forming organisms, but also for the great variety of 
organisms that depend on coral reefs.

3. Coral bleaching: causes and global episodes

Bleaching has been described as a visual effect of the stress that occurs when the symbio‐
sis between reef‐forming cnidarians and their symbiotic algae breaks down (Figure 2). It 
comprises the loss of pigmentation in coral reefs due to decreased Symbiodinium population, 
reduction in the concentration of their photosynthetic pigments, or both [12, 17, 56, 57]. Up 
to now, at least four general cellular mechanisms of algal loss have been proposed: in situ 
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found per square centimeter in their tissues [46]. Symbionts can be acquired by either 
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degradation, symbiont (intact or degraded) expulsion, host‐cell detachment, and host‐cell 
death [58, 59].

It has been widely documented that several factors can induce coral bleaching, including 
reduced salinity [60]; amplified or reduced solar irradiation [61–64]; elevated [62, 65] or low 
water temperature [66, 67]; and the presence of chemical contaminants in the sea water, such 
as herbicides, pesticides, and cyanide [68]. However, field and laboratory investigations have 
indicated that elevated temperature is the principal cause of bleaching. Some of these studies 
are listed below.

(a) Hoegh‐Guldberg and Smith (1989) studied the conditions required to achieve experimen‐
tal bleaching of Stylophora pistillata and Seriatopora hystrix; they found that exposing frag‐
ments of these species to 32°C for 7 h caused a rate of expulsion of zooxanthellae 1000 
times greater than in the control, which was kept at 27°C [62].

(b) Jokiel and Coles (1990) concluded that bleaching can be induced by short‐term exposure 
(i.e., 1–2 days) to temperature increases of 3–4°C above normal summer temperature, or 
by long‐term exposure (i.e., several weeks) to temperature increases of 1–2°C [66].

(c) Lesser et al. (1990) showed that increases in temperature significantly reduced the total 
number of zooxanthellae per polyp of the class Anthozoa. At the same time, temperature, 
solar radiation, and ultraviolet radiation independently increased the activities of super‐
oxide dismutase (SOD), catalase, peroxidase, and ascorbate in the symbionts of Palythoa 
caribaeorum [69].

(d) Warner et al. (1999) sampled bleached colonies of Montastraea faveolata and Montastraea 
franksi in Florida. The bleaching was caused by a rise in temperature to over 30°C for 6 
weeks during the summer of 1997. The analysis of these samples indicated damage in 
Photosystem II and a decrease in the expression of the D1 protein [70].

Figure 2. Coral reef bleaching. Modified from Baird et al. (2008) and http://oceanservice.noaa.gov/facts/coral_bleach.
html.
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(e) Eakin et al. (2005) reported that the most serious bleaching event that affected Carib‐
bean and Atlantic coral reefs happened in 2005, the warmest year ever documented in the 
Northern Hemisphere. Whitening of coral reefs provoked mortality of living reef‐forming 
organisms by up to 40% [71].

Among the other environmental factors that can cause bleaching, besides thermal stress, solar 
radiation [17] has the most significant influence. This stressor can act independently of, or syner‐
gistically with, elevated sea water temperature [14, 72]. Fitt and Warner (1995) found a substantial 
reduction in symbiont photosynthesis in the coral Montastraea annularis after exposure to ultra‐
violet and blue light [73], whereas Gleason and Wellington (1993) demonstrated that bleaching 
occurred more readily when corals were exposed to high energy, short wavelength solar radia‐
tion [61]. Other studies have confirmed that exposure to high temperature and ultraviolet light 
exacerbates the stress on the symbiont population, contributing to bleaching [74, 75]. Along with 
increased temperature and high irradiance, elevated atmospheric CO2 concentration is also affect‐
ing coral reefs by lowering ocean pH levels, which decreases calcification, increasing the rates of 
erosion that exceed the capacity for accretion of the reefs in tropical and subtropical zones [76–78].

Bleaching of coral reefs was first recorded in the 1870s [79, 80], and since 1980, coral reef 
bleaching and mortality episodes linked to elevated temperatures have been monitored. Ever 
since 1979, nine major coral bleaching episodes have affected coral reefs around the world, 
with an alarming rise in scale and frequency. At first, the phenomenon was regarded as linked 
to El Niño Southern Oscillation (ENSO) events [77, 81], which caused a high mortality in 
colonies of Millepora platyphylla in the Eastern Pacific coral reefs. However, since the early 
1990s, it is known that bleaching is correlated in near real time with anomalously high satel‐
lite‐derived sea surface temperature (SST) [81]. This relationship was clearly observed in the 
Caribbean basin during the 1980s and 1990s, when annual coral bleaching increased logarith‐
mically with SST anomalies [82]. A minimal rise of only 0.1°C in regional SSTs caused a 35% 
increase in the extent and intensity of bleaching, while when SST was increased by 0.2°C and 
above, massive bleaching events took place [15].

The GCRMN (with support from more than 30 countries, the IOC‐UNESCO, UNEP, IUCN, and 
the World Bank) has provided annual reports on the state of coral reefs. The report from 1997 to 
1998 indicated the occurrence of an unprecedented global episode of mass coral bleaching. Before 
1998, GCRMN surveys reported a 9.5% loss of corals in six regions. During 1998, one of the hot‐
test years on record, these regions lost an average of 17.7% of their live reef‐building corals [83]. 
The 1998 record was surpassed in 2005 and again in 2010 [71, 84]. However, 2014 [71, 85] and 2015 
were considered the hottest years ever recorded, and 2016 continued this tendency, which has 
led to the longest and most damaging global coral bleaching event officially documented [86].

A summary of the major bleaching events reported since the 1980 is shown in Table 1. 
Unfortunately, anthropogenic activities that affect environment have provoked that coral 
bleaching events increase in frequency and severity, which represents a very serious threat 
to coral reefs worldwide. Reef‐forming organisms have survived to mass extinction events in 
the past; however, it is unknown if they will be able to adapt fast enough to cope with rapid 
environmental change.
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4. Molecular mechanisms underlying bleaching

It has been shown that, under elevated sea water temperatures and high solar radiation, 
Symbiodinium photosynthesis leads to intense oxidative stress in the two partners of the 
mutualistic symbiosis between reef‐forming cnidarians and dinoflagellate endosymbionts 
[35, 87]. Oxidative stress involves the production and accumulation of reactive oxygen spe‐
cies (ROS), which can damage lipids, proteins, carbohydrates, and DNA [7, 52]. ROS play a 
key role in signal transduction of cell damage mediators and in processes such as apoptosis, 
autophagy, and necrosis [35, 88, 89]. In fact, numerous evidences indicate that the first step of 
bleaching involves inhibition of photosystem II (PSII) activity, a phenomenon referred to as 
photoinhibition, which often results in the overproduction of ROS, especially H2O2 [90, 91]. 
These cell damage response pathways are important during bleaching and depend on stress 

Date Bleaching event

79/80 Great Barrier Reef

82/83 Eastern Pacific, Indonesia, Tokelau, Panama, Galapagos, Moorea, S‐Japan

84 Moorea

86/87 Great Barrier Reef, Moorea, Caribbean Galapagos

88 Andaman Sea

89 Jamaica

90 Jamaica

91 Moorea, Andaman Sea

92/93 Great Barrier Reef, Galapagos

94 Pacific, E‐Africa, Great Barrier Reef, Moorea

96 Arabian Gulf, Hawaii

97/98 Worldwide

00 South Africa, Easter Island

02 Great Barrier Reef, Arabian Gulf, Hawaii

05 Eastern Caribbean, Southern Africa

06 Great Barrier Reef

07 Iran

08/09 Queensland Australia

10 Worldwide

11 Western Australia Coast, Ningaloo Reef

15/16 Worldwide

Table 1. Documented bleaching events.
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intensity and duration [17, 35]. Moreover, it has been proposed that bleaching itself is a con‐
trol mechanism to minimize the harmful effects caused by the metabolic imbalance in cnidar‐
ian‐algal symbiosis [56].

Photosynthetic damage in Symbiodinium spp. has been proven using non‐invasive chlorophyll 
fluorescence techniques, which demonstrated a significant loss of PSII photochemical effi‐
ciency during bleaching [70, 92, 93]. Elevated temperatures and high radiation cause photoin‐
hibition and damage to the chloroplasts and the photosynthetic apparatus of the symbionts, 
through at least three pathways:

• Damage to the D1 protein, a core component of PSII, which is involved in the photolysis of 
water. This hypothesis proposes that, under stress conditions, the CO2 fixation is limited and 
the electrons of PSI are transferred to O2. This results in the formation of superoxide, which is 
quickly converted into H2O2 by superoxide dismutase (SOD). H2O2 hinders the repair of PSII 
by impairing the synthesis of the precursor D1 protein (pre‐D1) [91]. During bleaching, the 
rate of photoinhibition and damage of D1 protein exceeds the rate of the PSII repair cycle [87].

• Inactivation of ribulose‐1,5‐bisphosphate carboxylase oxygenase (Rubisco), one of the key 
enzymes of the Calvin‐Benzon cycle [94]. This mechanism was proposed when Bhagooli 
(2013) found that inhibition of the Calvin‐Benson cycle by glycolaldehyde induced photo‐
inhibition and coral bleaching, even at optimal temperatures [95].

• Injury of the thylakoidal membranes by ROS, which elicits an energy decoupling of the 
electron transport in both PSI and PSII, resulting in diminished ATP and NADP production 
[52]. The excess electrons reduce oxygen instead of NADPH with the subsequent genera‐
tion of superoxide ion, which is reduced by SOD to H2O2. This last molecule reacts with 
ferrous ion and yields, the even more reactive, hydroxyl radical. Furthermore, excess elec‐
trons can react with photosynthetic pigments and molecular oxygen to produce atomic 
highly reactive oxygen. All the above‐mentioned ROS spread to the host tissues triggering 
innate immunity, via the transcription factor NF‐kB, leading to apoptosis [52]. Activation 
of NF‐κB also induces iNOS expression, increasing the levels of nitric oxide, which reacts 
with superoxide ion to form peroxynitrite (ONOO‐). This anion is highly reactive and dam‐
ages the mitochondrial membrane, which releases pro‐apoptotic molecules, such as AIF, 
promoting apoptosis (Figure 3) [96].

Another hypothesis to explain the molecular events that lead to bleaching proposes disrup‐
tion to the carbon‐concentrating mechanisms of the coral host. According to this hypothesis, 
bleaching is initiated by the inability of the coral to efficiently supply its symbionts with CO2, 
mainly in periods of high solar radiation, when the algal CO2 demand is very high. The lack 
of CO2 needed for “dark reactions” reduces consumption of ATP and NADPH, blocking 
electron transport components. Sustained concentration of light excitation energy into the 
over‐reduced electron transport chain triggers photoinhibition, damage to the photosynthetic 
components (mainly PSII), and ROS generation [97]. Excessive ROS production stimulates 
antioxidant defenses in the cnidarians and their symbionts, and it is also related to the exit of 
photosynthetic algae [98]. Moreover, bleaching can be caused by damage to “dark reactions” 
in the absence of thermal stress [99].
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Recent investigations have examined the bleaching phenomenon employing genomic and 
transcriptomic approaches in order to measure changes in the expression of genes and tran‐
scripts during thermal stress and bleaching in different cnidarian species [100], including 
Acropora nana [21], Stylophora pistillata [22], Acropora millepora [101], Acropora palmate [24], 
Aiptasia pallida [25], Orbicella faveolata [23], and Acropora hyacinthus [27]. The results from those 
studies revealed that differential expression patterns occur between normal and bleached 
specimens, providing evidence that several important cell processes are affected by bleach‐
ing, such as stress response, Ca2+ homeostasis, cytoskeleton organization, cell transport, cell 
proliferation, apoptosis, calcification, protein expression, immune response, and metabolism, 
among others [21, 23–25, 27, 29, 101].

On the other hand, proteomic approaches have been applied to assess the effect of post‐trans‐
lational environmental stress on marine organisms [29. A recent study carried out on Acropora 
palmata showed that bleaching induced a differential protein expression response in this cni‐
darian. Thirty‐eight key proteins were differentially expressed, primarily transcription factors 
involved in heat stress/UV responses, immunity, apoptosis, biomineralization, the cytoskel‐
etal organization, and endo‐exophagocytosis [24].

It is evident that up to now, the studies of climate‐related stress on coral reefs have indi‐
cated that bleaching does not result from a single process, but rather from a complex 
interaction of environmental and genetic factors, operating at several levels within the 
reef‐forming holobionts [99, 102, 103], which highlights the need for further detailed 
investigations directed toward a better understanding of the mechanisms underlying 
bleaching.

Figure 3. Molecular mechanisms of coral bleaching. Modified from Weis [52] and Wooldridge [98].
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5. Mechanisms by which cnidarians face bleaching

Coral bleaching events have increased in frequency and intensity. Actually, some studies 
project that if this trend continues, tropical coral reefs might disappear this century [104, 105]. 
Mass coral bleaching and mortality events that have been registered worldwide over the past 
three decades have raised serious concerns about the future of coral reef ecosystems [77, 106]. 
Ecological extinction of corals reefs in some regions has been predicted to occur within the 
next 20–50 years, if reef‐forming cnidarians are unable to adapt sufficiently rapidly to keep 
pace with global warming [107].

The ability to recover from a bleaching event has been associated with the energy reserves and 
heterotrophic feeding capacity of the cnidarian host [16, 108, 109]. Symbiodinium can provide 
up to 100% of a healthy coral’s daily fixed carbon requirements; however, following bleach‐
ing, recovering corals may heavily rely on alternate sources of fixed carbon, which is acquired 
via catabolism of energy reserves and/or by increased heterotrophy [16, 110, 111].

Some evidences suggest that cnidarians are able to deal with thermal stress, through a series of 
adaptive processes (e.g., acclimatization, genetic adaptation, and symbiont shuffling), which 
may help reduce the harmful consequences and mortality provoked by bleaching [112, 113].

Acclimatization or acclimation is a type of phenotypic plasticity in which organisms, such 
as corals and their symbionts, can optimize their physiological performance in response to 
environmental changes [114]. The capacity for acclimation and adaptation of cnidarians and 
Symbiodinium clades is currently poorly known. Differentially expressed genes in Acropora 
hyacinthus, under physiological and stress conditions, suggested that the acclimatization that 
occurs less than 2 years after exposure to thermal stress is the same as that might have been 
expected from natural selection over many generations. Incorporating these adaptive capaci‐
ties to ecosystem models will likely reduce the predictions of the disappearance of coral reef 
ecosystems [115].

Some studies have determined the existence of coral species that have survived high tempera‐
tures, indicating that they have higher thermal tolerance thresholds than others. Resistant 
species belong to the genera Cyphastrea, Goniopora, Galaxea, and Pavona, whereas species of 
the genera Stylophora, Pocillopora, and Acropora are more vulnerable to thermal stress [59]. In 
the case of Symbiodinium algae, some clades have been recognized as being more resistant 
than others. A study carried out on the major reef‐building species in the Caribbean showed 
that Symbiodinium algae of the clade D display a significant thermal tolerance [116]. This was 
confirmed in a further study on Orbicella faveolata that demonstrated that under nonstressful 
conditions, thermally sensitive Symbiodinium of the clades B17 and C7 are prevalent, whereas 
after a bleaching event, clades D1 and A3 proliferated and repopulated cnidarian tissues pre‐
viously evacuated by clades B17 and C7 [117].

Various mechanisms have been proposed to explain adaptive capacity of cnidarian species to 
face heat and radiation stress [7]. One of them involves photoprotection provided by pigments 
within the host tissues. Evidences supporting this proposal were obtained from a study of 
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studies revealed that differential expression patterns occur between normal and bleached 
specimens, providing evidence that several important cell processes are affected by bleach‐
ing, such as stress response, Ca2+ homeostasis, cytoskeleton organization, cell transport, cell 
proliferation, apoptosis, calcification, protein expression, immune response, and metabolism, 
among others [21, 23–25, 27, 29, 101].

On the other hand, proteomic approaches have been applied to assess the effect of post‐trans‐
lational environmental stress on marine organisms [29. A recent study carried out on Acropora 
palmata showed that bleaching induced a differential protein expression response in this cni‐
darian. Thirty‐eight key proteins were differentially expressed, primarily transcription factors 
involved in heat stress/UV responses, immunity, apoptosis, biomineralization, the cytoskel‐
etal organization, and endo‐exophagocytosis [24].

It is evident that up to now, the studies of climate‐related stress on coral reefs have indi‐
cated that bleaching does not result from a single process, but rather from a complex 
interaction of environmental and genetic factors, operating at several levels within the 
reef‐forming holobionts [99, 102, 103], which highlights the need for further detailed 
investigations directed toward a better understanding of the mechanisms underlying 
bleaching.

Figure 3. Molecular mechanisms of coral bleaching. Modified from Weis [52] and Wooldridge [98].
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5. Mechanisms by which cnidarians face bleaching

Coral bleaching events have increased in frequency and intensity. Actually, some studies 
project that if this trend continues, tropical coral reefs might disappear this century [104, 105]. 
Mass coral bleaching and mortality events that have been registered worldwide over the past 
three decades have raised serious concerns about the future of coral reef ecosystems [77, 106]. 
Ecological extinction of corals reefs in some regions has been predicted to occur within the 
next 20–50 years, if reef‐forming cnidarians are unable to adapt sufficiently rapidly to keep 
pace with global warming [107].

The ability to recover from a bleaching event has been associated with the energy reserves and 
heterotrophic feeding capacity of the cnidarian host [16, 108, 109]. Symbiodinium can provide 
up to 100% of a healthy coral’s daily fixed carbon requirements; however, following bleach‐
ing, recovering corals may heavily rely on alternate sources of fixed carbon, which is acquired 
via catabolism of energy reserves and/or by increased heterotrophy [16, 110, 111].
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may help reduce the harmful consequences and mortality provoked by bleaching [112, 113].

Acclimatization or acclimation is a type of phenotypic plasticity in which organisms, such 
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environmental changes [114]. The capacity for acclimation and adaptation of cnidarians and 
Symbiodinium clades is currently poorly known. Differentially expressed genes in Acropora 
hyacinthus, under physiological and stress conditions, suggested that the acclimatization that 
occurs less than 2 years after exposure to thermal stress is the same as that might have been 
expected from natural selection over many generations. Incorporating these adaptive capaci‐
ties to ecosystem models will likely reduce the predictions of the disappearance of coral reef 
ecosystems [115].

Some studies have determined the existence of coral species that have survived high tempera‐
tures, indicating that they have higher thermal tolerance thresholds than others. Resistant 
species belong to the genera Cyphastrea, Goniopora, Galaxea, and Pavona, whereas species of 
the genera Stylophora, Pocillopora, and Acropora are more vulnerable to thermal stress [59]. In 
the case of Symbiodinium algae, some clades have been recognized as being more resistant 
than others. A study carried out on the major reef‐building species in the Caribbean showed 
that Symbiodinium algae of the clade D display a significant thermal tolerance [116]. This was 
confirmed in a further study on Orbicella faveolata that demonstrated that under nonstressful 
conditions, thermally sensitive Symbiodinium of the clades B17 and C7 are prevalent, whereas 
after a bleaching event, clades D1 and A3 proliferated and repopulated cnidarian tissues pre‐
viously evacuated by clades B17 and C7 [117].

Various mechanisms have been proposed to explain adaptive capacity of cnidarian species to 
face heat and radiation stress [7]. One of them involves photoprotection provided by pigments 
within the host tissues. Evidences supporting this proposal were obtained from a study of 
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the coral Montipora monasteriata, which was selected since it occurs in multiple color morphs 
(tan, blue, brown, green, and red). That study demonstrated that two of the non‐ fluorescent 
host pigments (CP‐420 and CP‐580) are up‐regulated in response to elevated irradiance. This 
behavior appeared to favor retention of antennal chlorophyll by endosymbionts and therefore, 
photosynthetic capacity. It was found that up‐regulated host pigments can facilitate the estab‐
lishment of new or restructured dinoflagellate chloroplasts by modifying the internal light 
field. Particularly, high concentrations of CP‐420 provided photoprotection for Symbiodinium 
by intercepting photons destined for photochemical quenching by dinoflagellate algae [118].

Another adaptive process entails non‐photochemical quenching (NPQ) that dissipates excess 
light as heat. Reef corals produce fluorescent pigments belonging to a family related to green 
fluorescent proteins, which through the absorption, scattering, and dissipation of high‐energy 
solar radiation by fluorescence reduce photoinhibition and the severity of bleaching [113]. 
Some of these sunscreen compounds are mycosporine‐like amino acids, such as shinorine. 
This pigment showed no detectable fluorescence when excited at a frequency of 312–348 nm, 
which corresponds to the band of its mean‐maximum absorption. Furthermore, electron para‐
magnetic resonance spectroscopy (EPR) revealed that purified shinorine (50 μM) produced 
no detectable radicals when irradiated with 305–700 nm. The lack of free radical formation by 
UV irradiation and the lack of fluorescence are consistent with the high efficiency dissipation 
of thermally absorbed UV energy [113, 119].

A well‐known biochemical adaptation to thermal stress is the heat‐shock response (HSR), 
which comprises the induced expression of a conserved set of molecular chaperones, known 
as heat‐shock proteins. These molecules are critical for protein homeostasis, defense mech‐
anisms, the refolding of denatured proteins, and the breakdown and replacement of non‐
replaceable proteins [120].

An additional adaptive response implies increased expression of enzymes that sequester 
oxygen radicals. The use of recent molecular techniques has improved our understanding of 
the magnitude of the transcriptional response of corals to various stressors, including high 
temperatures. An analysis carried out on Acropora millepora indicated that thermally stressed 
samples experienced a significant overexpression of four genes associated to cnidarian oxida‐
tive stress responses (HSP70, MnSOD, ferritin, and Zn2+‐metalloprotease) [121].

A caspase‐mediated apoptotic cascade, caused by reactive oxygen species mainly generated 
by the algal symbionts, is a well‐known factor that triggers bleaching and death of the host 
cnidarian. It has been shown that under high temperatures, some corals are able to naturally 
suppress caspase activity and significantly reduce caspase concentration as a mechanism to 
avoid colony death from apoptosis. It has been hypothesized that variability in response to 
thermal stress is determined by a four‐element, combinatorial genetic matrix intrinsic to the 
specific symbiotic association [109].

On the other hand, symbiont shuffling and/or switching are considered other important mecha‐
nisms for explaining the way coral reef communities can counter environmental stress condi‐
tions. In some cases, the distribution of certain clades of Symbiodinium can substantially change 
after bleaching, via shuffling (a shift in symbiont dominance) or by symbiont switching (algae 

Corals in a Changing World86

are acquired from exogenous sources). A case study was performed on Stylophora pistillata that 
belonged to a coral reef that had suffered bleaching in March 2006. The objective of the study 
was to determine the percentages of different Symbiodinium clades populating the host after 
bleaching, and after the coral recovered from the event. Samples were collected in November 
2006 and July 2007, and the results indicated the initial presence of clades C79, C78, C8/a, and 
C35/a, the last two in greater proportion. However, once the coral recovered from bleaching and 
repopulated, the proportions of C79, C35/a, and C78 decreased, while the population of C8/a 
increased considerably. Furthermore, other more resistant Symbiodinium clades appeared [122].

It is worth mentioning that studies directed toward understanding the causes and effects of 
bleaching, as well as the tolerance mechanisms that counteract this phenomenon have focused on 
Anthozoa species, showing that bleaching affects various processes that are essential to the survival 
of cnidarians. However, an integrative analysis is still needed to understand the molecular mecha‐
nisms underlying the different responses (adaptation or death) of cnidarians to coral bleaching.

6. Consequences of bleaching in coral reefs ecology

Undoubtedly, the bleaching phenomenon has seriously affected corals reefs. Although it has 
been observed that some reef‐building cnidarians that suffer the loss of their symbiotic algae 
can, in some cases, survive and recover [90], bleaching can also lead to massive death [79, 
104, 123], inflicting an enormous damage to the ecological balance of entire reef communities.

Coral reef monitoring programs exist in all regions of the world, recording reef features such 
as coral cover, fish biomass, and macroalgal cover, among others. However, at present the 
way of interpreting coral reef monitoring data has not been globally standardized, which 
hampers decision making directed toward protecting and rehabilitating coral reefs [124].

Several aspects regarding coral resistance and resilience are still unclear. For example, it is 
uncertain which Symbiodinium clades remain fairly viable following a stressful event and if 
they are able to significantly contribute to the recovery of bleached corals [30]. In this regard, 
some researchers reported that a majority of the expelled symbionts remained healthy, 
whereas others claimed that the survival of Symbiodinium did not last; some Symbiodinium 
cells, released into the water column after a thermal stress, had a drastically reduced photo‐
synthetic activity after 5 days, suggesting that their survival could be compromised. Therefore, 
their contribution to the free‐living stocks may be limited [125].

At present, coral resilience ability is the object of various research projects, since it has been 
widely documented that many corals that apparently recover from a bleaching event display 
a decrease in growth rate and calcification [114, 126], and are more susceptible to disease [127, 
128], which is not surprising, since their supply of energy available for fundamental processes 
is diminished.

Gene expression biomarkers are emerging as powerful diagnosis tools for identifying 
and characterizing coral stress. Among the most plausible candidates are genes related to 
 expression of heat‐shock proteins, immune and oxidative stress responses, some metabolic 
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field. Particularly, high concentrations of CP‐420 provided photoprotection for Symbiodinium 
by intercepting photons destined for photochemical quenching by dinoflagellate algae [118].
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fluorescent proteins, which through the absorption, scattering, and dissipation of high‐energy 
solar radiation by fluorescence reduce photoinhibition and the severity of bleaching [113]. 
Some of these sunscreen compounds are mycosporine‐like amino acids, such as shinorine. 
This pigment showed no detectable fluorescence when excited at a frequency of 312–348 nm, 
which corresponds to the band of its mean‐maximum absorption. Furthermore, electron para‐
magnetic resonance spectroscopy (EPR) revealed that purified shinorine (50 μM) produced 
no detectable radicals when irradiated with 305–700 nm. The lack of free radical formation by 
UV irradiation and the lack of fluorescence are consistent with the high efficiency dissipation 
of thermally absorbed UV energy [113, 119].

A well‐known biochemical adaptation to thermal stress is the heat‐shock response (HSR), 
which comprises the induced expression of a conserved set of molecular chaperones, known 
as heat‐shock proteins. These molecules are critical for protein homeostasis, defense mech‐
anisms, the refolding of denatured proteins, and the breakdown and replacement of non‐
replaceable proteins [120].

An additional adaptive response implies increased expression of enzymes that sequester 
oxygen radicals. The use of recent molecular techniques has improved our understanding of 
the magnitude of the transcriptional response of corals to various stressors, including high 
temperatures. An analysis carried out on Acropora millepora indicated that thermally stressed 
samples experienced a significant overexpression of four genes associated to cnidarian oxida‐
tive stress responses (HSP70, MnSOD, ferritin, and Zn2+‐metalloprotease) [121].

A caspase‐mediated apoptotic cascade, caused by reactive oxygen species mainly generated 
by the algal symbionts, is a well‐known factor that triggers bleaching and death of the host 
cnidarian. It has been shown that under high temperatures, some corals are able to naturally 
suppress caspase activity and significantly reduce caspase concentration as a mechanism to 
avoid colony death from apoptosis. It has been hypothesized that variability in response to 
thermal stress is determined by a four‐element, combinatorial genetic matrix intrinsic to the 
specific symbiotic association [109].

On the other hand, symbiont shuffling and/or switching are considered other important mecha‐
nisms for explaining the way coral reef communities can counter environmental stress condi‐
tions. In some cases, the distribution of certain clades of Symbiodinium can substantially change 
after bleaching, via shuffling (a shift in symbiont dominance) or by symbiont switching (algae 
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are acquired from exogenous sources). A case study was performed on Stylophora pistillata that 
belonged to a coral reef that had suffered bleaching in March 2006. The objective of the study 
was to determine the percentages of different Symbiodinium clades populating the host after 
bleaching, and after the coral recovered from the event. Samples were collected in November 
2006 and July 2007, and the results indicated the initial presence of clades C79, C78, C8/a, and 
C35/a, the last two in greater proportion. However, once the coral recovered from bleaching and 
repopulated, the proportions of C79, C35/a, and C78 decreased, while the population of C8/a 
increased considerably. Furthermore, other more resistant Symbiodinium clades appeared [122].

It is worth mentioning that studies directed toward understanding the causes and effects of 
bleaching, as well as the tolerance mechanisms that counteract this phenomenon have focused on 
Anthozoa species, showing that bleaching affects various processes that are essential to the survival 
of cnidarians. However, an integrative analysis is still needed to understand the molecular mecha‐
nisms underlying the different responses (adaptation or death) of cnidarians to coral bleaching.

6. Consequences of bleaching in coral reefs ecology

Undoubtedly, the bleaching phenomenon has seriously affected corals reefs. Although it has 
been observed that some reef‐building cnidarians that suffer the loss of their symbiotic algae 
can, in some cases, survive and recover [90], bleaching can also lead to massive death [79, 
104, 123], inflicting an enormous damage to the ecological balance of entire reef communities.

Coral reef monitoring programs exist in all regions of the world, recording reef features such 
as coral cover, fish biomass, and macroalgal cover, among others. However, at present the 
way of interpreting coral reef monitoring data has not been globally standardized, which 
hampers decision making directed toward protecting and rehabilitating coral reefs [124].

Several aspects regarding coral resistance and resilience are still unclear. For example, it is 
uncertain which Symbiodinium clades remain fairly viable following a stressful event and if 
they are able to significantly contribute to the recovery of bleached corals [30]. In this regard, 
some researchers reported that a majority of the expelled symbionts remained healthy, 
whereas others claimed that the survival of Symbiodinium did not last; some Symbiodinium 
cells, released into the water column after a thermal stress, had a drastically reduced photo‐
synthetic activity after 5 days, suggesting that their survival could be compromised. Therefore, 
their contribution to the free‐living stocks may be limited [125].

At present, coral resilience ability is the object of various research projects, since it has been 
widely documented that many corals that apparently recover from a bleaching event display 
a decrease in growth rate and calcification [114, 126], and are more susceptible to disease [127, 
128], which is not surprising, since their supply of energy available for fundamental processes 
is diminished.

Gene expression biomarkers are emerging as powerful diagnosis tools for identifying 
and characterizing coral stress. Among the most plausible candidates are genes related to 
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processes, and structural genes. Other genes, such as hsp16, Cacna1, MnSOD, SLC26, and 
Nf‐kB, are showing excellent potential as reliable indicators of thermal stress in corals [107].

The impact on the reduction of the biodiversity of corals has not been fully envisaged. 
However, it is predicted that if reef‐forming cnidarians do not evolve rapidly toward thermal 
tolerance, they will no longer dominate the reefs in the coming years [129, 130]. A possible 
scenario, according to some ecology specialists, is that if global warming continues at the 
present rate, a phase shift in coral reefs to an alternate state dominated by a different kind of 
organisms might occur [131, 132]. This alternate state might represent a substantial degrada‐
tion of the coral reefs. Furthermore, degraded states can also be resilient to change, which 
complicates their possible reversal [11, 105].

7. Concluding remarks

Mass coral bleaching and mortality events that have been registered worldwide over the past 
three decades have raised serious concerns about the future of coral reef ecosystems. In fact, 
ecological extinction of corals reefs in some regions has been predicted to occur within the 
next 20–50 years, if reef‐forming cnidarians are unable to adapt sufficiently rapidly to keep 
pace with global warming [104, 117, 133].

It is clear that the survival of coral reefs strongly depends on the functionality of the symbiosis 
between cnidarians and Symbiodinium algae, and up to now, we are just beginning to under‐
stand the molecular and cellular mechanisms underlying this relationship. Omics approaches 
have enabled a better comprehension about the way cnidarian‐algal symbiosis functions and 
how holobiont physiology is modified by bleaching. Studies of the effects of global warm‐
ing and coral bleaching have indicated that this event is the result of a complex interaction 
of environmental and genetic factors. Investigations of coral bleaching have also provided 
important insight into the mechanisms responsible for coral resistance to thermal stress.

It is evident that the key to understanding the future of coral reefs requires an insightful com‐
prehension of the molecular and physiological mechanisms that promote thermal tolerance 
in the cnidarians and their symbionts, and to identify the genetic characteristics responsible 
for the variety of responses that occur in a coral bleaching event. Therefore, it is very impor‐
tant to continue studies in this regard to better understand cnidarian‐Symbiodinium symbio‐
sis, causes and effects of bleaching, the survival mechanisms of hosts and symbionts, as well 
as their ecological importance. Surely, the results derived from these studies will be useful to 
design strategies and policies to restore coral reefs and to promote their conservation.
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Abstract

In January 2010, reefs in the Upper and Middle Florida Keys experienced prolonged 
exposure to extremely cold water temperatures, below lethal thresholds for many reef 
organisms including corals. We examined post-disturbance juvenile assemblages of stony 
corals and octocorals on eight patch reefs, four of which were categorized as high impact 
and four as low impact, based on declines in stony-coral cover following disturbance. 
We established permanent quadrats to conduct field surveys in spring and fall of 2012 
and 2013. Overall, juvenile abundances of both stony corals and octocorals were greater 
on low-impact sites, suggesting that those sites had higher recruitment and juvenile sur-
vival than high-impact sites. Juvenile assemblages also showed a regional pattern, with 
more stony corals on Middle Keys sites and more octocorals on Upper Keys sites. The 
stony-coral juvenile assemblage was dominated by Siderastrea siderea (46%) and Porites 
astreoides (19%), whereas previously abundant species such as Orbicella annularis were 
nearly absent (<3%). Octocoral juveniles were dominated by Antillogorgia spp. (25%), 
Gorgonia spp. (21%), Eunicea spp. (19%) and Erythropodium caribaeorum (14%). Overall, 
post-disturbance juvenile assemblages displayed a wide range of octocoral genera, but 
only a few select stony-coral species, which exhibited either opportunistic or hardy life-
history characteristics.

Keywords: recruitment, Siderastrea siderea, Porites astreoides, Antillogorgia, Gorgonia, 
Eunicea
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Abstract

In January 2010, reefs in the Upper and Middle Florida Keys experienced prolonged 
exposure to extremely cold water temperatures, below lethal thresholds for many reef 
organisms including corals. We examined post-disturbance juvenile assemblages of stony 
corals and octocorals on eight patch reefs, four of which were categorized as high impact 
and four as low impact, based on declines in stony-coral cover following disturbance. 
We established permanent quadrats to conduct field surveys in spring and fall of 2012 
and 2013. Overall, juvenile abundances of both stony corals and octocorals were greater 
on low-impact sites, suggesting that those sites had higher recruitment and juvenile sur-
vival than high-impact sites. Juvenile assemblages also showed a regional pattern, with 
more stony corals on Middle Keys sites and more octocorals on Upper Keys sites. The 
stony-coral juvenile assemblage was dominated by Siderastrea siderea (46%) and Porites 
astreoides (19%), whereas previously abundant species such as Orbicella annularis were 
nearly absent (<3%). Octocoral juveniles were dominated by Antillogorgia spp. (25%), 
Gorgonia spp. (21%), Eunicea spp. (19%) and Erythropodium caribaeorum (14%). Overall, 
post-disturbance juvenile assemblages displayed a wide range of octocoral genera, but 
only a few select stony-coral species, which exhibited either opportunistic or hardy life-
history characteristics.

Keywords: recruitment, Siderastrea siderea, Porites astreoides, Antillogorgia, Gorgonia, 
Eunicea
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1. Introduction

Coral reefs around the world continue to decline in response to compounding stressors, 
including those caused by humans and those occurring naturally. Often, natural disturbances 
such as hurricanes and thermal anomalies (especially those associated with El Niño Southern 
Oscillations (ENSOs) or cold-water events) can cause mass mortality in coral communities 
[1, 2]. For the past several decades, chronic anthropogenic disturbances, including reduced 
water quality, pollution, terrestrial runoff, and coastal development, have been exacerbating 
the impacts of natural disturbances by contributing to stressful environmental conditions that 
inhibit reef-community recovery [3–5]. Corals are thereby threatened by local anthropogenic 
stressors coupled with the challenges of warming seas and ocean acidification [6]. The addi-
tive and synergistic effects of these stressors can prevent reef-building corals from recovering 
following natural disturbances [1, 4, 5, 7]. This complex disturbance regime is readily evident 
in the history of coral communities of the Florida Keys [8–13].

The Florida reef tract was historically dominated by stony-coral species such as the branch-
ing Acropora spp. and the massive Orbicella spp., which have undergone dramatic declines 
in the last several decades [10, 14, 15]. In many documented cases around the world [16–19], 
macroalgae have taken over reefs following decline in stony-coral cover. In the Florida reef 
tract, octocorals and sponges, rather than macroalgae, have assumed the role of spatial oppor-
tunists and are replacing stony corals on many reefs [13, 20]. In other areas of the Caribbean 
where stony corals have declined, octocorals have maintained similar densities [21].

Octocorals, like macroalgae, are opportunistic, with higher recruitment and growth rates 
than stony corals [22–25]. Although octocorals do not confer the same ecosystem services as 
stony corals, they do offer more structural attributes than macroalgae. Octocorals found in 
the Florida Keys span a range of functional groups. Some grow as fans and plumes, creating 
canopies that provide habitat and protection for reef organisms [26], while encrusting species 
protect reef framework from bioeroding grazers such as parrot fish [27].

The Florida reef tract, off southeast Florida and the Florida Keys, is near the northern limit 
of coral-reef development and occasionally experiences environmental extremes, like the 
cold-water event that occurred in January 2010 [28–30]. In addition, nearshore patch reefs of 
the Florida reef tract are exposed to fluctuations in temperature and salinity and to greater 
variability in turbidity and light attenuation [31, 32]. Their proximity to land also potentially 
exposes these reefs to more direct anthropogenic effects such as terrestrial runoff, pollution 
[33–35], and fishing, boating and diving [31]. Despite this, prior to the 2010 cold-water event, 
patch reefs demonstrated the highest coral cover, highest growth rates and lowest incidences 
of partial mortality on the reef tract and hence had been identified as resilient to a variety of 
acute and chronic stressors [32].

In January 2010, patch reef communities were profoundly impacted when a prolonged influx 
of Arctic air caused sea-surface temperature to drop below the lethal threshold for many ben-
thic organisms. Water temperature fell well below the 16°C lethal threshold for stony corals 
and remained low for several days [28, 36–38]. The event caused extreme, yet spatially incon-
sistent mortality among stony corals of the nearshore patch reefs in the Upper and Middle 
Florida Keys [28].
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In the present study, we quantified juvenile abundance to determine if coral-recruitment suc-
cess and post-settlement survivorship would provide early indications of recovery on these 
patch reefs. We chose four patch reefs that were severely impacted by the cold-event (high-
impact sites) and four patch reefs that were essentially unchanged in community composition 
(low-impact sites) to create a balanced study design. The study compared juvenile communi-
ties of stony corals (comprising the orders Scleractinia and Anthomedusae, specifically family 
Milleporidae) and octocorals on patch reefs that endured significant losses of coral cover (high 
impact) with those that were less impacted (low impact). We included octocoral juveniles in 
the study to assess for susceptibility of patch reefs to documented increases in octocoral cover 
concurrent with declines in stony-coral cover occurring throughout the Florida reef tract. In 
addition, we used Coral Reef Evaluation and Monitoring Project (CREMP) data to compare 
macroalgal cover before and after the event to investigate the prospective role of macroal-
gae in stony-coral decline and recovery in this setting. We had four overarching questions: 
(1) Does coral recruitment differ between high-impact and low-impact sites? (2) Does coral 
recruitment differ between stony corals and octocorals? (3) Is there a difference in recruitment 
between the Upper and Middle Florida Keys? and (4) Did macroalgal cover increase follow-
ing the cold-water event and if so, did it influence coral recruitment?

2. Methods

2.1. Site selection and survey protocol

Eight patch reef sites were selected for this study: four in the Upper Keys region (Admiral, 
Porter, Burr and Turtle) and four in the Middle Keys region (Dustan Rocks, West Turtle, Rawa 
and Thor) (Figure 1). All sites were selected from annual monitoring locations in the Coral 
Reef Evaluation and Monitoring Project (CREMP), for which historical demographic and 
benthic cover data were available for adult stony corals and macroalgae [13, 15, 39]. In each 
region, two reefs were categorized as high impact and two reefs as low impact (reference 
sites) based on the difference in percent stony-coral cover between 2009 and 2010 (Figure 2). A 
site was considered to be high impact if there was a 6% decrease in absolute stony-coral cover 
from summer 2009 to summer 2010, whereas low-impact sites decreased in cover by less than 
1% or had slight gains during this time period [37].

Although all eight study sites were categorized as patch reef habitat, they differed in certain 
characteristics, including structural complexity, topography, depth and species composition. 
For example, Admiral reef was at least 3 m shallower than any other sites and was unique in 
that nearly all coral cover was previously comprised of massive Orbicella annularis colonies, 
which were decimated by the cold-water event [28]. Porter patch reef was structurally less 
complex than most of the other sites, with little rugosity and higher octocoral cover. The 
remaining sites, Dustan Rocks, Rawa, West Turtle, Thor, Burr and Turtle reefs, had similar 
depths and structural complexity and were representative of typical mid-channel patch reefs 
located in the Florida Keys.

Thirty-two randomly placed, permanent 0.25 m2 quadrats were established at each patch 
reef. Sixteen quadrats were placed along each 22-m-long by 2-m-wide CREMP monitoring  
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transect [40], and two transects were used per site. Quadrat locations within transects were 
randomly determined by subdividing the belt transect into 0.5 m by 0.5 m squares, number-
ing them (1–176), and using a random number generator to choose quadrat location. To avoid 
placing quadrats in locations where the substrate was unsuitable for coral settlement, more 

Figure 1. Map of the Middle and Upper Florida Keys with locations of recruitment study sites. White triangles represent 
high-impact sites, and gray triangles represent low-impact sites.

Figure 2. Percentage of stony coral cover in 2009 and 2010 at eight patch reef sites (error bars are standard error of the 
means). Extreme loss (≥6%) of stony coral cover was recorded on four patch reefs (high-impact sites). Cover values from 
CREMP data.

Corals in a Changing World102

than 50% of the quadrat could not be comprised of living coral or sand. When a quadrat loca-
tion did not meet these criteria, the next random number was selected. Three small (~7.6 cm 
long) masonry nails were inserted into the substrate and marked with flagging tape to delin-
eate three corners of each quadrat to aid in relocation.

Photographs were taken of each quadrat and used as a visual aid for relocation. For the sur-
vey, all stony corals having a maximum diameter ≤4 cm and all octocoral juveniles with a 
maximum height ≤4 cm were identified, measured, mapped and photographed in March/
April and September/October in 2012 and 2013. The 4-cm dimension for scleractinians was 
selected based on studies that found 4 cm to be an appropriate size cutoff for juveniles [41–43]. 
For octocorals, a 4-cm-height cutoff was applied because several gorgonian species can exceed 
4 cm in height in a single year [24, 25]. This conservative threshold was applied so that octo-
corals under 4 cm in height were considered less than a year old to aid in distinguishing 
between year classes (e.g., juveniles identified in the first year of surveys would presumably 
be larger than 4 cm in the second year). Stony corals were identified to species, and octocorals 
were identified to genus. When identification was not possible, the colony was designated as 
either unknown stony coral (UNKS) or unknown octocoral (UNKO). The unknown categories 
were used by observers when a juvenile was too small to identify confidently, was obscured 
by another benthic organism, or was unidentifiable for some other reason.

2.2. High-impact vs. low-impact reefs

To compare the juvenile abundance of stony corals and octocorals at high-impact and 
low-impact sites, we built a generalized linear mixed model assuming a negative binomial 
distribution in SAS v9.3 (SAS Inc., Cary, NC). We included coral type (stony and octo-
coral) and site category (high-impact vs. low-impact) as well as their interaction as fixed 
factors. The negative binomial distribution was used in place of Poisson to account for 
over-dispersion (i.e., variance being unequal to mean) [44]. To account for the subsampling 
nature of data collection, we included random effects for multiple transects per site, as 
well as multiple quadrats per transect. As sites were repeatedly sampled, we incorporated 
a repeated-measures variance structure into the statistical model to account for potential 
autocorrelation, but removed it when the effect was estimated to be zero. We used a means 
comparison to determine which relationships were significant. Comparisons resulting in 
a p value <0.05 were considered statistically significant. Sites (n = 8) and survey periods  
(n = 4) were pooled, and relative frequencies of stony-coral and octocoral juvenile colonies 
were calculated to illustrate differences in high-impact versus low-impact site-frequency 
distributions as well as to highlight the high frequency of quadrats with very few or zero 
recruits found within them.

We employed a Before-After-Control-Impact analysis framework [45–47] to assess the impact 
of the 2010 cold-water event on macroalgae (including cyanobacteria) using the CREMP long-
term monitoring database from 2007 to 2012. The 2007−2009 samples represented the “before” 
dates, while 2010−2012 represented “after.” We built a linear mixed model to incorporate 
period (before vs. after), impact class (high impact vs. low impact), and their interaction, as 
well as random terms for year, site, and the year-by-site interaction. Model residuals were 
examined to ensure they met the assumptions of normality and homogeneity of variance. All 
analyses were performed in SAS v9.4.
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To assess the impact of percent cover of macroalgae on juvenile abundance, we used the 
CREMP long-term monitoring data for each of the sites, and the spring juvenile abundance 
counts. Spring counts were used because they were done at about the same time of year as the 
CREMP surveys. We summed juvenile abundance across quadrats to enable us to compare to 
percent cover data at the transect level. We built generalized linear mixed models assuming a 
negative binomial distribution, separately for octocoral and stony-coral juvenile abundance. 
We included site category (high or low impact) as a categorical fixed factor and macroalgal 
percent cover as a continuous fixed factor.

2.3. Spatial patterns

To test for relationships among sites and to elucidate any regional differences in community 
assemblages, we used PRIMER v6 (PRIMER-E Ltd., Plymouth, UK) for the following multi-
variate analyses. We performed a CLUSTER analysis on abundances of stony-coral and octo-
coral juveniles using a Bray-Curtis resemblance matrix on untransformed data. We applied 
dispersion weighting to account for differences in variance structure of species counts due to 
spatial clumping [48]. We conducted a SIMPROF analysis to check for structure in the data 
and identify where clusters were significant. We then created a nonmetric multidimensional 
scaling (MDS) plot to visually display the relationships among sites. Nonmetric MDS plots 
map the sites in two-dimensional space, with proximity between sites representing similarity 
and a stress level of <0.2 indicating a useful representation of the relationship [49]. We used an 
analysis of similarity (ANOSIM) test to demonstrate where the dissimilarities were strongest 
among sites.

To assess relationships between adult and juvenile stony-coral assemblages, we used 
similar procedures to those outlined above for juvenile abundance. We acquired adult 
stony-coral densities (colonies/m2) for each of the eight patch reef sites from 2011 and 2012 
CREMP demographic survey data. We omitted octocoral data from this analysis since adult 
octocoral data were not available for all sites. We calculated stony-coral juvenile densities 
by dividing the total abundance by the study area (4 m2/station). We then performed an 
MDS analysis on Bray-Curtis similarities of square-root-transformed, dispersion-weighted 
and averaged data to create a two-dimensional spatial visUalization of relationships among 
adult and juvenile assemblage densities of stony corals. We used the PRIMER v6 RELATE 
test to compare the adult and juvenile Bray-Curtis similarity matrices. The RELATE test 
uses the Spearman Rank Correlation Coefficient (Rho), with a Rho of +1 or −1 representing 
the highest possible correlation and with a p value of <0.05 representing a significant result. 
SIMPER analysis showed which sites had the greatest overall similarity between adult and 
juvenile assemblages.

2.4. Species compositions

To determine which species of stony corals and genera of octocorals were most abundant for 
all quadrats, data were pooled for each site and survey period to calculate overall taxonomic 
composition (Table 1).
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3. Results

3.1. High-impact vs. low-impact reefs

We found a significant interaction between coral type (stony corals vs. octocorals) and 
impact class (high impact vs. low impact) for juvenile abundance (F1.1982 = 27.1, P<0.001). 
Both octocorals and stony corals were present in greater abundance at the low-impact sites 
(Figure 3). The difference in juvenile abundance between high- and low-impact sites was 
more pronounced for octocorals than that for stony corals. For both stony corals and octo-
corals, median frequencies for low-impact sites were higher than those for high-impact 
sites as well (Figure 4). The most frequent abundance value recorded within a single quad-
rat was zero. There were three to four times more quadrats (approximately 1 m2) where 

Stony coral species % of total Octocoral species % of total

Siderastrea siderea 46.2 Antillogorgia spp. 24.5

Porites astreoides 19.1 Gorgonia ventalina 20.7

Siderastrea radians 6.3 Eunicea spp. 18.9

Agaricia agaricites 4.7 Erythropodium caribaeorum 14.3

Stephanocoenia intercepta 4.6 Muriceopsis spp. 4

Porites porites 4.4 Pseudoplexaura spp. 3

Montastraea cavernosa 3.7 Briareum asbestinum 3

Millepora alcicornis 2.7 Muricea spp. 1.8

Orbicella spp. 2.2 Plexaura spp. 1.5

Dichocoenia stokesii 0.94 Plexaurella spp. 1.3

Scolymia cubensis 0.85 Pterogorgia spp. 0.14

Colpophyllia natans 0.83 Unknown octocoral 6.8

Eusmilia fastigiata 0.74

Pseudodiploria strigosa 0.41

Mycetophyllia lamarckiana 0.37

Oculina diffusa 0.27

Diploria labyrinthiformis 0.24

Agaricia fragilis 0.07

Favia fragum 0.07

Solenastrea bournoni 0.04

Unknown stony coral 1.3

Table 1. Juvenile stony coral and octocoral total percent species composition.
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To assess the impact of percent cover of macroalgae on juvenile abundance, we used the 
CREMP long-term monitoring data for each of the sites, and the spring juvenile abundance 
counts. Spring counts were used because they were done at about the same time of year as the 
CREMP surveys. We summed juvenile abundance across quadrats to enable us to compare to 
percent cover data at the transect level. We built generalized linear mixed models assuming a 
negative binomial distribution, separately for octocoral and stony-coral juvenile abundance. 
We included site category (high or low impact) as a categorical fixed factor and macroalgal 
percent cover as a continuous fixed factor.

2.3. Spatial patterns

To test for relationships among sites and to elucidate any regional differences in community 
assemblages, we used PRIMER v6 (PRIMER-E Ltd., Plymouth, UK) for the following multi-
variate analyses. We performed a CLUSTER analysis on abundances of stony-coral and octo-
coral juveniles using a Bray-Curtis resemblance matrix on untransformed data. We applied 
dispersion weighting to account for differences in variance structure of species counts due to 
spatial clumping [48]. We conducted a SIMPROF analysis to check for structure in the data 
and identify where clusters were significant. We then created a nonmetric multidimensional 
scaling (MDS) plot to visually display the relationships among sites. Nonmetric MDS plots 
map the sites in two-dimensional space, with proximity between sites representing similarity 
and a stress level of <0.2 indicating a useful representation of the relationship [49]. We used an 
analysis of similarity (ANOSIM) test to demonstrate where the dissimilarities were strongest 
among sites.

To assess relationships between adult and juvenile stony-coral assemblages, we used 
similar procedures to those outlined above for juvenile abundance. We acquired adult 
stony-coral densities (colonies/m2) for each of the eight patch reef sites from 2011 and 2012 
CREMP demographic survey data. We omitted octocoral data from this analysis since adult 
octocoral data were not available for all sites. We calculated stony-coral juvenile densities 
by dividing the total abundance by the study area (4 m2/station). We then performed an 
MDS analysis on Bray-Curtis similarities of square-root-transformed, dispersion-weighted 
and averaged data to create a two-dimensional spatial visUalization of relationships among 
adult and juvenile assemblage densities of stony corals. We used the PRIMER v6 RELATE 
test to compare the adult and juvenile Bray-Curtis similarity matrices. The RELATE test 
uses the Spearman Rank Correlation Coefficient (Rho), with a Rho of +1 or −1 representing 
the highest possible correlation and with a p value of <0.05 representing a significant result. 
SIMPER analysis showed which sites had the greatest overall similarity between adult and 
juvenile assemblages.

2.4. Species compositions

To determine which species of stony corals and genera of octocorals were most abundant for 
all quadrats, data were pooled for each site and survey period to calculate overall taxonomic 
composition (Table 1).
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3. Results

3.1. High-impact vs. low-impact reefs

We found a significant interaction between coral type (stony corals vs. octocorals) and 
impact class (high impact vs. low impact) for juvenile abundance (F1.1982 = 27.1, P<0.001). 
Both octocorals and stony corals were present in greater abundance at the low-impact sites 
(Figure 3). The difference in juvenile abundance between high- and low-impact sites was 
more pronounced for octocorals than that for stony corals. For both stony corals and octo-
corals, median frequencies for low-impact sites were higher than those for high-impact 
sites as well (Figure 4). The most frequent abundance value recorded within a single quad-
rat was zero. There were three to four times more quadrats (approximately 1 m2) where 

Stony coral species % of total Octocoral species % of total

Siderastrea siderea 46.2 Antillogorgia spp. 24.5

Porites astreoides 19.1 Gorgonia ventalina 20.7

Siderastrea radians 6.3 Eunicea spp. 18.9

Agaricia agaricites 4.7 Erythropodium caribaeorum 14.3

Stephanocoenia intercepta 4.6 Muriceopsis spp. 4

Porites porites 4.4 Pseudoplexaura spp. 3

Montastraea cavernosa 3.7 Briareum asbestinum 3

Millepora alcicornis 2.7 Muricea spp. 1.8

Orbicella spp. 2.2 Plexaura spp. 1.5

Dichocoenia stokesii 0.94 Plexaurella spp. 1.3

Scolymia cubensis 0.85 Pterogorgia spp. 0.14

Colpophyllia natans 0.83 Unknown octocoral 6.8

Eusmilia fastigiata 0.74

Pseudodiploria strigosa 0.41

Mycetophyllia lamarckiana 0.37

Oculina diffusa 0.27

Diploria labyrinthiformis 0.24

Agaricia fragilis 0.07

Favia fragum 0.07

Solenastrea bournoni 0.04

Unknown stony coral 1.3

Table 1. Juvenile stony coral and octocoral total percent species composition.
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no juveniles were recorded on high-impact sites than on low-impact sites. Otherwise, fre-
quency distributions of stony corals and octocorals were similar for high-impact and low-
impact sites.

The BACI analysis revealed macroalgal cover increased following the 2010 cold-water event. 
There was a clear influence of time period (F1.86 = 15.6, P = 0.0002), indicating that macroal-
gal cover was more abundant post-disturbance. However, there was no difference between 

Figure 4. Relative-frequency distributions for stony coral (left) and octocoral (right) abundance by 0.25 m2 quadrat (all 
sites and survey periods pooled). Both distributions are skewed to the right, with highest frequencies occurring at lower 
abundance values. Abundance data are not normally distributed (Shapiro-Wilk, p<0.001). White bars are high-impact 
sites, and gray bars are low-impact sites. Arrows indicate median values.

Figure 3. Juvenile coral abundance (least-squares mean ± SEM) per quadrat (0.25 m2) by coral type (stony coral vs. 
octocoral). White bars are high-impact sites, and gray bars are low-impact sites. Means sharing any common letters are 
not significantly different (P<0.001): octocoral and stony coral abundance was significantly lower on high-impact sites.
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impact classes (F1.86 = 1.87, P = 0.175), suggesting that this increase was not influenced by a 
level of coral mortality. The lack of a significant interaction term also indicates that changes 
in macroalgal cover were influenced more by reef-tract wide processes and high annual 
variability, which overshadowed any differences that would have been associated with 
post-event mortality (F1.86 = 1.10, P = 0.298, Figure 5). Additionally, we found no effect of 
macroalgal cover on juvenile coral abundance for either stony corals (Table 2) or octocorals 
(Table 3).

3.2. Spatial patterns

The three northernmost sites (Turtle, Porter and Admiral reefs) had different juvenile assem-
blages than the remaining sites (Figure 6, SIMPROF P<0.05). On these three sites, juvenile 
assemblages were dominated by octocorals, whereas assemblages on the remaining sites were 
dominated by stony corals. The stony coral S. siderea was the most abundant juvenile on all four 
Middle Keys sites as well as the southernmost Upper Keys site, Burr Patch. Juvenile assem-
blages on the three northernmost sites (Turtle, Porter and Admiral) were dominated by three 
different octocoral genera Antillogorgia, Eunicea and Gorgonia, respectively (Table 4). Cluster 
analysis demonstrated that the spatial pattern was based on regional differences rather than 
site-impact category.

Similarities among post-disturbance adult and juvenile scleractinian assemblages by site were 
evaluated using CREMP demographic data for 2011 and 2012. Site clustering was very similar 
to the juvenile MDS plot (RELATE Spearman Rank Correlation Rho = 0.7, p<0.001), with all 
Middle Keys sites and Burr displaying similar adult and juvenile scleractinian assemblages, 

Figure 5. Macroalgae percent cover (least-squares mean ± 95% CI) by impact class (high vs. low impact) and time period 
(before and after 2010 bleaching event). Means sharing any common letters are not significantly different (P > 0.05).
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impact classes (F1.86 = 1.87, P = 0.175), suggesting that this increase was not influenced by a 
level of coral mortality. The lack of a significant interaction term also indicates that changes 
in macroalgal cover were influenced more by reef-tract wide processes and high annual 
variability, which overshadowed any differences that would have been associated with 
post-event mortality (F1.86 = 1.10, P = 0.298, Figure 5). Additionally, we found no effect of 
macroalgal cover on juvenile coral abundance for either stony corals (Table 2) or octocorals 
(Table 3).

3.2. Spatial patterns

The three northernmost sites (Turtle, Porter and Admiral reefs) had different juvenile assem-
blages than the remaining sites (Figure 6, SIMPROF P<0.05). On these three sites, juvenile 
assemblages were dominated by octocorals, whereas assemblages on the remaining sites were 
dominated by stony corals. The stony coral S. siderea was the most abundant juvenile on all four 
Middle Keys sites as well as the southernmost Upper Keys site, Burr Patch. Juvenile assem-
blages on the three northernmost sites (Turtle, Porter and Admiral) were dominated by three 
different octocoral genera Antillogorgia, Eunicea and Gorgonia, respectively (Table 4). Cluster 
analysis demonstrated that the spatial pattern was based on regional differences rather than 
site-impact category.

Similarities among post-disturbance adult and juvenile scleractinian assemblages by site were 
evaluated using CREMP demographic data for 2011 and 2012. Site clustering was very similar 
to the juvenile MDS plot (RELATE Spearman Rank Correlation Rho = 0.7, p<0.001), with all 
Middle Keys sites and Burr displaying similar adult and juvenile scleractinian assemblages, 

Figure 5. Macroalgae percent cover (least-squares mean ± 95% CI) by impact class (high vs. low impact) and time period 
(before and after 2010 bleaching event). Means sharing any common letters are not significantly different (P > 0.05).
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while Porter and Admiral displayed different assemblages (Figure 7). A main difference that 
resulted from removing octocorals from the analysis was that Turtle grouped with the larger 
cluster, instead of remaining distinct. This was true for both juveniles and adults, suggesting 
that the stony-coral assemblage on Turtle reef was actually quite similar to that at the Middle 
Keys sites. Juvenile and adult assemblages from the same sites tended to be similar. SIMPER 
analysis showed that within-site similarity between adults and juveniles ranged from 30 to 

Effect Num DF Den DF Estimate Standard error F value Pr > F

Site category 1 15 – – 3.29 0.0896

Macroalgae 1 15 0.264 0.996 0.07 0.794

Site category (high impact vs. low impact) included as a categorical fixed factor and macroalgal cover as a continuous 
fixed factor.

Table 3. Model results showing impact of macroalgal cover on octocoral juvenile abundance.

Effect Num DF Den DF Estimate Standard error F value Pr > F

Site category 1 15 – – 0.21 0.655

Macroalgae 1 15 − 0.880 0.895 97 0.341

Site category (high impact vs. low impact) included as a categorical fixed factor and macroalgal cover as a continuous 
fixed factor.

Table 2. Model results showing impact of macroalgal cover on stony coral juvenile abundance.

Figure 6. MDS plot of Bray-Curtis similarities of juvenile stony coral and octocoral abundances among sites, survey 
periods pooled (eight samples per site).
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while Porter and Admiral displayed different assemblages (Figure 7). A main difference that 
resulted from removing octocorals from the analysis was that Turtle grouped with the larger 
cluster, instead of remaining distinct. This was true for both juveniles and adults, suggesting 
that the stony-coral assemblage on Turtle reef was actually quite similar to that at the Middle 
Keys sites. Juvenile and adult assemblages from the same sites tended to be similar. SIMPER 
analysis showed that within-site similarity between adults and juveniles ranged from 30 to 

Effect Num DF Den DF Estimate Standard error F value Pr > F

Site category 1 15 – – 3.29 0.0896

Macroalgae 1 15 0.264 0.996 0.07 0.794

Site category (high impact vs. low impact) included as a categorical fixed factor and macroalgal cover as a continuous 
fixed factor.

Table 3. Model results showing impact of macroalgal cover on octocoral juvenile abundance.

Effect Num DF Den DF Estimate Standard error F value Pr > F

Site category 1 15 – – 0.21 0.655

Macroalgae 1 15 − 0.880 0.895 97 0.341

Site category (high impact vs. low impact) included as a categorical fixed factor and macroalgal cover as a continuous 
fixed factor.

Table 2. Model results showing impact of macroalgal cover on stony coral juvenile abundance.

Figure 6. MDS plot of Bray-Curtis similarities of juvenile stony coral and octocoral abundances among sites, survey 
periods pooled (eight samples per site).
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72%. West Turtle and Porter reefs showed the greatest similarity between adult and juvenile 
assemblages, while Admiral showed the least similarity (Table 5).

3.3. Species compositions

The most abundant stony-coral species were Siderastrea siderea (46.2%), Porites astreoides 
(19.1%), Siderastrea radians (6.3%), Agaricia agaricites (4.7%), Stephanocoenia intersepta (4.6%), 
Porites porites (4.4%) and Montastraea cavernosa (3.7%) (Table 1). Siderastrea siderea made up 
nearly half of all stony corals observed, and P. astreoides made up almost one-fifth. Combined, 
these two species comprised over 65% of the stony-coral juvenile assemblage, in the study. 
Ten percent of the stony-coral assemblage was made up of other species, each accounting for 

Figure 7. MDS plot of stony-coral adult and juvenile species densities among sites with survey periods pooled (juveniles—
eight samples per site, adults—four samples per site). Data were dispersion-weighted, square-root-transformed and 
averaged.

Site %Similarity

W. Turtle 72

Porter 67

Turtle 67

Dustan 66

Burr 61

Rawa 60

Thor 55

Admiral 30

Table 5. Percent similarity between adult and juvenile stony-coral densities on each site (SIMPER test in PRIMER v6).
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<1% of the total, with the exception of fire coral, Millepora alcicornis, which made up 2.7%, and 
Orbicella spp., which made up 2.1% (Table 1).

The most abundant octocoral genera were Antillogorgia (formerly Pseudopterogorgia, 24.5%), 
Gorgonia (20.7%), Eunicea (19.0%), Erythropodium (14.3%), Muriceopsis (4.0%), Pseudoplexaura 
(3.0%) and Briareum (3.0%) (Table 1). The four top octocoral genera (Antillogorgia, Gorgonia, 
Eunicea and Erythropodium) made up almost 80% of all octocorals seen, but unlike the stony 
corals, percent composition was more evenly distributed among these four genera. The 
unknown octocoral category included 6.8% of all juvenile octocoral observations and was 
included in analyses comparing total stony-coral abundance to total octocoral abundance, but 
was not included in species and genera analyses.

4. Discussion

With increasing frequency and intensity of perturbations impacting coral reefs around the world, 
an understanding of recovery processes is crucial. While coral-reef response to disturbances 
involving warm-water bleaching events, hurricanes and nutrient stress is well documented  
[4, 50, 51], comparatively less is known of recovery from cold-stress events [29, 30]. This study exam-
ined juvenile assemblages following the cold-water mass-mortality event in 2010, which resulted 
in one of the greatest losses of reef-building corals in the Florida Keys in modern time [28, 36, 38]. 
We found fewer stony coral and octocoral juveniles on the high-impact sites (Figures 3 and 4), 
suggesting that recruitment to severely degraded reefs was impaired. Unlike in many docu-
mented cases of abated coral recovery, here, macroalgae was not implicated for impairing coral 
recovery as we found no significant difference in macroalgal cover between high- and low-impact 
sites following the event (Figure 5). In addition, we observed a regional trend in which juvenile 
stony corals were more abundant on the Middle Keys reefs, while juvenile octocorals were more 
abundant on the northernmost Upper Keys reefs (Figure 6, Table 4). Moulding [43] found similar 
results in 2004, with higher stony-coral recruit density in the Middle Keys than in the Upper Keys. 
During our study, only Siderastrea siderea and Porites astreoides accounted individually for >10% of 
the juveniles recorded and together totaled 65%. Of the juvenile octocorals identified, four genera 
accounted for >10% individually and together totaled 78% of those recorded (Table 1). Results 
suggest that recovery will be slower in areas where disturbance impacts were greatest and that 
post-mortality species composition will be influenced by regional differences in settlement and 
survival, as well as by differences in species life-history characteristics.

4.1. High-impact vs. low-impact reefs

The level of mortality on a reef negatively correlated with recruitment. Partial and complete 
colony mortality on high-impact sites [28] appeared to have dampened recruitment and/
or juvenile survival. Higher abundance and cover of living coral are important drivers of 
coral recruitment [52–54]. However, percent cover on high-impact sites was comparable to 
cover on low-impact sites following the cold-water event. This suggests that the magnitude 
of mortality and post-event conditions on a reef had more influence on recruitment than total 
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72%. West Turtle and Porter reefs showed the greatest similarity between adult and juvenile 
assemblages, while Admiral showed the least similarity (Table 5).

3.3. Species compositions

The most abundant stony-coral species were Siderastrea siderea (46.2%), Porites astreoides 
(19.1%), Siderastrea radians (6.3%), Agaricia agaricites (4.7%), Stephanocoenia intersepta (4.6%), 
Porites porites (4.4%) and Montastraea cavernosa (3.7%) (Table 1). Siderastrea siderea made up 
nearly half of all stony corals observed, and P. astreoides made up almost one-fifth. Combined, 
these two species comprised over 65% of the stony-coral juvenile assemblage, in the study. 
Ten percent of the stony-coral assemblage was made up of other species, each accounting for 

Figure 7. MDS plot of stony-coral adult and juvenile species densities among sites with survey periods pooled (juveniles—
eight samples per site, adults—four samples per site). Data were dispersion-weighted, square-root-transformed and 
averaged.

