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Executive Summary 
This Status Assessment provides general information common to most or all Indo-Pacific 

reef-building coral species, including biology, habitat, trends, and threats. It is intended to be 
used in conjunction with species-specific information in other documents to support management 
efforts under the Endangered Species Act (ESA) for Indo-Pacific reef-building coral species, 
including status reviews, 5-year reviews, and recovery plans. 

Reef-building coral species collectively produce coral reefs over time in high-growth 
conditions, typically in tropical and sub-tropical waters less than 30-40 meters (98-131 feet) 
deep. Some reef-building corals also occur in non-reef and mesophotic (>30-40 m) habitats, i.e., 
although reef-building, they are not reef-dependent. Of the world’s 831 currently recognized 
species of reef-building corals, 758 species occur in the Indian and Pacific Oceans, otherwise 
known as the Indo-Pacific area. Biodiversity of Indo-Pacific reef-building corals is highest in the 
“Coral Triangle” area of eastern Indonesia and the southern Philippines (>600 spp.), and lowest 
in the peripheral areas such as the eastern Pacific and southern Australia (<50 spp.).  

Indo-Pacific reef-building coral biology includes several general characteristics that 
provide both limitations and adaptability, and thus provide important context for species-specific 
management efforts: They are modular, colonial, and sessile organisms; there is a high degree of 
taxonomic and species identification uncertainty; coral-algae-microbe symbioses are a 
fundamental aspect of all colonies; the calcification process builds coral skeletons that have high 
plasticity in response to environmental variables; reproductive strategies are diverse and 
hybridization is common; and very large ranges are made possible by long-distance genetic 
connectivity. The habitat characteristics of Indo-Pacific reef-building corals also provide 
important context, including their habitat requirements in terms of substrate and water quality, 
the diversity of habitat types that meet these requirements, the spatial and temporal variability in 
their habitats, and the numerous types of spatial and temporal refuges from various threats.   

Over the past few decades, there have been increases in the frequency, severity, and 
magnitude of anthropogenic disturbances to Indo-Pacific reef-building corals, two consequences 
of which are reduced time available for recovery of corals, and reduced coral cover. Indo-Pacific 
reef-building corals are inherently resilient, and overall resilience remains high. However, 
anthropogenic disturbance, recovery time, coral cover, and overall resilience are all projected to 
worsen in the 21st century (Table 1). 
Table 1. Observed and projected trends in anthropogenic disturbance, recovery time, coral cover, and overall 
resilience of Indo-Pacific reef-building corals on shallow reefs (<30-40 m).  

Trend Observed* Projected* 
Anthropogenic Disturbance    
Recovery Time   
Coral Cover   
Overall Resilience   

*Observed = from mid-20th century to present. Projected = from present to 2100.  = a negative upward trend.  = 
a negative downward trend.  = available information does not indicate any trend.  
 

The most important threat to the continued existence of Indo-Pacific reef-building corals 
is ocean warming and subsequent warming-induced coral bleaching. Ocean warming is caused 
by global climate change, which refers to increased concentrations of greenhouse gases (GHGs, 
primarily carbon dioxide, CO2) in the atmosphere from anthropogenic emissions, and subsequent 
warming of the earth and other impacts since the beginning of the industrial era in the mid-19th 
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century. According to the International Panel on Climate Change (IPCC), the global mean 
surface temperature has increased by nearly 1° C since 1850, and is currently increasing at 0.2° 
C per decade due to past and ongoing GHG emissions. The IPCC uses Representative 
Concentration Pathways (RCPs) to project potential trajectories of future climate change 
between the present and the year 2100. In this report, we consider the time period from the 
present to 2100 to be the “foreseeable future”, and we assume that GHG emissions will continue 
to increase at their current rate over most of that time period as projected by the IPCC’s high 
emissions pathway, RCP8.5.  

There are numerous other threats to Indo-Pacific reef-building corals in addition to ocean 
warming. Ocean acidification poses a major threat by reducing coral calcification and reef 
cementation, resulting in lower skeletal growth and higher bioerosion. Sea-level rise threatens 
corals by potential reef submergence if reef accretion cannot keep up, and degradation of water 
quality by increased coastal erosion. Fishing threatens corals through direct habitat effects, as 
well as indirect trophic effects by reduction of herbivorous fish that control macroalgae that 
compete with corals for space. Land-based sources of pollution include sediment, nutrients, and 
contaminants that run off from coastal and watershed development, reducing water quality on 
coral reefs and directly affecting corals. Disease affects corals by causing adult mortality, 
reducing reproductive success and impairing colony growth, while predators reduce coral 
populations. Outbreaks of coral diseases and predators are exacerbated by the other threats. Live 
corals and coral skeletons collected from coral reefs for the marine aquarium and ornamental 
industry reduce coral populations and affect their habitat. Aside from these eight most important 
threats, other threats include changes in ocean circulation, changes in tropical storms, human-
induced physical damage, invasive species, and reduced salinity from run-off. These threats may 
interact with one another, exacerbating the effects of each. Most threats have been observed to be 
worsening, and all are projected to worsen (Table 2). The inadequacy of existing regulatory 
mechanisms has exacerbated all threats, and is expected to continue to do so. 
Table 2. Observed and projected trends of effects of threats on Indo-Pacific reef-building corals. 

Threat Observed* Projected* 
Effects of Ocean Warming   
Effects of Ocean Acidification   
Effects of Sea-level Rise   
Effects of Fishing   
Effects of Land-based Sources of Pollution   
Effects of Coral Disease   
Effects of Predation   
Effects of Collection and Trade   
Effects of Other Global Threats   
Effects of Other Local Threats   
Effects of Interactions of Threats   

* Observed = from mid-20th century to present. Projected = from present to 2100.  = a worsening trend.  = no 
trend discernable from available information. 
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1. Introduction 
The purpose of this General Status Assessment is to provide contextual information 

necessary for the determination of the status of Indo-Pacific reef-building coral species under the 
Endangered Species Act (ESA). That is, this document provides general information common to 
most or all Indo-Pacific reef-building coral species, including biology, habitat, threats, and 
trends, that is intended to be used in conjunction with species-specific information in other 
documents to complete ESA status reviews. The General Status Assessment may also serve as a 
component of management efforts for Indo-Pacific reef-building corals that are already listed 
under the ESA, such as Recovery Plans and 5-year Reviews. It updates information provided in 
the 2011 Status Review Report (SRR) for 83 petitioned reef-building corals (Brainard et al. 
2011) and the 2014 final coral listing rule (NMFS 2014), and will be periodically updated as new 
information becomes available. 

This document follows Veron’s geographic definition of the Indo-Pacific area, and list of 
Indo-Pacific reef-building coral species used in his Corals of the World website cited below, 
which builds upon his books and papers (Veron 2000a, Veron et al. 2015), and is accepted by 
most coral scientists. The Indo-Pacific includes all coral reefs in the Indian and Pacific Oceans 
(Fig. 1), which can be divided into 133 ecoregions based on reef-building coral and habitat 
characteristics (Veron 2015). Veron currently recognizes 831 species of reef-building corals in 
the world, including 758 Indo-Pacific species (http://www.coralsoftheworld.org, accessed 
January 2019), with the highest numbers in eastern Indonesia (>600 spp.) and the lowest in 
peripheral areas such as the eastern Pacific (<50 spp.)(Veron 2015).  

 

 
Figure 1. Ranges of Indo-Pacific Reef-building Corals. Map showing the collective ranges of 758 Indo-Pacific reef-
building corals, based on Veron's 133 Indo-Pacific ecoregions (created on http://www.coralsoftheworld.org, January 
2019). 

This document includes chapters on Indo-Pacific reef-building coral biology and habitat, 
a threats evaluation, and trends in key characteristics. The biology and habitat chapter focuses on 
factors that complicate the determination of the status of species. The threats evaluation 
identifies the threats to the continued existence of Indo-Pacific reef-building corals, and 
descriptions of the observed and projected trends in each threat. The trends chapter reviews key 
characteristics of Indo-Pacific coral reefs (disturbance, recovery time, coral cover, and 
resilience), and descriptions of the observed and projected trends in each characteristic. 

http://www.coralsoftheworld.org/
http://www.coralsoftheworld.org/
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2. General Biology and Habitats of Indo-Pacific Reef-building Corals 
 Reef-building corals are defined by symbioses with unicellular photosynthetic algae 
living within their tissues (zooxanthellae), giving them the capacity to grow large skeletons and 
thrive in nutrient-poor tropical and subtropical seas. Since reef-building corals are defined by 
their symbiosis with zooxanthellae, they are sometimes referred to as “zooxanthellate” or 
“hermatypic” corals (Veron 2000a). Reef-building corals collectively produce shallow coral 
reefs over time, but these species also occur in non-reef and mesophotic habitats (shallow coral 
reefs, non-reef habitats, and mesophotic habitats are defined in the Habitat Diversity section 
below). That is, these species are reef-building, but they are not reef-dependent (Perry and 
Larcombe 2003).   

Reef-building corals are marine invertebrates in the phylum Cnidaria that occur as 
polyps, usually forming colonies of many clonal polyps on a calcium carbonate skeleton. The 
phylum is named Cnidaria because organisms use cnidae (capsules containing stinging cells 
called nematocysts) for prey capture and self-defense. The Cnidaria include true stony corals 
(class Anthozoa, order Scleractinia, including both reef-building, zooxanthellate and non-reef-
building, azooxanthellate species), the blue coral (class Anthozoa, order Helioporacea), and fire 
corals (class Hydrozoa, order Milleporina). Most reef-building corals form complex colonies 
made up of a tissue layer of polyps (a column with mouth and tentacles on the upper side) 
growing on top of a calcium carbonate skeleton, which the polyps produce through the process of 
calcification (Brainard et al. 2011). As of 2019, Veron estimates that 758 species of reef-building 
corals occur in the Indo-Pacific, over 90% of the world’s total (Corals of the World, 
http://www.coralsoftheworld.org, January 2019).  

2.1.  Reef-building Coral Biology  
Most Indo-Pacific reef-building corals have many biological features that complicate the 

determination of the status of any given species, including but not necessarily limited to the 
following: They are modular, colonial, and sessile; the definition of the individual is ambiguous; 
the taxonomy of many species is uncertain; field identification of species is difficult; each colony 
is a collection of coral-algae-microbe symbiotic relationships; they have high skeletal plasticity; 
they utilize a combination of sexual and asexual reproduction; hybridization may be common in 
many species; and they typically occur as many populations across very large ranges. These and 
other biological features of Indo-Pacific reef-building corals are described below.  

2.1.1. Modular, Colonial, and Sessile Organisms 
Most Indo-Pacific reef-building corals are both modular and colonial organisms: A larva 

will settle and develop into a single unit (the primary polyp), which then produces genetically-
identical units (secondary polyps) of itself. Such colonial organisms are “modular”, in that they 
consist of identical modules, in this case polyps. The primary and secondary polyps are 
connected seamlessly through both tissue and skeleton into a colony. Colony growth is achieved 
mainly through the addition of more polyps, and both the total number of polyps in a colony and 
colony growth, are indeterminate. Likewise, the colony structure is not strictly defined, providing 
plasticity in colony shape. The colony can continue to exist even if numerous polyps die, the 
colony is broken apart, or otherwise damaged. Colonies that are broken apart or that are clones 
can fuse back together. The biology of such modular, colonial species results in ambiguity with 
regard to many characteristics of an individual colony, complicating the collection of data 
needed to assess population status. For example, it can be difficult to delineate individual 
colonies in a population for several reasons (discussed further below), to determine when a 

http://www.coralsoftheworld.org/
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colony is dead because of partial mortality, and to determine the lifespan of a colony because 
both the number of polyps and colony growth are indeterminate (Hughes 1984, Hughes and 
Jackson 1980).  

After larval settlement, the primary polyp and subsequent colony are anchored to the 
substrate and unable to move (sessile) in almost all species outside of the family Fungiidae, most 
of which occur as free-living solitary polyps. Corals build reefs because they secrete their own 
custom-made substrates which grow into skeletons, providing the primary building blocks for 
coral reef structure. Since space is a key resource for sessile organisms, competition for space is 
intense, especially for reef-building corals and other organisms that are dependent on 
photosynthesis, because they require space with adequate light. Successful sexual reproduction 
in sessile organisms (unless they are hermaphrodites) requires that colonies simultaneously 
spawn, and that colonies are close enough to one another so that gametes can be fertilized.  

One of the most important aspects of sessile life history for consideration of extinction 
risk is that colonies cannot flee from unfavorable environmental conditions, and thus must have 
substantial capacity for acclimatization to the natural variability in environmental conditions at 
their location. Even the solitary species found in family Fungiidae have such limited motility that 
they are largely sessile from an ecological perspective. Likewise, since populations of a reef-
building coral species are typically distributed throughout a large range with environmental 
conditions that vary by latitude, longitude, proximity to land, etc., the populations must have 
substantial capacity for adaptation to the natural variability in environmental conditions across 
their ranges. The capacity for both acclimatization and adaptation are key features for reef-
building corals to survive changing environmental conditions (Brown and Cossins 2011, Coles 
and Brown 2003, van Oppen et al. 2015). 

2.1.2. Definition of the Individual 
The colonial nature of most reef-building corals creates ambiguity with regard to 

definition of the individual, a key consideration under the ESA. Although the polyp could be 
considered as the smallest unit of the individual for reef-building corals, NMFS does not 
consider them individuals under the Endangered Species Act (ESA). Each polyp in a coral 
colony consists of a column of tissue with a mouth and tentacles on the upper side, growing in a 
cup-like skeletal structure (the corallite) made of calcium carbonate that the polyp produces 
through calcification. Polyps are the building blocks of the colony, and most colony growth 
occurs by increasing the number of polyps and supporting skeleton. Polyps carry out the 
biological functions of feeding, calcification, and reproduction. However, because polyps within 
a colony are modular units and connected to one another physiologically (i.e., connected via 
nerve net and gastrovascular cavity, and are the same sex), single polyps within a colony are not 
considered to be individuals for purposes of the ESA (NMFS 2014).  

In this document, as in the 2014 ESA listings of 20 coral species (NMFS 2014), we use 
the concept of the “physiological colony” as the entity that can be considered an individual for 
reef-building colonial coral species that is useful for ESA-related evaluations. Colonies are 
founded by either sexually-produced larvae that settle and become the primary polyp of a colony, 
or asexually-produced fragments of pre-existing colonies that break off to form a new colony. 
Fragments from the same colony can fuse back together. Fragmentation in branching species 
may lead to a large number of asexually-produced, genetically identical colonies, commonly 
resulting in a population made up of more asexually-produced colonies than sexually-produced 
colonies (Hughes 1984). Sexually-produced colonies are important to the population because 
they increase its genetic diversity, whereas colonies originating from asexually-produced 
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fragments do not contribute to the effective population (i.e., group of genetically unique 
individuals). Asexual reproduction, though it does not create new genetic individuals, is likely to 
be the more critical reproductive mode for some species, especially branching species because it 
allows them to grow, occupy space, and persist between relatively rare events of sexual 
reproduction. Sexually- and asexually-produced colonies are often morphologically very similar 
and can only be distinguished from one another through genetic analysis. Thus, we use the 
concept of the “physiological colony” as the entity that can be considered an individual. The 
physiological colony for reef-building colonial coral species is defined here as any colony of the 
species, whether sexually or asexually produced. 

A physiological colony is generally autonomous from other colonies of the same species. 
However, colony morphology, partial colony mortality, and other colony growth characteristics 
(e.g., formation of stands or thickets) can complicate the identification of physiological colonies 
from one another in the field. For example, the overall colony morphology of many encrusting 
species (e.g., some Montipora species) is largely dictated by the underlying substrate. In those 
cases, colony shape may not distinguish colonies from one another, and boundaries between 
separate encrusting colonies that have grown together may be difficult or impossible to identify 
visually. Partial mortality of colonies, especially larger colonies, can also mask the boundaries 
between colonies, because the algae-encrusted coral skeleton of a partially dead colony may 
appear to delineate two or more colonies. In addition, many reef-building coral species occur in 
stands or thickets that may be tens of meters or more in diameter (e.g., some Acropora species), 
possibly consisting of multiple colonies or only one large colony. In each of these instances, the 
actual number of genetically-distinct individuals can only be determined through genetic 
analysis.  

2.1.3. Taxonomic and Species Identification Uncertainty 
A substantial complication in collecting data on Indo-Pacific reef-building corals is that 

both taxonomic and species identification is uncertain for most species. Taxonomic uncertainty 
refers to the incomplete knowledge of, or disagreement about, the taxonomic boundaries among 
species in the current classification system for Indo-Pacific reef-building corals. Taxonomic 
uncertainty of Indo-Pacific reef-building corals has many sources, including the large numbers of 
closely-related species (Veron 2000a), intra-specific skeletal variability (Forsman et al. 2009), 
the type specimen1 having atypical morphology for the species (Fenner 2014), inconsistency 
between morphology-based and genetics-based species identification (Veron 2013), and the 
prevalence of hybridization (Forsman et al. 2010, Forsman et al. 2017). Many of these issues 
derive from the fact that corals are sessile species distributed across large ranges that encompass 
different types of environmental gradients, and most species have at least some phenotypic 
plasticity to respond to the specific conditions at a given site, thereby creating a large breadth of 
intra-specific morphological variation. 

Species identification uncertainty refers to the level of difficulty in field identification of 
Indo-Pacific reef-building coral species. Species identification assumes that the current 
classification system on which field identification books and guides are based is correct. But as 
described above, the taxonomy of many species is unsettled, thus identification books and guides 
used in the field often contradict each other or are inconsistent. As with taxonomic uncertainty, 
these difficulties with species identification have several sources, including atypical morphology 

                                                 
1 Type Specimen: The particular specimen of an organism to which the scientific name of that organism is formally 
attached, typically stored in a museum and available for examination. 
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of a proportion of most species’ colonies due to skeletal plasticity, poor quality of type 
specimens, lack of samples to verify photos of type specimens, inherent human subjectivity, and 
unreliable published information (Fenner 2014). While standardized species identification 
materials and training can greatly improve coral species identification results, it probably is not 
possible to consistently and reliably identify all colonies for most species due to the skeletal 
plasticity mentioned above. One of the first steps in evaluating a candidate for ESA listing is to 
determine if it meets the ESA definition of a species2; to do so for Indo-Pacific corals, we must 
address the taxonomic uncertainty and species identification difficulty for these organisms. 

2.1.4. Coral-Algae-Microbe Symbioses 
Reef-building corals are able to grow and thrive in the characteristically nutrient-poor 

water environments of tropical and subtropical regions due to their ability to form mutually 
beneficial symbioses with unicellular photosynthetic algae living within the host coral’s tissues 
(zooxanthellae) belonging to the dinoflagellate family Symbiodiniaceae. Zooxanthellae 
translocate fixed organic carbon and other nutrients to their host in return for inorganic waste 
metabolites from host respiration and protection from grazing. This exchange of nutrients allows 
both partners to flourish and helps the coral secrete calcium carbonate that forms the skeletal 
structure of the coral colony and contributes to the formation of the reef. Corals also host a wide 
range of non-photosynthetic microbes within their tissues and in their mucus, some of which, 
like zooxanthellae, are beneficial to the animal host. The coral animal host, its zooxanthellae, and 
its microbial community are sometimes referred to as a “coral holobiont” (Rowher et al. 2002, 
Bourne et al. 2009).  

Reef-building corals have been found to harbor a wide variety of non-photosynthetic 
microbes, including fungi, bacteria, viruses, and others. Algae and cyanobacteria within the host 
coral’s skeleton and tissues provides nutrition through nitrogen fixation, and a consortium of 
bacteria residing in the coral mucus layer acts as a first line of defense against pathogens. The 
highly diverse bacteria within the coral microbial community likely contribute to many important 
functions, such as protection of the host coral from bleaching (Mills et al. 2013), disease (Mao-
Jones et al. 2011), ultra-violet radiation (Ravindran et al. 2013), and algal competition (Barrot et 
al. 2012).  The complexity of a holobiont’s internal symbiotic relationships between the host 
coral, zooxanthellae, and microbial community broadens its capacity for acclimatization and 
adaptation to changing environmental conditions (Putnam et al. 2017). 

Reef-building corals act as plants during the day deriving nutrition from zooxanthellae 
photosynthesis (autotrophic feeding), and as animals during the night deriving nutrition from 
feeding on zooplankton (heterotrophic feeding). During daylight hours, they function as primary 
producers, and some species may obtain all of their daily caloric needs via photosynthetically-
fixed carbon translocated from their zooxanthellae. However, neither the coral nor the 
zooxanthellae can actually grow on the energy-rich, nitrogen-poor “junk food” from 
photosynthesis – it may satisfy their caloric needs for maintenance but does not provide needed 
nutrients such as dissolved free amino acids. These nutrients must be obtained by predation, in 
which corals engage at night using nematocysts in their tentacles to capture zooplankton 
(Brainard et al. 2011).  

The coral holobiont functions as a symbiosis of animal-algae-bacteria that is more 
complex than many other animals, and is also more sensitive to certain environmental changes 
                                                 
2 The ESA defines “species” as “includes any subspecies of fish or wildlife or plants, and any distinct population 
segment of any species or vertebrate fish or wildlife which interbreeds when mature.” 
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than many other animals. For example, ocean warming can result in the bleaching of the tissues 
of reef-building coral colonies, whereby zooxanthellae are expelled in response to stress. For 
many reef-building coral species, an increase of only 1° C – 2° C above the normal local 
seasonal maximum ocean temperature can induce bleaching. Corals can withstand mild to 
moderate bleaching; however, severe, repeated, or prolonged bleaching can lead to colony death. 
Coral host interactions with multiple clades of zooxanthellae may provide the ability to adapt to 
different environmental conditions, but the capacities of the coral hosts to shuffle the most 
functional zooxanthellae types in response to changing environmental conditions is poorly 
understood and may be highly specific to the host coral species (Brainard et al. 2011). Ocean 
warming and warming-induced bleaching events are projected to become more frequent and 
severe, as described in the Ocean Warming section of the Threats Evaluation section below. 

2.1.5. Calcification and Skeletal Plasticity 
The structure of coral reefs is provided primarily by the calcification and gradual 

accretion of reef-building coral skeletons, hence the term “reef-building.” The process of 
calcification occurs within the tissues of reef-building corals, whereby calcium and carbonate 
ions derived from seawater are combined into calcium carbonate crystals. These are packed into 
bundles and stacked to form the coral’s intricately designed skeleton which both supports and 
protects it. Because carbonate ions are rare in seawater, corals must convert the more plentiful 
bicarbonate ions into carbonate ions, and this process requires metabolic energy. Corals bring 
bicarbonate ions from seawater into internal extracellular compartments, where they 
physiologically maintain elevated pH that allows the conversion of bicarbonate to carbonate 
ions, which are then combined with calcium for precipitation as calcium carbonate crystals 
(Cohen and Holcomb 2009). 

Calcium carbonate occurs in two different crystal forms, calcite and aragonite. Reef-
building coral skeletons are predominantly composed of the aragonite form. The skeleton 
calcification process is enabled in the polyps by the manipulation of the chemistry of seawater 
within their tissues to produce aragonite crystals. The lower the level of aragonite in the external 
seawater (measured as aragonite saturation state, Ωarg), the more energy the coral has to expend 
for skeletal calcification. As external seawater Ωarg declines, coral skeletal calcification slows 
down and eventually stops. If Ωarg declines too much, coral skeletons start to dissolve (Cohen 
and Holcomb 2009). Generally, Ωarg of seawater should be 3.5 or greater to enable maximum 
calcification of reef-building corals (Brainard et al., 2011). However, Ωarg of seawater is 
projected to drop below that level throughout the Indo-Pacific in response to ocean acidification, 
which results from global climate change, as described in detail in the Ocean Acidification 
section of the Threats Evaluation section below.  

Each coral polyp builds its own skeleton (the corallite) out of aragonite crystals, and the 
corallites together make up a coral colony’s skeleton. Once formed, the skeleton is external to 
the coral’s tissue, thus the corallites provide a substrate for the polyps to sit upon. The shapes 
and sizes of both the corallites and the colony skeletons of the approximately 760 species of 
Indo-Pacific reef-building coral species are extremely variable. The shapes of the colony 
skeleton, or growth forms, can be categorized as massive, encrusting, branching, arborescent, 
columnar, and laminar. The shapes and sizes of corallites and colony skeletons are usually used 
together as the primary morphological characteristics used for identification of reef-building 
coral species. The growth rates of coral colony skeletons are highly dependent on taxa and 
environment, typically varying from an annual skeletal extension rate of about 1 cm for colonies 
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of some massive species to about 30 cm for colonies of some branching species (Corals of the 
World website, http://www.coralsoftheworld.org, February 2019).  

The overall level of morphological plasticity varies substantially between species from 
low to very high. In addition, many Indo-Pacific reef-building coral species display considerable 
intraspecific morphological plasticity in skeletal structure within and between colonies, leading 
to a great deal of variability in growth forms within a single species (Buddemeier and Kinzie 
1976, Todd 2008). As noted above, such plasticity is a source of much of the taxonomic 
uncertainty and species identification difficulties.  

2.1.6. Reproduction, Hybridization, and Connectivity  
Reef-building corals use a number of diverse reproductive strategies, and most species 

utilize both sexual and asexual propagation. Sexual reproduction in corals is primarily through 
gametogenesis, which occurs through development of eggs and sperm within the polyps. Some 
coral species have separate sexes, while others are hermaphroditic. Fertilization and larval 
development occur either internally within the polyps for brooders, or externally for broadcast 
spawners. Asexual reproduction in coral species most commonly involves fragmentation, where 
colony pieces or fragments are broken off of or dislodged from larger colonies and go on to 
reattach to substrate and establish new colonies. The budding of new polyps within a colony is 
also considered a form of asexual reproduction. In many species of branching corals, 
fragmentation is a common and sometimes dominant means of propagation. Coral larvae 
experience high mortality from predation or other factors prior to settlement and metamorphosis, 
as inferred from the large number of eggs and sperm spawned versus the much smaller number 
of recruits observed later. Coral larvae are relatively poor swimmers; thus, dispersal distances 
largely depend on the duration of the pelagic phase and the speed and direction of water currents 
transporting the larvae. Brooded larvae can settle shortly (hours) after release, but can also 
survive for periods of approximately 30 – 100 days in the water column. Spawned larvae have 
been documented to survive for periods of >200 days in the water column (Brainard et al. 2011).  

Settlement of coral larvae occurs on hard substrates such as dead coral skeletons in 
response to appropriate cues, including chemical cues from crustose coralline algae or microbial 
films and acoustic cues from reef environments. Calcification of the initial corallite and growth 
of the primary polyp begins with the forming of the basal plate, from which buds develop into 
daughter corallites and polyps. Many physical and biological factors determine the success of 
reef-building coral recruitment, including substrate availability, chemical and acoustic cues, 
storm prevalence, ocean currents, grazing pressure, timing of reproduction, parent colony 
fecundity, brooding vs. broadcast spawning, larval behavior, and structure of established coral 
assemblages. Once larvae settle onto appropriate hard substrate, metabolic energy is diverted to 
colony growth and maintenance. Post-settlement benthic stages are highly vulnerable and poorly 
understood, due to their extremely small size and, in many species, slow growth rates, with the 
transition from primary polyp to a visible juvenile colony taking from three to 12 months. The 
transition from visible juvenile colony to reproductive adult colony may range from one to 
several (5–10) years (Brainard et al. 2011).  

Many reef-building corals readily hybridize with one another, and numerous lineages 
appear to have undergone repeated cycles of divergence and convergence via hybridization, 
which has been termed “reticulate evolution” (Veron 2000b). Hybridization is thought to be one 
of the main reasons why such high diversity of reef-building coral species occurs on Indo-Pacific 
reefs (Vollmer and Palumbi 2002). The high potential for hybridization and introgression (gene 
flow from one species into the gene pool of another by the repeated backcrossing of an 

http://www.coralsoftheworld.org/
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interspecific hybrid with one of its parent species) may convey adaptive capacity in some coral 
species, and likely is an important mechanism of diversification and potential adaptation to 
changing environments, which could be crucial to species’ viability in an era of rapidly changing 
climate and ocean chemistry (Brainard et al. 2011). Hybridization is also likely one of the major 
sources of both taxonomic and field identification uncertainty in Indo-pacific reef-building 
corals, as it is often difficult to determine whether observed morphological variability is due to 
plasticity within a species, or hybridization of that species with another species (Forsman et al. 
2017).  

Genetic connectivity refers to the dispersal of coral larvae among spatially-distinct 
population patches within a larger metapopulation structure, and their successful settlement and 
reproduction (Edmunds et al. 2018). Some Indo-Pacific reef-building corals, such as Pocillopora 
meandrina, have very large ranges extending more than halfway around the world from the 
western Indian Ocean to the eastern Pacific Ocean. Such immense ranges are maintained by 
genetic connectivity at various spatial scales, which facilitates the recovery of populations 
following disturbances (Wood et al. 2014). For a given population, utilization of genetic 
connectivity with other populations together with self-recruitment confers resilience because the 
populations persist with a combination of recruits from either that population or one further away 
(Sale et al. 2010). Genetic connectivity can be maintained by populations on reefs that are highly 
connected by ocean currents. Those that have a relatively low risk of exposure to disturbances, 
such as crown-of-thorns outbreaks, are likely to provide replenishment to other reefs when 
depleted. On the Great Barrier Reef (GBR) of Australia, such “robust source reefs” make up only 
about 3% of the GBR, demonstrating how a small proportion of a species’ range may impart 
resilience via connectivity (Hock et al. 2017). While there was some disagreement with these 
results (Bode et al. 2018, Mumby et al. 2018), a key underlying point of this connectivity 
research is that there is great heterogeneity in the habitats of coral reef species, with some habitat 
types, and therefore reef areas, having far greater potential than others to stimulate regional 
recovery. The importance of habitat heterogeneity to the future outlook of Indo-Pacific reef 
corals is discussed in more detail in the Habitat section below.  

Many Indo-Pacific reef corals occur at mesophotic depths (>30-40 m), which are very 
extensive throughout the region and may provide important refugia from threats such as ocean 
warming (Bridge et al. 2012a, Kahng et al. 2014). Thus, genetic connectivity between shallow 
(<30-40 m) and deep (>30-40 m) reef coral populations may be important. A review of 
mesophotic habitat on Australia’s GBR concluded that reef-building corals in mesophotic habitat 
are less likely to be affected by warming-induced bleaching events than their counterparts on 
nearby shallow reefs (Bridge et al. 2012b). Mesophotic habitat may also be important for 
recovery of corals on disturbed coral reefs by providing sources of propagules to recolonize 
shallow reefs following disturbances (Bridge and Guinotte 2013), although recent studies suggest 
these refugia effects are limited at best (Frade et al. 2018). A 37-year record from the eastern 
Pacific across the two most severe El Niño events on record (1982–83 and 1997–98) shows how 
an exceptionally thermally-sensitive reef-building fire coral, Millepora intricata, twice survived 
catastrophic bleaching in a deeper water refuge (>11 m depth). During both events, M. intricata 
was extirpated across its range in shallow water but showed recovery within several years, while 
two fire corals without deep-water populations were driven to regional extinction (Smith et al. 
2014). Genetic connectivity between shallow and deep populations is high in Seriatopora hystrix 
on the GBR (van Oppen et al. 2011) and M. intricata in the eastern Pacific (Smith et al. 2014). 
However, a review of reef corals, even though mostly Atlantic species, found that genetic 
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connectivity between shallow and deep populations of reef corals was highly species-specific, 
and thus that high connectivity should not be assumed (Bongaerts et al. 2017).   

2.2. Reef-building Coral Habitats  
As defined in the Introduction above, the Indo-Pacific region encompasses the tropical 

and sub-tropical waters of the Indian and Pacific Oceans, including the eastern Pacific. This vast 
region includes over 50,000 islands and over 40,000 km of continental coastline, spanning 
approximately 180 degrees of longitude and 60 degrees of latitude, and including more than 90% 
of the total coral reefs of the world. In addition, the Indo-Pacific includes abundant non-reef 
habitat, as well as vast but scarcely known mesophotic areas that provide coral habitat. The 
amount of non-reef and mesophotic habitat that could currently be occupied by corals in the 
Indo-Pacific is unknown, but is likely greater than the area of shallow coral reefs in the Indo-
Pacific (NMFS 2014).  

In addition to the biological features described above, there are several features of the 
habitats of Indo-Pacific reef-building coral species that should be considered in the determination 
of the status of any given species including, but not necessarily limited to, specific substrate and 
water quality requirements for each life history stage; the ranges of many of these species which 
encompass reef and non-reef habitats and vary tremendously across latitude, longitude, depth, 
distance from land, and in other ways; and the physical variability which is found within the 
ranges of these species and thus produces spatial and temporal refuges from threats. These and 
other habitat features of Indo-Pacific reef-building corals are described below. 

2.2.1. Habitat Requirements 
Habitat requirements for the normal function of Indo-Pacific reef-building coral life 

history stages (reproduction, recruitment, growth, and maturation) include suitable substrate and 
water quality. For substrate, the appropriate type of substrate and low levels of sediment are 
required. For water quality, suitable seawater temperatures, aragonite saturation state, nutrients, 
water clarity, and salinity, together with low levels of turbidity and contaminants, are required. 
Suitable water motion is also required. These general habitat requirements for reef-building 
corals are described below. 

Substrate. Consolidated hard substrate is required for the settlement and recruitment of 
larvae or asexual fragments of most species. Substrate provides the physical surface and space 
necessary for settlement of coral larvae, and a stable environment for metamorphosis of the 
larvae into the primary polyp, growth of juvenile and adult colonies, and re-attachment of 
fragments. Positive cues for coral larval settlement include the presence of crustose coralline 
algae (Tebben et al. 2015), biofilms (aggregates of microorganisms embedded within a self-
produced matrix on a surface; Hadfield and Paul 2001), and cryptic habitat such as crevices and 
holes (Nozawa 2008). Negative cues for coral larval settlement include the presence of sediment 
(Babcock and Smith 2002, Ricardo et al. 2015) and algae. In addition to preempting space for 
coral larvae settlement, many fleshy macroalgae produce substances that may inhibit larval 
settlement, recruitment, and survival (Webster et al. 2015).  