Site %Similarity

W. Turtle 72

Porter 67

Turtle 67

Dustan 66

Burr 61

Rawa 60

Thor 55

Admiral 30

Table 5. Percent similarity between adult and juvenile stony-coral densities on each site (SIMPER test in PRIMER v6).
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<1% of the total, with the exception of fire coral, Millepora alcicornis, which made up 2.7%, and 
Orbicella spp., which made up 2.1% (Table 1).

The most abundant octocoral genera were Antillogorgia (formerly Pseudopterogorgia, 24.5%), 
Gorgonia (20.7%), Eunicea (19.0%), Erythropodium (14.3%), Muriceopsis (4.0%), Pseudoplexaura 
(3.0%) and Briareum (3.0%) (Table 1). The four top octocoral genera (Antillogorgia, Gorgonia, 
Eunicea and Erythropodium) made up almost 80% of all octocorals seen, but unlike the stony 
corals, percent composition was more evenly distributed among these four genera. The 
unknown octocoral category included 6.8% of all juvenile octocoral observations and was 
included in analyses comparing total stony-coral abundance to total octocoral abundance, but 
was not included in species and genera analyses.

4. Discussion

With increasing frequency and intensity of perturbations impacting coral reefs around the world, 
an understanding of recovery processes is crucial. While coral-reef response to disturbances 
involving warm-water bleaching events, hurricanes and nutrient stress is well documented  
[4, 50, 51], comparatively less is known of recovery from cold-stress events [29, 30]. This study exam-
ined juvenile assemblages following the cold-water mass-mortality event in 2010, which resulted 
in one of the greatest losses of reef-building corals in the Florida Keys in modern time [28, 36, 38]. 
We found fewer stony coral and octocoral juveniles on the high-impact sites (Figures 3 and 4), 
suggesting that recruitment to severely degraded reefs was impaired. Unlike in many docu-
mented cases of abated coral recovery, here, macroalgae was not implicated for impairing coral 
recovery as we found no significant difference in macroalgal cover between high- and low-impact 
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the juveniles recorded and together totaled 65%. Of the juvenile octocorals identified, four genera 
accounted for >10% individually and together totaled 78% of those recorded (Table 1). Results 
suggest that recovery will be slower in areas where disturbance impacts were greatest and that 
post-mortality species composition will be influenced by regional differences in settlement and 
survival, as well as by differences in species life-history characteristics.

4.1. High-impact vs. low-impact reefs

The level of mortality on a reef negatively correlated with recruitment. Partial and complete 
colony mortality on high-impact sites [28] appeared to have dampened recruitment and/
or juvenile survival. Higher abundance and cover of living coral are important drivers of 
coral recruitment [52–54]. However, percent cover on high-impact sites was comparable to 
cover on low-impact sites following the cold-water event. This suggests that the magnitude 
of mortality and post-event conditions on a reef had more influence on recruitment than total 
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percent cover. Thus, regardless of the similarities in coral cover following the disturbance, 
severe mortality on high-impact sites placed these reefs at a clear reproductive disadvantage 
for recruitment of both octocorals and stony corals.

Massive scleractinian species often found on reefs of the Florida reef tract, such as Orbicella (for-
merly Montastraea) spp., Diploria spp., Colpophyllia natans and Siderastrea siderea, reproduce via 
broadcast spawning, releasing gametes only once a year in synchrony with the late summer lunar 
cycle [55]. The success of sexual reproduction via spawning is a function of reef connectivity and 
is highly dependent on physical characteristics of the water column, including tides and cur-
rents [56]. Nonmassive coral species, such as Porites spp., Agaricia spp. and Siderastrea radians, are 
internal brooders, reproducing many times a year [43, 55]. Brooded planulae are larger and more 
developed upon release into the water column, settle sooner and presumably, closer to the parent 
colonies than larvae produced by broadcast spawning corals, which require the fertilization of 
gametes in the water column after release [57]. The reduced size of the overall coral population 
in addition to the suboptimal condition of surviving adult corals at the high-impact reefs would 
have likely lowered successful reproduction, while low-impact sites may have benefited from the 
local supply of brooded planulae from the relatively healthy colonies still present on those reefs. In 
addition, coral larvae may actively select suitable substratum for settlement via chemical signals 
produced by adult colonies and associated flora such as crustose coralline algae (CCA) [58–60], 
and this process may have been disturbed on high-impact sites. It is unclear which stage of the 
reproduction cycle was influenced most by the mortality event; however, our results show that 
stony-coral percent cover alone did not explain the observed differences in juvenile abundances.

While macroalgal cover increased on high-impact sites in the years following the cold-water 
anomaly, there was no difference in macroalgal cover between high- and low-impact sites, 
suggesting that this increase reflected the natural variability in macroalgal cover along the 
Florida reef tract [13] and that the production of macroalgae is independent of coral-mortality 
event-driven processes [61, 62]. Additionally, we found no effect of macroalgal cover on juve-
nile coral abundance for either stony corals or octocorals. Our ability to discern differences 
in macroalgal cover between high- and low-impacts sites was likely limited by low replica-
tion (e.g., only two CREMP transects per site were used to match pooled quadrat data) and 
high annual variability in cover (e.g., high inter-site variability). Macroalgae can interfere with 
coral recruitment through either competition for space or more direct methods involving alle-
lopathy [63, 64]. Macroalgae colonize a reef quickly following disturbance, taking advantage 
of the vacant space [17–19]. However, here the increase in macroalgal cover on high-impact 
sites did not differ significantly from cover on low-impact sites and did not influence juvenile 
assemblages; thus, it seems factors other than macroalgal or stony-coral cover drove recruit-
ment in this study. Potential factors include the magnitude of the loss of live coral cover, the 
post-event condition of the surviving reef community, and the regional location of a particular 
reef, all of which could influence larval supply, settlement rates and post-settlement survival.

4.2. Spatial trends

A strong regional trend was observed, in which juvenile stony corals dominated the Middle 
Keys sites and Burr Patch (the southernmost site in the Upper Keys), whereas juvenile octo-
corals dominated the three northernmost sites, Turtle, Admiral and Porter. While this trend 
was unanticipated, there are certain environmental factors that differ between the Middle and 
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Upper Keys regions that could have influenced this pattern. Middle Keys patch reefs lie close 
to tidal connections with Florida Bay and so experience greater turbidity, greater fluctuations 
in temperature and salinity, and higher inputs of terrigenous materials [65–67]. Connections 
to Florida Bay become less frequent toward the Upper Keys. Burr Patch is the southwestern-
most Upper Keys site in this study and is the closest of all Upper Keys sites to tidal connec-
tions. Its location and proximity to the northernmost connection to Florida Bay may explain 
its similarity in juvenile assemblage to the Middle Keys sites. It is still unclear, however, how 
such a hydrodynamic difference between regions would facilitate such a pattern. We were 
unable to compare adult to juvenile octocoral assemblages, due to lack to adult demographic 
data, but such a comparison may help to explain the observed spatial patterns in the data.

The regional pattern we observed in the site clustering is a strong indication that post-dis-
turbance juvenile abundance was influenced by regional differences in hydrodynamics. Site-
specific differences in structural complexity, topography and reef structure also may have 
influenced these results. While each of the eight study sites are designated as patch reefs, such 
reefs are inherently diverse, with different depths, structural complexities and species compo-
sitions such that site-level differences undoubtedly influenced results. In fact, species compo-
sitions of adult assemblages did prove similar to juvenile species compositions at certain sites 
(Figure 7, Table 4), including West Turtle, Porter and Turtle (72, 67 and 67% similarity among 
adult and juvenile assemblages, respectively). In 2010, Kuffner et al. [68] found a strong influ-
ence of “reef effect” on variance of the biological community structure in Biscayne National 
Park and suggested prior residents on a reef, or “priority” effects were important in determin-
ing future benthic-community structure. It seems likely similar effects may be at play here.

Additionally, the location of the Florida reef tract near the northern latitudinal limit for coral-
reef accretion may help explain the reduction in stony-coral juveniles and the proliferation 
of octocoral juveniles on the northernmost study sites. Results corroborate regional trends 
observed on the Florida reef tract [43, 69], where the density of juvenile stony corals increased 
in a southwesterly direction down the reef tract. This is an important finding, and further 
investigation is needed to elucidate the causes behind this pattern.

4.3. Species composition

Species-abundance data suggest that specific life-history traits play a major role in which species 
recruit to and survive on patch reefs. Known ecological traits of Siderastrea siderea and P. astreoides 
likely influenced successful recruitment and survival. Siderastrea siderea can tolerate a wide range 
of temperature and environmental fluctuations [28, 36, 37] but it is slow-growing, can reach mas-
sive sizes and reproduces typically once a year via broadcast spawning [55, 70]. In this study, 
the high tolerance of environmental fluctuations clearly outweighs the slow growth and repro-
ductive mode of S. siderea, making it the most abundant stony-coral juvenile observed on study 
patch reefs. Porites astreoides is a smaller, weedy, brooding species that can reproduce prolifically, 
multiple times a year, and reaches maturity sooner but that is less tolerant of temperature fluc-
tuations [41, 71–73]. Even though P. astreoides was nearly extirpated at some of the high-impact 
sites [28] during the cold-water event, the species can quickly recover after disturbances [74]. Our 
results are consistent with those of van Woesik et al. [75] which indicated that S. siderea and P. ast-
reoides have also had high recruitment rates on outer bank reefs in the Florida Keys. In this study, 
each species demonstrated a different, yet successful, method of recruitment to patch reefs.
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percent cover. Thus, regardless of the similarities in coral cover following the disturbance, 
severe mortality on high-impact sites placed these reefs at a clear reproductive disadvantage 
for recruitment of both octocorals and stony corals.

Massive scleractinian species often found on reefs of the Florida reef tract, such as Orbicella (for-
merly Montastraea) spp., Diploria spp., Colpophyllia natans and Siderastrea siderea, reproduce via 
broadcast spawning, releasing gametes only once a year in synchrony with the late summer lunar 
cycle [55]. The success of sexual reproduction via spawning is a function of reef connectivity and 
is highly dependent on physical characteristics of the water column, including tides and cur-
rents [56]. Nonmassive coral species, such as Porites spp., Agaricia spp. and Siderastrea radians, are 
internal brooders, reproducing many times a year [43, 55]. Brooded planulae are larger and more 
developed upon release into the water column, settle sooner and presumably, closer to the parent 
colonies than larvae produced by broadcast spawning corals, which require the fertilization of 
gametes in the water column after release [57]. The reduced size of the overall coral population 
in addition to the suboptimal condition of surviving adult corals at the high-impact reefs would 
have likely lowered successful reproduction, while low-impact sites may have benefited from the 
local supply of brooded planulae from the relatively healthy colonies still present on those reefs. In 
addition, coral larvae may actively select suitable substratum for settlement via chemical signals 
produced by adult colonies and associated flora such as crustose coralline algae (CCA) [58–60], 
and this process may have been disturbed on high-impact sites. It is unclear which stage of the 
reproduction cycle was influenced most by the mortality event; however, our results show that 
stony-coral percent cover alone did not explain the observed differences in juvenile abundances.

While macroalgal cover increased on high-impact sites in the years following the cold-water 
anomaly, there was no difference in macroalgal cover between high- and low-impact sites, 
suggesting that this increase reflected the natural variability in macroalgal cover along the 
Florida reef tract [13] and that the production of macroalgae is independent of coral-mortality 
event-driven processes [61, 62]. Additionally, we found no effect of macroalgal cover on juve-
nile coral abundance for either stony corals or octocorals. Our ability to discern differences 
in macroalgal cover between high- and low-impacts sites was likely limited by low replica-
tion (e.g., only two CREMP transects per site were used to match pooled quadrat data) and 
high annual variability in cover (e.g., high inter-site variability). Macroalgae can interfere with 
coral recruitment through either competition for space or more direct methods involving alle-
lopathy [63, 64]. Macroalgae colonize a reef quickly following disturbance, taking advantage 
of the vacant space [17–19]. However, here the increase in macroalgal cover on high-impact 
sites did not differ significantly from cover on low-impact sites and did not influence juvenile 
assemblages; thus, it seems factors other than macroalgal or stony-coral cover drove recruit-
ment in this study. Potential factors include the magnitude of the loss of live coral cover, the 
post-event condition of the surviving reef community, and the regional location of a particular 
reef, all of which could influence larval supply, settlement rates and post-settlement survival.

4.2. Spatial trends

A strong regional trend was observed, in which juvenile stony corals dominated the Middle 
Keys sites and Burr Patch (the southernmost site in the Upper Keys), whereas juvenile octo-
corals dominated the three northernmost sites, Turtle, Admiral and Porter. While this trend 
was unanticipated, there are certain environmental factors that differ between the Middle and 
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Upper Keys regions that could have influenced this pattern. Middle Keys patch reefs lie close 
to tidal connections with Florida Bay and so experience greater turbidity, greater fluctuations 
in temperature and salinity, and higher inputs of terrigenous materials [65–67]. Connections 
to Florida Bay become less frequent toward the Upper Keys. Burr Patch is the southwestern-
most Upper Keys site in this study and is the closest of all Upper Keys sites to tidal connec-
tions. Its location and proximity to the northernmost connection to Florida Bay may explain 
its similarity in juvenile assemblage to the Middle Keys sites. It is still unclear, however, how 
such a hydrodynamic difference between regions would facilitate such a pattern. We were 
unable to compare adult to juvenile octocoral assemblages, due to lack to adult demographic 
data, but such a comparison may help to explain the observed spatial patterns in the data.

The regional pattern we observed in the site clustering is a strong indication that post-dis-
turbance juvenile abundance was influenced by regional differences in hydrodynamics. Site-
specific differences in structural complexity, topography and reef structure also may have 
influenced these results. While each of the eight study sites are designated as patch reefs, such 
reefs are inherently diverse, with different depths, structural complexities and species compo-
sitions such that site-level differences undoubtedly influenced results. In fact, species compo-
sitions of adult assemblages did prove similar to juvenile species compositions at certain sites 
(Figure 7, Table 4), including West Turtle, Porter and Turtle (72, 67 and 67% similarity among 
adult and juvenile assemblages, respectively). In 2010, Kuffner et al. [68] found a strong influ-
ence of “reef effect” on variance of the biological community structure in Biscayne National 
Park and suggested prior residents on a reef, or “priority” effects were important in determin-
ing future benthic-community structure. It seems likely similar effects may be at play here.

Additionally, the location of the Florida reef tract near the northern latitudinal limit for coral-
reef accretion may help explain the reduction in stony-coral juveniles and the proliferation 
of octocoral juveniles on the northernmost study sites. Results corroborate regional trends 
observed on the Florida reef tract [43, 69], where the density of juvenile stony corals increased 
in a southwesterly direction down the reef tract. This is an important finding, and further 
investigation is needed to elucidate the causes behind this pattern.

4.3. Species composition

Species-abundance data suggest that specific life-history traits play a major role in which species 
recruit to and survive on patch reefs. Known ecological traits of Siderastrea siderea and P. astreoides 
likely influenced successful recruitment and survival. Siderastrea siderea can tolerate a wide range 
of temperature and environmental fluctuations [28, 36, 37] but it is slow-growing, can reach mas-
sive sizes and reproduces typically once a year via broadcast spawning [55, 70]. In this study, 
the high tolerance of environmental fluctuations clearly outweighs the slow growth and repro-
ductive mode of S. siderea, making it the most abundant stony-coral juvenile observed on study 
patch reefs. Porites astreoides is a smaller, weedy, brooding species that can reproduce prolifically, 
multiple times a year, and reaches maturity sooner but that is less tolerant of temperature fluc-
tuations [41, 71–73]. Even though P. astreoides was nearly extirpated at some of the high-impact 
sites [28] during the cold-water event, the species can quickly recover after disturbances [74]. Our 
results are consistent with those of van Woesik et al. [75] which indicated that S. siderea and P. ast-
reoides have also had high recruitment rates on outer bank reefs in the Florida Keys. In this study, 
each species demonstrated a different, yet successful, method of recruitment to patch reefs.
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The overall juvenile assemblage was essentially devoid of Orbicella spp. (<3% of the juvenile 
stony-coral species composition). Orbicella spp. are very sensitive to temperature fluctuations 
[70, 76, 77]. The few small Orbicella colonies found were most likely surviving tissue rem-
nants of older, larger colonies that had undergone near-complete mortality. In recent years, 
recruitment by Orbicella spp. on the Florida reef tract has been poor [43, 69, 75]. Orbicella spp. 
reproduce only once per year in synchrony with the late summer lunar cycle via broadcast 
spawning [55]. Their breeding method and life history characteristics do not support high 
recruitment rates, but rather high survival rates of settled juveniles [43, 55]. This reproduction 
method is apparently not the best for present conditions along Florida reef tract.

Octocorals were an important part of the coral juvenile assemblage on all of our patch reef 
sites. Relative to stony corals, less is known about reproduction in octocorals. Many gorgo-
nians are thought to be gonochoric brooders [78]. Brooding can occur internally, as occurs 
with stony corals, or externally, on the surface of the female colony as occurs with the species 
Briareum asbestinum [79]. Others are broadcast spawners, releasing both sperm and egg into 
the water column for fertilization as occurs with Gorgonia ventalina [80, 81]. As with stony 
corals, octocorals spawn in synchrony with the lunar cycle, usually following a full moon, 
though not necessarily synchronous across species [80].

Relative to stony corals, octocorals are weedy, fast-growing, opportunistic organisms that 
can quickly colonize newly available substrate, outcompeting stony corals for suitable set-
tlement space [24, 80]. The flexible-branching morphology of octocorals facilitates asexual 
reproduction through a number of methods, giving octocorals a unique advantage following 
disturbance events. The ability for vegetative growth allows octocorals to aggregate in high 
densities and to colonize space quickly [82, 83]. This can provide an advantage following a 
disturbance event, allowing them to outcompete more slowly reproducing organisms, such as 
spawning stony corals, for the newly available space. Octocoral extension rates are also orders 
of magnitude higher than those of stony corals [22–25].

The most abundant octocoral genus that we recorded was Antillogorgia (25%), which includes 
several species, many of which have fast growth rates [23] and often colonize quickly fol-
lowing disturbances. Octocorals were most abundant on Admiral, Porter and Turtle, the 
northernmost sites in the study. Overall, octocorals exhibited a wider range of successfully 
recruiting genera than did stony corals, which may promote higher species diversity in future 
assemblages. The successful recruitment of octocorals may further promote the ongoing shift 
in community structure to an octocoral-dominated state, which has been observed in adult 
assemblages throughout the Florida Keys [13]. More research is needed on the changing role 
of octocorals in reef ecosystems of the Florida reef tract.

5. Conclusions

Our results support previous findings that Florida stony-coral populations struggle to recover 
after major perturbations. Patch reefs were considered one of the last refuges for corals on the 
Florida reef tract that could potentially serve as a larval source for repopulating the highly 
depauperate outer bank reefs [32]. The 2010 cold-water event decimated many major frame-
work-building corals that had previously shown resistance to a variety of acute and chronic 
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stressors impacting Florida Keys reefs. Short-term recovery thus far has been defined by 
recruitment and survival of opportunistic and hardy stony-coral species and octocorals. If 
early results persist, composition of the scleractinian assemblages on these patch reefs will be 
homogenized by the few coral species that are successfully recruiting in the Florida Keys, or, 
as documented elsewhere in Florida and the Caribbean, modern reefs will be dominated by 
associated coral-reef fauna (e.g., octocorals) interspersed with the few corals that are resilient 
to disturbances. A better understanding of local hydrodynamics, reproductive timing and 
dispersal mechanisms of both octocorals and stony corals is needed to provide insight into 
potential drivers of the spatial patterns observed in this study as well as the changing ecologi-
cal role of octocorals on the Florida reef tract.
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The overall juvenile assemblage was essentially devoid of Orbicella spp. (<3% of the juvenile 
stony-coral species composition). Orbicella spp. are very sensitive to temperature fluctuations 
[70, 76, 77]. The few small Orbicella colonies found were most likely surviving tissue rem-
nants of older, larger colonies that had undergone near-complete mortality. In recent years, 
recruitment by Orbicella spp. on the Florida reef tract has been poor [43, 69, 75]. Orbicella spp. 
reproduce only once per year in synchrony with the late summer lunar cycle via broadcast 
spawning [55]. Their breeding method and life history characteristics do not support high 
recruitment rates, but rather high survival rates of settled juveniles [43, 55]. This reproduction 
method is apparently not the best for present conditions along Florida reef tract.

Octocorals were an important part of the coral juvenile assemblage on all of our patch reef 
sites. Relative to stony corals, less is known about reproduction in octocorals. Many gorgo-
nians are thought to be gonochoric brooders [78]. Brooding can occur internally, as occurs 
with stony corals, or externally, on the surface of the female colony as occurs with the species 
Briareum asbestinum [79]. Others are broadcast spawners, releasing both sperm and egg into 
the water column for fertilization as occurs with Gorgonia ventalina [80, 81]. As with stony 
corals, octocorals spawn in synchrony with the lunar cycle, usually following a full moon, 
though not necessarily synchronous across species [80].

Relative to stony corals, octocorals are weedy, fast-growing, opportunistic organisms that 
can quickly colonize newly available substrate, outcompeting stony corals for suitable set-
tlement space [24, 80]. The flexible-branching morphology of octocorals facilitates asexual 
reproduction through a number of methods, giving octocorals a unique advantage following 
disturbance events. The ability for vegetative growth allows octocorals to aggregate in high 
densities and to colonize space quickly [82, 83]. This can provide an advantage following a 
disturbance event, allowing them to outcompete more slowly reproducing organisms, such as 
spawning stony corals, for the newly available space. Octocoral extension rates are also orders 
of magnitude higher than those of stony corals [22–25].

The most abundant octocoral genus that we recorded was Antillogorgia (25%), which includes 
several species, many of which have fast growth rates [23] and often colonize quickly fol-
lowing disturbances. Octocorals were most abundant on Admiral, Porter and Turtle, the 
northernmost sites in the study. Overall, octocorals exhibited a wider range of successfully 
recruiting genera than did stony corals, which may promote higher species diversity in future 
assemblages. The successful recruitment of octocorals may further promote the ongoing shift 
in community structure to an octocoral-dominated state, which has been observed in adult 
assemblages throughout the Florida Keys [13]. More research is needed on the changing role 
of octocorals in reef ecosystems of the Florida reef tract.

5. Conclusions

Our results support previous findings that Florida stony-coral populations struggle to recover 
after major perturbations. Patch reefs were considered one of the last refuges for corals on the 
Florida reef tract that could potentially serve as a larval source for repopulating the highly 
depauperate outer bank reefs [32]. The 2010 cold-water event decimated many major frame-
work-building corals that had previously shown resistance to a variety of acute and chronic 
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stressors impacting Florida Keys reefs. Short-term recovery thus far has been defined by 
recruitment and survival of opportunistic and hardy stony-coral species and octocorals. If 
early results persist, composition of the scleractinian assemblages on these patch reefs will be 
homogenized by the few coral species that are successfully recruiting in the Florida Keys, or, 
as documented elsewhere in Florida and the Caribbean, modern reefs will be dominated by 
associated coral-reef fauna (e.g., octocorals) interspersed with the few corals that are resilient 
to disturbances. A better understanding of local hydrodynamics, reproductive timing and 
dispersal mechanisms of both octocorals and stony corals is needed to provide insight into 
potential drivers of the spatial patterns observed in this study as well as the changing ecologi-
cal role of octocorals on the Florida reef tract.
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Coral reefs provide substantial ecological and economic services to coastal communities 
in the tropics. Hence, there is a great concern about the permanence of these ecosystems 
and the consequent loss of the economic, ecological and social services coral reefs provide 
due to their susceptibility to natural and anthropogenic threats. Large-scale processes 
such as strong El Niño Southern Oscillation events, global warming and ocean acidifica-
tion represent significant challenges for coral reefs. Benthic cyanobacteria and seaweed 
have substantially increased in reef areas, facilitated by excessive nutrient input, reduc-
tion in herbivore populations and global warming. This review briefly describes the cur-
rently known aspects of coral, algae and cyanobacterial interactions, as well as the local 
and global environmental and ecological aspects that have caused the increase of algae 
and cyanobacteria in detriment to reef corals. Reef communities will keep changing in the 
light of large-scale events and anthropogenic influences. As short-term measures, ambi-
tious programs for grazer reintroduction could help curb population growth of algae and 
cyanobacteria. Medium- to long-term measures should be oriented at limiting nutrient 
input to water bodies.
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1. Introduction

Coral reefs constitute one of the most important, diverse and productive ecosystems in the 
planet. These ecosystems provide a great number of goods as well as economic and ecological 
services. Coral reefs protect coastal areas such as seagrasses and mangroves from  erosion [1–3]. 
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Coral reefs supply different food sources to coastal communities and also provide  habitat for 
fish, molluscs and crustaceans of commercial interest [4–6]. Coral reefs also harbor a large 
diversity of microorganisms, algae and invertebrates that have provided researchers, the 
pharmaceutical, nutraceutical and cosmeceutical industries with many interesting bioactive 
molecules [7, 8].

Currently, the oceans are suffering remarkable changes evidenced by the increase and inten-
sity of diseases, mass mortalities and blooms of several photosynthetic organisms. All these 
events have occurred in both disturbed and undisturbed areas around the globe (reviewed 
in [9]). Among some of the causes that have been linked to these events are global warm-
ing, increased UV radiation, overfishing, pollution and coastal eutrophication and oxygen 
depletion. However, some of all these factors may act in a synergistic manner rather than in 
isolation, considering that there are large spatial and temporal scales involved in all those 
processes [9–11].

Degradation of coral reefs has increased considerably world-wide, at least for which there are 
records of the phenomenon, since there is no consensus of what a pristine reef is [12]; there-
fore, it is very hard to assess the magnitude of changes and impacts compared to “base line” 
conditions [13]. Reef degradation has been linked to human activities and impacts; hence, 
there is a great concern about the permanence of these ecosystems and the consequent loss of 
the economic, ecological and social services coral reefs provide [14–16]. Moreover, large-scale 
processes such as the incidence of strong El Niño Southern Oscillation [ENSO] events, global 
warming and ocean acidification represent an enormous challenge for coral reefs to survive 
and remain as we know them today [17].

2. Cyanobacteria in reefs

Cyanobacteria are eubacteria with photosynthetic capabilities considered as “primitive 
microalgae” for a long time. These are ancient organisms dating back to 3.5 billion years 
as evidenced by their fossil record, particularly in stromatolites [18]. Recent molecular 
data have revealed that cyanobacteria are a polyphyletic group, and taxa, traditionally 
grouped by having similar morphologies, have different phylogenetic affiliations [19–22]. 
Cyanobacteria have a wide distribution in terrestrial and aquatic environments. Some taxa 
are involved in close symbiotic relationships with diatoms, sponges, corals, lichens and 
plants such as water ferns and cycads [23–26]. Many cyanobacteria are able to fix atmo-
spheric nitrogen, making a significant contribution of this element into environments where 
it is usually limiting [27–30].

Marine benthic cyanobacteria thrive in a wide variety of habitats including rocky coast-
lines, sandy beaches, mangroves, marshes and swamps. The distribution of cyanobacte-
rial mats is influenced by sediment type, tidal exposure and wave energy [31]. In coral 
reefs, given their abundance at certain times and locations, cyanobacteria may play a simi-
lar role to algae in terms of primary production and interactions with herbivores [32]. 
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Cyanobacteria have long been regarded as regular elements of tropical marine communi-
ties and for that reason included in floristic lists from a number of tropical regions world-
wide [33–35]. However, blooms of marine benthic cyanobacteria have become frequent in 
coastal areas receiving significant nutrient input from runoff and groundwater, as well as 
a result of large-scale climatic and hydrological changes [10, 11, 26, 36, 37]. Cyanobacterial 
blooms, toxin production and derived health risks are currently considered a public health 
hazard [38–43].

Blooms of marine benthic cyanobacteria grow on the substrate forming dark flimsy mats, 
usually red, purple, brown or black. There are several reports of marine benthic cya-
nobacteria blooms in several sites in the Pacific, in the island of Guam [44–46], in some 
Micronesian atolls and also in the Hawaiian Islands [50]. In the Atlantic, cyanobacterial 
blooms are a recurrent event strongly subject to seasonality in the state of Florida [51, 52]. 
In the Caribbean, there are reports from Puerto Rico [53], the Bahamas, Belize and the 
Virgin Islands [52], and the Colombian Caribbean [35, 54, 55]. Cyanobacterial blooms not 
only occur in coral reefs but also in seagrass meadows [56–58], mangroves [56, 57], estuar-
ies and coastal lagoons [59].

Blooms in Guam and Australia, due to their extension, persistence and toxicity, have caused 
mass mortalities of fishes, as well as significant economic losses and health problems in 
residents or visitors to coastal areas. Marine turtles and manatees are also impacted by 
these blooms due to toxin exposure [60, 61]. Additionally, benthic cyanobacteria are often 
the dominant organisms that colonize coral skeletons after bleaching events [62]. Although 
several species of cyanobacteria grow in microbial mats, these tend to be dominated by 
a single species, although the reasons by which a species dominates over the other(s) 
are not yet entirely clear [63]. Additionally, cyanobacteria and turf algae may prevent or 
inhibit the settlement of coral larvae [50, 64–67]. The increasing occurrence, frequency and 
intensity of benthic cyanobacterial blooms, is now considered a great threat to coral reefs 
around the world [51]. Benthic cyanobacteria most commonly linked to bloom formation 
are included in the orders Chroococcales and Oscillatoriales, with the most common gen-
era being Schizothrix, Hormothamnion, Oscillatoria and Lyngbya [68]. Lyngbya, in particular, 
is probably the most studied genus for which there is a great number of bloom reports and 
whose chemistry and chemical ecology are better documented [44, 45, 69–75]. However, 
recent studies have reassessed the phylogenetic affiliation of this genus finding that it is 
a rather diverse complex of species now reassigned into the genera Moorea, Okeania or 
Lyngbya, which may explain the vast chemical complexity of what used to be considered a 
single genus [19–22]. Although the taxonomy of the group has changed substantially, for 
the purpose of this review, I will refer to the names that were originally assigned in the 
papers where they were described.

Blooms of benthic cyanobacteria develop fast, covering vast areas in a period of few weeks. 
In those events, cyanobacteria grow on the substrate forming mats that can smother benthic 
organisms. As the bloom progresses, it can turn adjacent sediment and waters anoxic [49]. 
Cyanobacterial detachment from the sediment, either by flotation or wave action, may pro-
mote their dispersion [49, 68].
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3. Algae in reefs

Algae are very important members of reef communities where they provide food and refuge to 
many organisms. They are also the basis of the reef food web [76]. Due to their different phylo-
genetic affiliations, varying forms and functions, algae are classified into three large functional 
groups based on growth form and size, ecological characteristics, toughness, susceptibility to her-
bivores and photosynthetic abilities. Functional groups are used to characterize algal communi-
ties in coral reefs and to understand their distribution and responses to environmental factors [76].

Filamentous and small algae with fast growth rates are included in the turf algae category. 
Multispecies assemblages of turf algae can be very abundant in reefs despite their low bio-
mass. They are an attractive food source for several herbivores, preventing their overgrowth. 
Cyanobacteria are also included in this category [76]. The next category, fleshy macroalgae, 
is commonly known as seaweeds and includes the most well-known forms. Seaweed can be 
very abundant in reefs and have several adaptations to avoid herbivory [77–79]. A third cat-
egory, coralline or crustose algae, secretes calcium carbonate and is important in cementing 
the reef framework but also in attracting coral recruits [80, 81].

4. Factors favoring the growth of algae and cyanobacteria in reefs

Competition for light and space between benthic algae and corals affects coral resilience and is 
essential when assessing the degree of reef health [65, 76]. In healthy coral reefs, reduced nutri-
ent availability and high grazing pressure are the most important factors controlling the growth 
of algal turf and fleshy algae [82]. Phase shifts or phase changes are evident by a decrease in 
the cover and recruitment of corals compared to the colonization and substrate cover by turf 
algae, seaweed and cyanobacteria [14, 65, 83]. Phase shifts are common in many degraded 
reefs due to disparity in coral-algal interactions [15, 76, 86]. Under stressful conditions, favored 
by bleaching events, partial mortality or reduced grazing pressure, algae and cyanobacteria 
become competitively superior to corals, eventually overgrowing and killing them [15, 87].

Alleged causes linked to cyanobacterial blooms in fresh and brackish waters have been thor-
oughly studied (reviewed in [88]). However, blooms of marine benthic cyanobacteria are not 
understood that well. Normally, they occur in shallow waters, and environmental factors 
such as high temperatures, reduced wave action and the availability of phosphorus, nitrogen 
and iron have been linked to their formation [48, 49, 66, 89, 90]. Individual strains of cyano-
bacteria vary greatly in their bloom dynamics, which in some cases may be controlled by 
physical disturbances rather that nutrient availability or competition with macroalgae [91]. 
Several studies, however, have established correlations between bloom formation and mild 
wave action and increases in water temperature, phosphate levels and/or iron bioavailability. 
Bloom persistence, however, has been correlated to the low palatability of cyanobacteria to 
most generalist herbivores [45, 50, 70, 88, 92, 93].

Algal and cyanobacterial blooms may be difficult to explain because as multispecies consortia 
(at least in the case of cyanobacterial blooms) the dynamics in bloom formation may be a result 
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of species-specific adaptations or preferences (reviewed in [94]). Also, the resulting increased 
growth may be a result of nutrient loading and/or reduction or absence of grazing [94]. Hence, 
food web dynamics may be important to understand this phenomenon. However, it is a no-
brainer that the removal of large and small herbivores [12] has certainly favored the growth 
of cyanobacteria and algae, which have taken advantage of the increased nutrient availability 
and decreased grazing pressure.

5. Water temperature and cyanobacterial blooms

Sustained water temperatures over 28°C, alterations of flow and time of residence, decrease in 
water viscosity, large-scale mixing processes and small-scale turbulence are physical factors 
that correlate with cyanobacterial bloom formation [10, 88, 89, 95].

Thorough monitoring of Lyngbya majuscula blooms in the coasts of Puerto Rico from September 
1998 until February 2000 showed that during September 1998 and September 2000 to December 
2000, Lyngbya achieved the greatest cover coinciding with the highest temperatures recorded. 
While mean cover values ranged between 7 and 82% year-round, Lyngbya cover reached up 
a 100% during the warmest periods [53]. In Rosario Islands, Colombia, a similar pattern was 
observed in September 2010 and 2011, where the cover of cyanobacterial mats reached a 100%, 
concurring with sustained water temperatures above 30°C [93].

In Australia, benthic cyanobacterial blooms are recognized as an environmental health hazard  
[47, 49, 96]. Monitoring of L. majuscula mats in eastern Australia during 2005 showed that dur-
ing the cool winter months blooms did not develop, but between the months of October and 
November, when water temperature increased, there was a fast development of Lyngbya mats. 
Blooms began gradually at the end of October, when total bottom cover of L. majuscula did not 
surpass 10% in an area of 49 hectares. During November, the total bottom cover of L. majuscula 
reached values close to 40% in an approximate area of 329 hectares. At the same time, water 
temperature increased from 23.5°C in October to 30.8°C in December. By the end of December, 
the bloom covered almost a 100% of the total available substrate in an area of 529 hectares [89]. 
I calculated an approximate wet biomass of 5000 Tons when the bloom reached its peak. As 
temperature decreased, so did Lyngbya cover. Similar patterns were registered in the Colombian 
Caribbean. Mats of L. majuscula and L. sordida covered extensions close to a 100% of the available 
reef substrate in Rosario Islands in September 2010 when the water temperature surpassed 30°C 
[93]. Also, mats of Symploca hydnoides and Phormidium submembranaceum were very conspicuous 
in Old Providence Island during October 2009 and July 2010. Again, those blooms took place 
during the warmest months recorded in the San Andres Archipelago [above 28°C] [55, 93].

6. Nutrient input favors the growth of algae and cyanobacteria

Water quality degradation as a result of increased nutrient input promotes the develop-
ment and persistence of algal blooms and is one of the reasons that explains their expansion  
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of species-specific adaptations or preferences (reviewed in [94]). Also, the resulting increased 
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5. Water temperature and cyanobacterial blooms

Sustained water temperatures over 28°C, alterations of flow and time of residence, decrease in 
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Thorough monitoring of Lyngbya majuscula blooms in the coasts of Puerto Rico from September 
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6. Nutrient input favors the growth of algae and cyanobacteria

Water quality degradation as a result of increased nutrient input promotes the develop-
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worldwide [94]. Although assessing the influence of nutrients is far more complicated than 
correlating these with increased water temperatures, experts agree that nutrients play a sig-
nificant role in favoring blooms. Regular or pulsated nutrient delivery promotes bloom devel-
opment; the overall composition—not just concentration—of nutrient input impacts blooms 
and high-biomass blooms may be partly sustained by exogenous nutrient sources [94].

Several studies have shown that cyanobacterial blooms are stimulated by the increase in 
nutrient concentration in water bodies. Nutrient increase may be a result of sewage disposal, 
animal husbandry or agricultural activities [26, 41, 49, 56, 57, 88, 89, 95, 97]. Rains also stimu-
late bloom formation due to increased runoff and river flow providing extra amounts of nutri-
ents from terrestrial environments to coastal areas [49, 55, 98]. Groundwater and atmospheric 
deposition may also influence bloom formation and dynamics [94]. Nutrients that do have 
a stimulating growth effect on cyanobacteria are iron, phosphorus and nitrogen [26, 36, 49, 
57, 89, 90, 99]. In the Colombian Caribbean, I have detected an apparent synergistic effect of 
high temperatures, the onset of rainy seasons and nutrient increase with incidence of marine 
cyanobacteria blooms at various sites [55, 93].

Anthropogenic activities such as the use of fertilizers and the dumping of urban and indus-
trial waste waters provide significant amounts of nutrients into water bodies [26]. The input of 
key nutrients favor the growth of phototrophic organisms such as plants, algae and cyanobac-
teria, largely controlling aquatic primary production in marine environments where nitrogen 
is usually limiting. These blooms, with oxygen consumption during the hours of darkness, 
generate anoxia and consequent mortality of fish and other aquatic organisms [56].

7. The effect of cyanobacteria and algae on corals

There is significant evidence that reef degradation has increased on a global scale. Just in the 
Caribbean region, at least 20% of live coral coverage has been lost per decade [6]. This loss has 
been attributed to the increase in human population, dumping of waste water, soil erosion 
and subsequent sediment input by rivers, eutrophication, imbalance of food chains, prolifera-
tion of macroalgae [65, 100, 101], diseases and climate change [101, 102], as well as the removal 
or decimation of top predators and large herbivores [12].

Competition is a process that determines the structure, composition and diversity of benthic com-
munities in coral reefs [5, 103–107]. In coral reefs, competition between sessile organisms such as 
benthic algae and corals has become very significant for the resilience of corals due to the domi-
nance and vast cover of algae and cyanobacteria in affected coral reefs [65]. Reef deterioration has 
caused a significant replacement of live coral cover by cyanobacteria and macroalgae [59, 83, 108].

The strong competition for space between coral, algae and marine cyanobacteria can deter-
mine the structure, composition and abundance of these three groups in coral reefs [59, 109]. 
Overgrowth of algae or cyanobacteria on corals can cause deleterious effects on their health 
[50, 54, 55, 66, 110]. The vast occurrences of benthic algae and cyanobacteria in coral reefs are 
certainly an indication of the prevalent ecological conditions and may serve as indicators of 
coral reef health and local ecological imbalances [51, 111].
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Coral reefs have a great diversity of herbivores that can exert a strong pressure on commu-
nities of primary producers such as macroalgae and cyanobacteria [2, 15]. In tropical areas, 
the most important herbivores in terms of consumption and impact on macroalgae are fish 
and sea urchins [70, 72, 77]. These herbivores can consume between 60 and 100% of the algal 
biomass daily [112–114]. Herbivory and nutrient input are two more determinant factors that 
define the relationship between algae and corals in reefs [85, 115] and the success of algae in 
other coastal ecosystems [116].

However, the generalized decrease in the populations of reef herbivores is an indirect cause 
of the increase in algal coverage and consequent phase shifts [2, 15, 50, 83]. Overfishing in reef 
areas has decimated the populations of herbivorous fish causing imbalances in the popula-
tions of macroalgae and their consequent overgrowth on corals and other substrates [2, 83, 
84]. Occasionally, other herbivores such as sea urchins can sometimes increase in response 
to the decrease in herbivorous fishes and control algal populations. In the Caribbean basin, 
however, mass mortalities of sea urchins, particularly Diadema antillarum, triggered an exces-
sive increase of algae in Jamaica and other locations [83].

Benthic cyanobacteria are efficient colonizers in a wide array of substrates such as coral skel-
etons, live coral, sand and even macroalgae. Cyanobacteria increase the magnitude of the 
phase shifts [51]. Benthic cyanobacteria, as well as macroalgae, are favored by bottom-up 
(increase in nutrients in the water bodies) and top-down effects (such as the decline of herbi-
vores in reefs) [85]. Various studies have shown that the most important factor in controlling 
algae populations in coral reef areas is herbivory and the lack of it increases the consequences 
of phase changes more so than eutrophication, especially in the Caribbean [117].

Seaweed or macroalgae, compared to terrestrial plants, are mostly foliage, lacking dense struc-
tural material such as lignin, cellulose and hemicellulose, being more susceptible to herbivore 
consumption [118]. Benthic cyanobacterial mats strongly resemble macroalgae because they 
may exhibit large biomass and could become a potential food source for reef herbivores [44]. 
During blooms, cyanobacteria can surpass macroalgae in terms of available biomass [44, 72, 93].

Herbivory in reef areas generates a strong pressure on macroalgae and cyanobacteria. In 
“healthy” reefs, grazing rates may reach 100% of the produced biomass [77, 85, 112, 119]. 
Macroalgae and cyanobacteria, however, minimize grazing by means of spatial or temporal 
escapes, tolerating herbivory by compensating tissue loss with fast growth rates or invest-
ing in structural or chemical defenses [77–79, 113]. The production of feeding deterrent com-
pounds, in particular, is well documented in these groups and plays an important role against 
grazing, enabling the growth and persistence of algae and cyanobacteria in coral reef areas 
[78, 119]. Besides deterring herbivores, chemically defended cyanobacteria could be favored 
by selective fish and urching grazing over palatable macroalgae, removing potential competi-
tors and favoring their growth and expansion in reef areas [26].

Massive colonization of hard substrates by algae and benthic cyanobacteria can determine 
competitive networks, structure, composition and abundance of these three groups locally [51, 
109]. In events where the abundance of cyanobacteria or macroalgae greatly increases, there is 
also an increase in overgrowth interactions with corals. The overgrowth of cyanobacteria and 
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worldwide [94]. Although assessing the influence of nutrients is far more complicated than 
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and high-biomass blooms may be partly sustained by exogenous nutrient sources [94].
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high temperatures, the onset of rainy seasons and nutrient increase with incidence of marine 
cyanobacteria blooms at various sites [55, 93].

Anthropogenic activities such as the use of fertilizers and the dumping of urban and indus-
trial waste waters provide significant amounts of nutrients into water bodies [26]. The input of 
key nutrients favor the growth of phototrophic organisms such as plants, algae and cyanobac-
teria, largely controlling aquatic primary production in marine environments where nitrogen 
is usually limiting. These blooms, with oxygen consumption during the hours of darkness, 
generate anoxia and consequent mortality of fish and other aquatic organisms [56].
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Caribbean region, at least 20% of live coral coverage has been lost per decade [6]. This loss has 
been attributed to the increase in human population, dumping of waste water, soil erosion 
and subsequent sediment input by rivers, eutrophication, imbalance of food chains, prolifera-
tion of macroalgae [65, 100, 101], diseases and climate change [101, 102], as well as the removal 
or decimation of top predators and large herbivores [12].

Competition is a process that determines the structure, composition and diversity of benthic com-
munities in coral reefs [5, 103–107]. In coral reefs, competition between sessile organisms such as 
benthic algae and corals has become very significant for the resilience of corals due to the domi-
nance and vast cover of algae and cyanobacteria in affected coral reefs [65]. Reef deterioration has 
caused a significant replacement of live coral cover by cyanobacteria and macroalgae [59, 83, 108].

The strong competition for space between coral, algae and marine cyanobacteria can deter-
mine the structure, composition and abundance of these three groups in coral reefs [59, 109]. 
Overgrowth of algae or cyanobacteria on corals can cause deleterious effects on their health 
[50, 54, 55, 66, 110]. The vast occurrences of benthic algae and cyanobacteria in coral reefs are 
certainly an indication of the prevalent ecological conditions and may serve as indicators of 
coral reef health and local ecological imbalances [51, 111].
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etons, live coral, sand and even macroalgae. Cyanobacteria increase the magnitude of the 
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(increase in nutrients in the water bodies) and top-down effects (such as the decline of herbi-
vores in reefs) [85]. Various studies have shown that the most important factor in controlling 
algae populations in coral reef areas is herbivory and the lack of it increases the consequences 
of phase changes more so than eutrophication, especially in the Caribbean [117].

Seaweed or macroalgae, compared to terrestrial plants, are mostly foliage, lacking dense struc-
tural material such as lignin, cellulose and hemicellulose, being more susceptible to herbivore 
consumption [118]. Benthic cyanobacterial mats strongly resemble macroalgae because they 
may exhibit large biomass and could become a potential food source for reef herbivores [44]. 
During blooms, cyanobacteria can surpass macroalgae in terms of available biomass [44, 72, 93].

Herbivory in reef areas generates a strong pressure on macroalgae and cyanobacteria. In 
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pounds, in particular, is well documented in these groups and plays an important role against 
grazing, enabling the growth and persistence of algae and cyanobacteria in coral reef areas 
[78, 119]. Besides deterring herbivores, chemically defended cyanobacteria could be favored 
by selective fish and urching grazing over palatable macroalgae, removing potential competi-
tors and favoring their growth and expansion in reef areas [26].
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algae over corals may cause deleterious effects on their health [50, 66, 110]. In the Colombian 
Caribbean, the growth of benthic cyanobacterial mats over different species of scleractinian 
corals and soft corals eventually results in the death of the coral tissue that underlies those mats 
[54, 93] (Figure 1). In the Florida Keys, [50] determined that the brown seaweeds Dictyota and 
Lobophora, as well as several species of Lyngbya, not only inhibited the larval settlement of the 
hard coral Porites astreoides and the soft coral Briareum asbestinum, but also showed increased 
recruit mortality when the larvae came into direct contact with these organisms. Hence, sea-
weed and cyanobacteria may be considered competitively superior to corals not just by taking 
up space but also by inhibiting their recruitment.

Competition through allelopathic mechanisms by benthic marine cyanobacteria causes harm-
ful effects on corals and soft corals. This has been observed in the field and tested in laboratory 
experiments in various sites such as the Bahamas, Belize, Florida and Panama [52], Florida 
[120], Hawaii [121] and the Colombian Caribbean [54, 93]. Experiments have been performed 
over coral embryos and larvae [50, 66] or adult corals [110].

[66] compared the recruitment and survival of embryos of the hard corals Pocillopora damicor-
nis and Acropora surculosa, in the presence of the cyanobacterium L. majuscula. Coral embryos 
got tangled in the dense Lyngbya filaments and died. Cyanobacterial mats may trap coral 
embryos but also promote sediment deposition and accumulation surrounding benthic micro-
bial mats [122]. Under these mats, anoxic conditions may develop, which may favor nitrogen 
fixation but are potentially deadly to the very sensitive coral embryos [66]. Since recruitment is 
a key process in the maintenance and recovery of coral reef ecosystems [50, 123], any alteration 
in this process has negative implications and will affect the persistence and resilience of corals.

The fact that allelopathy is so hard to prove experimentally does not mean that it does not 
occur in reef environments. Cyanobacteria, in particular, while being in direct contact with 
corals, could release allelopathic compounds as a result of abrasion by water motion with con-
sequent cell rupture. Many studies have shown that toxin release from cyanobacteria is a result 
of cell lysis due to abrasion, stress and cell death [124–126]. Additionally, environmental fac-
tors such as temperature may elicit active toxin liberation in these microorganisms [124, 126].

Competitive interactions between the hard coral Porites lutea, a brown alga Dictyota dichotoma 
and the cyanobacterium Lyngbya bouillonii were evaluated in Sesoko Island, Japan. While coral 
growth is compromised by direct contact and abrasion by the alga, mats of the cyanobacte-
rium L. bouillonii are able to kill live coral tissue upon direct contact [110].

Interactions between cyanobacteria, a hard coral and a soft coral in Rosario Islands, Colombian 
Caribbean, were evaluated in situ in order to identify deleterious effects potentially related 
to allelopathic mechanisms. Cyanobacterial extracts were incorporated into Phytagel™ gels 
and these were placed in direct contact with the hard coral Porites porites and the soft coral 
B. asbestinum [127]. HPLC chromatographic profiles of zooxanthellae in coral tissues were 
evaluated after 24, 48 and 72 hours of exposure. Extracts from Lyngbya spp. showed a clear 
effect on the zooxanthellae chromatographic profiles evidenced by an increase in pheophy-
tin, a degradation product from chlorophyll. The effect was greater with longest exposure 
time. These results suggest that cyanobacteria may compete against corals due to their fast 
growth rates, defenses against herbivory and allelopathic mechanisms. Further evidence was 
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Figure 1. Benthic cyanobacteria from Colombian Caribbean reefs. (A) Mats of Moorea producens growing at the base of a 
Eunicea soft coral. The soft coral retracts its polyps due to abrasion and possibly to avoid contact with the mat. Rosario 
Islands, 2016. (B) Filamentous mats of Caldora sp. This cyanobacterium grows profusely over various kinds of seaweeds. 
Old Providence Island, 2008. (C) Unidentified red filamentous mats overgrowing hard corals and green algae. Old 
Providence Island, 2008. (D and E) Multispecies cyanobacterial mats overgrowing soft corals, causing polyp necrosis and 
tissue death. The remaining gorgonin skeletons continue to be colonized by other cyanobacteria and filamentous algae. 
Old Providence Island, 2016. (F) Puffs of filamentous cyanobacteria may overgrow live corals causing bleaching and/
or necrosis. In this case, they are growing over gorgonin skeletons. Old Providence Island, 2016. Photos A, D–F: Monica 
Puyana; B–C: Julian Prato.
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algae over corals may cause deleterious effects on their health [50, 66, 110]. In the Colombian 
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hard coral Porites astreoides and the soft coral Briareum asbestinum, but also showed increased 
recruit mortality when the larvae came into direct contact with these organisms. Hence, sea-
weed and cyanobacteria may be considered competitively superior to corals not just by taking 
up space but also by inhibiting their recruitment.

Competition through allelopathic mechanisms by benthic marine cyanobacteria causes harm-
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experiments in various sites such as the Bahamas, Belize, Florida and Panama [52], Florida 
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over coral embryos and larvae [50, 66] or adult corals [110].
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nis and Acropora surculosa, in the presence of the cyanobacterium L. majuscula. Coral embryos 
got tangled in the dense Lyngbya filaments and died. Cyanobacterial mats may trap coral 
embryos but also promote sediment deposition and accumulation surrounding benthic micro-
bial mats [122]. Under these mats, anoxic conditions may develop, which may favor nitrogen 
fixation but are potentially deadly to the very sensitive coral embryos [66]. Since recruitment is 
a key process in the maintenance and recovery of coral reef ecosystems [50, 123], any alteration 
in this process has negative implications and will affect the persistence and resilience of corals.

The fact that allelopathy is so hard to prove experimentally does not mean that it does not 
occur in reef environments. Cyanobacteria, in particular, while being in direct contact with 
corals, could release allelopathic compounds as a result of abrasion by water motion with con-
sequent cell rupture. Many studies have shown that toxin release from cyanobacteria is a result 
of cell lysis due to abrasion, stress and cell death [124–126]. Additionally, environmental fac-
tors such as temperature may elicit active toxin liberation in these microorganisms [124, 126].

Competitive interactions between the hard coral Porites lutea, a brown alga Dictyota dichotoma 
and the cyanobacterium Lyngbya bouillonii were evaluated in Sesoko Island, Japan. While coral 
growth is compromised by direct contact and abrasion by the alga, mats of the cyanobacte-
rium L. bouillonii are able to kill live coral tissue upon direct contact [110].

Interactions between cyanobacteria, a hard coral and a soft coral in Rosario Islands, Colombian 
Caribbean, were evaluated in situ in order to identify deleterious effects potentially related 
to allelopathic mechanisms. Cyanobacterial extracts were incorporated into Phytagel™ gels 
and these were placed in direct contact with the hard coral Porites porites and the soft coral 
B. asbestinum [127]. HPLC chromatographic profiles of zooxanthellae in coral tissues were 
evaluated after 24, 48 and 72 hours of exposure. Extracts from Lyngbya spp. showed a clear 
effect on the zooxanthellae chromatographic profiles evidenced by an increase in pheophy-
tin, a degradation product from chlorophyll. The effect was greater with longest exposure 
time. These results suggest that cyanobacteria may compete against corals due to their fast 
growth rates, defenses against herbivory and allelopathic mechanisms. Further evidence was 
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obtained while testing the potential allelopathic effects of two organic extracts from marine 
cyanobacteria over live corals. Organic extracts from two different microbial consortia, a 
consortium of S. hydnoides and P. submembranaceum and a consortium of Lyngbya cf. semi-
plena, L. majuscula, Oscillatoria nigroviridis and O. margaritifera, were tested at 0.002 ppm and 
0.011 ppm, both below their natural concentration. In order to do so, fragments of the hard 
coral Madracis mirabilis were placed in individual containers, and once acclimated, with their 
polyps fully expanded, cyanobacterial extracts were resuspended in ethanol and seawater 
and coral behavior was registered. Both extracts generated the retraction of coral polyps with 
variable speed and intensity. Ethanol controls, on the other hand, presented a rapid recovery 
and a minimum shrinkage of polyps. Fragments exposed to cyanobacterial extracts showed 
80 to 99% of polyp retraction, whereas solvent controls did not exceed 25% of polyp retrac-
tion. No extract proved to be lethal, and after 20 hours, corals extended their polyps display-
ing full recovery [93].

In another assay, the toxicity of four cyanobacterial extracts to embryos of Montastrea annu-
laris, obtained during the mass spawning event in Rosario Islands in September, 2011, was 
evaluated. In this assay, we assessed embryo mortality 6, 18 and 24 hours after acute expo-
sure to cyanobacterial extracts in concentrations of 1000, 500, 100 and 10 ppm. All tested 
extracts were toxic at concentrations of 500 and 1000 ppm, causing 100% embryo mortal-
ity within 6 hours. Controls with seawater and ethanol did not affect coral embryos. The 
extract that showed greater toxicity was obtained from a mixed Lyngbya assemblage, caus-
ing a 90% embryo mortality at the lowest concentration tested (10 ppm) after only 6 hours 
of exposure.

In summary, competition between corals, cyanobacteria and/or algae may take place either 
against coral embryos or larvae or during their adult stages. Some of the mechanisms include 
allelopathic inhibition on adult corals and embryos, negative effects of abrasion by direct 
physical contact, drastic decrease in oxygen levels near and under cyanobacterial mats, reduc-
tion of available space in reef substrates affecting larval recruitment and mortality of embryos 
entangled in cyanobacterial mats. All these effects strongly suggest that blooms of algae and 
benthic cyanobacteria pose a risk for the recruitment and development of reef builders and 
other reef organisms such as soft corals [50, 51, 66, 93, 110, 120, 121].

8. Climate change, ocean acidification and future of reefs

Resilience or the ability to withstand and recover from the negative phenomena affecting 
coral reefs is an essential role for their persistence. Recovery after each disturbance involves 
the re-establishment of coral coverage, the growth of surviving coral fragments, reproductive 
success and the subsequent settlement and survival of coral embryos and larvae [16, 123]. 
However, the recovery process in coral reefs is nowadays more difficult because the substrate 
in these ecosystems is frequently dominated by algae and cyanobacteria. These photosyn-
thetic organisms efficiently colonize available substrates following disturbances and become 
dominant in degraded reefs [15, 65, 83, 123], reducing the resilience of coral reefs overall 

Corals in a Changing World130

[2, 15]. Algal dominance can become a serious bottleneck for the re-establishment of corals, 
depending on the characteristics of the dominant algal assemblages in each place [65, 123].

Large-scale hydrological disturbances and environmental changes due to global warming 
and ocean acidification are recognized as growing threats to coral reefs worldwide [17, 123, 
128–130]. Global warming is also believed to facilitate the development, frequency and expan-
sion of cyanobacterial blooms [10, 11, 26, 37]. These large-scale disturbances may have a more 
direct effect on corals, either by reducing growth rates and calcification regimes under acidic 
seawater conditions or by the onset of bleaching events under warmer conditions [17, 123]. 
Unless there is a significant reduction in CO2 atmospheric levels, reefs with reduced popula-
tions of grazers and increased nutrient input are predicted from shift from predominantly 
coral-dominated to predominantly algal-dominated states [17, 130]. This pattern has been rec-
ognized for some time now, particularly in the Caribbean and the Eastern Pacific [131–135]. 
Management options such as restoring herbivore populations and limiting nutrient input to 
reef areas may only be effective under controlled CO2 input to seawater [17, 123, 130]. Sea 
urchins are important grazers of noxious algae [136]; therefore, restoration of grazers such 
as urchins is believed to alleviate the problem of excessive algal biomass in coral reefs. In 
Hawaii, juveniles of the local urchin Tripneustes gratilla are raised in hatcheries and reintro-
duced in reef areas in order to remove excessive biomass of invasive algal species and restore 
the natural ecosystem function [137]. However, control of cyanobacterial populations by graz-
ers seems very unlikely [26].

Approximately two-thirds of coral reefs in the Caribbean are threatened by human activities 
such as coastal development, wastewater and sediment input, pollution and overfishing [138]. 
The economic impact of coral bleaching, coral diseases and cyanobacterial blooms has not 
been quantified, but it is clear that these have caused significant changes in Caribbean reef 
communities [138]. Therefore, it is important to assess the impact of cyanobacterial blooms 
at local scales in order to understand their causes and consequences in order to address sig-
nificant monitoring and management measures. The relationships between nutrient input 
and bloom formation are obscured by changes in food webs, habitat alterations and climate 
change. Nutrient enrichment has several effects in food webs, predator-prey interactions and 
overall nutrient dynamics. However, experts agree that management of nutrient inputs to 
watershed may be the most important measure to prevent excessive growth of algae and cya-
nobacteria [26, 94]. The Australian government, for instance, has invested significant funds to 
reduce nitrogen inputs into Moreton Bay to prevent blooms of L. majuscula [90].

9. Conclusions

In order to answer the question whether corals will overcome competition with algae and 
cyanobacteria in environments, the evidence shows that reef communities have changed over 
time and will keep changing in the light of large-scale events and anthropogenic influences. 
Algae and cyanobacteria are thriving as the total bottom cover of reef corals is reduced. So 
even if corals survive, their communities will not be the same. We do need to gain a better 
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obtained while testing the potential allelopathic effects of two organic extracts from marine 
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[2, 15]. Algal dominance can become a serious bottleneck for the re-establishment of corals, 
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Unless there is a significant reduction in CO2 atmospheric levels, reefs with reduced popula-
tions of grazers and increased nutrient input are predicted from shift from predominantly 
coral-dominated to predominantly algal-dominated states [17, 130]. This pattern has been rec-
ognized for some time now, particularly in the Caribbean and the Eastern Pacific [131–135]. 
Management options such as restoring herbivore populations and limiting nutrient input to 
reef areas may only be effective under controlled CO2 input to seawater [17, 123, 130]. Sea 
urchins are important grazers of noxious algae [136]; therefore, restoration of grazers such 
as urchins is believed to alleviate the problem of excessive algal biomass in coral reefs. In 
Hawaii, juveniles of the local urchin Tripneustes gratilla are raised in hatcheries and reintro-
duced in reef areas in order to remove excessive biomass of invasive algal species and restore 
the natural ecosystem function [137]. However, control of cyanobacterial populations by graz-
ers seems very unlikely [26].

Approximately two-thirds of coral reefs in the Caribbean are threatened by human activities 
such as coastal development, wastewater and sediment input, pollution and overfishing [138]. 
The economic impact of coral bleaching, coral diseases and cyanobacterial blooms has not 
been quantified, but it is clear that these have caused significant changes in Caribbean reef 
communities [138]. Therefore, it is important to assess the impact of cyanobacterial blooms 
at local scales in order to understand their causes and consequences in order to address sig-
nificant monitoring and management measures. The relationships between nutrient input 
and bloom formation are obscured by changes in food webs, habitat alterations and climate 
change. Nutrient enrichment has several effects in food webs, predator-prey interactions and 
overall nutrient dynamics. However, experts agree that management of nutrient inputs to 
watershed may be the most important measure to prevent excessive growth of algae and cya-
nobacteria [26, 94]. The Australian government, for instance, has invested significant funds to 
reduce nitrogen inputs into Moreton Bay to prevent blooms of L. majuscula [90].

9. Conclusions

In order to answer the question whether corals will overcome competition with algae and 
cyanobacteria in environments, the evidence shows that reef communities have changed over 
time and will keep changing in the light of large-scale events and anthropogenic influences. 
Algae and cyanobacteria are thriving as the total bottom cover of reef corals is reduced. So 
even if corals survive, their communities will not be the same. We do need to gain a better 
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understanding of causes, at local and regional scales, that support bloom formation. Also, it 
is crucial to convince managers that only long-term studies and periodic surveys will help to 
understand and manage algae and cyanobacteria in reefs and other marine ecosystems. As 
short-term measures, ambitious programs for grazer reintroduction could help curb popula-
tion growth of algae and cyanobacteria. Medium- to long-term measures should be oriented 
at limiting nutrient input to water bodies.
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Abstract

Well‐maintained coral‐microcosm systems provide a good opportunity for performing 
global‐change simulations under controlled conditions and allow long‐term experiments 
while avoiding problems with natural fluctuations. However, despite rapid technical 
progress over the last few years in maintaining corals, microcosm experiments remain 
demanding and challenging. Therefore, this paper focuses on problems and opportuni‐
ties associated with maintaining corals for global‐change experiments, and the pitfalls 
associated with simulating natural and anthropogenic disturbances. We start in Section 
1 with a brief assessment of the global situation of coral reefs and discuss problems and 
challenges associated with microcosm experiments. Section 2 covers the technical setup 
of coral‐aquarium systems in respect to the necessary hardware and safety precautions. 
Section 3 provides information on coral‐species selection, coral‐propagation techniques, 
and the choice of associated fauna and flora. Problems with maintaining controlled con‐
ditions are deliberated in Section 4, including water chemistry as well as pest and disease 
control. The paper closes with conclusions for global‐change studies in coral‐microcosm 
systems (Section 5). As this review provides important insights into the rapidly develop‐
ing field of coral‐microcosm experiments, it might be of particular interest for graduate 
and post‐graduate students in marine sciences, for global‐change researchers, as well 
as for administrators and technicians interested in maintaining corals under fully‐con‐
trolled conditions.
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1. Introduction

Coral reefs belong to the most diverse and valuable ecosystems on Earth. They offer habitats 
for ca. 100,000 to >500,000 described species [1, 2] and the actual number might be higher by 
one magnitude [3]. Coral reefs also provide crucial ecosystem services as an important source 
of food for humans, as natural coastal defence, and as a recreational resource. Moreover, the 
biodiversity in coral reefs is seen as an important source for drug discovery [4].

Reef‐building corals cover a total surface area of 260,000–600,000 km2 [2]. They are typically 
restricted to latitudes between 25°N and 25°S. The optimal water temperature for most species 
is 23−29°C, and the optimal salinity is 32−42 parts per thousand (ppt). In addition, zooxanthel‐
late corals require abundant light, restricting them to the euphotic zone of the oceans [5].

Reef‐building corals are very sensitive to environmental change, both natural and anthropogenic, 
and it is estimated that around 50% of the world's reefs are threatened by human activities and 
that about 20% of the reefs have been destroyed already [6]. Major threats include destructive 
fishing practices and overfishing, habitat destruction, pollution, eutrophication, changes in food 
webs, unsustainable tourism, sedimentation, global warming and ocean acidification (e.g. [7, 8]).

There is ample empirical evidence for the adverse effects of these stressors on particular coral 
species or even entire reefs, and some of the causal links between environmental disturbances 
and biological responses of corals, such as increasing water temperature and coral bleaching 
or decreasing ocean‐water pH and reduced calcification rates [9–11], are well understood.

However, as most adverse effects are multifactorial, a precise assessment of the individual con‐
tribution of stressors in natural systems, particularly those related to global change, remains 
challenging [12, 13]. Besides additive effects, multiple stressors could also act synergistically 
or antagonistically [14]. In fact, for developing effective management strategies, the individual 
contribution of stressors is of the utmost concern, enabling stakeholders to identify the most 
important parameters in a particular system. Therefore, scientists are interested in quantify‐
ing both the individual and combined effects of stressors acting on reef‐building corals.

Although numerous field observations are being carried out to address these problems, stud‐
ies in natural systems are typically confounded by the presence of variables other than those 
of interest. The relationship can thus be characterized, at best, as correlative, and a direct 
inference of cause and effect remains difficult [15]. In particular, environmental problems at 
the global scale can typically not be addressed using traditional scientific experiments [16]. 
The latter authors also argued that microcosms experiments (i.e. "experimental ecological sys‐
tems at a small spatial scale") using model organisms could be a suitable methodology for 
addressing global problems, such as ecosystem responses to climate change.

Microcosms enable the manipulation of a single or few variables, and to compare the effects 
on organisms over time against control conditions. However, unlike natural systems, micro‐
cosm experiments are an abstraction from reality, and no single setup might explain the com‐
plex impact of global change on populations, species, and communities. Instead, each setup 
may help answer a specific question [15]. Besides generating such specific knowledge, micro‐
cosm studies can also help develop theories and meaningful policy implications [16].
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Coral‐microcosm experiments are a relatively new approach. Only some 30 years ago, several 
technical breakthroughs were achieved, enabling researchers to keep corals healthy in closed 
tanks [17]. However, controlled laboratory experiments add a level of complexity to keeping 
corals in aquarium systems, particularly in long‐term microcosm studies. To ensure a stable 
growth of corals and to avoid a potential bias introduced by unintended variations of system 
parameters, a broad spectrum of environmental factors has to be regulated [18, 19]. Given the 
complex chemical nature of seawater and the dynamics of biological consumption processes, 
this remains a challenging task. Growth rates of corals, for example, are largely controlled by 
the Ca2+ content and alkalinity of the seawater. As growth processes deplete the water of Ca2+, 
differential growth rates also have a differential feedback effect on the Ca2+ level and alkalin‐
ity of the water. These problems are of particular concern for global‐change studies involving 
manipulations of CO2 and pH levels [15, 18]. Similar problems are of concern for the choice 
of associated animal (e.g. herbivorous fish) and plant species (e.g. coralline algae) to be main‐
tained in the microcosm system for enabling a healthy growth of corals. Further challenges lie 
in the selection of the general experimental setup (e.g. size of tanks, natural vs. synthetic sea‐
water, single vs. multiple water‐circulation systems) and in the choice of the technical equip‐
ment (e.g. type of lighting, circulation and control systems).