Sediment accumulation reduces the amount of available substrate for coral larvae 
settlement and fragment reattachment, and affects adult coral colonies by smothering and burial 
of coral polyps, shading, tissue necrosis, and population explosions of bacteria in coral mucus 
(Rogers, 1990; Erftemeijer et al. 2012). Sediments enter the reef environment through many 
processes that are natural or anthropogenic in origin, including erosion of coastline, resuspension 
of bottom sediments, terrestrial run-off, and nearshore dredging for coastal construction projects 
and navigation purposes (Erftemeijer et al. 2012). The depth of sediments over hard substrate 



 

10 
 

affects the duration that the substrate may be unavailable for settlement. The deeper the 
sediment, the longer it may take for waves and currents to remove the sediment from the 
settlement substrate. Sediment texture also affects the severity of impacts to corals and 
recruitment substrate. Fine grain sediments have greater negative effects to live coral tissue and 
to recruitment substrate (Erftemeijer et al. 2012). Accumulation of sediments is also a major 
cause of mortality in coral recruits (Fabricius et al. 2003). In some instances, under heavy 
sediment conditions, settled coral planulae may undergo reverse metamorphosis and die in the 
water column (Te 1992). Sediment texture also affects the severity of impacts to adult corals, and 
recruitment substrate. Fine grain sediments have greater negative effects to live coral tissue 
because they block more light, adhere more readily to coral tissue, and contain higher bacteria 
loads than coarse sediments (Erftemeijer et al. 2012). Sedimentation, therefore, impacts the 
health and survivorship by reducing available substrate for recruitment (larvae) and reattachment 
(fragments), smothering recently-settled recruits, reducing light availability for zooxanthellae (all 
life history stages), interfering with feeding (all life history stages), and inhibiting reproduction 
(adults). 

Water Quality. Suitable seawater temperatures are required for the successful completion 
of all life history stages. Although reef-building corals occur across a range of mean seawater 
temperatures (at least 18–32° C), most species tend not to thrive in areas with mean temperatures 
outside a fairly narrow range (typically 25–30° C). The primary observable coral response to 
warming seawater temperatures is bleaching of adult coral colonies, wherein corals expel their 
symbiotic zooxanthellae in response to stress. For many reef-building coral species, an episodic 
increase of only 1–2° C above the normal local seasonal maximum seawater temperature can 
induce bleaching. Corals can withstand mild to moderate bleaching, but severe, repeated, or 
prolonged bleaching can lead to colony death. Other impacts of warming seawater temperatures 
include impaired fertilization, impaired settlement success, reduced calcification, and other 
effects (Brainard et al. 2011). Spatial variability in seawater temperatures results from latitude, 
depth, mixing (e.g., wind, currents, tides, upwelling), shading (e.g. turbidity, cloud cover), and 
other factors. Temporal variability in suitable seawater temperatures results from tidal cycles, 
seasonality, storms, inter-decadal variability (e.g. El-Niño Southern Oscillation), and other 
factors (NMFS 2014). 

As described above in the Calcification and Skeletal Plasticity section above, suitable 
ranges of aragonite saturation state (Ωarg) are necessary for skeletal growth. Reef-building corals 
produce skeletons made of the aragonite form of calcium carbonate, thus reductions in aragonite 
saturation state inhibit coral calcification, reducing skeletal growth rates of colonies. In addition, 
declining aragonite saturation state may weaken reef accretion and cementation, leading to 
increased reef erosion. Spatial variability in seawater pH and subsequent aragonite saturation 
state occurs from reef to global scales, driven by numerous physical and biological 
characteristics and processes, including seawater temperature, proximity to land-based runoff 
and seeps, proximity to sources of oceanic carbon dioxide (CO2), salinity, nutrients, 
photosynthesis, and respiration. In cooler waters, CO2 absorption is higher, driving pH and 
aragonite saturation state lower, thus relatively cool coral habitats are more susceptible to 
acidification, such as those at higher latitudes, in upwelling areas, and in deeper environments. 
Temporal variability over various time-scales results from numerous processes, including diurnal 
cycles of photosynthesis and respiration, seasonal variability in seawater temperatures, and 
decadal cycles in upwelling. Temporal variability in pH can be very high diurnally in highly 
fluctuating or semi-enclosed habitats such as reef flats and back-reef pools due to high 
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photosynthesis during the day (pH goes up) and high respiration during the night (pH goes 
down), with subsequent fluctuations in aragonite saturation state (NMFS 2014). 

Suitable nutrient levels are necessary for the successful completion of all life history 
stages. Elevated nutrients affect corals through two main mechanisms: direct impacts on coral 
physiology, and indirect impacts through nutrient stimulation of other community components 
(e.g., macroalgae seaweeds, turf/filamentous algae, cyanobacteria, and filter feeders) that 
compete with corals for space on the reef. Nutrients can also stimulate plankton growth and thus 
increase turbidity. Dissolved inorganic nutrients (nitrates and phosphates) are needed for plant 
growth, so they stimulate the growth of both free-living algae and the zooxanthellae within coral 
tissues. The growth of free-living algae is also partly controlled by herbivores, so nutrients are 
more likely to cause algae increases when herbivore populations are low (Brainard et al. 2011). 
Dissolved inorganic nitrogen and phosphates both have a moderately strong effect of increasing 
photosynthesis in zooxanthellae, and nitrogen has a strong effect of increasing zooxanthellae 
density (Fabricius 2005). For example, high nitrogen levels have been shown to increase 
zooxathellae populations beyond the optimum sizes thus imposing an energetic cost on the coral 
(Wooldridge 2014). High nitrogen levels also may increase bleaching in high temperatures, 
because the increased nutrient levels lead to higher zooxanthellae density but lower energy 
transferred to the coral host, making the coral more susceptible to stressors such as elevated 
seawater temperatures. Dissolved inorganic nutrients inhibit fecundity, fertilization, embryo and 
larval development, and possibly larval settlement (Fabricius 2005). 

Suitable water clarity is necessary for the successful completion of all life history stages. 
Indeed, water clarity is so important for corals that clarity is the best explanatory variable for a 
range of bioindicators of reef health on the GBR (Fabricius et al. 2012). Turbidity reduces water 
clarity, and is caused by the presence of particles of sediment, organic matter, or plankton in the 
water, which is often associated with elevated sedimentation or nutrients. Corals need light for 
their zooxanthellae to photosynthesize and provide the coral with food, thus low turbidity is 
needed for coral energy, growth and survival. Higher turbidity and subsequent lower water 
clarity sharply reduces photosynthesis in zooxanthellae and calcification, with moderate 
reductions in adult colony survival and calcification. Reduced water clarity also restricts the 
depth at which corals can live, making otherwise suitable deeper habitat uninhabitable. 
Suspended particulate matter reduces pre-settlement survival of coral larvae and shading alters 
coral larval settlement (Fabricius 2005).  

Chemical contaminants must be at minimal levels to avoid affecting corals. The major 
groups of contaminants that have been studied with regard to their effects on corals include 
heavy metals (also called trace metals), pesticides, and hydrocarbons. Other organic pollutants, 
such as chemicals in personal care products, have also been studied. These pollutants have 
negative effects on coral reproduction, development, growth, photosynthesis, and survival 
(Brainard et al. 2011, SERO 2016). Contaminants may be delivered to coral reefs via either point 
or non-point sources. Specifically, they enter the marine environment through wastewater 
discharge, shipping, industrial activities, and agriculture and urban runoff.  

Suitable water motion is necessary for the successful completion of all life history stages. 
Water motion occurs across spatial scales from local (<1 m) to regional (thousands of km) and is 
caused by waves, surge, tides, upwellings, and currents. Water motion influences the growth, 
mortality, and reproduction of corals, and many species are adapted to specific hydrodynamic 
conditions. For example, in Hawaii, Pocillopra meandrina is primarily found in environments 
with high water motion from waves and surge (Jokiel 1978). Water motion may provide 



 

12 
 

protection to corals by increasing their thermal tolerance to bleaching (Lenihan et al. 2008; 
Nakamura and Yamasaki 2005), facilitating diffusion of toxic metabolites, and increasing access 
to food (Brainard et al. 2011). 

2.2.2. Habitat Diversity 
Reef-building coral species are not restricted to coral reefs, but also occur in non-reef and 

mesophotic habitats in tropical and sub-tropical seas. Reef-building corals were defined in the 
introduction to this General Biology and Habitats section as corals with zooxanthellae, which 
give them the capacity for rapid skeletal growth, and is the basis for reef building. Coral reefs 
can be defined in different ways. Here, shallow coral reefs are defined as complex three-
dimensional structures occurring from the surface to 30-40 meters of depth resulting from the 
skeletal growth of reef-building organisms including corals (Veron 2000a). Non-reef habitats are 
defined as areas where environmental conditions prevent reef formation by reef-building corals, 
but some reef-building coral species are present (Perry and Larcombe 2003). Mesophotic 
habitats are defined as areas deeper than 30-40 meters of depth where reef-building corals occur 
(Kahng et al. 2014), whether as reefs or not. While shallow coral reefs, non-reef habitats, and 
mesophotic habitats are not strictly delineated from one another, they each have particular 
characteristics, as described more below. 

Shallow Coral Reefs. The three broad categories of shallow coral reefs are fringing reefs, 
barrier reefs, and atolls. Fringing reefs run along coastlines, barrier reefs are further offshore but 
still associated with land, and atolls are typically far from land. Fringing reefs and barrier reefs 
are usually linear, often following the shape of coastlines, while atolls are normally a ring of reef 
enclosing a lagoon. There are not sharp differences that clearly mark boundaries between reef 
types, or between reefs and non-reef areas. For example, fringing reefs gradually become barrier 
reefs with increasing distance from shore. Also, the shapes of barrier reefs and atolls are largely 
determined by the bathymetry of the substratum, producing many irregularly shaped reefs that 
are intermediary between the two types. Isolated reefs that do not fit any of these descriptions are 
referred to as platform reefs (Veron 2000a).  

Despite the differences between the reef categories, most fringing reefs, barrier reefs, 
atolls, and platform reefs consist of a forereef, a reef crest, and a back-reef, which in turn are 
typically characterized by distinctive habitats. The forereef (or reef slope) is the seaward side of 
the coral reef between the reef crest and the deep ocean, and generally includes upper forereefs 
or reef slopes (approximately 5-10 m depth), mid-slopes that often occur as terraces or shelves 
(approximately 10-30 m depth), and lower reef slopes or walls (approximately 30-40 m depth) 
that form the transition to mesophotic habitats (greater than 30-40 m depth). The reef crest 
(approximately 0-5 m depth) forms the boundary between the forereef and back-reef, and 
generally includes a consolidated ridge or rim where the waves break, and a lower reef crest on 
the seaward side of the algal ridge often made of up of buttresses and surge channels (i.e., spur-
and-groove structures). The back-reef lies between the reef crest and land (or middle of the 
lagoon, in the case of atolls). The back-reef generally includes reef flats (approximately 0 to 1-5 
m depth) and lagoons (approximately 1-5 to over 30 m depth), interlaced with tide pools, 
channels, patch reefs, and other features. The characteristics of these habitat types vary greatly 
by reef categories, locations, latitudes, frequency of disturbance, etc., and there is also much 
habitat variability within each habitat type, together constituting the habitat heterogeneity of 
coral reefs, as described further below. 

Fringing reefs occur adjacent to coastlines, and subsequently the habitats associated with 
their reef slopes and back-reefs may be quite different than on barrier reefs or atolls. The reef 
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slopes of many fringing reefs that are protected from strong wave action (e.g., on leeward sides 
of islands) consist of unconsolidated material sloping gently towards deeper water, while those 
of fringing reefs in more exposed areas (e.g. windward sides of islands) are usually more 
consolidated. On many fringing reefs, even on the reef slope, natural turbidity and sedimentation 
may be high due to proximity to land. Fringing reefs typically have narrow back-reefs consisting 
of a reef flat abutting the reef crest, and possibly tide pools, channels, or small lagoons between 
the reef flat and shore (Goreau 1959; Veron 2000a).  

Barrier reefs typically form tens to hundreds of kilometers from coastlines. Their reef 
slopes are composed of consolidated limestone that may plunge steeply to deeper water, and 
natural turbidity and sedimentation are very low due to distance from land. Thus the 
characteristics of their reef slope habitats can be quite different than on fringing reefs. Barrier 
reefs are exposed to very strong wave action, and their reef crests can vary from high, 
consolidated algal ridges, to unconsolidated shingle ramparts, to low and wide indistinct crests. 
In addition, barrier reefs typically have immense back-reefs consisting of reef flats abutting the 
reef crest, and large lagoons that may vary from clear and sandy near the reef to turbid and 
muddy near land, and include various features such as patch reefs and islands (Maxwell 1968).  

Atolls occur in oceanic waters far from land, and may be hundreds of kilometers across. 
Their reef slopes often form vertical walls dropping into abyssal waters, and their back-reefs 
consist of large, clear lagoons (Veron 2000a).  

Environmental conditions vary greatly among the habitat types found on the reef slopes, 
reef crests, and back-reefs of the world’s coral reefs. In addition, much variability also occurs 
within each habitat type. For example, Maxwell (1968) describes six geomorphological types of 
reef crests, and how the different environmental conditions provide “coral zones” unique to each 
type of reef crest. The physical diversity of coral reef habitat is illustrated by Kuchler (1986), 
who notes that the scientific literature on the GBR alone used over 20 terms for the reef slope or 
its habitats, over 50 terms for the reef crest or its habitats, and over 100 terms for the reef flat and 
lagoon and their habitats.  

In conclusion, five main points are important regarding coral habitat on shallow coral 
reefs (as opposed to non-reef and mesophotic habitats): (1) Regardless of reef category, reefs 
generally consist of forereefs (reef slopes), reef crests, and back-reefs, each of which have 
distinct habitats, but those habitats can be highly variable between reef types and locations; (2) 
spatial variability in coral habitat conditions is very high between habitat types, as well as within 
the habitat types described above (i.e., deep reef slopes, walls, mid-slopes, upper reef slopes, 
lower reef crests, algal ridges, reef flats, and lagoons), producing highly variable environmental 
conditions across both large and small spatial scales at any given point in time; (3) temporal 
variability in coral habitat conditions is also very high, both cyclically (e.g., from tidal, seasonal, 
annual, and decadal cycles) and episodically (e.g., storms, temperature anomalies, etc.); (4) 
together this spatial and temporal variability in environmental conditions across multiple scales 
produces the very high habitat heterogeneity of coral reefs; and (5) while most coral species are 
more common in certain reef habitat types, they are typically found in many different habitat 
types.  

Non-reef and Mesophotic Habitats. As described in Habitat Requirements above, reef-
building corals have specific habitat requirements, including hard substrate, narrow range of 
seawater temperatures, adequate light, etc. These habitat requirements most commonly occur on 
the shallow coral reefs described above, but also occur in non-reef and mesophotic areas. Non-
reef habitats are defined as areas where environmental conditions prevent reef formation by reef-
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building corals, but some reef-building coral species are present (Perry and Larcombe 2003). 
Mesophotic habitats are defined as areas deeper than 30-40 meters of depth where reef-building 
corals occur (Kahng et al. 2014), whether as reefs or not. The widely used term “mesophotic 
reefs” is subsumed in this definition of mesophotic habitats. Shallow coral reefs, non-reef areas, 
and mesophotic areas are not necessarily sharply delineated from one another, thus one may 
gradually blend into another. The total area of non-reef and mesophotic habitats is likely far 
greater than the total area of shallow coral reef habitats in the Indo-Pacific (NMFS 2014). 

Non-reef habitats include some marginal habitats (Perry and Larcombe 2003), as well as 
newly available natural habitats such as hard substrates created by lava flows (Grigg and 
Maragos 1974), tsunamis (scoured bedrock or transported boulders, Goto et al. 2010), or other 
episodic processes. Marginal habitats are much more common than newly-available natural 
habitats. Marginal habitats are very diverse, as they occur where seawater temperatures or light 
levels are sub-optimal (i.e., inadequate for high skeletal growth but still allowing reef-building 
corals to survive), and thus include environments that are turbid (Browne et al. 2012, Blakeway 
et al. 2013), very warm (Riegl et al. 2011, Riegl and Purkis 2012) or cold because of high 
latitude (Lybolt et al. 2011, Dalton and Roff 2013) or upwelling (Manzello et al. 2008, Alvarado 
et al. 2011), and other environments (Perry and Larcombe 2003, Couce et al. 2012). Such habitat 
is not necessarily indicative of low-diversity coral assemblages, as shown by turbid sites, which 
have been documented to support over 160 species of reef-building corals (Perry and Larcombe 
2003), and fresh lava flows, which have been documented to support fully recovered coral 
communities only 20 years after the flow (Grigg and Maragos 1974). Marginal habitats expand 
the diversity of environmental conditions that can support some reef-building corals and 
therefore may provide refugia from some threats affecting shallow coral reef habitat, as 
described in the Refugia sub-section below. 

Over the last 15 years, research on mesophotic habitats has demonstrated that many reef-
building corals have greater depth distributions than previously reported. These studies 
demonstrate that some species in shallow coral reef habitats readily extend to mesophotic depths 
if water clarity and temperatures remain favorable (Kahng et al. 2014). For example, 
investigations in American Samoa (Bare et al. 2010), the Hawaiian Archipelago (Kahng et al. 
2010, Rooney et al. 2010), and the Mariana Archipelago (John Rooney, pers. comm., 2012) have 
revealed extensive mesophotic coral reef ecosystems with diverse reef-building coral species. 
While classically considered to be limited to 100 m, mesophotic reefs have been observed as 
deep as 130 m in some of these areas, including at depths in excess of 150 m in the Au‘au 
Channel of Hawaii (Blythe-Skyrme et al. 2013). Likewise, investigations on Australia’s GBR 
found extensive mesophotic habitats both along the continental shelf-edge and on submerged 
reefs inside the lagoon of the GBR, both of which support previously unknown communities of 
reef-building corals (Bridge et al. 2012a, Bridge et al. 2012b, Bridge and Guinotte 2013; Muir et 
al. 2018). These studies expand the known potential habitats for reef-building corals, but species 
diversity and abundances have not been well documented due to the relative inaccessibility of 
these habitats to divers.  

2.2.3. Spatial and Temporal Refugia 
The above information on Habitat Diversity illustrates the enormous heterogeneity of the 

environments that Indo-Pacific reef-building corals inhabit. Each species occurs in a patchwork 
of habitat conditions that may vary over time in different ways, including cyclically (e.g., from 
tidal, seasonal, annual, and decadal cycles), episodically (e.g., storms, temperature anomalies, 
etc.), and linearly (e.g., gradual thermal regime changes). The dynamic nature of reef-building 
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coral habitats may provide refugia for some corals from some threats, such as ocean warming, 
both spatially and temporally (Riegl and Piller 2003, McClanahan et al. 2011, Fine et al. 2013).  

Some habitats have natural features that reduce stress from extremely high temperatures 
or light levels, the most common causes of coral bleaching, and may provide spatial refugia for 
some reef-building coral species from ocean warming and other threats. For instance, deeper 
(mesophotic) habitat may be cooler depending on the amount of mixing, and it is exposed to less 
light. Mesophotic habitats are extensive throughout the Indo-Pacific, and there is some evidence 
that they function as refugia for some reef-building corals. A review of mesophotic habitat on 
Australia’s GBR concluded that reef-building corals in mesophotic habitat are less likely to be 
affected by warming-induced bleaching events than their counterparts on nearby shallow reefs 
(Bridge et al. 2012b). Mesophotic habitat may also be important for recovery of disturbed coral 
reefs by providing sources of propagules to recolonize shallow reefs following disturbances 
(Bridge and Guinotte 2013). As stated earlier in 2.1.6, a 37-year record from the eastern Pacific 
across the two most severe El Niño events on record (1982–83 and 1997–98) shows how the 
thermally-sensitive reef-building fire coral, M. intricata, twice survived catastrophic bleaching in 
a deeper water refuge (>11 m depth). During both events, M. intricata was extirpated across its 
range in shallow water but showed recovery within several years, while two other fire corals 
without deep-water populations were driven to regional extinction (Smith et al. 2014). The 
refuge value of mesophotic habitats is limited by the fact that only about one-quarter of all reef-
building coral species occur at mesophotic depths (Bongaerts et al. 2012), and evidence from the 
2014-17 bleaching events suggests that mesophotic depths provides little to no refugia (Venegas 
et al. 2019). 

Marginal habitats are also extensive, and in some cases function as refugia for some reef-
building corals from some threats. Marginal habitats include turbid (Browne et al. 2012, 
Blakeway et al. 2013), very warm (Riegl et al. 2011, Riegl and Purkis 2012) or cold waters 
(Lybolt et al. 2011, Dalton and Roff 2013), soft substrates, and other environments with sub-
optimal coral growth conditions (Done 1982, Perry and Larcombe 2003, Couce et al. 2012). A 
study of future coral habitat suitability under ocean warming and acidification suggests that 
marginal habitats may provide important refugia for some reef-building corals (Couce et al. 
2013), though not all coral species can survive in these habitats. The study found that future 
climate change is likely to result in (1) range expansion at the high-latitude boundaries; (2) no 
decreased suitability in currently marginal eastern Equatorial Pacific locations as well as in the 
Atlantic generally; and (3) severe temperature-driven impacts in the western Equatorial Pacific 
(Coral Triangle) and surrounding regions. These findings led to the conclusion that marginal 
habitat is likely to function as a patchwork of refuge habitats for some reef-building corals in 
both the Indo-Pacific and Atlantic as ocean warming and acidification increase over the 21st 
century (Couce et al. 2013). 

Aside from mesophotic and marginal habitats, other types of habitats may provide refuge 
for reef-building corals from ocean warming and other threats. Some of these have long been 
known to reduce thermal stress, such as those habitats with highly-fluctuating conditions, strong 
currents from wind or tides, and shading from frequent cloud cover or complex bathymetry 
(NMFS 2014). Unfortunately, some of these protective conditions may break down as oceans 
warm (Ainsworth et al. 2016). Other oceanographic features may also provide refugia from 
ocean warming, such as (1) Large-scale upwelling (Karnauskas and Cohen 2012); (2) the similar 
but smaller-scale phenomenon of internal tidal bores that transport cooler, deeper water to 
warmer, shallower areas (Storlazzi et al. 2013); and (3) wakes of relatively cool water left by the 
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passage of tropical cyclones (Carrigan 2012). Most of the refugia described above are with 
regard to ocean warming, but some of these habitat types provide refugia potential from ocean 
acidification, such as highly-fluctuating habitats which limit pH minima via tidal flux (Shaw et 
al. 2012a), and from disease and sedimentation, such as high-energy habitats which provide 
flushing that reduces conditions conducive to disease and removes sediment. Seagrass beds 
provide beneficial changes in ocean chemistry to seawater on adjacent reefs, providing local 
refugia from ocean acidification (Manzello et al. 2012). Many Indo-Pacific reef corals show 
habitat preferences for the mid to lower reef slope below 10 m depth, with depth thus providing 
refuge potential for these species (DeVantier and Turak 2017). 

Thermal regime changes from ocean warming will have differing effects on habitat, 
depending on location. In locations already near the thermal maxima of reef-building corals, 
warming will degrade habitat, but in locations currently too cool for these species, warming may 
improve habitat, assuming other habitat features conducive to reef growth are also present such 
as hard substrate and appropriate light and water chemistry conditions. Geological evidence from 
past global warming periods shows a pattern of poleward expansion of some reef-building coral 
ranges, resulting in decline in equatorial areas (Kiessling et al. 2012) and expansion into 
temperate areas (Woodroffe et al. 2010). Predicted ocean warming in the twenty-first century is 
expected to result in a similar pattern of poleward expansion, thus newly-colonized areas may 
provide refugia for some species. For example, models suggest that such expansion of reef-
building corals could occur at the rate of 1 – 4 km per year in Japan (Yara et al. 2011). However, 
these refugia are unlikely to be permanent because of the projected rapid worsening of ocean 
acidification at those latitudes (van Hooidonk et al. 2013, 2014).  

As temperatures increase to the optimal range for reef-building corals in some northerly 
and southerly areas, these areas may become better habitat; however, a simultaneous increase in 
ocean acidification may negate the suitability of these areas (Yara et al. 2012, van Hooidonk et 
al. 2013, 2014). While there may be few long-term, large-scale refugia from both ocean warming 
and ocean acidification, on a finer regional or reef scales, there are still likely to be many small-
scale refuges in the form of heterogeneous habitat, including non-reef and mesophotic habitats. 

3. Key Trends in Indo-Pacific Reef-building Coral Communities 
The health of reef-building coral communities is largely determined by the extent of 

disturbance, together with recovery from it. The most common measure of the status of Indo-
Pacific reef-building corals is live coral cover. Resilience is the capacity of a community to 
recover from disturbance. Disturbance, recovery, coral cover, and resilience of Indo-Pacific reef-
building coral communities on shallow coral reefs (i.e., coral reefs <30-40 m depth, not including 
non-reef and mesophotic areas) are described below, leading to some conclusions about trends in 
anthropogenic disturbance, the amount of time available for recovery from disturbance, live coral 
cover, and overall resilience. These trends are described both in terms of observations since 
relevant scientific information became available (≈1950), and projections over the foreseeable 
future (i.e., from now to 2100) under conditions projected for the 21st century in response to 
climate chang. 

3.1. Disturbance  
Disturbance is defined as an anthropogenic or natural event that results in large-scale 

coral colony mortality. All of the threats described in the Threats Evaluation below are at least 
partially anthropogenic, and have the potential to cause large-scale disturbance. Disturbances 
may be acute (shorter-term, more intense) or chronic (longer-term, less intense) (Connell 1997). 
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Natural disturbance is key for maintaining high diversity of reef-building corals in coral reef 
ecosystems. That is, over a given time period, variable conditions throughout cycles of 
disturbance and recovery at a given reef site enable a higher diversity of species to occur at that 
site than in the absence of disturbance (Hughes and Connell 1999). Observed and projected 
disturbance of Indo-Pacific reef-building coral communities is described below. 

Observed Disturbance. Overall, observed acute and chronic disturbances of Indo-Pacific 
coral reefs have sharply increased over the past several decades (Birkeland 2019, Brainard et al. 
2011). As described in the Ocean Warming section of the Threats Evaluation, the most important 
pattern in observed disturbance of Indo-Pacific coral reefs is the increase in the frequency, 
intensity, and magnitude of large-scale, warming-induced coral bleaching events. The repeated 
bleachings of 2014 – 2017 together constitute the most severe coral bleaching event ever 
recorded in the Indo-Pacific, and affected many remote reefs far from local human impacts 
(Eakin et al. 2017, Hughes et al. 2017a, Hughes et al. 2018a, Rodgers et al. 2017). There is not 
strong evidence that other types of acute disturbances have been increasing, such as predator 
outbreaks and tropical storms (Pratchett et al. 2014, IPCC 2013). Ocean acidification represents a 
chronic disturbance because of its continual effects on both coral calcification and reef accretion, 
and it has been observed to be increasing in the Indo-Pacific (Steiner et al. 2018). Localized 
chronic disturbances such as land-based sources of pollution (Prouty et al. 2014) are broadening 
and worsening on coral reefs near human populations throughout the Indo-Pacific.  

Birkeland (2019) identified six ways that anthropogenic disturbances are affecting Indo-
Pacific coral reefs: (1) Disturbance is nearly always faster than recovery; (2) damaged or stressed 
corals tend to produce fewer larvae; (3) reef community recovery times become longer when 
fast-growing branching corals are more vulnerable to stresses and disturbances, and are replaced 
by more tolerant slow-growing corals; (4) disturbances are becoming more frequent and do not 
allow sufficient time for recovery; (5) combinations of local and global disturbances and stresses 
result in positive feedbacks that accelerate reef degradation; and (6) degraded reefs decrease the 
proportion of habitat acceptable to recruiting larvae. As described above in the Habitat section, 
habitat heterogeneity and refugia produce a patchy mosaic of conditions across Indo-Pacific 
coral reefs, resulting in less exposure to disturbance in some locations. Consequently, there are 
typically areas, habitats, and micro-environments that are unaffected or less affected by even the 
most severe disturbances. For example, an analysis of heat stress patterns across the world 
between 1985 and 2012 showed very high spatial variability in the Indian Ocean and Australia, 
suggesting that some reefs in these areas were consistently less affected by bleaching than others 
(Heron et al. 2016). And although the 2014-2017 bleaching event was the worst on record in the 
Indo-Pacific, some areas such as Palau escaped relatively unscathed (Colin 2018). 

Projected Disturbance. As described in the Threats Evaluation, all threats to Indo-Pacific 
reef-building corals are projected to increase in the foreseeable future. In addition, the 
interactions of threats with one another are likely to become more severe in the foreseeable 
future than currently. These threats collectively are projected to result in increases in the 
frequency, intensity, and magnitude of both acute and chronic anthropogenic disturbances of 
Indo-Pacific reef-building coral communities in the future. Spatial variability in all disturbances 
combined is expected to be high across the region, as some areas are more susceptible to 
multiple, simultaneous threats and their subsequent disturbances than others. However, areas that 
currently provide refugia from threats are likely to shrink and may even disappear under 
conditions projected for the 21st century in response to climate change.  
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3.2. Recovery  
Recovery is defined as the restoration after a disturbance of an ecological community to a 

degree comparable to its original state (Pearson 1981). For the purposes of quantitatively 
comparing case studies of reef-building coral recovery, Connell (1997) defined “ecological 
significant recovery” as when the degree of recovery exceeds 50%, calculated as the ratio of the 
post-disturbance rise in coral cover compared to the amount that it had fallen in response to the 
disturbance. For example, if coral cover falls from 30% to 10% after a disturbance (20% fall), 
and subsequently rises from 10% to 25% (15% rise), then the degree of recovery is calculated by 
dividing the 15% rise by the 20% fall, giving 0.75 or 75%, which meets the definition of 
“ecological significant recovery” (Connell 1997). A higher level of recovery could be defined as 
approaching or attaining pre-disturbance coral cover at a site, while the highest level of recovery 
would be attaining pre-disturbance coral cover and community composition (i.e., species 
diversity of the community). Shorter periods of time are required for recovery of coral cover 
alone, as fast-growing reef-building coral species may be able to increase coral cover to pre-
disturbance levels relatively quickly; however, this type of recovery typically results in a less 
diverse coral community with fewer slow-growing reef-building coral species than pre-
disturbance (Berumen and Pratchett 2006, Birkeland 2019). As the rapidly-growing species are 
often more vulnerable, early successional stage coral reefs may lack the resilience of more 
diverse reefs. Most of the available information on observed Indo-Pacific coral reef recovery is 
in terms of coral cover only, but some is also in terms of community composition. Observed and 
projected recovery of Indo-Pacific reef-building coral communities are described below. 

Observed Recovery. A review of responses to various types of disturbance at 35 Indo-
Pacific coral reef sites from 1965 to 1990, based on the “ecological significant recovery” 
standard above, found that 29 were “significantly affected” (i.e., coral cover reduced by more 
than one-third by initial disturbance), of which 19 achieved ecological significant recovery, and 
10 did not recover. All 35 sites were in the central and western Pacific portion of the Indo-
Pacific. Of the sites that achieved significant recovery, most were affected by acute disturbances, 
whereas most of the sites that did not recover were affected by chronic disturbances (Table 1a; 
Connell 1997). A separate review of responses to bleaching only (i.e., all acute disturbances) at 
98 Indo-Pacific coral reef sites from 1979 to 2006 included adequate data from 56 sites to apply 
the “ecological significant recovery” standard above. Of the 56 sites, 39 were “significantly 
affected” as defined above, of which 11 achieved ecological significant recovery and 28 did not. 
Of the sites that achieved significant recovery, most were in the central and western Pacific and 
Indian Oceans, whereas most of the sites that did not were in the eastern Pacific (Table 
1b)(Baker et al. 2008). 
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Table 1a and 1b. Recovery Results from 91 Indo-Pacific Coral Reef Sites, 1965-2006: Responses to disturbance at 
35 sites reviewed by Connell (1997)(Table 1a), and at 56 sites reviewed by Baker et al. (2008)(Table 1b). 

1a. Connell (1997), 35 sites, 
1965 – 1990. 

Sites Time 
(Yrs) 

Disturbance types.  
All sites in Central & Western Pacific. 

Significantly affected and 
recovered 

19 
(54%) 

1-14 11 acute (storms, bleaching, predation, sediment, exposure),  
8 chronic (sewage) 

Significantly affected but not 
recovered 

10 
(29%) 

4-21 3 acute (storm + exposure, bleaching, storm) 
7 chronic (storms, sewage, oil spill) 

Not significantly affected  6 
(17%) 

7-14 3 acute (storms, bleaching) 
3 chronic (sewage) 

 
1b. Baker et al. (2008), 56 
sites, 1979 – 2006. 

Sites Time 
(Yrs) 

All disturbance acute (bleaching). 
Sites in Central & Western Pacific (19),  

Indian Ocean (19), and Eastern Pacific (18)   
Significantly affected and 
recovered 

11 
(20%) 

4-23 6 sites in Central & Western Pacific, 3 in Indian Ocean, 2 in 
Eastern Pacific. 

Significantly affected but not 
recovered 

28 
(50%) 

3-20 3 sites in Central & Western Pacific, 11 in Indian Ocean, 14 
in Eastern Pacific 

Not significantly affected 17 
(30%) 

1-13 10 sites in Central & Western Pacific, 5 in Indian Ocean, 2 
in Eastern Pacific 

 
At the 30 sites that achieved ecological significant recovery in the two studies combined, 

most recovery was due to rapid regrowth of fast-growing branching or tabletop Acropora 
species. As stated above, recovery of a diverse coral community structure takes longer than 
recovery of coral cover alone because slower-growing reef coral functional groups need more 
time to become established. Most studies of recovery of coral cover and community structure 
have concluded that recovery from an acute disturbance usually takes about 10 – 15 years, as 
long as there are no additional chronic or acute disturbances (Birkeland 2019).  

A total of 38 sites from the two studies that were significantly affected by disturbance did 
not achieve ecological significant recovery. Most of these were either exposed to chronic 
disturbance or repeated acute disturbances. A much higher proportion of eastern Pacific sites did 
not achieve ecological significant recovery (14/18 = 78%) than central and western Pacific and 
Indian Ocean sites (14/38 = 37%; Table 1b). The eastern Pacific includes eight of Veron’s 133 
Indo-Pacific ecoregions, and <50 of the Indo-Pacific’s reef-building coral species (Veron et al. 
2015). This area is subject to extreme temperature variability from the combined effects of 
strong upwelling (cold temperatures) and El Niño events (high temperatures), low aragonite 
saturation state, and frequent storms. Eastern Pacific reef-building corals have been among the 
slowest in the world to recover after disturbance (Brainard et al. 2011). Therefore, it is expected 
that a higher proportion of eastern Pacific sites would not recover than sites from elsewhere in 
the Indo-Pacific.  

A total of 23 sites from the two studies were “not significantly affected” (Tables 1a and 
1b). The threshold for “not significantly affected” was reduction in coral cover of less than one-
third by the initial disturbance. If a threshold of <10% reduction in coral cover were to be used, 
then only 13 of the 91 sites would have been “not significantly affected.” Regardless of which 
threshold is used, such sites where natural physical or biological conditions minimize warming-
induced coral bleaching and mortality have “resistance” to bleaching (West and Salm 2003). The 
concept of resistance is important to resilience, and is discussed below in the Resilience section. 
Combining the results from both studies for the central and western Pacific and Indian Oceans 
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(35 sites from Connell 1997, plus 38 sites from Baker et al. 2008 = 73 sites), a total of 67% of 
the sites (49/73) achieved ecological significant recovery or were resistant (Tables 1a and 1b).  

Writing about anthropogenic disturbance, Pearson (1981) predicted that “full recovery 
may be prolonged or prevented altogether because of permanent change to the environment, or a 
continuation of chronic, low-level disturbances.” Indeed, the higher levels of anthropogenic 
disturbance across the Indo-Pacific over the last several decades may be reducing the proportion 
of sites that have the capacity to recover (Birkeland 2019), but there is inadequate information to 
determine if that is the case. In contrast, the increasing frequency of disturbance has clearly 
reduced the amount of time available for Indo-Pacific coral reefs to recover (recovery time). That 
is, the frequency of acute disturbances, together with ongoing chronic disturbances in many 
areas, has worsened over the last few decades to the point that neither coral cover nor community 
structure have adequate recovery time between disturbances on many reefs (Hughes et al. 2018b, 
Ortiz et al. 2018, Yadav et al. 2018). On the other hand, several characteristics of Indo-Pacific 
coral reefs result in reef-building coral communities being relatively less exposed to disturbance 
or more tolerant of it, as described in more detail in the Resilience section below. 

Projected Recovery. As described in more detail in the Threats Analysis, all threats are 
projected to increase in the foreseeable future, especially under conditions projected for the 21st 
century in response to climate change, leading to higher frequency, intensity, and magnitude of 
both acute and chronic anthropogenic disturbances of Indo-Pacific coral reefs. One of the most 
important implications of the projected increasing frequency of disturbance is the subsequent 
reduction in recovery time. For example, an analysis of the timing of Annual Severe Bleaching 
(ASB) of the world’s coral reefs in the 21st century concluded that ASB will occur on >75% of 
all reefs by mid-century, essentially eliminating the time available for recovery on those reefs 
(van Hooidonk et al. 2016). Although the spatial variability of conditions on Indo-Pacific coral 
reefs provides networks of refugia from threats, the increasing prevalence of all types of 
disturbance will likely erode or eliminate many of these refugia. Thus, the ever-increasing 
frequency of disturbance is projected to reduce the capacity of coral reefs to recover through 
reduction of recovery times (Hoegh-Guldberg et al. 2017, Hughes et al. 2017b, Torda et al. 
2018), especially under conditions projected for the 21st century in response to climate change 
(Heron et al. 2017, van Hooidonk et al. 2016). 

3.3. Coral Cover  
Coral cover is defined as the percentage of the seafloor occupied by living reef-building 

corals, and is an important metric of coral reef health. Higher coral cover is typically correlated 
with higher fish and invertebrate diversity and abundance (Jones et al. 2004, Dustan et al. 2013), 
whereas lower coral cover is typically correlated with more bioerosion and loss of the reef 
framework (Perry et al. 2013, Kuffner and Toth 2016). Observed and projected coral cover on 
shallow Indo-Pacific coral reefs (i.e., <30-40 m, not including non-reef and mesophotic areas) is 
described below.  

Observed Coral Cover. Current information on Indo-Pacific reef-building coral cover can 
be divided into four phases: (1) qualitative information based on historical photos and 
reconstructions, the region’s first coral transect, and anecdotal accounts (late 19th to mid-20th 
centuries); (2) short-term, quantitative surveys on island to archipelagic scales (1966 – 1981); (3) 
long-term, quantitative analyses and surveys on archipelagic and regional scales (1977 – 2016); 
and (4) quantitative surveys of the immediate effects of the bleaching event of 2014-2017 on 
coral cover. Results from these four phases are described below. Coral cover varies naturally by 
latitude, reef type (fringing, atoll, barrier), habitat (backreef, lagoon, reef slope), depth, and other 
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natural variables, as well as by proximity to human populations, potentially confounding 
comparisons between locations or trends through time. This variability should be kept in mind 
when interpreting the following descriptions of coral cover in the four phases.   

Observed Coral Cover - Phase 1. Historical photographs of emergent reef flat 
communities (i.e., exposed to air at low tide) on nearshore reefs within the central GBR show 
changes from high Acropora coral cover in 1890 to nearly zero coral cover in 2012 (Clark et al. 
2012). A historical reconstruction of a nearshore reef slope at 5 m depth on the central GBR also 
shows that the Acropora-dominated coral community collapsed between 1920 and 1955, 
although coral cover eventually recovered via a Pavona-dominated community (Roff et al. 
2013). Such massive losses of coral cover over the past century are common on many of the 
GBR’s nearshore reef flats and reef slopes, as they have become covered with sediment and 
macroalgae from land-based sources of pollution (Hughes et al. 2010). In Pago Pago Harbor in 
American Samoa, the 247 m Aua Transect was established in 1917 across a reef flat from shore 
to the reef crest for one of the first studies of Indo-Pacific reef-building corals. In 1917, abundant 
corals were recorded along the entire transect, but between the 1950s and 1970s corals had 
nearly disappeared from the transect due to chronic pollution and coastal development in the 
harbor. In response to harbor clean-up by the early 1990s, some coral recovery occurred on the 
reef crest and outer fringe of the reef flat, but not on the majority of the transect (Fenner et al. 
2013, Birkeland et al. 2013). 

A collection of anecdotal accounts by early coral reef researchers describes high coral 
cover on reef flats and reef slopes in French Polynesia, the GBR, Thailand, Madagascar, east 
Africa, and the eastern Pacific from the 1950s to the 1970s. The qualitative descriptions and 
photos of reef slope coral communities are among the first made by scientists using scuba gear 
and underwater cameras in the Indo-Pacific, and are a testament to how much coral reefs have 
declined since the 1950s (Sale and Szmant 2012). This historical information on coral cover 
highlights the importance of the “shifting baseline syndrome” (Hughes et al. 2011), whereby our 
current perception is biased by a lack of long-term baselines prior to anthropogenic impacts. 
Anthropogenic disturbance resulted in coral cover declines long before modern monitoring 
programs began around 1980 (Phase 3 – see below), and prior to more recent threats such as 
warming-induced bleaching and ocean acidification (Pandolfi et al. 2003). 

Observed Coral Cover - Phase 2. In the 1960s, researchers started collecting coral cover 
data, providing the first quantitative descriptions of coral cover on reef slopes of the Indo-
Pacific. Archipelagic-scale or other large-scale reef slope surveys were conducted in the 
Philippines (Gomez et al. 1981), the Chagos Islands (Sheppard 1980), and the GBR (Endean and 
Stablum 1973). In addition, smaller-scale reef slope surveys were conducted, including at 
Fanning Island in Kiribati (Maragos 1974), at Pombo Island in Indonesia (Sumadhiharga 1977), 
at Koh Phuket in Thailand (Ditlev 1978), and in Guam (Randall 1973). The surveys had mean 
coral cover on reef slopes of 38% to 75% (Table 2). Even though all surveys were conducted on 
reef slopes, the results are not necessarily comparable to one another because they were collected 
at different latitudes, reef types, habitats, proximities to human populations, and depths, using 
different methods and personnel. However, they provide the first quantitative insight into 
historical coral cover on Indo-Pacific coral reefs. 

These results are in general agreement with an expert opinion survey of 133 coral reef 
scientists around the globe to estimate coral cover based on earliest year of personal 
observations. The earliest year that a coral reef was observed (“earliest year observed”) was 
listed as 1960 and the average was 1988. For the respondents around the globe whose earliest 
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year observed were in the 1970s, the mean estimate of baseline coral cover during those years 
was between 50 and 60% (Eddy et al. 2018). In comparison, for Indo-Pacific reef sites, the mean 
baseline coral cover estimates from 1966 - 1981 were 62% for the Indian Ocean and 61% for the 
Pacific Ocean (Table 2).  

 
Table 2. Coral Cover, 1966-1981. Results from the first quantitative surveys of coral cover on Indo-Pacific coral 
reefs. 

Location Effort Years Reef type; 
habitat; depth 

MCC 
(%)* 

Notes 

Guam 
(Randall 1973) 

2 sites 
surveyed 
1x/each 

1966-
1969 

Fringing reef; 
shallow reef 

slope 

54 Coral cover ranged from 40% to 60% on reef 
slope (“reef front” + “submarine terrace” 
zones). 

GBR (Endean 
& Stablum 
1973) 

46 sites 
surveyed 
1x/each 

1969-
1971 

Platform reefs; 
seaward reef 

slopes; <20 m 

38 Coral cover ranged from 9% to 64%. 

Kiribati 
(Maragos 
1974) 

1 site 
surveyed 

1x 

1972 Atoll; seaward 
reef slope, 8-26 

m 

75 100 m transect w/ 1 m quadrats from 8 to 36 m; 
coral cover averaged 75% at 8-26 m depth, 
20% at 27-36 m depth, and 62% overall.  

Indonesia 
(Sumad-
hiharga 1977) 

4 sites 
surveyed 
1x/each 

1975 Atoll; seaward 
reef slopes; 1-6 

m 

65 Coral cover ranged from 38% to 77%. 

Thailand 
(Ditlev 1978) 

3 sites 
surveyed 
1x/each 

1976 Fringing reef; 
reef slope; 0-4 

m 

47 Coral cover ranged from 20% to 60% on reef 
slope components of reef flat transects.  

Philippines 
(Gomez et al. 
1981) 

619 sites 
surveyed 
1x/each  

1976-
1981 

Various reef 
types; mostly 
reef slopes; 
depth not 
reported 

39 
 

Coral cover ranged from 0% to 100%:  
● 5.5% of sites = 75-100% cover;  
● 24.5% sites = 50-74.9% cover 
● 37.8% sites = 25-49.9% cover 
● 32.3% sites = 0-24.9% cover. 

Chagos  
(Sheppard 
1980) 

19 sites 
surveyed 
1x/each 

1978-
1979 

Atolls; seaward 
reef slopes, 5-

25 m 

68 Coral cover ranged from 55% to 80%. 

*MCC = mean coral cover. 
 

Observed Coral Cover - Phase 3. More extensive reef monitoring programs began in the 
late 1970s and spread throughout the region in the following decades, providing time-series of 
coral cover data from many locations that can provide insight on temporal trends. Surveys or 
large-scale analyses of pre-existing data were conducted over 18 to 30-year periods to estimate 
coral cover trends in the Indo-Pacific (Bruno and Selig 2007), the Indian Ocean (Atewerberhan 
et al. 2011), the GBR (De’ath et al. 2012), the Philippines (Magdaong et al. 2013), and the 
central Pacific (Moritz et al. 2018). Overall mean coral cover decreased over these time periods 
in four of the studies, and increased in one study (Table 3). In addition, three of the studies 
examined coral cover trends in regions within their study areas, and found that regional mean 
coral cover decreased in eight of ten regions (Bruno and Selig 2007), seven of ten regions 
(Antewerberhan et al. 2011), and two of three regions (De’ath et al. 2012). Moritz et al. (2018) 
provided mean coral cover trend data for 19 countries or jurisdictions, finding increases in seven, 
decreases in five, and no trend in seven. Magdaong et al. (2013) did not sub-divide their study 
area, but rather examined coral cover trends inside and outside of MPAs, finding that those 
inside increased more than those outside.  
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Atewerberhan et al. (2011) documented a steady recovery in mean coral cover in the 
Indian Ocean over several years following the 1998 bleaching event. Other information from 
smaller-scale surveys corroborates this recovery. In the eastern Indian Ocean, annual surveys of 
160 sites in seven countries showed a steady increase in mean coral cover from approximately 
20% in 2005 to >40% in early 2016 (Gudka et al. 2018). In the Chagos Islands, surveys of 15 
sites on four atolls showed an increase in mean coral cover from approximately 15% in 1999 to 
30% in 2015 (Sheppard et al. 2017). Likewise, on the GBR, surveys of 243 sites showed an 
increase in mean coral cover from approximately 11% in 2012 to 24% in 2016 (AIMS 2017). 
However, all three studies reported sharp decreases in mean coral cover between early 2016 and 
late 2016 or 2017 in response to coral bleaching (AIMS 2017, Gudka et al. 2018, Sheppard et al. 
2017). 

Table 3 summarizes the best available information on mean coral cover trends over a 
four-decade period in the Indo-Pacific, providing insight into changes in coral cover in this vast 
area. In addition, the information from Phase 3 can be qualitatively compared to information 
from Phase 1 and Phase 2 to avoid “shifting baseline syndrome.” As explained in the Phase 1 and 
Phase 2 sections above and illustrated in Table 2 above, mean coral cover on Indo-Pacific reef 
slopes before the 1970s likely approached or exceeded 50%. But after the 1970s, mean coral 
cover had declined to 20 – 40% or less on most reefs, representing relative losses of 
approximately half of all reef-building corals on some reefs (Table 3). These trends do not 
include the sharp declines in coral cover in many parts of the Indo-Pacific resulting from the 
historic coral bleaching event of 2014-2017 described in Phase 4 below. 
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Table 3. Cover Cover Trends, 1977-2016: Results from analyses and surveys of coral cover on Indo-Pacific coral 
reefs, showing percentage relative change of mean coral cover (%RC-MCC)* over the years observed.  

Location Effort Years Reef type;  
habitat; depth 

%RC-
MCC* 

Notes on observed trends in mean 
coral cover (MCC) during portions of 
the time period, and methodology 
used for this table. 

Indian Ocean 
(Ateweberhan 
et al. 2011) 

1,997 
surveys 
of 366 
sites 

1977 - 
2005 

Mostly fringing reefs 
& atolls; mostly reef 

slopes; 90% sites 5-10 
m 

-17.9 MCC decreased from ≈40% in 1996 to 
≈20% in 1998 in response to 1998 
bleaching event, then increased to 
30.7% in 2005.  

Eastern Indian 
to Central 
Pacific (Bruno 
& Selig 2007) 

6,001 
surveys 
of 2,667 

sites 

1980/2 
- 20031 

Various reef types; 
mostly reef slopes; 1-

15 m  

-48.0 MCC calculated for 1980-82 to 2003 
based on a subset of 154 sites surveyed 
in 1980-82, and most of the 2,667 sites 
surveyed from 1983 to 2003 (Bruno and 
Selig 2007, p. 4). 

Philippines 
(Magdaong et 
al. 2013) 

1,096 
surveys 
of 317 
sites 

1981 - 
2010 

Mostly fringing reefs 
& reef slopes; mostly 

2-20 m 

+27.6 MCC increased from 29% in 1981 to 
>40% in 1994-96, decreased to 30% in 
1998 in response to 1998 bleaching 
event, then increased to 37% in 2010. 

GBR (De’ath et 
al. 2012) 

2,258 
surveys 
of 214 
sites 

1985 - 
2012 

Platform reefs; reef 
slopes; 6-9 m 

-50.7 MCC decreased from 28.0% in 1986 to 
≈23% in 1990 in response to crown-of-
thorns seastar outbreaks and storms, 
increased to ≈25% in 1996, then 
decreased to 13.8% in 2012. 

Central Pacific 
(Moritz et al. 
2018) 

19,270 
surveys 
(# sites 

not 
reported) 

1999 - 
2016 

Mostly fringing reefs 
& atolls; mostly reef 

slopes; mostly 0-15 m  

-12.5 MCC calculated for all surveys 
combined. MCC reported individually 
for each of the 19 jurisdictions in the 
report, as well as for each monitoring 
program in each jurisdiction. 

* Percentage relative change of mean coral cover (%RC-MCC) calculated in two steps: (1) MCC in % at the start 
(A) and end (B) of the time period were used to calculate the % change in MCC (C) over the time period (A-B = C); 
and (2) the % change in MCC (C) was divided by MCC in % at the start (A) to calculate the percentage relative 
change of mean coral cover over the time period (C/A x 100 = %RC-MCC). 
 

Observed Coral Cover - Phase 4. As described in the Ocean Warming section below, the 
bleaching events of 2014-17 was the longest, most widespread, and likely the most damaging 
disturbance of Indo-Pacific reef-building corals on record (Eakin 2017). In the Hawaiian 
archipelago, bleachings occurred in 2014 and 2015, resulting in extensive bleaching and 
mortality, and subsequent loss of coral cover. On the west coast of the Big Island of Hawaii, 
mean coral cover decreased from 37.1% in 2014 to 18.4% in 2016, based on data from eight sites 
(Kramer et al. 2016). Outside of Hawaii, the worst year for bleaching was 2016. In the eastern 
Indian Ocean, mean coral cover decreased from approximately 41% in early 2016 to 33% in 
2017, based on data from 131 sites (Gudka et al. 2018). In the Maldives archipelago, mean coral 
cover decreased from 25.6% in early 2016 to 6.3% in late 2016, based on data from five sites 
(Perry and Morgan 2017). On the GBR, mean coral cover decreased from approximately 24% in 
early 2016 to 18% in early 2017, based on data from 243 sites (AIMS 2017). Bleaching occurred 
on the GBR again in 2017, causing additional declines in coral cover in the northern, central, and 
southern GBR, the first time that simultaneous declines had been observed in all three areas 
(AIMS 2018). 
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The reductions in coral cover were not universal in the region, nor are they necessarily 
permanent. In some other parts of the Indo-Pacific, bleaching and coral cover losses were 
minimal, such as in the northern Red Sea (Osman et al. 2018), Palau (Colin 2018), and inshore 
turbid reefs of the GBR (Morgan et al. 2018). As described in the Recovery section above, corals 
normally recover from bleaching events with increasing coral cover over subsequent years, as 
was observed in the Indian Ocean (Atewerbehan et al. 2011) and the central and western Pacific 
(Baker et al. 2008) after the 1998 bleaching event, the second worst coral bleaching on record 
after 2016. Thus, the sharp declines in coral cover observed during Phase 4 are not necessarily 
permanent, given adequate recovery time, which requires that they be relatively free of major 
disturbances for several years.  

Coral Cover vs. Coral Community Composition. As described in the Recovery section 
above, coral cover is the simplest measure of the condition of reef-building coral communities, 
but may overlook changes in coral community composition. On reefs where coral cover is 
currently similar to historic levels, the increased disturbances during the industrial era may have 
caused major changes in the reef coral community composition. For example, a historical 
reconstruction of an inshore GBR reef showed that the Acropora community collapsed between 
1920 and 1955 in response to chronic increases in sediments and nutrients following European 
settlement around 1870. Eventually, the coral community recovered but Pavona species replaced 
the Acropora species as the dominant taxa (Roff et al. 2013).  

At the Aua Transect in American Samoa, the coral community on the reef crest and outer 
reef flat was dominated by a variety of Acropora species in 1917. In 2007, this zone of the 
transect had even higher coral density, but was almost completely made up of a single Acropora 
species, A. nana (Birkeland et al. 2013). A study of a Moorea reef documented how the 
Acropora community was decimated in 1981 by the crown-of-thorns seastar (COTS). 
Subsequently, Pocillopora species became dominant, and coral cover of the Pocillopora-
dominated community in 2003 was slightly higher than that of the Acropora-dominated 
community in 1979 (Berumen and Pratchett 2006). These studies show the importance of 
considering coral community composition together with coral cover when assessing changes to 
coral reef communities, rather than coral cover alone. However, there is much more time-series 
historical data on coral cover than on community composition in the Indo-Pacific. 

Projected Coral Cover. As described in the Disturbance and Recovery sections above the 
frequency of all types of disturbance combined, including the most important threat of ocean 
warming and warming-induced bleaching, is projected to increase throughout the 21st century; 
and, as disturbance frequency increases, the amount of time available for recovery from 
disturbance will correspondingly decrease. Disturbance drives coral cover down, and recovery 
time is necessary to allow it to rebound. Thus as disturbance frequency increases and recovery 
time decreases, it is highly likely that the observed trend of decreasing coral cover will continue. 
Therefore, we project that coral cover of Indo-Pacific reef-building corals will decrease in the 
foreseeable future, especially under conditions projected for the 21st century in response to 
climate change.  

3.4. Resilience  
Resilience is a broader concept than recovery and can be defined as the capacity of corals 

to respond to disturbance by maintaining their original state through disturbance, recovering 
from disturbance without undergoing a phase shift (i.e., transition from a coral-dominated system 
to an algae-dominated system), or reversing to their original state after a phase shift (NASEM 
2018). Thus resilience has three major components: (1) Resistance, defined as the ability to be 
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unaffected or lightly affected by disturbance; (2) recovery, as defined above in the Recovery 
section; and (3) reversibility, defined as the ability to shift back to the original state after a phase 
shift. Resilience applies to the individual (colony), population, and community levels, here 
termed “overall resilience.” Loss of resilience is indicated both by the inability to recover, 
leading to a phase shift, and the inability to reverse a phase shift. Such loss of resilience has been 
widely observed in Caribbean coral reefs but not in Indo-Pacific coral reefs, because (1) The 
Caribbean has inherent characteristics that provide relatively less resilience than the Indo-Pacific 
such as relatively small ecosystem size, lower fish and coral diversity, and lower abundances of 
herbivores; and (2) human impacts in the Caribbean are higher than in the Indo-Pacific, and have 
resulted in an advanced state of coral reef degradation, and imperiled the foundational reef-
building coral species (Burke et al. 2011, Roff et al. 2015). Observed and projected overall 
resilience of Indo-Pacific reef-building corals is described below to characterize trends in 
resilience. 

Observed Overall Resilience. As described above, anthropogenic disturbance of Indo-
Pacific reef-building corals has increased, the amount of time available to recover from these 
disturbances has decreased, and coral cover has decreased. In each case, these trends are 
expected to continue and worsen. While these trends have been testing the overall resilience of 
Indo-Pacific reef-building corals, several characteristics of their biology and habitat, together 
with their responses to disturbances so far, suggest that the resilience of these communities 
remains quite high: (1) Observed impacts of disturbances on corals have been highly spatially 
variable due to habitat heterogeneity and varied geographic patterns of marine heatwaves during 
past bleaching events; (2) factors that confer resilience have not declined (high habitat 
heterogeneity, large ecosystem size, high coral and reef fish species diversity); (3) observed 
responses of corals to disturbances indicate that most were either resistant or recovered; and (4) 
observed responses of corals to disturbances indicate that phase shifts have so far been either rare 
or reversed. These four points are explained below.  

First, as described in the Biology and Habitat sections above, Indo-Pacific reef coral 
species occur across large ranges with high levels of habitat heterogeneity. This enables a 
network of refugia from any individual disturbance, in which connectivity across large ranges 
can facilitate recovery. For example, a model of the GBR’s 3,800 reefs showed that about 100 of 
them act as source reefs that can replenish the GBR after disturbances, because they are highly 
connected via ocean currents to the wider reef network, and they have a relatively low risk of 
exposure to disturbances such as COTS outbreaks, thus producing “systemic resilience” for the 
GBR (Hock et al. 2017). Furthermore, an analysis of 123 Indo-Pacific sites within degraded 
coral reef ecosystems found that 38 of the sites had positive trends for coral cover because of 
favorable physical, biological, or ecological conditions that minimized the impacts of 
disturbance, demonstrating high spatial variability in resilience even on degraded reefs (Guest et 
al., 2018). Finally, the patterns of heat stress during marine heatwaves is quite variable. 
Bleaching and mortality in different years have been influenced by climate and weather patterns, 
such as the differential bleaching patterns seen in the GBR during the back-to-back 2016 and 
2017 bleaching events. 

Second, in addition to high habitat heterogeneity, Indo-Pacific reef-building coral 
ecosystems have several other characteristics that confer resilience, including large size, 
relatively high reef-building coral and reef fish diversity, and high resistance to algal dominance 
(Roff and Mumby 2012). None of the above factors that maintain resilience (high habitat 
heterogeneity, large ecosystem size, high coral species diversity, and high reef fish species 
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diversity) are in decline in the Indo-Pacific. However, loss of coral cover and diversity (and 
therefore habitat) through projected increase in disturbance may negatively affect each of these 
resilience characteristics.  

Third, as described in the Recovery section above, reviews of the responses of Indo-
Pacific reef-building corals to disturbance (Connell 1997, Baker et al. 2008) found that two-
thirds of the sites in the central and western Pacific and Indian Oceans recovered from 
disturbance, or were resistant to it (49/73 sites = 67%; Tables 1a and 1b) during past events. The 
opposite was true for the eastern Pacific sites, where the majority (14/18 sites = 78%) did not 
recover. However, as also described in the Recovery section, the eastern Pacific is exposed to 
uniquely harsh conditions and represents very small proportions of the Indo-Pacific’s ecoregions 
and reef-building coral biodiversity.  

Fourth, observed responses of Indo-Pacific corals to disturbances indicate that, until 
recently, phase shifts have so far been either rare or reversed. While phase shifts have been 
documented in the Indo-Pacific in response to disturbance (Ledlie et al. 2007, Bozec et al. 2018), 
they have occurred on a small proportion of disturbed reefs, or have reversed to coral-dominated 
systems. For example, over a 15-year period of monitoring on 47 GBR reefs starting in the mid-
1990s, during which time the reefs were subjected to multiple disturbances, only one reef 
underwent a coral–macroalgal phase shift (Cheal et al. 2010). In other cases where phase shifts 
have been observed, natural conditions following the phase shifts favored coral over algae, 
allowing for reversals (Graham et al. 2013). A more typical example of a coral community 
response to a disturbance is provided in Hawaii by the response to back-to-back bleaching events 
on the Big Island in 2014 and 2015, when reef-building corals suffered over 50% mortality by 
2016 (Kramer et al. 2016). In the ensuing years (2016-2018), the remaining corals stabilized and 
started to recover, and algae did not become dominant (TNC 2019).  

Projected Overall Resilience. While there are characteristics that lend some level of 
resilience to Indo-Pacific reef-building corals, the limits of this resilience are likely to be reached 
in the foreseeable future, even on remote reefs (Smith et al. 2017). As described in the Threats 
Evaluation, all major threats to Indo-Pacific reef-building corals are projected to increase 
throughout the 21st century, including the most important threat of ocean warming and warming-
induced bleaching. Consequently, disturbance and bioerosion are projected to increase, and 
recovery times and coral cover are projected to decrease. Thus, the trajectory of overall resilience 
for Indo-Pacific reef-building coral colonies, populations, and communities is projected to 
decline in the foreseeable future (Birkeland 2019), especially under conditions projected for the 
21st century in response to climate change. 

3.5. Trends Conclusion  
Disturbance, recovery, coral cover, and resilience of Indo-Pacific reef-building corals on 

shallow coral reefs (i.e., coral reefs <30-40 m depth, not including non-reef and mesophotic 
areas) are described above, both in terms of observations since relevant scientific information 
became available, and projections over the foreseeable future (i.e., from now to 2100) under 
conditions projected for the 21st century in response to climate change. This information leads to 
some conclusions about trends in anthropogenic disturbance, recovery time, coral cover, and 
overall resilience.  

Anthropogenic Disturbance. The main threats to Indo-Pacific reef-building corals are 
anthropogenically driven, and most have been increasing over the last half-century or more. In 
particular, the most important threat, ocean warming, has resulted in increasing frequency, 
severity, and magnitude of marine heatwave impacts on coral reefs over the last several decades. 
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Anthropogenic disturbance of Indo-Pacific reef-building corals is projected to increase even 
more in the foreseeable future, which will exacerbate ocean warming and other global threats, 
together with the growing human population which will exacerbate local threats (Table 4).  

Recovery Time. Studies of the recovery of Indo-Pacific reef-building corals (excluding 
the eastern Pacific) show that the majority of sites showed significant recovery from, or 
resistance to, anthropogenic disturbance over the latter part of the 20th century and early part of 
the 21st century (Tables 1a and 1b). The available information does not indicate that the capacity 
for recovery of Indo-Pacific reef-building corals has substantially declined. However, due to 
increased frequency of disturbance, the amount of time available for corals to recover has 
declined. Furthermore, since the frequency of disturbance is projected to increase, especially 
under conditions projected for the 21st century in response to climate change, the time available 
for recovery between events is projected to continue to decrease in the foreseeable future (Table 
4). 

Coral Cover. The available information clearly indicates that mean coral cover has 
declined across much of the Indo-Pacific since the 1970s (Tables 2 and 3), and likely many 
decades before then in some locations. High spatial and temporal variability influenced by a 
large number of natural and anthropogenic factors can mask the overall trend in coral cover, but 
long-term monitoring programs and meta-analyses demonstrate downward temporal trends in 
most of the Indo-Pacific. Because disturbance is projected to increase in frequency in the 
foreseeable future and this is expected to result in reduced recovery times, mean coral cover in 
the Indo-Pacific is also projected to decrease (Table 4). 

Overall Resilience. Despite increasing disturbance, decreasing recovery times, and 
decreasing coral cover, the available information suggests that overall resilience of Indo-Pacific 
reef-building corals so far remains quite high because: (1) observed impacts of disturbances on 
corals have been spatially highly variable due to habitat heterogeneity; (2) factors that confer 
resilience have not declined; (3) observed responses of corals to disturbances indicate that most 
either were resistant or recovered; (4) observed responses of corals to disturbances indicate that 
phase shifts have so far been either rare or reversed. However, the trends in disturbance, recovery 
time, and coral cover are projected to worsen, thus overall resilience is also projected to decrease 
in the foreseeable future (Table 4). 

In summary, anthropogenic disturbance is expected to increase, while recovery time, 
coral cover, and overall resilience are all expected to decrease in the foreseeable future. 

 
Table 4. Summary of Trends: Observed and projected trends in anthropogenic disturbance, time available for 
recovery, coral cover, and overall resilience of Indo-Pacific reef-building coral communities on shallow coral reefs 
(<30-40 m). 

Key Trend Observed* Projected* 
Anthropogenic Disturbance    

Recovery Time   

Coral Cover   

Overall Resilience   
 
* Observed = from mid-20th century to present. Projected = from present to 2100.  = a negative upward trend.  = 
a negative downward trend.  = available information does not indicate any trend.  
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4. Threats Evaluation for Indo-Pacific Reef-building Corals 
Section 4(a)(1) of the ESA and NMFS’ implementing regulations (50 CFR 424) state that 

the agency must determine whether a species is endangered or threatened because of any one or 
more of the following five factors: (A) present or threatened destruction, modification, or 
curtailment of habitat or range; (B) overutilization for commercial, recreational, scientific, or 
educational purposes; (C) disease or predation; (D) inadequacy of existing regulatory 
mechanisms; or (E) other natural or manmade factors affecting its continued existence. Based on 
the 2011 SRR (Brainard et al., 2011), the 2014 final coral listing rule (NMFS 2014), and the 
information cited in the Threats Evaluation below, we have identified the eight most important 
threats to Indo-Pacific reef-building corals currently and in the foreseeable future: Ocean 
warming, ocean acidification, sea-level rise, fishing, land-based sources of pollution, coral 
disease, predation, and collection and trade. In addition, a group of less important threats, as well 
as the interactions of the most important threats, are also described. We related each threat to 
ESA Factors A, B, C, and E. Factor D is treated separately because it does not constitute a 
physical or biological condition that directly threatens reef-building corals, but rather consists of 
treaties, agreements, laws, and regulations (or lack thereof) at the international, national, state, 
and local level that may influence the direct threats.  

Ocean warming, ocean acidification, and sea-level rise are all direct results of increased 
concentrations of atmospheric CO2 and other greenhouse gases. Because of its prominent role in 
threatening reef-building corals, an overview of global climate change is provided at the 
beginning of the Threats Evaluation below in Section 4.1. This is followed by descriptions of 
each threat in Section 4.2, inadequacy of regulatory mechanisms in Section 4.3, and the Threats 
Evaluation conclusion in Section 4.4. Threats are described in terms of observed and projected 
effects to Indo-Pacific reef-building corals. “Observed” refers to the time period since relevant 
scientific information became available (usually mid-20th century), while “projected” refers to 
the time period between now and the year 2100. 

4.1. Global Climate Change 
Some of the most important threats contributing to the extinction risk of Indo-Pacific 

reef-building corals are related to global climate change. Global climate change refers to 
increased concentrations of greenhouse gases (GHGs; carbon dioxide, methane, nitrous oxide, 
and others, of which carbon dioxide makes up approximately 80% of the total) in the atmosphere 
from anthropogenic emissions, and subsequent warming of the earth, acidification of the oceans, 
rising sea-levels, and other impacts since the beginning of the industrial era (starting in the mid-
19th century). Since that time, the release of carbon dioxide (CO2) from industrial and 
agricultural activities has resulted in atmospheric CO2 concentrations that have increased from 
approximately 280 ppm in 1850 to 410 ppm in 2018. The resulting warming of the earth has 
been unequivocal, and each of the last three decades has been successively warmer than any 
preceding decade since 1850. The climate change components of this status assessment are based 
on the International Panel on Climate Change’s (IPCC) Fifth Assessment Report “Climate 
Change 2013: The Physical Science Basis” (AR5; IPCC 2013), the IPCC’s “Global Warming of 
1.5° C” (1.5° Report; IPCC 2018), and other climate change literature cited below. The IPCC 
published the 1.5° Report to compare the impacts of global warming of 1.5° C vs. 2.0° C above 
pre-industrial levels, in response to the 2015 Paris Agreement’s objective of limiting global 
warming to 1.5° C. The IPCC’s AR5 and the 1.5° Report together represent the largest synthesis 
of global climate change physical science ever compiled. The IPCC is currently compiling its 
Sixth Assessment Report (AR6), due out in 2021 or 2022. 
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Based on the two IPCC reports mentioned above, this introduction to global climate 
change covers (1) an overview of observed and projected global mean surface temperatures 
(GMST) from the pre-industrial baseline period of 1850-1900 to the year 2100; (2) the IPCC’s 
pathways for projecting climate change, including GMSTs, from now to the year 2100; (3) why 
we use the time period from now to the year 2100 as “the foreseeable future” for analyzing 
climate change-related threats in this assessment; and (4) why we use the IPCC’s Representative 
Concentration Pathway 8.5 for analyzing climate change-related threats in this assessment. This 
introduction provides context for the global climate change-related threats of ocean warming, 
ocean acidification, and sea-level rise described in the following Threats Evaluation.  