All these considerations may have a profound impact on the quality of the data generated, on 
associated costs, on the maximum possible duration of the experiment, and on its susceptibil‐
ity to failure. Moreover, microcosm experiments are increasingly being designed for long‐term 
durations to enable an assessment of evolutionary adaptations of corals. Finally, a wealth of 
technical novelties has been introduced to the market in recent years. Therefore, complex deci‐
sions have to be made by the experimenter prior to the setup of coral‐microcosm experiments.

For these reasons, this article aims at discussing the challenges and opportunities of utilizing 
coral microcosms for global‐change studies. Based on literature reviews, expert interviews, and 
our own >15 years of experiences with maintaining stony corals, we inform about the technical 
setup of coral microcosms in Section 2, provide information on the study organisms in Section 
3, discuss problems of maintaining controlled conditions in Section 4, and finish with conclu‐
sions concerning setup and operation of coral microcosms for global‐change studies (Section 5).

The insights provided might be of particular interests for graduate and postgraduate students 
in marine sciences, for global‐change researchers, for technicians and animal keepers, as well as 
for decision makers responsible for the administrative planning of coral‐microcosm facilities.

2. Setup of coral‐microcosm systems

2.1. Experimental design

Maintaining stony corals in tanks is a challenging task. Conducting controlled (long‐term) 
microcosm experiments adds another level of complexity. Besides comprehensive technical, 
biological, and chemical knowledge, extensive experiences with experimental design and the 
manipulation of environmental variables are required in order to perform these experiments 
in a way that compelling conclusions can be drawn from the data generated [17, 18, 20, 21].
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1. Introduction
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may help answer a specific question [15]. Besides generating such specific knowledge, micro‐
cosm studies can also help develop theories and meaningful policy implications [16].
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setup of coral microcosms in Section 2, provide information on the study organisms in Section 
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microcosm experiments adds another level of complexity. Besides comprehensive technical, 
biological, and chemical knowledge, extensive experiences with experimental design and the 
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Many technical (e.g. size and number of tanks, choice of technical equipment) and biological 
decisions (e.g. study species, associated fauna and flora) have to be made prior to the setup 
of microcosm experiments. However, the first and most critical step is the selection of the 
general experimental design based on the study question, the study species chosen, and the 
intended duration of the experiment. Several key decisions have to be made. They include 
the choice of (i) natural versus synthetic seawater, (ii) open versus semi‐closed versus closed 
systems and iii) number of water‐circulation systems to be implemented.

Natural and synthetic seawater differ in various characteristics of significance for coral‐micro‐
cosm experiments (see Table 1). Of particular interest are availability, overall quality, con‐
sistency, and toxicity. Particularly in coastal areas, natural seawater is readily available. The 
chemical composition of off‐shore seawater is usually highly consistent. However, the over‐
all quality strongly varies with source, mean of transportation (e.g. hygiene of ballast tanks, 
containers and delivery pumps), and subsequent treatment. A principal problem of natural 
seawater is chemical and biological contamination. In particular, the high abundance and 
diversity of bacteria, viruses, archaea, algae and fungi are of concern. Whereas for standard 
marine aquarium purposes, natural microbial communities could jumpstart the biological 
cycle in the system and can be an important source of food for vertebrates and invertebrates, 
the adverse impact on coral global‐change experiments in microcosm setups could be con‐
siderable. Corals are holobionts that can adjust the composition of their microbial endosym‐
bionts depending on environmental  conditions. Therefore,  natural seawater makes it more 

Synthetic seawater Natural seawater

Availability Always available Depends on location and 
infrastructure available

Quality Usually high, variation in consistency 
possible, low toxicity

Depends on the source of water and 
the transport process, consistency 
typically high, water often 
contaminated

Treatment Only basic treatment required 
(dissolution in deionized or reverse‐
osmosis purified water, control/
adjustment of pH, temperature and 
salinity)

Often complex treatment necessary 
(e.g. ultra‐filtration, dark‐treatment, 
ultraviolet sterilization, chlorination)

Costs Medium Low to high, depends on location, 
source and treatment

Pros for microcosm experiments High quality, no contamination, 
readily available

Natural and consistent chemical 
composition, enables studies with 
natural microbial communities

Cons for microcosm experiments Often variable chemical composition, 
deionized or reverse‐osmosis water 
required for preparation

Biological and chemical 
contamination possible, 
often requires filtration and 
decontamination, cannot be stored 
over long periods of time

Table 1. Properties of synthetic and natural seawater.
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difficult to maintain controlled conditions throughout the experiment. It requires ultrafiltra‐
tion as well as extensive decontamination prior to use (e.g. chemical decontamination, dark 
or ultraviolet treatment). This, however, creates a new set of problems (e.g. the need for 
dechlorination after chlorine treatment). Moreover, due to its higher toxicity, natural seawa‐
ter may perform inferior as a culture medium for juvenile invertebrates, compared to syn‐
thetic seawater [22, 23]. Besides a low toxicity, another advantage of synthetic seawater is its 
ready availability and overall high quality. However, chemical consistency may vary among 
brands, and sometimes even within lots and individual packages. Moreover, high‐quality 
deionized or reverse‐osmosis water is required for preparing synthetic seawater.

The second major decision to be made with regard to the planning of coral‐microcosm setups  
is the question of closed versus semi‐closed versus open systems (reviewed in [24]). According 
to the latter author, closed microcosm systems are barred from exchange of food energy, sea‐
water, as well as associated fauna and flora. They only allow gas exchange, freshwater refill to 
replace evaporation and exchange of light and heat energy. By contrast, semi‐closed systems 
also allow for partial seawater exchange to maintain water quality by replacing inorganic nutri‐
ents and trace elements. Finally, open systems permit gas and seawater exchange, but also 
moderate inputs of supplemental food for associated faunas as well as the replacement of dead 
plants and animals [17, 25, 26]. The major goal of coral‐microcosm experiments is not self‐suf‐
ficiency of the system but the manipulation of a single or few variables by maintaining all other 
variables as constant as possible. Therefore, closed systems are, in many cases, impractical as a 
constant water quality for the demanding stony corals cannot be assured (e.g. metabolized trace 
elements have to be replaced). Possible exceptions are short‐term experiments. Whether semi‐
closed or open microcosm systems are more appropriate largely depends on the duration of 
the experiment, the study species, as well as the associated fauna and flora. Maintaining near‐
natural and relatively constant conditions in coral microcosms over a long time often requires 
the addition of fishes and other animals, which typically depend on external food supplies. 
Moreover, deceased animals and plants have to be replaced. Thus, long‐term coral‐microcosm 
experiments are mostly designed as open systems (sensu [24], see also Figure 1).

The third principal decision concerns the number of water‐circulation systems to be imple‐
mented. This, in turn, depends on the statistical design of the experiment and the study ques‐
tion. In most cases, a design with a single water‐circulation system is preferred in order to keep 
all but one or few target variables constant. This enables, for example, the exchange of plank‐
tonic organisms (including pathogens and parasites) throughout the system. Moreover, the 
associated larger water volume makes the system less susceptible to unintended fluctuations 
of water parameters. However, particularly for experiments studying the effects of biotic fac‐
tors (e.g. the composition of microbial communities in seawater or the impact of pathogens) or 
chemical parameters (e.g. toxins), a single water‐circulation system may be impractical. Another 
possibility for stabilizing water circulation is to integrate a larger ‘buffer’ tank containing fish for 
nutrient intake and a deep‐sand bed for biological filtration (Figure 1). Moreover, an algae filter 
with an inverse lighting regime might compensate for diurnal fluctuations of pH values [27, 28].

Recommendations: The experimental setup is largely determined by the scientific question of 
interest, study species, associated fauna and flora (if applicable), and the intended duration of 
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general experimental design based on the study question, the study species chosen, and the 
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the choice of (i) natural versus synthetic seawater, (ii) open versus semi‐closed versus closed 
systems and iii) number of water‐circulation systems to be implemented.
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cosm experiments (see Table 1). Of particular interest are availability, overall quality, con‐
sistency, and toxicity. Particularly in coastal areas, natural seawater is readily available. The 
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all quality strongly varies with source, mean of transportation (e.g. hygiene of ballast tanks, 
containers and delivery pumps), and subsequent treatment. A principal problem of natural 
seawater is chemical and biological contamination. In particular, the high abundance and 
diversity of bacteria, viruses, archaea, algae and fungi are of concern. Whereas for standard 
marine aquarium purposes, natural microbial communities could jumpstart the biological 
cycle in the system and can be an important source of food for vertebrates and invertebrates, 
the adverse impact on coral global‐change experiments in microcosm setups could be con‐
siderable. Corals are holobionts that can adjust the composition of their microbial endosym‐
bionts depending on environmental  conditions. Therefore,  natural seawater makes it more 
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difficult to maintain controlled conditions throughout the experiment. It requires ultrafiltra‐
tion as well as extensive decontamination prior to use (e.g. chemical decontamination, dark 
or ultraviolet treatment). This, however, creates a new set of problems (e.g. the need for 
dechlorination after chlorine treatment). Moreover, due to its higher toxicity, natural seawa‐
ter may perform inferior as a culture medium for juvenile invertebrates, compared to syn‐
thetic seawater [22, 23]. Besides a low toxicity, another advantage of synthetic seawater is its 
ready availability and overall high quality. However, chemical consistency may vary among 
brands, and sometimes even within lots and individual packages. Moreover, high‐quality 
deionized or reverse‐osmosis water is required for preparing synthetic seawater.

The second major decision to be made with regard to the planning of coral‐microcosm setups  
is the question of closed versus semi‐closed versus open systems (reviewed in [24]). According 
to the latter author, closed microcosm systems are barred from exchange of food energy, sea‐
water, as well as associated fauna and flora. They only allow gas exchange, freshwater refill to 
replace evaporation and exchange of light and heat energy. By contrast, semi‐closed systems 
also allow for partial seawater exchange to maintain water quality by replacing inorganic nutri‐
ents and trace elements. Finally, open systems permit gas and seawater exchange, but also 
moderate inputs of supplemental food for associated faunas as well as the replacement of dead 
plants and animals [17, 25, 26]. The major goal of coral‐microcosm experiments is not self‐suf‐
ficiency of the system but the manipulation of a single or few variables by maintaining all other 
variables as constant as possible. Therefore, closed systems are, in many cases, impractical as a 
constant water quality for the demanding stony corals cannot be assured (e.g. metabolized trace 
elements have to be replaced). Possible exceptions are short‐term experiments. Whether semi‐
closed or open microcosm systems are more appropriate largely depends on the duration of 
the experiment, the study species, as well as the associated fauna and flora. Maintaining near‐
natural and relatively constant conditions in coral microcosms over a long time often requires 
the addition of fishes and other animals, which typically depend on external food supplies. 
Moreover, deceased animals and plants have to be replaced. Thus, long‐term coral‐microcosm 
experiments are mostly designed as open systems (sensu [24], see also Figure 1).

The third principal decision concerns the number of water‐circulation systems to be imple‐
mented. This, in turn, depends on the statistical design of the experiment and the study ques‐
tion. In most cases, a design with a single water‐circulation system is preferred in order to keep 
all but one or few target variables constant. This enables, for example, the exchange of plank‐
tonic organisms (including pathogens and parasites) throughout the system. Moreover, the 
associated larger water volume makes the system less susceptible to unintended fluctuations 
of water parameters. However, particularly for experiments studying the effects of biotic fac‐
tors (e.g. the composition of microbial communities in seawater or the impact of pathogens) or 
chemical parameters (e.g. toxins), a single water‐circulation system may be impractical. Another 
possibility for stabilizing water circulation is to integrate a larger ‘buffer’ tank containing fish for 
nutrient intake and a deep‐sand bed for biological filtration (Figure 1). Moreover, an algae filter 
with an inverse lighting regime might compensate for diurnal fluctuations of pH values [27, 28].

Recommendations: The experimental setup is largely determined by the scientific question of 
interest, study species, associated fauna and flora (if applicable), and the intended duration of 
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the experiment. In fact, the longer the duration of the experiment, the more detailed planning 
is needed. Unless natural seawater of high quality is readily available or the composition of 
its natural microbial community is of interest, synthetic seawater is favoured in microcosm 
experiments. In that case, high‐quality products should be preferred and whole packages 
must always be used for preparing the water [17, 25]. Moreover, important parameters (e.g. 
pH, alkalinity, salinity) have to be checked prior to use. Closed coral‐microcosm systems are 
typically only applicable for short‐term experiments (over few weeks) without the need for 
associated faunas (such as herbivorous fish). For medium‐term experiments (several months) 
without associated faunas, semi‐closed setups are preferable. Long‐term experiments (sev‐
eral years) or setups that require supplementary food supply are typically designed as open 
microcosm systems (Figure 1). For semi‐closed and open setups, a seawater exchange of at 
least 20% per month is recommended [28]. As for the water‐circulation systems in coral micro‐
cosms, the least number with the largest effective volume should be chosen for each experi‐
mental system (for a review of the statistical needs in global‐change experiments, see [18]).

2.2. Lighting

Light is fundamental to all photosynthetic processes and thus crucial for zooxanthellate cor‐
als [5]. Defined and controlled light conditions are also important for assuring reproducible 

Figure 1. ‘Ocean 2100’ global‐change simulation experiment at Justus Liebig University Giessen. Nine experimental 
coral tanks (three hidden) are connected via a technical tank (not shown) to a ‘buffer’ reef tank with live rocks and a 
deep‐sand bed (right). This long‐term setup (intended duration 10 years) has been designed as an open microcosm 
system with synthetic seawater and a single water‐circulation system. The replicate system (not shown here) has its own 
water‐circulation system and ‘buffer’ tank.
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results obtained from coral‐microcosm experiments. Among others, light (1) affects density 
and photosynthetic activity of hermatypic corals [29], (2) increases calcification rates in herma‐
typic corals [30], (3) influences the activity of associated faunas such as diurnal fishes [31, 32], 
(4) affects the metabolic efficiency of corals and thus survival [33, 34] and (5) influences the 
phenotype of scleractinian corals [35].

Although most stony corals require abundant light with a broad spectrum, conditions are 
often species‐specific [36]. Under controlled microcosm conditions, it is therefore important to 
meet the requirements of the study species for achieving near‐natural growth rates and physi‐
ological responses [37]. Too little light may, for example, decrease the metabolic efficiency and 
growth rates in stony corals, or may cause shifts in phenotype morphology [35]. Too much 
light could burn the zooxanthellae or cause coral bleaching [38].

For most coral‐microcosm setups, no sufficient natural light is available. Therefore, artificial 
lighting has to be used with the appropriate intensity and colour spectrum. This is a challeng‐
ing task as these characteristics, for example, change with water depth. Today, four popular 
artificial lighting systems are available, which differ in some of the main characteristics of 
relevance for global‐change experiments in stony corals (see Table 2 and Figure 2): T5 fluores‐
cent lamps, metal‐halide lamps, LED lamps and light‐emitting plasma lamps.

The widespread introduction of metal‐halide lamps into reef aquariums some 30 years ago 
made it possible to maintain stony corals with comparatively low effort, and for many years 
they have been the standard lighting equipment. They are well suited for high water columns, 
can be fitted to suit a wide range of tank sizes, are available with different colour temperatures 
and have, in general, a well‐balanced spectrum. Disadvantages are their relatively low energy 
efficiency, a short lifetime and a high heat production.

The decline of metal‐halide lamps over the past 10 years is mostly due to improvements in 
T5 fluorescent lighting, making the latter very popular for reef aquariums [39]. It is more 
energy efficient than metal‐halide lamps, comes in a wide range of colour temperatures and 
its spectral characteristic is relatively good. Moreover, the spread of light is comparatively 
even, enabling relatively constant conditions across experimental tanks. However, similar to 
metal‐halide lamps, T5 tubes have a comparably short lifetime. Moreover, light intensity and 
spectrum change over time, and spectral characteristics are affected by ambient temperature. 
T5 lighting is only suitable for shallow tanks.

Very recently, LED lighting has advanced to the point where it can be used to maintain 
stony corals, as long as the quality of light meets the requirement of the study organism [40]. 
High‐quality LED lighting combines excellent energy efficiency with long‐term stability of 
spectrum and intensity. The spread of light can be controlled by lenses for individual LEDs. 
In sophisticated systems, intensity and colour temperature can be adjusted electronically, 
though achieving natural spectra remains a problem. As the respective colour spectrum is 
produced by an array of individual LEDs, partial failure of LEDs, which is often difficult to 
detect, changes the spectrum. Moreover, some LED lighting systems require active cooling, 
making them vulnerable to humidity and salt deposits. Finally, some coral species appear to 
be sensitive to LED light (Schubert, unpublished data).
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results obtained from coral‐microcosm experiments. Among others, light (1) affects density 
and photosynthetic activity of hermatypic corals [29], (2) increases calcification rates in herma‐
typic corals [30], (3) influences the activity of associated faunas such as diurnal fishes [31, 32], 
(4) affects the metabolic efficiency of corals and thus survival [33, 34] and (5) influences the 
phenotype of scleractinian corals [35].

Although most stony corals require abundant light with a broad spectrum, conditions are 
often species‐specific [36]. Under controlled microcosm conditions, it is therefore important to 
meet the requirements of the study species for achieving near‐natural growth rates and physi‐
ological responses [37]. Too little light may, for example, decrease the metabolic efficiency and 
growth rates in stony corals, or may cause shifts in phenotype morphology [35]. Too much 
light could burn the zooxanthellae or cause coral bleaching [38].

For most coral‐microcosm setups, no sufficient natural light is available. Therefore, artificial 
lighting has to be used with the appropriate intensity and colour spectrum. This is a challeng‐
ing task as these characteristics, for example, change with water depth. Today, four popular 
artificial lighting systems are available, which differ in some of the main characteristics of 
relevance for global‐change experiments in stony corals (see Table 2 and Figure 2): T5 fluores‐
cent lamps, metal‐halide lamps, LED lamps and light‐emitting plasma lamps.

The widespread introduction of metal‐halide lamps into reef aquariums some 30 years ago 
made it possible to maintain stony corals with comparatively low effort, and for many years 
they have been the standard lighting equipment. They are well suited for high water columns, 
can be fitted to suit a wide range of tank sizes, are available with different colour temperatures 
and have, in general, a well‐balanced spectrum. Disadvantages are their relatively low energy 
efficiency, a short lifetime and a high heat production.

The decline of metal‐halide lamps over the past 10 years is mostly due to improvements in 
T5 fluorescent lighting, making the latter very popular for reef aquariums [39]. It is more 
energy efficient than metal‐halide lamps, comes in a wide range of colour temperatures and 
its spectral characteristic is relatively good. Moreover, the spread of light is comparatively 
even, enabling relatively constant conditions across experimental tanks. However, similar to 
metal‐halide lamps, T5 tubes have a comparably short lifetime. Moreover, light intensity and 
spectrum change over time, and spectral characteristics are affected by ambient temperature. 
T5 lighting is only suitable for shallow tanks.

Very recently, LED lighting has advanced to the point where it can be used to maintain 
stony corals, as long as the quality of light meets the requirement of the study organism [40]. 
High‐quality LED lighting combines excellent energy efficiency with long‐term stability of 
spectrum and intensity. The spread of light can be controlled by lenses for individual LEDs. 
In sophisticated systems, intensity and colour temperature can be adjusted electronically, 
though achieving natural spectra remains a problem. As the respective colour spectrum is 
produced by an array of individual LEDs, partial failure of LEDs, which is often difficult to 
detect, changes the spectrum. Moreover, some LED lighting systems require active cooling, 
making them vulnerable to humidity and salt deposits. Finally, some coral species appear to 
be sensitive to LED light (Schubert, unpublished data).
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The very latest editions to reef‐aquarium lighting systems are modern plasma lamps. They are 
highly energy efficient, show a long‐term stability of spectrum and intensity, and spectrum 
and colour‐temperature can be custom‐tailored by the manufacturer. Moreover, the spread of 
light is very even and typically no active cooling is necessary, allowing for the construction of 
housings according to the IP66 or IP68 standards. Though the equipment is still very expen‐
sive, energy and maintenance costs are very low. Thus, lifetime costs might be the lowest of 

T5 fluorescent lamp Metal‐halide lamp LED lamp Plasma lamp

Technology Gas‐discharge lamp 
that uses internal 
electrodes

Metal‐halide lamp 
that produces light 
by an electric arc

Light‐emitting diode 
lamp

Gas‐discharge lamp 
that uses an electric 
or magnetic field

Acquisition cost Low Medium Medium to high High

Maintenance 
requirements

Medium Medium Medium Low

Energy efficiency Medium Low High High

Reliability Medium Medium Low to medium High

Lifetime Ca. 10 months Ca. 10 months >48 months* >48 months*

Spectral coverage Good Good Good Good

Spectral and 
brightness stability 
over lifetime

Change over time Change over time Relatively constant 
over time*

Relatively constant 
over time

Effective water 
column height

Up to ca. 60 cm Up to several meters Up to several meters Up to several meters

Spread of light Very even Even Depends on the 
lenses used, lamps 
may flicker

Even

Pros for microcosm 
experiments

Various types 
with different 
characteristics 
available

Common and well 
established

Some LED lamps 
allow an individual 
adjustment of 
spectral composition, 
little waste heat 
released to the water

Various types 
with different 
characteristics 
available, little waste 
heat released to the 
water, IP68 housings 
available

Cons for microcosm 
experiments

Spectrum affected by 
ambient temperature 
and age of bulb, air‐
cooled lamps often 
affected by humidity 
and salt

Much waste heat 
released to the water, 
decreasing number of 
manufacturers

High ambient 
temperature, 
humidity and 
mineral deposits 
decrease reliability 
and lifetime of the 
lamp, failure of 
individual LEDs 
often hard to detect

So far, no long‐term 
experiences available

*High‐quality lamps

Table 2. Properties of popular artificial lighting systems used for coral‐microcosm experiments.
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all lighting systems discussed. However, due to their recent introduction, so far no long‐term 
experiences exist for the application of plasma lamps to coral‐microcosm systems [36, 40].

Recommendations: The choice of lighting system for coral‐microcosm experiments largely 
depends on the specific parameters investigated, the study species and the intended duration 
of the experiment. In general, high‐quality T5, LED or plasma lamps should be considered. 
Some lighting systems are optimized to enhance coral growth and to ‘improve’ the colour 
intensity of the corals maintained. They are thus not suitable for most global‐change experi‐
ments. All lamps/tubes used in a system should be at the same stage of lifetime. Open lighting 
systems have to be protected against heat, mineral deposits and water. All systems should 
be maintained regularly, which may also include the control of light intensity and spectrum. 
This is particularly important for LED lamps and respective hand‐held LED testers and light 
metres are available on the market.

2.3. Water movement

Water movement in aquarium systems is crucial to the vitality of stony corals [41]. A controlled 
movement is also critical for obtaining reproducible results in global‐change studies using 
microcosm setups. Among others, water movement increases the exchange rate of gases and 
thus photosynthetic efficiency [42], increases mass‐transfer of materials across the tissue‐water 
interface [43, 44], increases food capture and thus energy supply to the coral [43, 45], facilitates 
cleaning of corals and prevents build‐up of detritus [46], and influences the phenotype of scler‐
actinian corals [35].

Most stony corals are adapted to strong water movement and/or wave action [47, 48]. Insufficient 
water movement may, for example, enhance detritus and sediment build‐ups, and could thus 
cause unintended and unpredictable local processes in nutrient balance (nitrification and deni‐
trification). It may also foster the emergence of anaerobic zones in tanks, affects the biological fil‐
tration rate of the system and thus facilitates uneven growth rates of corals across experimental 
tanks. Excessive and/or strongly concentrated water movement, on the contrary, may increase 
the stress level of some corals, damage sensitive species and cause atypical growth forms.

Three popular systems for generating water movement in coral microcosms are available: 
(1) water‐flow systems where pumps create a laminar or a turbulent water movement, 

Figure 2. Irradiance spectra of common light sources. T5: ATI AquaBlueSpezial and BluePlus (ATI, Hameln, Germany); 
Metal‐halide: BLV 12,000 K, 250 W (BLV, Steinhoring, Germany); LED: Orphek Atlantik V4 (Orphek, Sao Paulo, Brazil); 
Plasma: TGS029, 150 W (Aqua ECO Store, Kaltenkirchen, Germany). Spectra were generated using a Lighting Passport 
Spectrometer (Asensetek, New Taipei City, Taiwan). Black curves indicate PAR reference.
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The very latest editions to reef‐aquarium lighting systems are modern plasma lamps. They are 
highly energy efficient, show a long‐term stability of spectrum and intensity, and spectrum 
and colour‐temperature can be custom‐tailored by the manufacturer. Moreover, the spread of 
light is very even and typically no active cooling is necessary, allowing for the construction of 
housings according to the IP66 or IP68 standards. Though the equipment is still very expen‐
sive, energy and maintenance costs are very low. Thus, lifetime costs might be the lowest of 
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Spectrum affected by 
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released to the water, 
decreasing number of 
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lamp, failure of 
individual LEDs 
often hard to detect

So far, no long‐term 
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all lighting systems discussed. However, due to their recent introduction, so far no long‐term 
experiences exist for the application of plasma lamps to coral‐microcosm systems [36, 40].

Recommendations: The choice of lighting system for coral‐microcosm experiments largely 
depends on the specific parameters investigated, the study species and the intended duration 
of the experiment. In general, high‐quality T5, LED or plasma lamps should be considered. 
Some lighting systems are optimized to enhance coral growth and to ‘improve’ the colour 
intensity of the corals maintained. They are thus not suitable for most global‐change experi‐
ments. All lamps/tubes used in a system should be at the same stage of lifetime. Open lighting 
systems have to be protected against heat, mineral deposits and water. All systems should 
be maintained regularly, which may also include the control of light intensity and spectrum. 
This is particularly important for LED lamps and respective hand‐held LED testers and light 
metres are available on the market.

2.3. Water movement

Water movement in aquarium systems is crucial to the vitality of stony corals [41]. A controlled 
movement is also critical for obtaining reproducible results in global‐change studies using 
microcosm setups. Among others, water movement increases the exchange rate of gases and 
thus photosynthetic efficiency [42], increases mass‐transfer of materials across the tissue‐water 
interface [43, 44], increases food capture and thus energy supply to the coral [43, 45], facilitates 
cleaning of corals and prevents build‐up of detritus [46], and influences the phenotype of scler‐
actinian corals [35].

Most stony corals are adapted to strong water movement and/or wave action [47, 48]. Insufficient 
water movement may, for example, enhance detritus and sediment build‐ups, and could thus 
cause unintended and unpredictable local processes in nutrient balance (nitrification and deni‐
trification). It may also foster the emergence of anaerobic zones in tanks, affects the biological fil‐
tration rate of the system and thus facilitates uneven growth rates of corals across experimental 
tanks. Excessive and/or strongly concentrated water movement, on the contrary, may increase 
the stress level of some corals, damage sensitive species and cause atypical growth forms.

Three popular systems for generating water movement in coral microcosms are available: 
(1) water‐flow systems where pumps create a laminar or a turbulent water movement, 

Figure 2. Irradiance spectra of common light sources. T5: ATI AquaBlueSpezial and BluePlus (ATI, Hameln, Germany); 
Metal‐halide: BLV 12,000 K, 250 W (BLV, Steinhoring, Germany); LED: Orphek Atlantik V4 (Orphek, Sao Paulo, Brazil); 
Plasma: TGS029, 150 W (Aqua ECO Store, Kaltenkirchen, Germany). Spectra were generated using a Lighting Passport 
Spectrometer (Asensetek, New Taipei City, Taiwan). Black curves indicate PAR reference.
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(2) water‐oscillation systems (e.g. Wavebox®), which set the entire water body in motion  
and (3) water‐spill systems where a water bucket equipped with a tilting mechanism creates 
a regular wave motion (Table 3).

Of these systems, the water‐flow system is most commonly used. One or more pumps either 
create a laminar (i.e. streamlined) or turbulent (i.e. irregular or mixed) flow. Turbulent flows 
are typically found in oceans in water depths of less than 12−15 m, and laminar flows in 
depths more than that [49]. For generating the water flow, radial‐flow and axial‐flow veloc‐
ity pumps are typically used [50]. The latter are preferred because the water flow is more 
uniform. Water‐flow systems are relatively cost‐efficient and can be installed in most tank 
systems. Disadvantages are that the direction and intensity of water movement vary across 
the tank. Moreover, flow velocity will be higher at the periphery of a bushy coral compared 
to its centre.

In recent years, another water‐movement technology, the water‐oscillation system (such as 
the Wavebox; Tunze, Penzberg, Germany), has made its way into coral‐microcosm systems. A 
Wavebox consists of one or more axial‐flow‐pulsing pumps and a controller. Determined by 
tank resonance, the intermittent operation of the system sets the entire water body in motion, 
assuring water movement in all parts of the tank [51]. Maximal displacement at either end of 
the tank is several centimetres. Another advantage of the oscillating nature of water move‐
ment is the uniform growth morphometry of the corals seen in such systems. Disadvantages 
are the robustness of the construction required due to the resonance generated and the pos‐
sible interferences with other tanks, the need to place the water overflow in the central part of 
the tank, and the need for additional pumps in larger systems to create a linear flow.

The third approach, water‐spill systems, is less common and typically used for specific pur‐
poses [50]. It is a wave machine that usually consists of a bucket equipped with a tilting mech‐
anism. The bucket is filled with water and once the water level reaches a certain level, it tips 
over and releases the water to create a spill. Water‐spill systems are ideally suited to simulate 

Water‐flow system Water‐oscillation system Water‐spill system

Technology Radial‐ or axial‐flow 
pumps

Pulsing pump with controller Tilting water bucket

Acquisition cost Low to medium High Low to high

Maintenance requirements Low to medium Low to medium Low

Efficiency Medium to high High High

Reliability Medium to high Medium to high High

Pros for microcosm 
experiments

Applicable to tanks of 
various shapes and sizes of 
20 to >20,000 L

High efficiency, optimal water 
movement, near‐natural growth 
morphology of corals

Adaptable to all 
tank sizes

Cons for microcosm 
experiments

Low energy efficiency, high 
amount of waste heat

Restricted to rectangular, medium‐
sized tanks (0.6–3.5 m length)

Mostly individually 
manufactured

Table 3. Properties of popular water‐movement systems for coral‐microcosm experiments.
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wave actions in littoral zones. They can be adapted to all tank sizes. As only few commercial 
products are available, custom‐made solutions are typically required.

Recommendations: The choice of water‐movement systems for coral‐microcosm experiments 
depends on the specific parameters investigated, the study species, and the size and shape 
of the tanks used. The water‐flow system, though widely distributed, might not be suitable 
for most questions related to global change due to difficulties in ensuring relatively constant 
conditions throughout the tank. A possible exception is the study of corals that live in water 
depths characterized by laminar water movements. The application of water‐spill systems is 
also restricted to specific research questions. They are mainly suitable for studying processes 
in coral species that live in the littoral zone. By contrast, water‐oscillation systems are appli‐
cable to a wide range of questions and species. They produce a relatively homogeneous water 
movement, thus preventing a potential bias of the study results. Though there are some size 
restrictions on the tanks (see Table 3), most coral‐microcosm setups might fall within the suit‐
able range. For larger systems, several Waveboxes can be combined and/or complemented 
with axial‐flow pumps to increase water flow.

2.4. Miscellaneous supporting hardware

Coral reefs are characterized by relatively stable water conditions, and most inhabitants react 
very sensitively to sudden changes in environmental parameters [52]. Moreover, fluctua‐
tions in water chemistry may be caused by the reef organisms themselves due to metabolic 
processes. In natural systems, the physiological impact of organisms on water parameters is 
limited due to the comparatively low ratio of biomass and water volume [26]. However, com‐
pensating for these problems in microcosm systems remains challenging (see also Section 2.1.). 
This concerns the water chemistry but also other ‘tank effects’ such as temperature fluctua‐
tions, microbial contamination and the accumulation of pollutants.

With the growing popularity of seawater aquariums in general and reef aquariums in par‐
ticular, the selection of devices and methods for controlling and maintaining healthy condi‐
tions for stony corals has significantly increased. However, some of the available commercial 
solutions and products are not suitable for a precise control of parameters; others may cause 
harmful side effects in coral‐microcosm setups, and yet others have efficiency and reliability 
issues. Therefore, the appropriate equipment/method typically has to be chosen based on the 
design and specific goal of the microcosm experiment.

One of the most significant challenges in coral‐microcosm experiments is to assure near‐natural 
calcification conditions. In particular, Ca2+ and Mg2+ levels have to be maintained, and alkalin‐
ity has to be stabilized [27, 53, 54]. Three approaches are commonly used: the calcium reactor, 
the Balling method and the Kalkwasser stirrer (Table 4). A calcium reactor is filled with CaCO3 
material (such as coral rubble), which slowly dissolves when the pH value is lowered through 
the addition of CO2 [28, 55]. The efficiency of a calcium reactor largely depends on the type 
and size of the reactor, flow‐through rate, type and grain size of the substrate used, as well as 
the pH value set. An alternative approach is the ‘Balling method’, that is, the individual addi‐
tion of pre‐mixed solutions of CaCl2, MgCl2 and NaHCO3 [17, 56]. The approach works well 
for short‐term studies. However, for long‐term experiments it requires considerable analytic 
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(2) water‐oscillation systems (e.g. Wavebox®), which set the entire water body in motion  
and (3) water‐spill systems where a water bucket equipped with a tilting mechanism creates 
a regular wave motion (Table 3).

Of these systems, the water‐flow system is most commonly used. One or more pumps either 
create a laminar (i.e. streamlined) or turbulent (i.e. irregular or mixed) flow. Turbulent flows 
are typically found in oceans in water depths of less than 12−15 m, and laminar flows in 
depths more than that [49]. For generating the water flow, radial‐flow and axial‐flow veloc‐
ity pumps are typically used [50]. The latter are preferred because the water flow is more 
uniform. Water‐flow systems are relatively cost‐efficient and can be installed in most tank 
systems. Disadvantages are that the direction and intensity of water movement vary across 
the tank. Moreover, flow velocity will be higher at the periphery of a bushy coral compared 
to its centre.

In recent years, another water‐movement technology, the water‐oscillation system (such as 
the Wavebox; Tunze, Penzberg, Germany), has made its way into coral‐microcosm systems. A 
Wavebox consists of one or more axial‐flow‐pulsing pumps and a controller. Determined by 
tank resonance, the intermittent operation of the system sets the entire water body in motion, 
assuring water movement in all parts of the tank [51]. Maximal displacement at either end of 
the tank is several centimetres. Another advantage of the oscillating nature of water move‐
ment is the uniform growth morphometry of the corals seen in such systems. Disadvantages 
are the robustness of the construction required due to the resonance generated and the pos‐
sible interferences with other tanks, the need to place the water overflow in the central part of 
the tank, and the need for additional pumps in larger systems to create a linear flow.

The third approach, water‐spill systems, is less common and typically used for specific pur‐
poses [50]. It is a wave machine that usually consists of a bucket equipped with a tilting mech‐
anism. The bucket is filled with water and once the water level reaches a certain level, it tips 
over and releases the water to create a spill. Water‐spill systems are ideally suited to simulate 

Water‐flow system Water‐oscillation system Water‐spill system

Technology Radial‐ or axial‐flow 
pumps

Pulsing pump with controller Tilting water bucket
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Maintenance requirements Low to medium Low to medium Low

Efficiency Medium to high High High
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experiments
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20 to >20,000 L
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wave actions in littoral zones. They can be adapted to all tank sizes. As only few commercial 
products are available, custom‐made solutions are typically required.

Recommendations: The choice of water‐movement systems for coral‐microcosm experiments 
depends on the specific parameters investigated, the study species, and the size and shape 
of the tanks used. The water‐flow system, though widely distributed, might not be suitable 
for most questions related to global change due to difficulties in ensuring relatively constant 
conditions throughout the tank. A possible exception is the study of corals that live in water 
depths characterized by laminar water movements. The application of water‐spill systems is 
also restricted to specific research questions. They are mainly suitable for studying processes 
in coral species that live in the littoral zone. By contrast, water‐oscillation systems are appli‐
cable to a wide range of questions and species. They produce a relatively homogeneous water 
movement, thus preventing a potential bias of the study results. Though there are some size 
restrictions on the tanks (see Table 3), most coral‐microcosm setups might fall within the suit‐
able range. For larger systems, several Waveboxes can be combined and/or complemented 
with axial‐flow pumps to increase water flow.

2.4. Miscellaneous supporting hardware

Coral reefs are characterized by relatively stable water conditions, and most inhabitants react 
very sensitively to sudden changes in environmental parameters [52]. Moreover, fluctua‐
tions in water chemistry may be caused by the reef organisms themselves due to metabolic 
processes. In natural systems, the physiological impact of organisms on water parameters is 
limited due to the comparatively low ratio of biomass and water volume [26]. However, com‐
pensating for these problems in microcosm systems remains challenging (see also Section 2.1.). 
This concerns the water chemistry but also other ‘tank effects’ such as temperature fluctua‐
tions, microbial contamination and the accumulation of pollutants.

With the growing popularity of seawater aquariums in general and reef aquariums in par‐
ticular, the selection of devices and methods for controlling and maintaining healthy condi‐
tions for stony corals has significantly increased. However, some of the available commercial 
solutions and products are not suitable for a precise control of parameters; others may cause 
harmful side effects in coral‐microcosm setups, and yet others have efficiency and reliability 
issues. Therefore, the appropriate equipment/method typically has to be chosen based on the 
design and specific goal of the microcosm experiment.

One of the most significant challenges in coral‐microcosm experiments is to assure near‐natural 
calcification conditions. In particular, Ca2+ and Mg2+ levels have to be maintained, and alkalin‐
ity has to be stabilized [27, 53, 54]. Three approaches are commonly used: the calcium reactor, 
the Balling method and the Kalkwasser stirrer (Table 4). A calcium reactor is filled with CaCO3 
material (such as coral rubble), which slowly dissolves when the pH value is lowered through 
the addition of CO2 [28, 55]. The efficiency of a calcium reactor largely depends on the type 
and size of the reactor, flow‐through rate, type and grain size of the substrate used, as well as 
the pH value set. An alternative approach is the ‘Balling method’, that is, the individual addi‐
tion of pre‐mixed solutions of CaCl2, MgCl2 and NaHCO3 [17, 56]. The approach works well 
for short‐term studies. However, for long‐term experiments it requires considerable analytic 
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efforts to avoid miscalculations and to prevent ionic shifts. The Kalkwasser method is an older 
approach for increasing the Ca2+ content by adding Ca(OH)2 to the refill water [17, 28, 55]. 
Though its efficiency for Ca2+ control is relatively low, it may well be used for balancing daily 
fluctuations of pH values caused by photosynthetic activities [28].

Organic wastes and nutrients are typically removed from coral‐reef tanks by protein skim‐
mers (foam fractionators) and phosphate‐binding agents. Protein skimmers are important 
for coral microcosms because they enable removing suspended particles and organic wastes 
before they enter the nutrient cycle [17, 28]. They are also of importance for increasing gas 
exchange, and constitute a good location for the application of ozone (see subsequent text). 
Besides removal of organic wastes, phosphate control is very important in coral‐microcosm 
systems because phosphate enhances unwanted growth of algae and may inhibit calcifica‐
tion processes [54]. Though protein skimmers also help reduce phosphate concentrations in 
the water (particularly organic phosphate before it is converted into inorganic orthophos‐
phate), phosphate‐binding agents are more effective. However, the latter only help remove 
inorganic orthophosphate and not inorganic polyphosphate or organic phosphate. Thus, they 
may not mitigate an algae problem in the system as this is typically caused by organic phos‐
phate. Various commercial phosphate‐binding agents are available that are either based on 
aluminium oxide or on iron oxides and hydroxides [57], though the latter are preferred by 
most experts. It should be noted that, besides phosphate, these agents may also remove other 
chemical compounds such as heavy metals and silicate, which may or may not be desired.

Pollutants in reef aquariums, such as toxins, heavy metals, chlorine, ozone and drugs, are usu‐
ally removed via chemical filtration with activated carbon. This popular filtration method may 
also eliminate water discoloration and plays an important role in the prevention of pollutant 

Calcium reactor Balling method Kalkwasser stirrer

Principle Dissolution of aragonite 
or lime through CO2 
enrichment and low pH

Individual addition of CaCl2, 
MgCl2 and NaHCO3

Dissolves Ca(OH)2

Acquisition cost Medium to high Low Medium

Operating cost Medium High Low

Effecting pH Decreases pH values No effect Increases pH values

Water volume Applicable to tanks of 
various shapes and sizes of 
200 to >20,000 L

Applicable to all tank sizes Applicable to all tank 
sizes

Pros for microcosm 
experiments

Simultaneous increase of 
alkalinity and Ca2+ content, 
easy to handle

Individual adjustment of 
parameters, applicable to small 
water volumes

Efficient approach for 
increasing pH values

Cons for microcosm 
experiments

Risk of nutrient pollution 
(e.g. PO4

3−), requires 
addition of CO2

Requires high analytical efforts, 
risk of nutrient pollution, might 
cause ionic shifts that need to be 
compensated with NaCl‐free sea salt

No alkalinity control, only 
marginal Ca2+ control

Table 4. Properties of popular systems/methods for controlling Ca2+ supply and alkalinity in coral‐microcosm experiments.
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accumulation. Activated carbon is most efficiently used in a special flow‐through filter arranged 
as bypass or equipped with an own pump. The direction of water flow is always upwards to 
reduce the risk of clogging. Filters with high water‐flow‐through (fluidized bed reactor) and 
low water‐flow‐through (slow flux filter) are in use. The former devices maximize reaction sur‐
face and respond rapidly. Disadvantages are high‐carbon‐abrasive rates and potentially abrupt 
changes in water parameters. The latter devices allow for an efficient usage of the substrate and 
enable a constant water quality but may increase sedimentation rates facilitated by detritus.

Reduction of parasite and pathogen loads may also help ensuring the health and vitality of the 
study organisms and the long‐term stability of coral‐microcosm systems. Moreover, depend‐
ing on the goal of global‐change experiments, it could be necessary to prevent the exchange 
of zooxanthellae across experimental tanks. This is most efficiently done through a combined 
ozone/ultraviolet (UV) radiation treatment—particularly in long‐term experiments. UV irra‐
diation is mainly effective in preventing infestations with pelagic microorganism. It does not 
introduce any harmful substances into the system, and high‐quality products need relatively 
little maintenance. However, UV sterilizers will not be able to fully eradicate pathogens and 
have only little effect on benthic microbes. By contrast, an ozonizer uses the highly reactive 
ozone to efficiently kill pathogens in aquarium waters. Moreover, the gas helps transforming 
ammonia to nitrate, thus further increasing water quality. A disadvantage of ozone treatment 
is the high toxicity of the gas [58].

For global‐change experiments in coral microcosms, a reliable temperature control is also 
crucial [52]. Depending on the tank size and goal of the experiment, several possibilities for tem‐
perature control exist, such as control via room‐temperature regulation (heating/cooling), via a 
temperature‐controlled water bath, or via heating rods. However, the internal temperature regu‐
lation of common heaters is often not reliable, typically requiring an independent sensor system.

Finally, for maintaining constant water conditions throughout the coral‐microcosm system, 
an efficient water circulation is necessary. Pump selection depends on the capacity needed, 
the design of the delivery head, efficiency and the amount of excess heat produced [59].

Recommendations: Maintaining proper calcification conditions for long‐term experiments is best 
achieved via a calcium reactor, whereas for smaller‐water volumes (<200 L) and short‐term 
experiments the ‘Balling method’ may be sufficient. For calculating the proper dosage, online cal‐
culators and apps are available (e.g. AquaCalculator; http://www.aquacalculator.com). Organic 
wastes and nutrients are efficiently removed from the system utilizing a combination of a protein 
skimmer and phosphate‐binding agents. The latter could be used in a filter housing equipped 
with a slow‐flux filter. To avoid unwanted side effects, phosphate‐binding agents should be used 
cautiously. Moreover, phosphate levels in the system should be regularly monitored, and it is 
important to understand that these agents may also remove other chemical compounds.

Pollutants are typically eliminated from the system via chemical filtration with activated car‐
bon. Good results can be obtained with a slow‐flux filter and a daily‐short time increase of the 
flow‐through rate. However, since carbon loses its effectiveness when the surface pores close, 
its frequent replacement is important for optimal filtration. Efficient pathogen control is best 
done by combining an ozonizer and a UV sterilizer. As ozone is harmful to marine organisms 
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efforts to avoid miscalculations and to prevent ionic shifts. The Kalkwasser method is an older 
approach for increasing the Ca2+ content by adding Ca(OH)2 to the refill water [17, 28, 55]. 
Though its efficiency for Ca2+ control is relatively low, it may well be used for balancing daily 
fluctuations of pH values caused by photosynthetic activities [28].

Organic wastes and nutrients are typically removed from coral‐reef tanks by protein skim‐
mers (foam fractionators) and phosphate‐binding agents. Protein skimmers are important 
for coral microcosms because they enable removing suspended particles and organic wastes 
before they enter the nutrient cycle [17, 28]. They are also of importance for increasing gas 
exchange, and constitute a good location for the application of ozone (see subsequent text). 
Besides removal of organic wastes, phosphate control is very important in coral‐microcosm 
systems because phosphate enhances unwanted growth of algae and may inhibit calcifica‐
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Calcium reactor Balling method Kalkwasser stirrer
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or lime through CO2 
enrichment and low pH

Individual addition of CaCl2, 
MgCl2 and NaHCO3

Dissolves Ca(OH)2
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experiments

Simultaneous increase of 
alkalinity and Ca2+ content, 
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Table 4. Properties of popular systems/methods for controlling Ca2+ supply and alkalinity in coral‐microcosm experiments.
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accumulation. Activated carbon is most efficiently used in a special flow‐through filter arranged 
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skimmer and phosphate‐binding agents. The latter could be used in a filter housing equipped 
with a slow‐flux filter. To avoid unwanted side effects, phosphate‐binding agents should be used 
cautiously. Moreover, phosphate levels in the system should be regularly monitored, and it is 
important to understand that these agents may also remove other chemical compounds.

Pollutants are typically eliminated from the system via chemical filtration with activated car‐
bon. Good results can be obtained with a slow‐flux filter and a daily‐short time increase of the 
flow‐through rate. However, since carbon loses its effectiveness when the surface pores close, 
its frequent replacement is important for optimal filtration. Efficient pathogen control is best 
done by combining an ozonizer and a UV sterilizer. As ozone is harmful to marine organisms 
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and humans, excess gas must not enter the experimental tanks or the air and its application 
has to be monitored carefully.

Water temperature fluctuations should not exceed 1°C in 24 h. Temperature control can be 
best attained by controlling the lowest target water temperature in the system via room‐tem‐
perature or water‐bath temperature control. Higher temperature in individual tanks can then 
be achieved via heating rods. In the latter case, it is important to adjust the performance of the 
respective heating rods to tank size. Moreover, they need to be calibrated prior to the start of 
the experiment. More reliable, however, is the control of the water temperature through exter‐
nal, computer‐based sensors. The internal temperature regulation of the heaters could then be 
used as a ‘backup system’ by adjusting it to 1°C above the target temperature.

Water circulation throughout the system can be achieved by using high‐quality adjustable 
radial‐flow pumps.

2.5. Safety and control systems

Coral‐microcosm systems are often highly complex in terms of electrical and mechanical 
devices integrated, water parameters to be monitored and (dangerous) organisms to be main‐
tained. This places high demands on the equipment used and the safety procedures imple‐
mented. Seawater, for example, is a good electrical conductor and also promotes corrosion. 
Thus, electrical hazards are of particular concern [28]. Moreover, minor failures such as a 
short‐term deviation from the target temperature may endanger the success of the experiment 
and/or the health of the study organisms [17, 60].

Discussing all safety and control equipment required for coral‐microcosm experiments is 
beyond the scope of this paper. However, important devices are listed in Table 5 together 
with some basic recommendations.

Device Function

Ground fault circuit 
interrupter (GFCI)

Reduces the risk of electric shock to humans and animals

Grounding probe Reduces the risk of electrical shock to humans and animals

Uninterruptible 
power supply (UPS)

Buffers short‐time power failures for the most important electrical devices (e.g. delivery 
pumps; measuring, monitoring and control systems) and prevents sensitive electronical 
devices from harmful power fluctuations; note that the capacity of most UPSs is too low to 
buffer all electrical devices in the system over a long period of time

Emergency power 
supply

Buffers power failures over an extended period of time; note that powering on emergency 
power generators might generate harmful spikes

Sensor system Controls and monitors a wide range of parameters (e.g. water level, pH, temperature, O2 
content); systems are typically computer‐controlled and linked to an alarm system

Alarm device Triggers an alarm (acoustically, visually or via messaging) in case of malfunctions of devices 
or unusual readings

Webcam Remotely monitors the system

Table 5. Important safety and control devices for coral‐microcosm systems.
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Coral‐microcosm experiments also require the implementation of a set of safety measures, 
including hazard assessments, safety‐related labelling, emergency plans, staff training and 
regular security checks. A well‐trained and experienced staff will not only help reduce the 
risk of accidents but also ensure a relatively problem‐free operation of the experiment.

Recommendations: Depending on the goal, setup and duration of the experiment, several safety 
and control devices have to be installed. They include GFCIs as well as grounding probes for 
electrical safety purposes, a UPS (ideally in combination with an emergency power generator) 
for the continuous supply of electricity, sensor and webcam systems for monitoring proper 
operations and water parameters, as well as an alarm device to inform about malfunctions. It 
is highly recommended to spread electrical devices over several power circuits, each equipped 
with an own GFCI, to minimize the impact of failure of individual devices and to reduce elec‐
tromagnetic interferences among electronical devices, respectively.

Prior to commissioning the installations, the responsible person should conduct a specific 
hazard assessment of the system together with the safety officer of the institution. This should 
include an evaluation of potential hazards through technical and electrical devices, irradia‐
tion (e.g. UV light), chemical substances (e.g. ozone or CO2), as well as poisonous or otherwise 
dangerous marine organisms. This hazard assessment should also be used as a basis for the 
mandatory hazard‐related labelling of devices and tanks, as well as for all staff‐training mea‐
sures to be conducted. Moreover, an emergency plan has to be developed and prominently 
displayed in the microcosm facility. Essential information should include, among others, the 
telephone numbers of the emergency poison centre and the institution's first‐aiders. Finally, 
regular safety checks by a certified electrician and/or the safety officer of the institution should 
be conducted.

3. Study organisms

3.1. Selection of coral species

Selecting the proper study species for coral microcosms is a challenging task. Though the 
choice of species should largely be determined by the study question, other considerations 
such as availability, maintainability and legal aspects (e.g. CITES regulations [61]) also matter.

Scleractinian corals are a diverse and evolutionary old group that date back >250 million years 
ago [62]. However, many coral species are cryptic and (morphological) identification is not 
always straightforward (e.g. Stylophora spp.). Moreover, environmental parameters such as 
water temperature, water depth, water current, as well as light and nutrient availability not 
only effect the composition of species assemblages but also adaptations within species, lead‐
ing to a variety of morpho‐ and ecotypes. Thus, different populations show different suscep‐
tibilities to changes in abiotic and biotic parameters [17].

Of relevance for microcosm experiments is also the fact that some species are more difficult 
to maintain than others. Moreover, there may be strong interspecific competition among spe‐
cies (e.g. Galaxea spp. have sweeper tentacles of up to 20 cm in length). In addition, branching 
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and humans, excess gas must not enter the experimental tanks or the air and its application 
has to be monitored carefully.

Water temperature fluctuations should not exceed 1°C in 24 h. Temperature control can be 
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perature or water‐bath temperature control. Higher temperature in individual tanks can then 
be achieved via heating rods. In the latter case, it is important to adjust the performance of the 
respective heating rods to tank size. Moreover, they need to be calibrated prior to the start of 
the experiment. More reliable, however, is the control of the water temperature through exter‐
nal, computer‐based sensors. The internal temperature regulation of the heaters could then be 
used as a ‘backup system’ by adjusting it to 1°C above the target temperature.

Water circulation throughout the system can be achieved by using high‐quality adjustable 
radial‐flow pumps.

2.5. Safety and control systems

Coral‐microcosm systems are often highly complex in terms of electrical and mechanical 
devices integrated, water parameters to be monitored and (dangerous) organisms to be main‐
tained. This places high demands on the equipment used and the safety procedures imple‐
mented. Seawater, for example, is a good electrical conductor and also promotes corrosion. 
Thus, electrical hazards are of particular concern [28]. Moreover, minor failures such as a 
short‐term deviation from the target temperature may endanger the success of the experiment 
and/or the health of the study organisms [17, 60].

Discussing all safety and control equipment required for coral‐microcosm experiments is 
beyond the scope of this paper. However, important devices are listed in Table 5 together 
with some basic recommendations.

Device Function

Ground fault circuit 
interrupter (GFCI)

Reduces the risk of electric shock to humans and animals

Grounding probe Reduces the risk of electrical shock to humans and animals

Uninterruptible 
power supply (UPS)

Buffers short‐time power failures for the most important electrical devices (e.g. delivery 
pumps; measuring, monitoring and control systems) and prevents sensitive electronical 
devices from harmful power fluctuations; note that the capacity of most UPSs is too low to 
buffer all electrical devices in the system over a long period of time

Emergency power 
supply

Buffers power failures over an extended period of time; note that powering on emergency 
power generators might generate harmful spikes

Sensor system Controls and monitors a wide range of parameters (e.g. water level, pH, temperature, O2 
content); systems are typically computer‐controlled and linked to an alarm system

Alarm device Triggers an alarm (acoustically, visually or via messaging) in case of malfunctions of devices 
or unusual readings

Webcam Remotely monitors the system

Table 5. Important safety and control devices for coral‐microcosm systems.
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Coral‐microcosm experiments also require the implementation of a set of safety measures, 
including hazard assessments, safety‐related labelling, emergency plans, staff training and 
regular security checks. A well‐trained and experienced staff will not only help reduce the 
risk of accidents but also ensure a relatively problem‐free operation of the experiment.

Recommendations: Depending on the goal, setup and duration of the experiment, several safety 
and control devices have to be installed. They include GFCIs as well as grounding probes for 
electrical safety purposes, a UPS (ideally in combination with an emergency power generator) 
for the continuous supply of electricity, sensor and webcam systems for monitoring proper 
operations and water parameters, as well as an alarm device to inform about malfunctions. It 
is highly recommended to spread electrical devices over several power circuits, each equipped 
with an own GFCI, to minimize the impact of failure of individual devices and to reduce elec‐
tromagnetic interferences among electronical devices, respectively.

Prior to commissioning the installations, the responsible person should conduct a specific 
hazard assessment of the system together with the safety officer of the institution. This should 
include an evaluation of potential hazards through technical and electrical devices, irradia‐
tion (e.g. UV light), chemical substances (e.g. ozone or CO2), as well as poisonous or otherwise 
dangerous marine organisms. This hazard assessment should also be used as a basis for the 
mandatory hazard‐related labelling of devices and tanks, as well as for all staff‐training mea‐
sures to be conducted. Moreover, an emergency plan has to be developed and prominently 
displayed in the microcosm facility. Essential information should include, among others, the 
telephone numbers of the emergency poison centre and the institution's first‐aiders. Finally, 
regular safety checks by a certified electrician and/or the safety officer of the institution should 
be conducted.

3. Study organisms

3.1. Selection of coral species

Selecting the proper study species for coral microcosms is a challenging task. Though the 
choice of species should largely be determined by the study question, other considerations 
such as availability, maintainability and legal aspects (e.g. CITES regulations [61]) also matter.

Scleractinian corals are a diverse and evolutionary old group that date back >250 million years 
ago [62]. However, many coral species are cryptic and (morphological) identification is not 
always straightforward (e.g. Stylophora spp.). Moreover, environmental parameters such as 
water temperature, water depth, water current, as well as light and nutrient availability not 
only effect the composition of species assemblages but also adaptations within species, lead‐
ing to a variety of morpho‐ and ecotypes. Thus, different populations show different suscep‐
tibilities to changes in abiotic and biotic parameters [17].

Of relevance for microcosm experiments is also the fact that some species are more difficult 
to maintain than others. Moreover, there may be strong interspecific competition among spe‐
cies (e.g. Galaxea spp. have sweeper tentacles of up to 20 cm in length). In addition, branching 

Coral Microcosms: Challenges and Opportunities for Global Change Biology
http://dx.doi.org/10.5772/intechopen.68770

157



coral species such as Acropora formosa can have growth rates of up to 2–3 cm per month, thus 
increasing space constraints in the tanks over time.

Another important practical consideration is the question whether wild or farmed corals 
should be used for the experiment. Corals taken from the wild are of particular interest if the 
natural composition of their endosymbionts is of concern. Moreover, often detailed informa‐
tion on the geographical origin and ecological setting is available. However, they typically 
need a long time of acclimatization to microcosm setups, growth rates are often lower and the 
susceptibility to diseases can be higher [17, 28]. Furthermore, permitting laws to collect and 
export/import specimens are typically stricter. By contrast, farmed corals are often healthier 
and more resistant in experimental systems than colonies taken from the wild [17, 28]. They 
are often readily available and some ‘clonal lab strains’ are being used across laboratories, 
enabling comparative analyses. However, their associated endosymbiont diversity may be 
depleted and/or altered, affecting coral growth and survivorship in experiments [17, 63]. 
Moreover, often limited information about their geographic origin is available. Finally, the 
selection of farmed coral species is much lower compared to wild‐caught taxa.

Recommendations: Many coral species are cryptic and/or difficult to determine. Therefore, in 
some cases a molecular characterization of the study individuals might be necessary. Robust 
species such as Pocillopora damicornis, A. formosa and Montipora digitata are more appropriate 
for long‐term studies than very sensitive ones. High growth rates and strong defence mecha‐
nisms of some species need to be considered for species and tank‐size selection. As different 
populations show different susceptibilities to changes in abiotic and biotic parameters, pre‐
cise information about the ecological and geographical origin of the study specimens might 
be important. Finally, the choice of wild versus farmed corals may have implications for ques‐
tions concerning growth rates, disease susceptibility and endosymbiont composition.

3.2. Coral propagation

One of the biggest advantages of using stony corals for global‐change microcosm experi‐
ments is the possibility of fragmenting larger individuals. Though some colonies may show 
intercolonial variation [37], individual fragments are typically considered to be ‘clones’ 
of the mother colony. This has benefits for the statistical design of the experiment as the 
same individual can be simultaneously exposed to different environmental parameters. 
Therefore, fragment propagation of scleractinian corals often forms the basis for coral‐
microcosm experiments.

However, fragmenting corals is not always straightforward. Whereas some species are relatively 
easy to handle (e.g. M. digitata), others need more care during fragmentation (e.g. Catalaphyllia 
jardinei) [28]. Moreover, the size of the fragments as well as the quality of maintenance will 
determine survival rates within the first weeks after fragmentation [64–66].

The minimum size of the fragment has been discussed in detail elsewhere [28, 64–66] and 
mainly depends on species, experiences with fragmenting, condition of the mother colony and 
maintenance conditions. Similar aspects apply to the actual fragmentation technique [17, 28]. 
Of concern are, for example, the size of the polyps (large‐polyp vs. small‐polyp stony corals) 
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as well as shape (massive to fine‐branched), hardness (‘soft’ to hard) and internal structure 
(dense to chambered) of the skeleton.

The most frequently used method involves a rotary tool equipped with a diamond‐cutting disc 
(Figure 3A). It is applicable to most small‐polyp stony coral species and works particularly well in 
species with a hard skeleton. For medium‐hard and branched species, a coral clipper (bone cutter) 
is often used for the fragmentation of the mother colony. Finally, corals with a ‘soft’ skeleton such 
as Alveopora spp., Goniopora spp. and Madracis spp. are typically fragmented using a serrated knife.

All of the above methods may also cause injuries to humans through the tools used as well as 
through contact with toxic coral tissues or aerosols.

After fragmentation, different methods of treatment and rehabilitation can be realized. If the 
growth form of the corals is not of concern, the branched fragments are typically attached to a 
line hanging in the free water column. This approach reduces sedimentation and overgrowth 
by algae. If a more natural growth form is desired, the individual fragments are attached to a 
small pedestal using an adhesive [17, 28]. If the part of the coral that is to be connected to the 
pedestal is not covered by tissue, hot glue is used. Otherwise, cement, cyanoacrylate gel or 
epoxy adhesive provide good solutions. The latter two are particularly well suited for sensi‐
tive species and/or small fragments.

The choice of material for the pedestal depends on coral species and fragment size, as well 
as on the experimental design of the tanks. Common materials are unglazed tiles, specialized 
ceramic, plastic products (‘reefplugs’) or concrete. The latter can easily be used to produce 
custom‐made structures with a range of labelling options (Figure 3B).

Figure 3. (A) Fragmentation of a Porites rus colony using a rotary tool. (B) Coral fragment attached to a concrete pedestal 
4 weeks after propagation. Note: for the handling of some species or multiple colonies, the use of laboratory gloves is 
recommended to avoid human injuries or to minimize the risk of disease transmission among colonies, respectively.
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coral species such as Acropora formosa can have growth rates of up to 2–3 cm per month, thus 
increasing space constraints in the tanks over time.
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tions concerning growth rates, disease susceptibility and endosymbiont composition.

3.2. Coral propagation

One of the biggest advantages of using stony corals for global‐change microcosm experi‐
ments is the possibility of fragmenting larger individuals. Though some colonies may show 
intercolonial variation [37], individual fragments are typically considered to be ‘clones’ 
of the mother colony. This has benefits for the statistical design of the experiment as the 
same individual can be simultaneously exposed to different environmental parameters. 
Therefore, fragment propagation of scleractinian corals often forms the basis for coral‐
microcosm experiments.

However, fragmenting corals is not always straightforward. Whereas some species are relatively 
easy to handle (e.g. M. digitata), others need more care during fragmentation (e.g. Catalaphyllia 
jardinei) [28]. Moreover, the size of the fragments as well as the quality of maintenance will 
determine survival rates within the first weeks after fragmentation [64–66].

The minimum size of the fragment has been discussed in detail elsewhere [28, 64–66] and 
mainly depends on species, experiences with fragmenting, condition of the mother colony and 
maintenance conditions. Similar aspects apply to the actual fragmentation technique [17, 28]. 
Of concern are, for example, the size of the polyps (large‐polyp vs. small‐polyp stony corals) 
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as well as shape (massive to fine‐branched), hardness (‘soft’ to hard) and internal structure 
(dense to chambered) of the skeleton.

The most frequently used method involves a rotary tool equipped with a diamond‐cutting disc 
(Figure 3A). It is applicable to most small‐polyp stony coral species and works particularly well in 
species with a hard skeleton. For medium‐hard and branched species, a coral clipper (bone cutter) 
is often used for the fragmentation of the mother colony. Finally, corals with a ‘soft’ skeleton such 
as Alveopora spp., Goniopora spp. and Madracis spp. are typically fragmented using a serrated knife.

All of the above methods may also cause injuries to humans through the tools used as well as 
through contact with toxic coral tissues or aerosols.

After fragmentation, different methods of treatment and rehabilitation can be realized. If the 
growth form of the corals is not of concern, the branched fragments are typically attached to a 
line hanging in the free water column. This approach reduces sedimentation and overgrowth 
by algae. If a more natural growth form is desired, the individual fragments are attached to a 
small pedestal using an adhesive [17, 28]. If the part of the coral that is to be connected to the 
pedestal is not covered by tissue, hot glue is used. Otherwise, cement, cyanoacrylate gel or 
epoxy adhesive provide good solutions. The latter two are particularly well suited for sensi‐
tive species and/or small fragments.

The choice of material for the pedestal depends on coral species and fragment size, as well 
as on the experimental design of the tanks. Common materials are unglazed tiles, specialized 
ceramic, plastic products (‘reefplugs’) or concrete. The latter can easily be used to produce 
custom‐made structures with a range of labelling options (Figure 3B).

Figure 3. (A) Fragmentation of a Porites rus colony using a rotary tool. (B) Coral fragment attached to a concrete pedestal 
4 weeks after propagation. Note: for the handling of some species or multiple colonies, the use of laboratory gloves is 
recommended to avoid human injuries or to minimize the risk of disease transmission among colonies, respectively.
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Recommendations: The method to be used for fragmenting corals largely depends on the spe‐
cies, the size of the fragments as well as the treatment after propagation. All tools should 
be clean and sterile to avoid a potential transmission of coral diseases. The mother colony 
and fragments should be exposed as short as possible to the air, and high or low air tem‐
peratures must be avoided. Safety precautions have to be taken to prevent injuries to humans. 
Depending on method and species, this may include wearing laboratory gloves, safety glasses 
and a respirator. For most species, best fragmentation results are achieved by first superficially 
cutting the coral with a rotary tool and then carefully breaking off the fragment by hand, or 
using pliers or a small chisel. However, the heat generated by the cutting disc may harm the 
coral. If the fragments have to be mounted on individual pedestals, best results are obtained 
with cyanoacrylate gel and epoxy adhesive, though the former may dissolve in seawater after 
some time. A versatile and easy‐to‐handle material is low‐pollutant Portland cement. To keep 
stress levels in the corals low, all fragments should remain within the origin water cycle for 
at least 1 week after fragmenting. Moreover, a slightly reduced light intensity and sufficient 
water movement might facilitate rehabilitation. To reduce sedimentation and to improve 
water circulation around the fragments, an elevated position within the tank might be helpful. 
This can be achieved, for example, via aquarium eggcrates (‘lighting grids’) (Figure 1).

3.3. Associated species

Semi‐open and open coral microcosms often require the addition of associated species to 
ensure near‐natural conditions, stabilize the system and facilitate the health of the corals [67, 
68]. This applies in particular to long‐term experiments. However, adding additional species 
also increases the complexity of the experiment and may affect the reproducibility of the data. 
A comprehensive discussion of individual species is beyond the scope of this paper. However, 
information for some of the most commonly associated organisms is listed in Table 6.