Observed and Projected GMSTs, 1850 – 2100. GMST refers to the mean of air 
temperatures observed at the earth’s surface over both land and sea. GMSTs can be calculated 
for the period of 1850 to 1900 based on temperature data collected from around the world by the 
United Kingdom’s Hadley Centre and the University of East Anglia’s Climatic Research Unit, 
known as HadCRUT. Data from this period is used to establish the “pre-industrial” GMST 
baseline that the IPCC compares with subsequent temperature changes (Fig. 2). According to the 
HadCRUT data, between the pre-industrial period and the decade 2006–2015, observed GMST 
increased by 0.87° C (1.57° F). Estimated anthropogenic global warming matches the level of 
observed warming to within ±20%. Estimated anthropogenic global warming is currently 
increasing at 0.2° C (0.36°F) per decade due to past and ongoing GHG emissions. Warming 
greater than the global annual average is being experienced in many land regions and seasons, 
including two to three times higher in the Arctic. Warming is generally higher over land than 
over the ocean, thus warming of the ocean lags behind warming of air at the earth’s surface. 
Regardless of future emissions, warming from past anthropogenic GHG emissions since the pre-
industrial period will persist for centuries to millennia, and will continue to cause further long-
term changes in the climate system, such as sea-level rise, with associated impacts (IPCC 2013, 
IPCC 2018).  

AR5 (IPCC 2013) projected GMST from 2006 over the remainder of the 21st century 
using a set of four Representative Concentration Pathways (RCPs) that provide a standard 
framework for consistently modeling future climate change under different assumptions. The 
four RCPs span a range of possible futures, from high GHG emissions peaking near 2100 
(RCP8.5), to intermediate emissions (RCP6.0 and RCP4.5), to low emissions (RCP2.6). The 
projected effects of RCP8.5 and RCP2.6 on GMST through the 21st century are shown in Figure 
2. RCP2.6 still results in nearly 2° C (3.6°F) increase in GMST during the 21st century above 
pre-industrial levels. The 1.5° Report (IPCC 2018) was written to compare the impacts of global 
warming of 1.5° C (2.7°F) vs. 2.0° C above pre-industrial levels, in response to the 2015 Paris 
Agreement’s objective of limiting global warming to 1.5° C. In order to do this, it was necessary 
to create new pathways to reflect the massive cuts in GHG emissions needed to accomplish the 
ambitious objective. The basis for the IPCC’s pathways is described in more detail below.   
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Figure 2. Global Mean Surface Temperature (GMST), 1850-2100: Observed vs. projected GMST from 1850 to 2100 
relative to pre-industrial. Projected temperatures are shown for RCPs 8.5 vs. 2.6 with error bands (Henley and 
Abram 2017, IPCC 2013). 

  
The RCPs for Projecting Climate Change to 2100. As atmospheric GHG concentrations 

increase, less of the sun’s heat can be radiated back into space, causing the earth to absorb more 
heat. The increased heat forces changes on the earth’s climate system, and thus is referred to as 
“radiative forcing.” AR5’s four RCPs are named according to increases in radiative forcing of 
2.6, 4.5, 6.0, and 8.5 Watts per square meter (W/m2) of the earth’s surface. These result from 
atmospheric CO2 concentrations of 421 (RCP2.6), 538 (RCP4.5), 670 (RCP6.0), and 936 ppm 
(RCP 8.5) in 2100. The four pathways were developed with the intent of providing different 
potential climate change projections to guide policy discussions. The IPCC does not attach 
likelihoods to the pathways. Taken together, the four pathways project wide ranges of increases 
in GMSTs, ocean warming, ocean acidification, sea level rise, and other changes globally 
throughout the 21st century (IPCC 2013).   

Recently, there has been increasingly broad concern about the future impacts of all four 
AR5 pathways, and that even RCP2.6 could result in unprecedented and irreversible impacts to 
natural and social systems, including coral reefs. This concern led to the United Nations’ Paris 
Agreement in 2015 (signed in 2016 by 195 countries), the objective of which is to limit GMST to 
1.5° C above pre-industrial levels (UN 2016), which is only approximately 0.5° C (0.9°F) above 
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current GMST. Since not even RCP2.6 would limit GMST by 1.5° C above pre-industrial levels 
(see Fig. 2 above), it was necessary to develop a new models based on the atmospheric CO2 
concentration needed to meet this goal, as well as a plan for achieving it. Hence the 1.5° Report 
was commissioned in 2016 and completed in 2018 (IPCC 2018). The 1.5° Report uses a group of 
pathways with lower emissions than RCP2.6, which would result from an atmospheric CO2 
concentration of approximately 400 ppm, less than the 2018 level (≈410 ppm). Thus, successful 
implementation of the Paris Agreement would not only require an immediate and sharp decrease 
in global GHG emissions, but also CO2 removal from the atmosphere (IPCC 2018). Together, 
AR5 and the 1.5° Report provide the pathways that the IPCC uses for projecting future climate 
change impacts on GMST, ocean warming, ocean acidification, and sea-level rise.  

The Foreseeable Future is From Now to 2100. The IPCC pathways (IPCC 2013, IPCC 
2018) use the year 2100 as the main end-point (some models also go beyond 2100), and the 2014 
final coral listing rule (NMFS 2014) defined the foreseeable future as the period of time from the 
present to the year 2100. That is, the foreseeable future is not defined as the year 2100, but rather 
as the time period from now to the year 2100, with increasing uncertainty in climate change 
projections over that time period. So while precise conditions during the year 2100 are not 
necessarily foreseeable, the general trends in conditions during the period of time from now to 
2100 are reasonably foreseeable as a whole under the assumptions set for each of the pathways, 
although less so farther out in time. Because the time period from now to the year 2100 is 
strongly supported as a reasonably foreseeable timeframe in the climate science projections in 
AR5 (IPCC 2013) and the 1.5° Report (IPCC 2018), and because the climate-related impacts to 
coral reefs are likely to be severe within that timeframe for multiple climate change pathways, 
we find that the time period of the present to the year 2100 is the appropriate timeframe for 
purposes of analyzing climate change-related threats in this assessment. 

RCP8.5 is the Status Quo Pathway. Since AR5 was published in 2013, climate change 
science has continued to advance at a rapid pace, including in the 1.5° Report and the scientific 
literature. Summaries of the most recent information on observed and projected ocean warming, 
ocean acidification, and sea-level rise are provided below. With regard to projection of future 
climate change, the 2014 final coral listing rule (NMFS 2014) considered RCP8.5 to be the most 
likely future pathway, because observed growth in GHG emissions and atmospheric CO2 
concentrations over the years preceding the listing were more consistent with RCP8.5 since 2006 
than any other pathway. The 2016 NMFS policy for ESA and climate change decisions (NMFS 
2016) states that RCP8.5 should be considered the status quo climate change pathway.  

Recent GHG emissions and global atmospheric CO2 concentrations continue to support 
this approach: According to the most recent Global Carbon Budget report (Friedlingstein et al 
2019), global CO2 emissions from fossil fuels and industry grew continuously from 2010 to 
2019; and global atmospheric CO2 concentration grew from approximately 385 to 410 ppm, with 
each year setting new historic highs, according to NOAA’s Earth System Research Laboratory 
(ESRL) station on Mauna Kea, Hawaii (https://www.esrl.noaa.gov/gmd/ccgg/trends/, accessed 
December 2019). Thus, the best available current information continues to support the NMFS 
policy that RCP8.5 is the most representative pathway of the status quo among those used by the 
IPCC in AR5 (IPCC 2013) and the 1.5° Report (IPCC 2018). Because we consider RCP8.5 to be 
the status quo climate change pathway, we provide summaries of RCP8.5’s projections over the 
foreseeable future for the climate change threats of ocean warming, ocean acidification, and sea-
level rise below.  

 

https://www.esrl.noaa.gov/gmd/ccgg/trends/
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4.2. Most Important Threats to Indo-Pacific Reef-building Corals  
The 2011 Status Review Report identified 19 threats to the world’s reef-building corals 

(Brainard et al. 2011). Of those, we consider the global climate change-related threats of ocean 
warming, ocean acidification, and sea-level rise, and the local threats of fishing, land-based 
sources of pollution, coral disease, predation, and collection and trade to be the most important to 
the extinction risk of Indo-Pacific reef-building corals currently and in the foreseeable future, the 
most important of which is ocean warming. Several secondary global and local threats are also 
mentioned, as well as the interactions of the threats with one another. These threats are described 
in detail below. 

4.2.1. Ocean Warming (ESA Factor E) 
Ocean warming refers to the ongoing warming of the world’s oceans from anthropogenic 

global climate change, and thus is considered under ESA Factor E – other natural or manmade 
factors affecting the continued existence of the species. Ocean warming results in warming-
induced bleaching and mortality of corals, and is considered to be the most important threat to 
Indo-Pacific reef-building corals. To adequately describe this threat, we provide summaries of 
(1) observed ocean warming to date; (2) projected ocean warming in the foreseeable future (i.e., 
from now to 2100); (3) observed effects of warming-induced mass bleaching on Indo-Pacific 
reef coral communities to date; and (4) projected effects of warming-induced mass bleaching on 
Indo-Pacific reef coral communities in the foreseeable future. 

Observed Ocean Warming. The oceans influence climate by storing and transporting 
large amounts of heat, freshwater, and carbon. The ability of the oceans to store vast amounts of 
heat reflects the large mass and heat capacity of seawater relative to air. The oceans absorb most 
of the excess heat produced by greenhouse gas warming, resulting in warmer oceans and changes 
in global climate feedback loops. Heat absorption directly impacts the chemical and physical 
properties of the ocean, while moderating the effects of GHG emissions on land. Heat is 
absorbed first in the ocean’s upper layers, although it eventually penetrates to all depths. Heat 
that is not absorbed by the ocean will warm the land, causing land and sea ice to melt (IPCC 
2013).  

In AR5, the IPCC estimated that the upper layer (0−700 m) of the world’s oceans 
warmed from 1971 to 2010 by 0.11° C (0.20°F) per decade. Warming varied regionally among 
the oceans, but all oceans warmed between 1971 and 2010, including the tropical and sub-
tropical Indo-Pacific (IPCC 2013). AR5 was based on data collected through 2010, but data 
collected by the NOAA National Centers for Environmental Information (NCEI) since then show 
a continued increase in mean global ocean temperatures from 2011 to 2017 (NCEI 2018). 
Indeed, there was a greater increase in ocean warming from 2014 to 2016 than any previous 
three-year period on record (Jewett and Romanou 2017). There is consensus among users of 
several different methods of monitoring seawater temperatures that ocean warming has 
continued unabated since 2010 both globally and regionally in all of the world’s oceans 
(Gleckler et al. 2016, Wang et al. 2018). Between 1998 and 2015, the greatest warming was 
recorded in the Southern Ocean, the tropical/subtropical Pacific Ocean, and the 
tropical/subtropical Atlantic Ocean (Cheng, et al. 2017). This resulted in an increase in marine 
heatwaves (Oliver et al. 2018), including those that cause bleaching and death of corals. 

Projected Ocean Warming. AR5’s Annex 1, Supplementary Material for RCP8.5 (IPCC 
2013) provides detailed projections of future warming of air over land and sea grid points of the 
earth’s surface under RCP8.5 for the time periods 2016-2035, 2046-2065, and 2081-2100, 
including regional projections within the range of Indo-Pacific reef-building corals. Warming of 
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seawater at the sea’s surface lags behind warming of air at the sea’s surface. Although AR5’s 
detailed projections in the Supplementary Materials are for air at the sea’s surface, they indicate 
likely proportional warming of seawater (IPCC 2013). These projections provide the best 
available information on future global warming and subsequent future ocean warming within the 
range of Indo-Pacific reef-building corals, as described below. 

Projected changes in Indo-Pacific mean annual air temperatures at the ocean surface 
compared to the 1986-2005 average are shown in the figures in AR5’s Annex I, Supplementary 
Material for RCP8.5 for the West Indian Ocean, North Indian Ocean, Southeast Asia, North 
Australia, and Pacific Islands areas (IPCC 2013, Figures AI.SM8.5.92, 116, 124, 132, and 140). 
Based on the maps, the following approximate increases in air temperatures at the ocean surface 
are projected for all areas: For 2016-2035, 0.0-1.0° C (0.0-1.8°F); for 2046-2065, 1.0-3.0° C 
(1.8-5.4°F); and for 2081-2100, 2.0-5.0° C (3.6-9.0°F). Spatial variability in the projections 
consists mostly of larger increases in the Red Sea, Persian Gulf, and the Coral Triangle, and 
lower increases in the central and eastern Indian Ocean and south-central Pacific (IPCC 2013, 
Figures AI.SM8.5.92, 116, 124, 132, and 140). The ranges in the projections described above are 
from the maps and are for the 25% to 75% range, however ranges of projections within the 5% to 
95% range are considerably greater (IPCC 2013).   

We interpret these projections as follows: (1) Mean global ocean surface temperatures are 
likely to rise approximately 2-5° C by 2081-2100 under RCP8.5, greatly exacerbating the 
impacts of ocean warming on Indo-Pacific reef-building corals; (2) these mean projections are 
not necessarily representative of ocean surface temperature conditions throughout the ranges and 
habitats of Indo-Pacific reef-building corals due to spatial variability and statistical ranges; and 
(3) ocean surface temperature conditions are assumed to vary spatially at the larger spatial scales 
shown in AR5 for the Indo-Pacific areas, and more so at finer spatial scales.  

Observed Effects of Warming-Induced Mass Coral Bleaching. While coral bleaching 
patterns are complex, there is general agreement that thermal stress has led to accelerated 
bleaching and mass mortality during the past several decades. During the years 1983, 1987, 
1995, 1996, 1998, 2002, 2004, 2005, 2014, 2015, 2016, and 2017 widespread warming-induced 
coral bleaching and mortality was documented in many Indo-Pacific reef coral communities 
(Jokiel and Brown 2004, Kenyon and Brainard 2006, Brainard et al. 2011, Rodgers et al. 2017, 
Hughes et al. 2017a, 2018a). The series of coral bleachings in 2014-2017 are considered a single 
3-year event by NOAA’s Coral Reef Watch (Eakin 2017). It was the longest, most widespread, 
and likely the most damaging coral bleaching event on record. It affected more coral reefs than 
any previous global bleaching event, and was worse in some locales than ever recorded before 
(e.g., GBR). Heat stress during this event also caused mass bleaching in several reefs where 
bleaching had never been recorded before such as in the northernmost GBR and uninhabited 
atolls of the central Pacific (Bahr et al. 2015, Eakin et al. 2016, Couch et al. 2017, Eakin et al. 
2017, Kayanne et al. 2017). In addition to these recent papers, the 4th National Climate 
Assessment by the U.S. Global Climate Research Program (USGCRP) concluded that it has 
“very high confidence” that disruption of coral reef ecosystems has already occurred due to 
ocean warming (USGCRP 2018). As described in the Trends section above, there clearly has 
been a long-term overall decline in coral cover in the Indo-Pacific, and these repeated warming-
induced mass bleaching events correlate with the steepest declines in coral cover.  

The 2014-2017 warming-induced bleaching across the Indo-Pacific was the worst in 
recorded history in terms of severity and duration of elevated seawater temperatures and ensuing 
mass coral bleaching and mortality (Lough et al. 2018). For example, much of the GBR was 
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affected by the elevated seawater temperatures, resulting in bleaching levels of 75-100% on 
many of the GBR’s northern reefs, and a mean reduction in live coral cover of 30% across the 
entire 2,300 km GBR between March and November 2016 (Hughes et al. 2017a). The frequency, 
intensity, and magnitude of mass coral bleaching events in the Indo-Pacific have rapidly 
increased since the early 1980s, marking the transition to a new era in which the interval between 
recurrent bouts of coral bleaching is too short for a full recovery of mature assemblages (Hughes 
et al. 2018a), as also described in Trends section above. 

The capacity of reef-building corals to acclimatize (i.e., the process by which an 
individual colony physiologically adjusts to changes in its environment) or adapt (i.e., the 
process by which a coral population genetically adjusts to changes in its environment) to 
warming seawater temperatures may have buffered some species or populations from the full 
effects of the above bleaching events. However, any such capacity is dependent on species, 
location, habitat type, and many other factors. The bleaching and mortality of some colonies of a 
coral species on a reef, followed by the recovery of hardier colonies, is the process by which 
acclimatization and adaptation of a species to ocean warming occurs. For example, in 
comparisons of 1998 and 2010 bleaching events and recovery in Southeast Asia, some coral 
species demonstrated more resistance to bleaching in 2010, suggesting acclimatization or 
adaptation to thermal stress (Sutthacheep et al. 2013). An analysis of observed versus predicted 
coral bleaching events suggests that corals may have already responded adaptively to some 
warming during the industrial era because observed bleaching responses are lower than predicted 
by the warm temperature anomalies (Logan et al. 2013). A study of a fast-growing, shallow 
water coral species demonstrated that acclimatization and adaptive responses allowed them to 
inhabit reef areas with water temperatures far above their expected tolerances (Palumbi et al. 
2014). In the back-to-back bleachings on the GBR in 2016 and 2017, there was less bleaching in 
2017 than in 2016, apparently because the 2016 survivors acclimatized to warmer conditions 
(Hughes et al. 2018c). There is a large body of literature on the acclimatization and adaptation 
capacities of reef-building corals to ocean warming (reviewed by Coles and Brown 2003, 
Putnam et al. 2017), much of which suggests some limited capacity.  

As described in the Habitat section above, habitat heterogeneity can provide spatial and 
temporal refugia from the seawater temperature conditions that cause coral bleaching. Colony 
location can moderate exposure of colonies of the species to ocean warming by latitude or depth 
because colonies in higher latitudes and/or deeper areas are usually less affected by warming 
events. Mesophotic habitats are generally less affected because lower irradiance reduces the 
likelihood of warming-induced bleaching (Bridge et al. 2012b, Smith et al. 2014), although 
recent evidence from across the Pacific demonstrates that heat stress at depth can sometimes be 
similar to or even greater than at the surface (Venegas et al. 2019). Some locations are blocked 
from warm currents by bathymetric features, and some habitat types reduce the effects of warm 
water, such as highly fluctuating environments. Physical processes can moderate exposure of 
colonies of the species to ocean warming in many ways, including processes that increase mixing 
(e.g., wind, currents, tides), reduce seawater temperature (e.g., upwelling, runoff), or increase 
shading (e.g. turbidity, cloud cover). Documented refugia of reef corals from ocean warming 
include by depth (Smith et al. 2014), turbidity (Browne et al. 2012, Blakeway et al. 2013), 
upwelling (Karnauskas and Cohen 2012), tidal bores (Storlazzi et al. 2013), and the wakes of 
relatively cool water left by the passage of tropical cyclones (Carrigan 2012).   

Projected Effects of Warming-Induced Mass Coral Bleaching. The responses of the 
world’s corals and coral reef ecosystems to ocean warming and other threats in the foreseeable 
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future have been addressed recently by several papers that project coral responses to the climate 
change pathways in AR5 (RCPs 2.6, 4.5, 6.0, and 8.5). An analysis of the likely reef coral 
disease outbreaks resulting from ocean warming projected by RCP4.5 and RCP8.5 concluded 
that both pathways are likely to cause sharply increased, but spatially highly variable, levels of 
coral disease in the future, and that the outbreaks would be more widespread, frequent, and 
severe under RCP8.5 than RCP4.5 (Maynard et al. 2015). An analysis of the timing and extent of 
Annual Severe Bleaching (ASB) of the world’s coral reefs under RCP4.5 vs RCP8.5 found that 
the global average timing of ASB would be only 11 years later under RCP4.5 than RCP8.5, and 
that >75% of all reefs still would experience ASB before 2070 under RCP4.5 (van Hooidonk et 
al. 2016).  

An analysis of the responses of coral reefs to increased ocean warming and acidification 
under all four pathways in AR5 found that only RCP2.6 would allow the current downward trend 
in coral reefs to stabilize, and that RCP4.5 would likely drive the elimination of most coral reefs 
by 2040–2050 (Hoegh-Guldberg et al. 2017a), implying that RCP8.5 would be even worse. 
Hughes et al. (2017b) analyzed the responses of coral reefs to RCP2.6, and found that it would 
result in approximately the same amount of additional warming and bleaching by 2100 that has 
occurred over the last century, resulting in substantial additional degradation than has been 
observed so far (Hughes et al. 2017b). Another analysis regarding responses of coral reefs if 
global warming is limited to 1.5° C, 2.0° C, or 3° C from pre-industrial (i.e., roughly equivalent 
to: slightly less than RCP2.6, slightly more than RCP2.6, and approximately RCP4.5, 
respectively) found that estimated levels of thermal stress would be approximately seven, 11, and 
23 times the level of thermal stress that these reefs have already experienced since 1878, and 
approximately two, three, and six times the level of thermal stress experienced in 2016 (Lough et 
al. 2018).  

As the above summary shows, there is agreement in the coral reef literature that 
continuing on the path of RCP8.5 in the 21st century would have severe consequences for Indo-
Pacific reef-building corals. The 4th US National Climate Assessment concurs, concluding that 
continued carbon emissions (i.e. RCP8.5) would transform coral reef ecosystems through the 
combined impacts of ocean warming and acidification later this century (USGCRP 2018). While 
the other pathways would not be as bad, even the low emissions pathways would still affect coral 
reef ecosystems because they represent continued warming over the present, such as RCP2.6 
which would cause an additional, approximately 0.75° C of warming above the present (i.e., 
1.75° C of warming above pre-industrial, see Fig. 1 above). The IPCC’s 1.5° Report analyzed the 
impacts of an additional warming of 0.5° C on the world’s reef-building corals (i.e., slightly less 
than RCP2.6, see Fig. 1 above), finding that even this amount of additional warming represents 
“very high risk of severe impacts,” assuming that corals do not further acclimatize or adapt to the 
projected warming (Fig. 3-18, IPCC 2018). 

Mean global ocean temperature changes in response to natural cycles, but the projected 
rate of ocean warming under RCP8.5 by 2100, would exceed natural rates of change by at least 
an order of magnitude, if not much more (Hoegh-Guldberg 2012). Although the acclimatization 
and adaptation capacities of reef-building corals provide some potential for colonies and 
populations to adjust to changing conditions, projected ocean warming is likely to exceed the 
capacities of many Indo-Pacific species over large portions of their ranges in the foreseeable 
future. Colonies of the Indo-Pacific reef-building coral Acropora aspera native to a highly-
fluctuating environment (and thus thought to have high acclimatization capacity) failed to 
acclimatize to elevated seawater temperatures lower than those projected by RCP8.5 (Schoepf et 
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al. 2015). A study of A. millepora on the GBR demonstrated that its acclimatization capacity 
appears to be confined to the range of seawater temperatures historically experienced by a 
particular colony (Howells et al. 2013), yet projected temperatures would likely exceed these 
historical ranges in the foreseeable future. However, failure of individual colonies to acclimatize 
to changing conditions does not necessarily mean that the populations of which they are a part 
cannot adapt to the changing conditions. Another study of A. millepora on the GBR 
demonstrated that its adaptation capacity appears to be sufficient for it to adapt to warming of 
0.1° C per decade over the next 100 years (Matz et al. 2018), but RCP8.5 would result in 
warming rates at least two or three times higher than this. Indeed, a study of the adaptive 
capacity of a population of A. hyacinthus in the Cook Islands concluded that it would go extinct 
under RCP8.5 by the year 2055 (Bay et al. 2017).  

Ocean Warming Conclusion. From the above analysis of ocean warming and its effects 
on Indo-Pacific reef-building corals, we conclude that: (1) substantial ocean warming, including 
in the tropical/subtropical Indo-Pacific, has already occurred and continues to occur; (2) ocean 
warming, including in the tropical/subtropical Indo-Pacific, is projected to continue at an 
accelerated rate in the future; (3) substantial warming-induced mass bleaching of Indo-Pacific 
reef coral communities has already occurred and continues to occur; (4) warming-induced mass 
bleaching of Indo-Pacific reef coral communities is projected to rapidly increase in frequency, 
intensity, and magnitude in the foreseeable future; and (5) Indo-Pacific coral reefs will be 
severely affected by such warming. Table 5 below shows when the onset of twice-per-decade 
and annual severe bleaching is projected to occur under RCPs 2.6, 4.5, and 8.5 at 25 Indo-Pacific 
and eastern Pacific coral reef locations. Under RCP8.5, the average year for the onset of twice-
per-decade severe bleaching is 2032, and only ten years later for annual severe bleaching in 2042 
(Heron et al. 2017). Based on the above information, we consider ocean warming to be the most 
important threat contributing to extinction risk of Indo-Pacific reef-building corals in the 
foreseeable future. 
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Table 5. Example of Projected Coral Bleaching: Onset of twice per decade and annual severe bleaching events at 25 
UNESCO sites in the Indo-Pacific under RCPs 8.5, 4.5 and 2.6 (Caribbean site greyed out; reproduced with 
permission from Heron et al. 2017). 

 

4.2.2. Ocean Acidification (ESA Factor E) 
Ocean acidification refers to the ongoing reduction in pH of the ocean from 

anthropogenic greenhouse gas emissions, and thus is considered under ESA Factor E – other 
natural or manmade factors affecting the continued existence of the species. Ocean acidification 
is caused by increased GHG accumulation in the atmosphere, and subsequent absorption by the 
oceans. Ocean acidification threatens reef-building corals by reducing coral skeletal calcification 
and reef cementation. In order to adequately describe this threat, we provide summaries of (1) 
observed ocean acidification to date; (2) projected ocean acidification in the foreseeable future 
(i.e., from now to 2100); (3) observed effects of ocean acidification on Indo-Pacific reef coral 
communities to date; and (4) projected effects of ocean acidification on Indo-Pacific reef coral 
communities in the foreseeable future. 

Observed Ocean Acidification. The mean pH of the surface waters of the open ocean is 
currently approximately 8.1 pH units, ranging between 7.8 and 8.4 depending on location and 
season; as such, the ocean is mildly basic (pH > 7.0). Since the beginning of the industrial era in 
the mid-19th century, the release of CO2 from industrial and agricultural activities has resulted in 
atmospheric CO2 concentrations that have increased from approximately 280 ppm to over 410 
ppm in 2019 (https://www.esrl.noaa.gov/gmd/ccgg/trends/, accessed December 2019). There has 

https://www.esrl.noaa.gov/gmd/ccgg/trends/
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been a corresponding increase in CO2 uptake by the oceans, resulting in a reduction in the mean 
pH of surface waters of the open ocean of approximately 0.1 units from about 8.2 to 8.1 since the 
beginning of the industrial era (starting in the mid-19th century). Recent estimates of annual rates 
of pH reduction in the surface waters of the open ocean range from 0.0013 to 0.0024 units 
annually (IPCC 2013), corresponding to a rate of pH reduction of at least 0.1 units per century. 
This rate of pH change in the oceans exceeds any known in the last 300 million years (Honisch et 
al. 2012).   

Ocean acidification reduces the aragonite saturation state (Ωarg) in seawater by lowering 
the supersaturation of carbonate minerals including aragonite, which requires marine calcifiers 
like reef-building corals to expend more energy to calcify their skeletons (Langdon and Atkinson 
2005), as described in more detail in the Calcification and Skeletal Plasticity section above. 
Generally, Ωarg should be 3.5 or greater to enable maximum calcification of reef-building corals, 
and Ωarg levels of <3 and 3.0-3.5 result in “extremely marginal” and “marginal” coral reef 
environments, respectively (Guinotte et al. 2003). Since the beginning of the industrial era, there 
has been an estimated mean decrease in Ωarg of the surface waters of the open ocean in the 
tropical Pacific from about 4.5 to 3.8 (Feely et al. 2009, Feely et al. 2012), and a decrease of 
about 0.34 – 0.40% annually over the last two decades (Jiang et al. 2015). Many abiotic and 
biotic factors cause greater fluctuations and different mean values in pH and Ωarg on coral reefs 
than in surface waters of the open ocean (Mongin et al. 2016, Shaw et al. 2012a), making 
changes in pH and Ωarg on coral reefs difficult to distinguish from natural fluctuations, and more 
difficult to detect than changes in surface waters of the open ocean. 

Despite the above challenges in detecting changes in pH and Ωarg on coral reefs, several 
lines of evidence suggest that ocean acidification has been occurring on coral reefs for some time 
already, i.e., that pH and Ωarg have already decreased in coral reef waters during the industrial 
era. For example, the Hawaii Ocean Time-series (HOT) and Bermuda Atlantic Time-series 
(BATS) oceanographic biogeochemical data collection projects both have been collecting pH 
and Ωarg in tropical waters near coral reefs since the 1980s, and both show very similar results: 
(1) pH steadily decreased by 0.0016 (HOT) and 0.0017 (BATS) annually, and (2) Ωarg steadily 
decreased by 0.0084 (HOT) and 0.0095 (BATS) annually. These rates correspond to pH 
reductions of 0.16 – 0.17 per century, and Ωarg reductions of 0.84 – 0.95 per century (Bates et al. 
2014). A comparison of pH and Ωarg data and modeled pre-industrial pH and Ωarg levels for two 
coral reef sites in the Pacific (Chuuk) and Caribbean (Puerto Rico) accounted for natural 
variability, and demonstrated that current pH and Ωarg levels are significantly lower than pre-
industrial levels at both sites (Sutton et al. 2016).  

Projected Ocean Acidification. Under RCP8.5, mean pH of the surface waters of the open 
ocean in the tropics (20°N to 20°S) is projected to decline from the current pH of approximately 
8.05 to approximately 7.95 by 2050, and to approximately 7.75 by 2100, or a reduction of 0.30 
by 2100 (IPCC 2013, Fig. 6.28a). In the tropical Indo-Pacific, decreases of 0.25 to 0.40 are 
projected, with the lower reductions in the central and eastern Pacific, and the higher reductions 
in the GBR area and the northern Philippines (IPCC 2013, Fig. 6.28b). The pH reductions 
associated with RCP8.5 are projected to result in declining Ωarg of the surface waters of the open 
ocean from current levels of over 3, to less than 2.5 by 2100 (IPCC 2013, Fig. 6.29f). We 
interpret the IPCC’s projections of ocean acidification under RCP8.5 as follows: (1) mean pH of 
the surface waters of the open ocean in the tropics is projected to decline by approximately 0.31 
to approximately 7.75 by 2100, with a subsequent large decline in Ωarg in surface tropical waters; 
(2) pH and Ωarg levels on Indo-Pacific coral reefs will also decline by roughly the same amount, 
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but spatial and temporal variability will be high; and (3) these changes will greatly exacerbate 
the impacts of ocean acidification on Indo-Pacific reef-building corals. 

Observed Effects of Ocean Acidification. Ocean acidification affects reef-building corals 
in three main ways: (1) Decreased calcification rates of coral colonies, leading to lower skeletal 
growth rates; (2) increased dissolution of the calcium carbonate structure of coral reefs, leading 
to reef erosion rates outpacing accretion rates; and (3) effects on coral reproduction, leading to 
lower fertilization, settlement, and recruitment (Brainard et al. 2011). Observing such changes in 
the field and determining their cause is very difficult for many reasons including the interaction 
of different factors. For example, ocean acidification, ocean warming, and land-based sources of 
pollution may all interact to affect coral skeletal growth rates. However, there is currently some 
information available on the observed effects of ocean acidification on skeletal growth and reef 
dissolution in the Indo-Pacific, as described below. 

As described in more detail the Calcification and Skeletal Growth section, calcification is 
the process by which reef coral colonies build their skeletons. Reduced calcification rates may 
result in slower skeletal growth, reduced skeletal density, and diversion of energy from other 
processes such as tissue growth or reproduction to maintain calcification. There is growing 
evidence that calcification and skeletal growth rates of some Indo-Pacific reef corals have 
decreased in recent decades, and that ocean acidification is likely a contributing factor. Several 
studies report decreasing skeletal growth rates in massive Porites colonies on the GBR (Cooper 
et al. 2009, De’ath et al. 2009, De’ath et al. 2013, Lough 2008) and in Pocillopora species in the 
eastern Pacific (Manzello 2010) over the last several decades. All five studies mentioned the 
interaction of ocean warming and acidification as a potential cause of the lower growth rates, but 
acknowledged that determining the true cause requires additional work. Reduced coral skeletal 
growth rates in the Red Sea since the 1990s was most likely due to ocean acidification (Steiner et 
al. 2018).  

Coral reef structures are the accumulation of calcium carbonate (CaCO3) from coral 
aragonite skeletons and other marine calcifiers such as crustose coralline algae. For reefs to exist, 
CaCO3 accretion in the reef framework and sediments must be greater than CaCO3 erosion via 
dissolution and physical loss. An analysis of 22 coral reef sites including 19 in the Indo-Pacific 
found that there have been major reductions in coral reef sediment precipitation and net 
ecosystem calcification during the industrial era because of the decreased Ωarg levels that have 
already occurred (Eyre et al. 2018). In the Red Sea, the net contribution of reef corals to the 
CaCO3 budget declined by approximately 100% between 1998 and 2015, and the most likely 
explanation is decreasing Ωarg (Steiner et al. 2018). In the eastern Pacific, where Ωarg levels are 
naturally low, increased reef erosion was observed after the bleaching events of the 1980s. Reef 
accretion was able to keep up with erosion before the bleaching events, but not afterwards, when 
erosion rapidly outpaced accretion. The low Ωarg levels likely predisposed these reefs to high 
erosion rates when faced with additional stressors such as bleaching (Eakin 1996).   

Projected Effects of Ocean Acidification. The effects of the lower Ωarg projected for Indo-
Pacific coral reef waters on coral calcification and growth, reef erosion, and coral reproduction 
have been extensively studied via laboratory experiments, modeling efforts, and at field sites 
with naturally low Ωarg representative of projected conditions. Reviews of such studies 
summarize the projected effects on reef corals (Brainard et al. 2011) and marine calcifiers 
including reef corals and crustose coralline algae (Kroeker et al. 2013), as described below and 
supplemented by more recent studies. Projected effects on Indo-Pacific coral reef communities 
and ecosystems are also summarized. 
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A review of laboratory studies on the effects of ocean acidification on coral calcification 
projected for the foreseeable future on Indo-Pacific reef coral species found that all species 
responded with lower calcification rates, but that responses were highly species-specific. The 
review also included studies showing that skeletal growth rates of crustose coralline algae, one of 
the primary calcifiers on coral reefs, would be reduced by 86% (Brainard et al. 2011). A review 
of laboratory studies on the effects of ocean acidification “roughly representing year 2100 
scenarios” on the survival, calcification, growth, photosynthesis, and abundance of several 
groups of marine calcifiers found that survival and calcification were affected the most, 
including 34% and 40% reductions in calcification of reef corals and mollusks, respectively. In 
addition, the study projected that reef corals and calcifying algae (including crustose coralline 
algae) would experience reductions in abundance of 47 and 80%, respectively (Kroeker et al. 
2013). A review of laboratory studies on the effects of ocean acidification and ocean warming 
resulting from atmospheric CO2 levels of >700 ppm (RCP8.5 = 936 ppm in 2100) on reef corals 
projected that calcification would be reduced by an average of 20% for all species, but with high 
species-specific variability (Kornder et al. 2018). A model of the effects of ocean acidification 
alone (i.e., without considering the additive effect of ocean warming) projected for the 
foreseeable future found that Porites skeletal density is likely to decrease by 20% (Mollica et al. 
2018).  

The ocean acidification projected for the foreseeable future is expected to result in 
erosion outpacing accretion on many Indo-Pacific reefs, just as it has already done on eastern 
Pacific reefs (Brainard et al. 2011). An analysis of 22 coral reef sites, including 19 in the Indo-
Pacific, and the resulting model projected that 17 of the 19 sites would fall below Ωarg levels of 
2.92 by 2100, the threshold below which dissolution of reef sediments would exceed 
accumulation of reef sediments, thus demonstrating that reef erosion is outpacing reef accretion 
(Eyre et al. 2018). Field studies at Indo-Pacific sites with naturally acidic seawater show that reef 
erosion exceeds reef accretion at a pH of approximately 7.8 (Enoch et al. 2016), and that very 
high rates of reef erosion characterize such sites (Barkley et al. 2015). In addition to effects on 
coral calcification and reef erosion, the ocean acidification projected for the foreseeable future is 
also expected to lower the fertilization, settlement, and recruitment of some Indo-Pacific reef-
building corals (Brainard et al. 2011).  

Because of the above effects of projected ocean acidification on coral calcification, reef 
erosion, and coral reproduction, Indo-Pacific reef-building coral communities are expected to 
experience reductions in complexity and resilience, loss of reef corals, increases in macroalgae, 
simplification, and overall degradation. For example, within Indo-Pacific communities where 
naturally acidic seawater roughly approximates pH levels projected by 2100 (8.1 to 7.8), there is 
lower reef coral diversity, recruitment, and abundances than in other Indo-Pacific reef coral 
communities, suggesting that projected ocean acidification in the foreseeable future will reduce 
the complexity and resilience of these communities (Fabricius et al. 2011). Another study at a 
high latitude Indo-Pacific coral reef site with naturally acidic seawater showed that pH levels 
projected by 2100 are likely to result in the loss of reef corals, increase in macroalgae, and 
simplification of the community (Agostinin et al. 2018). A field experiment on an Indo-Pacific 
reef flat showed that the addition of CO2 to simulate Ωarg levels projected later this century 
resulted in a significant reduction in net calcification of the reef coral community, which would 
eventually simplify and degrade the community (Albright et al. 2018). 

Ocean Acidification Conclusion. From the above analysis of ocean acidification and its 
effects on Indo-Pacific reef-building corals, we conclude that: (1) ocean acidification has already 



 

42 
 

occurred in the tropical/subtropical Indo-Pacific and continues to occur; (2) ocean acidification, 
including in the tropical/subtropical Indo-Pacific, is projected to continue at an accelerated rate 
in the future; (3) ocean acidification has already affected Indo-Pacific reef-building coral 
communities by reducing calcification rates and subsequent effects on skeletal growth (reduced 
growth rates and skeletal densities) of corals, and by increasing erosion of coral reefs; and (4) the 
effects of ocean acidification on Indo-Pacific reef-building coral communities are projected to 
steadily increase and broaden in the foreseeable future by reducing coral calcification, increasing 
reef erosion, impacting coral reproduction, reducing reef coral diversity, and simplifying coral 
reef communities.   

4.2.3. Sea-level Rise (ESA Factor E) 
Sea-level rise refers to the ongoing increase in mean sea-levels around the world resulting 

from anthropogenic ocean warming, and thus is considered under ESA Factor E – other natural 
or manmade factors affecting the continued existence of the species. Rapid sea-level rise 
potentially threatens reef-building corals by requiring them to grow quickly to keep up with 
rising sea-levels, degrading water quality through increased coastal erosion, and compounding 
the effects of other simultaneous threats such as warming-induced bleaching and ocean 
acidification (Brainard et al. 2011). In order to adequately describe this threat, we provide 
summaries of the following: (1) Observed sea-level rise to date; (2) projected sea-level rise in the 
foreseeable future (i.e., from now to 2100); (3) observed effects of sea-level rise on Indo-Pacific 
reef coral communities to date; and (4) projected effects of sea-level rise on Indo-Pacific reef 
coral communities in the foreseeable future. 

Observed Sea-level Rise. Ocean warming results in sea-level rise through ice melting and 
thermal expansion of seawater. Tide gauge observations show a global mean sea-level rise 
during the 20th century of approximately 1.7 mm per year, while satellite altimetry data indicate 
faster rates of between 2.8 and 3.6 mm per year since 1993. Total global mean sea-level rise 
during the industrial era is estimated at approximately 20 cm (IPCC 2013). Data also show that 
sea-level rise is not spatially uniform, with portions of the Indo-Pacific such as Tuvalu and 
Tokelau in the western tropical Pacific Ocean experiencing rates of sea-level rise approximately 
three times faster than the global mean since 1950 (Becker et al. 2012).  

Projected Sea-level Rise. Sea-level rise is projected to accelerate in the foreseeable future 
due to the melting of land and sea ice and thermal expansion. Under RCP8.5, AR5 projects that 
global mean sea-level will rise approximately 740 mm by 2100 relative to sea-level during the 
period from 1986 to 2005 (IPCC 2013, Table 13.5). More recent research suggests ice melting 
rates are likely to increase more rapidly than projected by RCP8.5, further accelerating sea-level 
rise (Bronselaer et al. 2018, Trusel et al. 2018). It is important to note that projected regional sea-
level rise differs substantially from the projected global mean for some Indo-Pacific coral reef 
areas: The Red Sea, Persian Gulf, and nearshore areas of the northern Indian Ocean are projected 
to rise less than the projected global mean, whereas portions of the western and central Pacific 
are projected to rise at or slightly more than the projected global mean (IPCC, Figure 13.20d). 

 Observed Effects of Sea-level Rise. There is little information available on the effects of 
sea-level rise during the industrial era (since the mid-19th century) on Indo-Pacific corals, most 
likely because the sea-level rise in much of the region so far has been slow and small, making 
detection of any biological response difficult. However, sea-level has risen approximately 5 cm 
per year (≈3x the global mean) at Funafuti Atoll in Tuvalu over the past 60 years, providing a 
natural laboratory for studying the effects of sea-level rise on coral atolls. A study on the impacts 
of sea-level rise on Funafuti did not detect increased erosion, and in fact found that the 
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aggregated land area of the islands of Funafuti Atoll increased by 7.3% over the past century 
despite the sea-level rise. The study did not investigate the response of the reef-building coral 
community to the sea-level rise (Kench et al. 2015). In the Solomon Islands in 2007, an 
earthquake caused 300-700 mm subsidence of coral reef areas, equating to that amount of 
instantaneous sea-level rise for the coral reefs there. Reef-building corals responded with a 157% 
increase in coral cover over seven years, because fast-growing Acropora species colonized 
newly-available substrates (Albert et al. 2017). However, an analysis of >100 Indian Ocean coral 
reefs found that mean post-bleaching reef vertical accretion rates (i.e., the amount of upward 
growth of the reef in mm/yr) were less than recent sea-level rise rates for nearly half of the reefs 
studies, implying that frequently-bleached reefs may already be unable to keep up with current 
sea-level rise (Perry et al. 2018). Collectively, studies to date indicate that the effects of sea-level 
rise on Indo-Pacific reef-building corals are complex, with no clear trend yet apparent.  

Projected Effects of Sea-level Rise. Under RCP8.5, mean global sea-level rise of 11.2 
mm per year is projected to occur by 2081-2100 (IPCC 2013, Table 13.5), in comparison to 
approximately 1.7 mm per year of sea-level rise that occurred during the 20th century. An 
analysis of >100 Indian Ocean coral reefs found that mean post-bleaching reef accretion rates 
were less than projected sea-level rise rates under RCP8.5 for nearly all of the reefs studied, 
emphasizing how the impacts of bleaching on coral growth undermines their capacity to keep up 
with projected sea-level rise (Perry et al. 2018). The mean current carbonate production rate at 
24 sites on Palau and Yap are estimated to result in a potential future mean accretion rate of 7.9 
mm per year (van Woesik and Cacciapaglia 2018). These vertical accretion rates approach those 
projected under RCP8.5. However, the historical capacity of these corals to keep up with rising 
sea-levels is now compounded by the increased erosion that would occur from human-altered 
coastlines and watersheds, and the interaction of other simultaneous threats such as warming-
induced bleaching and ocean acidification. Fringing reefs will be susceptible to increasing 
erosion and subsequent sedimentation caused by increasing rates of sea-level rise, due to their 
proximity to shorelines and watersheds heavily impacted by human activities (Field et al. 2012). 
This is especially true for the reef flats component of fringing reefs, as they lie between the 
coastline and the reef crest, which will be most exposed to the increased erosion and 
sedimentation (Ogston and Field 2010).  

Sea-level Rise Conclusion: From the above analysis of sea-level rise and its effects on 
Indo-Pacific reef-building corals, we make the following conclusions: (1) Sea-level rise has 
already occurred and continues to occur globally; (2) sea-level rise in parts of the 
tropical/subtropical Indo-Pacific has been approximately three times the global rate; (3) sea-level 
rise projected under RCP8.5 will far exceed recent sea-level rise rates both globally and in the 
Indo-Pacific; (4) the effects of sea-level rise to date on Indo-Pacific reef-building corals are 
complex, with no clear trend yet apparent; and (5) the effects of sea-level rise on Indo-Pacific 
reef coral communities are projected to steadily increase and broaden in the foreseeable future 
RCP8.5. These effects include potential reef submergence if reef accretion cannot keep up, 
degradation of water quality in nearshore habitats such as reef flats by increased coastal erosion, 
and compounding the effects of other simultaneous threats such as warming-induced bleaching 
and ocean acidification. 

4.2.4. Fishing (ESA Factor A) 
Fishing here refers to the harvest of finfish, mollusks, crustaceans, and other forms of 

marine animal and plant life on or in the vicinity of shallow coral reefs and reef-building corals, 
either for food or for the aquarium trade. Harvest of corals themselves is treated separately under 
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Collection and Trade below. Fishing affects the habitat of Indo-Pacific reef-building corals, and 
thus is considered under ESA Factor A – the present or threatened destruction, modification, or 
curtailment of its habitat or range. Fishing directly affects reef-building coral habitat by 
destroying and modifying benthic substrates, and indirectly by altering trophic interactions that 
are important in structuring coral reef ecosystems. In order to adequately describe this threat, we 
provide summaries of (1) Observed effects of fishing on Indo-Pacific reef-building corals to 
date; and (2) projected effects of fishing on Indo-Pacific reef-building corals in the foreseeable 
future (i.e., from now to 2100). 

Observed Effects of Fishing. The ranges of Indo-Pacific reef-building corals overlap with 
some of the densest human populations in the world (e.g., Indonesia, Philippines, Vietnam, India, 
etc.). Hundreds of millions of people live near Indo-Pacific coral reefs, many of whom depend 
on coral reef fisheries for food and income, thus fishing on coral reefs is particularly intense in 
many of these areas. An assessment of the risks to the coral reefs of the world found that >90% 
of the coral reefs in Southeast Asia are at medium or high risk from fishing. Human population 
has rapidly grown in these areas, at the same time that technology (fishing gear and boats) has 
improved and become more economical, resulting in rapid growth in fishing around coral reefs 
in recent decades. Most coral reef fisheries are small-scale fisheries, and thus are poorly 
represented in global fisheries statistics. However, where national figures are available, such as 
for Indonesia and the Philippines, they indicate not only that the growth in coral reef fisheries is 
unsustainable for the coral reef fish stocks, but that coral reef habitats are being damaged and 
destroyed by fishing at an unprecedented rate. Unsustainable fishing of some species is reported 
even on some of the most remote and best-protected coral reefs in Southeast Asia (Burke et al. 
2011).  

Fishing directly affects the habitats of reef-building corals and the coral colonies 
themselves when various gears or fishing methods interact with reef substrates. Common 
methods include various types of nets and traps, hook-and-line, and spearfishing. Both active and 
derelict fishing gear can destroy benthic structure and habitats, kill reef-building organisms, and 
entangle benthic and mobile fauna. As an example of the amount of derelict fishing gear 
affecting coral reefs, at least 52 metric tons of derelict fishing gear drift from distant fisheries 
(thousands of kilometers away) and become entangled on reefs of the remote Northwestern 
Hawaiian Islands annually. Trawl nets dislodge and abrade corals, while stationary gear such as 
traps damage corals and other sessile fauna via movement during even mild storm events and 
during gear retrieval in adverse conditions. Storms can mobilize traps and cause buoy lines to 
snare branching corals (Brainard et al. 2011).  

Fishers in some parts of the world employ explosives or poison to harvest fish and 
invertebrates. These practices have been concentrated on coral reefs in Southeast Asia, the 
western Pacific, and eastern Africa. Most notable is the use of explosives to kill or stun fish, 
which destroys coral in the process. Although illegal in many countries, blast (or dynamite) 
fishing has been widely used in some locations. Poison fishing typically involves using cyanide 
to stun and capture fish live. The poison can bleach corals and kill polyps. Fishers often break 
corals to extract the stunned fish, while other species in the vicinity are killed or left vulnerable 
to predation (Burke et al. 2011).  

Most of the fishing described above targets food fish for local markets. The collection of 
reef fish for the global marine aquarium trade is another type of direct impact of coral reef 
fishing. Globally, millions of live coral reef fish are collected from dozens of Indo-Pacific 
countries each year using various gears and methods such as nets, traps, and poisons that damage 
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or destroy reef-building coral habitats and the corals themselves. Collection of some coral reef 
fish for the marine aquarium trade has caused virtual extirpation of local populations, major 
changes in age structure, and promotion of collection practices that destroy reef habitats 
(Brainard et al. 2011). The collection of reef-building corals for the marine aquarium trade is 
covered separately below under Collection and Trade. 

In addition to the direct effects of fishing described above, fishing can also have indirect 
effects such as increasing algal growth on coral reefs due to reducing population abundance, 
species richness and size of herbivorous fish, and increasing predation on corals by releasing 
corallivores from predator control. These types of indirect effects are collectively referred to as 
trophic effects of fishing because of their impacts on food web dynamics, AKA trophic 
interactions. Thus, an important aspect of maintaining resilience in coral reef ecosystems is to 
sustain populations of herbivores, especially the larger species such as parrotfish. On 
topographically complex reefs, population densities can average well over a million herbivorous 
fishes per km2, and standing stocks can reach 45 metric tons per km2. Under conditions of 
topographic complexity with substantial populations of herbivorous fishes, as long as the cover 
of living coral is high and resistant to mortality from environmental changes, it is very unlikely 
that algae will take over and dominate the substrate. However, if herbivorous fish populations, 
particularly large-bodied parrotfish, are fished down, then algae can grow rapidly in the absence 
of herbivorous fish, thus preventing the recovery of the coral population. These effects are 
exacerbated when a major mortality of coral colonies occurs (e.g., via a bleaching event), 
because the algae has more substrate to grow on (Brainard et al. 2011). Such trophic effects have 
been widely documented in Caribbean coral reef ecosystems where heavily fished herbivorous 
fish populations typically cannot maintain high rates of herbivory on algae (Jackson et al. 2014). 
In the Indo-Pacific, so far there have been fewer observed cases of such trophic effects of fishing 
on coral habitat because: (1) In those areas that are best studied (e.g., Hawaii), fisheries are 
generally focused on piscivorous fish species rather than herbivorous fish species (Friedlander 
and DeMartini 2002), thus herbivorous fish populations are less fished down in more of the Indo-
Pacific than in the Caribbean; and (2) Indo-Pacific herbivorous reef fish assemblages are more 
diverse than in the Caribbean, making them relatively resilient in the sense that Indo-Pacific reef 
fish communities have a higher capacity to be fished while maintaining high rates of herbivory 
(Edwards et al. 2014).  

Projected Effects of Fishing. As noted above, the ranges of Indo-Pacific reef-building 
corals overlap with human populations that are already some of the densest in the world. The 
projected effects of fishing on Indo-Pacific reef-building corals from now to 2100 are directly 
linked to human population, which is projected to grow from current global numbers of 7.7 
billion to between 9 and 11 billion. Furthermore, the human population near coral reefs in much 
of the Indo-Pacific, especially in Southeast Asia, is expected to grow at a higher rate than the 
mean global human population (World Bank 2011), which is supported by recent population 
growth statistics. The six countries of the Coral Triangle (Malaysia, Indonesia, Australia, 
Philippines, Papua New Guinea, Solomon Islands) have over half of the coral reef area in the 
Indo-Pacific (Spalding 2001) and most of the reef-building coral biodiversity (Veron et al. 2015); 
yet these six countries had a mean annual human population growth rate of 1.41% in 2017, 
compared to the global human population growth rate of 1.06% in 2017 (World Fact Book, 
2017). An additional factor that is likely to result in increasing impacts of coral reef fishing in the 
foreseeable future is the likely advancement of fishing technologies (fishing gear, boats, etc.), 
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which will further increase the capacity of the fisheries to find and catch fish even from distant 
and deep coral reefs (Brainard et al. 2011).  

Although some parts of the Indo-Pacific are experiencing decreasing populations as 
people migrate to urban areas within their countries or to other countries (for example, Indo-
Pacific island countries with negative population growth in 2017 included the Cook Islands (-
2.79%), Federated States of Micronesia (-0.52%), the Maldives (-0.06%), and Tonga (-0.05%)), 
over 90% of Indo-Pacific coral reef countries, including those with the most coral reef area, had 
positive human growth rates in 2017 (World Fact Book, 2017). Thus, it is likely that the direct 
effects of fishing will increase throughout most of the Indo-Pacific in the foreseeable future, 
simply because there will be more people and more demand for fish, hence more fishing activity. 
Likewise, while indirect effects have so far not been observed to be as pronounced in the Indo-
Pacific as in the Caribbean, the projected increases in human populations and fishing pressure 
described above in the Indo-Pacific are likely to eventually cause an increase in indirect effects. 

Fishing Conclusion. From the above analysis of direct and indirect effects of fishing on 
Indo-Pacific reef-building corals, we conclude that: (1) Direct effects of fishing, namely damage 
from fishing gears and methods used in food fish and marine aquarium fisheries, have been 
observed in much of the Indo-Pacific; (2) indirect effects, or the trophic effects of fishing, have 
not been observed in the Indo-Pacific as they have in the Caribbean; and (3) both direct and 
indirect effects of fishing are projected to increase in the Indo-Pacific in the foreseeable future.   

4.2.5. Land-based Sources of Pollution (ESA Factor A) 
Land-based sources of pollution refer to sediment, nutrients, contaminants, and other 

types of pollution affecting reef-building corals that originate from coastal development, 
urbanization, agriculture, and other human activities on land, and thus are considered under ESA 
Factor A – the present or threatened destruction, modification, or curtailment of its habitat or 
range. The many different forms of land-based sources of pollution collectively affect all life 
history stages of reef-building corals in numerous ways. In order to adequately describe this 
threat, we provide summaries of (1) observed effects of land-based sources of pollution on Indo-
Pacific reef-building corals to date; and (2) projected effects of land-based sources of pollution 
on Indo-Pacific reef-building corals in the foreseeable future (i.e., from now to 2100).  

Observed Effects of Land-based Sources of Pollution. In the 1990s, it was estimated that 
approximately half of the world’s coral reefs were threatened by land-based sources of pollution 
(Bryant et al. 1998). A more recent assessment concluded that coastal human populations and 
subsequent coastal development continued to increase land-based sources of pollution and 
impacts to coral reefs (Burke et al., 2011). Human activities in coastal watersheds introduce 
sediment, nutrients, contaminants, and other pollutants into the ocean by various mechanisms, 
including river discharge, surface runoff, groundwater seeps, and atmospheric deposition 
(Brainard et al. 2011). Sediment and turbidity, nutrients, and contaminants are each discussed 
separately below.  

Sediment and Turbidity: Human activities in coastal and inland watersheds introduce 
terrestrial sediment into the ocean by river discharge and surface runoff. Elevated terrestrial 
sediment levels are generated by poor land use practices and coastal and nearshore construction. 
Terrestrial sediments tend to be both finer (more easily re-suspended) and darker (more light-
absorbing) than marine sediments, thus reducing light more effectively when suspended in the 
water column. The high iron content of some terrestrial sediments may also serve as fertilizers to 
certain components of some coral reef systems. Further, terrestrial sediments are often associated 
with harmful organic compounds, heavy metals, nutrients, or harmful bacteria. Effects on corals 
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depend on grain size and organic content of the sediment, as well as the amount of sediment and 
the duration of the sediment stress (Brainard et al. 2011). 

The fact that agriculture, mining, and logging can sharply increase sedimentation of coral 
reefs has been observed in the Indo-Pacific for many decades (Risk and Edinger 2011). A study 
of sedimentation on the GBR between 1750 and 1998 found that sediment from river floods 
reached the inner GBR occasionally until about 1870 when European settlement began, then 
increased by five to 10-fold due to land-use practices such as land clearing for agriculture and 
livestock grazing (McCulloch et al. 2003). Similarly, a study of sedimentation on a Hawaiian 
reef found that sediment from streams greatly increased on the reef in the early 1900s after a 
rapid increase in land clearing for the same reasons (Prouty et al. 2010). Elsewhere in the Indo-
Pacific, some of the most rapid logging and land clearing in the world occurred in the Coral 
Triangle and east Africa in the early 21st century (Burke et al. 2011). Exposure to sedimentation 
can be moderated by distance of some coral habitats from areas where sedimentation is 
chronically or sporadically heavy, resulting in some habitats being less affected by 
sedimentation. Exposure to sedimentation for particular species may also be moderated by depth 
of habitats (Brainard et al. 2011). 

As described above in Habitat Requirements, the settlement and recruitment of reef-
building corals require consolidated hard substrate that is sediment-free. Sediment accumulation 
has been observed to result in a variety of lethal and sub-lethal effects of all life stages of Indo-
Pacific reef-building corals (i.e., adults, fragments, larvae, and recruits). Sediment may prevent 
settlement of larvae in the first place. Once a coral is settled and has started to grow into a 
colony, the most common direct effect of sediment is deposition on the colony’s surfaces. Corals 
with certain morphologies (e.g., mounding) can passively reject settling sediments. In addition, 
corals can actively displace sediment by ciliary action or mucous production, both of which 
require energetic expenditures. Corals with large corallites tend to be better at actively rejecting 
sediment. Corals that are unsuccessful in removing sediment will be smothered and may 
eventually die, although a few species can tolerate complete burial for short periods of time. 
Sediment can also induce sublethal effects, such as reductions in tissue thickness, polyp swelling, 
zooxanthellae loss, and excess mucus production. Sedimentation also impedes fertilization of 
spawned gametes and reduces larval settlement and survival of recruits and juveniles (Fabricius 
et al. 2005, Erftemeijer et al. 2012, Browne et al. 2015, Rogers 1990).  

Reduced water clarity, or turbidity, results from particles of sediment, organic matter, or 
plankton in the water, and so is often associated with elevated sedimentation and nutrients. Reef-
building corals naturally occur across a broad range of water clarity levels from very turbid 
waters on enclosed reefs near river mouths to very clear waters on offshore barrier reefs, and 
many intermediate habitats such as open coastal and mid-shelf reefs (Browne et al. 2012). 
Turbidity is caused by suspended abiotic and biotic particulate matter (esp. clay and silt-sized 
particles) and some dissolved substances, which reduce light penetration. Fine clays and organic 
particles are easily suspended from the sea floor, reducing light for prolonged periods while 
undergoing cycles of deposition and re-suspension. Suspended fine particles also carry nutrients 
and other contaminants. Increasing turbidity results in less light available for zooxanthellae, 
thereby reducing photosynthesis which in turn reduces coral skeletal growth. As levels of 
sediment, turbidity, and nutrients increase over time in response to land-based sources of 
pollution, the coral community composition may shift from coral-dominated to macroalgae-
dominated (De’ath and Fabricius 2010, Fabricius 2005, Fabricius et al. 2014).  
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Nutrients. Reef-building corals are able to live in nutrient-poor oceanic waters because 
of efficient nutrient recycling between the host coral and its symbiotic zooxanthellae. This makes 
the availability of nutrients highly influential in the function and status of corals and coral reef 
ecosystems, as too few nutrients are limiting but too many nutrients can result in detrimental 
ecological imbalances. As described above in Habitat Requirements, reef-building corals require 
suitable nutrient levels necessary for the successful completion of all life history stages. As with 
all plants, zooxanthellae require dissolved inorganic nutrients (nitrates and phosphates) for 
photosynthesis. Major natural sources of nutrients to coral reefs include upwelled deep water, 
groundwater seeps, and terrestrial runoff. Natural mechanisms for delivering nutrients to coral 
reefs are sometimes enriched by human activities, such as agriculture, forestry, and urbanization 
which produce nutrients (e.g., in fertilizers, wastewater, etc.) that make their way to corals reefs 
via point and non-point sources such as river discharges, groundwater, and municipal outfalls. 
Such anthropogenic nutrient sources may also bring other stressors, such as sediments and 
contaminants (Brainard et al. 2011, Burke et al. 2011). 

Elevated nutrients have been observed to affect Indo-Pacific reef-building corals through 
at least three mechanisms: (1) Direct impacts on coral physiology; (2) indirect effects through 
nutrient-stimulation of other community components (e.g., macroalgae seaweeds, 
turf/filamentous algae, cyanobacteria, and filter feeders) that compete with corals for space on 
the reef; and (3) other indirect effects such as stimulation of plankton growth that increases 
turbidity, thereby reducing light availability for corals. Increased nutrient levels generally lead to 
higher zooxanthellae density, but lower energy transferred to the coral host, making the coral 
more susceptible to stressors such as elevated seawater temperatures. Other direct effects include 
decreased calcification and skeletal density. Excessive nutrient levels are generally detrimental to 
coral reproduction by inhibiting gamete development, reducing fertilization success, and 
reducing larval settlement (Fabricius 2005, Ferrier-Pages et al. 2000, Harrison and Ward 2001). 

The most important indirect effect of excessive nutrients is stimulation of non-coral 
organisms and subsequent alteration of the competitive balance on the reef. One of the best 
known examples of the indirect effects of excessive nutrients levels is provided by Kaneohe Bay, 
Hawaii, where 25 years of municipal sewage effluent being discharged into the bay led to 
massive outbreaks algae and reductions in coral cover of >50% until the discharges ceased in the 
late 1970s (Hunter and Evans 1995). Most commonly, excessive nutrients lead to increased 
growth of turf algae and macroalgae, and the widespread increase in such algae on coral reefs in 
many populated areas has often been attributed to nutrient enrichment. However, experimental 
nutrient addition in some reef systems has not resulted in algal overgrowth because of the control 
of macroalgal standing stock by herbivores (Brainard et al. 2011). A meta-analysis comparing 
nutrient and herbivory effects indicated that herbivores generally have stronger control of algal 
abundance on tropical reefs than nutrient enrichment, and nutrient effects are often detectable 
only under conditions of reduced herbivory (Burkepile and Hay 2006).  

Nutrient enrichment can also stimulate the production of particulate matter such as 
plankton, leading to an increase in filter feeders such as sponges and zoanthids. Many filter 
feeders are destructive bioeroders, thus nutrient enrichment and subsequent increases in 
bioeroders can shift reefs from net accretion to net erosion. Generally, excessive nutrients and 
associated stresses on coral populations lead to reduction in coral cover, shifts in coral 
community composition, and under at least some conditions (e.g., reduced herbivory and/or 
restricted circulation), increased algal biomass (Brainard et al. 2011). 
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Contaminants. As with sediment and nutrients, contaminants may be delivered to coral 
reefs via either point or non-point sources on land, but also may originate from marine-based 
sources. Land-based sources of contaminants typically enter the ocean via rivers, groundwater, 
and direct runoff. The major groups of land-based contaminants that affect reef-building corals 
are heavy metals, hydrocarbons, pesticides, and personal care products. The effects of these four 
groups of contaminants on reef-building corals in the field, or in laboratory experiments using 
conditions that replicate polluted waters, are summarized here.  

Heavy metals (e.g., Cu, Cd, Mn, Ni, Co, Pb, Zn, Fe) can be beneficial to coral health and 
growth when they occur at naturally low levels; however, at increased concentrations, they can 
be toxic. Heavy metals are persistent in the environment and can bioaccumulate. They are 
adsorbed into sediment particles, which can result in their long-distance transport away from 
sources of pollution. Corals incorporate metals in their skeleton and accumulate them in their 
soft tissue. Although heavy metals can occur in the marine environment from natural processes, 
in nearshore waters they are mostly a result of anthropogenic sources, whether land-based (e.g., 
wastewater, land-filling, industrial discharge, and agricultural activities) or marine-based 
(antifouling and anticorrosive paints from marine vessels and structures, shipping and other 
maritime activities, harbor and channel dredging, etc.), and are thus concentrated near cities, 
ports, and industrial developments. The effects of copper on corals include physiological 
impairment, impaired photosynthesis, bleaching, reduced growth, and DNA damage. Effects to 
fertilization, larval development, larval swimming behavior, metamorphosis, and larval survival 
have also been documented. Toxicity of copper was found to be higher when seawater 
temperatures are elevated. Nickel and cobalt can also have negative effects on corals, such as 
reduced growth and photosynthetic rates, and reduced fertilization success. Chronic exposure of 
corals to higher levels of iron may significantly reduce growth rates (Brainard et al. 2011, SERO 
2016). 

Hydrocarbons are found in fossil fuels such as oil and coal and can be produced by the 
incomplete combustion of organic matter. Hydrocarbons disperse through land-based non-point 
sources such as road run-off, sewage, and deposition of particulate air pollution. Hydrocarbons 
can also disperse from marine-based point sources such as oil spills and industrial sites. Studies 
have found effects of oil pollution on corals include growth impairments, mucus production, and 
decreased reproduction, especially at increased temperature (SERO 2016). Hydrocarbons have 
also been found to affect early life stages of corals. For example, natural gas exposure resulted in 
abortion of Pocillopora damicornis larvae during early embryogenesis and early release of larvae 
during late embryogenesis, with higher concentrations of natural gas yielding higher adverse 
effects (Villanueva et al. 2011). Hydrocarbon concentrations similar to those after an oil spill 
inhibited metamorphosis of Acropora tenuis larvae and sensitivity increased when co-exposed to 
“shallow reef” UV light levels (Negri et al. 2016). 

Pesticides can also originate from land-based sources like agriculture or marine-based 
sources like harbors. They include herbicides, insecticides, and antifoulants used on vessels and 
other marine structures. Pesticides can affect non-target marine organisms like corals and their 
zooxanthellae. Corals have been shown to bioaccumulate pesticides such as lindane, heptachlor, 
chlordane, and dichlorodiphenyltrichloroethane (DDT). Adult corals are usually not directly 
affected by herbicides, but zooxanthellae have been shown to be affected at very low 
concentrations (Brainard et al. 2011). Diuron, an herbicide found in floodwaters on the GBR, is 
highly toxic to corals (Shaw et al. 2012b). Irgarol, an additive in copper-based antifouling paints, 
reduces settlement (Knutson et al. 2012) and inhibits photosynthesis (Jones and Kerswell 2003). 
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Additionally, pesticides can significantly inhibit coral reproductive processes, inhibiting 
fertilization, settlement, or metamorphosis (Markey et al. 2007). 

Personal care products contain compounds that can act as contaminants when they enter 
the marine environment. Benzophenone-2 (BP-2) is a chemical additive to personal care 
products (e.g., shampoo, body lotions, soap, and detergents), product coatings (oil-based paints, 
polyurethanes), acrylic adhesives, and plastics that protects against damage from ultraviolet light. 
BP-2 is a known endocrine disruptor and a DNA mutagen. Benzophenone-3 (BP-3; oxybenzone) 
is an ingredient in sunscreen and personal care products (e.g., hair cleaning and styling products, 
cosmetics, insect repellent, soaps) that protects against damage from ultraviolet light. 
Oxybenzone can cause DNA mutations and is a skeletal endocrine disruptor. BP-2 and BP-3 
have been shown to deform the larvae of Stylophora pistillata (Downs et al. 2014, Downs et al. 
2016). Surfactants are used as detergents and soaps, wetting agents, emulsifiers, foaming agents, 
and dispersants. Linear alkylbenzene sulfonate (LAS) is one of the most common surfactants in 
use. Exposure of Pocillopora verrucosa to LAS has been shown to result in tissue loss (Kegler et 
al. 2015). These chemicals are released into the ocean through municipal wastewater discharges, 
landfill leachates, residential septic fields and unmanaged cesspits, as well as swimmers wearing 
products containing these chemicals.   