Taxon Pros Cons

Fishes

Acanthurus spp. Control macroalgae and periphyton Large size, aggressive species

Chaetodon spp. Control Aiptasia spp. Feed on large‐polyp stony corals

Chelmon rostratus Controls Aiptasia spp. Requires frozen food, may feed on Tridacna spp. 
and other invertebrates

Chromis spp. Facilitate nutrient intake –

Ctenochaetus spp. Control periphyton Potentially aggressive

Halichoeres spp. Control some parasites (e.g. flatworms) Require sand bed, feed on invertebrates

Pseudochelinus spp. Control some parasites (e.g. flatworms) Potentially aggressive, feed on invertebrates

Salarias spp. Control periphyton Need to be kept individually or in pairs

Siganus spp. Control macroalgae Large size, may be nervous, poisonous spines

Synchiropus spp. Control some parasites (e.g. flatworms) –

Zebrasoma spp. Control macro algae and periphyton Potentially aggressive
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Whereas larger organisms are often deliberately placed into the tanks, essential microor‐
ganisms are typically introduced with substrates such as sand, (live) rock and mud. They 
play an important role for stabilizing the water system, especially the nutrient cycle [69, 70]. 
Furthermore, the use of live rocks may significantly increase the risk of introducing diseases 
(see also Section 4.2.).

Recommendations: Associated species for coral‐microcosm experiments have to be carefully 
selected, and species that feed on, stress and/or move corals should be generally avoided. 
Moreover, as associated species may influence the water parameters in the experimental tanks, 
each tank should contain the same species in the same quantities and with similar sizes. In 
some cases, it might be advisable to rotate associated species among tanks. As water param‐
eters affected by substrate‐bound microorganisms are difficult to control, it may be advanta‐
geous to refrain from using substrate within the individual experimental tanks. Instead, a 

Taxon Pros Cons

Mollusks

Aeolidiella stephanieae Control Aiptasia spp. Feed exclusively on Aiptasia spp.

Euplica spp. Control macroalgae and periphyton –

Nassarius spp. Control carrion and detritus Require sand or detritus

Stomatella spp. Control periphyton –

Tectus spp. Control periphyton May relocate corals because of size

Turbo spp. Control periphyton May relocate corals because of size

Crustaceans

Hermit crabs Control periphyton and detritus Larger species may damage corals

Lysmata spp. 
(peppermint shrimps)

Control Aiptasia spp. May stress corals while removing food residues 
and mucus

Mithrax spp. Control macroalgae and periphyton –

Percnon gibbesi Controls macroalgae and periphyton Large size

Stenopus spp. Control flatworms and polychaetes –

Trapezia spp. Control parasites and reduce 
sedimentation in bushy corals

–

Echinoderms

Sea urchins Control periphyton and encrusting algae May relocate and/or feed on corals, some 
species are poisonous

Macroalgae

Halimeda spp. Easy to maintain and better to control 
than Caulerpa spp.

High calcification rate has to be compensated

Chaetomorpha spp. Control nutrient levels and pH in algae 
filter

Floating, not attached to substrate
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larger ‘buffer tank’ could be integrated in the water cycle, which contains a deep‐sand bed as 
well as live rocks (Figure 1). The same may apply for some or all associated animal species 
discussed above.

4. Quality control and maintenance of seawater

Slightest unintended variations in water parameters can cause significant effects to reef 
organisms [71–74]. Therefore, high‐quality seawater is an important prerequisite for ensur‐
ing meaningful and comparable results in experimental systems [20, 26]. Some water param‐
eters are relatively straightforward to measure and control, such as water temperature, pH 
and salinity. Others are more challenging to assess, including alkalinity, Ca2+, Mg2+, NO3

− and 
PO4

3− [14, 18, 75], and yet others, such as the concentration of many trace elements and some 
metabolic‐degradation products, cannot be determined with standard water tests.

Therefore, water parameters in coral‐microcosm systems are usually controlled and main‐
tained through a set of common measures. This comprises the routine measurement of key 
water parameters, maintaining water levels and salinity in the system, regular exchange of 
parts of the seawater and active control of selected water parameters. Each coral‐microcosm 
experiment requires a detailed plan for water testing. Whereas such a plan is also mandatory 
for regular reef aquariums, coral microcosms are even more demanding as fluctuations in 
water parameters have to be kept within narrow limits. A detailed description of all test pro‐
cedures is beyond the scope of this paper and there is an extensive literature on this subject 
[75–78]. However, essential information can be found in Table 7.

Maintaining the water level and salinity in microcosm systems is a first step towards assur‐
ing a high quality of water parameters and to reduce unintended fluctuations. Strong water 
movements in combination with high air and water temperatures lead to high evaporation 
rates. To maintain salinity and other water parameters, the water volume in the system has to 
be kept constant. In coral microcosms, this is typically achieved through an automatic refill 
with deionized or reverse‐osmosis water.

Fluctuations in chemical water parameters can also be mitigated through a regular and partial 
exchange of seawater in the system [17, 28]. This measure will help to replenish essential trace 
elements and reduce accumulation of harmful substances. Depending on the experimental 
design (e.g. filtration measures, biomass volume, feeding strategies), the exchange rate may 
vary between 20% per day and 20% per month [17, 26].

Though moderate seawater exchange helps stabilizing some water parameters, other fac‐
tors such as alkalinity, Ca2+, Mg2+, pH, PO4

3− and NO3
− often require an active control (see 

also Section 2.4.). Adjusting nutrient levels in coral‐microcosm systems (e.g. PO4
3− and NO3

−) 
is even more difficult, particularly in long‐term experiments. This is partly due to the fact 
that appropriate values for PO4

3− and NO3
− are close to the detection limit of most common 

water tests. Besides conducting partial water exchanges (see above), nutrient levels can also 
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Parameter Target value* Test frequency Test method/equipment Comments

Water 
temperature

24–28°C Continuously or daily Analogue or digital 
thermometer/sensors, 
data logging might be 
useful

Regular calibration 
required, at least 
two independent 
measurement systems 
required

Salinity 35 ppt 1 × per week Analogue or digital 
refractometer

Regular calibration 
required

pH 8.1–8.3 Continuously or daily Laboratory‐grade pH 
meter, data logging 
might be useful

pH fluctuates during 
the day

Alkalinity 7–9 KH Daily to 2 × per week Titration test Use of standards 
is recommended, 
quality of commercial 
products differs 
considerably

(2.5–3.2 mmol·L−1)

Calcium (Ca2+) 380–440 mg·L−1 1–2 × per week Titration test Use of standards 
is recommended, 
quality of commercial 
products differs 
considerably

Magnesium 
(Mg2+)

1250–1350 mg·L−1 Biweekly Titration test Use of standards 
is recommended, 
quality of commercial 
products differs 
considerably

Phosphate 
(PO4

3−)
<0.03 mg·L−1 1 × per week Photometric test, 

colorimetric test
Available aquarium‐
grade kits often 
insufficient

Nitrate (NO3
−) <0.5 mg·L−1 1 × per week Photometric test, 

colorimetric test
Available aquarium‐
grade kits often 
insufficient, some 
tests are not 
applicable to seawater

Nitrite (NO2
−) <0.1 mg·L−1 0.5–2 × per week** Photometric test, 

colorimetric test
Available aquarium‐
grade kits often 
insufficient

Ammonia (NH3
+/ 

NH4
+)

<0.1 mg·L−1 0.5–2 × per week** Photometric test Available aquarium‐
grade kits often 
insufficient

Redox potential 250–400 mV Continuously Laboratory‐grade redox 
probe

Important for 
controlling ozone 
application

*Value also depends on coral species and geographic origin.
**Frequency of measurement depends on experimental design.

Table 7. Common water parameters to be monitored in coral‐microcosm systems including typical target values, 
suggested test frequencies and test methods.
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be reduced through a skimmer combined with an efficient water‐flow‐through system (see 
Section 2.4.). Other options include biological filters (see Section 2.4.) and chemical PO4

3− 
adsorbers. Note that in some well‐established coral tanks, nutrient values have to be increased 
and not decreased. This can be done through adding extra nutrients to the system [79] or by 
including associated animals, such as fish [80] (see Section 3.3.).

Recommendations: For maintaining salinity in larger microcosms, an automatic refill system 
for deionized or reverse‐osmosis water equipped with double‐protected sensors is recom‐
mended (see also Section 2.5.). The automatic refill system must be disabled during abstrac‐
tion or exchange of saltwater.

Controlling alkalinity, Ca2+, Mg2+ and pH requires a well‐equipped laboratory (Figure 4; also 
see the technical recommendations provided in Section 2.4.). Particularly in systems with a 
high coral biomass, daily fluctuations of alkalinity need to be compensated. To buffer pH 
variations, either the addition of Ca(OH)2 during the night or the use of an algae filter with 
an inverse lighting regime is suggested. All chemicals for controlling water parameters have 
to be administered individually and at places with a high water flow (e.g. outlet of pumps) 
to avoid precipitation. Moreover, if larger quantities of chemicals have to be added to the 
system, this should be done over a longer period of time. The use of special software tools 
(e.g. AquaCalculator; http://www.aquacalculator.com) is recommended.

If nutrients in the system are removed via a skimmer/water‐flow‐through system, skimmer 
size and water‐circulation rates need to be adjusted carefully. As a rule of thumb, a 100‐L tank 
requires a water‐circulation rate of at least 300 L·h−1. If nutrient levels in the system need to 
be increased, particularly in long‐term experiments, the use of carefully selected associated 
fish species might be less risky and achieves better results than the addition of extra nutrients. 
Special filter systems for nutrients, which are frequently used in fish aquacultures, are not rec‐
ommended for coral‐microcosm systems as accidentally released substances (e.g. H2S or NO2

−) 
may jeopardize the entire system.

Figure 4. Laboratory workplace for seawater analyses. (1) Photometer, (2) test kits, (3) titration device with illuminated 
stirrer, (4) digital refractometer, (5) container for waste water and (6) lab shaker.
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5. Pest and disease control

Maintaining stony corals and associated species in microcosms requires an effective pest and 
disease control. Particularly under experimental conditions, some usually inconspicuous 
organisms could become highly abundant [81], might compete with the study species for 
resources (e.g. light, nutrients or space) and may even prey on corals [28]. In addition, infec‐
tious diseases could be introduced into the system through animals, food and humans [17]. 
To minimize these risks, several procedures have to be implemented. They include a careful 
acclimation of study organisms, quarantine and prophylactic measures, a proper selection of 
associated species and the treatment of diseased corals.

When corals arrive at the facility, a slow acclimation to the new conditions is often suggested 
(but see the subsequent text). This is usually done via the drip method [17]. It eases acclima‐
tion stress both in the coral and its endosymbionts. After acclimation, the corals need to be 
inspected, unrelated organisms removed and the corals quarantined. Overlooked pest species 
or pest organisms introduced during the experiment should be eliminated through manual 
removal or chemical/biological treatment (see Table 8).

Moreover, a wide range of coral diseases is known [82–85] and the medication of diseased 
specimens is often problematic [81]. Typically, the infested tissue regions are removed, and 
the corals are treated with an iodine solution or other commercial products [17, 28]. Further 
spread of diseases may be reduced by covering infested parts with cyanoacrylate [17]. Often, 
the development of diseases is facilitated by inadequate water conditions. Therefore, an 
appropriate water exchange, filtration with activated carbon, or UV‐ and ozone treatments 
are typically used to reduce the risk of infection [86] (see also Section 2.4.). Note that UV‐ or 
ozone sterilization might unintentionally affect the exchange of symbionts among corals.

Recommendations: Experiences show that a slow‐drip acclimation over ca. 30 min might be 
appropriate for most associated organisms. However, it might be better to directly transfer 
corals into fresh, temperature‐ and salinity‐adjusted seawater (Schubert, unpublished data). 
Old transport water may contain high amounts of ammonium. If the pH rises during a slow 
acclimation process due to decreasing CO2 levels, the proportion of toxic ammoniac will 
increase. This might harm the corals more than a sudden transfer into fresh seawater.

A common problem in newly arrived corals is flatworm infestations (e.g. Amakusaplana spp. [87]). 
Therefore, one treatment per week (10–20 min each) for a period of at least 2 weeks in an 
iodine bath is suggested. Particularly for Acropora spp., a prophylactic iodine treatment may 
be beneficial. Moreover, often it is useful to replace the complete base rock of the coral to 
reduce a potential parasite load. However, corals taken from the wild should be handled with 
particular care. At the beginning of quarantine, lighting should be dimmed to 50% and then 
gradually increased. After 3–4 weeks, the corals may be transferred to the experimental tanks.

Particularly in semi‐closed and open microcosms, it is difficult to keep the coral tank free of 
pest species. They are best controlled through associated species such as fishes and inverte‐
brates (Table 8). However, the former are often less suited for microcosm experiments due to 
their low abundances and more individual behaviour, potentially causing unintended differ‐
ences among experimental tanks.
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6. Conclusions

Coral‐microcosm systems offer an excellent opportunity for performing global‐change simula‐
tion studies under controlled conditions. They may thus help to identify the individual and 
combined effects of stressors acting on reef‐building corals, to better understand stress response 
and resilience and to identify policy implications. However, coral‐microcosm experiments are 
a relatively new approach. To avoid a potential bias caused by unintended variations of system 
parameters, a broad spectrum of environmental factors has to be regulated within narrow limits. 
In fact, maintaining healthy conditions for corals over a long period of time remains challenging. 
Therefore, several problems have to be addressed during planning, setup and operation of coral 
microcosms, and the following key recommendations should be considered:

Pest species Species/measures for pest control

Aiptasia spp.
(Glass, rock or tube anemones)

Aeolidiella stephanieae (feeds exclusively on Aiptasia spp., high number of 
individuals needed for acute infestation or large tank, no preventive effect)

Lysmata wurdemanni, L. rathbunae, L. seticaudata (‘peppermint shrimps’) (preventive 
effect, well suited for smaller tanks, shy species with limited radius of action, might 
stress corals while removing feed from tentacles)

Chelmon rostratus (preventive effect, difficult to adapt to frozen food, may feed on 
other invertebrates)

Amakusaplana spp.
(Acropora flatworms)

Treatment with iodine solution, fresh water or levamisol hydrochloride; removal of 
eggs (treatment might stress corals)

Halichoeres cosmetus, H. marginatus, Thalassoma hardwicke, Pseudocheilinus hexataenia 
(effectiveness uncertain, may also prey on other invertebrates)

Convolutriloba spp.
(Acoelomorph flatworms)

Halichoeres cosmetus, Synchiropus marmoratus, S. stellatus (effectiveness uncertain)

Chelidonura varians (feeds exclusively on flatworms; specimens expensive—get 
easily sucked into pumps)

Manual removal; treatment with freshwater or levamisole hydrochloride (dying 
flatworms may secrete toxic substances)

Embletonia spp.
(Montipora‐eating 
nudibranchs)

Halichoeres cosmetus, Pseudocheilinus hexataenia (usually effective but may also prey 
on other invertebrates)

Halofolliculina corallasia
(Ciliate that causes the Skeletal 
Eroding Band syndrome)

Improvement of water conditions, freshwater or iodine treatment (effectiveness 
uncertain)

Heliocostoma spp.
(Ciliates that may cause Rapid 
Tissue Necrosis—’brown jelly’)

Treatment with iodine solution or fresh water; removal of infested areas; 
improvement of water conditions (treatment might stress corals)

Table 8. Overview of common pest species and respective species/measures for pest control.
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• The experimental setup has to be determined by the scientific question of interest, study 
species, associated fauna and flora, and the intended duration of the experiment; the longer 
the duration of the experiment, the more detailed planning is required.

• Unless natural seawater of high quality is readily available or the composition of its natural 
microbial community is of interest, synthetic seawater should be preferred in microcosm 
experiments.

• Closed coral‐microcosm systems are typically only applicable for short‐term experiments 
without the need for associated faunas, semi‐closed systems are preferred for medium‐
term experiments without associated faunas, and open microcosm systems for long‐term 
experiments or experiments with associated animals.

• For lighting, high‐quality T5, LED or plasma lamps should be considered, though the latter 
will likely become more popular in the future.

• For ensuring proper water movement, water‐oscillation systems should be preferred in 
most global‐change studies as they produce a relatively homogeneous water movement, 
thus preventing a potential bias of the study results.

• Maintaining good calcification conditions for long‐term experiments is best achieved via a 
calcium reactor; for smaller water volumes or short‐term experiments, the ‘Balling method’ 
may be sufficient.

• Pollutants are best removed from the system via chemical filtration with activated carbon; 
efficient pathogen control is best done by combining an ozonizer and a UV sterilizer.

• Water‐temperature regulation can be best achieved by controlling the lowest target water 
temperature in the system via room temperature; higher temperature in individual tanks 
can then be attained with heating rods; temperature values should be controlled by two 
independent systems.

• Several safety and control devices should be installed, including GFCIs, grounding probes, 
a UPS ideally in combination with an emergency power generator, sensor systems and a 
malfunction alarm device.

• A specific hazard assessment has to be conducted, all devices and tanks necessitate a haz‐
ard‐related labelling, all staff requires safety training, an emergency plan has to be devel‐
oped and regular safety checks should be performed.

• All coral study species require proper species identification, and the choice of wild versus 
farmed corals should take the study question into account.

• As associated species in microcosms may influence water parameters, each tank should 
contain the same species in the same quantities and with similar sizes; potential adverse 
interactions with the study species have to be considered.
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• All coral study species require proper species identification, and the choice of wild versus 
farmed corals should take the study question into account.

• As associated species in microcosms may influence water parameters, each tank should 
contain the same species in the same quantities and with similar sizes; potential adverse 
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• Water parameters should be usually controlled and maintained through adjusting water 
levels and salinity in the system, regular exchange of parts of the seawater and active con‐
trol of selected water parameters.

• All microcosms require an effective pest and disease control, including a careful acclima‐
tion of study organisms, quarantine and prophylactic measures, a proper selection of as‐
sociated species, and the treatment of diseased corals.

In the years to come, we expect significant advances in coral‐microcosm setups. They will 
likely involve improved lighting and water‐circulation equipment, as well as sophisti‐
cated sensor systems for the continuous control of essential water parameters. Moreover, 
we might see important improvements in chemical water testing, aiming at quantifying 
essential trace elements and some metabolic‐degradation products. This, in turn, may open 
new possibilities for closed microcosm setups and will likely further promote the use of 
synthetic seawater.

However, despite all technical improvements we may see in the future, the key factors for the 
success of global‐change microcosm experiments are well‐trained and dedicated people plan‐
ning, setting up and operating the system. Therefore, the authors hope that this book chapter 
not only helps to better understand the advantages and pitfalls of coral‐microcosm experi‐
ments, and the excellent opportunities such systems provide, but also encourages the reader 
to utilize this fascinating methodology for answering some of the key questions mankind 
faces relative to global‐change processes in our ‘rainforests of the oceans’.
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1. Introduction

1.1. The emergence of novel ecosystems

Coral reefs across regional to global scales are showing unequivocal signs of decline. The long-
term combined impacts of local human-driven factors, such as land-based source pollution 
(LBSP), water quality decline and overfishing, as well as large-scale climate change-related 
factors, such as massive coral bleaching, coral disease outbreaks, and mass coral mortalities, 
have resulted in a large-scale alteration of coral reef community dynamics and in the irrevers-
ible demise of coral assemblages [1–4]. These have resulted in a net coral reef decline and in 
often irreversible benthic community regime shifts [5–9], with significant impacts on multiple 
coral and fish functional groups [10]. These alterations might impair considerable coral reef 
ecosystem functions. Three massive coral bleaching events occurred across the northeastern 
Caribbean region in 1987, 1998, and 2005. But the 2005 sea surface warming episode and mas-
sive coral reef bleaching event caused an unprecedented coral mortality episode across the 
northeastern Caribbean region, including P.R., that mostly impacted large reef-building taxa 
[11–14]. More than a decade later, there is still no net recovery among many of the impacted 
coral species, and reef communities have followed a significantly different trajectory resulting 
in the emergence of novel ecosystems largely dominated by ephemeral coral species [15] and 
macroalgal growth [16–18]. Although such impacts have been well documented, long-term 
impacts associated to the emergence of novel benthic assemblages on reef functions, values, 
and benefits still remain largely unknown. Such rapidly changing reefs have been deemed as 
unhealthy. However, there are still no clear definitions of what exactly is a healthy reef.

Large-scale declines in Caribbean coral reef fish communities have also been documented 
across fishery target species, mostly resulting from long-term fishing effects [19, 20], but also 
across multiple nontarget taxa resulting from large-scale, long-term coral reef habitat decline 
and flattening [21, 22]. Coral cover and topographic complexity are critical components of 
habitat structure for supporting diverse fish assemblages and must be managed accordingly 
[23−25]. Evidence from a multiplicity of fish assemblage data sets across the Caribbean sug-
gests that specialist reef fish species have largely declined across very large spatial scales, 
implying the large-scale nature of reef decline and its negative consequences on multiple fish 
taxa [22, 25]. Highly altered novel ecosystems have emerged from largely declining benthic 
communities. Novel ecosystems can be defined as: “ecosystems containing new combinations of 
species that arise through human action, environmental change, and the impacts of the deliberate and 
inadvertent introduction of species from other regions. Novel ecosystems (also termed ‘emerging ecosys-
tems’) result when species occur in combinations and relative abundances that have not occurred previ-
ously within a given biome. Key characteristics are novelty, in the form of new species combinations and 
the potential for changes in ecosystem functioning, and human agency, in that these ecosystems are the 
result of deliberate or inadvertent human action” [26]. Novel coral reef ecosystems have emerged 
out of the dramatic changes in benthic community trajectory that have followed long-term 
reef decline and slowly evolving regime shifts, favoring macroalgal and nonreef building taxa 
dominance [27]. Coral reefs across regional and global scales are showing unequivocal signs 
of distress, with the emergence of novel assemblages of multiple taxa, including corals, algae, 
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sponges, fish, and seagrasses. Such significant regime shifts have pushed out many coral reefs 
beyond the point of recovery. Hobbs et al. [28] suggested that these novel systems will require 
significant revision of conservation and restoration norms and practices away from the traditional 
place-based focus on existing or historical assemblages. But how much have such changes impacted 
ecosystem functions, resilience, benefits, and values is still poorly understood due to the lack 
of appropriate indicators of reef condition. This information is essential for reef managers and 
decision-makers.

1.2. The concept of “coral reef health” in the context of novel ecosystems

One fundamental challenge is still the need to develop an operational/functional definition 
of “coral reef health,” particularly in the context of novel ecosystems. According to McField 
and Kramer [29], a healthy reef would be “the presence of indicator species,” “maintaining key 
processes like herbivory,” “having higher fishing catches/landings,” or even “just looking like it did in 
years past.” These seem to be obvious indicators of reef health. But there is not an exact defini-
tion relying on a single indicator species, taxa, or group due to the highly variable nature of 
coral reefs. For instance, a coral reef with high fish species richness, abundance, or biomass 
may appear to be healthy, but if its living coral cover is very low, then it may not, depending 
on which indicator we use. Therefore, the definition of reef health must incorporate a suite 
of indicator variables and then combine and weight them in such a way that a more holistic 
index can be defined to rank a coral reef as healthy, fair, or unhealthy. A more holistic defini-
tion of a healthy reef was provided by McField and Kramer [29]: “A reef is healthy if it maintains 
its structure and function and allows for the fulfillment of reasonable human needs.” Alternatively, 
we suggest a broader definition: A reef is healthy if it maintains its structure, function, and self-
replenishing capacity, if it can naturally recover from disturbance, and if it can maintain its natural 
connectivity with other ecosystems and allows for the fulfillment of reasonable human needs. In this 
sense, the interaction of six factors can influence reef health (Figure 1). These include (1) eco-
system structure, (2) ecosystem processes, (3) connectivity, (4) human well-being, (5) gover-
nance, and (6) drivers of change.

The interaction of multiple processes is fundamental for maintaining reef health, including 
maintaining biodiversity, community structure, habitat extent, and abiotic factors (e.g., low 
sediment inputs, water quality, and sea surface temperature). Also, coral condition, reproduc-
tion, and recruitment success, high reef accretion:bioerosion rates (a positive carbon budget 
balance), and herbivory are important. Maintaining functional terrestrial-marine, genetic, 
ecological, and energetic connectivity is vital to support high productivity. In addition, a 
healthy reef should contribute to support human health (e.g., through food protein), local 
economy and livelihoods (e.g., fisheries, tourism-based businesses, coastal protection, and 
pharmacological products), and culture (e.g., traditional artisanal fisheries and other uses). 
Governance is a critical factor for sustaining healthy reefs, particularly if appropriate and 
operational public policies are fully implemented and supported by a strong legal framework 
and enforcement. However, the lack of available human resources (e.g., natural resource man-
agers, scientific staff, enforcement officers) is central for governance efficiency. Finally, a com-
bination of local, regional, and global drivers of change will determine reef health, including 
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factors that operate on different spatiotemporal scales. This may include local factors such as 
land use changes, tourism, agriculture and fishing, and regional/global factors such as climate 
change and extreme weather events.

As more of the Earth becomes transformed by human actions, novel ecosystems increase in 
importance, but these still remain barely studied. In the particular case of emergent novel 
coral reefs, their impact on fish assemblages or whether these new systems are persistent over 
large spatial and temporal scales still remains largely unknown. Also, how such alteration can 
affect ecosystem functions, resilience, benefits, and values remains poorly understood. There 
is also limited information with regard to novel reef ecosystem’s health and how reef health 
responds to gradients of human pressure. It might be difficult or costly to return such systems 
to their previous state, and hence consideration needs to be given to developing appropri-
ate real-time metrics applied to develop, modify, or adapt management goals and conserva-
tion approaches through the fine-tuning and implementation of coral reef health indices. 
This would provide rapid and effective tools for managers and decision-makers, information 
that would be critical to adapt management plans to face increasing climate change–related 
threats.

1.3. The development of coral reef health indices

There are multiple known attempts to implement indices to address reef health [30, 31]. Most 
classical examples of indicator parameters are based on single indicators such as percent live 
coral cover [32], the Mortality Index [33], the ratio between living and dead corals [34], or the 
size–frequency distribution of corals, with emphasis on estimating the proportion of small 
corals, which may indicate recruitment [35, 36]. There is also the Deterioration Index, which 
is based on the ratio between mortality and recruitment rates of branching corals [37]. Crosby 

Figure 1. Conceptual model of factors affecting coral reef health.
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and Reese [38] proposed an index for Pacific coral reefs using butterflyfish diversity as a bio-
indicator of reef condition. Edinger et al. [39] proposed the use of coral growth rates as indica-
tors of eutrophication impacts. Holmes et al. [40] proposed the use of branching coral rubble 
bioerosion as indicators of reef trophic condition. Lirman et al. [41] suggested the use of per-
cent recent mortality as indicators of reef adverse conditions. Edinger and Risk [42] also sug-
gested the pattern of coral morphotypes as indicators of Pacific coral reef condition. Jameson 
et al. [43] developed a Coral Damage Index (CDI) based on the abundance of broken coral and 
coral rubble to address SCUBA diving impacts on reefs. Hawkins et al. [44] also developed 
a method to assess coral fragmentation and overall reef condition across reefs impacted by 
SCUBA diving. Swain et al. [45] developed a coral taxon–specific bleaching response index 
(taxon-BRI) by averaging taxon-specific response over all sites where a taxon was present. 
Nonetheless, the most significant limitation of methods based on a single or few bioindicators 
is that many of them can have significant variability due to factors that may not necessarily 
reflect changes in reef health. This suggests the need to use a combination of parameters to 
improve the accuracy of reef condition assessments.

Jokiel and Rodgers [46] used reef fish biomass, reef fish endemicity, total living coral cover, 
population of the endangered Hawaiian monk seal (Monachus schauinslandi), and the number 
of female green sea turtles (Chelonia mydas) nesting annually on each Hawaiian island as bio-
indicators, developing a simple integrated, composite scoring and ranking system. Rodgers 
et al. [47] further expanded this approach by integrating 46 different indicators, develop-
ing a reference site model and an ecological gradient model to assess impacts on coral reefs. 
Kaufman et al. [48] also developed the Coral Health Index aimed at assessing the condition 
of benthic fish and microbial communities. Lasagna et al. [49] developed the Coral Condition 
Index, which was based on the proportional abundance of coral colonies belonging to six 
categories: recently dead, bleached, smothered, upturned, broken, and healthy. This index 
ranges from 0 (100% of dead corals) to 1 (100% of healthy corals), with low values suggest-
ing large scale disturbances (e.g., climate impacts) and high values suggesting disturbances 
acting on a small scale. Jameson et al. [50], Fore et al. [51], and Bradley et al. [52] suggested 
the development of a multiparameter Coral Reef Biocriteria Index for addressing coral reef 
ecological condition. Fabricius et al. [53] tested the use of 38 indicators, where 33 of them 
(including coral physiology, benthic composition, coral recruitment, macrobioeroder densi-
ties, and a foraminifera index) showed significant relationships with a composite index of 
13 water quality variables. However, many of these methods based on multiple parameters, 
although scientifically robust, can be significantly complex and difficult to implement by non-
academic personnel (e.g., managers, NGOs, and base communities). Thus, there is still a need 
to develop robust yet simple methods with multiple potential applications and which can be 
used by a wide range of users.

Risk et al. [54] suggested the use by coastal communities of simple techniques that have been 
shown to identify stress on reefs including coral mortality indices, benthic bioindicators 
(e.g., stomatopods, foraminifera, and amphipods), coral associate counts, and coral rubble 
bioerosion. McField and Kramer [29, 55] developed the Coral Reef Health Index (CRHI) in 
the Mesoamerican Barrier System based on assessing several parameters of benthic and fish 
assemblages. This method has been successfully used across the Caribbean [56–59]. McField 
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coral cover [32], the Mortality Index [33], the ratio between living and dead corals [34], or the 
size–frequency distribution of corals, with emphasis on estimating the proportion of small 
corals, which may indicate recruitment [35, 36]. There is also the Deterioration Index, which 
is based on the ratio between mortality and recruitment rates of branching corals [37]. Crosby 

Figure 1. Conceptual model of factors affecting coral reef health.
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and Reese [38] proposed an index for Pacific coral reefs using butterflyfish diversity as a bio-
indicator of reef condition. Edinger et al. [39] proposed the use of coral growth rates as indica-
tors of eutrophication impacts. Holmes et al. [40] proposed the use of branching coral rubble 
bioerosion as indicators of reef trophic condition. Lirman et al. [41] suggested the use of per-
cent recent mortality as indicators of reef adverse conditions. Edinger and Risk [42] also sug-
gested the pattern of coral morphotypes as indicators of Pacific coral reef condition. Jameson 
et al. [43] developed a Coral Damage Index (CDI) based on the abundance of broken coral and 
coral rubble to address SCUBA diving impacts on reefs. Hawkins et al. [44] also developed 
a method to assess coral fragmentation and overall reef condition across reefs impacted by 
SCUBA diving. Swain et al. [45] developed a coral taxon–specific bleaching response index 
(taxon-BRI) by averaging taxon-specific response over all sites where a taxon was present. 
Nonetheless, the most significant limitation of methods based on a single or few bioindicators 
is that many of them can have significant variability due to factors that may not necessarily 
reflect changes in reef health. This suggests the need to use a combination of parameters to 
improve the accuracy of reef condition assessments.

Jokiel and Rodgers [46] used reef fish biomass, reef fish endemicity, total living coral cover, 
population of the endangered Hawaiian monk seal (Monachus schauinslandi), and the number 
of female green sea turtles (Chelonia mydas) nesting annually on each Hawaiian island as bio-
indicators, developing a simple integrated, composite scoring and ranking system. Rodgers 
et al. [47] further expanded this approach by integrating 46 different indicators, develop-
ing a reference site model and an ecological gradient model to assess impacts on coral reefs. 
Kaufman et al. [48] also developed the Coral Health Index aimed at assessing the condition 
of benthic fish and microbial communities. Lasagna et al. [49] developed the Coral Condition 
Index, which was based on the proportional abundance of coral colonies belonging to six 
categories: recently dead, bleached, smothered, upturned, broken, and healthy. This index 
ranges from 0 (100% of dead corals) to 1 (100% of healthy corals), with low values suggest-
ing large scale disturbances (e.g., climate impacts) and high values suggesting disturbances 
acting on a small scale. Jameson et al. [50], Fore et al. [51], and Bradley et al. [52] suggested 
the development of a multiparameter Coral Reef Biocriteria Index for addressing coral reef 
ecological condition. Fabricius et al. [53] tested the use of 38 indicators, where 33 of them 
(including coral physiology, benthic composition, coral recruitment, macrobioeroder densi-
ties, and a foraminifera index) showed significant relationships with a composite index of 
13 water quality variables. However, many of these methods based on multiple parameters, 
although scientifically robust, can be significantly complex and difficult to implement by non-
academic personnel (e.g., managers, NGOs, and base communities). Thus, there is still a need 
to develop robust yet simple methods with multiple potential applications and which can be 
used by a wide range of users.

Risk et al. [54] suggested the use by coastal communities of simple techniques that have been 
shown to identify stress on reefs including coral mortality indices, benthic bioindicators 
(e.g., stomatopods, foraminifera, and amphipods), coral associate counts, and coral rubble 
bioerosion. McField and Kramer [29, 55] developed the Coral Reef Health Index (CRHI) in 
the Mesoamerican Barrier System based on assessing several parameters of benthic and fish 
assemblages. This method has been successfully used across the Caribbean [56–59]. McField 
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and Kramer [60] summarized a set of multiple simple criteria to be used by coastal com-
munities. In a comparative study between two reef health indices and different metrics of 
biological, ecological, and functional diversity of fish and corals, Díaz-Pérez et al. [61] found 
out that health indices should be complemented with classic community indices to improve 
the accuracy of the estimated health status of Caribbean coral reefs. This brings in the idea 
that coral reef health indices must be made more robust by complementing them with a suite 
of biological and water quality parameters often easily obtained from standard reef character-
ization and long-term monitoring data sets.

According to Ben-Tzvi et al. [37], any broad-based reef health index monitoring should (1) 
enable reliable comparison between different reef types (e.g., reefs of different live cover); (2) be simple 
to apply, including by nonscientific personnel (e.g., recreational divers); (3) provide an indication of the 
trend in reef health rather than only the current state of the reef; (4) provide a quantitative, or at least 
semiquantitative, indication of the reef state, to enable comparisons between distinct reefs of different 
characters; and (5) not require repeated serial surveys, but be able to provide some indication of the 
state of the health of the reef from a single survey event. An easy-to-implement rapid assessment 
method of novel coral reef assemblages was tested, in combination with a rapid diagnostic 
tool of reef condition useful for managers and decision-makers for both small- and large-scale 
assessments, which could also be implemented in standard long-term monitoring programs.

1.4. Goals and objectives

The goal of this chapter is to test an easy-to-implement rapid assessment, reef characteriza-
tion, and decision-making tool for coral reef managers. Many countries, particularly, small 
island nations, with limited socioeconomic resources, lack appropriate governance infrastruc-
ture, human resources, and economic and technological tools to incorporate scientific infor-
mation into decision-making regarding the management of coral reefs and fishery resources. 
The lack of appropriate management is a critical concern in the face of current and forecasted 
climate change–impacts. Coral reefs are often the first line of defense against storm swells and 
sea level rise, besides their importance as a source of food protein, for sustaining biodiversity, 
as a sinkhole of ATM CO2, as a source of natural products of biomedical importance, and as a 
source of revenue for multiple local economies. Coral reef conservation becomes particularly 
important in novel coastal ecosystems adjacent to large urban centers, subjected to significant 
local sources of human stressors. We propose the application of a Coral Reef Resilience Index 
(CRRI) focused on scoring the ecological condition of coral reef benthic and fish communities, 
based on actual quantitative data obtained from ecological characterization surveys or from 
long-term monitoring efforts. Complex quantitative data, difficult to analyze and interpret, 
are changed into a five-point scale scoring system, similar to the one developed by McField 
and Kramer [29], and also converted into GIS-based format to produce a set of indicator 
maps. This will provide managers with easy-to-interpret tools for decision-making regarding 
conservation- and restoration-oriented management strategies. A step-by-step guide for the 
implementation of the tool is discussed. This chapter also provides a case study from coral 
reefs across a water quality stress gradient from the Southwestern Puerto Rico shelf and pro-
vides a basic guide for management recommendations based on different scores of the CRRI 
with application across multiple coral reef ecosystems on a global scale.
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2. Methods

2.1. Study sites

Field data used to parameterize the CRRI were obtained from a study of coral reef condition 
across a water quality stress gradient through the southwestern Puerto Rico insular shelf dur-
ing the month of July 2014 [62]. Sampling was conducted at 11 locations along a water quality 
stress gradient and a distance gradient from the coast (Figure 2). Coral reefs were subdi-
vided into three different geographic zones: (1) inshore reefs [<4 km] (Punta Ostiones [OST], 
Punta Lamela [LAM], Punta Guaniquilla [GUA], Cayo Ratones [RAT], Bajo Enmedio [EME]), 
(2) mid-shelf reefs [4–8 km] (Arrecife Resuello [RES], Corona del Norte [CON], Arrecife El 
Ron [RON]), and (3) outer-shelf reefs [8–20 km] (Escollo El Negro [NEG], Arrecife Papa San 
[PPS], Arrecife Gallardo [GAL]). A total of 55% of the studied reefs were located within 
natural reserves managed by the Puerto Rico Department of Natural and Environmental 
Resources (DNER), including inshore location RAT (Isla Ratones Natural Reserve), OST 
(Finca Belvedere Natural Reserve Marine Extension), and GUA (Punta Guaniquilla Natural 
Reserve Marine Extension). Mid-shelf locations RON and CON, and outer-shelf location PPS 

Water Quality Sampling Sites

Figure 2. Locations of study sites through the southwestern Puerto Rico insular platform. These were divided into 
three geographic areas: inshore reefs (<4 km)—Cayo Ratones (RAT), Punta Ostiones (OST), Punta Lamela (LAM), 
Punta Guaniquilla (GUA), Bajo Enmedio (EME); mid-shelf reefs (4–8 km)—Arrecife Resuello (RES), Corona del Norte 
(CON), El Ron (RON); and outer-shelf reefs (8–20 km)—Escollo El Negro (NEG), Arrecife Papa San (PPS), Bajo Gallardo 
(GAL). Acronyms of protected areas: BEB = Bosque Estatal de Boquerón; CRNWR = Cabo Rojo National Wildlife Refuge; 
EMRNFB = Extensión Marina Reserva Natural Finca Belvedere; EXRNPG = Extensión Marina Reserva Natural Punta 
Guaniquilla; EMBEB = Extensión Marina Bosque Estatal Boquerón; RVSIAB = Refugio de Vida Silvestre y de Aves de 
Boquerón; RNAT = Reserva Natural Arrecifes Tourmaline; RNCR = Reserva Natural Cayo Ratones; RNFB = Reserva 
Natural Finca Belvedere; RNLJ = Reserva Natural Laguna Joyuda; RNPG = Reserva Natural Punta Guaniquilla. Gray-
shaded areas in the left image represent coral reefs.
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and Kramer [60] summarized a set of multiple simple criteria to be used by coastal com-
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out that health indices should be complemented with classic community indices to improve 
the accuracy of the estimated health status of Caribbean coral reefs. This brings in the idea 
that coral reef health indices must be made more robust by complementing them with a suite 
of biological and water quality parameters often easily obtained from standard reef character-
ization and long-term monitoring data sets.

According to Ben-Tzvi et al. [37], any broad-based reef health index monitoring should (1) 
enable reliable comparison between different reef types (e.g., reefs of different live cover); (2) be simple 
to apply, including by nonscientific personnel (e.g., recreational divers); (3) provide an indication of the 
trend in reef health rather than only the current state of the reef; (4) provide a quantitative, or at least 
semiquantitative, indication of the reef state, to enable comparisons between distinct reefs of different 
characters; and (5) not require repeated serial surveys, but be able to provide some indication of the 
state of the health of the reef from a single survey event. An easy-to-implement rapid assessment 
method of novel coral reef assemblages was tested, in combination with a rapid diagnostic 
tool of reef condition useful for managers and decision-makers for both small- and large-scale 
assessments, which could also be implemented in standard long-term monitoring programs.

1.4. Goals and objectives

The goal of this chapter is to test an easy-to-implement rapid assessment, reef characteriza-
tion, and decision-making tool for coral reef managers. Many countries, particularly, small 
island nations, with limited socioeconomic resources, lack appropriate governance infrastruc-
ture, human resources, and economic and technological tools to incorporate scientific infor-
mation into decision-making regarding the management of coral reefs and fishery resources. 
The lack of appropriate management is a critical concern in the face of current and forecasted 
climate change–impacts. Coral reefs are often the first line of defense against storm swells and 
sea level rise, besides their importance as a source of food protein, for sustaining biodiversity, 
as a sinkhole of ATM CO2, as a source of natural products of biomedical importance, and as a 
source of revenue for multiple local economies. Coral reef conservation becomes particularly 
important in novel coastal ecosystems adjacent to large urban centers, subjected to significant 
local sources of human stressors. We propose the application of a Coral Reef Resilience Index 
(CRRI) focused on scoring the ecological condition of coral reef benthic and fish communities, 
based on actual quantitative data obtained from ecological characterization surveys or from 
long-term monitoring efforts. Complex quantitative data, difficult to analyze and interpret, 
are changed into a five-point scale scoring system, similar to the one developed by McField 
and Kramer [29], and also converted into GIS-based format to produce a set of indicator 
maps. This will provide managers with easy-to-interpret tools for decision-making regarding 
conservation- and restoration-oriented management strategies. A step-by-step guide for the 
implementation of the tool is discussed. This chapter also provides a case study from coral 
reefs across a water quality stress gradient from the Southwestern Puerto Rico shelf and pro-
vides a basic guide for management recommendations based on different scores of the CRRI 
with application across multiple coral reef ecosystems on a global scale.
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2. Methods

2.1. Study sites

Field data used to parameterize the CRRI were obtained from a study of coral reef condition 
across a water quality stress gradient through the southwestern Puerto Rico insular shelf dur-
ing the month of July 2014 [62]. Sampling was conducted at 11 locations along a water quality 
stress gradient and a distance gradient from the coast (Figure 2). Coral reefs were subdi-
vided into three different geographic zones: (1) inshore reefs [<4 km] (Punta Ostiones [OST], 
Punta Lamela [LAM], Punta Guaniquilla [GUA], Cayo Ratones [RAT], Bajo Enmedio [EME]), 
(2) mid-shelf reefs [4–8 km] (Arrecife Resuello [RES], Corona del Norte [CON], Arrecife El 
Ron [RON]), and (3) outer-shelf reefs [8–20 km] (Escollo El Negro [NEG], Arrecife Papa San 
[PPS], Arrecife Gallardo [GAL]). A total of 55% of the studied reefs were located within 
natural reserves managed by the Puerto Rico Department of Natural and Environmental 
Resources (DNER), including inshore location RAT (Isla Ratones Natural Reserve), OST 
(Finca Belvedere Natural Reserve Marine Extension), and GUA (Punta Guaniquilla Natural 
Reserve Marine Extension). Mid-shelf locations RON and CON, and outer-shelf location PPS 

Water Quality Sampling Sites

Figure 2. Locations of study sites through the southwestern Puerto Rico insular platform. These were divided into 
three geographic areas: inshore reefs (<4 km)—Cayo Ratones (RAT), Punta Ostiones (OST), Punta Lamela (LAM), 
Punta Guaniquilla (GUA), Bajo Enmedio (EME); mid-shelf reefs (4–8 km)—Arrecife Resuello (RES), Corona del Norte 
(CON), El Ron (RON); and outer-shelf reefs (8–20 km)—Escollo El Negro (NEG), Arrecife Papa San (PPS), Bajo Gallardo 
(GAL). Acronyms of protected areas: BEB = Bosque Estatal de Boquerón; CRNWR = Cabo Rojo National Wildlife Refuge; 
EMRNFB = Extensión Marina Reserva Natural Finca Belvedere; EXRNPG = Extensión Marina Reserva Natural Punta 
Guaniquilla; EMBEB = Extensión Marina Bosque Estatal Boquerón; RVSIAB = Refugio de Vida Silvestre y de Aves de 
Boquerón; RNAT = Reserva Natural Arrecifes Tourmaline; RNCR = Reserva Natural Cayo Ratones; RNFB = Reserva 
Natural Finca Belvedere; RNLJ = Reserva Natural Laguna Joyuda; RNPG = Reserva Natural Punta Guaniquilla. Gray-
shaded areas in the left image represent coral reefs.
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were located within Arrecife’s Tourmaline Natural Reserve, which has a six-month seasonal 
fishing closure (December 1–May 31). Other studied reserve and nonreserve locations are 
open to fishing.

2.2. Sampling design

With the exception of inshore locations OST, LAM, GUA, and RAT, characterized only by 
shallow areas, each remaining locality was subdivided into three depth zones: depth 1 (<5 m), 
depth 2 (5–10 m), and depth 3 (10–20 m). Only depths 1 and 2 were studied in EME, and depth 
3 and depth 4 (20–30 m) were studied in PPS. In each of these depths, from 5 to 15 random 
belt phototransects (10 × 1 m) were studied by taking 5 high-resolution, nonoverlapping, digi-
tal images of 1.0 × 0.7 m per transect at fixed intervals, obtaining a total of 25–75 images per 
depth zone from each location. A 48-point dot grid was digitally projected over each image 
and benthic components under each point were identified to the lowest taxon possible (e.g., 
Scleractinian corals, hydrocorals, octocorals, sponges, algal functional groups, cyanobacteria, 
and open substrate [sand, rubble, and pavement]). The relative number of points per category 
was counted and divided by the total number of points to obtain the percentage of coverage 
of the benthic components.

2.3. Coral Reef Resilience Index (CRRI)

A modification and expansion of McField and Kramer [60] and NEPA [63] was used to 
define CRRI’s parameters. An average index score for each indicator listed in Table 1 was 
calculated for each individual transect, depth zone, and location and compared to thresh-
old value ranges listed in the table. CRRI rankings were similar to those defined by McField 
and Kramer [60], with a scale of 1–5 points as follows: 5 = very good, 4 = good, 3 = fair, 
2 = poor, and 1 = critical. Four different indices were calculated: (1) Global Index = an 
average of all the parameters; (2) Coral Index = an average of all coral parameters; (3) 
Threatened Species Index = an average of all threatened coral parameters; and (4) Algal 
Index = an average of all algal parameters. Mean scores were calculated for all four indices, 
for each geographic zone and location and for each depth zone. The final mean value of 
each index is deemed as very good (4.2–5), good (3.4–4.2), fair (2.6–3.4), poor (1.8–2.6), and 
critical (1–1.8).

Fifteen indicators were selected to calculate the benthic index (Table 1). In the coral index, 
percentage of living tissue coverage, species richness, coral recruit density (diameter < 5 cm), 
and percentage of bleaching frequency were used. In the Threatened Species Index, based 
on the International Union for the Conservation of Nature (IUCN) Red List and on the 
U.S. Endangered Species Act listed coral species, the following species were used: Staghorn 
coral (Acropora cervicornis), Elkhorn coral (A. palmata), Columnar star columnar coral (Orbicella 
annularis), and Laminar star coral (O. faveolata). Of the seven threatened species in the 
Caribbean, these were the most common species throughout the study areas [62]. In the Algal 
Index, macroalgae, turf, crustose coralline algae (CCA), Halimeda spp., Dictyota spp., Lobophora 
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variegata, and red encrusting algae Ramicrusta spp./Peyssonnelia spp. (species that can over-
grow living corals) were used.

2.4. Statistical testing

A three-way permutational analysis of variance (PERMANOVA) was used to test the null 
hypothesis of no significant difference in CRRI scores among geographic zones, locations, and 
depth zones [64]. Multivariate tests were carried out in statistical package.

PRIMER v7 + PERMANOVA 1.06 (PRIMER-e, Auckland, New Zealand). Scores were log10-
transformed and Bay-Curtis similarity resemblance matrices were calculated for each indi-
vidual index. Nonmetric multidimensional scaling (nMDS) was used to illustrate spatial 
pattern of mean scores of each index [65]. A ‘linkage tree’ of coral reef benthic community 
structure based on the BIOENV routine to environmental variables was also carried out 

Indices Very good(5) Good(4) Fair(3) Poor(2) Critical(1)

Coral Index

% Coral cover >40% 20–39.9% 10–19.9% 5–9.9% <5%

Species richness >10 7–9.9 5–6.9 3–4.9 <2.9

Recruitment density (#/m2) >10 5–9.9 3–4.9 2–2.9 <2

% Bleaching 0% <2% 2–9.9% 10–50% >50%

Threatened Species Index

Acropora cervicornis >20% 10–19.9% 5–9.9% 2–4.9% <2%

Acropora palmata >20% 10–19.9% 5–9.9% 2–4.9% <2%

Orbicella annularis >40% 20–39.9% 10–19.9% 5–9.9% <5%

Orbicella faveolata >40% 20–39.9% 10–19.9% 5–9.9% <5%

Algal Index

Macroalgae <10% 10–19.9% 20–39.9% 40–59.9% >60%

Turf <10% 10–19.9% 20–39.9% 40–59.9% >60%

Crustose coralline algae >30% 20–29.9% 10–19.9% 5–9.9% <5%

Halimeda spp. <5% 5–9.9% 10–19.9% 20–29.9% >30%

Dictyota spp. <5% 5–9.9% 10–19.9% 20–29.9% >30%

Lobophora variegata <5% 5–9.9% 10–19.9% 20–29.9% >30%

Ramicrusta/Peyssonnelia <5% 5–9.9% 10–19.9% 20–29.9% >30%

Table 1. Benthic community indicators, with their corresponding CRRI scores.
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was counted and divided by the total number of points to obtain the percentage of coverage 
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coral (Acropora cervicornis), Elkhorn coral (A. palmata), Columnar star columnar coral (Orbicella 
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Caribbean, these were the most common species throughout the study areas [62]. In the Algal 
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hypothesis of no significant difference in CRRI scores among geographic zones, locations, and 
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to determine the influence of environmental variables on the spatial patterns of benthic 
community structure and thus on the CRRI.

3. Results

3.1. Water quality stress gradients

Water turbidity showed a highly significant decline with increasing distance from the shore-
line (r2 = 0.7119; p = 0.0006), suggesting a strong cross-shelf spatial gradient. Turbidity was 
significantly different among geographic zones (p < 0.0001) and among locations (p < 0.0001). 
The zone × location interactions were also significant (p < 0.0001). Higher mean values across 
inshore locations showed a range from 1.0 to 3.8 NTU (Figure 3). Mid-shelf locations averaged 
0.9–1.0 NTU, and outer-shelf locations averaged 0.4–0.9 NTU. Turbidity patterns show often 
complex spatial and temporal variability across the western shelf due to complex circulation 
patterns.

There was also a highly significant (r2 = 0.4961; p = 0.0458) nonlinear decline in ammonia (NH3
+) 

and increasing distance from the shore (Figure 4), suggesting a similar strong cross-shelf spatial 
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gradient. NH3
+ was significantly different among geographic zones (p < 0.0001) and among loca-

tions (p < 0.0001). The geographic zone × location interaction was also significant (p < 0.0001). 
NH3

+ concentrations showed large spatial variability, with inshore locations ranging from 25 to 
264 μM. Mid-shelf locations ranged from 22 to 133 μM, and outer-shelf sites ranged from 15 to 
16 μM. EME (264 μM), GUA (136 μM), and RES (133 μM), which are located just off Boquerón 
Bay and are known to receive recurrent raw sewage illegal discharges and poorly treated sew-
age effluents from a malfunctioning treatment facility from Boquerón Bay, showed the high-
est NH3

+ concentrations. NH3
+ concentration at nearby, sewage-polluted LAM, located just off 

Puerto Real, showed a concentration of 94 μM, which is also considered very high.

3.2. Global Coral Reef Resilience Index (CRRI)

A significant cross-shelf increase (p < 0.0001) was observed in the mean global CRRI score in 
coral reefs (Figure 5a, Table 2). Mean global CRRI across inshore sites was 2.83, with a range 
of 2.79–2.90 (Table 3). The average on the mid-shelf reefs was 3.04 with a range of 2.88–3.20. 
Meanwhile, the average reef at the outer shelf was 3.12, with a range of 3.00–3.26. The global 
CRRI spatial gradient was evident (Figure 6). Differences among geographic zones, locations, 
and depth zones were highly significant (p < 0.0001). All possible interaction combinations were 
also significant. However, cross-shelf mean values of global CRRI ranked all locations as “fair.”

Figure 4. GIS-based inverse distance weighting (IDW) interpolation showing ammonia (NH3
+) concentration spatial 

patterns. For site acronyms refer to Figure 2.
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The nMDS analysis showed a spatial pattern confirming a significant cross-shelf gradient of 
global CRRI (stress = 0.01) (Figure 7). Three clustering patterns were observed. The first cluster 
was dominated by locations across the inshore geographic zone. The second cluster was a mixed 
group of some inshore and mid-shelf reefs. The third mixed group was composed of some mid-
shelf and outer-shelf reefs. The location with the highest global CRRI value was GAL (depth I) 

Variable d.f. Global CRRI Coral Index Threatened Species Index Algal Index

Geographic zone (Z) 2254 41.85<0.0001 115.5<0.0001 2.980.0469 1.010.3651

Location (L) 10,246 10.96<0.0001 35.31<0.0001 4.290.0006 7.01<0.0001

Depth (D) 3253 9.73<0.0001 22.30<0.0001 1.530.1910 5.690.0014

Z × L 10,246 10.96<0.0001 35.31<0.0001 4.290.0009 7.01<0.0001

Z × D 8248 13.49<0.0001 36.53<0.0001 2.660.0124 4.75<0.0001

L × D 22,234 7.42<0.0001 19.97<0.0001 3.160.0003 7.00<0.0001

Z × L × D 22,234 7.42<0.0001 19.97<0.0001 3.160.0005 7.00<0.0001

Table 2. Summary of a three-way PERMANOVA on global CRRI. Pseudo-F value and statistical probability.

Figure 5. Coral Reef Resilience Index: (A) Global Index; (B) Coral Index; (C) Threatened Coral Species Index; and (D) 
Algal Index. Mean ± 95% confidence intervals. For site acronyms refer to Figure 2.
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with 3.27. The locality with the lowest overall CRRI value was RAT (depth I) with 2.79. In gen-
eral, depth zones II and III showed global CRRI values greater than those documented in zone 
I. Variation in depth was related to geographic patterns of variation.

3.3. Coral Index

A significant cross-shelf increase (p < 0.0001) was also observed in the mean Coral Index score 
in coral reefs (Figure 5b, Table 2). Mean Coral Index across inshore sites was 2.60, with a range 
of 2.07–2.87 (Table 3). On average, inshore coral reefs were classified as “poor,” although 
three of them were classified as “fair.” Mid-shelf reef Coral Index averaged 3.40, with a range 

Zone Global CRRI Coral Index Threatened Species Index Algal Index

Entire shelf 3.02 (fair) 3.32 (fair) 1.03 (critical) 4.01 (good)

Inshore 2.83 (fair) 2.60 (poor) 1.01 (critical) 4.00 (good)

Mid-shelf 3.05 (fair) 3.40 (fair) 1.02 (critical) 4.04 (good)

Outer shelf 3.13 (fair) 3.76 (good) 1.06 (critical) 4.00 (good)

Table 3. Mean CRRI values across the western Puerto Rican shelf.

Figure 6. GIS-based inverse distance weighting (IDW) interpolation showing mean global CRRI spatial patterns. For site 
acronyms refer to Figure 2.
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with 3.27. The locality with the lowest overall CRRI value was RAT (depth I) with 2.79. In gen-
eral, depth zones II and III showed global CRRI values greater than those documented in zone 
I. Variation in depth was related to geographic patterns of variation.
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Table 3. Mean CRRI values across the western Puerto Rican shelf.
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of 2.92–3.90. Of these, all depth areas of RES were classified as “fair,” the flat area of CON was 
classified as “fair,” but its deeper zones were classified as “good.” RON reef was categorized 
as “good.” Coral Index mean values averaged 3.76 across outer-shelf locations, ranging from 
3.41 to 4.14, which classified reefs as “good.” The Coral Index spatial gradient was evident 
(Figure 8). Differences among geographic zones, locations, and depth zones were highly sig-
nificant (p < 0.0001). All possible interaction combinations were also significant.

The nMDS analysis showed a nearly similar spatial pattern confirming a significant cross-
shelf gradient of the Coral Index (stress = 0.01) (Figure 9). Clustering patterns were nearly 
similar as those documented for global CRRI. The first cluster was dominated by locations 
across the inshore geographic zone. The second cluster was a mixed group of some inshore 
and mid-shelf reefs. The third mixed group was composed of some mid-shelf and outer-shelf 
reefs. The location with the highest Coral Index value was NEG (depth II) with 4.14. The local-
ity with the lowest overall Coral Index value was EME (depth II) with 2.08. In general, depth 
zones II and III showed Coral Index values greater than those documented in zone I. Variation 
in depth was related to geographic patterns of variation.

3.4. Threatened Coral Index

A significant cross-shelf increase (p = 0.0469) was also observed in the mean Threatened Coral 
Index score in coral reefs (Figure 5c, Table 2). Mean Threatened Coral Index across inshore sites 
was 1.00, with a range of 1.00–1.03 (Table 3). On average, inshore coral reefs were classified as 

Figure 7. Nonmetric multidimensional scaling plot (nMDS) based on global CRRI scores across geographic zones × 
location × depth.
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“critical.” Mid-shelf reef Coral Index averaged 1.02, with a range of 1.00–1.08. Mid-shelf reefs 
were also classified as “critical.” Threatened Coral Index mean values averaged 1.06 across outer-
shelf locations, ranging from 1.00 to 1.22, which also classified outer-shelf reefs as “critical.” 
However, the Threatened Coral Index spatial gradient was also evident (Figure 10). Differences 
among geographic zones (p = 0.0469) and locations (p = 0.0006) were significant, but not among 
depth zones (p = 0.1910). All possible interaction combinations were also significant.

The nMDS analysis confirmed a significant cross-shelf gradient of the Threatened Coral Index 
(stress <0.01) (Figure 11). The first cluster was dominated by two depth zones of outer-shelf 
GAL location. The second cluster was a mixed group of some inshore and mid-shelf reefs, 
which had sporadic colonies of threatened species. The third mixed group was composed 
of some inshore and mid-shelf reefs, which lacked threatened species. The location with the 
highest Threatened Coral Index value was GAL (depth I) with 1.23. Multiple locations shared 
the lowest overall Threatened Coral Index value, with 1.00.

3.5. Algal Index

A significant cross-shelf increase was observed in the mean Algal Index score among locations 
(p < 0.0001) and among depth zones (p = 0.0014), but not among geographic zones (Figure 5d, 

Figure 8. GIS-based inverse distance weighting (IDW) interpolation showing mean Coral Index spatial patterns. For site 
acronyms refer to Figure 2.
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Figure 9. Nonmetric multidimensional scaling plot (nMDS) based on Coral Index scores across geographic zones × 
location × depth.

Figure 10. GIS-based inverse distance weighting (IDW) interpolation showing average Threatened Coral Index spatial 
patterns. For site acronyms refer to Figure 2.
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Table 2). All possible interaction combinations were also significant. Mean Algal Index across 
inshore sites was 4.00, with a range of 3.80 to 4.33 (Table 3). On average, inshore coral reefs 
were classified as “good.” Mid-shelf reef Algal Index averaged 4.04, with a range of 3.84 to 
4.11. Mid-shelf reefs were also classified as “good.” Algal Index mean values averaged 4.00 
across outer-shelf locations, ranging from 3.87 to 4.34, which also classified outer-shelf reefs 
as “good.” The Algal Index spatial gradient was also evident (Figure 12).

The nMDS analysis confirmed a significant cross-shelf gradient of the Algal Index (stress = 0.01) 
(Figure 13). The first cluster was dominated by two depth zones of outer shelf GAL location. 
The second cluster was a mixed group of some inshore and mid-shelf reefs. The third mixed 
group was composed of some inshore and mid-shelf reefs. Spatial patterns of algal assem-
blages varied depending on the location and reef’s trophic state, as well as on the cross-shelf 
complex water circulation pattern. The locality with the highest Algal Index value was GAL 
(depth I) with 4.34, and it was classified as “very good.” The locality with a lower Algal Index 
was found on the same reef (GAL) but at depth III, with 3.66, with a category of “good.”

3.6. Impacts of water quality stress gradient on CRRI

A ‘linkage tree’ of coral reef benthic community structure based on the BIOENV routine to 
environmental variables was carried out and a binary split on the basis of the best single 
environmental variable was thresholded to maximize the analysis of similitude (ANOSIM) R 
statistic for the two groups formed. This observed ANOSIM of R = 0.57 and B = 85.9%, which 
suggests that most of the observed variation can be explained by this solution (Figure 14). The 

Figure 11. Nonmetric multidimensional scaling plot (nMDS) based on Threatened Coral Index scores across geographic 
zones × location × depth.
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Figure 12. GIS-based inverse distance weighting (IDW) interpolation showing average Algal Index spatial patterns. For 
site acronyms refer to Figure 2.

Figure 13. Nonmetric multidimensional scaling plot (nMDS) based on the Algal Index scores across geographic zones 
× location × depth.
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pattern was characterized by lower NH3
+ to the right side of the plot (NH3

+ Euclidean distance 
< −0.677) at outer-shelf sites PPS and GAL and at mid-shelf site RON and by higher values 
(NH3

+ Euclidean distance > −0.546) to the left side of the plot across the remaining inshore and 
mid-shelf sites. Alternatively, the same split of sites was obtained by choosing lower turbidity 
to the right side of the plot (Turbidity Euclidean distance < −0.555) at outer-shelf sites PPS and 
GAL and at mid-shelf site RON and high turbidity (Turbidity Euclidean distance > −0.463) to 
the right side of the plot. ANOSIM R was the same whichever of the two variables was used as 
they gave the same split of biotic data. LINKTREE analysis showed that variation in NH3

+ and 
turbidity explained most of the spatial variation observed in coral reef benthic community 
structure, therefore, in the CRRI spatial distribution.

4. Discussion

4.1. Spatial variation patterns of water quality conditions

This study showed important evidence of an LBSP gradient across the western Puerto Rico 
shelf and that chronic water quality decline has significantly affected the face of coral reef 
benthic communities, which was reflected on the mean CRRI scores. A snapshot view of LBSP 
showed that particularly turbidity and NH3

+ concentrations increased along inshore locations. 
It is particularly concerning that EME reef site and to some extent GUA, LAM, and OST are 
being exposed to recurrent pulses of sewage effluents from malfunctioning sewage treatment 

Figure 14. Multidimensional scaling (MDS) plot of the first stage in a ‘linkage tree’ of coral reef benthic community 
structure to environmental variables. Binary split on the basis of the best single environmental variable, thresholded to 
maximize the analysis of similitude (ANOSIM) R statistic for the two groups formed.
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facilities at Boquerón Bay and from multiple nonpoint sewage sources. Elevated NH3
+ con-

centrations at EME suggest that tidal cycles may continuously expose coral reefs adjacent to 
Boquerón Bay to recurrent sewage pollution and eutrophication impacts. Turbidity was also 
higher at inshore locations such as JOY, RAT, and OST. Their proximity to Joyuda Bay and 
Puerto Real Bay continuously expose these sampling sites to recurrent polluted, turbid runoff 
pulses. A particular concern was degraded water quality pulses even across outer-shelf sites, 
where NH3

+ concentrations exceeded recommended levels for healthy coral reefs. Pollution 
across outer-shelf sites may come from other significant sources such as the Río Guanajibo, 
Río Yagüez, and the Mayagüez Bay.

Documented turbidity spatial patterns were highly consistent with findings of cross-shelf 
scale pollution patterns documented by Bonkosky et al. [66]. Turbidity patterns were also con-
sistent with previous unpublished observations from year 2000 (Hernández-Delgado, unpub. 
Data). Therefore, it is reasonable to assume that observed spatial patterns of water quality 
conditions in this study were highly consistent with chronic large-scale degradation at least 
over the last two decades and that the observed LBSP stress gradient in the form of chronic 
turbidity and eutrophication, mostly associated to sewage pollution, represent a nearly per-
manent state. Observed NH3

+ concentrations in this study also reflected an evident cross-shelf 
gradient with increasing distance from known sewage pollution sources. Lapointe and Clark 
[67] suggested that NH3

+ concentrations for coral reefs should not exceed 0.1 μM and that any 
concentration above 24 μM were deemed as too high. Our findings are highly concerning as 
observed NH3

+ concentrations were from 150 to 2600 times higher than recommended limits 
for healthy coral reefs. Eight out the twelve sampled sites (75%) showed NH3

+ concentrations 
exceeding dangerous concentrations for coral reefs as much as 10.8 times.

Regression analyses have previously shown that several water quality indicator parameters 
reflected significant gradients with increasing distance from LBSP [62]. These authors found 
a significant relationship among turbidity, phosphate (PO4), chlorophyll-a, and dissolved 
oxygen concentration, implying that increasing chronic water quality degradation can sig-
nificantly affect multiple parameters, adversely impacting coral reefs. Although this study 
just provided a snapshot view of water quality across the western Puerto Rico shelf, results 
were concerning as critical water quality parameters resulted significantly higher than recom-
mended limits for sustaining coral reef health. These results suggest that human-driven LBSP 
across the western Puerto Rico shelf is highly significant; it is a large-scale, chronic phenom-
enon and deserves full long-term monitoring across large spatial and temporal scales. It also 
suggests the need to rapidly implement best management practices (BMPs) to reduce LBSP 
impacts across the shelf.