Projected Effects of Land-based Sources of Pollution. As noted above in the Fishing 
section, the human population near coral reefs in much of the Indo-Pacific, especially in the 
Coral Triangle where more than half of all Indo-Pacific coral reefs are located and where most 
coral biodiversity is concentrated, is expected to grow at a higher rate than the mean global 
human population in the foreseeable future, as it has in recent decades. Thus, it is likely that the 
effects of land-based sources of sediment, nutrients, and contaminants will increase throughout 
most of the Indo-Pacific, simply because there will be more people and more human activities 
that generate each type of pollution. In addition, nearshore sediment levels and subsequent 
turbidity will also likely increase with sea-level rise. Greater inundation of reef flats can erode 
soil at the shoreline and re-suspend lagoon deposits, producing greater sediment transport and 
potentially leading to leeward reefs being flooded with turbid lagoon waters or buried by off-
bank sediment transport. 

Land-based Sources of Pollution Conclusion. From the above analysis of the effects of 
land-based sources of sediment, nutrients, and contaminants on Indo-Pacific reef-building corals, 
we conclude that: (1) effects of all three types of pollution have been observed in much of the 
Indo-Pacific, namely impacts on coral growth, reproduction, and survival in areas with the 
highest levels of pollution; and (2) such effects are projected to increase in much of the Indo-
Pacific in the foreseeable future.  

4.2.6. Coral Disease (ESA Factor C) 
Coral disease refers to infectious diseases of reef-building corals (not to coral bleaching 

or toxicological effects, which are covered elsewhere), and thus is considered under ESA Factor 
C – disease or predation. Coral diseases adversely affect various coral life history stages by 
causing adult mortality, reducing reproductive success, and impairing colony growth. In order to 
adequately describe this threat, we provide summaries of (1) observed coral diseases in the Indo-
Pacific to date; and (2) projected coral diseases in the Indo-Pacific in the foreseeable future (i.e., 
from now to 2100). 

Observed Coral Diseases. Although not as severe as in the Caribbean, coral diseases are a 
threat to Indo-Pacific reef-building corals. Coral diseases are a natural phenomenon on Indo-
Pacific coral reefs, first being recorded in the early to mid-1800s (Roff 2016). Region-wide 
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patterns of prevalence of coral diseases (i.e., proportion of colonies with disease) in the Indo-
Pacific are difficult to determine because of the high diversity of both reef-building coral species 
and their diseases, the vast size of the region, and the lack of data across the appropriate spatial 
and temporal scales. Some of the most common coral diseases are white syndrome (WS), black 
band disease (BBD), brown band disease, and skeletal eroding band, but the most common 
diseases vary by location, season, habitat, and other factors (Myers and Raymundo 2009). 

As part of a worldwide study of coral diseases conducted in 2004 to 2006, surveys were 
conducted at 241 sites on the GBR, in the Northwestern Hawaiian Islands (NWHI), and in the 
Philippines. Total mean annual coral disease prevalence rates were 4.6% of colonies in the 
Philippines, 1.3% of colonies on the GBR, and 0.02% of colonies in NWHI. WS and BBD were 
the most common diseases in the Indo-Pacific (Ruiz-Moreno et al. 2012). The NOAA Coral Reef 
Ecosystem Program monitors the coral reefs of the U.S. Pacific Islands and includes coral 
diseases in its surveys. Monitoring surveys conducted from 2002 to 2006 in the American Samoa 
archipelago reported total coral disease prevalence rates per island ranging from 0.04% on 
Swains Island to 0.5% on Tutuila (Brainard et al. 2008). Monitoring surveys conducted from 
2003 to 2007 in the Mariana Islands reported total coral disease prevalence rates per island 
ranging from 0.1% on Rota Island to 1.4% on Guam (Brainard et al. 2012). These studies give us 
a general idea of coral disease prevalence rates across the region, but do not provide trend 
information that might indicate temporal patterns.  

The Australia Institute of Marine Sciences (AIMS) has been monitoring coral diseases on 
the GBR since the mid-1990s. Between 1999 and 2003, coral diseases increased rapidly on the 
GBR, and an analysis of the AIMS data from that time showed a 20-fold increase in WS (Willis 
et al. 2004), which correlated with the 1998 and 2002 warming-induced bleaching events. The 
2008 GBR Status Report stated that after a peak in 2003, coral diseases declined in most GBR 
sub-regions but then returned to intermediate levels in 2006 and 2007 (AIMS 2008). The AIMS 
monitoring data collected on the GBR since 1999 do not show clear temporal trends in coral 
diseases, however there are indications that the GBR’s reefs are increasingly stressed by multiple 
and increasing threats, thus the likelihood of coral diseases is thought to be increasing (AIMS 
2014, AIMS 2017). 

Coral diseases in the Indo-Pacific may have increased over the last few decades, but 
evidence is more anecdotal than quantitative. An analysis of trends in marine diseases over the 
last several decades found that coral disease has increased globally, but the increase was driven 
by trends in the Caribbean (Tracey et al. 2019). What is indisputable is that other threats to reef-
building corals have rapidly increased during this period in the Indo-Pacific, as described above 
for Ocean Warming and other threats. Coral diseases are a complex response to various 
environmental stressors (Ban et al. 2013), many of which are being driven up by these threats, 
which often act synergistically with each other (Ateweberhan et al. 2013, Brainard et al. 2011). 
While it is unclear whether coral diseases have increased in the Indo-Pacific over the last few 
decades, the environmental stressors make coral more susceptible to diseases have increased. 

Projected Coral Diseases. Maynard et al. (2015) projected how future climate conditions 
will increase coral susceptibility to disease, pathogen abundance, and pathogen virulence 
globally under RCP8.5. They concluded that RCP8.5 is likely to cause sharply increased, but 
spatially highly variable, levels of coral diseases between now and 2100 in the Indo-Pacific, and 
that coral diseases are as likely to cause coral mortality as bleaching in the coming decades 
(Maynard et al. 2015). However, the model used by Maynard et al. (2015) was criticized as being 
unrealistic, and not supporting the conclusion of such widespread coral mortality from diseases 
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in the future (Lesser and van Woesik 2015). A model of projected white plague disease in Red 
Sea reef corals over the next 80 years found that epidemics are increasingly likely, but that the 
patchy distributions and densities of coral colonies will limit transmission and restrict local 
epidemics (Zvuloni et al. 2015). 

Coral Disease Conclusion. From the above analysis of coral diseases and their effects on 
Indo-Pacific reef-building corals, we conclude that (1) coral diseases and subsequent mortalities 
of Indo-Pacific reef-building corals are being increasingly observed, and while quantifiable 
temporal trends are lacking, the environmental stressors that lead to coral diseases (especially 
ocean warming) have clearly increased; and (2) environmental stressors that lead to coral 
diseases are projected to increase sharply in the Indo-Pacific in the foreseeable future under 
RCP8.5, thus coral diseases and subsequent coral mortalities are also likely to increase.  

4.2.7. Predation (ESA Factor C) 
Predation refers to feeding upon reef-building corals by corallivorous species of fish and 

invertebrates (e.g., snails and seastars), and thus is considered under ESA Factor C – disease or 
predation. Although predation is a natural process, it is considered an important threat to Indo-
Pacific reef-building corals because of the observed and projected increases in human 
disturbances which allow predation to affect corals more than it otherwise would (Brainard et al. 
2011). In order to adequately describe this threat, we provide summaries of (1) observed effects 
of predation on Indo-Pacific reef-building corals to date, and (2) projected effects of predation on 
Indo-Pacific reef-building corals. 

Observed Effects of Predation. In undisturbed conditions, the distribution of corals is 
affected by predation by fishes and invertebrates. However, if the living coral cover is 
substantially reduced by natural or anthropogenic disturbances, the effects of predation become 
more substantive even if the rate of predation does not change. Over-predation can lead to 
significant coral declines when the rate of coral predation relative to the rate of healing or 
population replenishment of the prey crosses a threshold beyond which predation prevents the 
recovery of coral populations (Brainard et al. 2011).  

Predation on some Indo-Pacific reef-building coral genera, especially Acropora, 
Montipora, Pocillopora, and Porites, by many corallivorous species of fish and invertebrates 
(e.g., crown-of-thorns seastar (COTS) and snails) is a chronic, though occasionally acute, energy 
drain and threat to corals (Cole et al. 2008), and has been identified for most coral life stages. 
The distribution of corals can be directly limited by predation of corallivorous fishes and 
invertebrates (Brainard et al. 2011). COTS outbreaks are among the most significant biological 
disturbances that occur on Indo-Pacific coral reefs, since they can wipe out coral cover over a 
large area in a short period of time (Colgan 1987). A meta-analysis based on 2,258 surveys of 
214 GBR reefs from 1985 to 2012 documented declines in coral cover from 28% to 14%, 42% of 
which was attributable to COTS outbreaks (De'ath et al. 2012). The specific causative 
mechanisms that drive COTS outbreaks remain unknown, with considerable debate in the 
scientific literature about whether outbreaks in recent decades are more of a human-induced 
phenomenon as a result of sedimentation and urbanization, runoff, fishing, or primarily a 
naturally occurring phenomenon (Brainard et al. 2011). 

Although predation is usually a chronic energy drain on corals, acute massive outbreaks 
of some invertebrate corallivores can occasionally increase the corallivore population by orders 
of magnitude in a single season. For example, the gastropod Drupella cornus quickly increased 
from 100-200 snails per km2 of reef to 1–2 million per km2 in western Australia. COTS 
populations sometime increase within a few months from a few individuals on a reef to hundreds 
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of thousands (Brainard et al. 2011). In some areas of the Indo-Pacific, these outbreaks have long 
been considered to be caused by land-based nutrient runoff that result in phytoplankton blooms 
which, in turn, provide food for the larvae of the predators and facilitate high recruitment of 
corallivores (Birkeland 1982). Fishing of the predators of corallivores also has been suggested to 
contribute to these outbreaks. Increases in nutrient runoff from agricultural activities, coastal 
construction, and fishing of potential predators of corallivores, are all likely contributing to 
COTS outbreaks (Fabricius et al. 2010). 

Corals are also thought to be indirectly affected by human removal of large apex 
predators. These predators are often the prime targets of fishers and thus frequently depleted 
from coral reef ecosystems near human populations. Reefs with larger predatory fishes typically 
have large herbivore populations (Stevenson et al. 2007) which, in turn, maintain low macroalgal 
cover. Low macroalgal cover improves the chances for successful coral recruitment. This three-
level process is called the trophic cascade effect of removal of top predators. Predatory fishes 
also control invertebrate corallivores such as Drupella and COTS (Dulvy et al. 2004). Therefore, 
apex predators are probably important for directly controlling corallivores and indirectly 
controlling macroalgae, which facilitates coral recruitment. Unfortunately, apex predators are 
now generally common only around remote Pacific islands and atolls where fishing pressure is 
slight, and in other remote areas of the Indo-Pacific (Brainard et al. 2011). 

A review of 328 COTS outbreaks in the Indo-Pacific since the mid-20th century showed 
outbreaks across the region, with recurrent outbreaks on the GBR, Japan, and French Polynesia 
since the 1960s (Pratchett et al. 2014). Since 1990, 246 outbreaks were recorded, which was 
triple the number of outbreaks reported (82) prior to 1990. Because of the increase in coral reef 
surveys and monitoring since 1990, this apparent increase in the number of reported outbreaks 
may or may not indicate a real increase in outbreaks. In locations where there have been 
recurrent outbreaks, there was no evidence of increased frequency of outbreaks. If anything, the 
period between successive outbreaks had become longer, as might be predicted if the initiation of 
renewed outbreaks requires substantial recovery of coral prey (Pratchett et al. 2014).  

Projected Effects of Predation. Because human populations near coral reefs in much of 
the Indo-Pacific are expected to grow, it is likely that fishing, land-based sources of pollution, 
and other human impacts to coral reefs will increase throughout most of the Indo-Pacific in the 
foreseeable future. These, in turn, are very likely to contribute to increased chronic and acute 
predator (corallivore) outbreaks by the mechanisms discussed above. As predation on corals 
becomes more frequent, the decrease in coral reproductive stock and larval production could 
result in depensatory effects on a large scale. Depensatory effects refer to a progressively lower 
likelihood of individual coral colony survival due to an increasing predator population and a 
decreasing coral population, which could cause the impacts of predation to increase 
exponentially (Brainard et al. 2011). 

Predation Conclusion. From the above analysis of predation on Indo-Pacific reef-building 
corals, we conclude that (1) both chronic and acute predation, especially acute COTS outbreaks, 
have been observed in many parts of the Indo-Pacific and, while quantifiable temporal trends are 
lacking, environmental stressors that lead to predator outbreaks (e.g., land-based sources of 
pollution) have increased; and (2) both chronic and acute predation and its impacts are projected 
to increase in much of the Indo-Pacific in the foreseeable future.  

4.2.8. Collection and Trade (Factor B) 
Collection and trade refers to the physical process of taking reef-building corals from 

their natural habitat (collection) for the purpose of sale in the marine aquarium and ornamental 
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industries (trade), and thus is considered under ESA Factor B – overutilization for commercial, 
recreational, scientific, or educational purposes. Artificial propagation of corals also plays a part 
in this threat or the mitigation of it. Collection and trade threaten corals by directly removing 
individual colonies from populations, and indirectly by altering or destroying coral habitat during 
the collection process. In order to adequately describe this threat, we provide summaries of (1) 
observed effects of collection and trade of Indo-Pacific reef-building corals to date; (2) projected 
effects of collection and trade of Indo-Pacific reef-building corals in the foreseeable future  

Observed Effects of Collection and Trade. We define wild collection as the physical 
removal of coral colonies and fragments from their natural habitat. We discuss coral aquaculture 
and mariculture that is done for the purposes of trade here, because captive culture techniques are 
increasingly used to supply the marine aquarium industry and potentially reduce the amount of 
corals collected from the wild to meet demand. Globally, 1.5 million live stony coral colonies 
(i.e., corals with hard skeletons, including both reef-building and non-reef-building species) were 
reported to be collected from at least 45 countries each year between 1988 and 2007, with the 
great majority from the Indo-Pacific due to undesirable appearance and growth characteristics of 
Caribbean corals for trade. The U.S. consumed the largest portion of live corals and live rock, 
followed by the European Union and Japan. The imports of live corals taken directly from coral 
reefs (not produced by aquaculture or mariculture) increased by 600% between 1988 and 2007, 
while the global trade in live coral increased by nearly 1,500%. Harvest of corals from their 
natural habitat is usually destructive to the reef habitat around the corals, and also can result in 
removing and discarding large amounts of live coral that go unsold. While collection is typically 
focused on small parts of a coral reef, it can result in significant impacts to that reef and may 
contribute to individual species’ extinction risk (NMFS 2014). 

Recently, advances in both aquaculture (land-based) and mariculture (ocean-based) 
captive culture techniques show promise in shifting the demand of the marine aquarium industry 
away from wild-collected corals to corals reared via captive-culture techniques. Such techniques 
are possible since many corals, especially fast-growing branching corals, are capable of asexual 
reproduction via a process known as fragmentation or “fragging” (Rhyne et al. 2012). The 
proportion of the live coral trade supplied by captive culture instead of wild collection is difficult 
to track and calculate, with the most recent estimates ranging from 2% (Thornhill 2012) to 20% 
(Wood et al. 2012). However, the proportion appears to be increasing, as major exporters such as 
those from Indonesia, Fiji, and the Solomon Islands switch from wild collection to mariculture 
(Rhyne et al. 2014), as described in more detail below. 

Globally, there are approximately two million aquarium hobbyists involved in a complex 
trade network that sells an estimated 50 million stony and soft corals every year, the great 
majority of which are artificially propagated (Rhyne et al. 2012). According to the Florida 
Department of Agriculture and Consumer Services, there are 87 certified aquaculture facilities 
listing corals (mostly Indo-Pacific reef-building corals) as a product in Florida alone. Since 2000, 
Indonesia has been the primary source of live corals, exporting approximately one million corals 
annually and represented an estimated 91% of the global supply market as of 2005 (Bruckner 
and Borneman 2006, Timotius et al. 2009, Thornhill 2012). Other major sources of scleractinian 
corals include Fiji, Solomon Islands, Tonga, and Australia. In addition, undocumented, illegal 
live coral trade is estimated to represent approximately 25% of the legal trade level, although 
these numbers are difficult to estimate considering the secretive nature of the illegal trade (Jones 
2008, Thornhill 2012). In addition to increasing wild collection of corals, some major source 
countries such as Indonesia are increasing production via mariculture activities to reduce wild 
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collection pressure on coral reefs, and supporting coral farming as a potential alternative to 
fishing for reef fish and collection of wild corals (Pomeroy et al. 2006). As of 2008, there were 
55 coral farms scattered throughout the different provinces of Indonesia (Timotius et al. 2009), 
and the majority of Indonesia’s live coral exports were produced by mariculture by 2009 (Rhyne 
et al. 2014). According to 2009 U.S. import reports, 26% of Acropora species were identified 
under CITES codes which indicated that these colonies were produced at aquaculture facilities 
(Rhyne and Tlusty 2012).  

The export of marine organisms for the marine aquarium and ornamental trade is a global 
industry. In addition to live stony corals, approximately 13–40 million reef fish, four million 
pounds of dead coral skeleton, and 9–10 million other invertebrates are extracted from coral reef 
ecosystems across the world every year (Thornhill 2012). For corals, trade can be broken down 
into several categories, including coral rock (i.e., rock and substrate that may have live settled 
coral polyps among other marine organisms), live wild coral, live artificially propagated coral, 
and dead coral skeleton. Yet, numbers of corals traded in these categories are very difficult to 
accurately estimate for several reasons: (1) corals are colonial, vary in size, and can be 
fragmented into many smaller pieces; (2) reporting of trade volume is inconsistent and varies 
between reporting pieces and weight; and (3) live rock and corals are often confused with each 
other and misreported (Thornhill 2012). 

The ten most popular coral genera involved in the global marine aquarium trade by 
volume are Acropora (Indo-Pacific only), Euphyllia, Goniopora, Trachyphyllia, Plerogyra, 
Montipora, Heliofungia, Lobophyllia, Porites, and Turbinaria (Jones 2008, Thornhill 2012), all 
of which are Indo-Pacific reef-building corals. Acropora species are in the highest demand 
followed by the large polyp species such as Euphyllia (Jones 2008).  

Projected Effects of Collection and Trade. Because human populations near coral reefs in 
much of the Indo-Pacific are expected to grow, and collection and trade is fueled by the world’s 
current demand for marine aquaria in the U.S., the European Union, and Japan which is expected 
to grow, collection and trade of corals is likely to grow into the foreseeable future. On top of 
that, because the economic middle and upper classes in Asia are growing so quickly, 88% of the 
next billion members of the middle class are projected to be from eastern and southern Asia 
(Kharas 2017). This rapid growth in potential consumers of luxury items is likely to drive up 
demand for marine aquaria in Asia, in addition to the current and growing demand in the U.S., 
the European Union, Japan, and elsewhere. Therefore, it is likely that collection and trade will 
increase throughout most of the Indo-Pacific in response to the growing global demand, which in 
turn is likely to result in increased detrimental effects to Indo-Pacific reef-building corals, 
although these effects may be partially offset by increases in captive culture.  

Collection and Trade Conclusion. From the above analysis of the effects of collection and 
trade on Indo-Pacific reef-building corals, we conclude that (1) wild collection and aquaculture 
production of Indo-Pacific reef-building corals has grown significantly in recent decades, along 
with the resulting detrimental effects to corals and their habitats; and (2) the industry and its 
effects are projected to increase in much of the Indo-Pacific in the foreseeable future, although 
these effects may be partially offset by increases in captive culture. 

4.2.9. Other Threats 
In addition to the above primary threats, other threats to Indo-Pacific reef-building corals 

include two global threats (changes in ocean circulation and tropical storms), and three local 
threats (human-induced physical damage, invasive species, and salinity; Brainard et al. 2011). 
These are not considered primary threats because they are either uncertain (the global threats) or 
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highly localized on small spatial scales (the local threats). Nevertheless, they may affect the 
extinction risk of some Indo-Pacific reef-building coral species in the foreseeable future and, 
therefore, are briefly described below. The ESA Factor is provided in parentheses for each threat.  

Changes in Ocean Circulation (Factor E). Ocean currents directly and significantly 
influence coral reef ecosystems through many important processes, including heating and 
cooling, larval connectivity, and nutrient enrichment. The major components of ocean currents 
influencing coral reefs are wind-driven surface ocean currents, the large-scale density-driven 
thermohaline circulation of the ocean interior, tidal currents, and wave-driven nearshore currents. 
East to west tropical currents are driven by the overturning of air across the equatorial oceans 
known as the Walker Circulation, which has shown signs of weakening in recent decades. 
Projected changes to oceanic circulation in the Indo-Pacific are strongly dependent on future 
changes in the Walker Circulation. AR5 concluded that there is medium confidence that 
weakening of tropical Pacific ocean circulation will occur in the foreseeable future. Such basin-
scale ocean circulation changes could have significant and far-reaching consequences for Indo-
Pacific reef-building corals and other marine life. For example, weakening circulation could 
reduce coral connectivity between reefs, which is essential for providing larvae to foster recovery 
from disturbance as well as long-term gene flow (Brainard et al. 2011, IPCC 2013). 

Changes in Tropical Storms (Factor E). Tropical storms (hurricanes, typhoons, or tropical 
cyclones) are one of the many forms of natural disturbance that Indo-Pacific reef-building corals 
have experienced throughout their existence. Tropical storms cause direct physical damage to 
corals by colony abrasion, breakage, and uprooting, as well as by increasing sediment, debris, 
and turbidity on reefs, which together typically lead to sharp but localized and temporary 
reductions in coral cover. Tropical storms can also benefit corals by cooling seawater 
temperatures and facilitating asexual reproduction. However, human disturbances to these coral 
reef ecosystems have reduced their capacity to recover from tropical storms (Brainard et al. 
2011). Global climate change may be changing the frequency, intensity, and spatial distribution 
of tropical storms. Although the frequency of tropical storms does not appear to have increased 
in the Indo-Pacific (as it has in the Atlantic), there is evidence that the intensity of tropical storms 
in the Indo-Pacific has increased in recent decades. Over the first half of the 21st century, AR5 
projects no change in the frequency of tropical storms in the Pacific, but does project increases in 
their intensity. That said, both the frequency and intensity projections have low confidence. AR5 
also projects that frequency, intensity, and spatial distribution of tropical storms will be highly 
variable throughout the 21st century globally (IPCC 2013, Table 11.2). 

Human-induced Physical Damage (Factor A). Physical damage to corals by human 
activities is distinct from storm-induced physical damage, in that it tends to be much more 
frequent, but individual incidents are on much smaller scales. Humans inflict physical damage on 
coral reefs through both intentional use and accidents. Intentional use includes a diverse array of 
coastal construction and development activities, including land reclamation, airport and harbor 
construction, navigation channel dredging, mining for building materials, and other activities. 
Accidental damage occurs from vessel groundings, anchoring, fishing gear, recreation (e.g., 
trampling, breakage, and other damage from snorkeling and diving), and other activities 
(Brainard et al. 2011). All of these human activities have increased rapidly in the Indo-Pacific 
over the last several decades, as coastal development, economic growth, and technological 
advancements have all proceeded across the region. Projected human population growth and 
economic development virtually guarantees that human-induced physical damage of Indo-Pacific 
coral reefs will continue and likely increase throughout the foreseeable future. 
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Invasive Species (Factor E). Introduced marine invertebrate species, along with their 
associated diseases and symbionts, have been spreading through the Indo-Pacific for at least 
decades, if not centuries. This is substantially increasing the number of marine invertebrate 
species in some harbors, especially in the more isolated archipelagoes, and tends to homogenize 
marine biogeography. The transportation of introduced marine invertebrate species is most often 
by ship, either on the hull or in the ballast water, and the alien species usually become associated 
with the ship when it is at rest. This means the departure and arrival of introduced species is most 
often in protected ports or harbors, thus introduced marine invertebrates tend to originate from 
such areas, and are often not able to colonize habitats outside of ports or harbors. For example, in 
Guam there are 79 species of introduced marine invertebrates in Apra Harbor, but only 23% have 
been found outside the harbor, and those few that have made it outside the harbor have so far 
been ecologically inconsequential on the open coast coral reefs (Paulay et al. 2002). In Hawaii, 
there are 287 introduced marine invertebrate species, but a large portion of these are found in 
Pearl Harbor and relatively few have become established on the wave- exposed outer reefs 
(Eldredge and Smith 2001). In some cases, alien species introductions are not accidental. For 
example, some of the algal species that have become invasive in Hawaii were introduced 
deliberately for aquaculture because of their characteristics of rapid growth and productivity. The 
main impact of introduced invertebrates and algae is that they are often able to outcompete the 
slower -growing corals for space (Brainard et al. 2011). Projected human population growth and 
economic development will likely result in growth in the shipping industry in the Indo-Pacific, 
which in turn makes it likely that marine invasive species will continue to be introduced to Indo-
Pacific coral reefs in the foreseeable future. 

Salinity (Factor A). Nearshore coral reef habitats like reef flats, lagoons, and fringing 
coral reefs can experience extreme salinity changes. Evaporation during extreme droughts and 
during windy, hot conditions on shallow banks can produce hypersaline waters, while hyposaline 
water is released into the coastal zone following heavy rain, and can persist for several weeks or 
longer. For coastal reefs, heavy rain drives coastal runoff or groundwater inputs, both of which 
can bring other associated stresses (see Land-based Sources of Pollution above). Coral responses 
to salinity are, in part, controlled by behaviors, such as polyp retraction, mucus production, and 
osmoregulation. High and low salinity can influence corals during many life stages. Severe rain 
events can produce catastrophic local coral bleaching. For example, a single storm in 1987 
reduced the salinity in parts of Kaneohe Bay, Hawaii to 15 parts per thousand, causing mass 
mortality to Pocillopora damicornis and Montipora verrucosa at depths of 2 m (Jokiel et al. 
1993). A general response of corals to reduced salinity is mucus formation, tissue swelling, and 
reduced photosynthesis (Brainard et al. 2011). Most salinity stresses to corals are driven by 
rainfall, and can be a type of land-based source of pollution if caused by runoff. Salinity stress 
has likely increased along with other land-based sources of pollution in the Indo-Pacific, in 
response to watershed and coastal development that has increased runoff. Such development is 
projected to increase rapidly in many parts of the Indo-Pacific, thus salinity effects on Indo-
Pacific reef-building corals will likely increase in the foreseeable future. 

4.2.10. Interactions of Threats 
The threats described above often affect Indo-Pacific reef-building corals simultaneously 

or sequentially, thus threats may interact with one another to affect corals in different ways than 
they would individually. Because of the large number of threats to Indo-Pacific reef-building 
corals, and the fact that multiple threats can interact with one another, there are many types of 
potential interactions (Anthony et al. 2016, Ateweberhan et al. 2013). Some of the most 
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important interactions of threats that have been observed in the Indo-Pacific are: (1) ocean 
warming causes coral bleaching, and bleached corals are more susceptible to diseases 
(McClanahan et al. 2009, Burge et al. 2014); (2) corals with reduced calcification are more 
sensitive to bleaching and diseases (Anthony et al. 2011, 2016); (3) coral skeletons weakened by 
ocean acidification are more sensitive to the impact of predators and storms (Anthony et al. 
2011, 2016); (4) turbidity can increase susceptibility to bleaching (Hongo & Yamano 2013) but 
also decrease bleaching by blocking light (Morgan et al. 2017); (5) sedimentation hinders 
recovery from bleaching by smothering corals and limiting settlement of coral larvae (Fabricius 
2011); (6) elevated nutrients reduce coral capacity to combat stress, leading to increased 
warming-induced bleaching (Wooldridge 2009, 2016); and (7) sedimentation and elevated 
nutrients exacerbate coral diseases in numerous ways (Heron et al. 2012, Lamb et al. 2016). 

As described above, all threats are projected to worsen in the foreseeable future (i.e., 
from now to 2100), thus it is highly likely that the effects of the interactions of these threats will 
also worsen. This is borne out by the following studies on the interaction of ocean warming with 
one other major threat: An analysis of the likely reef coral disease outbreaks resulting from 
ocean warming projected by RCP4.5 and RCP8.5 concluded that both pathways are likely to 
cause sharply increased, but spatially highly variable, levels of coral disease in the future, and 
that the outbreaks would be more widespread, frequent, and severe under RCP8.5 than RCP4.5 
(Maynard et al. 2015). An analysis of the responses of coral reefs to increased ocean warming 
and acidification under all four pathways found that only RCP2.6 would allow the current 
downward trend in coral reefs to stabilize, and that RCP4.5 would likely drive the elimination of 
most coral reefs by 2040–2050 (Hoegh-Guldberg et al. 2017), implying that RCP8.5 would be 
even worse. These studies oversimplify the interactions of threats by only considering 
interactions of two threats. The reality is that most or all threats interact with one another at 
various spatial and temporal scales, thus the effects of these interactions could be significantly 
worse than any individual threat alone, especially as each threat grows in the foreseeable future. 
Therefore, the above descriptions of the projected effects of individual threats on Indo-Pacific 
reef-building corals in the foreseeable future may understate the combined effects of all threats 
together. 

4.3. Inadequacy of Existing Regulatory Mechanisms (ESA Factor D)  
Existing regulatory mechanisms refers to treaties, agreements, laws, and regulations at all 

levels of government that may affect the continued existence of reef-building corals, and thus are 
considered under Factor D – Inadequacy of Existing Regulatory Mechanisms. This factor is not 
included in the above list of threats because it does not constitute physical or biological 
conditions that directly threaten reef-building corals. Relevant regulatory mechanisms include 
thousands of treaties, agreements, laws, and regulations at the international, national, state, local, 
and other levels, thus their collective effects cannot be observed or projected like the direct 
threats. However, this factor is included in the Threats Evaluation because existing regulatory 
mechanisms influence the direct threats. Hence, in support of the 2014 final coral listing rule 
(NMFS 2014), a Management Report was developed to identify existing regulatory mechanisms 
and conservation efforts relevant to threats to the Indo-Pacific reef-building coral species that 
were being considered for listing (NMFS 2012). The report covers regulatory mechanisms 
relevant to addressing both global and local threats, i.e., GHG management globally, and the 
management of local threats in the 68 countries with Indo-Pacific reef-building corals. This 
section summarizes information from that report (NMFS 2012), the final coral listing rule 
(NMFS 2014), and more recently available relevant information.  
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GHG Management: GHGs are regulated through international agreements, and through 
statutes and regulations at the national, state, and local levels. The major international 
agreements to manage GHGs are: (1) The binding Montreal Protocol of 1987 with eight 
subsequent revisions between 1990 and 2016 to protect the stratospheric ozone layer by phasing 
out the production and consumption of ozone-depleting substances (which are also secondary 
GHGs); (2) the 1992 United Nations Framework Convention on Climate Change (UNFCCC) to 
“stabilize greenhouse gas concentrations in the atmosphere at a level that would prevent 
dangerous anthropogenic interference with the climate system,” which establishes how 
international treaties may be negotiated to reduce emissions of the primary GHGs (CO2, 
methane, nitrous oxide, and others); (3) the binding Kyoto Protocol of 1997 to implement the 
UNFCCC by reducing CO2, methane, nitrous oxide, and other GHGs to 1990 levels by 2012 
(although the Kyoto Protocol covered only a small fraction of global emissions because many of 
the major GHG emitters were not signatories); (4) as an interim replacement to the Kyoto 
Protocol, the non-binding 2009 Copenhagen Accord to limit the increase in average global 
temperature to 2° C above the pre-industrial level by implementing national GHG reductions 
starting in 2020; and (5) as a permanent replacement to the Kyoto Protocol, the binding 2015 
Paris Agreement (UN 2015), which was signed in 2016 by 195 UNFCCC member countries (UN 
2016) with the objective of “holding the increase in the global average temperature to well below 
2° C above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5° C 
above pre-industrial levels” by implementing policies to reduce national GHG emissions starting 
in 2020 (NMFS 2012; UN 2015, 2016).  

Twenty countries, the “G20” nations, are responsible for approximately 78% of global 
emissions, and are led by the top three emitters, China, the U.S., and India, which are together 
responsible for about half of global emissions (UNEP 2018, 2019). All 20 signed the Paris 
Agreement; however, in 2017, the US announced its withdrawal, to take effect in late 2020. Each 
of the 195 signatories of the Paris Agreement is required to develop “Nationally Determined 
Contributions” (NDCs) under the agreement that specify national GHG reduction targets and 
how they will be met. Each signatory was supposed to submit its NDCs to the UNFCCC and 
begin implementation no later than 2020. According to the UNFCCC’s NDC Registry, 186 
countries had submitted NDCs by early 2020 
(https://www4.unfccc.int/sites/ndcstaging/Pages/Home.aspx, accessed February 2020). The 
United Nations Environmental Programme’s (UNEP) annual Emissions Gap Reports (EGRs) 
monitor the implementation of the Paris Agreement, in order to quantify the gap between the 
likely outcome of current policies on global warming over the 21st century vs. the agreement’s 
objective of limiting global warming over the 21st century to 1.5° C (i.e. the “emissions gap”). 
The most recent EGR from November 2019 (UNEP 2019) reports that 13 of the G20 countries 
are on track to meet their NDC pledges for 2030, but seven are not. More worrisome is that only 
a few countries had formally submitted long-term strategies to the UNFCCC for achieving net 
zero GHG emission targets 2050. The 2019 EGR concluded that current policies are on track to 
result in global warming of 3.5° C by 2100 (UNEP 2019), far short of the Paris Agreement’s 
objective of limiting global warming to well under 2.0° C by then.  