4.2. Spatial variation patterns of the benthic CRRI

The observed spatial pattern in CRRI values was significantly influenced by an LBSP stress 
gradient across the entire western Puerto Rican shelf. Overall, the global CRRI averaged 3.02 
(“fair”) across the entire shelf, the Coral Index averaged 3.32 (“fair”), the Threatened Species 
Index 1.03 (“critical”), and the Algal Index 4.01 (“good”). Based on the spatial distribution of 
the global CRRI mean values, coral reefs across the western Puerto Rican shelf can be classified 
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as “fair.” But based on the spatial patterns of the Coral Index, reefs showed a more consistent 
cross-shelf gradient of conditions, ranging from “poor” to “fair” across inshore locations, from 
“fair” to “good” along mid-shelf locations, and “good” across outer-shelf locations. There 
was also an evident depth-related gradient, with deeper reef zones showing higher CRRI and 
higher Coral Index values, in comparison to shallower zones. Based on the global CRRI, 100% 
of the surveyed reefs in this study were classified as “fair.” But based on the Coral Index, 45% 
of the surveyed reefs across the western Puerto Rican shelf were classified as “good,” 36% as 
“fair,” and 19% as “poor,” reflecting a strong inshore-offshore environmental stress gradient. 
This implies that a potential combination of human and natural factors can be influencing reef 
condition and CRRI values in Puerto Rico. The cross-shelf spatial gradient can be the result of 
chronic water quality degradation along inshore zones, which are located adjacent to known 
pollution sources. But the bathymetric gradient in reef conditions and CRRI values can be the 
potential combined result of variation in water turbidity, and the combined long-term impacts 
of postbleaching coral mortality, coral disease outbreaks, and impacts from hurricanes and 
north-western winter swells.

In comparison, previous studies using a nearly similar Coral Reef Health Index in Jamaica 
showed a mean value of 2.1 (“poor”), with ranges from 1.6 to 2.6 [63]. A similar study from 326 
locations across four countries of the Mesoamerican Barrier Reef System (Belize, Guatemala, 
Honduras, and México) showed that 47% of the reefs were in “poor” condition in 2008, 6% 
were “critical,” 41% “fair,” 6% “good,” and none were classified as “very good” [57]. A survey 
of 130 locations across the same region in 2010 showed that 40% of the reefs were in “poor” 
condition, 30% were “critical,” 21% “fair,” 8% “good,” and only 1% “very good” [57]. A simi-
lar study from 193 locations across the same region in 2012 showed that 40% of the reefs were 
in “poor” condition, 24% were “critical,” 25% “fair,” 9% “good,” and only 2% “very good” 
[58]. A similar study from 149 locations across the same region in 2015 showed that 40% of 
the reefs were still in “poor” condition, 17% were “critical,” 34% “fair,” 8% “good,” and only 
1% “very good” [59]. From this comparison, it is evident that multiple reef locations across 
the wider Caribbean region are significantly degraded by a multiplicity of factors, including a 
combination of overfishing [19, 21, 68], LBSP [7], and climate change [11]. Many of these loca-
tions are not showing signs of recovery [16, 17, 68].

Findings in this study of a strong cross-shelf stress gradient on coral reefs is also consistent 
with the literature that suggests significant impacts of LBSP [69], eutrophication [70, 71], sew-
age pollution [72], turbidity [73, 74], sedimentation [75–77], and bioerosion [78] on coral reefs 
adjacent to sources of stress.

4.3. Implications for coral reef conservation

Coral reef benthic assemblages in this study were showing signs of a cross-shelf environ-
mental stress (e.g., turbidity, sewage pollution, eutrophication, sedimentation, and sedi-
ment bedload), therefore potentially compromising coral reefs’ long-term reef accretion 
sustainability and ecosystem resilience. Coral reefs across the southwestern shelf of Puerto 
Rico have shown evidence of significant environmental degradation over the last four 
decades. Loya [79] and Goenaga and Cintrón [80] documented signs of degradation across 
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facilities at Boquerón Bay and from multiple nonpoint sewage sources. Elevated NH3
+ con-
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over the last two decades and that the observed LBSP stress gradient in the form of chronic 
turbidity and eutrophication, mostly associated to sewage pollution, represent a nearly per-
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[67] suggested that NH3

+ concentrations for coral reefs should not exceed 0.1 μM and that any 
concentration above 24 μM were deemed as too high. Our findings are highly concerning as 
observed NH3

+ concentrations were from 150 to 2600 times higher than recommended limits 
for healthy coral reefs. Eight out the twelve sampled sites (75%) showed NH3

+ concentrations 
exceeding dangerous concentrations for coral reefs as much as 10.8 times.

Regression analyses have previously shown that several water quality indicator parameters 
reflected significant gradients with increasing distance from LBSP [62]. These authors found 
a significant relationship among turbidity, phosphate (PO4), chlorophyll-a, and dissolved 
oxygen concentration, implying that increasing chronic water quality degradation can sig-
nificantly affect multiple parameters, adversely impacting coral reefs. Although this study 
just provided a snapshot view of water quality across the western Puerto Rico shelf, results 
were concerning as critical water quality parameters resulted significantly higher than recom-
mended limits for sustaining coral reef health. These results suggest that human-driven LBSP 
across the western Puerto Rico shelf is highly significant; it is a large-scale, chronic phenom-
enon and deserves full long-term monitoring across large spatial and temporal scales. It also 
suggests the need to rapidly implement best management practices (BMPs) to reduce LBSP 
impacts across the shelf.

4.2. Spatial variation patterns of the benthic CRRI

The observed spatial pattern in CRRI values was significantly influenced by an LBSP stress 
gradient across the entire western Puerto Rican shelf. Overall, the global CRRI averaged 3.02 
(“fair”) across the entire shelf, the Coral Index averaged 3.32 (“fair”), the Threatened Species 
Index 1.03 (“critical”), and the Algal Index 4.01 (“good”). Based on the spatial distribution of 
the global CRRI mean values, coral reefs across the western Puerto Rican shelf can be classified 
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as “fair.” But based on the spatial patterns of the Coral Index, reefs showed a more consistent 
cross-shelf gradient of conditions, ranging from “poor” to “fair” across inshore locations, from 
“fair” to “good” along mid-shelf locations, and “good” across outer-shelf locations. There 
was also an evident depth-related gradient, with deeper reef zones showing higher CRRI and 
higher Coral Index values, in comparison to shallower zones. Based on the global CRRI, 100% 
of the surveyed reefs in this study were classified as “fair.” But based on the Coral Index, 45% 
of the surveyed reefs across the western Puerto Rican shelf were classified as “good,” 36% as 
“fair,” and 19% as “poor,” reflecting a strong inshore-offshore environmental stress gradient. 
This implies that a potential combination of human and natural factors can be influencing reef 
condition and CRRI values in Puerto Rico. The cross-shelf spatial gradient can be the result of 
chronic water quality degradation along inshore zones, which are located adjacent to known 
pollution sources. But the bathymetric gradient in reef conditions and CRRI values can be the 
potential combined result of variation in water turbidity, and the combined long-term impacts 
of postbleaching coral mortality, coral disease outbreaks, and impacts from hurricanes and 
north-western winter swells.

In comparison, previous studies using a nearly similar Coral Reef Health Index in Jamaica 
showed a mean value of 2.1 (“poor”), with ranges from 1.6 to 2.6 [63]. A similar study from 326 
locations across four countries of the Mesoamerican Barrier Reef System (Belize, Guatemala, 
Honduras, and México) showed that 47% of the reefs were in “poor” condition in 2008, 6% 
were “critical,” 41% “fair,” 6% “good,” and none were classified as “very good” [57]. A survey 
of 130 locations across the same region in 2010 showed that 40% of the reefs were in “poor” 
condition, 30% were “critical,” 21% “fair,” 8% “good,” and only 1% “very good” [57]. A simi-
lar study from 193 locations across the same region in 2012 showed that 40% of the reefs were 
in “poor” condition, 24% were “critical,” 25% “fair,” 9% “good,” and only 2% “very good” 
[58]. A similar study from 149 locations across the same region in 2015 showed that 40% of 
the reefs were still in “poor” condition, 17% were “critical,” 34% “fair,” 8% “good,” and only 
1% “very good” [59]. From this comparison, it is evident that multiple reef locations across 
the wider Caribbean region are significantly degraded by a multiplicity of factors, including a 
combination of overfishing [19, 21, 68], LBSP [7], and climate change [11]. Many of these loca-
tions are not showing signs of recovery [16, 17, 68].

Findings in this study of a strong cross-shelf stress gradient on coral reefs is also consistent 
with the literature that suggests significant impacts of LBSP [69], eutrophication [70, 71], sew-
age pollution [72], turbidity [73, 74], sedimentation [75–77], and bioerosion [78] on coral reefs 
adjacent to sources of stress.

4.3. Implications for coral reef conservation

Coral reef benthic assemblages in this study were showing signs of a cross-shelf environ-
mental stress (e.g., turbidity, sewage pollution, eutrophication, sedimentation, and sedi-
ment bedload), therefore potentially compromising coral reefs’ long-term reef accretion 
sustainability and ecosystem resilience. Coral reefs across the southwestern shelf of Puerto 
Rico have shown evidence of significant environmental degradation over the last four 
decades. Loya [79] and Goenaga and Cintrón [80] documented signs of degradation across 
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inshore and mid-shelf reefs from chronic sedimentation. Many of these have suffered dam-
age over time due to high terrigenous sediment loads [81, 82] and massive coral bleaching 
[83]. Schärer et al. (2010). High percent cover of threatened Elkhorn coral, Acropora palmata, 
were documented across offshore western mid-shelf reefs, but populations were largely 
declining in reefs adjacent to the coast due to water quality degradation [72]. Other stud-
ies have shown further reef degradation associated to LBSP, including the combination of 
sedimentation and turbidity [84, 85] and sewage and eutrophication [66, 72, 86]. Declining 
environmental conditions across the shelf have resulted in declining coral growth rates 
[81] and in significant declines of A. palmata populations across inshore reefs adjacent to 
areas impacted by LBSP [72, 84, 87–90]. Chronic decline in water quality could also have 
significant negative impacts on fish assemblages as several fish taxa can be sensitive to 
environmental degradation [91].

Findings in this study imply potential LBSP impacts across very large temporal and spatial 
scales, with very wide and persistent implications on coral reef benthic communities and on 
reef-associated fauna. LBSP impacts (i.e., sewage pollution from human and animal sources) 
were documented across the entire southwestern shelf in Puerto Rico, even in waters com-
plying with existing microbiological quality standards [66]. This points out at the increasing 
spatial scale of chronic LBSP impacts across multiple coral reef systems and at the potentially 
increasing turnover rates of reef communities. The lack of adequate controls of LBSP across 
the region constitutes one of the most significant concerns regarding the conservation and 
recovery of declining coral reef ecosystems.

Efforts are being currently developed to implement erosion and sedimentation controls across 
watershed scales in southwestern Puerto Rico. But so far, these efforts have completely missed 
a long-term ecological monitoring component to determine if current land-based efforts have 
had any meaningful impacts on improving adjacent coral reef ecosystems. Therefore, the use 
of rapid assessment approaches, such as the one implemented in this study, could provide a 
meaningful approach to address the spatial patterns of coral reef conditions, understand its 
potential causes of stress, and identify alternative strategies to implement BMPs to reduce 
stressors.

4.4. Management recommendations for decision-making

A summary of management recommendations for decision-making has been included in 
Table 4. These are based on the CRRI score rankings. Suggested actions were subdivided 
by sector following the suggestions of HRI [56] into government, NGOs, private sector, and 
the academia. Recommendations included a combination of broad and targeted manage-
ment actions aimed at improving governance by regulatory agencies, including improving 
enforcement capacity of water quality regulations and land use plan and fostering the imple-
mentation of BMPs of erosion control. They are also aimed at supporting NGOs and aca-
demic research to strengthen ecosystem-based management of coral reefs and other coastal 
resources. The government should also provide economic incentives for conservation and 
sustainable business, implement a green tax system to support these initiatives, and establish 
a functional network of no-take marine protected areas (MPAs).
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Recommendations are also aimed to empower base communities to undertake management 
actions and engage into citizen science programs, including coral farming and reef rehabilita-
tion through community-based NGO efforts. Also, base communities should strengthen their 
advocacy for coral reef conservation and fully support government initiatives, which promote 
community-based participation in management. The private sector should also become more 
active in supporting government efforts to manage MPAs, as well supporting coral farming and 
reef restoration efforts led by government, NGOs, or other sectors. The academia needs also to 
develop management-oriented research aimed at responding to multiple questions by natural 
resource and MPA managers. Applied research should also aim to understand the long-term 
dynamics of change of novel coral reef ecosystems. Multidisciplinary research should also be 
implemented to address the impacts of potential sources of stress on coral reefs. Communications 
and outreach need also to be improved between the academia and other sectors.

Based on the observed global CRRI and on the Coral Index scores in this study, the govern-
ment should focus their efforts on implementing many of the above-mentioned suggestions, 
but in particular, strengthening the implementation of BMPs for erosion and runoff control, 
and support the ecological restoration of depleted coral reefs. NGOs should also strengthen 
community-based coral farming and reef restoration efforts. The private sector should also 
implement/support “adopt a reef” programs to promote reef conservation and restoration, 
and/or fully support NGO efforts. The academia should also strengthen long-term ecological 
monitoring programs to address sources of stress and should engage in research to under-
stand the dynamics of emergent, novel coral reef ecosystems.

Nevertheless, the successful implementation of coral reef conservation will largely depend on the 
effective implementation of a coastal zone management plan, in the successful networking and 
effective communication among multiple stakeholders, in the implementation of effective com-
munication among and in translating scientific information to managers, decision-makers, gov-
ernment leaders, and base communities, and in building trust and transparency among different 
sectors of society. It would also be critical to reduce pollution sources across watersheds (e.g., raw 
sewage discharges, agricultural, livestock, urban, and industrial runoff) through the implementa-
tion of sustainable BMPs and strict enforcement of existing regulations. Effective enforcement of 
fishery regulations and improved no-take MPA governance are also fundamental for achieving 
sustainable coral reef resilience. Further, there is a need to comply with internationally recom-
mended protection of 20% of territorial sea as no-take MPAs. There are Caribbean islands that 
comply with that recommended goal, such as the U.S. Virgin Islands, where 15% of the area within 
their MPA boundaries had no-take regulations, in contrast to Puerto Rico, which only had 3% [92].

It would also be critical to implement sustainable development practices, particularly for 
small tropical island nations [88], including establishing setbacks from vulnerable areas along 
the shoreline and measures to protect local community livelihoods. A climate change adapta-
tion program must also be implemented focused on the sustainable adaptability of coupled 
social-ecological systems, on the sustainability of the ecosystem services provided by the first 
line of defense against storm swells (e.g., coral reefs and mangroves) and on fishery sustain-
able adaptability [93]. The implementation of alternative livelihood programs for displaced 
fishers and an improved effectiveness in the management of no-take MPAs through consis-
tent enforcement, sustainable funding, and technical capacity building is also paramount.
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inshore and mid-shelf reefs from chronic sedimentation. Many of these have suffered dam-
age over time due to high terrigenous sediment loads [81, 82] and massive coral bleaching 
[83]. Schärer et al. (2010). High percent cover of threatened Elkhorn coral, Acropora palmata, 
were documented across offshore western mid-shelf reefs, but populations were largely 
declining in reefs adjacent to the coast due to water quality degradation [72]. Other stud-
ies have shown further reef degradation associated to LBSP, including the combination of 
sedimentation and turbidity [84, 85] and sewage and eutrophication [66, 72, 86]. Declining 
environmental conditions across the shelf have resulted in declining coral growth rates 
[81] and in significant declines of A. palmata populations across inshore reefs adjacent to 
areas impacted by LBSP [72, 84, 87–90]. Chronic decline in water quality could also have 
significant negative impacts on fish assemblages as several fish taxa can be sensitive to 
environmental degradation [91].

Findings in this study imply potential LBSP impacts across very large temporal and spatial 
scales, with very wide and persistent implications on coral reef benthic communities and on 
reef-associated fauna. LBSP impacts (i.e., sewage pollution from human and animal sources) 
were documented across the entire southwestern shelf in Puerto Rico, even in waters com-
plying with existing microbiological quality standards [66]. This points out at the increasing 
spatial scale of chronic LBSP impacts across multiple coral reef systems and at the potentially 
increasing turnover rates of reef communities. The lack of adequate controls of LBSP across 
the region constitutes one of the most significant concerns regarding the conservation and 
recovery of declining coral reef ecosystems.

Efforts are being currently developed to implement erosion and sedimentation controls across 
watershed scales in southwestern Puerto Rico. But so far, these efforts have completely missed 
a long-term ecological monitoring component to determine if current land-based efforts have 
had any meaningful impacts on improving adjacent coral reef ecosystems. Therefore, the use 
of rapid assessment approaches, such as the one implemented in this study, could provide a 
meaningful approach to address the spatial patterns of coral reef conditions, understand its 
potential causes of stress, and identify alternative strategies to implement BMPs to reduce 
stressors.

4.4. Management recommendations for decision-making

A summary of management recommendations for decision-making has been included in 
Table 4. These are based on the CRRI score rankings. Suggested actions were subdivided 
by sector following the suggestions of HRI [56] into government, NGOs, private sector, and 
the academia. Recommendations included a combination of broad and targeted manage-
ment actions aimed at improving governance by regulatory agencies, including improving 
enforcement capacity of water quality regulations and land use plan and fostering the imple-
mentation of BMPs of erosion control. They are also aimed at supporting NGOs and aca-
demic research to strengthen ecosystem-based management of coral reefs and other coastal 
resources. The government should also provide economic incentives for conservation and 
sustainable business, implement a green tax system to support these initiatives, and establish 
a functional network of no-take marine protected areas (MPAs).
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Recommendations are also aimed to empower base communities to undertake management 
actions and engage into citizen science programs, including coral farming and reef rehabilita-
tion through community-based NGO efforts. Also, base communities should strengthen their 
advocacy for coral reef conservation and fully support government initiatives, which promote 
community-based participation in management. The private sector should also become more 
active in supporting government efforts to manage MPAs, as well supporting coral farming and 
reef restoration efforts led by government, NGOs, or other sectors. The academia needs also to 
develop management-oriented research aimed at responding to multiple questions by natural 
resource and MPA managers. Applied research should also aim to understand the long-term 
dynamics of change of novel coral reef ecosystems. Multidisciplinary research should also be 
implemented to address the impacts of potential sources of stress on coral reefs. Communications 
and outreach need also to be improved between the academia and other sectors.

Based on the observed global CRRI and on the Coral Index scores in this study, the govern-
ment should focus their efforts on implementing many of the above-mentioned suggestions, 
but in particular, strengthening the implementation of BMPs for erosion and runoff control, 
and support the ecological restoration of depleted coral reefs. NGOs should also strengthen 
community-based coral farming and reef restoration efforts. The private sector should also 
implement/support “adopt a reef” programs to promote reef conservation and restoration, 
and/or fully support NGO efforts. The academia should also strengthen long-term ecological 
monitoring programs to address sources of stress and should engage in research to under-
stand the dynamics of emergent, novel coral reef ecosystems.

Nevertheless, the successful implementation of coral reef conservation will largely depend on the 
effective implementation of a coastal zone management plan, in the successful networking and 
effective communication among multiple stakeholders, in the implementation of effective com-
munication among and in translating scientific information to managers, decision-makers, gov-
ernment leaders, and base communities, and in building trust and transparency among different 
sectors of society. It would also be critical to reduce pollution sources across watersheds (e.g., raw 
sewage discharges, agricultural, livestock, urban, and industrial runoff) through the implementa-
tion of sustainable BMPs and strict enforcement of existing regulations. Effective enforcement of 
fishery regulations and improved no-take MPA governance are also fundamental for achieving 
sustainable coral reef resilience. Further, there is a need to comply with internationally recom-
mended protection of 20% of territorial sea as no-take MPAs. There are Caribbean islands that 
comply with that recommended goal, such as the U.S. Virgin Islands, where 15% of the area within 
their MPA boundaries had no-take regulations, in contrast to Puerto Rico, which only had 3% [92].

It would also be critical to implement sustainable development practices, particularly for 
small tropical island nations [88], including establishing setbacks from vulnerable areas along 
the shoreline and measures to protect local community livelihoods. A climate change adapta-
tion program must also be implemented focused on the sustainable adaptability of coupled 
social-ecological systems, on the sustainability of the ecosystem services provided by the first 
line of defense against storm swells (e.g., coral reefs and mangroves) and on fishery sustain-
able adaptability [93]. The implementation of alternative livelihood programs for displaced 
fishers and an improved effectiveness in the management of no-take MPAs through consis-
tent enforcement, sustainable funding, and technical capacity building is also paramount.
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Category Sectors

Government NGOs Private sector Academic researchers

Very good Provide economic 
incentives for conservation 
and sustainable 
businessDesignate no-take 
MPAs to maintain resilient 
reef fish assemblagesFully 
support citizen science 
programsFully support 
long-term ecological 
monitoring led by NGOs 
and academiaEnforce 
existing water quality 
regulations

Support efforts to 
fully protect more 
reefs (MPAs)Increase 
public participation in 
managementDevelop 
management-oriented 
citizen science programs

Sustain local MPAs 
through financial, 
staff, or technical 
assistanceCollaborate 
and support 
government, academic, 
and NGO efforts for 
reef conservation and 
restorationImprove 
the implementation of 
BMPs, sustainable codes 
of conduct, and other 
strategies to reduce 
environmental impacts

Engage in research 
to respond 
questions by natural 
resource and MPA 
managersDevelop 
long-term ecological 
monitoring 
programs to address 
ecological change 
and climate change 
impactsPromote 
integration of 
citizen science 
programsEstablish 
communication and 
outreach programs 
with other sectors

Good As in “very good” 
+Implement coral farming 
and reef restoration to 
maintain healthy coral 
populationsImplement 
a green tax system 
to support coral reef 
conservation and 
restoration initiative

As in “very good” 
+Implement community-
based coral farming and 
reef restoration

As in “very good” 
+Promote partnerships 
with other sectors to 
support coral farming 
and reef restoration

As in “very 
good” +Promote 
partnerships with 
other sectors to 
support coral 
farming and reef 
restorationDevelop 
multidisciplinary 
research integrating 
social sciences and 
economy

Fair As in “good” +Implement 
BMPs for erosion and 
runoff controlRestore 
depleted coral reef

As in “good” 
+Strengthen community-
based coral farming and 
reef restoration

As in “good” 
+Implement/support 
“adopt a reef” 
programs to promote 
reef conservation and 
restoration

As in “good” 
+Strengthen long-
term ecological 
monitoring 
programs to address 
sources of stress

Poor As in “fair” +Strengthen 
the implementation 
of the coastal zone 
management plan and the 
land use planAggressive 
implementation of 
BMPs for erosion and 
runoff controlStrengthen 
enforcement of fisheries 
regulations to enhance 
herbivorous fish 
populationsImprove land 
use, management of soil 
erosion, wastewater, and 
urban runoffImplement 
local moratoriums on 
coastal development 
projects

As in “fair” +Strengthen 
community-based 
advocacy in coral reef 
conservationStrengthen 
community-based 
coral farming and reef 
restoration

As in “fair” +Strengthen 
partnerships and 
support of coral reef 
management efforts by 
governmentStrengthen 
partnerships and 
support of coral farming 
and reef restoration

As in “fair” 
+Strengthen 
collaborations and 
communication 
with natural 
resource and MPA 
managersConduct 
management-
oriented research 
on novel reef 
ecosystemsAssist 
government and 
other sectors in 
developing or 
strengthening 
management plans
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Government agencies also need to establish effective partnerships with the academia, NGOs, 
and the private sector to promote applied research aimed at responding to management-
oriented research questions regarding emergent novel coral reef ecosystems, which are char-
acterized by altered benthic and fish assemblages as a result of multiple human impacts. Also, 
in a moment of complex and profound socioeconomic crisis, it is pivotal that governments 
need to promote and adopt sustainable consumption guidelines for marine resources; pro-
tect vulnerable coastal habitats, watersheds, and water sources; and secure food security and 
sovereignty [93]. Local governments should establish effective mechanisms, such as green 
taxes, to enhance available funding to support MPA management, coral farming, reef reha-
bilitation, and sustainable natural resource-based recreation. The private sector should con-
tribute significantly to MPA and coral reef conservation and restoration through financial 
assistance and through supporting human and technical resources. Moreover, there is a criti-
cal need to reduce impacts by massive tourism activities [88], to reduce carbon emissions [94], 
and to adopt and expand a reward system for carbon sequestration, with the reduction of 
hydrocarbon dependency [56]. Approximately 85% of the energy produced in Puerto Rico is 
derived from hydrocarbon burning. There is a need to promote the use of alternative renew-
able energy sources.

4.5. Other potential applications of the modified CRRI

Multiple coral reef health indices have been successfully implemented across the globe to 
address a multiplicity of management-oriented questions. Some of them are very specific, 
while others can be applied to a variety of questions. The proposed CRRI is a very useful 
method to address coral reef conditions under a variety of scenarios. With the proper sam-
pling design, the method can provide rapid, robust data to address spatial and temporal 
variability in coral reef conditions across multiple environmental conditions and across a 
variety of reef morphotypes and depth zones. It can also be implemented across leeward 
(protected) habitats, as well as across windward (exposed) sites. The CRRI can be used to 
address the long-term environmental impacts of any coastal development project, such as 

Category Sectors

Government NGOs Private sector Academic researchers

Critical As in “poor” +Establish 
emergency measures to 
reduce environmental 
stressors to reefsEstablish 
priority mechanisms 
to implement BMPs to 
reduce sediment delivery 
to coastal waters and to 
improve efficiency of 
wastewater and urban 
runoff management

As in “poor” +Promote 
effective enforcement 
of fishery regulations to 
enhance herbivorous fish 
populationsImplement 
community-based reef 
restoration

As in “poor” 
+Strengthen partnerships 
and fully support efforts 
led by government, 
NGOs, and the academia 
for coping critical 
declining coral reefs

As in “poor” 
+Strengthen 
multidisciplinary 
approaches to reef 
management to 
understand the role 
of human uses of 
reef ecosystems
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Category Sectors

Government NGOs Private sector Academic researchers
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and academiaEnforce 
existing water quality 
regulations

Support efforts to 
fully protect more 
reefs (MPAs)Increase 
public participation in 
managementDevelop 
management-oriented 
citizen science programs

Sustain local MPAs 
through financial, 
staff, or technical 
assistanceCollaborate 
and support 
government, academic, 
and NGO efforts for 
reef conservation and 
restorationImprove 
the implementation of 
BMPs, sustainable codes 
of conduct, and other 
strategies to reduce 
environmental impacts

Engage in research 
to respond 
questions by natural 
resource and MPA 
managersDevelop 
long-term ecological 
monitoring 
programs to address 
ecological change 
and climate change 
impactsPromote 
integration of 
citizen science 
programsEstablish 
communication and 
outreach programs 
with other sectors

Good As in “very good” 
+Implement coral farming 
and reef restoration to 
maintain healthy coral 
populationsImplement 
a green tax system 
to support coral reef 
conservation and 
restoration initiative

As in “very good” 
+Implement community-
based coral farming and 
reef restoration

As in “very good” 
+Promote partnerships 
with other sectors to 
support coral farming 
and reef restoration

As in “very 
good” +Promote 
partnerships with 
other sectors to 
support coral 
farming and reef 
restorationDevelop 
multidisciplinary 
research integrating 
social sciences and 
economy

Fair As in “good” +Implement 
BMPs for erosion and 
runoff controlRestore 
depleted coral reef

As in “good” 
+Strengthen community-
based coral farming and 
reef restoration

As in “good” 
+Implement/support 
“adopt a reef” 
programs to promote 
reef conservation and 
restoration

As in “good” 
+Strengthen long-
term ecological 
monitoring 
programs to address 
sources of stress

Poor As in “fair” +Strengthen 
the implementation 
of the coastal zone 
management plan and the 
land use planAggressive 
implementation of 
BMPs for erosion and 
runoff controlStrengthen 
enforcement of fisheries 
regulations to enhance 
herbivorous fish 
populationsImprove land 
use, management of soil 
erosion, wastewater, and 
urban runoffImplement 
local moratoriums on 
coastal development 
projects

As in “fair” +Strengthen 
community-based 
advocacy in coral reef 
conservationStrengthen 
community-based 
coral farming and reef 
restoration

As in “fair” +Strengthen 
partnerships and 
support of coral reef 
management efforts by 
governmentStrengthen 
partnerships and 
support of coral farming 
and reef restoration

As in “fair” 
+Strengthen 
collaborations and 
communication 
with natural 
resource and MPA 
managersConduct 
management-
oriented research 
on novel reef 
ecosystemsAssist 
government and 
other sectors in 
developing or 
strengthening 
management plans
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dredging, the construction of seawalls, marinas, beach renourishment, and other activities. 
With the proper sampling design, it can even be used following a before-after-control-impact 
(BACI) approach to simultaneously address multiple research questions. The proposed CRRI 
can also be implemented to address impacts by acute factors such as vessel groundings. In 
addition, it can address impacts of large-scale phenomena such as hurricanes, winter swells, 
coral mortality events, and massive bleaching. The CRRI can even be applied during assess-
ments of the effectiveness of coral outplanting and reef restoration.

With minimal training, the CRRI can be fully adapted and implemented through a combi-
nation of academic, government, or community-based NGO and private-led citizen science 
programs. It can further be easily combined with other standard long-term monitoring efforts 
(e.g., Atlantic and Gulf Rapid Reef Assessment [AGRRA]). Therefore, its implementation can 
become a paramount tool to facilitate the interpretation of large data sets by the scientific 
community, politicians, government decision-makers, natural resource managers, econo-
mists, private stakeholders, base communities, fishermen, and other interested sectors. This 
element of cross-participation, integration, and understanding of science is fundamental for 
helping planning and decision-making processes.

5. Conclusions

Coral reefs across the western Puerto Rican platform are showing signs of environmental 
stress. This was reflected on a cross-shelf spatial gradient of water turbidity and NH3

+ that is 
affecting coral reef ecosystems across the entire shelf. CRRI mean values reflected this trend 
and pointed out at a gradient of reef conditions from inshore, highly degraded locations, to 
mid-shelf moderately degraded reefs, to less degraded outer-shelf locations. This suggests 
the need to implement a suite of management strategies by multiple societal sectors, from 
government, to NGOs, the private sector, and the academia. When coupled with a long-term 
permanent monitoring program or any reef rapid assessment method, the proposed CRRI 
can become a useful tool for all sectors, in particular for natural resource and MPA manag-
ers, and for community-based, NGO-led citizen science programs in support of government 
management efforts and of academic research. The successful implementation of the CRRI 
would provide the basic framework for wide participation of stakeholder networks, which 
would provide baseline information for improving coral reef management. However, suc-
cessful and effective coral reef conservation can be achieved only if such efforts are multidis-
ciplinary and are broadly participatory (fair and meaningful engagement of multiple sectors) 
and if science is translated into easy-to-understand information for all sectors of society, 
including decision-makers. A key benefit of the proposed CRRI method is that, with proper 
training, it can be implemented by any members of any sector and that complex quantitative 
information generated can be rapidly translated into easy-to-interpret formats. This is critical 
for the timely implementation of adaptive management actions, particularly in the context 
of rapidly shifting ecosystems by climate change–related impacts and by other ecological 
surprises.
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Coastal ecosystem resilience and sustainability are fundamental goals for many small island 
nations. The implementation of long-term ecological monitoring programs is important to 
address management effectiveness. However, it could be difficult for many small islands 
and developing countries to implement such programs due to economic constraints and/
or lack of trained personnel or appropriate resources. Therefore, easy-to-implement, eco-
nomic, reliable, rapid assessment methods such as the CRRI can become valuable tools for 
achieving such goals, particularly in a time of socioeconomic crisis and accelerating climate 
change.

Nevertheless, Sammarco et al. [95] found that a key problem regarding coral reef assessment 
and monitoring strategies was that differences in objectives can create communication and 
information gaps. These may even prevent direct comparisons among studies. There is a need 
to improve communications among government agencies, managers, academia, and groups 
engaged in reef assessment and monitoring activities and to promote community-based 
participation through fully supported citizen science programs. Only improved science and 
communication will lead to improved decision-making on both local and Caribbean-wide 
regional scales [96]. It is also important to understand the ultimate requirements of local, 
state, and national governments and understand their staff and funding limitations and man-
agement needs. These will help identify clear management questions and goals and design 
hypothesis-driven research, which will ultimately determine which specific indicators would 
be required. As a final thought, given the continuously declining conditions of multiple coral 
reefs around the Caribbean region, promoting community-based efforts of coral farming and 
reef restoration, coupled with continuous monitoring, must become a top priority. There are 
important published success stories of community-based coral reef restoration in Puerto Rico 
(e.g., [97, 98]). The take-home message is that planning and selection of bioindicators for coral 
reef assessment and monitoring need to start from the end in mind in order to achieve the 
common ultimate goal of coral reef conservation and the sustainability of ecosystem produc-
tivity, resilience, functions, benefits, and services. This will require strengthening network-
ing among different stakeholders and promoting stronger community-based participation in 
planning, decision-making, and management-oriented science.
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Low-tech coral farming and reef rehabilitation have become important community-
based coral reef management tools. At least in the wider Caribbean region, these strate-
gies have been successfully implemented to recover depleted populations of staghorn 
(Acropora cervicornis) and elkhorn coral (A. palmata). They have also been used with 
relative success to recover depleted fish assemblages. Indirectly, coral reef rehabilita-
tion has also resulted in enhanced benthic spatial heterogeneity, in providing multiple 
new microhabitats for fish and invertebrate species; have contributed to the recovery 
of coastal resilience, increasing the protection of shorelines against erosion; and have 
fostered an increased interest of the tourism sector as an enhanced attraction for visitors 
and recreationists. Nevertheless, there is still a need to implement best management 
practices to improve the success of these strategies. In this chapter, lessons learned from 
the Community-Based Coral Aquaculture and Reef Rehabilitation Program in Culebra Island, 
Puerto Rico, are shared from a multi-disciplinary standpoint. Learning from past experi-
ences is a critical process to improve science. In a time of significant projected climate 
change impacts and sea level rise, improving the scale of coral farming and reef reha-
bilitation has become a critical tool for coral reef conservation. But multiple roadblocks 
must still be overcome.
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1. Introduction

1.1. Coral reef decline and the emergent role of ecological restoration as a 
management tool

Coral reefs have largely declined across regional and global scales over the last four to 
five decades as a combined result of multiple local, regional, and global human stressors. 
Local stressors are factors that affect ecological processes which occur within reef commu-
nities and often include water quality degradation [1], eutrophication [2], sedimentation 
[3], turbidity [4, 5], fishing [6, 7], blast fishing [8], vessel groundings [9], military train-
ing activities [10], and recreational abuse [11, 12], among many others. Regional-to-global 
scale stressors are climate change related, including sea surface warming [13, 14], massive 
coral bleaching [15, 16], disease outbreaks [17, 18], mass coral mortalities [19, 20], and its 
concomitant effect in reef fish assemblages [21]. Ocean acidification [22], in combination 
with eutrophication [23], has been shown to accelerate coral diseases and erode overall 
reef resilience [24]. Bioerosion has also become a key widespread process that, in combi-
nation with rapidly declining reefs, eutrophication, and ocean acidification, represents an 
increasing threat, though data on actual bioerosion rates are limited to a few well-studied 
cases [25]. In addition, hurricanes have become a significant concern in the Atlantic due to 
their apparent link to increasing climate change impacts [26–28]. Such multiple combined 
interactions have contributed to the large-scale demise of coral reef ecosystem resilience, 
compromising their capacity to sustain ecosystem services; threatening the sustainability 
of reef fisheries, its productivity, and its ability to produce food protein to feed hundreds 
of millions of people; and protecting shorelines from erosion, unless trends are otherwise 
reversed [29].

Indo-Pacific coral reefs have shown significant declines following past disturbances [30, 31], 
but have shown rapid signs of recovery, often within decadal time scales [32–34]. However, 
Caribbean coral reef ecosystems have also shown significant impacts [20, 21], but very lim-
ited natural recovery [7, 35]. Instead, Caribbean coral reef benthic communities have shown 
a rapidly shifting trajectory from coral dominance to dominance by non-reef-building taxa, 
mostly macroalgae [36–38]. Recent coral recruitment trends also point out at a shifting trajec-
tory and dominance by small-sized, ephemeral species [39]. Limited natural recovery ability 
and shifting benthic community trajectories are the direct result of limited functional redun-
dancy of Caribbean reef ecosystems, in comparison to their Indo-Pacific counterparts [40]. 
Such declining trends may imply the onset of permanent alterations on ecosystem resilience 
and persistence, ecological functions, values, and benefits. Therefore, reef ecosystems are 
shifting into what has been designated as novel ecosystems [41–45], with often significantly 
altered biological assemblages and ecological functions, and yet unknown long-term effects 
on ecosystem composition, functions, and productivity. This makes necessary to examine the 
role of assisted recovery of depleted coral diversity, restoring coral functional groups, and the 
rehabilitation of coral reefs at the reefscape, functional level, as a new strategy to buffer and 
restore present declining trends.

Corals in a Changing World214

Multiple low-tech coral farming and reef rehabilitation efforts have proliferated across a 
global scale over the past 10–15 years with the aim to foster a rapid recovery of depleted 
coral species [46–51] and to recover reef structure, function, and ecosystem services 
[52]. However, most of these experiments have been of very limited spatial scales (often 
<100 m−2) and often of very short duration (<1 y) [53–61]. Therefore, impacts have been of 
very limited ecological significance. Nevertheless, multiple methods have shown to be 
promising as future tools for depleted coral species restoration, for the rehabilitation of 
reef’s ecosystem functions and services, and for recovering coastal resilience. But there is 
still a general lack of published systematized information regarding lessons learned from 
such activities that could serve as a step-by-step guide for coral reef managers to restore 
depleted coral reefs. Reviews on coral farming strategies to replenish degraded coral reefs 
are still scarce and have focused on very limited questions and geographical scales [47, 49, 
50], on the role of integrating habitat enhancement to aquaculture and fisheries manage-
ment [62], and on the potential benefits to habitat conservation [51, 63]. However, there is 
still a general lack of published systematized information regarding lessons learned from 
such activities that could serve as a step-by-step guide for coral reef managers to restore 
depleted coral reefs.

1.2. Goals and objectives

The goal of this chapter is to briefly update the state of knowledge regarding low-tech coral 
farming efforts around the globe and address a wide range of multi-disciplinary lessons 
learned through the 15-year-old Community-Based Coral Aquaculture and Reef Rehabilitation 
Program led in Puerto Rico by NGO Sociedad Ambiente Marino, with the collaboration of 
the Center for Applied Tropical Ecology and Conservation of the University of Puerto Rico. 
Lessons learned cover topics regarding: coral biology; the science of coral collection, han-
dling, transporting, and out-planting to farming units; maintenance; long-term monitoring 
of corals in farms; out-planting site selection and methods; and the long-term monitoring of 
coral out-plants. Finally, the chapter also included a discussion on general recommendations 
and needs for implementing best management practices.

2. State of knowledge in the development of low-tech coral farming 
and reef rehabilitation

The state of knowledge regarding the development of low-tech coral farming and reef reha-
bilitation has largely expanded across the globe during the recent two decades. Table 1 
summarizes some of the recent efforts across different geographical areas. Pioneering work 
commenced across the Caribbean due to its limited natural recovery ability and the need to 
implement low-tech reef restoration efforts. But a suite of different methods has been devel-
oped across the globe involving multiple benthic coral culture units, floating units, rope 
nurseries, and combinations of these. Also, different methods have been implemented for 
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oped across the globe involving multiple benthic coral culture units, floating units, rope 
nurseries, and combinations of these. Also, different methods have been implemented for 
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out-planting activities, involving the use of masonry nails and plastic ties, as well as the use 
of different artificial substrates used for compensatory mitigations of environmental impacts 
or for habitat enhancement. However, coral colony survival rates either during coral farming 
or after out-planting to natural reefs have been largely variable and often species-, size-, and 

Location Method Survival Time 
(m)

Reference

Israel Cement tiles; plastic net 25–83% fragments Stylophora pistillata, 6 m, 
cement tiles, site-specific 83%, 6 m; 61%, 
18 m; plastic net

6–18 m [64]

Egypt Plastic mesh 14–48% without epoxy, species-specific

86–91% with epoxy, species-specific

8–11% without epoxy, species-specific

11–21% with epoxy, species-specific

6 m

12 m

[65]

Japan Concrete armor blocks 15–20% species-specific 20 m [66]

Philippines Concrete blocks ND 12 m [67]

Singapore Table nursery; plastic 
mesh

34% 14 m [68]

Palau Pushmounts for coral 
spat

Plastic ties and 
pushmounts for 
fragments

73–80%; asexual fragments Acropora digitifera, 
A. hyacinthus

14–24%; after sexual larval settlement

18 m

12 m

[69]

Indonesia Cathode and electric 
field

68%; Acropora yongei in cathode wire; 99% in 
electric field and in control

83%; A. pulchra in cathode wire; 91% in 
electric field, and 87% in control

4 m [70]

Puerto Rico 
and Pohnpei, 
Micronesia

Lose fragments

Fragments attached 
to a fishing line in the 
bottom

Survival in A. cervicornis and A. prolifera 
strongly treatment and size dependent. 0% 
in fragments 8–12 cm; 95% in fragments 
>30 cm

3 [74]

Puerto Rico Survival treatment, size and location 
dependent: Acropora cervicornis

3–5 cm 70%; 8–12 cm 80%; 15–22 cm 95% 
in backreef areas;3–5 cm 50%; 8–12 cm 
90%; 15–22 cm 95% in reef front areas; 
A. prolifera—3–5 cm 80%; 8–12 cm 70%; 
15–22 cm 70%

6 [73]

Puerto Rico Wire mesh “A frames”; 
Horizontal line 
nurseries (HLN)

Survival rate in A. cervicornis “A frame” units 
strongly dependent on method and exposure 
to extreme rainfall and runoff; “A frames” 
73% in 2011–2012; 81% in 2012–2013; 97% in 
HLN in 2012–2013

24 [80]

ND, no data.

Table 1. Global-scale variation in coral farming and reef restoration methods.
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site-specific. Nevertheless, low-tech methods have been successfully implemented with the 
participation of base communities across multiple locations.

The use of wild and/or captive-bred coral larvae is also a promising alternative for coral 
propagation without compromising source population fitness [71]. However, such methods 
involve high tech, more expensive methods, equipment, and laboratory facilities. They also 
require highly trained scientific personnel, with limited possibilities of involving base com-
munities in the process, unless extensive technical training has been provided to participants. 
Recent advances integrating population genetic structure of corals and holosymbionts have 
also pointed out the importance of collecting a genetically diverse nursery stock and of main-
taining poor-performing holobionts in culture to avoid selecting only nursery-fit genets [72]. 
Alternatively, nurseries may be established in multiple habitat types to maintain a wide range 
of holobiont types acclimatized to different environmental conditions. Probably, the most 
significant advantage of high-tech propagation strategies is the ability to propagate ex situ 
significant amounts of coral spat during each reproductive cycle. Further, ex situ propagation 
in flow tanks can have the potential to produce 100–1000 of small coral fragments (e.g., sizes 
of only a few polyps) several times per year. The combination of low-tech and high-tech, 
genetic-based propagation strategies can lead to enhance coral propagation and out-planting 
success across multiple coral reef locations. With improved capabilities of long-distance trans-
portation, these methods can also improve the ability to restore multiple locations within 
shorter time scales. Long-distance transportation may imply hours to several days, depend-
ing on distance of source coral reefs and on logistics of transportation. It may require devel-
oping simple to sophisticated methods of keeping corals wet, aeriated, and protected from 
direct sunlight and high temperature. Providing mechanisms such as plastic buckets or cool-
ers provided with a battery-powered water pump and a small PVC pipe system with multiple 
small holes drilled on them to allow water to sprinkle corals will allow to keep them wet 
during prolonged transportation. But using a Z-shaped 2″ PVC pipe in a vessel can allow 
natural pumping of oxygenated seawater to sprinkle corals during the ride. If a cooler is used, 
it can also be provided with a battery-powered chiller and an air pump. Previous experience 
in Puerto Rico using such battery-powered systems has allowed transportation of corals of 
up to 11 h from source to farming site and involving multiple transportation systems (e.g., 
small boat, vehicle, ferry, and another small boat). This effort resulted in a 100% survival rate, 
with no stress to out-planted staghorn coral (Acropora cervicornis) and to fused staghorn coral 
(Acropora prolifera).

2.1. A quick glimpse of previous successful experiences in Puerto Rico

Coral farming and reef rehabilitation science in Puerto Rico evolved since year 1980 with low-
scale pioneering experiments by Carlos Goenaga and Vance Vicente in Cayo Enrique reef, 
La Parguera. However, that experiment, though successful, generated no publications. Then, 
by 1993, Austin Bowden-Kerby developed low-tech coral farming and reef restoration work 
involving staghorn coral (A. cervicornis) and fused staghorn coral (A. prolifera) [73, 74]. Ortiz-
Prosper et al. [75] in 1998 out-planted corals to reef ball artificial units and to dead coral sur-
faces. Sociedad Ambiente Marino (SAM), in collaboration with Culebra Fishers Association and 
Correlations, established in 2003 the Community-Based Coral Aquaculture and Reef Rehabilitation 
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site-specific. Nevertheless, low-tech methods have been successfully implemented with the 
participation of base communities across multiple locations.

The use of wild and/or captive-bred coral larvae is also a promising alternative for coral 
propagation without compromising source population fitness [71]. However, such methods 
involve high tech, more expensive methods, equipment, and laboratory facilities. They also 
require highly trained scientific personnel, with limited possibilities of involving base com-
munities in the process, unless extensive technical training has been provided to participants. 
Recent advances integrating population genetic structure of corals and holosymbionts have 
also pointed out the importance of collecting a genetically diverse nursery stock and of main-
taining poor-performing holobionts in culture to avoid selecting only nursery-fit genets [72]. 
Alternatively, nurseries may be established in multiple habitat types to maintain a wide range 
of holobiont types acclimatized to different environmental conditions. Probably, the most 
significant advantage of high-tech propagation strategies is the ability to propagate ex situ 
significant amounts of coral spat during each reproductive cycle. Further, ex situ propagation 
in flow tanks can have the potential to produce 100–1000 of small coral fragments (e.g., sizes 
of only a few polyps) several times per year. The combination of low-tech and high-tech, 
genetic-based propagation strategies can lead to enhance coral propagation and out-planting 
success across multiple coral reef locations. With improved capabilities of long-distance trans-
portation, these methods can also improve the ability to restore multiple locations within 
shorter time scales. Long-distance transportation may imply hours to several days, depend-
ing on distance of source coral reefs and on logistics of transportation. It may require devel-
oping simple to sophisticated methods of keeping corals wet, aeriated, and protected from 
direct sunlight and high temperature. Providing mechanisms such as plastic buckets or cool-
ers provided with a battery-powered water pump and a small PVC pipe system with multiple 
small holes drilled on them to allow water to sprinkle corals will allow to keep them wet 
during prolonged transportation. But using a Z-shaped 2″ PVC pipe in a vessel can allow 
natural pumping of oxygenated seawater to sprinkle corals during the ride. If a cooler is used, 
it can also be provided with a battery-powered chiller and an air pump. Previous experience 
in Puerto Rico using such battery-powered systems has allowed transportation of corals of 
up to 11 h from source to farming site and involving multiple transportation systems (e.g., 
small boat, vehicle, ferry, and another small boat). This effort resulted in a 100% survival rate, 
with no stress to out-planted staghorn coral (Acropora cervicornis) and to fused staghorn coral 
(Acropora prolifera).

2.1. A quick glimpse of previous successful experiences in Puerto Rico

Coral farming and reef rehabilitation science in Puerto Rico evolved since year 1980 with low-
scale pioneering experiments by Carlos Goenaga and Vance Vicente in Cayo Enrique reef, 
La Parguera. However, that experiment, though successful, generated no publications. Then, 
by 1993, Austin Bowden-Kerby developed low-tech coral farming and reef restoration work 
involving staghorn coral (A. cervicornis) and fused staghorn coral (A. prolifera) [73, 74]. Ortiz-
Prosper et al. [75] in 1998 out-planted corals to reef ball artificial units and to dead coral sur-
faces. Sociedad Ambiente Marino (SAM), in collaboration with Culebra Fishers Association and 
Correlations, established in 2003 the Community-Based Coral Aquaculture and Reef Rehabilitation 
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Program in Culebra Island, with over 60,000 staghorn coral colonies out-planted in 15 years 
[76–80]. Elkhorn coral (Acropora palmata) out-planting under high wave energy conditions has 
been successfully conducted at Vega Baja since 2008 by Vegabajeños Impulsando Desarrollo 
Ambiental Sustentable (VIDAS) and SAM [76]. Additional work with extensive out-planting 
of staghorn coral has been conducted in southwestern Puerto Rico and more recently in north-
eastern Puerto Rico by the National Oceanic and Atmospheric Administration—Restoration 
Center (NOAA-RC) and by Sea Ventures [81, 82]. Additional coral farming and out-planting 
has been carried out since 2010 in southwestern Puerto Rico by HRJ Reefscaping in collabora-
tion with NOAA-RC. Another important coral restoration effort was conducted by NOAA at 
Mona Island following a major vessel grounding in 1997 [83, 84]. Recent smaller efforts have 
also been developed across the northern coast of Puerto Rico by NOAA-RC and VIDAS.

In summary, a suite of methods is currently being successfully implemented in Puerto Rico 
involving multiple locations (Figure 1) and a variety of methods (Figures 2 and 3). Similarly, a 
combination of low-tech approaches has been implemented during coral out-planting on natu-
ral depauperate reef substrates. The longest continuous coral farming and reef restoration proj-
ect is led by SAM in Culebra Island (since 2003), with the close collaboration of the University of 
Puerto Rico’s Center for Applied Tropical Ecology and Conservation (CATEC). VIDAS has led 
the Vega Baja restoration project since 2008. HJR Reefscaping has led projects along southwest-
ern Puerto Rico. NOAA-RC has led and/or collaborated with basically all other initiatives. Also, 
the agency has led multiple reef restoration efforts across the U.S. Virgin Islands and Florida, 
USA. All of the above-listed efforts have placed Puerto Rico at the top leading role of coral reef 
restoration and rehabilitation efforts across the northeastern Caribbean region (Figure 4).

Figure 1. Active coral farming and reef restoration sites in Puerto Rico. From northwest to northeast: Isabela; Arecibo; 
Vega Baja-Manatí; Arrecifes La Cordillera Natural Reserve, Fajardo (Cayo Diablo, Palominos Island); Canal Luis Peña 
Natural Reserve, Culebra (Bahía Tamarindo, Punta Tamarindo Chico); and Punta Soldado, Culebra. From southwest to 
east: La Parguera Natural Reserve, La Parguera (San Cristobal, El Mario); Guánica Biosphere Reserve, Guayanilla; and 
Caja de Muerto Natural Reserve, Ponce.
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Figure 2. Examples of low-tech coral farming methods used in Puerto Rico. From top left: (A) plastic-covered wire 
mesh; (B) large wire mesh; (C) COndominium pvc unit; (D) horizontal line nursery; (E) floating underwater coral array 
(FUCA); and (F) benthic underwater coral array (BUCA). The first five models have been used with staghorn coral 
(Acropora cervicornis) and fused staghorn coral (A. prolifera). The BUCA has been used for elkhorn coral (A. palmata).

Figure 3. Examples of additional low-tech coral farming methods used in Puerto Rico. From top left: (A) pvc plastic 
grid; (B) “cathedral” line nursery; (C) tree unit; (D) modified benthic underwater coral array (m-BUCA); (E) concrete 
cookies; and (F) tree unit. Models A and B have been used with staghorn coral (Acropora cervicornis). Models C–E have 
been used with elkhorn coral (A. palmata). Model F has also been used with pillar coral (Dendrogyra cylindrus) and star 
coral (Orbicella faveolata).
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Figure 2. Examples of low-tech coral farming methods used in Puerto Rico. From top left: (A) plastic-covered wire 
mesh; (B) large wire mesh; (C) COndominium pvc unit; (D) horizontal line nursery; (E) floating underwater coral array 
(FUCA); and (F) benthic underwater coral array (BUCA). The first five models have been used with staghorn coral 
(Acropora cervicornis) and fused staghorn coral (A. prolifera). The BUCA has been used for elkhorn coral (A. palmata).

Figure 3. Examples of additional low-tech coral farming methods used in Puerto Rico. From top left: (A) pvc plastic 
grid; (B) “cathedral” line nursery; (C) tree unit; (D) modified benthic underwater coral array (m-BUCA); (E) concrete 
cookies; and (F) tree unit. Models A and B have been used with staghorn coral (Acropora cervicornis). Models C–E have 
been used with elkhorn coral (A. palmata). Model F has also been used with pillar coral (Dendrogyra cylindrus) and star 
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2.2. Limitation of previous efforts

The most significant limitation of previous efforts, not only in Puerto Rico, but also across the 
wider Caribbean region and across other locations around the world, has been the still small 
spatial scales impacted by ecological restoration efforts. Most projects have often been limited 
to the scale of 10–100 m2. A combination of factors can limit the spatial scale of such endeav-
ors, including: (a) limited economic, technological, and/or human resources; (b) limited source 
propagules; and (c) still limited success of larval-rearing methods. Many projects have often 
been experimental test beds for methods development, for methods demonstration, for miti-
gating specific environmental impacts (e.g., vessel grounding, storm/winter swell impacts, 
construction projects), or to address specific research questions. Many of these have shown 
promising success. However, their applicability to larger spatial scales still remains a ques-
tion. This has led many detractors of ecological restoration to question, denigrate, or mock 
applied restoration ecologists, managers, practitioners, and NGO and community-based vol-
unteers for “wasting money, time and efforts” in attempting to restore coral reefs through 
coral farming and other methods.

Coral farming and reef restoration have been successful at the scales so far implemented. 
But in order to become meaningful at ecological spatial scales, there is a need to improve 
spatial scales of future projects. This needs to include aspects such as: (a) increasing ecologi-
cal and genetical connectivity to improve, for instance, fish assemblages spatial connectivity 
and functional redundancy; (b) rehabilitating benthic spatial heterogeneity to recover benthic 

Figure 4. Examples of low-tech coral out-planting methods used in Puerto Rico. From top left: (A) out-planting of 
Acropora cervicornis on top of dead coral heads; (B) and (C) creation of A. cervicornis thickets on formerly bombarded, 
flattened coral reefs in Culebra Island; (D) creation of semi-natural reef corridors of A. cervicornis using concrete bases 
and pvc plastic sticks to attach corals on open sandy bottoms; (E) A. cervicornis “flower pots” on open reef substrates; (F) 
reconstruction of reef’s seascape with brain coral (Pseudodiploria strigosa) using concrete on natural open reef surface; and 
(G) 3-year-old out-planted A. palmata after wedging a fragment on a natural reef crack.
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microhabitats (e.g., shelter, foraging, and feeding grounds) for multiple species; and (c) reha-
bilitating overall coastal resilience, ecological services, and benefits (e.g., wave buffering role, 
nursery ground roles, landscape restoration to improve tourism and recreational value). This 
will require new fundraising strategies, as well as creative strategies for partnerships devel-
opment, for engaging, educating, and training NGO and community-based volunteers, and 
for establishing a functional relationship between government agencies, academic institu-
tions, industry, private business, and other community-based stakeholders. There might also 
be a need to combine low-tech with high-tech methods in an attempt to significantly improve 
the number of coral propagules for restoration. This may require novel international coopera-
tive agreements for coral propagule sharing and exchange. This may even have the benefit of 
increasing local genetic diversity. Moreover, in many instances, there might still be a need to 
develop public policy and a vision in regards to coral reef conservation and ecological resto-
ration to lead future efforts. Otherwise, successfully enhancing reef restoration spatial scales 
might remain a difficult task.

2.3. Benefits of reef rehabilitation

Low-tech coral farming and reef rehabilitation can have multiple local (Table 2) and regional 
(Table 3) ecological benefits, as well as multiple socio-economic and educational benefits 
(Table 4). Most of the benefits are derived from those previously described for marine pro-
tected areas [85]. The evaluation of reef rehabilitation benefits is often limited to immediate 

Restoration criteria Summary of benefits

Conservation Propagation and reintroduction of largely depleted coral species which otherwise will have 
a very low probability of having successful sexual reproduction and colonization. Increased 
coral density to foster the recovery of coral reproduction potential at local scales and buffer 
the impact of reproductive isolation (Allee effects)

Reef accretion Foster reef bio-construction by propagating and out-planting rapid-growing ecosystem 
engineer coral species. The reintroduction of rapid-growing coral species is aimed at 
helping local coral reef ecosystems to rapidly increase accretion rates, rehabilitate fish and 
invertebrate shallow-water nursery grounds, restore reef’s wave buffering role, and adapt to 
projected rapid sea level rise

Habitat structural 
complexity

Rapid-growing coral species also help in the natural rehabilitation of benthic habitat 
structural complexity, which provides shelter to a myriad of reef demersal species

Biodiversity Help replenish coral reef-associated biodiversity (e.g., fish, invertebrate species and 
functional groups) that use Acroporid biotopes as nursery, shelter and feeding grounds, and 
attract larger predators

Genetic resilience Contribute to maintain and restore genetic diversity of targeted restored coral species by 
fostering reintroduction of multiple genetic clones, fostering genetic recombination on local 
scales, and promoting enhanced sexual recruitment on adjacent coral reefs by increasing 
ecological connectivity

Ecological functions Rehabilitate coral functional redundancy as fish nursery grounds by improving benthic 
habitat complexity and restoring its function as fish and invertebrate habitat

Table 2. Local benefits from community-based coral farming and reef rehabilitation in face of climate change.
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microhabitats (e.g., shelter, foraging, and feeding grounds) for multiple species; and (c) reha-
bilitating overall coastal resilience, ecological services, and benefits (e.g., wave buffering role, 
nursery ground roles, landscape restoration to improve tourism and recreational value). This 
will require new fundraising strategies, as well as creative strategies for partnerships devel-
opment, for engaging, educating, and training NGO and community-based volunteers, and 
for establishing a functional relationship between government agencies, academic institu-
tions, industry, private business, and other community-based stakeholders. There might also 
be a need to combine low-tech with high-tech methods in an attempt to significantly improve 
the number of coral propagules for restoration. This may require novel international coopera-
tive agreements for coral propagule sharing and exchange. This may even have the benefit of 
increasing local genetic diversity. Moreover, in many instances, there might still be a need to 
develop public policy and a vision in regards to coral reef conservation and ecological resto-
ration to lead future efforts. Otherwise, successfully enhancing reef restoration spatial scales 
might remain a difficult task.

2.3. Benefits of reef rehabilitation

Low-tech coral farming and reef rehabilitation can have multiple local (Table 2) and regional 
(Table 3) ecological benefits, as well as multiple socio-economic and educational benefits 
(Table 4). Most of the benefits are derived from those previously described for marine pro-
tected areas [85]. The evaluation of reef rehabilitation benefits is often limited to immediate 

Restoration criteria Summary of benefits

Conservation Propagation and reintroduction of largely depleted coral species which otherwise will have 
a very low probability of having successful sexual reproduction and colonization. Increased 
coral density to foster the recovery of coral reproduction potential at local scales and buffer 
the impact of reproductive isolation (Allee effects)
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Biodiversity Help replenish coral reef-associated biodiversity (e.g., fish, invertebrate species and 
functional groups) that use Acroporid biotopes as nursery, shelter and feeding grounds, and 
attract larger predators

Genetic resilience Contribute to maintain and restore genetic diversity of targeted restored coral species by 
fostering reintroduction of multiple genetic clones, fostering genetic recombination on local 
scales, and promoting enhanced sexual recruitment on adjacent coral reefs by increasing 
ecological connectivity

Ecological functions Rehabilitate coral functional redundancy as fish nursery grounds by improving benthic 
habitat complexity and restoring its function as fish and invertebrate habitat

Table 2. Local benefits from community-based coral farming and reef rehabilitation in face of climate change.
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Restoration criteria Summary of benefits

Uniqueness Whether a restored area is “one of a kind” (e.g., habitats of endangered or rare species). 
Rehabilitated reef habitats with rare and/or threatened coral species can rapidly become 
a unique biological community with paramount significance across local, national, and 
regional scales because of its unique biological features, ecological functions, and critical 
genetic connectivity value

Naturalness Degree to which the restored area helps in the recovery of reef’s naturalness or lack of 
disturbance or degradation. Control or elimination of anthropogenic disturbance signals 
(e.g., overfishing, sedimentation, turbidity, pollution, anchoring, excessive SCUBA 
diving, rapidly declining coral cover). Areas with restored natural seascapes

Dependency Degree to which a species or a group of species depend on a restored area. Degree to 
which an ecosystem depends on ecological processes occurring within the restored area. 
Enhanced ecological functions on local scales and recovered functional redundancy will 
benefit overall reef ecosystem functions

Representativeness Degree to which a restored area represents a habitat type, ecological processes, 
biological community, geological features, or other natural characteristics, including the 
role as refuge for threatened or rare species

Integrity Degree to which a restored area is a functional unit or an effective, self-sustaining 
ecological entity (e.g., a restored coral population undergoing annual sexual 
reproduction and functioning as recruiting and/or shelter, or feeding habitat for 
multiple species). Degree to which a restored area functions as a biological corridor 
between adjacent reefs, improving ecological connectivity

Productivity Degree to which the productive processes within a restored area contribute benefits to 
adjacent reefs (e.g., fostering coral larval recruitment, fish spillover effects to other reef 
species). This can be achieved through enhancing recruitment, shelter, and/or feeding 
habitat. It can also benefit humans (e.g., ability of any given restored site to contribute 
to the sustainability of local fisheries either as a nursery ground or through the 
rehabilitation of important historical or traditional artisanal fishing grounds)

Connectivity Degree to which a restored area is physically connected to other areas. Degree of 
connectivity between colonies of any given species at other areas via surface currents. 
The rehabilitation of critically located coral reefs will foster increased gamete and larval 
production of replenished coral species fostering potential higher recolonization of 
“downstream” reefs. Restored reefs will also foster similar effects for many fish and 
invertebrate species through spillover effects or mass spawning. The establishment of 
networks of restored reefs will improve the restoration success and connectivity effects 
on adjacent reefs

Regional significance Degree to which the restored area represents a restored characteristic of the region or 
the degree to which the restored area fills a gap in a network of protected areas from the 
regional or sub-regional perspective. The larger the restored reefs network is, the larger 
the regional significance

Table 3. Regional benefits from community-based coral farming and reef rehabilitation in face of climate change.

components such as coral percent survival and growth rates. However, benefits to local compo-
nents, such as conservation, reef accretion, habitat structural complexity, biodiversity, genetic 
resilience, and ecological functions, still remain poorly documented. Similarly, regional-scale 
factors, such as uniqueness, naturalness, dependency, representativeness, integrity, produc-
tivity, connectivity, and regional significance, are also limited. Furthermore, there are multiple 
socio-economic benefits, such as the role of reef rehabilitation as a climate change adaptation 
tool to increment carbon sequestration through calcium carbonate (CaCO3) precipitation for 
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coral growth; to reconstruct a physically destroyed reef structure; to recover ecological ser-
vices (e.g., essential fish habitat role), socio-economic benefits of improving coastal resilience, 
education and outreach, and community-based adaptation to climate change, which have 
been seldom addressed. These components should be thoroughly addressed in the future.

Knowledge regarding low-tech coral farming and reef rehabilitation has rapidly advanced in 
recent decades, but much more attention should be paid to expanding spatial scales of ecological 
rehabilitation, increasing the diversity of grown corals, exploring new methods, and improving 
the understanding of their long-term benefits as a tool to recover ecological functions in novel 
ecosystems and to restore coastal resilience in a time of major environmental and climate changes.

3. Lessons learned from coral farming in Puerto Rico

A suite of lesson-learning experiences in Puerto Rico has provided useful recommendations 
for managers to adaptively modify management actions, review, and amend existing marine 
protected areas management plans and to develop a set of minimum guidelines to drive future 

Restoration criteria Summary of benefits

Climate change adaptation Rearing and propagation of high-temperature resistant, highly resilient, coral genetic 
clones with a higher ability to resist and recover from massive bleaching events will help 
improve overall reef ecosystem’s resilience to future bleaching events

Reconstruction of 
physically destroyed reef 
structure

Foster the seascape-level reconstruction of bomb-cratered, physically demolished, and 
coral-depleted reefs, with the aim of fostering the rapid recovery of coral reef functions 
and ecological services

Ecological services Increased coral densities will help to improve reef’s greenhouse gases buffering role, its 
natural breakwater function, particularly during storm and hurricane swells, its natural 
pharmacy function (source of natural products of bio-medical significance), and will 
improve reef-based fisheries productivity. If reef rehabilitation is carried out within a 
no-take reserve, it will further foster larger fisheries productivity and a spillover effect 
favoring fisheries productivity across adjacent habitats open to fishing

Socio-economic benefits of 
improving costal resilience

Degree to which certain commercially important species depend on a restored area. 
Degree to which a restored area plays an important link to adjacent fisheries. Degree 
to which reef restoration will impact the local economy in the long term and improve 
existing or potential socio-economic value of an area for tourism and recreational 
activities. Degree to which reef restoration fosters the recovery of reef-based fisheries, 
improving catches on adjacent reefs, benefiting local artisanal fishers, and improving 
their livelihoods

Education and outreach Reef rehabilitation provides a useful hands-on, transformative educational tool aimed 
at empowering local base-communities to manage their coral reefs and carry out coral 
farming and reef rehabilitation in face of projected climate change impacts

Community-based 
adaptation to climate 
change

Degree to which base communities educate, integrate into decision-making processes, 
become technically trained in coral farming and reef restoration methods, and become 
better adapted to manage their local coral reef resources under challenging scenarios of 
climate change

Table 4. Socio-economic and educational benefits from community-based coral farming and reef rehabilitation in face 
of climate change.
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Restoration criteria Summary of benefits

Uniqueness Whether a restored area is “one of a kind” (e.g., habitats of endangered or rare species). 
Rehabilitated reef habitats with rare and/or threatened coral species can rapidly become 
a unique biological community with paramount significance across local, national, and 
regional scales because of its unique biological features, ecological functions, and critical 
genetic connectivity value

Naturalness Degree to which the restored area helps in the recovery of reef’s naturalness or lack of 
disturbance or degradation. Control or elimination of anthropogenic disturbance signals 
(e.g., overfishing, sedimentation, turbidity, pollution, anchoring, excessive SCUBA 
diving, rapidly declining coral cover). Areas with restored natural seascapes

Dependency Degree to which a species or a group of species depend on a restored area. Degree to 
which an ecosystem depends on ecological processes occurring within the restored area. 
Enhanced ecological functions on local scales and recovered functional redundancy will 
benefit overall reef ecosystem functions

Representativeness Degree to which a restored area represents a habitat type, ecological processes, 
biological community, geological features, or other natural characteristics, including the 
role as refuge for threatened or rare species

Integrity Degree to which a restored area is a functional unit or an effective, self-sustaining 
ecological entity (e.g., a restored coral population undergoing annual sexual 
reproduction and functioning as recruiting and/or shelter, or feeding habitat for 
multiple species). Degree to which a restored area functions as a biological corridor 
between adjacent reefs, improving ecological connectivity

Productivity Degree to which the productive processes within a restored area contribute benefits to 
adjacent reefs (e.g., fostering coral larval recruitment, fish spillover effects to other reef 
species). This can be achieved through enhancing recruitment, shelter, and/or feeding 
habitat. It can also benefit humans (e.g., ability of any given restored site to contribute 
to the sustainability of local fisheries either as a nursery ground or through the 
rehabilitation of important historical or traditional artisanal fishing grounds)

Connectivity Degree to which a restored area is physically connected to other areas. Degree of 
connectivity between colonies of any given species at other areas via surface currents. 
The rehabilitation of critically located coral reefs will foster increased gamete and larval 
production of replenished coral species fostering potential higher recolonization of 
“downstream” reefs. Restored reefs will also foster similar effects for many fish and 
invertebrate species through spillover effects or mass spawning. The establishment of 
networks of restored reefs will improve the restoration success and connectivity effects 
on adjacent reefs

Regional significance Degree to which the restored area represents a restored characteristic of the region or 
the degree to which the restored area fills a gap in a network of protected areas from the 
regional or sub-regional perspective. The larger the restored reefs network is, the larger 
the regional significance

Table 3. Regional benefits from community-based coral farming and reef rehabilitation in face of climate change.

components such as coral percent survival and growth rates. However, benefits to local compo-
nents, such as conservation, reef accretion, habitat structural complexity, biodiversity, genetic 
resilience, and ecological functions, still remain poorly documented. Similarly, regional-scale 
factors, such as uniqueness, naturalness, dependency, representativeness, integrity, produc-
tivity, connectivity, and regional significance, are also limited. Furthermore, there are multiple 
socio-economic benefits, such as the role of reef rehabilitation as a climate change adaptation 
tool to increment carbon sequestration through calcium carbonate (CaCO3) precipitation for 

Corals in a Changing World222

coral growth; to reconstruct a physically destroyed reef structure; to recover ecological ser-
vices (e.g., essential fish habitat role), socio-economic benefits of improving coastal resilience, 
education and outreach, and community-based adaptation to climate change, which have 
been seldom addressed. These components should be thoroughly addressed in the future.