The Montreal Protocol successfully reduced ozone-depleting substances, leading to 
recovery of the ozone layer and a modest reduction in secondary GHGs (NMFS 2012). However, 
the Kyoto Protocol has not been effective at controlling global GHG emissions, because many of 
the top GHG emitters did not sign the protocol, and some who did were unable to ratify the 
protocol or implement it as intended. As a result, atmospheric CO2 concentrations increased from 

https://www4.unfccc.int/sites/ndcstaging/Pages/Home.aspx
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approximately 360 ppm to 390 ppm during the time the protocol was in effect from 1997 to 2012 
(https://www.esrl.noaa.gov/gmd/ccgg/trends/, accessed February 2019), due to the steady 
increase in GHG emissions during that time (IPCC 2013, IEA 2017). The Copenhagen Accord 
represented some progress but was only intended as a non-binding interim step until a more 
permanent binding agreement could be completed, which was done in Paris in 2015 and signed 
by 195 countries in 2016. However, even if implementation of the Paris Agreement successfully 
limits global temperature increases to 1.5° C during the 21st century as intended (i.e., 0.5° C 
warmer than now), this would likely result in very high risk of severe impacts to coral reefs, 
assuming that corals do not further acclimatize or adapt to the projected warming (Fig. 3-18, 
IPCC 2018). That is, severe impacts are anticipated from only an additional 0.5° C of additional 
warming above current levels because coral reefs are already on a downward trajectory, and the 
additional warming would make things worse (IPCC 2018).  

Local Threats Management: Existing regulatory mechanisms that address the major local 
threats to reef-building corals (i.e., fishing, land-based sources of pollution, coral diseases, coral 
predators, collection and trade) consist primarily of national and local fisheries, coastal, and 
watershed management laws and regulations in the 68 countries where Indo-Pacific reef-building 
corals occur, but also include some international conventions. Regulatory mechanisms align well 
with some threats (e.g., fishing, collection and trade) but not others (e.g., coral diseases and 
predators). The relevant regulatory mechanisms generally consist of five categories: General 
coral protection, coral collection control, fishing controls, pollution controls, and managed areas, 
as summarized below. These regulatory mechanisms do not address climate change threats, but 
they typically were not intended to do so (NMFS 2012, NMFS 2014).  

General coral protection regulatory mechanisms include overarching environmental laws 
that may protect corals from damage, harm, and destruction, and specific coral reef management 
laws. In some instances, these general coral protection regulatory mechanisms are limited in 
scope because they apply only to certain areas or only regulate coral reef damage and do not 
prohibit it completely. Of the 68 countries, 18 (26%) have general coral protection laws. In 
addition, some international regulatory mechanisms help protect corals and coral reefs, such as 
the Convention on Biological Diversity (signed in 1992 to promote conservation of biological 
diversity), and the Ramsar Convention (signed in 1971 to conserve wetlands and nearshore 
habitats). These diverse national and international regulatory mechanisms are intended to protect 
coral reefs in various ways, such as by requiring compensation for destruction and damage of 
coral reefs (e.g., ship groundings), prohibiting or regulating development near coral reefs, and 
other means. Some of these regulatory mechanisms indirectly reduce the threat of land-based 
sources of pollution by reducing the amount of development near coral reefs, thereby reducing 
runoff of sediment, nutrients, and contaminants. However, in many countries and locales, the 
laws are not well enforced (NMFS 2012, NMFS 2014). 

Coral collection and trade regulatory mechanisms include specific laws that prohibit the 
collection, harvest, and mining of corals. In some instances, these coral collection regulatory 
mechanisms are limited in scope because they apply only to certain areas, or are regulated but 
not prohibited. Of the 68 countries, 32 (47%) have laws prohibiting the collection of live corals 
from coral reefs. In addition, at least one international regulatory mechanism helps reduce the 
collection of live corals, the Convention on International Trade in Endangered Species of Wild 
Flora and Fauna (CITES), which restricts trade of species listed in any of its three categories. 
Nearly all reef-building corals are listed in CITES Appendix II, which requires export permits 
but not import permits. These national and international regulatory mechanisms address the 

https://www.esrl.noaa.gov/gmd/ccgg/trends/
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threat of collection and trade, but in many countries and locales, the laws are not well enforced 
(NMFS 2012, NMFS 2014).  

Fishing regulations that pertain to reefs, include regulations that prohibit explosives, 
poisons and chemicals, electrocution, spearfishing, specific mesh sizes of nets, or other fishing 
gear. Fisheries management regimes regulate reef fishing in many parts of the collective ranges 
of these coral species, albeit at varying levels of success. Of the 68 countries, 53 (68%) have 
laws that regulate coral reef fisheries. Although these laws are very diverse, they all prohibit 
destructive fishing practices, especially the use of dynamite or otherwise deconstructing the reef, 
while many also prohibit the use of poisons. Many of the 53 countries entirely prohibit 
spearfishing while scuba diving at night when reef fish are much more vulnerable. Some of the 
53 countries prohibit or regulate fishing nets and traps on coral reefs. There are no international 
regulatory mechanism that address coral reef fisheries. These national regulatory mechanisms 
address the threat of fishing, but in many countries and locales, the laws are not well enforced 
(NMFS 2012, NMFS 2014). 

Pollution control regulations include oil pollution laws, marine pollution laws, ship-based 
pollution laws, and coastal land use and development laws. Of the 68 countries, 23 (34%) have 
laws that regulate pollution of coral reef waters. In addition, some international regulatory 
mechanisms are intended to protect coral reefs from pollution, such as, the International 
Convention for the Prevention of Pollution from Ships (MARPOL, signed in 1973) and the 
Ramsar Convention. These national and international regulatory mechanisms address both 
marine-based and land-based sources of pollution by reducing the amount of toxins, sediment, 
nutrients, and other pollutants entering coral reef waters, thereby directly addressing the threat of 
land-based sources of pollution. These laws also indirectly address the threats of coral diseases 
and coral predators, which are exacerbated by toxins, sediment, nutrients, and other pollutants. 
They are generally less effective than those regulating fisheries or collection and trade, because 
sources of pollution are usually spread out over large watershed and coastal areas, thus much 
more difficult to regulate. In addition, in many countries and locales, the laws are not well 
enforced (NMFS 2012, NMFS 2014). In some jurisdictions (e.g., Hawaii and Palau in 2020), 
laws have been recently passed to prohibit the use of sunscreens containing oxybenzone and 
other harmful chemicals. 

Managed area regulatory mechanisms include the capacity to create national parks and 
reserves, sanctuaries, and marine protected areas (NMFS 2012, NMFS 2014). As of 2011, coral 
reef marine protected areas (MPAs) included approximately 25% of Indo-Pacific coral reefs 
(Burke et al. 2011), thereby reducing some threats through regulation or banning of fishing, 
coastal development, and other activities contributing to local threats. Since then, several new 
coral reef MPAs were established that slightly increase the proportion of protected Indo-Pacific 
coral reef ecosystems. In 2014, New Caledonia established the multiple-use Coral Sea Natural 
Park covering its entire Exclusive Economic Zone (EEZ), including some coral reefs in MPAs 
that were designated as no-take zones in 2018 (MPA News 2018). In 2017, the Cook Islands 
established the multiple-use Marae Moana Marine Park covering its entire Exclusive Economic 
Zone (EEZ), including all of its approximately 1,100 km2 of coral reefs where fishing and other 
commercial activities are restricted. In Palau and parts of the U.S. Pacific Islands in 2015 and 
2016, respectively, EEZs surrounding previously-protected coral reef waters were established as 
no-take MPAs, bolstering conservation of the coral reef ecosystems within (Lewis et al. 2017). 
While increasing the proportion of Indo-Pacific coral reefs within MPAs is a positive step, 
inclusion in MPAs does not guarantee that coral reefs are protected from local threats: Only 
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about 15% of MPAs with Indo-Pacific coral reefs were rated as “effective” at protecting the 
coral reefs within them from local threats in 2010 (Burke et al. 2011), and MPAs are generally 
not very effective at protecting coral reefs from the climate change threats (Bruno et al. 2019). 

Regulatory Mechanisms Conclusion. The 2014 final coral listing rule concluded that 
global regulatory mechanisms for GHG emissions management were ineffective at reducing 
global climate change-related impacts to Indo-Pacific reef-building coral species at that time 
(NMFS 2014). Since then, the 2015 Paris Agreement was signed by 195 countries, representing a 
major potential advance in GHG emissions management because its successful implementation 
would limit GMST to 1.5° C above pre-industrial, as explained in the Global Climate Change 
section above, and in IPCC’s 1.5° C Report (IPCC 2018). However, there are several reasons 
why there is cause for pessimism with regard to successful implementation of the Paris 
Agreement: (1) Despite past international agreements for GHG emissions management (e.g., 
1997 Kyoto Protocol, 2009 Copenhagen Accord), global GHG emissions and atmospheric CO2 
levels have both risen to historically high levels and continue to do so; (2) the world’s second 
largest GHG emitter, the U.S., has announced its withdrawal from the Paris Agreement in late 
2020; and (3) recent analyses shows that about half of the G20 nations were already falling short 
of the commitments they made in the Paris Agreement (UNEP 2018, 2019). Finally, even 
successful implementation of the Paris Agreement, which would result in fewer impacts to Indo-
Pacific reef-building corals than RCP8.5, would result in a worsening of the current conditions, 
as explained in the Ocean Warming section above. Thus, we conclude that current global 
regulatory mechanisms for management of GHG emissions are expected to be unsuccessful at 
reducing global climate change-related impacts to Indo-Pacific reef-building corals. 

The 2014 final coral listing rule concluded that national, state, local, and other regulatory 
mechanisms in the 68 countries with Indo-Pacific reef-building corals were generally ineffective 
at preventing or sufficiently controlling local threats to these species (NMFS 2014). Since that 
time, new coral reef MPAs have been established in the Indo-Pacific as described above, slightly 
increasing the total proportion of coral reef ecosystems protected by MPAs in the region. 
However, human populations have also grown in many Indo-Pacific countries during that time, 
as described in the fishing section of the Threats Evaluation above, most likely leading to an 
increase in local threats since we completed our analysis in 2014. Thus, we conclude that current 
regulatory mechanisms are still ineffective at reducing the impacts of local threats to Indo-
Pacific reef-building corals.  

4.4. Threats Evaluation Conclusion  
As described in detail above, we consider global climate change-related threats of ocean 

warming, ocean acidification, and sea-level rise, and the local threats of fishing, land-based 
sources of pollution, coral disease, predation, and collection and trade, to be the most important 
to the extinction risk of Indo-Pacific reef-building corals currently and in the foreseeable future. 
The most important of these is ocean warming. In addition, five lesser global and local threats 
are also described (changes in ocean circulation, changes in tropical storms, human-induced 
physical damage, invasive species, and salinity). The interactions of threats with one another 
could be significantly worse than any individual threat, especially as each threat grows. Each 
threat, and the interactions of threats, are described both in terms of observed effects since 
relevant scientific information became available (usually mid-20th century), and projected effects 
over the foreseeable future, as summarized in Table 6 below. The inadequacy of existing 
regulatory mechanisms has exacerbated all threats. 
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The effects of all threats except sea-level rise, coral disease, coral predators, changes in 
ocean circulation, and tropical storms on Indo-Pacific reef-building corals have already been 
observed to be worsening, based on the monitoring results and the scientific literature cited 
above. Ocean warming in conjunction with the other threats has recently resulted in the worst 
impacts to Indo-Pacific reef-building corals ever observed. These impacts are further described 
in terms of disturbance, recovery, coral cover, and resilience in the trends section above. 
Unfortunately, all threats are projected to worsen in the foreseeable future, based on the scientific 
literature, IPCC climate change models, and other information (e.g., human population trends in 
the Indo-Pacific) cited above, and summarized in Table 6 below. The inadequacy of existing 
regulatory mechanisms is expected to exacerbate all threats. 

 
Table 6. Summary of Threats Evaluation. Observed and projected trends of effects of threats on Indo-Pacific reef-
building corals. 

Threat Observed* Projected* 
Effects of Ocean Warming   
Effects of Ocean Acidification   
Effects of Sea-level Rise   
Effects of Fishing   
Effects of Land-based Sources of Pollution   
Effects of Coral Disease   
Effects of Predation   
Effects of Collection and Trade   
Effects of Other Global Threats   
Effects of Other Local Threats   
Effects of Interactions of Threats   

* Observed = from mid-20th century to present. Projected = from present to 2100.  = a negative upward trend.  = 
available information does not indicate any trend. 
 

5. Literature Cited 
 
Agostini S, Harvey BP, Wada S, Kon K, Milazzo M, Inaba K, Hall-Spencer JM. 2018. Ocean 

acidification drives community shifts towards simplified non-calcified habitats in a 
subtropical-temperate transition zone. Sci Rep. 8(1):11354. 

AIMS (Australian Institute of Marine Science). 2008. Long-term monitoring of the Great Barrier 
Reef. Status Report Number 8, 2008. 

AIMS (Australian Institute of Marine Science). 2014. Great Barrier Reef outlook report 2014.  
AIMS (Australian Institute of Marine Science). 2017. Long‐term reef monitoring program 

annual summary report on coral reef condition 2016/17. 
AIMS (Australian Institute of Marine Science). 2018. Long-term Reef Monitoring Program -

Annual Summary Report on coral reef condition for 2017/18.  
Ainsworth, TD, Heron, SF, Ortiz JC, Mumby PJ, Grech A, Ogawa D, Eakin CM, Leggat W. 

2016. Climate change disables coral bleaching protection on the Great Barrier Reef. 
Science 352:338-342. https://science.sciencemag.org/content/352/6283/338 

Albert S, Saunders MI, Roelfsema CM, Leon JX, Johnstone E, Mackenzie JR, Hoegh-Guldberg 
O, Grinham AR, Phinn SR, Duke NC et al. 2017. Winners and losers as mangrove, coral 



 

64 
 

and seagrass ecosystems respond to sea-level rise in solomon islands. Environmental 
Research Letters. 12(9). 

Albright R, Takeshita Y, Koweek DA, Ninokawa A, Wolfe K, Rivlin T, Nebuchina Y, Young J, 
Caldeira K. 2018. Carbon dioxide addition to coral reef waters suppresses net community 
calcification. Nature. 555(7697):516-519. 

Alvarado JJ, Ayala A, del Castillo-Cárdenas PAA, Fernández C, Aguirre-Rubí J, Buitrago F, 
Reyes-Bonilla H. 2011. Coral communities of San Juan del Dur, Pacific Nicaragua. 
Bulletin of Marine Science. 87(1):129-146. 

Anthony KRN. 2016. Coral reefs under climate change and ocean acidification: Challenges and 
opportunities for management and policy. Annual Review of Environment and 
Resources. 41(1):59-81. 

Anthony KRN, A. Kleypas J, Gattuso J-P. 2011. Coral reefs modify their seawater carbon 
chemistry - implications for impacts of ocean acidification. Global Change Biology. 
17(12):3655-3666. 

Ateweberhan M, McClanahan TR, Graham NAJ, Sheppard CRC. 2011. Episodic heterogeneous 
decline and recovery of coral cover in the Indian Ocean. Coral Reefs. 30:739-752. 

Ateweberhan M, Feary DA, Keshavmurthy S, Chen A, Schleyer MH, Sheppard CRC. 2013. 
Climate change impacts on coral reefs: Synergies with local effects, possibilities for 
acclimation, and management implications. Marine Pollution Bulletin. 74(2):526-539. 

Bahr K, Jokiel PL, Rodgers KS. 2015. The 2014 coral bleaching and freshwater flood events in 
Kānʻeohe Bay, Hawaiʻi. The Biology of the Hawaiian Archipelago. PeerJ. p. 22. 

Baker AC, Glynn PW, Riegl B. 2008. Climate change and coral reef bleaching: An ecological 
assessment of long-term impacts, recovery trends and future outlook. Estuar Coast Shelf 
S. 80(4):435-471. 

Ban SS, Graham NAJ, Connolly SR. 2013. Relationships between temperature, bleaching and 
white syndrome on the Great Barrier Reef. Coral Reefs. 32:1-12. 

Bare AY, Grimshaw KL, Rooney JJ, Sabater MG, Fenner D, Carroll B. 2010. Mesophotic 
communities of the insular shelf at Tutuila, American Samoa. Coral Reefs. 29(2):369-
377. 

Barkley HC, Cohen AL, Golbuu Y, Starczak VR, DeCarlo TM, Shamberger KEF. 2015. 
Changes in coral reef communities across a natural gradient in seawater pH. Marine 
Ecology. 2015;1:e1500328. 

Barott KL, Williams GJ, Vermeij MJA, Harris J, Smith JE, Rohwer FL, Sandin SA. 2012. 
Natural history of coral−algae competition across a gradient of human activity in the Line 
Islands. Marine Ecology Progress Series. 460:1-12. 

Bates N, Astor Y, Church M, Currie K, Dore J, Gonaález-Dávila M, Lorenzoni L, Muller-Karger 
F, Olafsson J, Santa-Casiano M. 2014. A time-series view of changing ocean chemistry 
due to ocean uptake of anthropogenic CO2 and ocean acidification. Oceanography. 
27(1):126-141. 

Bay RA, Rose NH, Logan CA, Palumbi SR. 2017. Genomic models predict successful coral 
adaptation if future ocean warming rates are reduced. Science Advances. 3(11). 

Becker M, Meyssignac B, Letetrel C, Llovel W, Cazenave A, Delcroix T. 2012. Sea-level 
variations at tropical Pacific islands since 1950. Global and Planetary Change. 80-81:85-
98. 



 

65 
 

Berumen ML, Pratchett MS. 2006. Recovery without resilience: Persistent disturbance and long-
term shifts in the structure of fish and coral communities at Tiahura Reef, Moorea. Coral 
Reefs. 25(4):647-653. 

Birkeland C. 1982. Terrestrial runoff as a cause of outbreaks of Acanthaster planci 
(Echinodermata: Asteroidea). Marine Biology. 69:175-185. 

Birkeland C. 2019. Global status of coral reefs: In combination, disturbances and stressors 
become ratchets. World seas: An environmental evaluation. p. 35-56. 

Birkeland C, Green A, Fenner D, Squair C, Dahl AL. 2013. Substratum stability and coral reef 
resilience: Insights from 90 years of disturbances on a reef in American Samoa. 
Micronesica. 6:1-16. 

Blakeway DR, Byers M, Stoddart J, Rossendell J. 2013. Coral colonisation of an artificial reef in 
a turbid nearshore environment, Dampier Harbour, Western Australia. PLoS ONE. 
8(9):e75281.  

Blythe-Skyrme VJ, Rooney JJ, Parrish FA, Boland RC. 2013. Mesophotic coral ecosystems - 
potential candidates as essential fish habitat and habitat areas of particular concern. 
National Oceanic and Atmospheric Administration, U.S. Department of Commerce, 2570 
Dole Street, Honolulu, Hawaii, 96822-2396: Pacific Island Fisheries Science Center. 

Bode M, Bode L, Choukroun S, James MK, Mason LB. 2018. Resilient reefs may exist, but can 
larval dispersal models find them? PLoS Biol. 16(8):e2005964. 

Bongaerts P, Riginos C, Brunner R, Englebert N, Smith SR, Hoegh-Guldberg O. 2017. Deep 
reefs are not universal refuges: Reseeding potential varies among coral species. Science 
Advances. 3(2):e1602373. 

Bourne DG, Garren M, Work TM, Rosenberg E, Smith GW, Harvell CD. 2009. Microbial 
disease and the coral holobiont. Trends Microbiol. 17(12):554-562. 

Bozec Y-M, Doropoulos C, Roff G, Mumby PJ. 2018. Transient grazing and the dynamics of an 
unanticipated coral–algal phase shift. Ecosystems. 
https://link.springer.com/article/10.1007/s10021-018-0271-z 

Brainard R. 2008. Executive Summary: Coral reef ecosystem monitoring report for American 
Samoa: 2002–2006. Pacific Islands Fisheries Science Center, Honolulu, HI. 

Brainard R. 2012. Executive Summary: Coral reef ecosystem monitoring report of the Mariana 
Archipelago, 2003-2007. Pacific Islands Fisheries Science Center, Honolulu, HI. 

Brainard RE, Birkeland C, Eakin CM, McElhany P, Miller MW, Patterson M, Piniak GA. 2011. 
Status review report of 82 candidate coral species petitioned under the U.S. Endangered 
Species Act. Pacific Islands Fisheries Science Center, Honolulu, HI. 

Bridge T, Beaman R, Done T, Webster J. 2012a. Predicting the location and spatial extent of 
submerged coral reef habitat in the Great Barrier Reef World Heritage Area, Australia. 
PLoS ONE. 7(10):e48203. 

Bridge TCL, Fabricius KE, Bongaerts P, Wallace CC, Muir PR, Done TJ, Webster JM. 2012b. 
Diversity of scleractinia and octocorallia in the mesophotic zone of the Great Barrier 
Reef, Australia. Coral Reefs. 31(1):179-189. 

Bridge T, Guinotte J. 2013. Mesophotic coral reef ecosystems in the Great Barrier Reef World 
Heritage Area: Their potential distribution and possible role as refugia from disturbance 
In: Authority GBRMP, editor. Townsville, Queensland, Australia. p. 47. 

Bridge TCL, Hughes TP, Guinotte JM, Bongaerts P. 2013. Call to protect all coral reefs. Nature 
Climate Change. 3:528-530. 



 

66 
 

Bronselaer B, Winton M, Griffies SM, Hurlin WJ, Rodgers KB, Sergienko OV, Stouffer RJ, 
Russell JL. 2018. Change in future climate due to antarctic meltwater. Nature. 
564(7734):53-58. 

Brown BE, Cossins AR. 2011. The potential for temperature acclimatisation of reef corals in the 
face of climate change. In: Dubinsky Z, Stambler N, editors. Coral reefs: An ecosystem 
in transition. Springer. p. 421-433. 

Browne NK, Smithers SG, Perry CT. 2012. Coral reefs of the turbid inner-shelf of the great 
barrier reef, australia: An environmental and geomorphic perspective on their occurrence, 
composition and growth. Earth-Science Reviews. 115(1-2):1-20. 

Browne NK, Tay J, Todd PA. 2015. Recreating pulsed turbidity events to determine coral–
sediment thresholds for active management. Journal of experimental marine biology and 
ecology. 466:98-109. 

Bruno JF, Selig ER. 2007. Regional decline of coral cover in the Indo-Pacific: Timing, extent, 
and subregional comparisons. PLoS one. 2(8):e711. 

Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, Sweatman H, Melendy AM. 
2007. Thermal stress and coral cover as drivers of coral disease outbreaks. PLoS ONE. 
5(6):e124. 

Bruno JF, Cote IM, Toth LT. 2019. Climate change, coral loss, and the curious case of the 
parrotfish paradigm: Why don't marine protected areas improve reef resilience? Ann Rev 
Mar Sci. 11:307-334. 

Bryant D, Burke L, McManus J, Spalding M. 1998. Reefs at risk: A map-based indicator of 
threats to the world's coral reefs. World Resources Institute. 

Buddemeier RW, Kinzie RA. 1976. Coral growth. Oceanography and Marine Biology. 14:183-
225. 

Burge CA, Eakin CM, Friedman CS, Froelich B, Hershberger PK, Hofmann EE, Petes LE, 
Prager KC, Weil E, Willis BL et al. 2014. Climate change influences on marine 
infectious diseases: Implications for management and society. Annual Review of Marine 
Science. 6:249-277. 

Burke L, Reytar K, Spalding M, Perry A. 2011. Reefs at Risk Revisited. World Resources 
Institute. 

Burkepile DE, Hay ME. 2006. Herbivore vs. Nutrient control of marine primary producers: 
Context-dependent effects. Ecology. 87(12):3128-3139. 

Carrigan AD. 2012. Tropical cyclone induced cooling: Another mechanism for providing 
thermal refuge for coral reefs in an era of climate warming? University of Wollongong. 

Cheal AJ, MacNeil MA, Cripps E, Emslie MJ, Jonker M, Schaffelke B, Sweatman H. 2010. 
Coral–macroalgal phase shifts or reef resilience: Links with diversity and functional roles 
of herbivorous fishes on the Great Barrier Reef. Coral Reefs. 29:1005-1015. 

Cheng L, Trenberth KE, Fasullo J, Boyer T, Abraham J, Zhu J. 2017. Improved estimates of 
ocean heat content from 1960 to 2015. Science Advances. 3(3):e1601545. 

Clark TR, Leonard ND, Zhao JX, Brodie J, McCook LJ, Wachenfeld DR, Nguyen AI, Markham 
HL, Pandolfi JM. 2016. Historical photographs revisited: A case study for dating and 
characterizing recent loss of coral cover on the inshore Great Barrier Reef. Sci Rep. 
6:19285. 

Cohen AL, Holcomb M. 2009. Why corals care about ocean acidification: Uncovering the 
mechanism. Oceanography. 22(4):118-127. 



 

67 
 

Cole AJ, Pratchett MS, Jones GP. 2008. Diversity and functional importance of coral-feeding 
fishes on tropical coral reefs. Fish and Fisheries. 9:286-307. 

Coles SL, Brown BE. 2003. Coral bleaching - capacity for acclimatization and adaptation. 
Advances in Marine Biology. 46:183-224. 

Colgan MW. 1987. Coral reef recovery on Guam (Micronesia) after catastrophic predation by 
Acanthaster planci. Ecology. 68(6):1592-1605. 

Colin P. 2018. Ocean warming and the reefs of Palau. Oceanography. 31(2). 
Connell JH. 1997. Disturbances and recovery of coral assemblages. Coral Reefs. 

16(Supplement):S101-S113. 
Connell JH, Hughes TP, Wallace CC. 1997. A 30-year study of coral abundance, recruitment, 

and disturbance at several scales in space and time. Ecological Monographs. 67(4):461-
488. 

Cooper TF, Gilmour JP, Fabricius KE. 2009. Bioindicators of changes in water quality on coral 
reefs: Review and recommendations for monitoring programmes. Coral Reefs. 28(3):589-
606. 

Couce E, Ridgwell A, Hendy EJ. 2012. Environmental controls on the global distribution of 
shallow-water coral reefs. Journal of Biogeography. 39(8):1508-1523. 

Couce E, Ridgwell A, Hendy EJ. 2013. Future habitat suitability for coral reef ecosystems under 
global warming and ocean acidification. Global Change Biology. 19(12):3592-3606. 

Couch CS, Burns JHR, Liu G, Steward K, Gutlay TN, Kenyon J, Eakin CM, Kosaki RK. 2017. 
Mass coral bleaching due to unprecedented marine heatwave in Papahanaumokuakea 
Marine National Monument (Northwestern Hawaiian Islands). PLoS One. 12(9):1-27. 

Dalton SJ, Roff G. 2013. Spatial and temporal patterns of eastern Australia subtropical coral 
communities. PLoS One. 8(9):e75873. 

De'ath G, Lough JM, Fabricius KE. 2009. Declining coral calcification on the Great Barrier 
Reef. Science. 323(5910):116-119. 

De'ath G, Fabricius K. 2010. Water quality as a regional driver of coral biodiversity and 
macroalgae on the Great Barrier Reef. Ecological Applications. 20(3):840-850. 

De'ath G, Fabricius KE, Sweatman H, Puotinen M. 2012. The 27-year decline of coral cover on 
the great barrier reef and its causes. Proceedings of the National Academy of Sciences of 
the United States of America. 109(44):17995-17999. 

De'ath G, Fabricius K, Lough J. 2013. Yes – coral calcification rates have decreased in the last 
twenty-five years! Marine Geology. 346:400-402. 

DeVantier L, Turak E. 2017. Species richness and relative abundance of reef-building corals in 
the Indo-west Pacific. Diversity. 9(3):1-30. 

Ditlev H. 1978. Zonation of corals (scleractinia: Coelenterata) on intertidal reef flats at Ko 
Phuket, eastern Indian Ocean. Marine Biology. 47:29-39. 

Done TJ. 1982. Patterns in the distribution of coral communities across the central Great Barrier 
Reef. Coral Reefs. 1(2):95-107. 

Downs CA, Kramarsky-Winter E, Fauth JE, Segal R, Bronstein O, Jeger R, Lichtenfeld Y, 
Woodley CM, Pennington P, Kushmaro A et al. 2014. Toxicological effects of the 
sunscreen UV filter, benzophenone-2, on planulae and in vitro cells of the coral, 
Stylophora pistillata. Ecotoxicology. 23:175-191. 

Downs CA, Kramarsky-Winter E, Segal R, Fauth J, Knutson S, Bronstein O, Ciner FR, Jeger R, 
Lichtenfeld Y, Woodley CM et al. 2016. Toxicopathological effects of the sunscreen UV 
filter, oxybenzone (benzophenone-3), on coral planulae and cultured primary cells and its 



 

68 
 

environmental contamination in hawaii and the U.S. Virgin Islands. Archives of 
Environmental Contamination and Toxicology. 70(2):265-288. 

Dulvy NK, Freckleton RP, Polunin NVC. 2004. Coral reef cascades and the indirect effects of 
predator removal by exploitation. Ecology letters. 7(5):410-416. 

Dustan P, Doherty O, Pardede S. 2013. Digital reef rugosity estimates coral reef habitat 
complexity. PloS one. 8(2):e57386. 

Eakin CM. 1996. Where have all the carbonates gone? A model comparison of calcium 
carbonate budgets before and after the 1982–1983 El Nino at Uva Island in the eastern 
Pacific. Coral Reefs. 15(2):109-119. 

Eakin CM. 2017. Coral bleaching during & since the 2014-2017 global coral bleaching event 
status and an appeal for observations (accessed December 2019).  
https://coralreefwatch.noaa.gov/satellite/analyses_guidance/global_coral_bleaching_2014
-17_status.php. 

Eakin CM, Liu G, Gomez AM, De La Cour JL, Heron SF, Skirving WJ, Geiger EF, Tirak KV, 
Strong AE. 2016. Global coral bleaching 2014-2017. Reef Currents Reef Encounter The 
News Journal of the International Society for Reef Studies. 31(1):1-76. 

Eakin CM, Liu G, Gomez AM, De La Cour JL, Heron SF, Skirving WJ, Geiger EF, Marsh BL, 
Tirak KV, Strong AE. 2017. Ding, dong, the witch is dead (?) - three years of global coral 
bleaching 2014-2017. Reef Currents Reef Encounter The News Journal of the 
International Society for Reef Studies. 32(1):33-38. 

Eddy et al. 2018. Historical baselines of coral cover on tropical reefs as estimated by expert 
opinion. PeerJ 6:e4308; DOI 10.7717/peerj.4308 

Edmunds PJ, McIlroy SE, Adjeroud M, Ang P, Bergman JL, Carpenter RC, Coffroth MA, 
Fujimura AG, Hench JL, Holbrook SJ, Leichter JJ, Muko S, Nakajima Y, Nakamura M, 
Paris CB, Schmitt RJ, Sutthacheep M, Toonen RJ, Sakai K, Suzuki G, Washburn L, 
Wyatt ASJ and Mitarai S. 2018. Critical Information Gaps Impeding Understanding of 
the Role of Larval Connectivity Among Coral Reef Islands in an Era of Global Change. 
Front. Mar. Sci. 5:290. doi: 10.3389/fmars.2018.00290 

Edwards CB, Friedlander AM, Green AG, Hardt MJ, Sala E, Sweatman HP, Williams ID, 
Zgliczynski B, Sandin SA, Smith JE. 2014. Global assessment of the status of coral reef 
herbivorous fishes: Evidence for fishing effects. Proc Biol Sci. 281(1774):20131835. 

Eldredge LG, Smith CM. 2001. A guidebook of introduced marine species in Hawaii. Packard 
Foundation 

Endean R, Stablum W. 1973. A study of some aspects of the crown-of-thorns starfish 
(Acanthaster planci) infestations of reefs of Australia's Great Barrier Reef. Atoll 
Research Bulletin. 

Enochs IC, Manzello DP, Kolodziej G, Noonan SH, Valentino L, Fabricius KE. 2016. Enhanced 
macroboring and depressed calcification drive net dissolution at high-CO2 coral reefs. 
Proc Biol Sci. 283(1842). 

Erftemeijer PL, Riegl B, Hoeksema BW, Todd PA. 2012. Environmental impacts of dredging 
and other sediment disturbances on corals: A review. Marine Pollution Bulletin. 
64(9):1737-1765. 

Eyre BD, Cyronak T, Drupp P, De Carlo EH, Sachs JP, Andersson AJ. 2018. Coral reefs will 
transition to net dissolving before end of century. Science. 359(6378):908-911. 

Fabricius KE. 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs: Review 
and synthesis. Marine Pollution Bulletin. 50(2):125-146. 

https://coralreefwatch.noaa.gov/satellite/analyses_guidance/global_coral_bleaching_2014-17_status.php
https://coralreefwatch.noaa.gov/satellite/analyses_guidance/global_coral_bleaching_2014-17_status.php


 

69 
 

Fabricius KE. 2011. Factors determining the resilience of coral reefs to eutrophication: A review 
and conceptual model. Coral reefs: An ecosystem in transition. p. 493-505. 

Fabricius KE, Wild C, Wolanski E, Abele D. 2003. Effects of transparent exopolymer particles 
and muddy terrigenous sediments on the survival of hard coral recruits. Estuar Coast 
Shelf S. 57(4):613-621. 

Fabricius K, De'ath G, McCook L, Turak E, Williams DM. 2005. Changes in algal, coral and fish 
assemblages along water quality gradients on the inshore Great Barrier Reef. Marine 
Pollution Bulletin. 51(1-4):384-398. 

Fabricius KE, Okaji K, De’Ath G. 2010. Three lines of evidence to link outbreaks of the crown-
of-thorns seastar Acanthaster planci to the release of larval food limitation. Coral Reefs. 
29(3):593-605. 

Fabricius KE, Cooper TF, Humphrey C, Uthicke S, De'ath G, Davidson J, LeGrand H, 
Thompson A, Schaffelke B. 2012. A bioindicator system for water quality on inshore 
coral reefs of the Great Barrier Reef. Marine Pollution Bulletin. 65(4-9):320-332. 

Fabricius KE, Logan M, Weeks S, Brodie J. 2014. The effects of river run-off on water clarity 
across the central Great Barrier Reef. Marine Pollution Bulletin. 84(1-2):191-200. 

Feely RA, Doney SC, Cooley SR. 2009. Ocean acidification: Present conditions and future 
changes in a high CO2 world. Oceanography: Special Issue feature. 22, No. 4. 

Feely RA, Doney SC, Cooley SR. 2012. Present conditions and future conditions in a high-CO2 
world. Oceanography. 22(4):36-47. 

Fenner D. 2013. Results of the territorial coral reef monitoring program of American Samoa for 
2012. On file with NMFS PIRO. 