Knowledge regarding low-tech coral farming and reef rehabilitation has rapidly advanced in 
recent decades, but much more attention should be paid to expanding spatial scales of ecological 
rehabilitation, increasing the diversity of grown corals, exploring new methods, and improving 
the understanding of their long-term benefits as a tool to recover ecological functions in novel 
ecosystems and to restore coastal resilience in a time of major environmental and climate changes.

3. Lessons learned from coral farming in Puerto Rico

A suite of lesson-learning experiences in Puerto Rico has provided useful recommendations 
for managers to adaptively modify management actions, review, and amend existing marine 
protected areas management plans and to develop a set of minimum guidelines to drive future 

Restoration criteria Summary of benefits

Climate change adaptation Rearing and propagation of high-temperature resistant, highly resilient, coral genetic 
clones with a higher ability to resist and recover from massive bleaching events will help 
improve overall reef ecosystem’s resilience to future bleaching events

Reconstruction of 
physically destroyed reef 
structure

Foster the seascape-level reconstruction of bomb-cratered, physically demolished, and 
coral-depleted reefs, with the aim of fostering the rapid recovery of coral reef functions 
and ecological services

Ecological services Increased coral densities will help to improve reef’s greenhouse gases buffering role, its 
natural breakwater function, particularly during storm and hurricane swells, its natural 
pharmacy function (source of natural products of bio-medical significance), and will 
improve reef-based fisheries productivity. If reef rehabilitation is carried out within a 
no-take reserve, it will further foster larger fisheries productivity and a spillover effect 
favoring fisheries productivity across adjacent habitats open to fishing

Socio-economic benefits of 
improving costal resilience

Degree to which certain commercially important species depend on a restored area. 
Degree to which a restored area plays an important link to adjacent fisheries. Degree 
to which reef restoration will impact the local economy in the long term and improve 
existing or potential socio-economic value of an area for tourism and recreational 
activities. Degree to which reef restoration fosters the recovery of reef-based fisheries, 
improving catches on adjacent reefs, benefiting local artisanal fishers, and improving 
their livelihoods

Education and outreach Reef rehabilitation provides a useful hands-on, transformative educational tool aimed 
at empowering local base-communities to manage their coral reefs and carry out coral 
farming and reef rehabilitation in face of projected climate change impacts

Community-based 
adaptation to climate 
change

Degree to which base communities educate, integrate into decision-making processes, 
become technically trained in coral farming and reef restoration methods, and become 
better adapted to manage their local coral reef resources under challenging scenarios of 
climate change

Table 4. Socio-economic and educational benefits from community-based coral farming and reef rehabilitation in face 
of climate change.
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management-oriented decision-making processes, including reef restoration efforts. This will 
allow to maximize their ecosystem-level impacts, while at the same time address emerging 
threats and integrate challenging multi-disciplinary ecological paradigms into day-to-day man-
agement actions. The development of low-tech coral farming and reef rehabilitation methods 
has provided novel low-tech management tools to shape future efforts to recover fish commu-
nities, herbivore fish guilds, and long-spine sea urchin densities; reduce macroalgal cover; and 
recover coral densities and percent living cover. It has also provided guidance to reef managers 
and decision-makers regarding the ecosystem-level benefits of coral farming and reef restora-
tion efforts. This can further allow the delineation of specific guidelines to implement future reef 
restoration efforts across the Caribbean region to promote cost-effective ecosystem-scale recov-
ery. This will foster enhanced ecosystem resilience under increasing threats by local human-
driven factors and climate change. Furthermore, it will provide the multi-disciplinary basis for 
addressing the emergent challenge of addressing novel coral reef ecosystem-based fisheries 
management, climate change-related impacts, community-based integration, and the develop-
ment of conceptual models to address future multi-disciplinary social-ecological management 
challenges. Nevertheless, there are specific lessons learned directly associated to coral farming 
and out-planting activities that will provide specific guidance to managers and practitioners.

3.1. Siting of coral farms

Site selection for establishing either coral farms or out-planting locations is a critical step. 
In order to fully recover structural and functional characteristics of a degraded ecosystem, 
more research is needed for the selection of suitable transplant sites (e.g., optimum substrate 
characteristics; physical stability, exposure to wave action, optimum population λ). It is also 
paramount to address ecological factors that might stress out coral out-plants and affect their 
survival and growth (e.g., low percent cover or absence of red encrusting algae Ramicrusta 
textilis, sediment input and bedload, exposure to runoff and pollution). Another critical les-
son learned in Puerto Rico was the need to avoid areas exposed to urban runoff, human 
trampling, and uncontrolled recreational impacts (e.g., snorkeling, SCUBA diving, kayak-
ing, shore-based fishing, recreational navigation, and anchoring). Even “low-impact” nature-
based recreational activities can have highly localized adverse impacts on shallow-water coral 
farms and reef restoration sites due to coral colony fragmentation and dislodgment.

3.2. Low-tech materials and design

A key component to low-tech approaches is maintaining a cost-effective operation, with mul-
tiple benefits and high success rates. Low-tech methods often involve the creative use of readily 
available, cheap materials to support in situ coral farms. Multiple coral farming unit designs 
have been successfully used in Puerto Rico involving the use of pvc plastic pipes, fishing lines, 
plastic-covered wire mesh, and concrete. There is not a specific universal method to meet all 
needs or that can be suitable for all locations. Factors such as wave action, surface current expo-
sure, sediment dynamics, depth, visibility, and coral species to be used can be critical deter-
minants of the methods to be implemented. However, there is evidence that horizontal line 
nurseries are highly successful in terms of coral colony percent survival rate, live tissue cover, 
and skeletal growth rate, when compared to colonies grown in wire mesh units [76, 80]. Coral 
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colonies grown in line nurseries and other types of floating units often show faster growth 
rates, show lower living tissue lesions, and do better when out-planted to natural reef surfaces. 
Coral farming unit design is a function of specific local needs, available resources, projected 
number of coral propagules, projected coral reef restoration efforts, objectives of the restora-
tion plan, size of source wild coral populations, and other logistical constraints. The latter may 
include: environmental conditions of the selected coral farming site, distance from source coral 
populations, availability of trained personnel, funding limitations, and other factors. But, in the 
long run, the local availability of materials can be the main factor influencing the final decision.

3.3. Timing of coral farming activities

It is critical that coral transplanting, unless necessary as an emergency restoration measure, 
avoids the warmest months. Survival rate shows a significant reduction during the late sum-
mer and early fall months due to a combination of impacts associated to high sea surface tem-
perature, major runoff impacts, major risk of disease outbreaks, and the risk of bleaching. Most 
coral out-planting should be planned for winter and spring months to increase survival rates.

3.4. Collection of coral fragments

3.4.1. Avoidance of negative impacts on wild donor colonies

It is fundamental to reduce negative impacts of collections on wild donor coral colonies. 
Collection of coral fragments should be limited to 10–15% of the donor colony volume or 
surface area. No mortality or reduced growth should result in donor colonies due directly 
to fragmentation. In the case of branching corals, tissue regeneration at the breaking points 
should occur within 2–3 weeks, and branch growth should resume within a month. Impacts 
should be monitored at least for 3 months by direct comparison of a representative selection 
of donor colonies and adjacent control unaltered colonies and by looking at percent mortality, 
tissue regeneration rate, growth rate, and branchiness index (branch production). For larger 
foliose, plate, or massive colonies, donor colonies should be monitored for 6 months to a year 
as tissue regeneration, and skeletal regrowth is slower.

3.5. Transportation, handling, and out-planting

Transportation should always be conducted avoiding coral exposure to direct sunlight and 
warm temperatures. For short distances, colonies can be transported under subaerial expo-
sure, but under humid conditions (e.g., under wet towels, under a saltwater sprinkler, etc.). 
But for longer distance travel, a water tank should be used provided with an air pump, water 
pump, and chiller to control temperature.

3.6. Local benefits

The major local relevance of coral farming activities in Puerto Rico has been the continu-
ous expansion of staghorn coral (A. cervicornis) and elkhorn coral (A. palmata) low-tech res-
toration efforts in Culebra Island, Fajardo, Vega Baja, and multiple other locations. This has 
been achieved through an integrated effort of the different practitioners, NGOs, the Puerto Rico 

Multi-Disciplinary Lessons Learned from Low-Tech Coral Farming and Reef Rehabilitation: I. Best…
http://dx.doi.org/10.5772/intechopen.73151

225



management-oriented decision-making processes, including reef restoration efforts. This will 
allow to maximize their ecosystem-level impacts, while at the same time address emerging 
threats and integrate challenging multi-disciplinary ecological paradigms into day-to-day man-
agement actions. The development of low-tech coral farming and reef rehabilitation methods 
has provided novel low-tech management tools to shape future efforts to recover fish commu-
nities, herbivore fish guilds, and long-spine sea urchin densities; reduce macroalgal cover; and 
recover coral densities and percent living cover. It has also provided guidance to reef managers 
and decision-makers regarding the ecosystem-level benefits of coral farming and reef restora-
tion efforts. This can further allow the delineation of specific guidelines to implement future reef 
restoration efforts across the Caribbean region to promote cost-effective ecosystem-scale recov-
ery. This will foster enhanced ecosystem resilience under increasing threats by local human-
driven factors and climate change. Furthermore, it will provide the multi-disciplinary basis for 
addressing the emergent challenge of addressing novel coral reef ecosystem-based fisheries 
management, climate change-related impacts, community-based integration, and the develop-
ment of conceptual models to address future multi-disciplinary social-ecological management 
challenges. Nevertheless, there are specific lessons learned directly associated to coral farming 
and out-planting activities that will provide specific guidance to managers and practitioners.

3.1. Siting of coral farms

Site selection for establishing either coral farms or out-planting locations is a critical step. 
In order to fully recover structural and functional characteristics of a degraded ecosystem, 
more research is needed for the selection of suitable transplant sites (e.g., optimum substrate 
characteristics; physical stability, exposure to wave action, optimum population λ). It is also 
paramount to address ecological factors that might stress out coral out-plants and affect their 
survival and growth (e.g., low percent cover or absence of red encrusting algae Ramicrusta 
textilis, sediment input and bedload, exposure to runoff and pollution). Another critical les-
son learned in Puerto Rico was the need to avoid areas exposed to urban runoff, human 
trampling, and uncontrolled recreational impacts (e.g., snorkeling, SCUBA diving, kayak-
ing, shore-based fishing, recreational navigation, and anchoring). Even “low-impact” nature-
based recreational activities can have highly localized adverse impacts on shallow-water coral 
farms and reef restoration sites due to coral colony fragmentation and dislodgment.

3.2. Low-tech materials and design

A key component to low-tech approaches is maintaining a cost-effective operation, with mul-
tiple benefits and high success rates. Low-tech methods often involve the creative use of readily 
available, cheap materials to support in situ coral farms. Multiple coral farming unit designs 
have been successfully used in Puerto Rico involving the use of pvc plastic pipes, fishing lines, 
plastic-covered wire mesh, and concrete. There is not a specific universal method to meet all 
needs or that can be suitable for all locations. Factors such as wave action, surface current expo-
sure, sediment dynamics, depth, visibility, and coral species to be used can be critical deter-
minants of the methods to be implemented. However, there is evidence that horizontal line 
nurseries are highly successful in terms of coral colony percent survival rate, live tissue cover, 
and skeletal growth rate, when compared to colonies grown in wire mesh units [76, 80]. Coral 
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colonies grown in line nurseries and other types of floating units often show faster growth 
rates, show lower living tissue lesions, and do better when out-planted to natural reef surfaces. 
Coral farming unit design is a function of specific local needs, available resources, projected 
number of coral propagules, projected coral reef restoration efforts, objectives of the restora-
tion plan, size of source wild coral populations, and other logistical constraints. The latter may 
include: environmental conditions of the selected coral farming site, distance from source coral 
populations, availability of trained personnel, funding limitations, and other factors. But, in the 
long run, the local availability of materials can be the main factor influencing the final decision.

3.3. Timing of coral farming activities

It is critical that coral transplanting, unless necessary as an emergency restoration measure, 
avoids the warmest months. Survival rate shows a significant reduction during the late sum-
mer and early fall months due to a combination of impacts associated to high sea surface tem-
perature, major runoff impacts, major risk of disease outbreaks, and the risk of bleaching. Most 
coral out-planting should be planned for winter and spring months to increase survival rates.

3.4. Collection of coral fragments

3.4.1. Avoidance of negative impacts on wild donor colonies

It is fundamental to reduce negative impacts of collections on wild donor coral colonies. 
Collection of coral fragments should be limited to 10–15% of the donor colony volume or 
surface area. No mortality or reduced growth should result in donor colonies due directly 
to fragmentation. In the case of branching corals, tissue regeneration at the breaking points 
should occur within 2–3 weeks, and branch growth should resume within a month. Impacts 
should be monitored at least for 3 months by direct comparison of a representative selection 
of donor colonies and adjacent control unaltered colonies and by looking at percent mortality, 
tissue regeneration rate, growth rate, and branchiness index (branch production). For larger 
foliose, plate, or massive colonies, donor colonies should be monitored for 6 months to a year 
as tissue regeneration, and skeletal regrowth is slower.

3.5. Transportation, handling, and out-planting

Transportation should always be conducted avoiding coral exposure to direct sunlight and 
warm temperatures. For short distances, colonies can be transported under subaerial expo-
sure, but under humid conditions (e.g., under wet towels, under a saltwater sprinkler, etc.). 
But for longer distance travel, a water tank should be used provided with an air pump, water 
pump, and chiller to control temperature.

3.6. Local benefits

The major local relevance of coral farming activities in Puerto Rico has been the continu-
ous expansion of staghorn coral (A. cervicornis) and elkhorn coral (A. palmata) low-tech res-
toration efforts in Culebra Island, Fajardo, Vega Baja, and multiple other locations. This has 
been achieved through an integrated effort of the different practitioners, NGOs, the Puerto Rico 
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Department of Natural and Environmental Resources (PRDNER) and NOAA-RC. Strengthening 
collaboration, communication, and sharing of lessons learning experiences among all engaged 
stakeholders has been a key for success, as well as for improving support and volunteer col-
laboration among groups. This has also allowed to significantly increase the number of har-
vested colonies available for future reef restoration efforts. In addition, during recent years, 
there has also been an increase in the number of new community-based volunteers technically 
trained in coral transplanting, coral harvesting, and farm maintenance to collaborate at all 
project sites. In the particular case of NGO SAM, this experience was also used to successfully 
train volunteers at the Dominican Republic, resulting in the development of a long-term coral 
farming program at Punta Cana.

Direct benefit Added values

Enhance public presence 
and leading role of 
NGOs and the academia 
addressing coral reef 
conservation issues

Strengthen out the Caribbean-wide leading role of PR as a model for the development 
of effective strategies for the multi-disciplinary integration of different sectors in the 
mitigation and adaptation to climate change impacts. Presence on the community can 
be achieved by multiple outreach activities by project’s personnel, including seminars, 
information dissemination through the web, and mass media articles

Increase number of trained 
and educated professionals 
and students

Provide direct support and the basic framework for providing hands-on education and 
technical training to graduate and undergraduate research students regarding marine 
biodiversity conservation, coral farming, and reef ecological rehabilitation in the context 
of climate change impacts. This may also provide theoretical and hands-on practical 
training on coral reef conservation, coral farming, reef rehabilitation and monitoring, and 
coral demographic data processing, analysis, and interpretation

Increase number of trained 
and educated stakeholders

Provide hands-on education and technical training to community-based volunteer 
personnel through community-based organizations regarding marine biodiversity 
conservation, coral farming, and reef ecological rehabilitation in the context of climate 
change impacts

Empowerment for 
collaborative management

Project’s participants (academic, community-based) acquire the necessary knowledge, 
skills, and experience to support government efforts to manage coral reefs resources 
through a collaborative, participatory model

Advance the 
implementation of a 
no-take marine protected 
areas management plans

Advance the implementation of no-take MPA management plans in support of 
government efforts

Advance NOAA Habitat 
Focus Areas goals

In the particular case of Puerto Rico, reef rehabilitation can achieve the NOAA Habitat 
Focus Areas goal of sustaining resilient and thriving marine and coastal resources, 
communities, and economies by addressing a habitat-based issue/concern contributing 
to the loss or deterioration of coastal resiliency or marine habitats for target managed or 
protected coral species

Fill critical data gaps for 
resource managers and 
decision-makers

Advance knowledge and help fill critical qualitative and quantitative information gaps 
about ESA-listed coral species across the U.S. Caribbean to support the implementation of 
management strategies aimed at the recovery of their depleted populations

Coral reproduction (=net 
reef accretion)

Increase coral out-planting across reef-seascape scales to increase local reproductive 
populations of depleted species across different coral reef. In the long-term, this will 
foster increased reef accretion rates

Fish productivity Increase reef accretion to enhance benthic spatial heterogeneity and the rapid 
rehabilitation of fish communities mostly by fostering increased fish recruitment and by 
enhancing herbivore guilds. These are important steps towards recovering connectivity 
and ecosystem resilience
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Direct benefit Added values

Connectivity (=buffer 
against further decline)

Increase number of rehabilitated reef patches to increase genetic connectivity across reef 
seascape scales. In the long term, this will increase connectivity with other coral reefs 
across ecological to regional scales

Coastal resilience Increase coral density, wave buffering role, genetic connectivity, recover fish 
communities, and rehabilitate herbivory levels to help recover coastal resilience

Ecosystem resistance to 
future disturbances

Increase ecosystem resilience to foster an increased resistance to future disturbances (e.g., 
hurricanes). This is important for the sustainability of reef’s ecological functions, goods, 
benefits, and services

Buffering of sea level rise 
(SLR) associated shoreline 
erosion

A rehabilitated coral reef should also recover its natural accretion rates to cope with 
increasing SLR and its concomitant shoreline erosion. Therefore, it should protect the 
shoreline from strong wave action and shoreline erosion

Socio-economic value of 
reef ecosystems

The recovery of reef’s ecological functions, goods, benefits, and services should lead to 
increasing its net productivity and socio-economic value

Community revitalization A healthy reef provides multiple benefits for local base communities and become 
instrumental in revitalizing local economies and societies, particularly, in small island 
scenarios

Food security & 
sovereignty

A rehabilitated reef will also recover its ability to produce fish protein. Therefore, 
increased fish biomass will contribute to increasing food security and sovereignty

Goods, benefits and 
services

Healthy recovered reefs will increase its multiple benefits to humans (e.g., production 
of food and natural compounds of bio-medical importance, natural breakwater, 
recreation, and tourism activities). This is fundamental for recovering the economy of 
small islands

Business opportunities Successful coral reef rehabilitation has triggered a dramatic increase in low-impact 
tourism activities in Culebra Island with an informally estimated impact of at least $10 
million USD annually. This project will contribute to recover other coral reef habitats, 
further representing new business opportunities and serving as a model for other 
locations in PR and the rest of the Caribbean

Recreational opportunities Rehabilitated reefs and enhanced fish communities also become highly attractive for 
tourists, snorkelers, and SCUBA divers. This creates multiple new opportunities for the 
development of recreational activities

Sustainable tourism Coral reef rehabilitation creates the basis for the development of small island sustainable 
tourism practices. In this sense, the academia and NGOs will have the unique 
opportunity to also become leaders in the development of environmentally and socio-
economically sustainable activities for small islands

Carbon sequestration and 
offsetting

Exponentially increasing coral growth lead to an exponential increase in atmospheric 
carbon dioxide (CO2) sequestration in the form of calcium carbonate (CaCO3) 
precipitation during coral calcification. This creates the unique opportunity for 
developing a carbon offsetting business through low-tech coral farming and reef 
rehabilitation

Property values Healthy thriving coral reefs adjacent to the shoreline help to increase adjacent properties 
values (e.g., landscape, shoreline erosion protection, source of recreation, and food 
protein)

Stakeholder livelihoods Healthy reefs help to maintain sustainable livelihoods of local community residents by 
becoming a potentially sustainable source of food and revenue

People’s security, 
happiness, and wellbeing

Increased livelihood, business, and recreation opportunities for local communities 
contribute for sustaining their quality of life, security, happiness, and wellbeing

Table 5. Summary of return of investment and added values of coral farming and reef rehabilitation projects.
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Department of Natural and Environmental Resources (PRDNER) and NOAA-RC. Strengthening 
collaboration, communication, and sharing of lessons learning experiences among all engaged 
stakeholders has been a key for success, as well as for improving support and volunteer col-
laboration among groups. This has also allowed to significantly increase the number of har-
vested colonies available for future reef restoration efforts. In addition, during recent years, 
there has also been an increase in the number of new community-based volunteers technically 
trained in coral transplanting, coral harvesting, and farm maintenance to collaborate at all 
project sites. In the particular case of NGO SAM, this experience was also used to successfully 
train volunteers at the Dominican Republic, resulting in the development of a long-term coral 
farming program at Punta Cana.

Direct benefit Added values

Enhance public presence 
and leading role of 
NGOs and the academia 
addressing coral reef 
conservation issues

Strengthen out the Caribbean-wide leading role of PR as a model for the development 
of effective strategies for the multi-disciplinary integration of different sectors in the 
mitigation and adaptation to climate change impacts. Presence on the community can 
be achieved by multiple outreach activities by project’s personnel, including seminars, 
information dissemination through the web, and mass media articles

Increase number of trained 
and educated professionals 
and students

Provide direct support and the basic framework for providing hands-on education and 
technical training to graduate and undergraduate research students regarding marine 
biodiversity conservation, coral farming, and reef ecological rehabilitation in the context 
of climate change impacts. This may also provide theoretical and hands-on practical 
training on coral reef conservation, coral farming, reef rehabilitation and monitoring, and 
coral demographic data processing, analysis, and interpretation

Increase number of trained 
and educated stakeholders

Provide hands-on education and technical training to community-based volunteer 
personnel through community-based organizations regarding marine biodiversity 
conservation, coral farming, and reef ecological rehabilitation in the context of climate 
change impacts

Empowerment for 
collaborative management

Project’s participants (academic, community-based) acquire the necessary knowledge, 
skills, and experience to support government efforts to manage coral reefs resources 
through a collaborative, participatory model

Advance the 
implementation of a 
no-take marine protected 
areas management plans

Advance the implementation of no-take MPA management plans in support of 
government efforts

Advance NOAA Habitat 
Focus Areas goals

In the particular case of Puerto Rico, reef rehabilitation can achieve the NOAA Habitat 
Focus Areas goal of sustaining resilient and thriving marine and coastal resources, 
communities, and economies by addressing a habitat-based issue/concern contributing 
to the loss or deterioration of coastal resiliency or marine habitats for target managed or 
protected coral species

Fill critical data gaps for 
resource managers and 
decision-makers

Advance knowledge and help fill critical qualitative and quantitative information gaps 
about ESA-listed coral species across the U.S. Caribbean to support the implementation of 
management strategies aimed at the recovery of their depleted populations

Coral reproduction (=net 
reef accretion)

Increase coral out-planting across reef-seascape scales to increase local reproductive 
populations of depleted species across different coral reef. In the long-term, this will 
foster increased reef accretion rates

Fish productivity Increase reef accretion to enhance benthic spatial heterogeneity and the rapid 
rehabilitation of fish communities mostly by fostering increased fish recruitment and by 
enhancing herbivore guilds. These are important steps towards recovering connectivity 
and ecosystem resilience
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Direct benefit Added values

Connectivity (=buffer 
against further decline)

Increase number of rehabilitated reef patches to increase genetic connectivity across reef 
seascape scales. In the long term, this will increase connectivity with other coral reefs 
across ecological to regional scales

Coastal resilience Increase coral density, wave buffering role, genetic connectivity, recover fish 
communities, and rehabilitate herbivory levels to help recover coastal resilience

Ecosystem resistance to 
future disturbances

Increase ecosystem resilience to foster an increased resistance to future disturbances (e.g., 
hurricanes). This is important for the sustainability of reef’s ecological functions, goods, 
benefits, and services

Buffering of sea level rise 
(SLR) associated shoreline 
erosion

A rehabilitated coral reef should also recover its natural accretion rates to cope with 
increasing SLR and its concomitant shoreline erosion. Therefore, it should protect the 
shoreline from strong wave action and shoreline erosion

Socio-economic value of 
reef ecosystems

The recovery of reef’s ecological functions, goods, benefits, and services should lead to 
increasing its net productivity and socio-economic value

Community revitalization A healthy reef provides multiple benefits for local base communities and become 
instrumental in revitalizing local economies and societies, particularly, in small island 
scenarios

Food security & 
sovereignty

A rehabilitated reef will also recover its ability to produce fish protein. Therefore, 
increased fish biomass will contribute to increasing food security and sovereignty

Goods, benefits and 
services

Healthy recovered reefs will increase its multiple benefits to humans (e.g., production 
of food and natural compounds of bio-medical importance, natural breakwater, 
recreation, and tourism activities). This is fundamental for recovering the economy of 
small islands

Business opportunities Successful coral reef rehabilitation has triggered a dramatic increase in low-impact 
tourism activities in Culebra Island with an informally estimated impact of at least $10 
million USD annually. This project will contribute to recover other coral reef habitats, 
further representing new business opportunities and serving as a model for other 
locations in PR and the rest of the Caribbean

Recreational opportunities Rehabilitated reefs and enhanced fish communities also become highly attractive for 
tourists, snorkelers, and SCUBA divers. This creates multiple new opportunities for the 
development of recreational activities

Sustainable tourism Coral reef rehabilitation creates the basis for the development of small island sustainable 
tourism practices. In this sense, the academia and NGOs will have the unique 
opportunity to also become leaders in the development of environmentally and socio-
economically sustainable activities for small islands

Carbon sequestration and 
offsetting

Exponentially increasing coral growth lead to an exponential increase in atmospheric 
carbon dioxide (CO2) sequestration in the form of calcium carbonate (CaCO3) 
precipitation during coral calcification. This creates the unique opportunity for 
developing a carbon offsetting business through low-tech coral farming and reef 
rehabilitation

Property values Healthy thriving coral reefs adjacent to the shoreline help to increase adjacent properties 
values (e.g., landscape, shoreline erosion protection, source of recreation, and food 
protein)

Stakeholder livelihoods Healthy reefs help to maintain sustainable livelihoods of local community residents by 
becoming a potentially sustainable source of food and revenue

People’s security, 
happiness, and wellbeing

Increased livelihood, business, and recreation opportunities for local communities 
contribute for sustaining their quality of life, security, happiness, and wellbeing

Table 5. Summary of return of investment and added values of coral farming and reef rehabilitation projects.
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But in summary, coral farming and reef rehabilitation have provided an important return 
of investment as well as multiple added values listed in Table 5. Basically, it has provided 
several important local benefits, including the basis for expanding the spatial scale of a sus-
tainable, ecosystem-based model aimed at the recovery of coral reef’s ecological functions and 
services. It has also fostered an improved integration and participation of community-based 
organizations, the academia, and government agencies to improve opportunities for commu-
nity-based outreach, hands-on education, technical training, and empowerment. It has also 
contributed baseline information to support the development and implementation of a public 
policy in the Commonwealth of Puerto Rico for the conservation of marine biodiversity and 
the rehabilitation of coral reefs ecosystem resilience, functions, benefits, goods, and services.

In the long term, coral reef rehabilitation is a win-win for all local stakeholder sectors. For local 
managers, projects can enhance the public presence of leading community-based NGOs and 
the academia, can contribute to increase the number of trained and educated professionals and 
stakeholders, foster empowered collaborative management, advance the implementation of 
no-take MPAs, and habitat conservation goals, and can provide timely information for resource 
managers and decision-makers. Projects can also provide fundamental baseline information 
regarding factors such as coral reproduction and growth, fish productivity, connectivity, and 
coastal resilience. Reef rehabilitation strategies can also contribute to enhance local ecosystems 
resistance to disturbance, can contribute to buffer wave action, and in the long-term, shoreline 
erosion associated to sea level rise. Coral reef rehabilitation can also foster a myriad of socio-
economic benefits such as increasing the socio-economic value of reef ecosystems; triggering 
community livelihood revitalization; recovering food security and sovereignty, goods, ben-
efits, and services; fomenting the creation of business and recreational opportunities and the 
development of sustainable tourism practices; fomenting carbon sequestration and offsetting; 
and improving property values, multi-stakeholder livelihoods, and people’s security, happi-
ness, and wellbeing. Most of these impacts have never been addressed in the literature as they 
often fall outside the scope of most research and conservation grants, which fail to address 
multi-disciplinary and social-ecological components of coral reef restoration.

4. Lessons learned from maintenance and data collection

4.1. Maintenance

Regular maintenance of coral farms, and often of out-planted colonies, at least on their initial 
stages, is a critical process for the success of any project. Such activities can be easily coupled 
with regular monitoring of corals in farms and of out-planted colonies. Maintenance efforts 
should have the following objectives:

1. Sustain health and survival of coral colonies. This requires regular visits (e.g., depending on 
the coral farming method, location, trophic condition of the site, herbivory level, etc.), from 
monthly to at least 3-month interval. However, it is highly recommended to visit and in-
spect coral farms at least not later than 1 week after coral farming set up and to address any 
potential structural failure and any possible adverse impact of coral fragment  mishandling 
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and/or transportation stress effect. If possible, corals should be revisited 2 weeks after 
transplanting. Then, they could be visited after a month, and then at 3-month interval, 
though this can vary depending on the method, distance from the shore, difficulty of ac-
cess, etc. This will allow the frequent manual removal of algae, fouling, and opportunistic 
taxa (e.g., sponges, mat tunicates, hydroids, fire coral) that can potentially smother and/or 
overgrow coral fragments in farms. This will also allow to identify and remove injured or 
diseased colonies to prevent potential transmission to other healthy colonies.

2. Repair potential mechanical damages on coral farming units. Regular maintenance visits will 
allow to repair any potential mechanical failure of coral farming units as a result of strong 
wave action, storm impacts, or damages inflicted by human activities such as boating, an-
choring, fishing gear, snorkelers, and recreationists.

3. Allow qualitative and quantitative documentation of colony survival and growth. The combination 
of regular maintenance and monitoring can allow regular qualitative (e.g., photography, 
video) and quantitative assessments of colony survival, growth, and health conditions.

4.2. Monitoring of coral farms

4.2.1. High survival of coral fragments in nurseries

An important goal would be to achieve a high percent survival (>80%) for coral fragments 
within the nursery, excluding stochastic events such as fragmentation by storm swells, dis-
ease outbreaks, massive bleaching, anchoring, fishing gear entanglement, or snorkeler/diver 
impacts. Percent colony survival rate should be quantified from the entire population on each 
farming unit, as well as assessing colony condition and source of mortality, if present (e.g., 
fragmentation, predation, disease, bleaching, etc.) in a representative sample of fragments. 
If different genetic clones are being grown, then information should be addressed for each 
specific clone with an appropriate replicate number of samples per clone.

4.2.2. High productivity and growth of coral fragments in nurseries

Coral fragment growth data, in combination with percent survival rate, are the most straight-
forward approach to address coral farming productivity success. Basic growth data can 
include high-resolution fragment’s skeletal extension rate, total linear extension, branch 
abundance, branchiness index (number of harvestable branches above any given minimum 
size, say 10 cm), by addressing colony diameter or volume or by calculating weight of cal-
cium carbonate produced (CaCO3), either by direct measurements through buoyant weight 
methods or by geometric estimations. Growth data could be highly variable, depending on 
sampling size. Therefore, care must be taken to sample a representative number of fragments 
to minimize variance to achieve a precision >0.80. Depending on the scientific questions 
addressed and the specific needs of each project and coral species, sampling frequency could 
be variable, monthly, bi-monthly, seasonal or bi-annual. Sampling can also address colonies 
from different sources or genetic clones, different generations, and from different size cat-
egories. However, it must be noted that if sampling frequency is too low (say, 6-month inter-
val), impacts associated to seasonal variability, pulse events (e.g., rainfall, runoff), predation, 
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But in summary, coral farming and reef rehabilitation have provided an important return 
of investment as well as multiple added values listed in Table 5. Basically, it has provided 
several important local benefits, including the basis for expanding the spatial scale of a sus-
tainable, ecosystem-based model aimed at the recovery of coral reef’s ecological functions and 
services. It has also fostered an improved integration and participation of community-based 
organizations, the academia, and government agencies to improve opportunities for commu-
nity-based outreach, hands-on education, technical training, and empowerment. It has also 
contributed baseline information to support the development and implementation of a public 
policy in the Commonwealth of Puerto Rico for the conservation of marine biodiversity and 
the rehabilitation of coral reefs ecosystem resilience, functions, benefits, goods, and services.

In the long term, coral reef rehabilitation is a win-win for all local stakeholder sectors. For local 
managers, projects can enhance the public presence of leading community-based NGOs and 
the academia, can contribute to increase the number of trained and educated professionals and 
stakeholders, foster empowered collaborative management, advance the implementation of 
no-take MPAs, and habitat conservation goals, and can provide timely information for resource 
managers and decision-makers. Projects can also provide fundamental baseline information 
regarding factors such as coral reproduction and growth, fish productivity, connectivity, and 
coastal resilience. Reef rehabilitation strategies can also contribute to enhance local ecosystems 
resistance to disturbance, can contribute to buffer wave action, and in the long-term, shoreline 
erosion associated to sea level rise. Coral reef rehabilitation can also foster a myriad of socio-
economic benefits such as increasing the socio-economic value of reef ecosystems; triggering 
community livelihood revitalization; recovering food security and sovereignty, goods, ben-
efits, and services; fomenting the creation of business and recreational opportunities and the 
development of sustainable tourism practices; fomenting carbon sequestration and offsetting; 
and improving property values, multi-stakeholder livelihoods, and people’s security, happi-
ness, and wellbeing. Most of these impacts have never been addressed in the literature as they 
often fall outside the scope of most research and conservation grants, which fail to address 
multi-disciplinary and social-ecological components of coral reef restoration.

4. Lessons learned from maintenance and data collection

4.1. Maintenance

Regular maintenance of coral farms, and often of out-planted colonies, at least on their initial 
stages, is a critical process for the success of any project. Such activities can be easily coupled 
with regular monitoring of corals in farms and of out-planted colonies. Maintenance efforts 
should have the following objectives:

1. Sustain health and survival of coral colonies. This requires regular visits (e.g., depending on 
the coral farming method, location, trophic condition of the site, herbivory level, etc.), from 
monthly to at least 3-month interval. However, it is highly recommended to visit and in-
spect coral farms at least not later than 1 week after coral farming set up and to address any 
potential structural failure and any possible adverse impact of coral fragment  mishandling 
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and/or transportation stress effect. If possible, corals should be revisited 2 weeks after 
transplanting. Then, they could be visited after a month, and then at 3-month interval, 
though this can vary depending on the method, distance from the shore, difficulty of ac-
cess, etc. This will allow the frequent manual removal of algae, fouling, and opportunistic 
taxa (e.g., sponges, mat tunicates, hydroids, fire coral) that can potentially smother and/or 
overgrow coral fragments in farms. This will also allow to identify and remove injured or 
diseased colonies to prevent potential transmission to other healthy colonies.

2. Repair potential mechanical damages on coral farming units. Regular maintenance visits will 
allow to repair any potential mechanical failure of coral farming units as a result of strong 
wave action, storm impacts, or damages inflicted by human activities such as boating, an-
choring, fishing gear, snorkelers, and recreationists.

3. Allow qualitative and quantitative documentation of colony survival and growth. The combination 
of regular maintenance and monitoring can allow regular qualitative (e.g., photography, 
video) and quantitative assessments of colony survival, growth, and health conditions.

4.2. Monitoring of coral farms

4.2.1. High survival of coral fragments in nurseries

An important goal would be to achieve a high percent survival (>80%) for coral fragments 
within the nursery, excluding stochastic events such as fragmentation by storm swells, dis-
ease outbreaks, massive bleaching, anchoring, fishing gear entanglement, or snorkeler/diver 
impacts. Percent colony survival rate should be quantified from the entire population on each 
farming unit, as well as assessing colony condition and source of mortality, if present (e.g., 
fragmentation, predation, disease, bleaching, etc.) in a representative sample of fragments. 
If different genetic clones are being grown, then information should be addressed for each 
specific clone with an appropriate replicate number of samples per clone.

4.2.2. High productivity and growth of coral fragments in nurseries

Coral fragment growth data, in combination with percent survival rate, are the most straight-
forward approach to address coral farming productivity success. Basic growth data can 
include high-resolution fragment’s skeletal extension rate, total linear extension, branch 
abundance, branchiness index (number of harvestable branches above any given minimum 
size, say 10 cm), by addressing colony diameter or volume or by calculating weight of cal-
cium carbonate produced (CaCO3), either by direct measurements through buoyant weight 
methods or by geometric estimations. Growth data could be highly variable, depending on 
sampling size. Therefore, care must be taken to sample a representative number of fragments 
to minimize variance to achieve a precision >0.80. Depending on the scientific questions 
addressed and the specific needs of each project and coral species, sampling frequency could 
be variable, monthly, bi-monthly, seasonal or bi-annual. Sampling can also address colonies 
from different sources or genetic clones, different generations, and from different size cat-
egories. However, it must be noted that if sampling frequency is too low (say, 6-month inter-
val), impacts associated to seasonal variability, pulse events (e.g., rainfall, runoff), predation, 
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disease outbreaks, sea surface warming, or other ecological surprises can be overlooked and 
not appropriately addressed, therefore, missing critical timely information for managers to 
understand population dynamics.

High-resolution coral survival and growth data are also critical for parameterizing demo-
graphic models and addressing questions of demographic dynamics. However, to gather a 
basic understanding of coral survival and growth, a basic assessment of coral fragment sizes 
at the beginning of the project and at any given time later (e.g., 6 months, a year), standard-
ized to initial size, will be enough to address productivity. Productivity will be calculated as 
annual growth/initial fragment size. Regardless of the approaches taken, it would be impor-
tant to keep data from different sources/genotypes/generations separate.

5. Lessons learned from out-planting

5.1. Siting of out-planting

The selection of out-plants siting is paramount. The most important elements to consider 
are to conduct a prior evaluation of environmental history of the potential recipient sites. 
Is the area too close to urban centers? Are there any adjacent known sewage or storm water 
outfalls? Any adjacent river outlet? Is there heavy sediment resuspension from boating activi-
ties or wave action? Is it too shallow and the area is exposed to constant sea surface warm 
spells? Is the area highly frequented by snorkelers and trampling activities? Is it impacted 
by excessive fishing pressure? Is there any evidence of sediment bedload impacts (horizontal 
sediment displacement)? Is there any lack of juvenile coral colonies? Are there any wild sur-
viving remnants of the targeted coral species? Are there too many standing dead colonies of 
the targeted coral species and no evidence of sexual or fragment recruitment? These are only 
a few important elements that must be taken into consideration when planning site selection 
for out-planting. But, the final selection of the out-planting site should be based on the follow-
ing standard criteria:

1. Hard bottom substrate free of sediment bedload (=horizontal sediment transport) prefer-
ably exposed to moderate water circulation.

2. No observation of fire corals (Millepora spp.), sponges, or harmful algae in the vicinity of 
each out-planted point that could hamper coral colony survival and growth.

3. Select areas known to have previously supported the targeted coral species and that cur-
rently have adequate water quality (e.g., adequate transparency, low sedimentation input, 
no direct sewage effluents, far from river outlets).

4. If possible, select areas with high benthic topographic relief.

5. Avoid areas with high density of coral predators (e.g., corallivore gastropods, fireworms).

6. Avoid areas exposed to significant recurrent runoff effects.
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7. Avoid coral out-planting in direct contact with other corals.

8. Prior to coral out-planting, scrap off the selected sites with a wire brush to remove any 
algal turf or minor sediment deposits, if any.

9. If out-planting massive corals, select reef outcrops for out-planting. If there is moderate-
to-high wave energy or moderate-to-strong surface current conditions at the pre-selected 
recipient site, various masonry nails should be driven to the substrate as anchors. Then, a 
dense cement/sand/lime mixture should be placed over the cleaned area among each nail 
patch. The puck should be buried and secured in the cement, leaving the coral over the 
substrate.

5.2. Out-planting spatial design

Out-planting spatial design is fundamental for project success and for achieving specific coral 
reef conservation and rehabilitation goals. Out-planted coral density and spatial configuration 
can play a critical role in the formation of Acroporid coral thickets, although coral density may 
play an adverse role in coral survival and growth [60]. But demographic evidence from ongo-
ing studies in Puerto Rico have not shown such trend. In contrast, locality and environmental 
conditions seem to be more critical factors than species [86] or density (Hernández-Delgado, 
unpublished data) in affecting out-planted coral survival rates. Increasing out-planted stag-
horn coral (A. cervicornis) (e.g., 1–4 colonies/m2) can lead to faster recovery of fish assemblages 
than reefs with lower density (say, 1 colony per 4 m2) or in control sites without out-plants 
(Hernández-Delgado, in review). If the objective of coral out-planting is to help rebuild over-
exploited fish assemblages, then appropriate spatial designs are key to success. The faster a 
coral thicket can be formed the faster juvenile fish assemblages can re-establish. A key goal 
identified by NOAA was for the recovery of A. cervicornis populations when “thickets are pres-
ent throughout approximately 5 percent of consolidated reef habitat in 5 to 20 m water depth within 
the forereef zone. Thickets are defined as either a) colonies ≥0.5 m diameter in size at a density of 1 
colony per m2 or b) live staghorn coral benthic cover of approximately 25 percent” [87]. Achieving 
such parameters will be dependent upon spatial design. Aspects such as natural reef spatial 
configuration, depth, wave exposure, presence of special features such as rocky outcrops, 
spur, and groove systems, aggregated reef patch density, etc. can influence spatial configura-
tion. But as a general rule, depending on coral species, objective of the project and harvested 
coral abundance spatial configuration can be modified accordingly. In general, if the goal is to 
rehabilitate local fish assemblages, probably a mosaic of small-to-moderate restored thickets 
(e.g., 16, 25, 50, 100 m2 per thicket, with densities of 1–2 colonies/m2) can be constructed. But if 
the goal is to provide a long-term buffer against wave action and shoreline erosion, probably 
parallel lineal configurations of elkhorn coral (A. palmata) patches can be constructed along 
shallow depth contours, from the reef front to the back reefs (e.g., multiple patches 10 × 3 m, 
20 × 3 m, 50 × 3 m). Or in such cases, restoration can follow natural existing outcrops contours 
and configurations. The take home message is to bear in mind what is the specific goal of the 
project and plan ahead the spatial arrange of corals in order to have an estimate of short- and 
long-term coral production goals.
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disease outbreaks, sea surface warming, or other ecological surprises can be overlooked and 
not appropriately addressed, therefore, missing critical timely information for managers to 
understand population dynamics.

High-resolution coral survival and growth data are also critical for parameterizing demo-
graphic models and addressing questions of demographic dynamics. However, to gather a 
basic understanding of coral survival and growth, a basic assessment of coral fragment sizes 
at the beginning of the project and at any given time later (e.g., 6 months, a year), standard-
ized to initial size, will be enough to address productivity. Productivity will be calculated as 
annual growth/initial fragment size. Regardless of the approaches taken, it would be impor-
tant to keep data from different sources/genotypes/generations separate.

5. Lessons learned from out-planting

5.1. Siting of out-planting

The selection of out-plants siting is paramount. The most important elements to consider 
are to conduct a prior evaluation of environmental history of the potential recipient sites. 
Is the area too close to urban centers? Are there any adjacent known sewage or storm water 
outfalls? Any adjacent river outlet? Is there heavy sediment resuspension from boating activi-
ties or wave action? Is it too shallow and the area is exposed to constant sea surface warm 
spells? Is the area highly frequented by snorkelers and trampling activities? Is it impacted 
by excessive fishing pressure? Is there any evidence of sediment bedload impacts (horizontal 
sediment displacement)? Is there any lack of juvenile coral colonies? Are there any wild sur-
viving remnants of the targeted coral species? Are there too many standing dead colonies of 
the targeted coral species and no evidence of sexual or fragment recruitment? These are only 
a few important elements that must be taken into consideration when planning site selection 
for out-planting. But, the final selection of the out-planting site should be based on the follow-
ing standard criteria:

1. Hard bottom substrate free of sediment bedload (=horizontal sediment transport) prefer-
ably exposed to moderate water circulation.

2. No observation of fire corals (Millepora spp.), sponges, or harmful algae in the vicinity of 
each out-planted point that could hamper coral colony survival and growth.

3. Select areas known to have previously supported the targeted coral species and that cur-
rently have adequate water quality (e.g., adequate transparency, low sedimentation input, 
no direct sewage effluents, far from river outlets).

4. If possible, select areas with high benthic topographic relief.

5. Avoid areas with high density of coral predators (e.g., corallivore gastropods, fireworms).

6. Avoid areas exposed to significant recurrent runoff effects.
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7. Avoid coral out-planting in direct contact with other corals.

8. Prior to coral out-planting, scrap off the selected sites with a wire brush to remove any 
algal turf or minor sediment deposits, if any.

9. If out-planting massive corals, select reef outcrops for out-planting. If there is moderate-
to-high wave energy or moderate-to-strong surface current conditions at the pre-selected 
recipient site, various masonry nails should be driven to the substrate as anchors. Then, a 
dense cement/sand/lime mixture should be placed over the cleaned area among each nail 
patch. The puck should be buried and secured in the cement, leaving the coral over the 
substrate.

5.2. Out-planting spatial design

Out-planting spatial design is fundamental for project success and for achieving specific coral 
reef conservation and rehabilitation goals. Out-planted coral density and spatial configuration 
can play a critical role in the formation of Acroporid coral thickets, although coral density may 
play an adverse role in coral survival and growth [60]. But demographic evidence from ongo-
ing studies in Puerto Rico have not shown such trend. In contrast, locality and environmental 
conditions seem to be more critical factors than species [86] or density (Hernández-Delgado, 
unpublished data) in affecting out-planted coral survival rates. Increasing out-planted stag-
horn coral (A. cervicornis) (e.g., 1–4 colonies/m2) can lead to faster recovery of fish assemblages 
than reefs with lower density (say, 1 colony per 4 m2) or in control sites without out-plants 
(Hernández-Delgado, in review). If the objective of coral out-planting is to help rebuild over-
exploited fish assemblages, then appropriate spatial designs are key to success. The faster a 
coral thicket can be formed the faster juvenile fish assemblages can re-establish. A key goal 
identified by NOAA was for the recovery of A. cervicornis populations when “thickets are pres-
ent throughout approximately 5 percent of consolidated reef habitat in 5 to 20 m water depth within 
the forereef zone. Thickets are defined as either a) colonies ≥0.5 m diameter in size at a density of 1 
colony per m2 or b) live staghorn coral benthic cover of approximately 25 percent” [87]. Achieving 
such parameters will be dependent upon spatial design. Aspects such as natural reef spatial 
configuration, depth, wave exposure, presence of special features such as rocky outcrops, 
spur, and groove systems, aggregated reef patch density, etc. can influence spatial configura-
tion. But as a general rule, depending on coral species, objective of the project and harvested 
coral abundance spatial configuration can be modified accordingly. In general, if the goal is to 
rehabilitate local fish assemblages, probably a mosaic of small-to-moderate restored thickets 
(e.g., 16, 25, 50, 100 m2 per thicket, with densities of 1–2 colonies/m2) can be constructed. But if 
the goal is to provide a long-term buffer against wave action and shoreline erosion, probably 
parallel lineal configurations of elkhorn coral (A. palmata) patches can be constructed along 
shallow depth contours, from the reef front to the back reefs (e.g., multiple patches 10 × 3 m, 
20 × 3 m, 50 × 3 m). Or in such cases, restoration can follow natural existing outcrops contours 
and configurations. The take home message is to bear in mind what is the specific goal of the 
project and plan ahead the spatial arrange of corals in order to have an estimate of short- and 
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5.3. Strategies for out-planting

Coral out-planting requires a thoroughly planned strategy to increase the probability of suc-
cess. These include several categories. First, transportation needs to be appropriately planned. 
If harvested corals will be obtained from a local or nearby location (e.g., <1 h transporta-
tion), fragments can be transported even under subaerial exposure. However, care must be 
taken that corals remain humid, well oxygenated, and away from direct sunlight to prevent 
heat shock stress, possible bleaching, and mortality. But if corals will be transported from 
farther distances (e.g., 1–2 h or more), then corals must remain submerged, with battery-
powered water pump, aerator, and chiller. This has proven a successful method for transport-
ing harvested staghorn coral (A. cervicornis) over distances of 150 miles and over 10:30 h of 
transporting.

Timing of coral out-planting is also an important element to consider. Warmer months (early 
summer to late fall) must be avoided. At least, across the wider Caribbean region, the warm-
est period (June to November) coincides with the Atlantic hurricane season. Out-planting 
during higher sea surface temperature can create higher physiological stress to corals due to 
higher temperatures in combination with often higher dissolved nutrient concentrations asso-
ciated to heavy rainfall and nutrient-loaded runoff impacts. These conditions also often foster 
increased macroalgal and cyanobacterial blooms in many locations, which could further harm 
recently out-planted colonies. In addition, corals undergo the final stages of gametogenesis 
during the summer months, therefore, adding extra stress to out-plants.

Finally, the selected strategy will largely have to do with project’s goals and objectives. 
Therefore, components, such as coral size, number of colonies, spatial configuration, and 
genetic diversity, are important elements to take into consideration for future success.

5.4. Establish restoration benchmarks

Establishing quantitative benchmarks is a key element of any coral reef restoration project. This 
would imply defining a clear goal, often achievable within 1 year, but larger temporal scales 
must also be considered (say, 3, 5, 10 year goals). As a minimum, this would include bench-
marks for the number of surviving out-planted fragments and for growth rates. Benchmarks 
would largely depend on the goal of the project. If a goal is limited to replenishing a depleted 
coral species at any given location or set of locations, then survival and growth rates would 
provide enough information to address success. For instance, if a 70% colony survival rate is 
established as a benchmark for out-planted corals, then a survival rate >80% would be consid-
ered a success and no actions or improvements would be necessary. If colony survival ranges 
say between 70 and 80%, caution should be taken and some adjustments should be made to 
ensure improved success in future efforts. But if colony survival falls below 70%, then action 
must be rapidly taken to improve methods, spatial design, or site selection.

However, if goals include enhancing ecological connectivity among adjacent reefs, then addi-
tional metrics would have to include addressing coral recruitment rates for the out-planted 
species and genetic connectivity. Also, if the goals include the ecological rehabilitation of reef’s 
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functions, then metrics regarding fish community structure, sea urchin populations, and/or 
herbivory rates would have to be included. The most important aspect of setting benchmarks 
is to keep in mind that experimental data from the restoration project must be compared to 
any given “control” or wild site. A wild site would be an ideal habitat with wild colonies 
of the same restored species, or a site with similar ecological/environmental conditions, but 
without the restoration intervention. An alternative would be to establish comparisons with 
different methods, among different locations, and/or to compare restoration performance 
metrics to those available in the literature from similar projects and from wild sites.

5.5. Data collection

5.5.1. High survival rates of out-planted corals

The survival rate of out-planted coral fragments would be expected to exceed 70% after 1 
year in the absence of stochastic events (e.g., hurricanes, winter swells, extreme rainfall and 
runoff, massive coral bleaching, disease outbreaks, or other ecological surprises). It would 
be important to keep close track of mortality sources. Additional factors, such as predation, 
out-competition, disease, sediment bedload, turbidity, and changes in water quality, may 
play a critical role affecting colony survival and growth. This could vary from location to 
location, among seasons, and with stochastic disturbances. Percent survival rate should be 
addressed during each site visit. Also, if known, mortality sources should be documented. If 
too many colonies are out-planted, then a representative sample should be monitored. If pos-
sible, source/genotype/generation data should be kept separate.

5.5.2. High productivity and growth of out-planted corals

Similar to productivity and growth of nurseries, as a minimum, initial and final productiv-
ity data for out-planted colonies must be collected to set a benchmark range of coral col-
ony parameters. Parameters addressed, as well as sampling size and frequency, would vary 
depending on the research questions and project’s goals. However, sampling approaches 
would be similar to those outlined under Section 4.2.2. If possible, it would also be important 
to keep data from different sources/genotypes/generations separate.

6. Additional recommendations and needs for best management 
practices

There are other important elements to consider regarding the needs for best management 
practices (BMPs) for low-tech coral farming and reef rehabilitation. First, there is a need to 
improve the ability to demonstrate and communicate the socio-economic value and utility of 
coral reef rehabilitation in providing substantial ecosystem services (e.g., coastal protection, 
fisheries enhancement, resilience recovery, enhanced revenues from tourism, etc.) to local 
and state governing bodies, as well as the private sector. This will support decision-making 
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during higher sea surface temperature can create higher physiological stress to corals due to 
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ciated to heavy rainfall and nutrient-loaded runoff impacts. These conditions also often foster 
increased macroalgal and cyanobacterial blooms in many locations, which could further harm 
recently out-planted colonies. In addition, corals undergo the final stages of gametogenesis 
during the summer months, therefore, adding extra stress to out-plants.

Finally, the selected strategy will largely have to do with project’s goals and objectives. 
Therefore, components, such as coral size, number of colonies, spatial configuration, and 
genetic diversity, are important elements to take into consideration for future success.

5.4. Establish restoration benchmarks

Establishing quantitative benchmarks is a key element of any coral reef restoration project. This 
would imply defining a clear goal, often achievable within 1 year, but larger temporal scales 
must also be considered (say, 3, 5, 10 year goals). As a minimum, this would include bench-
marks for the number of surviving out-planted fragments and for growth rates. Benchmarks 
would largely depend on the goal of the project. If a goal is limited to replenishing a depleted 
coral species at any given location or set of locations, then survival and growth rates would 
provide enough information to address success. For instance, if a 70% colony survival rate is 
established as a benchmark for out-planted corals, then a survival rate >80% would be consid-
ered a success and no actions or improvements would be necessary. If colony survival ranges 
say between 70 and 80%, caution should be taken and some adjustments should be made to 
ensure improved success in future efforts. But if colony survival falls below 70%, then action 
must be rapidly taken to improve methods, spatial design, or site selection.

However, if goals include enhancing ecological connectivity among adjacent reefs, then addi-
tional metrics would have to include addressing coral recruitment rates for the out-planted 
species and genetic connectivity. Also, if the goals include the ecological rehabilitation of reef’s 
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functions, then metrics regarding fish community structure, sea urchin populations, and/or 
herbivory rates would have to be included. The most important aspect of setting benchmarks 
is to keep in mind that experimental data from the restoration project must be compared to 
any given “control” or wild site. A wild site would be an ideal habitat with wild colonies 
of the same restored species, or a site with similar ecological/environmental conditions, but 
without the restoration intervention. An alternative would be to establish comparisons with 
different methods, among different locations, and/or to compare restoration performance 
metrics to those available in the literature from similar projects and from wild sites.

5.5. Data collection

5.5.1. High survival rates of out-planted corals

The survival rate of out-planted coral fragments would be expected to exceed 70% after 1 
year in the absence of stochastic events (e.g., hurricanes, winter swells, extreme rainfall and 
runoff, massive coral bleaching, disease outbreaks, or other ecological surprises). It would 
be important to keep close track of mortality sources. Additional factors, such as predation, 
out-competition, disease, sediment bedload, turbidity, and changes in water quality, may 
play a critical role affecting colony survival and growth. This could vary from location to 
location, among seasons, and with stochastic disturbances. Percent survival rate should be 
addressed during each site visit. Also, if known, mortality sources should be documented. If 
too many colonies are out-planted, then a representative sample should be monitored. If pos-
sible, source/genotype/generation data should be kept separate.

5.5.2. High productivity and growth of out-planted corals

Similar to productivity and growth of nurseries, as a minimum, initial and final productiv-
ity data for out-planted colonies must be collected to set a benchmark range of coral col-
ony parameters. Parameters addressed, as well as sampling size and frequency, would vary 
depending on the research questions and project’s goals. However, sampling approaches 
would be similar to those outlined under Section 4.2.2. If possible, it would also be important 
to keep data from different sources/genotypes/generations separate.

6. Additional recommendations and needs for best management 
practices

There are other important elements to consider regarding the needs for best management 
practices (BMPs) for low-tech coral farming and reef rehabilitation. First, there is a need to 
improve the ability to demonstrate and communicate the socio-economic value and utility of 
coral reef rehabilitation in providing substantial ecosystem services (e.g., coastal protection, 
fisheries enhancement, resilience recovery, enhanced revenues from tourism, etc.) to local 
and state governing bodies, as well as the private sector. This will support decision-making 
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processes on government institutions (across national, regional, local, municipal scales), as 
well as on cross-sectorial scales, and even on base-community level. This could be important 
to potentially unlock new funding avenues.

Secondly, there is a need to significantly increase the efficiency and scale of coral restoration 
to achieve the overall goal of establishing self-sustaining, sexually reproductive populations, 
and to enhance/restore genetic and ecological connectivity. Sexual reproduction is important 
to recover coral reef from crisis as it involves the evolutionary mechanisms, such as genetic 
recombination, that will enable adaptation to the future conditions that corals will face in the 
context of climate change. There is an implicit need to optimize current coral propagation 
techniques, including larval propagation, to improve out-planted coral colony survival rates 
and the efficiency of out-planting asexually derived coral fragments, a need to develop more 
efficient strategies to accelerate coral growth, and a need to determine the size and density of 
out-plants for a given coral species to rapidly reach the development of a functional thicket. 
Also, it would be central to improve genetic variability during out-planting, enabling long-
term ecological adaptation to changing climate and environmental conditions and improving 
population resilience.

There is also a need to develop and implement standardized monitoring guidelines that cover 
various levels of information (e.g., coral skeletal dynamics, colony conditions, demographic 
dynamics, spatial extent of live coral cover, thicket development dynamics, genetics, ecosys-
tem functioning). Long-term monitoring must also address different organizational scales, 
from individual coral colonies to ecosystem processes. Sharing data among practitioners 
across local, regional, and global scales is central to facilitate understanding of spatio-tempo-
ral variability of ecosystem status. Also, fostering inter- and trans-disciplinary dialog among 
practitioners, scientists, managers, base community volunteers, and other cross-sectorial 
stakeholders is fundamental, particularly to share lessons learned. There are also fundamen-
tal tools to better guide future development of coral reef rehabilitation projects, including: a) 
Cost-benefit analyses to improve investments in projects; b) Risk analyses to improve siting 
decision-making; c) the integration of cell automata models to address thicket development 
potential under different environmental scenarios; d) The coupling of numerical wave models 
with demographic and spatial heterogeneity models to project wave buffering impacts with 
reef rehabilitation; and e) the integration of genetic models aimed at the long-term increase 
of genetic diversity. This would allow prioritizing potential restoration candidate locations, 
funding allocation, research agendas, and developing targeted strategies for long-term coral 
persistence in a changing world.

7. Conclusions and recommendations

Low-tech coral farming and reef rehabilitation have become important community-based 
tools, particularly across multiple small island nations, to foster enhanced non-governmental 
participation in coral reef management. At least in the wider Caribbean region, these strate-
gies have been successfully implemented to recover depleted coral populations, mostly of 
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 fast-growing, but increasingly rare, staghorn (A. cervicornis) and elkhorn coral (A. palmata). 
They have also been used with relative success, though with limited documentation, to 
recover depleted fish assemblages. Indirectly, coral reef rehabilitation has also resulted in 
enhanced benthic spatial heterogeneity, in providing multiple new microhabitat for fish and 
invertebrate species; has contributed to the recovery of coastal resilience, increasing the pro-
tection of shorelines against erosion; and has fostered an increased interest of the tourism 
sector as an enhanced attraction for visitors and recreationists. But in order to sustainably 
maintain such benefits, it would be important to pay attention to several metrics and/or com-
ponents to ensure success.

First, it is important that there are no negative effects of collections from wild donor colo-
nies. There should be no partial or total parental colony mortality, in comparison to adjacent 
control colonies, and collection of coral fragments should never exceed 15% of the parental 
colony volume. There should not be reduced growth observed in donor colonies either due 
directly to fragmentation, and parental colonies should show rapid tissue repair and skeletal 
regrowth (usually within less than a month). In addition, there should be high percent sur-
vival of nursery fragments within the first 1–2 years (>80% survival rate), with the exception 
of stochastic events such as hurricanes, winter swells, cold water events, disease outbreaks, 
severe bleaching, etc. If different genotypes are being tested, separate data from different 
genotypes must be assessed. It would also be important to address specific causes and time 
of mortality.

Another important component that must be thoroughly addressed is high growth and/or 
productivity of nursery-grown fragments. This should be calculated as total annual growth/
initial fragment size, thus providing a standardized measure of productivity relative to the 
initial fragment size and helping to reduce some of the variability associated to variations 
in the initial size of fragments. This would be important for addressing differences among 
size categories and parameterizing demographic models. It could also allow testing for dif-
ferences among sites, depth zones, treatments (e.g., along environmental stress gradients, 
MPAs vs. control non-MPA sites, etc.), and season. It would be difficult, however, to establish 
a baseline or a standardized range of parameter values due to high latitudinal, longitudinal, 
site, depth, environmental, genetic, fragment size, and seasonal variability. There can also be 
substantial variability associated to the use of different methods, even within the same sites, 
depth zones, and environmental regimes [79]. Therefore, each country, biogeographic zone, 
or individual project should establish its own monitoring strategies to establish their own 
baselines. It would also be important to provide frequent maintenance to coral farming units. 
Measures need to be taken to periodically address colony survival rates, address the physi-
cal structure of farming units, remove predators, remove algae or nuisance fouling taxa, and 
move the nursery to deeper waters in case of storms or hurricanes to improve productivity or 
projects. A final important metric that should be strongly enforced is to ensure a high survival 
(>70%) and high productivity of nursery-reared out-planted corals in the absence of stochastic 
events. This should be achieved through permanently tagging selected, representative out-
planted fragments, and through a regular permanent monitoring program. This approach is 
fundamental for assessing demographic dynamics.
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tools, particularly across multiple small island nations, to foster enhanced non-governmental 
participation in coral reef management. At least in the wider Caribbean region, these strate-
gies have been successfully implemented to recover depleted coral populations, mostly of 
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 fast-growing, but increasingly rare, staghorn (A. cervicornis) and elkhorn coral (A. palmata). 
They have also been used with relative success, though with limited documentation, to 
recover depleted fish assemblages. Indirectly, coral reef rehabilitation has also resulted in 
enhanced benthic spatial heterogeneity, in providing multiple new microhabitat for fish and 
invertebrate species; has contributed to the recovery of coastal resilience, increasing the pro-
tection of shorelines against erosion; and has fostered an increased interest of the tourism 
sector as an enhanced attraction for visitors and recreationists. But in order to sustainably 
maintain such benefits, it would be important to pay attention to several metrics and/or com-
ponents to ensure success.

First, it is important that there are no negative effects of collections from wild donor colo-
nies. There should be no partial or total parental colony mortality, in comparison to adjacent 
control colonies, and collection of coral fragments should never exceed 15% of the parental 
colony volume. There should not be reduced growth observed in donor colonies either due 
directly to fragmentation, and parental colonies should show rapid tissue repair and skeletal 
regrowth (usually within less than a month). In addition, there should be high percent sur-
vival of nursery fragments within the first 1–2 years (>80% survival rate), with the exception 
of stochastic events such as hurricanes, winter swells, cold water events, disease outbreaks, 
severe bleaching, etc. If different genotypes are being tested, separate data from different 
genotypes must be assessed. It would also be important to address specific causes and time 
of mortality.

Another important component that must be thoroughly addressed is high growth and/or 
productivity of nursery-grown fragments. This should be calculated as total annual growth/
initial fragment size, thus providing a standardized measure of productivity relative to the 
initial fragment size and helping to reduce some of the variability associated to variations 
in the initial size of fragments. This would be important for addressing differences among 
size categories and parameterizing demographic models. It could also allow testing for dif-
ferences among sites, depth zones, treatments (e.g., along environmental stress gradients, 
MPAs vs. control non-MPA sites, etc.), and season. It would be difficult, however, to establish 
a baseline or a standardized range of parameter values due to high latitudinal, longitudinal, 
site, depth, environmental, genetic, fragment size, and seasonal variability. There can also be 
substantial variability associated to the use of different methods, even within the same sites, 
depth zones, and environmental regimes [79]. Therefore, each country, biogeographic zone, 
or individual project should establish its own monitoring strategies to establish their own 
baselines. It would also be important to provide frequent maintenance to coral farming units. 
Measures need to be taken to periodically address colony survival rates, address the physi-
cal structure of farming units, remove predators, remove algae or nuisance fouling taxa, and 
move the nursery to deeper waters in case of storms or hurricanes to improve productivity or 
projects. A final important metric that should be strongly enforced is to ensure a high survival 
(>70%) and high productivity of nursery-reared out-planted corals in the absence of stochastic 
events. This should be achieved through permanently tagging selected, representative out-
planted fragments, and through a regular permanent monitoring program. This approach is 
fundamental for assessing demographic dynamics.
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There are also important take home messages to foster increased success of low-tech coral 
farming. The first is the need to secure sustained, recurrent funding. This may allow to secure 
a continued input of harvested corals to reef rehabilitation projects, which may allow expand-
ing the spatial scale of projects. Increased spatial scales is a second concern, with the particu-
lar aim of fostering enhanced ecological benefits, such as enhancing essential fish habitats, 
restoring juvenile fish nursery grounds, and recovering ecosystem and coastal resilience. In 
addition, there is a need to incorporate demographic modeling to coral reef rehabilitation 
projects. This may allow to improve the ability to address vital population dynamics and 
project population fate under variable environmental and climate change-related scenarios. 
Coral farming and reef rehabilitation have also shown to be a successful fishery management 
tool on local scales. Therefore, it can be used to integrate local communities and fisher villages 
to fishery management strategies. Under increased spatial scales, it should also become a tool 
to manage coral and fish connectivity, at least across ecological spatial scales. This would fur-
ther foster the implementation of a participatory model to foster improved coastal resilience, 
MPA, and coastal resilience management.

Finally, it would be fundamental to foster the creation of functional partnerships among 
base communities, NGOs, the academia, government institutions, and the private sector. 
This would allow the development of stronger networks to improve volunteerism, out-
reach and education, and improve the possibility of securing continuous funding support. 
In a time of projected increases in climate change and sea level rise, low-tech coral farm-
ing and reef rehabilitation must be fortified and expanded across multiple localities. Only 
through the integration of multiple sectors of society, the goal of expanding the spatial 
scale and full community integration can be achieved. In a time of significant projected 
climate change impacts and sea level rise, improving the scale of coral farming and reef 
rehabilitation has become a critical tool for coral reef conservation. But multiple road-
blocks must still be overcome. The future of coral reef productivity and its attractiveness 
for tourism can be sustained through proper participatory management for the enjoyment 
of future generations.
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There are also important take home messages to foster increased success of low-tech coral 
farming. The first is the need to secure sustained, recurrent funding. This may allow to secure 
a continued input of harvested corals to reef rehabilitation projects, which may allow expand-
ing the spatial scale of projects. Increased spatial scales is a second concern, with the particu-
lar aim of fostering enhanced ecological benefits, such as enhancing essential fish habitats, 
restoring juvenile fish nursery grounds, and recovering ecosystem and coastal resilience. In 
addition, there is a need to incorporate demographic modeling to coral reef rehabilitation 
projects. This may allow to improve the ability to address vital population dynamics and 
project population fate under variable environmental and climate change-related scenarios. 
Coral farming and reef rehabilitation have also shown to be a successful fishery management 
tool on local scales. Therefore, it can be used to integrate local communities and fisher villages 
to fishery management strategies. Under increased spatial scales, it should also become a tool 
to manage coral and fish connectivity, at least across ecological spatial scales. This would fur-
ther foster the implementation of a participatory model to foster improved coastal resilience, 
MPA, and coastal resilience management.

Finally, it would be fundamental to foster the creation of functional partnerships among 
base communities, NGOs, the academia, government institutions, and the private sector. 
This would allow the development of stronger networks to improve volunteerism, out-
reach and education, and improve the possibility of securing continuous funding support. 
In a time of projected increases in climate change and sea level rise, low-tech coral farm-
ing and reef rehabilitation must be fortified and expanded across multiple localities. Only 
through the integration of multiple sectors of society, the goal of expanding the spatial 
scale and full community integration can be achieved. In a time of significant projected 
climate change impacts and sea level rise, improving the scale of coral farming and reef 
rehabilitation has become a critical tool for coral reef conservation. But multiple road-
blocks must still be overcome. The future of coral reef productivity and its attractiveness 
for tourism can be sustained through proper participatory management for the enjoyment 
of future generations.
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1. Introduction

1.1. Coral reef decline and the erosion of social-ecological systems

Coral reefs have largely lost species diversity, ecological functions, ecosystem resilience, and
socio-economic benefits across regional to global scales over the last four to decades. These
have resulted from a combination of impacts from extreme natural hazards (e.g., hurricanes
and tsunamis), from multiple localized human drivers [1–5], and from climate change [6, 7].
This has often resulted in a largely reduced ability to recover from acute, recurrent or chronic
disturbances, compromising their capacity to sustain biodiversity, ecosystem services, local
economies, and threatening the sustainability and resilience of social-ecological systems [8].
This is a particular concern for low-lying coastal communities and for small tropical islands,
which often have very significant governance limitations, as well as limited socio-economic
capital to cope with disasters. In this context, coral farming and reef rehabilitation efforts are
becoming increasingly important strategies to incorporate in the coastal management toolbox,
but which have never yet been implemented as strategies to address issues related to restoring
the resilience of coastal social-ecological systems.

Ecological resilience can be defined as the buffering capacity or the “ability of a system to
absorb changes of state variables, driving variables, and parameters, and still persist” [9]. In this
context, resilience is a property of a system, and persistence or probability of extinction can
be the result, depending on the system’s trajectory and stability. Stability is the ability of a
system to return to an equilibrium state after any disturbance [9]. The more rapidly a system
returns, and with the least fluctuations, the more stable it is. However, under present rapidly
declining of coastal social-ecological systems, mostly coral reefs, stability has also declined,
so the ability of systems to absorb and recover from disturbance. Therefore, any long-term
trend resulting in the net erosion of the stability of a social-ecological system can threaten its
long-term resilience, and may result in a combined loss in the ecological (e.g., biodiversity,
functional redundancy, ecosystem services) and social persistence (e.g., local economy, liveli-
hoods). The geographical isolation of small islands, in combination with historical socioeco-
nomic and political constraints, increasing threats by sea level rise (SLR) and climate change,
can often magnify vulnerability to such impacts [8], and may result in a net erosion of social
resilience.

Social resilience was defined as “the ability of groups or communities to cope with external stresses
and disturbances as a result of social, political and environmental change” [10]. Social resilience is a
fundamental characteristic of ecosystems which has still remained poorly addressed, but
which is critical to maintain ecosystems functions and services in the face of disturbance,
including extreme weather events (e.g., hurricanes), natural hazards (e.g., tsunamis), chronic
human-driven environmental degradation, SLR, and climate change. There is a clear link
between social and ecological resilience, particularly for coastal communities, and small island
nations that are largely or fully dependent on ecological and environmental resources for their
economy and local livelihoods.

Corals in a Changing World246

Exposure and sensitivity to hazards of coastal social-ecological systems are largely dependent
on the ecological status and vulnerability to disturbance of coral reefs. Reducing exposure and
sensitivity requires maintenance and enhancement of reef ecosystems functions through sus-
tainable management and use [11]. In this context, coral farming and reef rehabilitation have
become fundamental management tools to engage base communities in sustainable social-
ecological systems management. It would also be important to maintain the local memory of
resource use, and foster the development of learning processes for responding to environmen-
tal feedback and social cohesion [11]. Therefore, base-community engagement in coral farming
and reef restoration must also be coupled with hands-on education and training, with the aim
of achieving long-term local empowerment, stewardship and support. The other critical ele-
ment of vulnerability of coastal social-ecological systems is adaptive capacity. Sustaining
coastal social-ecological systems requires the recovery of biodiversity in ecological systems,
and expanding the diversity of the local economic livelihood portfolio. Both alternatives can be
readily achieved through low-tech, community-based coral farming and reef rehabilitation.
However, an important challenge is the need to empower local to national governance struc-
tures and social capital, bridging gaps among local communications, academia, private orga-
nizations, and government for integrative responses, and building horizontal, cross-sectorial
networks in society for social learning.

Nevertheless, bridging the gap between decision-makers, natural resource managers, empirical
academic research in regards to coral farming and reef rehabilitation, and the socio-economic
component of these efforts have remained poorly explored, and still remains as a top challenge
to overcome across local, national and regional scales. Understanding the critical value of
integrating question-driven research in reef rehabilitation efforts is paramount to advance
knowledge and to communicate that technical knowledge to base communities and local
stakeholders. One such component is to integrate coral demographic dynamics and modeling
into active reef rehabilitation efforts. But also, the integration of lessons learned from sociolog-
ical dynamics in regards to coral farming and reef rehabilitation is a highly necessary added
value that should contribute to improve future projects.

Therefore, lessons learned regarding the need to understand the mechanisms of improving the
management of both, the ecological and the social components of coastal tropical systems is
essential to improve management success, and to foster an improved education, stewardship
and participation of base communities in coastal management. This makes necessary to exam-
ine the role of assisted recovery of depleted coral diversity, restoring coral functional groups,
and the rehabilitation of coral reefs at the reefscape, functional level, as a new strategy to buffer
and restore present declining trends.

1.2. Goals and objectives

The goal of this chapter is to briefly update the state of knowledge regarding applied coral
demographic dynamics to low-tech coral farming and reef rehabilitation efforts, mostly using
case studies of restored populations of endangered Staghorn coral, Acropora cervicornis. Impor-
tant elements associated with coral demographic and oceanographic modeling have also been

Multi-disciplinary Lessons Learned from Low-Tech Coral Farming and Reef Rehabilitation: II. Coral Demography…
http://dx.doi.org/10.5772/intechopen.74283

247



1. Introduction

1.1. Coral reef decline and the erosion of social-ecological systems

Coral reefs have largely lost species diversity, ecological functions, ecosystem resilience, and
socio-economic benefits across regional to global scales over the last four to decades. These
have resulted from a combination of impacts from extreme natural hazards (e.g., hurricanes
and tsunamis), from multiple localized human drivers [1–5], and from climate change [6, 7].
This has often resulted in a largely reduced ability to recover from acute, recurrent or chronic
disturbances, compromising their capacity to sustain biodiversity, ecosystem services, local
economies, and threatening the sustainability and resilience of social-ecological systems [8].
This is a particular concern for low-lying coastal communities and for small tropical islands,
which often have very significant governance limitations, as well as limited socio-economic
capital to cope with disasters. In this context, coral farming and reef rehabilitation efforts are
becoming increasingly important strategies to incorporate in the coastal management toolbox,
but which have never yet been implemented as strategies to address issues related to restoring
the resilience of coastal social-ecological systems.

Ecological resilience can be defined as the buffering capacity or the “ability of a system to
absorb changes of state variables, driving variables, and parameters, and still persist” [9]. In this
context, resilience is a property of a system, and persistence or probability of extinction can
be the result, depending on the system’s trajectory and stability. Stability is the ability of a
system to return to an equilibrium state after any disturbance [9]. The more rapidly a system
returns, and with the least fluctuations, the more stable it is. However, under present rapidly
declining of coastal social-ecological systems, mostly coral reefs, stability has also declined,
so the ability of systems to absorb and recover from disturbance. Therefore, any long-term
trend resulting in the net erosion of the stability of a social-ecological system can threaten its
long-term resilience, and may result in a combined loss in the ecological (e.g., biodiversity,
functional redundancy, ecosystem services) and social persistence (e.g., local economy, liveli-
hoods). The geographical isolation of small islands, in combination with historical socioeco-
nomic and political constraints, increasing threats by sea level rise (SLR) and climate change,
can often magnify vulnerability to such impacts [8], and may result in a net erosion of social
resilience.

Social resilience was defined as “the ability of groups or communities to cope with external stresses
and disturbances as a result of social, political and environmental change” [10]. Social resilience is a
fundamental characteristic of ecosystems which has still remained poorly addressed, but
which is critical to maintain ecosystems functions and services in the face of disturbance,
including extreme weather events (e.g., hurricanes), natural hazards (e.g., tsunamis), chronic
human-driven environmental degradation, SLR, and climate change. There is a clear link
between social and ecological resilience, particularly for coastal communities, and small island
nations that are largely or fully dependent on ecological and environmental resources for their
economy and local livelihoods.

Corals in a Changing World246

Exposure and sensitivity to hazards of coastal social-ecological systems are largely dependent
on the ecological status and vulnerability to disturbance of coral reefs. Reducing exposure and
sensitivity requires maintenance and enhancement of reef ecosystems functions through sus-
tainable management and use [11]. In this context, coral farming and reef rehabilitation have
become fundamental management tools to engage base communities in sustainable social-
ecological systems management. It would also be important to maintain the local memory of
resource use, and foster the development of learning processes for responding to environmen-
tal feedback and social cohesion [11]. Therefore, base-community engagement in coral farming
and reef restoration must also be coupled with hands-on education and training, with the aim
of achieving long-term local empowerment, stewardship and support. The other critical ele-
ment of vulnerability of coastal social-ecological systems is adaptive capacity. Sustaining
coastal social-ecological systems requires the recovery of biodiversity in ecological systems,
and expanding the diversity of the local economic livelihood portfolio. Both alternatives can be
readily achieved through low-tech, community-based coral farming and reef rehabilitation.
However, an important challenge is the need to empower local to national governance struc-
tures and social capital, bridging gaps among local communications, academia, private orga-
nizations, and government for integrative responses, and building horizontal, cross-sectorial
networks in society for social learning.

Nevertheless, bridging the gap between decision-makers, natural resource managers, empirical
academic research in regards to coral farming and reef rehabilitation, and the socio-economic
component of these efforts have remained poorly explored, and still remains as a top challenge
to overcome across local, national and regional scales. Understanding the critical value of
integrating question-driven research in reef rehabilitation efforts is paramount to advance
knowledge and to communicate that technical knowledge to base communities and local
stakeholders. One such component is to integrate coral demographic dynamics and modeling
into active reef rehabilitation efforts. But also, the integration of lessons learned from sociolog-
ical dynamics in regards to coral farming and reef rehabilitation is a highly necessary added
value that should contribute to improve future projects.

Therefore, lessons learned regarding the need to understand the mechanisms of improving the
management of both, the ecological and the social components of coastal tropical systems is
essential to improve management success, and to foster an improved education, stewardship
and participation of base communities in coastal management. This makes necessary to exam-
ine the role of assisted recovery of depleted coral diversity, restoring coral functional groups,
and the rehabilitation of coral reefs at the reefscape, functional level, as a new strategy to buffer
and restore present declining trends.

1.2. Goals and objectives

The goal of this chapter is to briefly update the state of knowledge regarding applied coral
demographic dynamics to low-tech coral farming and reef rehabilitation efforts, mostly using
case studies of restored populations of endangered Staghorn coral, Acropora cervicornis. Impor-
tant elements associated with coral demographic and oceanographic modeling have also been

Multi-disciplinary Lessons Learned from Low-Tech Coral Farming and Reef Rehabilitation: II. Coral Demography…
http://dx.doi.org/10.5772/intechopen.74283

247



addressed as decision-making tools regarding its application to large-scale restoration efforts.
Also, sociological lessons learned, which are often overlooked, have been discussed, including:
volunteer work, team assemblage, building local support and stewardship, and socio-economic
benefits. Most of the discussed examples are derived from lessons learned through the
Community-Based Coral Aquaculture and Reef Rehabilitation Program established in 2003 in Culebra
Island, Puerto Rico, by non-governmental organization (NGO) Sociedad Ambiente Marino.

2. Lessons learned from coral demographic dynamics

2.1. Coral demographic modeling in reef rehabilitation

Whether any given population increases, decreases, remain stable or face extinction depends
upon the rates at which an individual grows, die, and reproduce. Most conservation and
management-oriented efforts are intended to increase population growth rate of the targeted
species until reaching a growing or stable state and identifying which vital stage(s) is (are)
essential for the conservation and management of an endangered or threatened species.
Demographic-based population models are convenient and efficient tools that not only allow
to perform population viability analyses, but also allow a detailed examination of the relation-
ship between demographic traits/rates and population growth rate (λ). One of the strengths of
demographic-based population models is that they take into consideration the influence of the
developmental stage (age, size, and stage) on individual’s vital rates and link it to the popula-
tion level [12]. At the same time, demographic models can be subjected to prospective (e.g.,
sensitivity and elasticity) and retrospectives (Life Table Response Experiment) analyses to
examine the relative importance of each of the vital rates on λ and to investigate the effects of
physical and biological disturbances on the population dynamics of a target species [13, 14].
Prospective analyses (e.g., sensitivity and elasticity) looks at how λ would respond when a
particular life cycle transition is perturbed [12]. Life Table Response Experiment analysis, on
the other hand, provides information on how much variation in a particular life cycle transi-
tion contribute to the observed differences in λ between treatments (e.g., restoration vs. no
restoration). Another advantage is that models can be manipulated to assess how any given
population would respond to changes in any of the vital rates (e.g., reproductive failure, mass
mortality) or any given restoration initiative; thereby providing the basis for the design of
future restoration and conservation projects under variable environmental conditions, climate
change-related scenarios, etc.

In the last couple of decades, demographic-based population models (e.g., population matrix
models and integrated population models) have become an essential part of conservation
studies [15]. However, few coral biologists have applied demographic-based population
models to answer specific conservation questions (but see [16–19]). Vardi et al. [17] and
Mercado-Molina et al. [18] used size-based population matrix models have been used to
describe the demography and population dynamics of threatened coral species Acropora
palmata [19] and A. cervicornis, respectively [18]. They found that the demographic transition
that contributes the most to local λ is the survival of large colonies. Thereby, providing
evidence that restoration and conservations efforts of these corals species should be focused
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on enhancing the probability of large colonies to survive. Mercado-Molina et al. [20, 21] found
that both growth and branching rates of A. cervicornis increase with size. Therefore, positive
contribution of large colonies to λ, at least for A. cervicornis, can be partly explained by (1) a
rapid growth that can allow the colony to reach a refuge size in which mortality associated
with diseases, predation, and bleaching can be considerably reduced; and (2) an increase in the
number of branches with the potential to be detached from the parental colony and become
established as an independent colony, contributing to faster formation of thickets.

Demographic transitions and population growth rates of A. palmata were relatively stable over
a 6-year study period, except for a hurricane year which naturally caused a significant decline
in population growth rate [17]. In contrast, spatiotemporal differences both in the transitions
rates and λ of A. cervicornis were observed [18]. These contrasting results indicate that even
when A. cervicornis and A. palmata share similar life cycles, their demography varies consider-
ably. Therefore, conservation and restoration activities should be designed at the species-
specific level whenever possible, with separate specific goals and objectives. The spatiotempo-
ral differences in demographic transitions displayed by A. cervicornis [18] also suggest that
restoration efforts should be partitioned among several locations rather than allocating all the
resources into one site. This action will enhance the persistence of the species if localized
extirpation occurs due to spatial variability.

2.2. Modeling as decision-making tools

The current limitation in human, technical, and economic resources, together with multiple
frequent logistical constraints, have made coral conservation a difficult task, especially in small
islands, and when long-term studies are not feasible or available. The most basic demographic
parameter that can be obtained using demographic modeling is the intrinsic population growth
rates, lambda (λ). When λ = 1, the population is stable, if λ < 1 the population is decreasing in
size, and when λ >1 then the population is growing positively. Thus, by directly estimating λ
practitioners can determine whether a given population needs management attention. Using
population models to project population size over time is one of the most attractive alternatives
to understand how any given wild or restored population would behave under different resto-
ration and conservations scenarios (see [17, 18, 20]). Studies by Mercado et al. [18, 20] coincided
in that without human intervention (e.g., coral out-planting) local A. cervicornis population
growth in the wild is not granted. However, contrary to the A. palmata populations [17], which
are expected to remain stable (no significant growth, no significant decline) over time, A.
cervicornis populations can go extinct in less than two decades [18, 20]. Such contrasting popula-
tion trajectories may be the result of A. cervicornis being more susceptible to low and moderate
environmental changes [18, 22]. Therefore, A. cervicornis is more at risk of localized extinction
than it is congeneric. Indeed, A. cervicornis colonies are much more ephemeral than A. palmata
(e.g., they suffer a high rate of complete mortality and complete colony dislocation) [22]. This
implies that continuous low-tech coral farming and out-planting efforts are fundamental to
sustain restored populations in the wild.

The initial size of the coral transplant needs to be taken into consideration to assure the success
of any restoration project [17, 18]. Both studies concluded that transplanting large colonies will
result in higher population growth rates than transplanting small colonies, as many standard
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addressed as decision-making tools regarding its application to large-scale restoration efforts.
Also, sociological lessons learned, which are often overlooked, have been discussed, including:
volunteer work, team assemblage, building local support and stewardship, and socio-economic
benefits. Most of the discussed examples are derived from lessons learned through the
Community-Based Coral Aquaculture and Reef Rehabilitation Program established in 2003 in Culebra
Island, Puerto Rico, by non-governmental organization (NGO) Sociedad Ambiente Marino.

2. Lessons learned from coral demographic dynamics

2.1. Coral demographic modeling in reef rehabilitation

Whether any given population increases, decreases, remain stable or face extinction depends
upon the rates at which an individual grows, die, and reproduce. Most conservation and
management-oriented efforts are intended to increase population growth rate of the targeted
species until reaching a growing or stable state and identifying which vital stage(s) is (are)
essential for the conservation and management of an endangered or threatened species.
Demographic-based population models are convenient and efficient tools that not only allow
to perform population viability analyses, but also allow a detailed examination of the relation-
ship between demographic traits/rates and population growth rate (λ). One of the strengths of
demographic-based population models is that they take into consideration the influence of the
developmental stage (age, size, and stage) on individual’s vital rates and link it to the popula-
tion level [12]. At the same time, demographic models can be subjected to prospective (e.g.,
sensitivity and elasticity) and retrospectives (Life Table Response Experiment) analyses to
examine the relative importance of each of the vital rates on λ and to investigate the effects of
physical and biological disturbances on the population dynamics of a target species [13, 14].
Prospective analyses (e.g., sensitivity and elasticity) looks at how λ would respond when a
particular life cycle transition is perturbed [12]. Life Table Response Experiment analysis, on
the other hand, provides information on how much variation in a particular life cycle transi-
tion contribute to the observed differences in λ between treatments (e.g., restoration vs. no
restoration). Another advantage is that models can be manipulated to assess how any given
population would respond to changes in any of the vital rates (e.g., reproductive failure, mass
mortality) or any given restoration initiative; thereby providing the basis for the design of
future restoration and conservation projects under variable environmental conditions, climate
change-related scenarios, etc.

In the last couple of decades, demographic-based population models (e.g., population matrix
models and integrated population models) have become an essential part of conservation
studies [15]. However, few coral biologists have applied demographic-based population
models to answer specific conservation questions (but see [16–19]). Vardi et al. [17] and
Mercado-Molina et al. [18] used size-based population matrix models have been used to
describe the demography and population dynamics of threatened coral species Acropora
palmata [19] and A. cervicornis, respectively [18]. They found that the demographic transition
that contributes the most to local λ is the survival of large colonies. Thereby, providing
evidence that restoration and conservations efforts of these corals species should be focused
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on enhancing the probability of large colonies to survive. Mercado-Molina et al. [20, 21] found
that both growth and branching rates of A. cervicornis increase with size. Therefore, positive
contribution of large colonies to λ, at least for A. cervicornis, can be partly explained by (1) a
rapid growth that can allow the colony to reach a refuge size in which mortality associated
with diseases, predation, and bleaching can be considerably reduced; and (2) an increase in the
number of branches with the potential to be detached from the parental colony and become
established as an independent colony, contributing to faster formation of thickets.

Demographic transitions and population growth rates of A. palmata were relatively stable over
a 6-year study period, except for a hurricane year which naturally caused a significant decline
in population growth rate [17]. In contrast, spatiotemporal differences both in the transitions
rates and λ of A. cervicornis were observed [18]. These contrasting results indicate that even
when A. cervicornis and A. palmata share similar life cycles, their demography varies consider-
ably. Therefore, conservation and restoration activities should be designed at the species-
specific level whenever possible, with separate specific goals and objectives. The spatiotempo-
ral differences in demographic transitions displayed by A. cervicornis [18] also suggest that
restoration efforts should be partitioned among several locations rather than allocating all the
resources into one site. This action will enhance the persistence of the species if localized
extirpation occurs due to spatial variability.

2.2. Modeling as decision-making tools

The current limitation in human, technical, and economic resources, together with multiple
frequent logistical constraints, have made coral conservation a difficult task, especially in small
islands, and when long-term studies are not feasible or available. The most basic demographic
parameter that can be obtained using demographic modeling is the intrinsic population growth
rates, lambda (λ). When λ = 1, the population is stable, if λ < 1 the population is decreasing in
size, and when λ >1 then the population is growing positively. Thus, by directly estimating λ
practitioners can determine whether a given population needs management attention. Using
population models to project population size over time is one of the most attractive alternatives
to understand how any given wild or restored population would behave under different resto-
ration and conservations scenarios (see [17, 18, 20]). Studies by Mercado et al. [18, 20] coincided
in that without human intervention (e.g., coral out-planting) local A. cervicornis population
growth in the wild is not granted. However, contrary to the A. palmata populations [17], which
are expected to remain stable (no significant growth, no significant decline) over time, A.
cervicornis populations can go extinct in less than two decades [18, 20]. Such contrasting popula-
tion trajectories may be the result of A. cervicornis being more susceptible to low and moderate
environmental changes [18, 22]. Therefore, A. cervicornis is more at risk of localized extinction
than it is congeneric. Indeed, A. cervicornis colonies are much more ephemeral than A. palmata
(e.g., they suffer a high rate of complete mortality and complete colony dislocation) [22]. This
implies that continuous low-tech coral farming and out-planting efforts are fundamental to
sustain restored populations in the wild.

The initial size of the coral transplant needs to be taken into consideration to assure the success
of any restoration project [17, 18]. Both studies concluded that transplanting large colonies will
result in higher population growth rates than transplanting small colonies, as many standard
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coral farming operations do, at least across the Caribbean. However, transplanting large
colonies pose some challenges; specifically, regarding the time necessary for a nursery-reared
coral fragment to reach the effective transplantation size [18]. However, numerical simulations
have demonstrated that increasing the number of small-sized transplants of A. cervicornis
enhances the probability of population stability [18]. For an initial population size of 150 A.
cervicornis colonies, transplanting 50–75 fragments ≤100 cm in Total Linear Length (TTL)
annually would result in a positive population growth rate.

Population models can also be used to test the effectiveness of different management regimes
(e.g., intensity, environmental and climate change scenarios) such as alternating times of out-
planting and nonout-planting. So far, only Vardi et al. [17] have published results by taking
such approach. They projected A. palmata population size under a scenario that alternate
2 years with no out-planting and 5 years in which 1000–3000 colonies are transplanted,
followed by an additional 13 years with no out-planting. Under such management design,
populations will grow positively over time. Therefore, it can be argued that such management
plan is appropriate to assure the persistence of the impacted population. Figure 1 shows a
simulation based on the model developed by Mercado-Molina et al. [18] for two wild
populations of A. cervicornis in northeastern Puerto Rico, in which the effect of two out-
planting scenarios on local population abundance was simulated. The scenarios considered
the out-planting of 1000 colonies for two and five consecutive years, respectively. These
scenarios were based on the fact that most restoration projects are funded for less than 5 years
and for the number of fragments that in our experience can be produced in 1 year in our
nursery units. The results indicated that under such out-planting regimes populations would

Figure 1. Numerical simulation based on the model developed by Mercado-Molina et al. [18] for two wild populations of
Staghorn coral (Acropora cervicornis) in northeastern Puerto Rico, in which the effect of two out-planting scenarios on local
population abundance were assessed.
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not be able to persist over time. This outcome, together with simulations run by Mercado-
Molina et al. [18], led us to conclude that restoring populations of A. cervicornis by out-planting
coral fragments is a feasible strategy, but one that requires sustained human intervention.

2.3. Increasing the spatial scale of reef rehabilitation

One of the major limitations of coral reefs restoration is that all projects so far are small in
spatial scale, often varying from tens to hundreds of m2, with a limited number of projects
ranging between 100 s m2 to less than 1 km2. Increasing the spatial scale of reef rehabilitation is
essential, at least for A. cervicornis, because its demography varies considerably in time and
space. Increasing the spatial scale of population rehabilitation will increase the probability of
species persistence. Coral out-plant spatial array is also critical for the formation of thickets.
Before the 1980s, A. cervicornis used to dominate the seascape of shallow-water reefs by
monopolizing vast areas of the substrate [23]. It is necessary to take conservation and/or
restoration initiatives directed at re-establishing the large thickets this coral used to form. The
Acropora Recovery Plan [24] established the development of A. cervicornis thickets as a major
goal of restoration projects. However, there is still scarce information regarding the demo-
graphics and dynamics of thicket formation that could be used as a basis for the design of
management strategies. But model thicket formation can use novel approaches such as
individual-based dynamical automaton models (IBDA) [25, 26], and use the predictions of the
model to determine the number and spatial arrangement of out-plants that will maximize the
likelihood of thicket formation, and improve reef restoration strategies and spatial designs.

Increasing the spatial scale is also important for increasing the recovery of fish assemblages
and rehabilitating reef processes. However, there is still a significant information gap regard-
ing the role of coral reef restoration on enhancing essential fish habitats and fish assemblages.
Fish assemblages are sensitive to the spatial heterogeneity of the benthos [27] and habitat
condition [28]. Any disturbance resulting in mass coral mortalities [29], benthic community
regime shift [30], and in loss of benthic spatial heterogeneity [31] should adversely affect coral
reef fish assemblages. Therefore, management strategies aimed at rehabilitating depleted fish
assemblages should include coral out-planting at increasing spatial scales and/or focused on
developing habitat mosaics as a mechanism to restore benthic spatial heterogeneity.

Also, increasing coral reef rehabilitation spatial scale is a fundamental step necessary
to achieve progress in restoring and managing coastal resilience (e.g., wave buffering,
reducing shoreline erosion rates). But fundamental questions associated with coral reef
restoration projects at sites, where wave energy reduction is an important design criterion.
What is the degree of wave attenuation that can be expected from out-planting Elkhorn
coral (Acropora palmata) at the selected sites? What factors (how big should colonies be at
out-plant, how far apart, thicket size, shape, and spatial arrangement, water depth, local
wave climate, etc.) should be considered when designing a coral reef restoration project in
order to maximize wave energy dissipation? What are the expected costs for downscaling
numerical wave models for different locations? What data should be collected to success-
fully simulate the performance of the proposed coral restoration activities? What other
data on coral health should be collected to better inform the modeling efforts? These are
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coral farming operations do, at least across the Caribbean. However, transplanting large
colonies pose some challenges; specifically, regarding the time necessary for a nursery-reared
coral fragment to reach the effective transplantation size [18]. However, numerical simulations
have demonstrated that increasing the number of small-sized transplants of A. cervicornis
enhances the probability of population stability [18]. For an initial population size of 150 A.
cervicornis colonies, transplanting 50–75 fragments ≤100 cm in Total Linear Length (TTL)
annually would result in a positive population growth rate.

Population models can also be used to test the effectiveness of different management regimes
(e.g., intensity, environmental and climate change scenarios) such as alternating times of out-
planting and nonout-planting. So far, only Vardi et al. [17] have published results by taking
such approach. They projected A. palmata population size under a scenario that alternate
2 years with no out-planting and 5 years in which 1000–3000 colonies are transplanted,
followed by an additional 13 years with no out-planting. Under such management design,
populations will grow positively over time. Therefore, it can be argued that such management
plan is appropriate to assure the persistence of the impacted population. Figure 1 shows a
simulation based on the model developed by Mercado-Molina et al. [18] for two wild
populations of A. cervicornis in northeastern Puerto Rico, in which the effect of two out-
planting scenarios on local population abundance was simulated. The scenarios considered
the out-planting of 1000 colonies for two and five consecutive years, respectively. These
scenarios were based on the fact that most restoration projects are funded for less than 5 years
and for the number of fragments that in our experience can be produced in 1 year in our
nursery units. The results indicated that under such out-planting regimes populations would

Figure 1. Numerical simulation based on the model developed by Mercado-Molina et al. [18] for two wild populations of
Staghorn coral (Acropora cervicornis) in northeastern Puerto Rico, in which the effect of two out-planting scenarios on local
population abundance were assessed.
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not be able to persist over time. This outcome, together with simulations run by Mercado-
Molina et al. [18], led us to conclude that restoring populations of A. cervicornis by out-planting
coral fragments is a feasible strategy, but one that requires sustained human intervention.

2.3. Increasing the spatial scale of reef rehabilitation

One of the major limitations of coral reefs restoration is that all projects so far are small in
spatial scale, often varying from tens to hundreds of m2, with a limited number of projects
ranging between 100 s m2 to less than 1 km2. Increasing the spatial scale of reef rehabilitation is
essential, at least for A. cervicornis, because its demography varies considerably in time and
space. Increasing the spatial scale of population rehabilitation will increase the probability of
species persistence. Coral out-plant spatial array is also critical for the formation of thickets.
Before the 1980s, A. cervicornis used to dominate the seascape of shallow-water reefs by
monopolizing vast areas of the substrate [23]. It is necessary to take conservation and/or
restoration initiatives directed at re-establishing the large thickets this coral used to form. The
Acropora Recovery Plan [24] established the development of A. cervicornis thickets as a major
goal of restoration projects. However, there is still scarce information regarding the demo-
graphics and dynamics of thicket formation that could be used as a basis for the design of
management strategies. But model thicket formation can use novel approaches such as
individual-based dynamical automaton models (IBDA) [25, 26], and use the predictions of the
model to determine the number and spatial arrangement of out-plants that will maximize the
likelihood of thicket formation, and improve reef restoration strategies and spatial designs.

Increasing the spatial scale is also important for increasing the recovery of fish assemblages
and rehabilitating reef processes. However, there is still a significant information gap regard-
ing the role of coral reef restoration on enhancing essential fish habitats and fish assemblages.
Fish assemblages are sensitive to the spatial heterogeneity of the benthos [27] and habitat
condition [28]. Any disturbance resulting in mass coral mortalities [29], benthic community
regime shift [30], and in loss of benthic spatial heterogeneity [31] should adversely affect coral
reef fish assemblages. Therefore, management strategies aimed at rehabilitating depleted fish
assemblages should include coral out-planting at increasing spatial scales and/or focused on
developing habitat mosaics as a mechanism to restore benthic spatial heterogeneity.

Also, increasing coral reef rehabilitation spatial scale is a fundamental step necessary
to achieve progress in restoring and managing coastal resilience (e.g., wave buffering,
reducing shoreline erosion rates). But fundamental questions associated with coral reef
restoration projects at sites, where wave energy reduction is an important design criterion.
What is the degree of wave attenuation that can be expected from out-planting Elkhorn
coral (Acropora palmata) at the selected sites? What factors (how big should colonies be at
out-plant, how far apart, thicket size, shape, and spatial arrangement, water depth, local
wave climate, etc.) should be considered when designing a coral reef restoration project in
order to maximize wave energy dissipation? What are the expected costs for downscaling
numerical wave models for different locations? What data should be collected to success-
fully simulate the performance of the proposed coral restoration activities? What other
data on coral health should be collected to better inform the modeling efforts? These are
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areas which are being currently investigated at the University of Puerto Rico, which
should provide new light in regards to the potential application of coral reef restoration
as a novel coastal resilience management strategy.

2.4. Next steps in coral reef restoration

The next logical steps in coral reef restoration have mostly to do with improving ex situ
propagation of coral larvae, enhancing the effectiveness of micro-fragmentation techniques to
foster a higher number of small colonies and faster initial growth rates of massive coral species,
improving the ability to discriminate and propagate different genetic clones, and improving
the spatial scale of coral out-planting to achieve faster and functional coral patch or thicket
formation. Furthermore, there is a critical need to figure out: (a) how to distribute available
funding more fair and evenly, and how to achieve economic auto-sustainability; (b) how to
shift the standard institutional short-term, isolated vision of projects to a long-term goal-driven
program (c) how to develop some standardized farming, maintenance, and out-planting
practices; (d) how to implement standardized integrative metrics of success (e.g., from colony
to ecosystem level); (e) how to foster, achieve and support community-based and NGOs
participation in these projects; and (f) how to foster the creation of functional partnerships
among government institutions, the academia, NGOs, base communities, and other private
sectors. But there are still a few limiting components associated with low-tech coral reef restora-
tion efforts that still must be quickly addressed.

2.4.1. Lack of knowledge of Staghorn coral (Acropora cervicornis) branching dynamics

Despite colony branching dynamics is the basis for Acropora cervicornis restoration projects,
little is known about branch production of the species. Branching rates in this species growing
in nurseries and in colonies out-planted to the reef, respectively, increase with colony size [19,
20, 32]. Thus, growing large-sized colonies in nurseries, as well as those colonies out-planted to
the reef, may result in greater number of branches available for a restoration project, increasing
the potential coral propagule abundance available for future restoration efforts. At the same
time, out-planting large colonies would result in colonies with higher levels of branching
complexity in relatively shorter time than transplanting small single-branched fragments,
which favor faster thicket formation. It is known that more complex coral colonies promote
reef biodiversity [33, 34]. Still missing, however, is information about the intrinsic (i.e., genet-
ics) and extrinsic (i.e., temperature; light) factors that stimulate/limit branch production. Such
information is essential, for example, to select the sites for the deployment of nursery units,
select the most appropriate sites for restoration, and estimate the number of branches that can
be produced for restoration purposes and future natural asexual propagation in the wild.

2.4.2. Increasing the spatial scale of reef rehabilitation

Increasing the spatial scale of population rehabilitation will increase the probability of species
persistence for most corals. Nevertheless, the process of selecting the sites to be restored is not
based on empirical data about the demographic performance of targeted corals, but rather on
the assumption that the historical or current presence of any given species (e.g., A. cervicornis)
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reflects the appropriate conditions for the development of the species. Also, site selection
might often be based on the perceptions that water transparency, deeper environments, or
high distance from potential pollution sources represent the most suitable habitat conditions
for out-planting. Site selection can be critical for coral restoration success as poor site condition
can be detrimental [35]. Even low to moderate differences in local biotic and abiotic conditions
can have profound effects on λ [12]. Also, preliminary results by Hernández-Delgado (unpub.
data) suggest that the abundance and widespread dispersion of invasive red encrusting algae
Ramicrusta textilis (Rhodophyta, Peyssonneliaceae) is a critical factor affecting the survival and
growth of A. cervicornis, even under remote conditions and high water transparency. Accord-
ingly, a better criterion of restoration success should be the local population growth rate of A.
cervicornis, rather than presence/absence of the species.

2.4.3. Most restoration projects are not firmly grounded on quantitative demographic analyses

Because population growth rate is inevitably linked to individuals’ survival, growth, and
reproduction, effective conservation initiatives require knowledge on how variation in vital
rates relate to variations in population growth. Population studies focused on restored
populations of A. cervicornis have not been firmly grounded on quantitative demographic
analyses [19]. Several population studies have estimated rates of colony growth and survival
[36–38]. None, however, identified how spatiotemporal variations in outplants survival,
growth, and rates of recruitment (e.g., number of outplants) affect λ of restored populations.
The lack of studies that directly evaluate the population response to demographic variability
limits our capacity to develop effective restorations initiatives. Very few studies have
attempted to address essential questions such as: How long restored populations would last
without human intervention? How many fragments would be necessary to keep populations
viable? How often out-planting activities need to be carried out to assure the persistence of the
restored populations? Which is the effective colony size of transplantation? The answers to
these questions are fundamental for the development and success of restoration activities. And
demographic modeling can lead the way to answer them.

2.4.4. Short-term funding: a roadblock to long-term success

Funding is a major factor limiting the development and success of restoration projects. Most of
the projects are funded for 1–3 years [39]. This short period of economic support certainly
limits the amount of spatiotemporal demographic data that can be used to parameterize
population models. Indeed, the low spatiotemporal resolution is one of the main criticisms
raised by many researchers against the use of population modeling for conservation purposes.
More data is always better; however, “limited” data must not discourage the use of demo-
graphic and population modeling as a tool for the development of restoration initiatives.
Collecting data for an undetermined amount of time waiting to obtain “robust” demographic
data to parameterize any given model might just be too late for a threatened species whose
populations are declining very rapidly.

One year of demographic data is the minimum amount necessary to perform a basic popula-
tion model based on estimates of population growth rates. The demography of many marine
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areas which are being currently investigated at the University of Puerto Rico, which
should provide new light in regards to the potential application of coral reef restoration
as a novel coastal resilience management strategy.

2.4. Next steps in coral reef restoration

The next logical steps in coral reef restoration have mostly to do with improving ex situ
propagation of coral larvae, enhancing the effectiveness of micro-fragmentation techniques to
foster a higher number of small colonies and faster initial growth rates of massive coral species,
improving the ability to discriminate and propagate different genetic clones, and improving
the spatial scale of coral out-planting to achieve faster and functional coral patch or thicket
formation. Furthermore, there is a critical need to figure out: (a) how to distribute available
funding more fair and evenly, and how to achieve economic auto-sustainability; (b) how to
shift the standard institutional short-term, isolated vision of projects to a long-term goal-driven
program (c) how to develop some standardized farming, maintenance, and out-planting
practices; (d) how to implement standardized integrative metrics of success (e.g., from colony
to ecosystem level); (e) how to foster, achieve and support community-based and NGOs
participation in these projects; and (f) how to foster the creation of functional partnerships
among government institutions, the academia, NGOs, base communities, and other private
sectors. But there are still a few limiting components associated with low-tech coral reef restora-
tion efforts that still must be quickly addressed.

2.4.1. Lack of knowledge of Staghorn coral (Acropora cervicornis) branching dynamics

Despite colony branching dynamics is the basis for Acropora cervicornis restoration projects,
little is known about branch production of the species. Branching rates in this species growing
in nurseries and in colonies out-planted to the reef, respectively, increase with colony size [19,
20, 32]. Thus, growing large-sized colonies in nurseries, as well as those colonies out-planted to
the reef, may result in greater number of branches available for a restoration project, increasing
the potential coral propagule abundance available for future restoration efforts. At the same
time, out-planting large colonies would result in colonies with higher levels of branching
complexity in relatively shorter time than transplanting small single-branched fragments,
which favor faster thicket formation. It is known that more complex coral colonies promote
reef biodiversity [33, 34]. Still missing, however, is information about the intrinsic (i.e., genet-
ics) and extrinsic (i.e., temperature; light) factors that stimulate/limit branch production. Such
information is essential, for example, to select the sites for the deployment of nursery units,
select the most appropriate sites for restoration, and estimate the number of branches that can
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the assumption that the historical or current presence of any given species (e.g., A. cervicornis)
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reflects the appropriate conditions for the development of the species. Also, site selection
might often be based on the perceptions that water transparency, deeper environments, or
high distance from potential pollution sources represent the most suitable habitat conditions
for out-planting. Site selection can be critical for coral restoration success as poor site condition
can be detrimental [35]. Even low to moderate differences in local biotic and abiotic conditions
can have profound effects on λ [12]. Also, preliminary results by Hernández-Delgado (unpub.
data) suggest that the abundance and widespread dispersion of invasive red encrusting algae
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ingly, a better criterion of restoration success should be the local population growth rate of A.
cervicornis, rather than presence/absence of the species.
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Because population growth rate is inevitably linked to individuals’ survival, growth, and
reproduction, effective conservation initiatives require knowledge on how variation in vital
rates relate to variations in population growth. Population studies focused on restored
populations of A. cervicornis have not been firmly grounded on quantitative demographic
analyses [19]. Several population studies have estimated rates of colony growth and survival
[36–38]. None, however, identified how spatiotemporal variations in outplants survival,
growth, and rates of recruitment (e.g., number of outplants) affect λ of restored populations.
The lack of studies that directly evaluate the population response to demographic variability
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2.4.4. Short-term funding: a roadblock to long-term success

Funding is a major factor limiting the development and success of restoration projects. Most of
the projects are funded for 1–3 years [39]. This short period of economic support certainly
limits the amount of spatiotemporal demographic data that can be used to parameterize
population models. Indeed, the low spatiotemporal resolution is one of the main criticisms
raised by many researchers against the use of population modeling for conservation purposes.
More data is always better; however, “limited” data must not discourage the use of demo-
graphic and population modeling as a tool for the development of restoration initiatives.
Collecting data for an undetermined amount of time waiting to obtain “robust” demographic
data to parameterize any given model might just be too late for a threatened species whose
populations are declining very rapidly.

One year of demographic data is the minimum amount necessary to perform a basic popula-
tion model based on estimates of population growth rates. The demography of many marine
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clonal/modular organisms has been successfully described using ≤2 year of demographic data
[13, 16, 40–44]. The relatively “short time frame” of these studies has not impeded making a
significant contribution to our understanding of coral demography. In fact, most of the studies
focusing on the demography of corals are short-term (≤4 year). This is not surprising, given the
limited resources available to monitor populations of conservation concern. On the other hand,
studies considered “long-term” (5> year) have been focused, with the exception of Vardi et al.
[17], on massive species such as Porites astreoides, Pseudodiploria strigosa, and Orbicella (Mons-
tastraea) annularis, which contrary to Acropora cervicornis, are characterized by low growth rates
and therefore require higher temporal resolution to detect changes in demographic transitions
[45, 46].

If the intention is to conduct demographic analyses that take into consideration environmental
variability, both in space and time, then at least 2 years of demographic data are necessary. It is
well established in the demographic literature that two temporal points (2 years) are sufficient
to perform the stochastic analyses (e.g., population viability analysis, stochastic population
growth). Morris et al. [47], in their book “A Practical Handbook for Population Viability
Analysis (PVA),” stated that demographic data on a subset of life stages for only 1–2 years” is
sufficient to make a population viability analysis “profitable.” Fieberg and Ellner [48] recog-
nized that “[Stochastic matrix] models are typically parameterized using two or more sets of estimated
transitions rates between age/size/stage classes.” Likewise, using two annual transitions to perform
demographic analyses (e.g., PVA, stochastic population growth) is more suitable [12]. It is
important to note, however, that demographic and population models are not crystal balls
that predict the future of a population under a certain set of conditions. Nature cannot be
replicated, and as such the results of any given model need to be considered as possible
population outcomes which should be combined with the best information available to take
educated conservation decisions for this species.

2.4.5. Coral reef rehabilitation to restore ecological connectivity

Depending on the configuration of coral out-planted patches, its spatial distribution and the
temporal extension of coral reef rehabilitation efforts it may become a critical tool to manage
ecological connectivity among adjacent reef systems. The whole concept has to do with fostering
enhanced depleted coral stocks, therefore, increasing local populations’ reproductive potential
and output. This will allow increased gamete release, reduced gamete waste, reduced Allee
effect, and enhanced probabilities of sexual reproduction and recruitment. In theory, this would
allow to enhance genetic recombination, improve population fitness, and allow for increased
connectivity with downstream reef systems. For this to be successful, understanding local to
regional oceanographic dynamics is fundamental. Thus, numerical wave model development, as
well understanding often complex surface circulation patterns, is very important as a planning
tool to shape future long-term coral reef restoration initiatives. Indirectly, this can also become a
very important indirect component of reef fish conservation and restoration management as
restored coral reefs can restore benthic spatial heterogeneity and rehabilitate essential fish habitat
functions across ecologically connected scales fundamental for reef fish dispersal.
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3. Lessons learned from fish community dynamics

3.1. Impact of community-based reef rehabilitation on fish communities

Coral reef rehabilitation results in increased benthic spatial heterogeneity, which enhancesmicro-
habitats for fish shelter on local scales. Post-larval and juvenile grunts (Haemulon spp.) have
shown up to 10-fold increase or more in abundance in areas where Acropora cervicornis has been
out-planted (Hernández-Delgado and Suleimán-Ramos [49]). But also, multiple other taxa show
significant increases in fish abundance and biomass. Ongoing studies by Hernández-Delgado
have shown that juvenile guilds of multiple families, such as parrotfishes (Scaridae), wrasses
(Labridae), damselfishes (Pomacentridae), blue tangs and doctorfishes (Acanthuridae), and
predators, such as snappers (Lutjanidae) and groupers (Serranidae) can increase in abundance
and biomass, in comparison to adjacent control sites without out-plants, or in comparison to
restored sites before out-planting. There is also an increase in fish abundance and biomass with
increasing thicket age, comparing 1-, 2-, and 4-year-old patches. Further, areas located within the
Canal Luis Peña no-take Natural Reserve showed higher fish density and biomass, in compari-
son to control sites outside the reserve exposed to fishing. Therefore, preliminary evidence
already points out at the emerging role of low-tech community-based coral reef rehabilitation as
a highly useful tool to restore and rebuild coral reef-based fisheries.

3.2. Impacts on herbivory

Ongoing studies by Hernández-Delgado have also shown increased abundance and biomass
of fish and invertebrate herbivore guilds. As mentioned above, parrotfishes (Scaridae) and
acanthurids are among the most abundant fish taxa across reef rehabilitation sites, in compar-
ison to areas with no coral out-planting. Further, Acropora cervicornis out-planting has resulted
in increased abundances of the Long-spine urchin (Diadema antillarum). This has resulted in
increased herbivory upon macroalgae and algal turf, and in increased percent cover of crustose
coralline algae (CCA). Over temporal scales of 5–10 years, this has resulted in higher coral
sexual recruitment rates across restored areas.

4. Sociological lessons learned

4.1. Building local support and stewardship of social-ecological systems

Building local support and stewardship of social-ecological systems is a critical process for
achieving success in any community-based marine protected area (MPA) participatory man-
agement or co-management effort. Community-based coral farming and reef rehabilitation
also requires such support and stewardship. Multiple environmental problems frequently
raise concern on residents of coastal communities, and a few highly concerned people assume
the community leader role hoping to find solutions. However, at least in Puerto Rico, most
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effect, and enhanced probabilities of sexual reproduction and recruitment. In theory, this would
allow to enhance genetic recombination, improve population fitness, and allow for increased
connectivity with downstream reef systems. For this to be successful, understanding local to
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well understanding often complex surface circulation patterns, is very important as a planning
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base-community members lack the technical and scientific resources to meet the minimum and
urgent needs of their community. Therefore, a basic step for successfully achieving solutions is
to organize, establish a goal and delineate a functional plan to achieve objectives. But this may
often require seeking technical and scientific support from the academia and NGOs. Integrat-
ing multiple stakeholders in coral farming and reef rehabilitation efforts is a key for overcom-
ing such obstacles.

Community-based leaders can often provide a fundamental historical background that can
provide valuable information to understand and resolve problems. Traditional ecological
knowledge has been significant for success in Culebra Island and at Vega Baja, Puerto Rico.
Particularly, old fisher folks can provide very detailed information regarding the ecological
history of local coral reefs that can help rebuild local environmental history and identify coral
reef rehabilitation strategies. In addition, the interaction among base communities, NGOs, the
academia, the private sector, and the government can allow and strengthen the development
of trust. This is a critical element for achieving successful transparent collaboration in social-
ecological systems. Building up such local partnerships will foster building stronger functional
networks, with the support and respect from agencies and private institutions. It can also
strengthen outreach and educational efforts through a combination of hands-on training
activities, workshops, and other methods to generate commitments among the stakeholders
who traditionally adopt roles as volunteers as they feel confident and dominate different skills.

Another key element to build local stewardship and support are exchanges and cross-sharing
of experiences with sister organizations and base communities to share knowledge, and les-
sons learned in support of each other’s work. Networking, among different sectors, can further
allow strengthening communication and sharing of experiences.

4.2. Building a volunteer network

Building up a strong and consistent volunteer network is another key to success. This can be
achieved through proper organization, direction, well-established goals, and a functional,
realistic work plan. There is also a need to integrate educational and hands-on training to
develop and strengthen theoretical and technical skills, build stewardship and compromise,
assign roles and tasks, etc. Even the difference in personalities and needs can provide a wide
range of opportunities for participation. Individuals have different needs, from basic nutrient
supplementation, to self-realization. Different needs function as motivation in performing
tasks beyond satisfying personal needs. The collective need of volunteers represents the neces-
sity of their environments or communities.

A transparent dialog between volunteers and collaborators can help build up cooperative
working links serving different needs for the same adversity. Further, building up large teams
of volunteers can help to have always people available for labor-intensive field work,
preventing burning out the same group of people. It is therefore important to know about your
volunteers, their interests, needs, their chemistry as a group, their personalities, and their
strengths and weaknesses.
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4.3. Team assemblage

A fundamental step in achieving team success is the selection process of proper members of a
coral farming or reef rehabilitation team. Team technical leadership is important to provide
direction during planning and field work. Personality issues, individual responses and perfor-
mance to different specific tasks and roles, and differences in strength and weaknesses are also
important elements to consider. Understanding the profile of volunteers, their needs, and the
different characters and temperaments can allow making a good distribution of the workforce,
avoid conflicts that impede the growth of the organization, as well as the fulfillment of goals
and objectives.

4.4. How to overcome lack of funding?

Lack of long-term commitment by funding sources can be a major obstacle for advancing
project’s goals and achieving success. Lack of commitment by government agencies and
funding institutions, indifference by private businesses and tourism industry, and the lack of
a long-term vision of projects goals can lead to rapid failure. Therefore, the need to engage
local community, build stewardship, volunteerism, integration of university students through
research and first laboral experience programs, etc., becomes instrumental to buffer limited
funding, and to strengthen management of coastal social-ecological systems. Nevertheless, in a
time of significant socio-economic constraints, there is a need to explore alternative funding
avenues from multiple auto-sustainable economic strategies. These might include alternatives
such as: (1) “Adopt a coral” program—aimed at the general public and the private sectors,
including options such as: adopting an individual coral, a determined number of colonies, a
coral thicket, a reef patch or an entire reef; (2) Develop a “Reef sponsoring program” for
private corporations—aimed at developing a sponsoring program that may also have different
levels of support; (3) Develop crowd funding strategies through the web—aimed at using the
world wide web to develop a cyber-campaign for raising awareness about coral farming, reef
conservation and restoration, and for fundraising for any given project, with usually a goal-
driven funding limit for a specific project; (4) Establish a system of green taxes—aimed at auto-
sustaining natural resource management, including activities such as MPA management,
mooring buoy maintenance, patrolling, outreach and education, guided tours, coral farming,
and reef rehabilitation, among others. Green taxes can be derived from multiple tourism-based
activities such as airplane landing fees, cruiseship taxes, private yacht taxes, SCUBA diving
and snorkeling charter boat operations, kayaking, vehicle rental, hotels, etc.; and (5) Establish
different sources of funding from different government revenue collection systems—this may
include through specific taxes to luxury yachts, vehicles and properties, from liquor and
cigarette expenses, from industrial revenues, etc.

Under current local, regional, and global socio-economic decline, it is paramount to develop and
implement creative strategies for seeking financial support. But to achieve this, strengthening
local organizations, building up strong partnerships with different sectors, and fostering
community-based participation are fundamental steps.
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4.5. How to overcome other roadblocks?

Even successful community-based and academic projects can face multiple roadblocks in their
day to day work. Aspects such as permitting bureaucratic processes, access to restoration sites,
beach access issues, privatization and roadblocks, conflicts with other uses (e.g., tourism,
charter boats, kayaking, fishing, and navigation), lack of prioritization of coral reef rehabilita-
tion by local/national government institutions, lack of local community stewardship and
support, indifference by private businesses, etc., can all be deleterious for project’s success. If
any or at least some of these factors are present in any project there will be a need to improve
outreach and educational campaigns to strengthen project’s pertinence to local stakeholders
and institutions, and to strengthen social-ecological systems resilience. Also, it would be
important to build up communication channels with private entities and show the benefits
that successful coral farming and reef rehabilitation can bring to their businesses. Achieving
such collaborative support would be important to strengthen economic support.

4.6. How to overcome uncertainties and change?

Management of uncertainties and change under projected environmental and climate changes
constitute a major challenge. For instance, increasing frequency and/or strength of hurricanes
fuelled up by increasing sea surface temperature (SST), if combined with weak governance,
can result in major crisis. In situations where uncertainties and change are key features of the
social-ecological landscape, critical factors for sustainability and rapid recovery are resilience,
the capacity to cope with crisis and adapt, and the conservation of sources of innovation and
renewal [50]. Such is the case of the impact of extreme weather events and ecological surprises
impacting coral farming and reef rehabilitation. However, interventions in social-ecological
systems with the aim of altering resilience immediately confront issues of governance. Who
decides what should be made resilient to what is a critical question for any reef rehabilitation
program. For whom is resilience to be managed, and for what purpose are also two key
elements that must be decided during the planning stages of any project, always bearing in
mind the long-term goal of managing uncertainties and change.

4.7. Socio-economic benefits of coral farming and reef rehabilitation can be offset by lack of
governance

Amajor lesson learned from the Culebra Island coral farming and reef rehabilitation experience
has been that the rapid increase in socio-economic benefits from increased nature-based tour-
ism does not always contribute to support social-ecological systems under a weak governance
structure. Increasing tourism and business opportunities (e.g., kayaking, shore-based SCUBA/
snorkeling, charter vessels, beach swimming, hotel lodging, vehicle rental, bus services, etc.)
have resulted in a significant boom in gross revenues for local and external private businesses.
This has resulted in increasing alternative job opportunities. But a weak governance structure
still allows the leak of revenues from the local community, favoring external businesses, and
the total lack of economic support of the local MPA, and local coral farming and reef rehabili-
tation efforts. Therefore, strengthening governance is a critical step to support the ecological
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and socio-economic recovery of social-ecological systems resilience, stability and persistence,
and a mechanism to foster increased local participation and sharing of benefits.

A second important benefit in Culebra Island has been increasing fish densities on rehabili-
tated reefs, therefore contributing to enhance fishing on adjacent areas, through fish spillover
effects. Also, reef rehabilitation has resulted in increased recovery of shoreline protection from
wave action and erosion. Therefore, the combined benefits are multiple and, with proper
planning, design, funding, governance, local support, and implementation, this can have
long-lasting impacts in restoring coastal social-ecological resilience, and overall ecosystem
services and productivity.

4.8. The challenge of engaging the youth: lessons learned from marginalized small island
communities

Coral farming and reef rehabilitation in Culebra Island have also contributed to educate local
children and modify local resident’s behavior favoring coral reef conservation. Local NGO
Coralations has developed for nearly two decades a highly successful educational engaging
program called “Exploradores Marinos” orMarine Explorers. This has allowed approaching local
kids with an understanding of their community relationship with the coastal resources (e.g.,
recreation and sustenance), and introduce planned, inquiry-based discoveries that sprout from
that identity origin, as opposed to introducing a totally different perspective (e.g., “welcome to
your ocean laboratory”). Second, it is important to understand that planning is compromised
for families living on financial brink and that time must be budgeted to compensate for
disorganization, lack of preparation, competing programs, transport, last-minute emergencies,
health, and poor-diet related illnesses. Such conditions become critically magnified due to the
small size of Culebra Island (<70 km2), its location 27 km off northeastern Puerto Rico, and its
small population size (<2000 residents). Also, programs need to be no cost for economically
compromised participants, however, engagement must require compensation for programs to
be valued. Required community service is one option, but always rewarded and never treated
as punishment.

All developing humans seek attention. They quickly learn that attention is rewarded for both
positive and negative behaviors. Many at-risk youth are conditioned to negative behavioral
awards from a very young age but ocean therapy allows them to be removed from their
familiar territory for rapid and constructive positive reward programming. However, the
positive reward scenarios need to be well thought out, safe and many times staged in advance
(e.g., collaborative removal of derelict fishing gear from the reef, recovering of lose coral
fragments at risk to support coral farmers, etc.). Medical disclosures from juvenile community
volunteers are sometimes dishonest because parents are concerned their child would be stig-
matized or prevented to participate in the project. This is dangerous for seizure-related
illnesses and inquiries have to be conducted discretely with parents in a climate of trust. This
shows that parents consider coral farming and reef conservation-oriented education as unique,
novel, enriching experiences for their kids, that they would do anything to ensure their
participation in the project. But such risks need to be addressed in a case by case scenario to
prevent kids with potentially threatening conditions to engage into risky in-water activities.
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and socio-economic recovery of social-ecological systems resilience, stability and persistence,
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An important lesson of working with kids has been to focus activities on accomplishing mis-
sions, and refocus anxious students on a defined mission. It is also important to keep groups
small and develop excursions that force interdependent collaborations. This increases cost of
outreach and educational programs but reaps the rewards 10-fold in many benefits, including
greater probability of interesting animal encounters and less opportunity for accidents. This
can be done by matching the student to skill level contribution in team activity, and while the
skills of some exceed that of others, emphasis must be kept on the importance of all individual
contributions to the success of the overall defined mission. Young adult behaviors are condi-
tioned by peer to peer interactions. Everyone is not equal, but it is important to try and find
where the kid excels and expose that to other kids.

When dealing with outreach and educational activities for kids, if it is not fun, there will be no
long-term engagement. Even a specifically defined work mission has to be fun in order to
maintain youngsters engaged. The most be beneficial asset to engaging younger students to
the program is mixing with fully engaged slightly older students. Lessons introduced cannot
feel like lessons and one of the best methods has been found to be ensuring information is
redundant interrogative approach. One of the most successful approaches was when a science
teacher at school was offering almost identical information onto what the kids were seeing,
feeling, and experience in water during their out-of-school participation in coral reef conserva-
tion educational activities.

But a roadblock to success is the rapidly increasing use of electronic devices by young students.
Heads must be out of their apps. Electronics have to be confiscated with the understanding that
kids, like many adults, are addicted to these devices, or there is competing attention. Also, kids
behavior and attention during educational activities are affected by diet. Sometimes kids can
exhibit uncontrolled or even violent reactions if allowed to eat food items with excessive content
of sugar, high fructose corn syrup, and artificial colorants which they are often conditioned to
eat. Nevertheless, hands-on in-water educational experiences are always behavior-transforming
experiences that have shown to have multiple positive benefits for local kids. The most important
elements have been getting to know their backyardmarine resources, improving their respect for
adults, their behavior with other kids, and their appreciation for their own resources and the
benefits they derive from them.

In the long term, building up a local meaningful voice—ownership—pride of their resources,
their natural reserve, and their island has always been a key mission focus of the community
service projects in the hope it may help prevent the slippery slope tragedy of the commons
rationalizations which could lead to continuing resource overexploitation. These approaches
can probably be the only hope for a natural reserve with well-documented enforcement
problems associated to poor governance, patrolling and compliance, and lack of public educa-
tion and outreach. Also, in the long term, participation in local snorkeling activities moved to
Friday mornings in Culebra Island has shown that participant kids perform better in school
throughout the rest of the day. Therefore, such behavior-modifying activities can contribute to
improve performance in schools and overall attitudes. This is an aspect that deserves to be
studied, as youth represent the future of base-community participation in the management of
social-ecological systems.
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The “Educadores Marinos” program has produced a few successful stories with kids pursuing
careers in Environmental Sciences and other professional disciplines in academic institutions.
For many others, the end point for explorers is intervention/interpretation jobs and the collab-
oration/participation in pilot research projects being conducted in Culebra. However, expecta-
tions are something that need to be addressed. When working with at-risk youth hope that at
the end of the years, one will at least have forged a relationship/dialog with the soon-to-be
young adult. Respect has to be earned with their kids and their parents to ensure engagement
and support.

5. Conclusions and recommendations

Low-tech coral farming and reef rehabilitation have become important tools to foster
community-based participation in the management of coastal social-ecological systems. But,
there are still important gaps that need to be addressed in order to integrate the technical and
scientific components of coral farming and reef rehabilitation with the sociological compo-
nents. Preliminary evidence of Acroporid corals demographic dynamics has already shown
important lessons learned. First, conservation and restoration activities should be designed at
the species-specific level whenever possible, with separate specific goals and objectives for
individual species. Each coral species, and even different genetic clones within any given
species, can respond differently to environmental variation. Also, species-specific variability
in acclimation responses to changes in environmental conditions suggests that there can be
different vulnerabilities and, as such, restoration projects should always consider such varia-
tion among species. This could trigger multiple nonlinear responses to environmental and
climate variation. Therefore, coral reef rehabilitation efforts must be adaptive and focused on
maximizing resilience as a long-term goal. It should also look forward to develop strategies
and techniques to propagate multiple coral species with different life traits to buffer against
future nonlinear impacts. The resilience approach emphasizes on managing nonlinear dynam-
ics, thresholds, environmental and climate uncertainty, and ecological surprises [51]. It also
pays attention to how periods of slowly evolving, gradual change interplay with periods of
rapid, stochastic change, and how such dynamics interact across different temporal and spatial
scales. In this context, demographic modeling becomes fundamental to address such concerns.

Second, spatiotemporal differences in demographic transitions displayed by corals such as
Acropora cervicornis suggest that restoration efforts should be partitioned among several locations
rather than allocating all the resources into one site. Further, it also suggests that a combination
of in situ (e.g., underwater) and ex situ (e.g., land-based coral aquaculture farms) strategies
should be implemented to cope with potential impacts of extreme weather events and ecological
surprises. These actions will enhance the persistence of the species if localized extirpation occurs
due to any significant disturbance (e.g., recurrent runoff events, hurricanes). It should also foster
the propagation of multiple coral species in support to coral biodiversity restoration and sea-
scape enhancement efforts. Another fundamental lesson learned is that addressing differences in
population dynamics among coral colony size categories is important for parameterizing demo-
graphic models. This may allow addressing contrasting species-specific, size-specific, genetic
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species, can respond differently to environmental variation. Also, species-specific variability
in acclimation responses to changes in environmental conditions suggests that there can be
different vulnerabilities and, as such, restoration projects should always consider such varia-
tion among species. This could trigger multiple nonlinear responses to environmental and
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maximizing resilience as a long-term goal. It should also look forward to develop strategies
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future nonlinear impacts. The resilience approach emphasizes on managing nonlinear dynam-
ics, thresholds, environmental and climate uncertainty, and ecological surprises [51]. It also
pays attention to how periods of slowly evolving, gradual change interplay with periods of
rapid, stochastic change, and how such dynamics interact across different temporal and spatial
scales. In this context, demographic modeling becomes fundamental to address such concerns.

Second, spatiotemporal differences in demographic transitions displayed by corals such as
Acropora cervicornis suggest that restoration efforts should be partitioned among several locations
rather than allocating all the resources into one site. Further, it also suggests that a combination
of in situ (e.g., underwater) and ex situ (e.g., land-based coral aquaculture farms) strategies
should be implemented to cope with potential impacts of extreme weather events and ecological
surprises. These actions will enhance the persistence of the species if localized extirpation occurs
due to any significant disturbance (e.g., recurrent runoff events, hurricanes). It should also foster
the propagation of multiple coral species in support to coral biodiversity restoration and sea-
scape enhancement efforts. Another fundamental lesson learned is that addressing differences in
population dynamics among coral colony size categories is important for parameterizing demo-
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clone-specific, or condition-specific population trajectories. Such contrasting population trajecto-
ries may be the result of different life traits and different susceptibilities to low and moderate
environmental changes. Identifying spatiotemporal variation patterns in such elements may
imply that continuity in low-tech coral farming and out-planting efforts is fundamental to
sustain restored populations in the wild. In addition, transplanting large colonies will result in
higher population survival and growth rates than transplanting small colonies, as many stan-
dard coral farming operations do, at least across the Caribbean. Also, transplanting large colo-
nies can achieve faster ecological benefits (e.g., thicket formation, enhanced-essential fish habitat
role). However, transplanting large colonies pose some challenges; specifically, regarding the
time necessary for a nursery-reared coral fragment to reach the effective transplantation size.
This means that efforts need to be taken to improve coral farming techniques to accelerate coral
growth, ensure high survival rates, and use methods that trigger faster colony growth rates.

It is also central to establish auto-sustainable funding mechanisms to support coral farming
and reef rehabilitation projects. Demographic evidence has already proved that only through
sustained input of harvested corals restored populations can remain viable and grow under
present and projected environmental and climate conditions. Therefore, supporting the con-
tinuous operation of such projects becomes increasingly important, but at the same time
increasingly challenging, in particular for developing countries, economically and politically
constrained colonies, and small island nations. Depending only on funding through govern-
ment agencies has shown to be a poor mechanism for support. Government support could be
even nonexistent in many countries. Government institutions have often highly changing
agenda, which typically respond to highly fluctuating political steering and philosophies in
regards to natural resource conservation and climate change. Therefore, funding programs can
frequently change goals and objectives, which could risk local support of projects, regardless
of their historical trajectory and success. Coral farming and reef rehabilitation need to be
incorporated into natural resource conservation and restoration public policies, and also into
climate change and SLR adaptation strategies and policies. A potential sustainable strategy for
economic support could be implementing a green tax at local or national levels (e.g., tourism
activities, cruise-ship visits, airplane landings, hotel room rental, vehicle sales, property con-
struction tax, and industrial revenues). This may include measures such as those implemented
in the state of Hawai’i, USA, where coastal development projects are required to economically
support State-led coral farming and reef restoration operations as part of mandatory environ-
mental mitigation regulatory requirements.

On the other hand, increasing the spatial scale of reef rehabilitation is essential for reef rehabil-
itation to become an important strategy to restore coastal social-ecological systems resilience.
Population demographic dynamics in Acropora palmata and A. cervicornis vary considerably in
time and space. Increasing the spatial scale of population rehabilitation will increase the
probability of species persistence, and will enhance its ecosystem functions (e.g., fish nursery
ground, buffering wave action). Coral out-plant spatial array is also critical for the formation of
thickets. In this sense, coupling demographic modeling with oceanographic numerical models
is a highly promising tool to support planning, designing, and implementing future coral reef
rehabilitation efforts.
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But, the sociological and economic components of coral reef rehabilitation have still remained
out of the formula. Understanding sociological dynamics should become an absolute priority
to improve the success of future coral farming and reef rehabilitation efforts. Projects devel-
oped in Culebra Island, Puerto Rico, since year 2003 have contributed to educate local children
and modify local residents’ behavior favoring coral reef conservation. Particularly, addressing
behavior-modifying activities and learning how to overcome roadblocks to success are funda-
mental to develop sustainable strategies to educate, train, and empower local residents to
participate in social-ecological systems management. It is critical to foster the creation of
strong, functional, cross-sectorial partnerships, which respect the integration of base commu-
nities and small non-governmental organizations (NGOs) in the planning and implementation
of projects. The stronger the environmental governance collaboration, the improved the suc-
cess in addressing problems in social-ecological systems [52].

But also, understanding of social processes like social learning and social memory, mental
models, and knowledge–system integration are a critical trans-disciplinary integration to
improve projects success and social-ecological systems resilience [51]. Further, integrating
visioning and scenario building, leadership building, multi-sectorial agents and actor groups,
and strengthening cross-sectorial social networking are necessary adaptive approaches to cope
with future environmental and climate changes. Another particular challenge of social-
ecological systems is how to deal with institutional and organizational inertia and change,
with adaptive capacity, transformability, and systems of adaptive governance that allow for
management of essential system services [51]. Further, strengthening adaptive governance
capabilities is essential to overcome stochastic events and crisis (e.g., natural disasters; ecolog-
ical surprises). Strong governance connects individuals, organizations, agencies, and institu-
tions at multiple organizational levels [53]. Further, building vision, leadership, and trust are
also important features of resilient social-ecological systems [54]. Strengthening the organiza-
tion of base communities can empower key persons to provide leadership, trust, vision,
meaning, and they help transform management organizations toward a learning environment,
and can foster the participation of at-risk youth, and the integration of adaptive, participatory
co-management efforts. A resilient social-ecological system may make use of crisis as an
opportunity to transform into a more desired state.

In addition, the following 10 components have been shown to be fundamental to address
sustainable and resilient social-ecological systems [55]: (1) Size of resource systems—in our case,
the spatial scale of reef rehabilitation becomes a major element of concern to achieve sustain-
ability and meaningful impacts on resilience; (2) Productivity of system—increasing the spatial
scale of reef rehabilitation also fosters an increase in ecological and social benefits; (3) Predict-
ability of system dynamics—the incorporation of restored coral demographic models, coupled
with oceanographic numerical models, should be the next step to improve our ability to
predict system dynamics; (4) Resource unit mobility—corals are not mobile entities, but reef-
associated biota can be, therefore, improving governance regarding management of mobile
links such as reef fisheries is important to improve management success; (5) Collective choice
rules—fostering increased local participation in planning and decision-making processes will
increase local stewardship, support, and compliance with management, and may reduce cost
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and difficulties of enforcement; (6) Number of users—the impact of group size and determining
limits of acceptable change (from the perspective of recreational and tourism uses) must be
incorporated into management; (7) Leadership/entrepreneurship—developing leadership and
entrepreneurship skills in members of local base communities is paramount to improve stew-
ardship, support and trust, and would likely result in the protection of local livelihoods and
business opportunities; (8) Norms/social capital—need to build up shared moral and ethical
standards, and common trust in resource users to facilitate decision-making and monitoring
processes; (9) Knowledge of social-ecological systems/mental models—knowledge of social-
ecological systems is central to share common knowledge among different user sectors, to
understand carrying capacity and limits of acceptable change of the resource, its attributes of
resilience, and to prevent failure to organize and destroy the system; and (10) Importance of
resource—understanding the value of the resource to local environmental, ecological, and
socio-economic sustainability, to the support of sustainable livelihoods, and for sustaining
food security and sovereignty. The take-home message is that reef managers and reef rehabil-
itation practitioners need to engage social scientists to support their efforts as a strategy to
foster improved local support, stewardship, compliance, and success.

Coral reef rehabilitation in Culebra Island, Puerto Rico, has resulted in a rapid increase in
benefits for local communities. Increasing tourism and business opportunities have resulted in
a significant boom in gross revenues for private businesses, and in improved, and diversified
livelihoods. This has resulted in increasing alternative job opportunities. But, leakage of reve-
nues needs to be reverted to enhance sustainability, local benefits, stewardship, and support.
Coral reef rehabilitation has also resulted in increasing fish densities on rehabilitated reefs,
therefore attracting further nature-based tourism, and in contributing to enhance fishing on
adjacent areas, through fish spillover effects. In addition, it has resulted in increased recovery
of shoreline protection from wave action and erosion. Therefore, the combined benefits to
social-ecological systems are multiple, and with proper planning, design, funding, local sup-
port, and implementation this can have long-lasting impacts in restoring resilience and overall
services and productivity of coastal social-ecological systems.
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Abstract

This chapter presents some significant study cases on octocoral organisms (Eunicea
succinea, Eunicea mammosa, Eunicea knighti, Pseudoplexaura flagellosa, Eunicea laciniata,
Antillogorgia elisabethae,Muricea austera, Paragorgia sp., Lobophyton sp., Sarcophyton glaucum
and Sinularia lochmodes) that have been identified as a source of promising bioactive
compounds and whose results have further been used for studies on structure-activity
relationship (SAR) as a strategy to increase the value of the activity initially detected. The
scientific literature data discussed here were obtained with the SciFinder tool during the
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products drug discovery, until today one of the major fields of application of marine natural
products (extensive reviews on the subject can be found in Refs. [3–8]).

Studies began in the early 1950s with the discovery of spongouridine and spongothymidine
isolated from the marine sponge Tehya crypta [9–11], natural compounds later transformed by
synthesis into vidarabine and cytarabine, respectively, and approved as drugs by the USA
Food and Drug Administration (FDA) [3]: vidarabine as an anticancer agent in 1969, and
cytarabine as an antiviral drug in 1976. Although the latter has recently been withdrawn from
the market, it is still being used in ophthalmic treatments. However, it was only in the mid-
1970s that the isolation of prostaglandins from octocoral species such as Plexaura homomalla
[12], the structural determination of several of them and their application in human medicine
encouraged many scientists to conduct research in this field. In such a way, by the end of the
last century, thousands of compounds had been isolated as major metabolites of conspicuous
marine organisms, easy to collect and easy to study.

Since then, thanks to tremendous efforts by scientists, to the improvement and easy access to
better techniques of collection of organisms (snorkeling, scuba, submersibles, remote operated
vehicles (ROVs)), to the discovery of modern techniques of chemical analysis and of biological
activity, to the emergence of the “omic” approaches (genomics, proteomics, metabolomics,
transcriptomics), to the recent genome mining approaches (exploitation of genome public
data) for the discovery of new natural products, and to the use of molecular biology in the
field of bioengineering, today approximately 25,000 bioactive marine compounds with novel
structure are known, many of them with potential industrial use [13]. Focusing only on the
pharmaceutical industry, 8 marine compounds approved by the FDA and/or by the European
Medicines Agency (EMEA) are on the market as therapeutic agents, 11 in different clinical
phases, 1458 in the preclinical phase (the data on the compounds in the clinical and preclinical
phases were taken as reported in recent references [3, 13, 14] and from A.M.S. Mayer’s website
in the USA (http://marinepharmacology.midwestern.edu, accessed: 2017-01-30). In addition,
there are many other compounds that remain in the laboratories of academic research groups
or research centers waiting for the opportunity and adequate funding to enter the commonly
so-called marine pharmaceutical pipeline, which allows them to start the path toward their
conversion to new drugs.

Furthermore, it is worth mentioning that in parallel with the aforementioned studies, toward
the first decade of the present century, numerous researchers turned their attention to look for
new sources of bioactives, that is, marine microorganisms (cyanobacteria, marine fungi and
other classes of Eubacteria) hoping to find new compounds and new activities, and because it
began to be known that many compounds previously isolated from macroorganisms were
actually produced by their associated microbes, as described in [4].

The aforementioned shows that marine organisms really are a fascinating source of molecules
with unique structures and exploitable biologic activity. The following are some of the com-
pounds of marine origin established in the market as therapeutic agents or used as industrial
products [3, 13, 14]: compounds used in cancer treatment such as cytarabine (CytosarU™,
Depocyt™) (mentioned above), trabectedina (Yondelis™), complex tetrahydroisoquinoline
alkaloid obtained from tunicate Ecteinascidia turbinata; Eribulin mesylate (Halaven™) isolated
from sponge Halichondria okadai; Brentuximav vedotin (Adcetris™) isolated from sea hare
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Dollabela auricularia and Plitidepsin (Aplidin™) isolated from ascidian Aplidium albicans which
last year received an orphan drug designation by EMA and by FDA; compounds used as
antivirals: vidarabin (Vira A™) (mentioned above), and the recent developed iota-
carrageenane (carragelose™) obtained from red algae (ready to enter the market); compounds
used to treat pain: ziconotide (Prial™) very powerful product, isolated from marine snail
Conus magnus ziconotide (Prial™); compounds used in hypertriglyceridemia treatment:
omega-3-acid ethyl esters (Lovaza®) and some other products such as the skin cream called
Resilience™whose active base is a crude extract of pseudopterosines and seco-pseudopterosines;
and although these ingredients ran their race as antiinflammatories, they were unsuccessful in
reaching the final stage; on the other hand, they retained their status as cosmeceutical products
of great demand for the care of sun-induced skin irritations.

Among marine organisms source of bioactives, octocorals—a sub-class of Anthozoa—are a
diverse group of colonial animals with 8 tentacle polyps and 8 internal mesenteries comprising
about 3000 species (1.5% of all marine animals) of soft corals, gorgonians (sea fans, sea whips),
sea pens and blue corals [15, 16] found throughout the world’s oceans. They have proven to be
a prolific source of natural products having new structures, many of them without terrestrial-
counterpart with relevant biological activities, which have been arising enormous interest both
in the academic world and in the industry in the last 50 years. The first publication on
octocorals came out in 1958 [17]. Since then, many studies on metabolites from octocorals have
been published in the chemical literature and biological activity and high-quality reviews have
appeared on the subject. Among such important contributions, it is worth mentioning the
article written by Coll in 1992 [18], the annual reviews initiated by Faulkner in 1984 until 2002
[6] and continued by Blunt and his New Zealand group since 2003 [7], as well as the reviews
by Rodríguez in 1995 [19], Berrue and Kerr in 2009 [20], Berrue et al. in 2011 [21], Almeida et al.
in 2014 [22], Hu et al. in 2015 [8] and by Lei et al. in 2016 [23]. According to all these published
data, the chemical constituents of octocorals are mostly steroids, acetogenins, sesquiterpenes
and numerous diterpenes (with at least 40 skeletal classes) and diterpenes glycosides (com-
pounds unique to gorgonians), exhibiting biological activities such as ichthyotoxic, antimicrobial,
anticancer or/and cytotoxic, antiviral, antiinflammatory, antiproliferative, feeding stimulation,
feeding deterrent, antipredatory, antifouling, antileishmanial, antiplasmodial and antiHIV-1,
among others.

All the studies mentioned above clearly show that the natural products from Cnidaria (mostly
corals) and from Porifera (mostly sponges) accounting for 56.89% of the total reported marine
bioactives [19] have become a very attractive source of study for scientists, with the added
value of being exploited industrially, particularly in pharmacology. However, for a compound
discovered in a laboratory to be transformed in an industrial product, it is first necessary to
maximize its biological activity and face the big problem of the sustainable supply (as men-
tioned in the literature [13]: whatever the use given to the compound, several grams to hundreds
of grams are required for preclinical development, multikilogram quantities are needed for clinical
phases and tons for industrial uses—figures that contrast with the minimum quantities isolated
commonly in the research laboratories).

These current problems are critical in the industrial development of natural products and have
lead to the development of new alternate ways such as preparation of synthetic or hemisynthetic
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analogs, among other applications, enhancing the activity and designing pharmacophores of
lower complexity that can then be synthesized by faster and easier routes.

For this reason, this chapter aims to show some studies of the scientific literature in the last
15 years, where octocorals emerge as an excellent source of bioactive compounds and how the
increase in their activity has been achieved through the use of the structure-activity relation-
ship (SAR) strategy. This method has become a powerful tool for the discovery of new bioac-
tive compounds and to promote the activity by converting bioactive compounds through
synthesis into chemical analogs. Furthermore, we will discuss how the preparation of analogs
could also be a way of helping the key current problem of material supply in a sustainable
manner. Finally, we will present some recent unpublished experimental data from our labora-
tory where the isolation of terpenoids and some of their natural homologs from octocorals, and
their conversion by chemical synthesis into compounds with higher biological activity have
been a good strategy to achieve the aforementioned purposes.

2. SAR study cases in octocorals (2000–2016)

The studies highlighted in this item show the results of the literature survey using the
SciFinder tool between 2000 and 2016, of some relevant studies reported, describing natural
analogs and semi-synthetic derivatives prepared as a strategy to promote biological activity of
compounds isolated from octocorals. The analyzed cases are chronologically organized
throughout the chapter and each SAR study appears in the chemical literature grouped under
subheadings with the name of the corresponding species. Figure 1 presents some of octocoral
species discussed here.

2.1. Eunicea succinea and Eunicea mammosa

Octocorals of the Eunicea genus are one of the most interesting gorgonians because they are a
source of abundant and diverse cembranoids and dolabellane diterpenoids, including some
glycosylated [20]. On the Scopus database, there are more than 56 search results of chemical
studies on Eunicea species. Biological activities described for cembranoids isolated from
Eunicea extracts include antiplasmodial, quorum sensing inhibition, antiviral and cytotoxic
activity against several cancer cell lines [20]. It has been described that cembranolides
containing cyclic ethers possess potent antileukemic activities [24], that is, euniolide 1, 12,13-
bisepieupalmerin 2 and eupalmerin acetate 3 cembranoids, isolated in large quantities from E.
succinea and E. mammosa, collected in shallow waters of Mona Island (Puerto Rico). These
natural compounds showed strong cytotoxic activity against several cell lines, being the oxy-
genated C-13 compounds (2 and 3) more active than the euniolide 1 [25].

In 2000, Puerto Rican scientists [25] synthesized a series of unusual analogs of natural
cembranolides 1–3 containing cyclic ether ring systems. They conducted some saponification
reactions using KOH from euniolide 1 to obtain eight derivatives, including the well-known
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crassin acetate; from compound 2 to obtain five derivatives and from compound 3 to obtain
four compounds. Natural compound 3 was also treated with CH2N2, Ac2O, photolysis,
ozonolysis and H2O2 to obtain 18 more derivatives. In this way, the authors obtained a large
variety of structural diverse diterpenoids with multiple oxygen bridges, nitrogen atoms and
hydroxyl groups. Finally, the 3 natural compounds together with 11 derivatives were tested in
the NCI-60 human tumor cell line screen. Natural compounds 1 and 2 had strong cytotoxic
activity (IC50 values of 0.1–43 μg/ml) while eupalmerin acetate 3 showed to be less active (IC50

values from 0.3 to 16 μg/mL). Unfortunately, the synthetic compounds screened were less
cytotoxic than the natural diterpenoids prototypes, only α-methylene-δ-lactones 4 and 5
obtained from 2 and 3, respectively, showed a characteristic pattern of differential cytotoxicity
and were approximately equipotent than the natural products from which they were obtained.

Figure 1. Some octocorals reviewed in this chapter in relation to the SAR studies of their active isolated metabolites.
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Cembranoids 12-epieunicin 6, 4-epijeunicin 7 and 13-epieupalmerin 8 were isolated from
gorgonian octocoral E. mammosa collected in Bahamas, and their structure and their anticancer
activity were determined [26]. Compounds 6 and 7 showed moderate cytotoxic activity with
A549 (human lung carcinoma), H116 (human colon carcinoma), PSN1 (human pancreatic
adenocarcinoma) and T98G (human caucasian glioblastoma); in contrast the activity of com-
pound 8 was higher (IC50 ranging from 0.5 to 5 μg/ml). In order to evaluate structure-activity
relationships, analogs 9–13 were prepared by chemical transformations of the natural com-
pounds and their activity were evaluated in the same mentioned assays. The chemical modifi-
cations introduced to the natural compounds potentiated the activity (excepting in compound
10), being the most active and selective compound 13 against A-549, H116 and PSNI. It is
noteworthy that synthetic analogs 11 and 13 exhibited greater potential than their parent
natural products. According to the mentioned results, it could be said that the introduction of
cyclic ether linkages across the cembrane skeleton enhances the activity, as well as the intro-
duction of an extra epoxide, that is, in compound 13, significantly increases the activity against
H116 and PSN1 (IC50 = 5 μg/ml in 8 to IC50 = 0.5 μg/ml in 13). These results suggest, as
mentioned by the authors of this study [26], that the analogs of this series appear to be
attractive targets for the development of antitumor agents.
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2.2. Eunicea laciniata

As there is not much published information about the antiviral activity of dolabellanes isolated
from soft corals, in 2014 Colombian and Brazilian researchers studied the dolabellanes
diterpenoids 13-keto-1(R),11(S)-dolabella-3(E),7(E),12(18)-triene (14) and β–araneosene (15)
for their antiviral properties. These diterpenoids were isolated in multigram scale from the
Caribbean octocoral E. laciniata collected at Santa Marta bay. The antiviral data showed that
they exhibited low antiHIV-1 activity and low toxicity. Supported by the fact that oxygenated
dolabellanes, isolated from brown algae, showed good antiviral activity [27, 28], the authors of
this article obtained derivatives 16–18 by epoxidation, by epoxide opening and by allylic
oxidation, respectively. These oxygenated compounds showed significant improvement in the
antiHIV-1 potency (100-fold) [29]. Their high antiviral activity, along with their low cytotoxic-
ity, makes them promising antiviral compounds, and is a good example of the usefulness of
this strategy to improve the biological activity of marine natural products. Currently, the
researchers are obtaining more oxygenated dolabellane derivatives in a continuous work to
improve the antiviral activity of natural dolabellanes.

2.3. Eunicea knighti and Pseudoplexaura flagellosa

In this section, we show our recent published results on quorum sensing inhibition (QSI) and
our until now unpublished biofilm inhibition data, related as antipathogenic activity of natural
compounds isolated from E. knighti and P. flagellosa and some of their synthetic analogs
prepared in our laboratory. However, first we would like to provide an introduction on
bacterial biofilms, quorum sensing inhibition and their relationship with the recently used
term antipathogenic activity.

Quorum sensing (QS) is defined as a phenomenon related to the gene expression of bacteria in
function of the density of their population, allowing the synchronization of phenotypes
through bacterial communication. Recently, quorum sensing has been recognized as one of
the main factors that regulates phenotypes such as bioluminescence, transfer of tumor-
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H116 and PSN1 (IC50 = 5 μg/ml in 8 to IC50 = 0.5 μg/ml in 13). These results suggest, as
mentioned by the authors of this study [26], that the analogs of this series appear to be
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2.2. Eunicea laciniata

As there is not much published information about the antiviral activity of dolabellanes isolated
from soft corals, in 2014 Colombian and Brazilian researchers studied the dolabellanes
diterpenoids 13-keto-1(R),11(S)-dolabella-3(E),7(E),12(18)-triene (14) and β–araneosene (15)
for their antiviral properties. These diterpenoids were isolated in multigram scale from the
Caribbean octocoral E. laciniata collected at Santa Marta bay. The antiviral data showed that
they exhibited low antiHIV-1 activity and low toxicity. Supported by the fact that oxygenated
dolabellanes, isolated from brown algae, showed good antiviral activity [27, 28], the authors of
this article obtained derivatives 16–18 by epoxidation, by epoxide opening and by allylic
oxidation, respectively. These oxygenated compounds showed significant improvement in the
antiHIV-1 potency (100-fold) [29]. Their high antiviral activity, along with their low cytotoxic-
ity, makes them promising antiviral compounds, and is a good example of the usefulness of
this strategy to improve the biological activity of marine natural products. Currently, the
researchers are obtaining more oxygenated dolabellane derivatives in a continuous work to
improve the antiviral activity of natural dolabellanes.

2.3. Eunicea knighti and Pseudoplexaura flagellosa

In this section, we show our recent published results on quorum sensing inhibition (QSI) and
our until now unpublished biofilm inhibition data, related as antipathogenic activity of natural
compounds isolated from E. knighti and P. flagellosa and some of their synthetic analogs
prepared in our laboratory. However, first we would like to provide an introduction on
bacterial biofilms, quorum sensing inhibition and their relationship with the recently used
term antipathogenic activity.

Quorum sensing (QS) is defined as a phenomenon related to the gene expression of bacteria in
function of the density of their population, allowing the synchronization of phenotypes
through bacterial communication. Recently, quorum sensing has been recognized as one of
the main factors that regulates phenotypes such as bioluminescence, transfer of tumor-
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inducing plasmids (Ti plasmids), antibiotic production, swarming motility, biofilm maturation
(assembled bacterial communities that coordinate themselves for the expression of different
phenotypes that change over time and with the environment) and the production of virulence
factors [30]. Many bacteria do not express virulence factors until the population density is high
enough to overwhelm host defense and establish infection. Compounds with QS inhibitory
activity are capable of preventing bacterial communication and suppress some virulence
factors. These compounds have been termed as antipathogenic drugs [30]. Furthermore, some
QS inhibitor makes biofilms susceptible to antimicrobial treatments and can reduce mortality
and virulence in experimental models of infection. Thus, compounds with QSI and biofilm
inhibition activity can be considered as leads to antipathogenic drugs [30].

In the last 10 years, many researchers have focused their studies on marine metabolites, mainly
from octocorals [31], that exhibit antipathogenic activity, which involve, as mentioned, QSI and
biofilm inhibition activity. As previously described by Tello and colleagues in 2009, 2011 and
2012 [32–34], octocorals E. knighti and P. flagellosa collected in Santa Marta Bay (Colombian
Caribbean Sea) were extracted with organic solvents followed by fractionation on vacuum
column chromatography and reverse-phase HPLC to afford 16 pure compounds, and their
stereostructures were elucidated by means of spectroscopic features. Their activity as QS
inhibitors was evaluated against Chromobacterium violaceum (ATCC 31532)—a recognized bio-
sensor using a standard disk-diffusion assay, following the parameters described by Tello et al.
2012 [34] and 2013 [35]. Whatman filter paper disks (5.2 mm diameter) were initially sterilized
and then loaded with 2.5, 5.0, 7.5, 15.0 and 30.0 μg/disk of each compound. The disks were
placed on agar dishes plated with 100 μL of C. violaceum culture grown in trypticase soy broth
(106 cfu/mL, 0.5 Mac Farland) and finally the agar plates were incubated for 48 h at 26�C. This
QSI assay is based on inhibition of QS pigment production (violet color) without interfering
with bacterial growth. Kojic acid was used as a positive control, as it is a known inhibitor of
quorum sensing systems [34, 35]. The biofilm inhibition assay was performed on polystyrene
multi-well plates (96 wells), the pre-inoculates of the bacterial strains Vibrio harveyi, Pseudomo-
nas aeruginosa and Staphylococcus aureus were grown in the Luria-Bertani (LB) culture medium
with an optical density (OD) of 0.2–0.3 A at 600 nm. All pure compounds were evaluated at
five different concentrations (0.5, 1.0, 2.5, 10.0 and 100.0 ppm). Finally, each well was filled with
LB culture medium up to 200 μL. Control of growth inhibition was monitored by measuring
the absorbance of each well at 621 nm before and after incubation as was described by Tello
and colleagues in 2013 [36]. Biofilm inhibitory activity is reported in Table 1, as IC50 (ppm).

Based on the results of QS inhibition (QSI) and biofilm inhibition, on their high amounts in the
gorgonians and on the diverse reactive functional groups present in their structures (e.g.
epoxide groups in the C-7 and C-8, hydroxy groups in the C-2 and C-18, reactive double bonds
between the C-3/C-4 and C-11/C-12, and keto or hydroxy reactive groups in C-3, C-6 and C-11)
six of the natural compounds were selected as lead compounds to improve their QSI activity
and to establish their biofilm inhibition activity via preparation of synthetic analogs using
regioselective, straightforward and reproducible reactions such as epoxide ring opening, oxi-
dations, treatment with iodine, photochemicals, methylation and acetylation, and synthesis of
cyclic hemiketals [35]. In total, we had in hand 50 cembranoids (natural and synthetic) which
were assayed for their QSI and biofilm inhibition activities. The results displayed in Table 1
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Assay Biofilm Inhibition IC50 (ppm)a Quorum sensing Inhibitionb

(μg/disk)c

Compounds Pseudomonas
aeruginosa

Staphylococcus
aureus

Vibrio
harveyi

Chromobacterium violaceum

19 5.0 0.01 80.2 —

20 12.8 0.3 >100.0 —

21 52.9 15.7 7.8 —

22 3.7 1.8 5.8 2.5

23 23.8 11.7 17.3 5.0

24 56.1 2.2 >100.0 2.5

25 4.0 10.1 17.1 —

26 4.5 10.0 69.7 —

27 11.5 >100.0 11.0 7.5

28 17.2 >100.0 >100.0 —

29 9.2 20.9 0.3 —

30 6.4 1.0 >100.0 7.5

31 12.2 5.7 9.5 30.0

32 6.8 1.4 53.8 —

33 10.1 2.0 0.3 —

34 50.0 1.3 9.8 7.5

35 8.3 3.2 1.0 15.2

36 4.1 0.01 >100.0 —

37 9.3 0.8 >100.0 7.5

38 14.7 0.5 >100.0 —

39 52.3 3.2 21.4 7.5

40 37.4 0.13 34.5 —

41 57.3 0.04 1.2 7.5

42 21.6 1.3 16.8 7.5

43 49.8 35.5 >100.0 —

44 >100.0 >100.0 >100.0 —

45 >100.0 >100.0 >100.0 —

46 52.5 0.03 53.1 7.5

47 56.0 3.1 >100.0 7.5

48 >100.0 1.2 >100.0 —

49 >100.0 >100.0 >100.0 30.0

50 >100.0 0.8 >100.0 —

51 >100.0 8.5 >100.0 —

52 >100.0 0.6 >100.0 30.0
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estimate the correlation between QS and biofilm inhibition, demonstrating the potential
antipathogenic effect of the 50 cembranoids evaluated, as discussed below.

The results demonstrated that half of the synthetic tested cembranoid analogs showed QSI
activity without toxicity against the biosensor bacteria, results worth being highlighted, mainly
because 16 active synthetic analogs were obtained from 5 non-active natural compounds (in
QSI bioassay). The synthetic compounds with the best QSI activity were 22 (2.5 μg/disk),
23 (5.0 μg/disk) and 24 (2.5 μg/disk), presenting similar structure features, scilicet: C-7R
hydroxy methine group, a double bond with E configuration between C-8 and C-9, and an
acetyl group at C-18. The above allows us to infer that the presence of a E-hydroxy allylic
moiety is highly relevant for the activity [33]. It is worth noting that the three synthetic

Assay Biofilm Inhibition IC50 (ppm)a Quorum sensing Inhibitionb

(μg/disk)c

Compounds Pseudomonas
aeruginosa

Staphylococcus
aureus

Vibrio
harveyi

Chromobacterium violaceum

53 47.2 0.01 6.2 7.5

54 46.2 0.02 62.5 30.0

55 51.4 0.07 14.5 30.0

56 >100.0 20.0 10.4 —

57 >100.0 81.5 >100.0 —

58 >100.0 >100.0 >100.0 —

59 33.6 3.1 38.3 —

60 28.5 0.3 2.6 —

61 43.5 4.2 52.5 —

62 >100.0 2.1 >100.0 —

63 >100.0 >100.0 >100.0 15.0

64 >100.0 >100.0 >100.0 7.5

65 >100.0 >100.0 >100.0 30.0

66 >100.0 >100.0 84.4 —

67 >100.0 >100.0 >100.0 7.5

68 >100.0 >100.0 >100.0 —

Kojic acid 17.2 24.7 >100.0 90.0

Solvent NI NI NI NI

aConcentration that inhibits 50% of the biofilm. ND, not determined; NI, no inhibition of biofilm.
bThe activity was measured taking into account the inhibition of the violet pigment.
cMinimum amount required in μg per disc of compound to inhibit the production of violet pigment. There is no inhibition
zone even at 30 μg per disk.

Table 1. IC50 of natural and synthetic analogs (50 cembranoids) in the bacterial biofilm and quorum sensing inhibition
assays.
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cembranoids (22, 23, and 24) were obtained from three natural inactive natural cembranoids
(19, 20 and 21, respectively). Finally, these compounds were not able to inhibit the C. violaceum
growth, thus, it suggests that inhibition on violacein pigment production is triggered by the
disruption of QS systems. Therefore, there is no selective pressure for the development of
resistance in bacteria.
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The biofilm inhibition results showed that half of the synthetic analogs inhibited the formation
of biofilm in the three bacterial strains used at concentrations lower than 100.0 ppm. It was
found that several compounds that did not exhibit QSI did not show inhibition of biofilm
formation either in the three biosensor strains evaluated, for example, compounds 44, 45, 58
and 68; however it was not a generalized trend. Otherwise, all compounds having QSI showed
inhibition of bacterial biofilm in at least one of the three strains used, except for compounds 49,
63–65 and 66. It was also evident that some of the synthetic analogs showed better biofilm
inhibition activity than their natural precursors used as leads (19–21, 25, 27 and 28), in several
cases achieving or increasing the activity. It was observed that most of the synthetic
cembranoid type analogs exhibited an excellent activity to inhibit the formation of biofilm
against Gram-positive S. aureus bacteria, although good results were also obtained against
Gram-negative bacteria P. aeruginosa and V. harveyi.

In particular, 9 synthetic analogs inhibited S. aureus bacteria at concentrations less than 1.0 ppm,
10 inhibited the same strain at concentrations between 1.0 and 10.0 ppm and 5 between 10.0 and
100.0 ppm (Table 1). The compounds that showed the best potency against this biosensor strain
were 40, 41, 46, 50, 52–54 and 60, out of which compounds 41 (0.04 ppm), 46 (0003 ppm), 53
(0.01 ppm), 54 (0.02 ppm) and 55 (0.07 ppm) were the most potent ones since they were up to
2000 times more active than the recognized kojic acid QS inhibitor, which presented an IC50 of
24.7 ppm. Against P. aeruginosa bacterium, only compound 22 (3.7 ppm) had a lower IC50 value
than kojic acid (17.2 ppm), but it is important to mention that 16 synthetic cembranoids analogs
had IC50 values between 10.0 and 100.0 ppm. Finally, four synthetic analogs (22, 41, 53 and 60)
were shown to be active at concentrations lower than 10.0 ppm against V. harveyi bacteria, being
compounds 41 and 60 the most active with IC50 values of 1.2 and 2.6 ppm, respectively. In
addition, 11 compounds had IC50 values between 10.0 and 100.0 ppm, being still more active
than the positive control used, which had an IC50 value greater than 100.0 ppm against this
biosensor strain. It is noteworthy that biofilm inhibition was achieved in all cases without
interruption of bacterial growth in the strains used, even at the highest concentration evaluated
(100.0 ppm). The fact that compounds 22, 24, 39, 41, 42, 46, 47, 51–54 showed biofilm and QSI
activity suggests that these compounds interfere in bacterial communication, preventing the
development or maturation of bacterial biofilm and successive development of bacterial commu-
nities, and therefore may serve as potential antibiotics.

It is worth highlighting that the comparison of the results of the bacterial biofilm inhibition
with the results found in the literature showed that the synthetic cembranoids analogs present
an excellent activity and low toxicity compared to other natural products reported, for exam-
ple, oroidin had an IC50 of 0.26 ppm against P. aeruginosa and an IC50 of 35.0 ppm against
Acinetobacter baumannii, dictiol C inhibited the formation of biofilm in the bacterial strain
Pseudoalteromonas sp. D41 at an IC50 of 9.2 ppm and finally agelasine D oxime showed an
MIC of 0.027 ppm against Staphylococcus epidermis. These IC50 values were higher than those
reported by us here for some of the synthetic analogs against the S. aureus biosensor bacteria,
for example, compound 41 (0.04 ppm), compound 46 (0.03 ppm), compound 53 (0.01 ppm),
compound 54 (0.02 ppm) and compound 55 (0.07 ppm) (Table 1).
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Some considerations about the structure-activity relationship of the compounds evaluated in
this bioassay must be taken into account, for example, the presence of an electronegative group
on C-7 (in most of the compounds “oxygen”) is highly relevant for the activity, since the most
active compounds presented this functionality. Also, the formation of a double bond with
E-configuration between carbons C-8 and C-9 is one of the most important rearrangements to
increase or induce biofilm inhibitory activity, since its absence or formation of the Z-isomer
decreases the activity, the presence of an electronegative group on C-2 and C-18 (oxygen)
enhances this activity, as can be observed in all active compounds in this bioassay, except for
compound 23. Finally, the formation of an exomethylene between carbons C-8 and C-19 also
has a positive effect on the activity, as can be seen in compounds 39 and 46.

In summary, six natural compounds were selected as lead compounds (19–21, 25, 27 and 28) in
an attempt to induce or enhance their antipathogenic activity by selectively applied chemical
transformations at different active sites of the cembrane nucleus. Thus, 33 analogs of
cembranoids (22–24, 39–68) were obtained, being half of them remarkably active in the QSI
bioassay against the C. violaceum biosensor strain and in the bacterial biofilm inhibition against
P. aeruginosa, S. aureus and V. harveyi strains, all without interfering the bacterial growth.
Finally, a select group of structurally related cembranoids (23, 23, 39–42, 46, 53–55) were
obtained as QS and bacterial biofilm inhibitors, making them excellent candidates to be used
as antipathogenic drugs by the pharmaceutical industry, since the relationship between biofilm
inhibitors and QS inhibitors is often associated with potent antipathogenic agents.

2.4. Antillogorgia elisabethae (Syn. Pseudopterogorgia elisabethae [37])

Pseudopterosins, seco-pseudopterosins and amphilectosins constitute an important class of
diterpene glycosides found in the gorgonian Antillogorgia elisabethae [37] (known before as
Pseudopterogorgia elisabethae), except for seco-pseudopterosins A-D isolated from
Pseudopterogorgia Kallo, collected from different regions of the Caribbean (Bahamas, Bermudas,
Florida, Providencia and San Andrés). The pseudopterosins were discovered first by Fenical
et al. in the late 1980s [38, 39] and since then numerous members of the scientific community
have been involved in this attractive area finding many other compounds of this kind, most of
them with potent biological activity [40, 41], that is, antiinflammatory and analgesic, wound
healing, antibacterial, anticancer, antiviral, antimalaria and antituberculosis, in in vitro and
in vivo assays with a new mechanism of action. Very recently, a protection of synaptic function
and potential as a neuromodulatory agent for PsA has also been reported [42]. In addition,
those compounds have demonstrated efficacy in Phase II clinical trials as an antiinflammatory
and wound healing agents and are the first commercial licensed natural product for use as an
additive in Estée Lauder skin care and cosmetic products. To date, 31 pseudopterosins, 11 seco-
pseudopterosins and 2 amphilectosins are known from nature. A recent review about this
topic can be consulted in [21].

We have had a special interest in pseudopterosins G, and P-U, 3-O-acetyl-PsU, seco-Ps J and
seco-Ps K isolated by Duque and collaborators [43–45] from specimens of P. elisabethae collected
at Providencia Island. After their isolation and chemical structure determination, we soon
discovered their high chemical diversity (natural analogs) and their potent therapeutic activity
[46–48] (antiinflammatory, cytotoxic and antimicrobial activity).
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Their antiinflammatory activity was evaluated by us using in vitro experiments as myeloperoxidase
(MPO) assay, nitric oxide release (cell-based assay) and scavenger activity on this radical [46].
Our results reported in [46] showed that compounds PsG, PsK, PsP, PsQ, PsS, PsT, PsU and
seco-PsK are promising molecules with an interesting and potent antiinflammatory activity. In
our experiments, they displayed more potent action than indomethacin, a clinical drug used
currently to treat inflammation and with different mechanism of action. Furthermore, the
results for the different MPO inhibition values obtained provided us with preliminary insights
toward their structure-activity relationship, that is, the activity depends on the kind of sugar
moiety, on whether sugar moiety is in a free form or acetylated, on the acetylation position
within the sugar moiety and on the glycosylation position. In addition, regarding the results of
NO release in J-774 cell-based assay, we found a greater activity for the pseudopterosins than
for the seco-pseudopterosins, clearly showing that the non-glycosylation improves the inhibi-
tion of NO release. And finally, by comparing the different NO inhibition values for individual
compounds, the inhibitory activity apparently depends on the glycosylation position, on the
stereochemistry of the aglycone and on the type of the skeleton. For example, the amphilectane
skeleton (PsP) has more inhibitory activity than the serrulatane skeleton (seco-PsK). However,
more experiments are needed in order to support structure-activity relationships among these
kinds of compounds.

The results of the cytotoxicity of the natural homologous compounds PsG, PsP, PsQ, PsS, PsT,
PsU, 3-O-acetyl-PsU, seco-PsJ and seco-PsK (69–77), evaluated using human cancer cell lines
(HeLa, PC-3, HCT116 and MCF-7) showed moderate and non-selectivity activity between the
lines used. After examining the mentioned cytotoxic activity results, it could be seen that some
SARs were evident. According to the results that we have published in [47], the position of
glycosylation on the terpene skeleton appears to affect the inhibitory activity profile, for
example, PsG (glycosylated in C-9 with fucopyranose) is more active than PsP (glycosylated
in C-10 with fucopyranose). Further, the type of sugar moiety also influences the activity, for
instance, PsP, which is glycosylated with fucopyranose, is more active than PsT, which is
glycosylated with arabinopyranose. Likewise, PsQ (C-40 mono-acetylated fucose as sugar
moiety) is more active than PsU (C-40 mono-acetylated arabinose as sugar moiety), and seco-
PsK (non-acetylated fucose as sugar moiety) is more active than seco-PsJ (mono-acetylated
arabinose as sugar moiety).
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Regarding the antimicrobial activity for the natural homologous 69–77, we found good and
selective activity against Gram-positive bacteria, Staphylococcus aureus and Enterobacter
faecalis, being the most active PsG, PsU, PsQ, PsS and seco-PsK. Additionally, they did not
show activity against the Gram-negative bacteria or the yeast used in our assay and, more
importantly, their antimicrobial potency was comparable to the reference drug vancomycin.
In examining our just mentioned data, published in [47], the following SARs could be noted:
fucopyranose glycosilation at C-9 instead at C-10 seems to increase the activity (PsG vs. PsP);
arabinopyranose instead of fucopyranose glycosilation favors the activity (PsT vs. PsP);
likewise, mono-acetylated arabinose as sugar moiety increases the activity (PsU vs. PsQ
and PsS (mono-acetylated fucose as sugar moiety)). In contrast, this behavior initially
observed in pseudopterosins is not consistent when the results are applied to the seco-
pseudopterosins seco-Psk (glycosilated with fucopyranose), which is more active than seco-
PsJ (glycosilated with arabinopyranose).

Additionally, it is important to mention that in our experiments published in Ref. [48], we
assayed pseudopterosins and seco-pseudopterosins (natural analogs 69–77) as antifouling
agents against marine bacteria isolated from heavily fouled marine surfaces. These compounds
at a 30 μg dose showed moderately to highly active against all Gram-positive microfouling
bacteria assayed, and non-active against the Gram-negative bacteria used. Tetracycline and
kanamycin reference antibiotics used in the assay showed similar values of activity with doses
of 30 μg as well. Furthermore, we performed assays of natural compounds 69–77, kanamycin
and tetracycline on bacterial growth and on biofilm disruption (% of inhibition) of Pseudomonas
putida IsoF used as a positive control for biofilm formation and of six marine bacterial strains
associated with fouled surfaces. The natural analogs tested showed no activity (did not inhibit
bacterial growth and did not promote biofilm formation) against Gram-negative bacteria
Pseudomonas putida Iso F, Alteromona Macleodii and Ochrobactrum pseudopgringonense strains 1
and 2. In contrast, they inhibited both growth and biofilm formation of Gram-positive bacteria
(Oceanobacillus iheyensis, Bacillus sp. and Kocuria sp.).

Finally, it is worth mentioning the many studies carried out using the chemical synthesis (total
synthesis and semi-synthesis) in order to increase the activity and to solve at least partly the
problem of the sustainable supply of pseudopterosins. Those studies were conducted by Broka
in 1988, Corey in 1989, 1990, 1998 and 2000, McCombie in 1990 and 1991, Buszek in 1995,
Schmalz in 1997, Kociensk in 2001, and Harroweven in 2004 (complete information on this
topic can be found cited and widely commented in Ref. [21]). Unfortunately, the mentioned
syntheses have not yet been used, perhaps due to the complexity or/and non-economically
ways of the synthetic routes applied. However, those efforts have provided information on
improvement of their biological activity, pharmacophore and mechanism of action. Moreover,
it is worth noting that semi-synthetic alkoxy or phenoxy substitution such as ether and acetate
derivatives of pseudopterosins are under patent protection [21].

At this point, we want to mention the recent studies reported in [40] where simplified synthetic
analogs of pseudopterosins 78–87 were prepared by Fenical and colleagues using a new and
efficient synthesis taking into account the following general structural modifications: degree of
substitution of the hexahydrophenalone core, different configurations at C-4 and at C-7, and
several sugar moieties and place of the glycosidation. Nine of the 10 compounds evaluated as
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racemic mixtures were active in the mouse-ear assay (the most active one was twice more
active than PsA) and no statistical differences were identified among compounds. Addition-
ally, the synthetic route involving only six steps leads to derivatives without substitutents at
C-1 and C-3 (reducing the number of stereoisomers) and allows for the preparation of
multigram amounts of them.

2.5. Muricea austera

Specimens of Muricea austera were collected in the Pacific coast of Panama during an expedition
of the Smithsonian Tropical Research Institute [49]. The MeOH extract of M. austera showed
in vitro activity against chloroquine-resistant Plasmodium falciparum. Bioassay-guided fraction-
ation using vacuum liquid chromatography followed by flash chromatography and normal-
phase HPLC purification yielded six compounds: three tyramine derivatives (88–90) and three
steroidal pregnane glycosides (91–93). The structures of the compounds were determined based
on their spectroscopic data. Several synthetic analogs were obtained under basic hydrolysis and
perbenzoylation reactions. All natural compounds and synthetic analogs were evaluated against
a drug-resistant Plasmodium falciparum and intracellular form of Trypanosoma cruzi.
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Natural compounds 88–92 showed moderate activity, being compounds 88 (IC50 36 μM), 89
(IC50 45 μM) and 90 (IC50 45 μM) the most active ones. The antiplasmodial activity of glyco-
sides 91 and 92 (IC50 67 and 80 μM) was increased in their peracetylated natural analog 99
(IC50 28 μM) [49]. Arabinopyranosides synthetic analogs 94 and 95 were also evaluated,
showing that perbenzoylated derivatives 94 (IC50 35 μM) and 95 (IC50 21 μM) were more
active against P. falciparum than natural compounds 91 and 92. The antiplasmodial activity of
analogs with stereochemistry as D-arabinopyranose 96 and 97 and D-galactosides 98 and 99
were also evaluated. Interestingly, compounds 96–98 displayed antiplasmodial activity, being
compound 98 (IC50 29 μM) the most active one, while perbenzoylated methyl β-D-galactoside
99 was inactive.

Given the antiplasmodial activity displayed by natural tyramine derivatives 88 (IC50 36 μM),
89 (IC50 45 μM) and 90 (IC50 38 μM), thirteen synthetic analogs were evaluated. The results
indicated that the derivatives with a fatty acid moiety 100 (IC50 72 μM), 101 (IC50 47 μM) and
102 (IC50 34 μM) showed similar activity to those of their natural analogs 88–90, suggesting
that the increasing of the number of carbons of the fatty acid chain produces an increase in the
activity, while the presence of polar groups decreases the activity as in compound 103 (IC50

62 μM). Finally, the presence of a bromine group on the tyramine aromatic ring as in 104 (IC50

17 μM) substantially enhances the antiplasmodial activity [49].

2.6. Paragorgia sp.

The octocoral genus Paragorgia has been barely studied; however, some diterpenoids and
steroids were reported in 1984 [50]. In 2008, Spanish researchers collected Paragorgia sp. by
bottom trawling near the Madagascar Island at a depth of 790 m. The sample was extracted
with isopropanol, and a bioguided isolation procedure allowed to isolate three novel cytotoxic
steroids derivatives named parathiosteroids A-C 105–107. The structures incorporate an
A-ring with different degrees of unsaturation, and a side chain containing both a thioester
and an acetamide groups. These structural novelties do not have precedents in marine natural
products chemistry [51]. Natural compounds 105–107 displayed cytotoxic properties against
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colon (HT-29), lung (A-549) and breast (MDA-MB-231) tumor cell lines with GI50 values in the
micromolar range. Interestingly, parathiosteroid B 106 showed a selective cytotoxicity against
HT-29 with a GI50 of 6.5 μM. Related compounds were detected in an aerobic degradation
study of bile acid cholate by a Pseudomonas sp. [52].

In addition the authors obtained by simple and fast synthesis in the laboratory, the three natural
products 105–107, starting from commercially available 20-(hydroxymethyl)-pregnan-1,4-dien-3-
one 108 and (+)-estrone 109. The synthesis includes oxidation of C-20 hydroxymethylene to
carboxylic acid followed by thioesterification of the carboxylic acid with N-acetylcysteamine.
The unsaturation pattern of A-ring at 106 was obtained by Birch reduction of 108 followed by
bromination at C-2 and subsequent dehydrohalogenation.

Furthermore, to obtain different synthetic analogs, the authors used XCH2CH2NHCOCH3

(X = O or NH) instead of sulfur derivate and prepared analogs with different oxidation
patterns at the A-ring. In this way, more than 20 steroids were prepared. These analogs were
assayed for their cytotoxic activity against HT-29, A-549 and MDA-MB-231 cell lines. Analog
110 showed to be more active than natural products (GI50 MDA-MB-231: 39 μM; A-549: 79 μM;
HT-29: 72 μM); this compound has no double bonds at A-ring and neither thioester at side chain.
Structure-activity relationship studies [51] showed that the presence of XCH2CH2NHCOCH3

moiety (X = S, O and N) in the side chain is essential for the antiproliferative activity, and that a
low oxidation degree on an A-ring results in a higher bioactivity.

2.7. Lobophytum sp.

Colonies of Lobophytum sp. collected in 2006 in Siladen (North Sulawesi, Indonesia) were
extracted with MeOH:CHCl3. The organic extract was chromatographed by MPLC and the
obtained fractions were further purified by analytical HPLC to obtain six cembranoids [53]. All
compounds were evaluated for cell growth inhibitory activity against three different cell lines:

Structure-Activity Relationship (SAR) Studies to Maximize the Activity of Compounds Isolated from Octocorals
http://dx.doi.org/10.5772/intechopen.74686

289



Natural compounds 88–92 showed moderate activity, being compounds 88 (IC50 36 μM), 89
(IC50 45 μM) and 90 (IC50 45 μM) the most active ones. The antiplasmodial activity of glyco-
sides 91 and 92 (IC50 67 and 80 μM) was increased in their peracetylated natural analog 99
(IC50 28 μM) [49]. Arabinopyranosides synthetic analogs 94 and 95 were also evaluated,
showing that perbenzoylated derivatives 94 (IC50 35 μM) and 95 (IC50 21 μM) were more
active against P. falciparum than natural compounds 91 and 92. The antiplasmodial activity of
analogs with stereochemistry as D-arabinopyranose 96 and 97 and D-galactosides 98 and 99
were also evaluated. Interestingly, compounds 96–98 displayed antiplasmodial activity, being
compound 98 (IC50 29 μM) the most active one, while perbenzoylated methyl β-D-galactoside
99 was inactive.

Given the antiplasmodial activity displayed by natural tyramine derivatives 88 (IC50 36 μM),
89 (IC50 45 μM) and 90 (IC50 38 μM), thirteen synthetic analogs were evaluated. The results
indicated that the derivatives with a fatty acid moiety 100 (IC50 72 μM), 101 (IC50 47 μM) and
102 (IC50 34 μM) showed similar activity to those of their natural analogs 88–90, suggesting
that the increasing of the number of carbons of the fatty acid chain produces an increase in the
activity, while the presence of polar groups decreases the activity as in compound 103 (IC50

62 μM). Finally, the presence of a bromine group on the tyramine aromatic ring as in 104 (IC50

17 μM) substantially enhances the antiplasmodial activity [49].

2.6. Paragorgia sp.

The octocoral genus Paragorgia has been barely studied; however, some diterpenoids and
steroids were reported in 1984 [50]. In 2008, Spanish researchers collected Paragorgia sp. by
bottom trawling near the Madagascar Island at a depth of 790 m. The sample was extracted
with isopropanol, and a bioguided isolation procedure allowed to isolate three novel cytotoxic
steroids derivatives named parathiosteroids A-C 105–107. The structures incorporate an
A-ring with different degrees of unsaturation, and a side chain containing both a thioester
and an acetamide groups. These structural novelties do not have precedents in marine natural
products chemistry [51]. Natural compounds 105–107 displayed cytotoxic properties against

Corals in a Changing World288

colon (HT-29), lung (A-549) and breast (MDA-MB-231) tumor cell lines with GI50 values in the
micromolar range. Interestingly, parathiosteroid B 106 showed a selective cytotoxicity against
HT-29 with a GI50 of 6.5 μM. Related compounds were detected in an aerobic degradation
study of bile acid cholate by a Pseudomonas sp. [52].

In addition the authors obtained by simple and fast synthesis in the laboratory, the three natural
products 105–107, starting from commercially available 20-(hydroxymethyl)-pregnan-1,4-dien-3-
one 108 and (+)-estrone 109. The synthesis includes oxidation of C-20 hydroxymethylene to
carboxylic acid followed by thioesterification of the carboxylic acid with N-acetylcysteamine.
The unsaturation pattern of A-ring at 106 was obtained by Birch reduction of 108 followed by
bromination at C-2 and subsequent dehydrohalogenation.

Furthermore, to obtain different synthetic analogs, the authors used XCH2CH2NHCOCH3

(X = O or NH) instead of sulfur derivate and prepared analogs with different oxidation
patterns at the A-ring. In this way, more than 20 steroids were prepared. These analogs were
assayed for their cytotoxic activity against HT-29, A-549 and MDA-MB-231 cell lines. Analog
110 showed to be more active than natural products (GI50 MDA-MB-231: 39 μM; A-549: 79 μM;
HT-29: 72 μM); this compound has no double bonds at A-ring and neither thioester at side chain.
Structure-activity relationship studies [51] showed that the presence of XCH2CH2NHCOCH3

moiety (X = S, O and N) in the side chain is essential for the antiproliferative activity, and that a
low oxidation degree on an A-ring results in a higher bioactivity.

2.7. Lobophytum sp.

Colonies of Lobophytum sp. collected in 2006 in Siladen (North Sulawesi, Indonesia) were
extracted with MeOH:CHCl3. The organic extract was chromatographed by MPLC and the
obtained fractions were further purified by analytical HPLC to obtain six cembranoids [53]. All
compounds were evaluated for cell growth inhibitory activity against three different cell lines:

Structure-Activity Relationship (SAR) Studies to Maximize the Activity of Compounds Isolated from Octocorals
http://dx.doi.org/10.5772/intechopen.74686

289



H9c2 (cardiacmyoblasts), C6 (glioma) and HeLa (epithelial carcinoma). One of the isolated
compounds, decaryiol D 111, showed a significant activity against C6 glioma cell line (IC50

40 μM) compared with the structurally related decaryiol B 112 which was inactive. This fact
indicated that the growth inhibitory activity of 111 should be attributed to the presence of the
hydroperoxy group in this molecule. Based on the availability of high amounts of decaryiol
113, it was subjected to several reactions (acetylations, oxidations and epoxidations) to obtain
six semi-synthetic derivatives with the purpose of extending the structure-activity relationship
knowledge.

The six synthetic cembranoids were also evaluated against the same cell lines and the results
showed that the derivative O-methyl decaryiol 114was more active against C6 glioma cell line
(IC50 of 8 μM) than the natural compound and it also presented a selectivity as it was inactive
against HeLa and practically inactive against the non-tumor H9c2 cell line [53]. These results
allowed to establish that minor structural changes on the cembranoid skeleton of decaryiol can
radically affect the activity and selectivity as cell growth inhibitors.

2.8. Sarcophyton glaucum

Sarcophine 115 is a bioactive cembranoid diterpenes with anticancer activity isolated by
Kashman group in 1974 [54, 55] from the Red Sea soft coral Sarcophyton glaucum. Continued
studies of structure-activity relationship as mentioned in Hassan et al., 2011 [56] suggested the
importance of functional groups at C-7/C-8 and the opening of the ring lactone to increase the
activity. In addition, later experiments confirmed the importance of macrocyclic double bonds
to the mentioned activity, and showed that bromination of sarcophine 115 improved the
antiproliferative activity against malignant breast cancer cells. Further experiments through
the oxidation of 115, which resulted in the formation of (+)-sarcophytoxin B exhibiting
antiproliferative activity, suggested that C-7/C-8 epoxide is not required for the activity. Thus
far, the reported studies clearly demonstrate the need to further optimize the epoxide func-
tionality of sarcophine in relation to its anticancer activity. Then, more experiments [56] were
done in the direction of measuring the activity of natural analogs 16-deoxysarcophine 116 and
2-epi-16-deoxysarcophine 117, and of compounds 118–129 prepared via etherification and
carbamoylation of 115 at C-7/C-8. The C-7 ether and carbamate functionalities can be taken as
different examples of the introduction of hydrogen bonding donor and hydrogen bonding
acceptor and π-aromatic groups at this position to examine their binding affinities toward their
molecule target. The analogs thus prepared were subjected to evaluation of their ability to
inhibit the proliferation and migration of the human metastatic prostate cancer PC-3 and
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breast cancer MDA-MB-231 cell lines using MTT and wound healing assays. Most analogs
exhibited enhance antimigration activity and lack of cytotoxicity toward the cancer cells.

2.9. Sinularia lochmodes

An interesting example related to the topic of this chapter is the one published by Tanaka et al. in
2013 [57]. This study mentions lectin SLL-2 isolated from octocoral Sinularia lochmodes as an
important mediator in the symbiotic relationship of this animal with its zooxanthellae (the symbi-
otic microalgae Symbiodinium) on which the coral depends for energy and nutrients. This lectin
SLL-2 influences the transformation of Symbiodinium cells into a non-flagellated coccoid form from
a flagellated-swimming form. In addition, Forssman antigen pentasaccharide GalNAcα(1,3)
GalNAcβ(1,3)Galα(1,4)Galβ(1,4)Glc 130 was also identified as a ligand of lectin SLL-2 [58]. The
authors, Tanaka et al. in [57], oriented their work in terms of structure-activity relationship. Thus,
the synthesis and biological evaluation of Forssman antigen pentasaccharide and some derivatives
obtained by using a one-pot glycosylation and polymer-assisted deprotection were assessed. For
the evaluation of the biological activity they used the analysis of the increase or decrease that occurs
when oligosaccharides (131, 132, 133 pentasaccharide derivatives of 130, protected with 2-
trimethylsilylethyl group at the reducing end and protected analogs 134–138) bind to the
fluorescent-labeled lectin SLL-2. The results revealed that the affinity of oligosaccharides for SLL-2
was dependent on the number of sugar units in the oligosaccharide and on the NHAc substituents
[57]. Modification of the GalNAc unit to a GaI unit reduced the binding affinity to SLL-2. These
results indicated that SLL-2 not only recognized the acetamide group at the non-reducing end of
the Forsmann antigen, but also the sugar units at the reducing end. In addition, α-GalNAc 138
showed a stronger affinity than that of β-GalNAc 137, comparable to that of tetrasaccharide 134.

Structure-Activity Relationship (SAR) Studies to Maximize the Activity of Compounds Isolated from Octocorals
http://dx.doi.org/10.5772/intechopen.74686

291



H9c2 (cardiacmyoblasts), C6 (glioma) and HeLa (epithelial carcinoma). One of the isolated
compounds, decaryiol D 111, showed a significant activity against C6 glioma cell line (IC50

40 μM) compared with the structurally related decaryiol B 112 which was inactive. This fact
indicated that the growth inhibitory activity of 111 should be attributed to the presence of the
hydroperoxy group in this molecule. Based on the availability of high amounts of decaryiol
113, it was subjected to several reactions (acetylations, oxidations and epoxidations) to obtain
six semi-synthetic derivatives with the purpose of extending the structure-activity relationship
knowledge.

The six synthetic cembranoids were also evaluated against the same cell lines and the results
showed that the derivative O-methyl decaryiol 114was more active against C6 glioma cell line
(IC50 of 8 μM) than the natural compound and it also presented a selectivity as it was inactive
against HeLa and practically inactive against the non-tumor H9c2 cell line [53]. These results
allowed to establish that minor structural changes on the cembranoid skeleton of decaryiol can
radically affect the activity and selectivity as cell growth inhibitors.

2.8. Sarcophyton glaucum

Sarcophine 115 is a bioactive cembranoid diterpenes with anticancer activity isolated by
Kashman group in 1974 [54, 55] from the Red Sea soft coral Sarcophyton glaucum. Continued
studies of structure-activity relationship as mentioned in Hassan et al., 2011 [56] suggested the
importance of functional groups at C-7/C-8 and the opening of the ring lactone to increase the
activity. In addition, later experiments confirmed the importance of macrocyclic double bonds
to the mentioned activity, and showed that bromination of sarcophine 115 improved the
antiproliferative activity against malignant breast cancer cells. Further experiments through
the oxidation of 115, which resulted in the formation of (+)-sarcophytoxin B exhibiting
antiproliferative activity, suggested that C-7/C-8 epoxide is not required for the activity. Thus
far, the reported studies clearly demonstrate the need to further optimize the epoxide func-
tionality of sarcophine in relation to its anticancer activity. Then, more experiments [56] were
done in the direction of measuring the activity of natural analogs 16-deoxysarcophine 116 and
2-epi-16-deoxysarcophine 117, and of compounds 118–129 prepared via etherification and
carbamoylation of 115 at C-7/C-8. The C-7 ether and carbamate functionalities can be taken as
different examples of the introduction of hydrogen bonding donor and hydrogen bonding
acceptor and π-aromatic groups at this position to examine their binding affinities toward their
molecule target. The analogs thus prepared were subjected to evaluation of their ability to
inhibit the proliferation and migration of the human metastatic prostate cancer PC-3 and

Corals in a Changing World290

breast cancer MDA-MB-231 cell lines using MTT and wound healing assays. Most analogs
exhibited enhance antimigration activity and lack of cytotoxicity toward the cancer cells.

2.9. Sinularia lochmodes

An interesting example related to the topic of this chapter is the one published by Tanaka et al. in
2013 [57]. This study mentions lectin SLL-2 isolated from octocoral Sinularia lochmodes as an
important mediator in the symbiotic relationship of this animal with its zooxanthellae (the symbi-
otic microalgae Symbiodinium) on which the coral depends for energy and nutrients. This lectin
SLL-2 influences the transformation of Symbiodinium cells into a non-flagellated coccoid form from
a flagellated-swimming form. In addition, Forssman antigen pentasaccharide GalNAcα(1,3)
GalNAcβ(1,3)Galα(1,4)Galβ(1,4)Glc 130 was also identified as a ligand of lectin SLL-2 [58]. The
authors, Tanaka et al. in [57], oriented their work in terms of structure-activity relationship. Thus,
the synthesis and biological evaluation of Forssman antigen pentasaccharide and some derivatives
obtained by using a one-pot glycosylation and polymer-assisted deprotection were assessed. For
the evaluation of the biological activity they used the analysis of the increase or decrease that occurs
when oligosaccharides (131, 132, 133 pentasaccharide derivatives of 130, protected with 2-
trimethylsilylethyl group at the reducing end and protected analogs 134–138) bind to the
fluorescent-labeled lectin SLL-2. The results revealed that the affinity of oligosaccharides for SLL-2
was dependent on the number of sugar units in the oligosaccharide and on the NHAc substituents
[57]. Modification of the GalNAc unit to a GaI unit reduced the binding affinity to SLL-2. These
results indicated that SLL-2 not only recognized the acetamide group at the non-reducing end of
the Forsmann antigen, but also the sugar units at the reducing end. In addition, α-GalNAc 138
showed a stronger affinity than that of β-GalNAc 137, comparable to that of tetrasaccharide 134.

Structure-Activity Relationship (SAR) Studies to Maximize the Activity of Compounds Isolated from Octocorals
http://dx.doi.org/10.5772/intechopen.74686

291



3. Conclusions

As we have shown throughout this chapter, there is no doubt that chemical synthesis plays an
important role in the bioprospection of chemical compounds isolated from octocorals, either in
the production of the bioactive natural product (supply a natural product), facilitating the
further ways of its development as a drug and its subsequent commercialization or in the
obtaining of a series of analogs that undoubtedly reveal important features on the interaction
of the bioactive molecule and its target, allowing the chemists of marine natural products to
change at convenience the activity and toxicity initially detected in the isolated compounds
and sometimes even to reach the establishment of the pharmacophore. However, it is also a
fact that this strategy has important limitations to consider, among them that the chemical
reactions used must be efficient, with the fewest possible steps, economical viable option, easy
to perform and to supply products with significant values of biological activity and without
by-side toxicity.
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The studies using the strategy analyzed in this chapter, suggest in most cases that the natural
compounds can be potential scaffolds for the design of potent bioactive leads against different
biological targets. In addition, the results indicate that a subtle structural change on the lead
compounds can dramatically affect the activity and the selectivity of the structure against the
different activities evaluated. The above corroborate that the assessment of the synthetic
analogs of this chapter appear to be attractive targets for the development of new anticancer,
antiinflammatory, antiviral, antimicrobial, antileishmanial, antiplasmodial and antipathogenic
agents. However, this strategy should be accompanied by in silico studies that allow to
establish the mechanisms of interaction between the proteins involved in the different biolog-
ical activities mentioned above with the substrates (natural and synthetic analogs), Thus, the
work will be carried out in a more effective way, translating into shorter times and in an
adequate investment of resources used in this strategy.

It is important to highlight in this section that for the case of the octocorals E. knighti and
P. flagellosa six natural compounds selected as lead compounds based on their activity values in
the QSI and biofilm inhibition assays and on the variety of reactive functional groups present
in their cembrane nucleus, selective chemical transformations were used with the purpose of
inducing or enhancing antipathogenic properties. As a result, 33 cembrane analogs were
obtained, half of them being remarkably more active than the naturals in the bioassays used,
without interfering with bacterial growth, which lead us to assume that the inhibition of the
phenotype expression is caused by disruption of the bacterial communication (QS) system. The
latter is noteworthy, because avoiding the bactericidal effect, there is no selective pressure in
the bacteria to develop resistance to this type of compounds.

As forA. elisabethae, the work shown above evidenced the importance of the pseudopterosins and
seco-pseudopterosins isolated from this octocoral collected in theNorth Caribbean Sea (Bahamas)
and in the South Caribbean Sea (Providencia Island), not only in relationship with their novel
chemical structure but also for their potent antiinflammatory, cytotoxic and selective antimicro-
bial activity against Gram-positive bacteria. The efforts of many well-known researchers using
the total synthesis of pseudopterosins and the SAR studies described by us in this chapter for
natural homologs, allow us to conclude that despite all the research done for about 30 years, the
development of these compounds as drugs or as active ingredients in cosmetic creams needs to be
continued. Particularly, the supply issue (currently the key point) needs the development of more
efficient and commercially viable syntheses or more SAR works aiming the elucidation of the
pharmacophore responsible for the activity. In relation to the latter, it is important to emphasize
that if we can determine the nature of the pharmacophore there would be no need to synthesize
the entire molecule but to achieve by synthesis a partial structure that retains the biological
activity, as tried by Fenical and coworkers [40] in their interesting work of the 2010 year.
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