Fenner D. 2014. Indo-pacific coral species identification uncertainty. On file with NMFS PIRO. 
Ferrier-Pagès C, Gattuso JP, Dallot S, Jaubert J. 2000. Effect of nutrient enrichment on growth 

and photosynthesis of the zooxanthellate coral Stylophora pistillata. Coral Reefs. 19:103-
113. 

Field ME, Ogston AS, Storlazzi CD. 2012. Rising sea-level may cause decline of fringing coral 
reefs. EOS, Transactions, American Geophysical Union. 92:273. 

Fine M, Gildor H, Genin A. 2013. A coral reef refuge in the Red Sea. Global Change Biology. 
19(12):3640-3647. 

Forsman ZH, Barshis DJ, Hunter CL, Toonen RJ. 2009. Shape-shifting corals: Molecular 
markers show morphology is evolutionarily plastic in Porites. BMC Evol Biol. 9:45. 

Forsman ZH, Concepcion GT, Haverkort RD, Shaw RW, Maragos JE, Toonen RJ. 2010. 
Ecomorph or endangered coral? DNA and microstructure reveal hawaiian species 
complexes: Montipora dilatata/flabellata/turgescens & M. patula/verrilli. PLoS One. 
5(12):e15021. 

Forsman ZH, Knapp ISS, Tisthammer K, Eaton DAR, Belcaid M, Toonen RJ. 2017. Coral 
hybridization or phenotypic variation? Genomic data reveal gene flow between Porites 
lobata and P. compressa. Mol Phylogenet Evol. 111:132-148. 

Frade, PR, Bongaerts P, Englebert N, Rogers A, Gonzalez-Rivero M, Hoegh-Guldberg, O. 2018. 
Deep reefs of the Great Barrier Reef offer limited thermal refuge during mass coral 
bleaching. Nature Communications  DOI: 10.1038/s41467-018-05741-0 

Friedlander AM, DeMartini EE. 2002. Contrasts in density, size, and biomass of reef fishes 
between the northwestern and the main Hawaiian Islands: The effects of fishing down 
apex predators. Marine Ecology Progress Series. 230:253-264. 



 

70 
 

Friedlingstein et al. 2019. Global Carbon Budget 2019. Earth Syst. Sci. Data, 11, 1783–1838. 
https://doi.org/10.5194/essd-11-1783-2019 

Gleckler PJ, Durack PJ, Stouffer RJ, Johnson GC, Forest CE. 2016. Industrial-era global ocean 
heat uptake doubles in recent decades. Nature Climate Change. 6(4):394-398. 

Gomez, ED, AC Alcala, AD San Diego. 1981. Status of Phillipine Coral Reefs - 1981. 
Proceedings of the Fourth International Coral Reef Symposium 1:275-282. 

Goreau TF. 1959. The ecology of Jamaican coral reefs I. Species composition and zonation. 
Ecology 40:67-90. 

Goto K, Shinozaki T, Minoura K, Okada K, Sugawara D, Imamura F. 2010. Distribution of 
boulders at Miyara Bay of Ishigaki island, Japan: A flow characteristic indicator of 
tsunami and storm waves. Island Arc. 19(3):412-426. 

Graham NAJ, Bellwood DR, Cinner JE, Hughes TP, Norström AV, Nyström M. 2013. Managing 
resilience to reverse phase shifts in coral reefs. Frontiers in Ecology and the 
Environment. 11(10):541-548. 

Grigg RW, Maragos JE. 1974. Recolonization of hermatypic corals on submerged lava flows in 
hawaii. Ecology. 55(2):387-395. 

Gudka M, Obura D, Mwaura J, Porter S, Yahya S, Mabwa R. 2018. Impact of the 3rd global 
coral bleaching event on the western Indian Ocean in 2016. Global Coral Reef 
Monitoring Network (GCRMN)/Indian Ocean Commission. 

Guest JR, Edmunds PJ, Gates RD, Kuffner IB, Andersson AJ, Barnes BB, Chollett I, Courtney 
TA, Elahi R, Gross K et al. 2018. A framework for identifying and characterising coral 
reef “oases” against a backdrop of degradation. Journal of Applied Ecology. 

Guinotte JM, Buddemeier RW, Kleypas JA. 2003. Future coral reef habitat marginality: 
Temporal and spatial effects of climate change in the Pacific Basin. Coral Reefs. 
22(4):551-558. 

Hadfield M, Paul V. 2001. Natural chemical cues for settlement and metamorphosis of marine-
invertebrate larvae. Marine chemical ecology. p. 431-461. 

Harrison, PL, Ward S. 2001. Elevated levels of nitrogen and phosphorus reduce fertilisation 
success of gametes from scleractinian coral reefs. Marine Biology 139:1057-1068, 

Hartin CA, Bond-Lamberty B, Patel P, and Mundra A. 2016. Ocean acidification over the next 
three centuries using a simple global climate carbon-cycle model: projections and 
sensitivities. Biogeosciences 13:4329–4342. www.biogeosciences.net/13/4329/2016/ 
doi:10.5194/bg-13-4329-2016 

Henley B, Abram N. 2017. The three-minute story of 800,000 years of climate change with a 
sting in the tail. Online article in The Conversation. https://theconversation.com/the-
three-minute-story-of-800-000-years-of-climate-change-with-a-sting-in-the-tail-73368 

Heron SF, Maynard J, Willis B, Christensen T, Harvell D, Vargas-Angel B, Beeden R, Sziklay J, 
Aeby G, Franklin EC, Skirving W, Eakin CM, Burgess T, Li J, Liu G, Lucas E,  
Rauenzahn J, Strong A. 2012. Developments in understanding relationships between 
environmental conditions and coral disease. Proceedings of the 12th International Coral 
Reef Symposium, Cairns, Australia, 9-13 July 2012.  

Heron SF, Maynard JA, van Hooidonk R, Eakin CM. 2016. Warming trends and bleaching stress 
of the world's coral reefs 1985-2012. Sci Rep. 6:38402. 

Heron SF, Eakin CM, Douvere F, Anderson KL, Day JC, Geiger E, Hoegh-Guldberg O, Van 
Hooidonk R, Hughes TP, Marshall P. 2017. Impacts of climate change on world heritage 
coral reefs: A first global scientific assessment. UNESCO World Heritage Centre.16. 



 

71 
 

Hock K, Wolff NH, Ortiz JC, Condie SA, Anthony KRN, Blackwell PG, Mumby PJ. 2017. 
Connectivity and systemic resilience of the Great Barrier Reef. PLoS Biol. 
15(11):e2003355. 

Hoegh-Guldberg O. 2012. The adaptation of corals to climate change: Is the Red Queen being 
outpaced? Scientia Marina 76:403-408. 

Hoegh-Guldberg O, Poloczanska ES, Skirving W, Dove S. 2017. Coral reef ecosystems under 
climate change and ocean acidification. Frontiers in Marine Science. 4:1-20. 

Hongo C, Yamano H. 2013. Species-specific responses of corals to bleaching events on 
anthropogenically turbid reefs on Okinawa Island, Japan, over a 15-year period. PLoS 
ONE. 8(4):e60952. 

Honisch B, Ridgwell A, Schmidt DN, Thomas E, Gibbs SJ, Sluijs A, Zeebe R, Kump L, 
Martindale RC, Greene SE et al. 2012. The geological record of ocean acidification. 
Science. 335(6072):1058-1063. 

Howells EJ, Ray Berkelmans, Madeleine J. H. Van Oppen, Bette L. Willis, Bay LK. 2013. 
Historical thermal regimes define limits to coral acclimatization. Ecological Society of 
America. 94(5):1078-1088. 

Hughes TP. 1984. Population dynamics based on individual size rather than age: A general 
model with a reef coral example. The American Naturalist. 123(6):778-795. 

Hughes TP, Jackson JBC. 1980. Do corals lie about their age? Some demographic consequences 
of partial mortality, fission, and fusion. JSTOR. 205.156.36.134. 

Hughes TP, Connell JH. 1999. Multiple stressors on coral reefs: A long-term perspective. 
Limnology and Oceanography. 44(3 (2)):932-940. 

Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS. 2010. Rising to the challenge 
of sustaining coral reef resilience. Trends in Ecology and Evolution. 25(11):633-642. 

Hughes TP, Bellwood DR, Baird AH, Brodie J, Bruno JF, Pandolfi JM. 2011. Shifting base-
lines, declining coral cover, and the erosion of reef resilience: Comment on Sweatman et 
al. (2011). Coral Reefs. 30(3):653-660. 

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, 
Babcock RC, Beger M, Bellwood DR, Berkelmans R et al. 2017a. Global warming and 
recurrent mass bleaching of corals. Nature. 543(7645):373-377. 

Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC, Kleypas J, van 
de Leemput IA, Lough JM, Morrison TH et al. 2017b. Coral reefs in the Anthropocene. 
Nature. 546(7656):82-90. 

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey AS, 
Hoogenboom MO, Liu G et al. 2018a. Global warming transforms coral reef 
assemblages. Nature. 556(7702):492-496. 

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, Baird AH, Baum JK, 
Berumen ML, Bridge TC et al. 2018b. Spatial and temporal patterns of mass bleaching of 
corals in the Anthropocene. Science. 359(6371):80-83. 

Hughes TP, Kerry JT, Connolly SR, Baird AH, Eakin CM, Heron SF, Hoey AS, Hoogenboom 
MO, Jacobson M, Liu G et al. 2018c. Ecological memory modifies the cumulative impact 
of recurrent climate extremes. Nature Climate Change. 9(1):40-43. 

Hunter CL, Evans CW. 1995. Coral reefs in Kaneohe Bay, Hawaii: Two centuries of western 
influence and two decades of data. Bulletin of Marine Science. 57(2):501-515. 

IEA (International Energy Agency). 2018. Global energy and co2 status report- 2017. 
International Energy Agency. 2017 Report. 



 

72 
 

IPCC (International Panel on Climate Change). 2013. Working Group I contribution to the IPCC 
Fifth Assessment Report: Climate change 2013: The physical science basis. 
Intergovernmental Panel on Climate Change + Appendix: Supplemental Material for 
RCP8.5. 

IPCC (International Panel on Climate Change). 2018. Global Warming of 1.5° C: An IPCC 
special report. Intergovernmental Panel on Climate Change. 

Jackson J, Donovan M, Cramer K, Lam V. 2014. Staus and trends of Caribbean coral reefs 1970-
2012. Gland, Switzerland: Global Coral Reef Monitoring Network. 

Jewett L, Romanou A. 2017. Ocean acidification and other ocean changes. In: Wuebbles DJ, 
Fahey DW, Hibbard KA, Dokken DJ, Stewart BC, Maycock TK, editors. Climate science 
special report: Fourth national climate assessment. Washington, DC: U.S. Global Change 
Research Program. p. 364-392. 

Jiang L-Q, Feely RA, Carter BR, Greeley DJ, Gledhill DK, Arzayus KM. 2015. Climatological 
distribution of aragonite saturation state in the global oceans. Global Biogeochemical 
Cycles. 29(10):1656-1673. 

Jokiel PL. 1978. Effects of water motion on reef corals. Journal of Experimental Marine Biology 
and Ecology. 35(1):87-97. 

Jokiel PL, Hunter CL, Taguchi S, Watarai L. 1993. Ecological impact of a fresh-water “reef kill” 
in Kaneohe Bay, Oahu, Hawaii. Coral Reefs. 12(3):177-184. 

Jokiel PL, Brown EK. 2004. Global warming, regional trends and inshore environmental 
conditions influence coral bleaching in Hawaii. Global Change Biology. 10(10):1627-
1641. 

Jones R. 2008. Cites, corals and customs: The international trade in wild corals. Public Aquarium 
Husbandry. 2:351-381. 

Jones RJ. 2004. Testing the 'photoinhibition' model of coral bleaching using chemical inhibitors. 
Marine Ecology Progress Series. 284:133-145. 

Jones RJ, Kerswell AP. 2003. Phytotoxicity of Photosystem II (PSII) herbicidesvto coral. Marine 
Ecology Progress Series 261:149-159. 

Jones GP, McCormick MI, Srinivasan, M., Eagle JV. 2004. Coral decline threatens fish 
biodiversity in marine reserves. Proceedings of the National Academy of Sciences. 
101:8251-8253. 

Kahng SE, Garcia-Sais JR, Spalding HL, Brokovich E, Wagner D, Weil E, Hinderstein L, 
Toonen RJ. 2010. Community ecology of mesophotic coral reef ecosystems. Coral Reefs. 
29(2):255-275. 

Kahng SE, Copus JM, Wagner D. 2014. Recent advances in the ecology of mesophotic coral 
ecosystems. Current Opinion in Environmental Sustainability. 7:72-81. 

Karnauskas KB, Cohen AL. 2012. Equatorial refuge amid tropical warming. Nature Climate 
Change. 2:530-534. 

Kayanne H, Suzuki R, Liu G. 2017. Bleaching in the Ryukyu Islands in 2016 and associated 
degree heating week threshold. Galaxea, Journal of Coral Reef Studies. 19:17-18. 

Kegler P, Baum G, Indriana LF, Wild C, Kunzmann A. 2015. Physiological response of the hard 
coral Pocillopora verrucosa from Lombok, Indonesia, to two common pollutants in 
combination with high temperature. PLoS One. 10(11):1-19. 

Kench PS, Thompson D, Ford MR, Ogawa H, McLean RF. 2015. Coral islands defy sea-level 
rise over the past century: Records from a central Pacific atoll. Geology. 43(6):515-518. 



 

73 
 

Kenyon JC, Brainard RE. 2006. Second recorded episode of mass coral bleaching in the 
Northwestern Hawaiian Islands. Atoll Research Bulletin. 543:505-523. 

Kerswell AP, Jones RJ. 2003. Effects of hypo-osmosis on the coral Stylophora pistillata: Nature 
and cause of low-salinity bleaching. Marine Ecology Progress Series. 253:145-154. 

Kharas H. 2017. The unprecendented expansion of the global middle class: An update. Global 
Economy and Development at Brookings. 

Kiessling W, Simpson C, Beck B, Mewis H, Pandolfi JM. 2012. Equatorial decline of reef corals 
during the last Pleistocene interglacial. Proceedings of the National Academy of 
Sciences. 109(52):21378-21383. 

Knutson S, Downs CA, Richmond RH. 2012. Concentrations of Irgarol in selected marinas of 
Oahu, Hawaii and effects on settlement of coral larval. Ecotoxicology. 21(1):1-8. 

Kornder NA, Riegl BM, Figueiredo J. 2018. Thresholds and drivers of coral calcification 
responses to climate change. Glob Chang Biol. 24(11):5084-5095. 

Kramer, K. L., Cotton, S. P., Lamson, M. R. and Walsh, W. J. 2016. Bleaching and catastrophic 
mortality of reefbuilding corals along West Hawai'i Island: findings and future directions. 
Proceedings of the 13th International Coral Reef Symposium, 219-230. 

Kroeker KJ, Kordas RL, Crim R, Hendriks IE, Ramajo L, Singh GS, Duarte CM, Gattuso JP. 
2013. Impacts of ocean acidification on marine organisms: Quantifying sensitivities and 
interaction with warming. Global change biology. 19(6):1884-1896. 

Kuchler DA. 1986. Geomorphological nomenclature: Reef cover and zonation on the Great 
Barrier Reef. Great Barrier Reef Marine Park Authority.  No. GBRMPA-TM-8. 

Kuffner IB, Toth LT. 2016. A geological perspective on the degradation and conservation of 
western Atlantic coral reefs. Conserv Biol. 30(4):706-715. 

Lamb JB, Wenger AS, DevlinMJ, Ceccarelli DM, Williamson DH, Willis BL. 2016. Reserves as 
tools for alleviating impacts of marine disease. Phil. Trans. R. Soc. B 371:20150210. 

Langdon, C, Atkinson, MJ. 2005. Effect of elevated pCO2 on photosynthesis and calcification of 
corals and interactions with seasonal change in temperature/irradiance and nutrient 
enrichment. Journal of Geophysical Research 110:CO9S07, 16 p. 

Ledlie MH, Graham NAJ, Bythell JC, Wilson SK, Jennings S, Polunin NVC, Hardcastle J. 2007. 
Phase shifts and the role of herbivory in the resilience of coral reefs. Coral Reefs. 
26(3):641-653. 

Lenihan HS, Adjeroud M, Kotchen MJ, Hench JL, Nakamura T. 2008. Reef structure regulates 
small-scale spatial variation in coral bleaching. Marine Ecology Progress Series. 
370:127-141. 

Lesser MP, van Woesik R. 2015. Modelling Climate-Change Effects on Coral Disease. Reef 
Encounter 30:31-35. 

Lewis N, Day JC, Wilhelm A, Wagner D, Gaymer C, Parks J, Friedlander A, White S, Sheppard 
C, Spalding M et al. 2017. Large-scale marine protected areas: Guidelines for design and 
management. Best practice protected area guidelines series, no. 26. Gland, Switzerland: 
IUCN. 

Logan CA, Dunne JP, Eakin CM, Donner SD. 2013. Incorporating adaptive responses into future 
projections of coral bleaching. Global Change Biology. 20(1):125-139. 

Lough JM. 2008. Coral calcification from skeletal records revisited. Marine Ecology Progress 
Series. 373:257-264. 

Lough JM, Anderson KD, Hughes TP. 2018. Increasing thermal stress for tropical coral reefs: 
1871-2017. Scientific Reports. 8(1):6079. 



 

74 
 

Lybolt M, Neil D, Zhao J, Feng Y, Yu K-F, Pandolfi J. 2011. Instability in a marginal coral reef: 
The shift from natural variability to a human-dominated seascape. Frontiers in Ecology 
and the Environment. 9(3):154-160. 

Magdaong ET, Fujii M, Yamano H, Licuanan WY, Maypa A, Campos WL, Alcala AC, White 
AT, Apistar D, Martinez RJ. 2013. Long-term change in coral cover and the effectiveness 
of marine protected areas in the Philippines: A meta-analysis. Hydrobiologia. 733(1):5-
17. 

Manzello DP. 2010. Coral growth with thermal stress and ocean acidification: Lessons from the 
eastern tropical Pacific. Coral Reefs. 29(3):749-758. 

Manzello DP, Kleypas JA, Budd DA, Eakin CM, Glynn PW, Langdon C. 2008. Poorly cemented 
coral reefs of the eastern tropical Pacific: Possible insights into reef development in a 
high-CO2 world. Proceedings of the National Academy of Sciences of the United States 
of America. 105(30):10450-10455. 

Manzello DP, Enochs IC, Melo N, Gledhill DK, Jones EM. 2012. Ocean acidification refugia of 
the Florida reef tract. PLoS ONE. 7(7):e41715. 

Mao-Jones J, Ritchie KB, Jones LE, Ellner SP. 2010. How microbial community composition 
regulates coral disease development. PLoS Biology. 8(3):e1000345. 

Maragos JE. 1974. Reef corals of Fanning Island. Pacific Science. 28(3):247-255. 
Markey KL, Baird AH, Humphrey C, Negri AP. 2007. Insecticides and a fungicide affect 

multiple coral life stages. Marine Ecology Progress Series. 330:127-137. 
Matz MV, Treml EA, Aglyamova GV, Bay LK. 2018. Potential and limits for rapid genetic 

adaptation to warming in a Great Barrier Reef coral. PLoS Genet. 14(4):e1007220. 
Maxwell WGH. 1968. Atlas of the Great Barrier Reef. Elsevier Publishing Company. 
Maynard J, van Hooidonk R, Eakin CM, Puotinen M, Garren M, Williams G, Heron SF, Lamb J, 

Weil E, Willis B et al. 2015. Projections of climate conditions that increase coral disease 
susceptibility and pathogen abundance and virulence. Nature Climate Change. 5:668-694. 

McClanahan T, Polunin N, Done T. 2002. Ecological states and the resilience of coral reefs. 
Conservation Ecology. 6(2):18. 

McClanahan TR, Weil E, Maina J. 2009. Strong relationship between coral bleaching and 
growth anomalies in massive Porites. Global Change Biology. 15(7):1804-1816. 

McClanahan TR, Maina JM, Muthiga NA. 2011. Associations between climate stress and coral 
reef diversity in the western Indian Ocean. Global Change Biology. 17(6):2023-2032. 

McCulloch M, Fallon S, Wyndham T, Hendy E, Lough J, Barnes D. 2003. Coral record of 
increased sediment flux to the inner Great Barrier Reef since European settlement. 
Nature. 421:727-730. 

Mills E, Shechtman K, Loya Y, Rosenberg E. 2013. Bacteria appear to play important roles in 
both causing and preventing the bleaching of the coral Oculina patagonica. Marine 
Ecology Progress Series. 489:155-162. 

Mollica NR, Guo W, Cohen AL, Huang KF, Foster GL, Donald HK, Solow AR. 2018. Ocean 
acidification affects coral growth by reducing skeletal density. Proc Natl Acad Sci U S A. 
115(8):1754-1759. 

Mongin M, Baird ME, Tilbrook B, Matear RJ, Lenton A, Herzfeld M, Wild-Allen K, Skerratt J, 
Margvelashvili N, Robson BJ et al. 2016. The exposure of the Great Barrier Reef to 
ocean acidification. Nat Commun. 7:10732. 



 

75 
 

Morgan KM, Perry CT, Johnson JA, Smithers SG. 2017. Nearshore turbid-zone corals exhibit 
high bleaching tolerance on the Great Barrier Reef following the 2016 ocean warming 
event. Frontiers in Marine Science. 4:224. doi: 10.3389/fmars.2017.00224 

Morgan KM, Perry CT, Johnson JA, Smithers SG. 2017. Nearshore Turbid-Zone Corals Exhibit 
High Bleaching Tolerance on the Great Barrier Reef Following the 2016 Ocean Warming 
Event. Frontiers in Marine Science. 4:224. doi: 10.3389/fmars.2017.00224 

Moritz C et al. 2018. Status and trends of coral reefs of the Pacific. Global Coral Reef 
Monitoring Network. 

MPA News. 2018. New Caledonia strengthens protection for reefs in its Coral Sea Natural Park. 
MPA News, September 2018, 20(2):7. 

Muir PR, Wallace CC, Pichon M, Bongaerts P. 2018. High species richness and lineage diversity 
of reef corals in the mesophotic zone. Proc Biol Sci. 285(1893):20181987. 

Mumby PJ, Hock K, Condie SA, Ortiz JC, Wolff NH, Anthony KRN, Blackwell PG. 2018. 
Response to Bode and colleagues: 'Resilient reefs may exist, but can larval dispersal 
models find them?'. PLoS Biol. 16(8):e2007047. 

Myers RL, Raymundo LJ. 2009. Coral disease in micronesian reefs: A link between disease 
prevalence and host abundance. Diseases of aquatic organisms. 87(1-2):97-104. 

Nakamura T, Yamasaki H. 2005. Requirement of water-flow for sustainable growth of 
pocilliporid corals during high temperature periods. Marine Pollution Bulletin. 50:1115–
1120. 

NASEM (National Academy of Sciences Engineering and Medicine). 2018. A research review of 
interventions to increase the persistence and resilience of coral reefs. The National 
Academies Press, Washington, DC. 

NCEI (National Centers for Environmental Information). 2018. Global ocean temperature 
anomolies, January-December. Department of Commerce. 

Negri AP, Brinkman DL, Flores F, Botte ES, Jones RJ, Webster NS. 2016. Acute ecotoxicology 
of natural oil and gas condensate to coral reef larvae. Sci Rep. 6:21153. 

NMFS (National Marine Fisheries Service). 2012. Management report for 82 corals status review 
under the Endangered Species Act: Existing regulatory mechanisms (per endangered 
species act § 4(a)(1)(d), 16 u.S.C. § 1533(a)(1)(d)) and conservation efforts (per 
Endangered Species Act § 4(b)(1)(a), 16 u.S.C. § 1533(b)(1)(a)). National Marine 
Fisheries Service, National Oceanic and Atmospheric Association, Department of 
Commerce.  

NMFS (National Marine Fisheries Service). 2014. Endangered and threatened wildlife and 
plants: Final listing determinations on proposal to list 66 reef building coral species and 
to reclassify elkhorn and staghorn corals. 79 FR 53851, September 10, 2014. 

NMFS (National Marine Fisheries Service). 2016. Revised guidance for treatment of climate 
change in nmfs Endangered Species Act decisions. On file at NMFS PIRO. 

Nozawa Y. 2008. Micro-crevice structure enhances coral spat survivorship. Journal of 
Experimental Marine Biology and Ecology. 367(2):127-130. 

Ogston AS, Field ME. 2010. Predictions of turbidity due to enhanced sediment resuspension 
resulting from sea-level rise on a fringing coral reef: Evidence from Molokai, Hawaii. 
Journal of Coastal Research. 26:1027-1037. 

Oliver, E.C.J. and 14 others. 2018. Longer and more frequent marine heatwaves over the past 
century. Nature Communications DOI: 10.1038/s41467-018-03732-9 



 

76 
 

Ortiz J-C, Wolff NH, Anthony KRN, Devlin M, Lewis S, Mumby PJ. 2018. Impaired recovery 
of the Great Barrier Reef under cumulative stress. Science Advances. 2018;4: eaar6127. 

Osman EO, Smith DJ, Ziegler M, Kurten B, Conrad C, El-Haddad KM, Voolstra CR, Suggett 
DJ. 2018. Thermal refugia against coral bleaching throughout the northern Red Sea. Glob 
Chang Biol. 24(2):e474-e484. 

Palumbi SR, Barshis DJ, Traylor-Knowles N, Bay RA. 2014. Mechanisms of reef coral 
resistance to future climate change. Sciencexpress.1-8. 

Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, McArdle D, 
McClenachan L, Newman MJ, Paredes G et al. 2003. Global trajectories of the long-term 
decline of coral reef ecosystems. Science. 301(5635):955-958. 

Paulay G, Kirkendale L, Lambert G, Meyer CG. 2002. Anthropogenic biotic interchange in a 
coral reef ecosystem: A case study from Guam. Pacific Science. 56(4):403-422. 

Pearson, RG. 1981. Recovery and Recolonization of Coral Reefs - Review. Marine Ecology 
Progress Series 4:105-122. 

Perry CT, Larcombe P. 2003. Marginal and non-reef-building coral environments. Coral Reefs. 
22(4):427-432. 

Perry CT, Murphy GN, Kench PS, Smithers SG, Edinger EN, Steneck RS, Mumby PJ. 2013. 
Caribbean-wide decline in carbonate production threatens coral reef growth. Nat 
Commun. 4(1402):1402. 

Perry CT, Morgan KM. 2017. Bleaching drives collapse in reef carbonate budgets and reef 
growth potential on southern Maldives reefs. Scientific Reports. 7:40581. 

Perry CT, Alvarez-Filip L, Graham NAJ, Mumby PJ, Wilson SK, Kench PS, Manzello DP, 
Morgan KM, Slangen ABA, Thomson DP et al. 2018. Loss of coral reef growth capacity 
to track future increases in sea-level. Nature. 558(7710):396-400. 

Pomeroy RS, Parks JE, Balboa CM. 2006. Farming the reef: Is aquaculture a solution for 
reducing fishing pressure on coral reefs? Marine Policy. 30(2):111-130. 

Pratchett M, Caballes C, Rivera-Posada J, Sweatman H. 2014. Limits to understanding and 
managing outbreaks of crown--of--thorns starfish (Acanthaster spp.). Oceanography and 
Marine Biology. p. 133-200. 

Prouty NG, Field ME, Stock JD, Jupiter SD, McCulloch M. 2010. Coral B/Ca records of 
sediment input to the fringing reef of the southshore of Moloka'i, Hawai'i over the last 
several decades. Mar Pollut Bull. 60(10):1822-1835. 

Prouty NG, Storlazzi CD, McCutcheon AL, Jenson JW. 2014. Historic impact of watershed 
change and sedimentation to reefs along west-central Guam. Coral Reefs. 33(3):733-749. 

Putnam HM, Barott KL, Ainsworth TD, Gates RD. 2017. The vulnerability and resilience of 
reef-building corals. Current Biology. 27(11):R528-R540. 

Randall RH. 1973. Reef physography and distribution of corals at Tumon Bay. Guam, before 
crown-of-thorns starfish Acanthaster planci predation. Micronesica 9:119-158. 

Ravindran J, Kannapiran E, Manikandan B, Francis K, Arora S, Karunya E, Kumar A, Singh SK, 
Jose J. 2013. UV-absorbing bacteria in coral mucus and their response to simulated 
temperature elevations. Coral Reefs. 32(4):1043-1050. 

Rhyne AL, Tlusty MF. 2012. Trends in the marine aquarium trade: The influence of global 
economics and technology. Aquaculture, Aquarium, Conservation & Legislation 
International Journal of the Bioflux Society. 5(2):99-102. 



 

77 
 

Rhyne AL, Tlusty MF, Kaufman L. 2014. Is sustainable exploitation of coral reefs possible? A 
view from the standpoint of the marine aquarium trade. Current Opinion in 
Environmental Sustainability. 7:101-107. 

Ricardo GF, Jones RJ, Clode PL, Humanes A, Negri AP. 2015. Suspended sediments limit coral 
sperm availability. Scientific Reports. 5:18084. 

Riegl B, Piller WE. 2003. Possible refugia for reefs in times of environmental stress. 
International Journal of Earth Sciences. 92(4):520-531. 

Riegl BM, Purkis SJ, Al-Cibahy AS, Abdel-Moati MA, Hoegh-Guldberg O. 2011. Present limits 
to heat-adaptability in corals and population-level responses to climate extremes. PLoS 
One. 6(9):e24802. 

Riegl BM, Purkis SJ. 2012. Dynamics of gulf coral communities: Observations and models from 
the world’s hottest coral sea. In: Riegl B, Purkis SJ, editors. Coral reefs of the Gulf coral 
reefs of the world. Springer, Dordrecht. p. 71-93. 

Risk MJ, Edinger E. 2011. Impacts of sediment on coral reefs. Encyclopedia of modern coral 
reefs. p. 575-586. 

Rodgers KS, Bahr KD, Jokiel PL, Richards Donà A. 2017. Patterns of bleaching and mortality 
following widespread warming events in 2014 and 2015 at the Hanauma Bay Nature 
Preserve, Hawai'i. PeerJ. 5. 

Roff G. 2016. Earliest record of a coral disease from the Indo-Pacific? Coral Reefs. 35(2):457-
457. 

Roff G, Mumby PJ. 2012. Global disparity in the resilience of coral reefs. Trends in Ecology and 
Evolution. 27(7):404-413. 

Roff G, Clark TR, Reymond CE, Zhao JX, Feng Y, McCook LJ, Done TJ, Pandolfi JM. 2013. 
Palaeoecological evidence of a historical collapse of corals at Pelorus Island, inshore 
Great Barrier Reef, following european settlement. Proceedings of the Royal Society of 
London B. 280(1750):20122100. 

Roff G, Chollett I, Doropoulos C, Golbuu Y, Steneck RS, Isechal AL, van Woesik R, Mumby 
PJ. 2015. Exposure-driven macroalgal phase shift following catastrophic disturbance on 
coral reefs. Coral Reefs. 34(3):715-725. 

Rogers CS. 1990. Responses of coral reefs and reef organisms to sedimentation. Marine Ecology 
Progress Series. 62(1-2):185-202. 

Rohwer F, Seguritan V, Azam F, Knowlton N. 2002. Diversity and distribution of coral-
associated bacteria. Marine Ecology Progress Series. Vol. 243: 1–10, 2002. 

Rooney J, Donham E, Montgomery A, Spalding HL, Parrish F, Boland R, Fenner D, Gove J, 
Vetter O. 2010. Mesophotic coral ecosystems in the Hawaiian Archipelago. Coral Reefs. 
29(2):361-367. 

Ruiz-Moreno D, Willis BL, Page AC, Weil E, Croquer A, Vargas-Angel B, Jordan-Garza AG, 
Jordan-Dahlgren E, Raymundo L, Harvell CD. 2012. Global coral disease prevalence 
associated with sea temperature anomalies and local factors. Diseases of Aquatic 
Organisms. 100(3):249-261. 

Sale PH, Lavieren HV, Lagman MCA, Atema J, Butler M, Fauvelot C, Hogan JD, Jones GP, 
K.C. Lindeman CBP, R. Steneck and H.L. Stewart. 2010. Preserving reef connectivity: A 
handbook for protected area managers. Global Environmental Facility. 

Sale, PF and Szmant AM. (eds). 2012. Reef Reminiscences: Ratcheting back the shifted 
baselines concerning what reefs used to be. United Nations University Institute for Water, 
Environment and Health, Hamilton, ON, Canada, 35 pp. 



 

78 
 

Schoepf V, Stat M, Falter JL, McCulloch MT. 2015. Limits to the thermal tolerance of corals 
adapted to a highly fluctuating, naturally extreme temperature environment. Sci Rep. 
5:17639. 

SERO (NMFS Southeast Regional Office). 2016. Contaminants literature review. Internal Report 
SERO, St Petersberg, FL 17 p. 

Shaw EC, McNeil BI, Tilbrook B. 2012a. Impacts of ocean acidification in naturally variable 
coral reef flat ecosystems. Journal of Geophysical Research: Oceans. 117(C3). 

Shaw CM, Brodie J, Mueller JF. 2012b. Phytotoxicity induced in isolated zooxanthellae by 
herbicides extracted from Great Barrier Reef flood waters. Marine Pollution Bulletin. 
65(4-9):355-362. 

Sheppard C. 1980. Coral cover, zonation and diversity on reef slopes of Chagos atolls, and 
population structures of the major species. Marine Ecology. Vol. 2:193-205. 

Sheppard C, Anne Sheppard, Andrew Mogg, Dan Bayley, Alexandra C. Dempsey, Ronan 
Roche, John Turner, Purkis S. 2017. Coral bleaching and mortality in the Chagos 
Archipelago. Atoll Research Bulletin 613:1-26. 

Silbiger NJ, Donahue MJ, Brainard RE. 2017. Environmental drivers of coral reef carbonate 
production and bioerosion: A multi-scale analysis. Ecology. 98(10):2547-2560. 

Smith JE, Brainard R, Carter A, Grillo S, Edwards C, Harris J, Lewis L, Obura D, Rohwer F, 
Sala E et al. 2016. Re-evaluating the health of coral reef communities: Baselines and 
evidence for human impacts across the central Pacific. Proceedings of the Royal Society 
B: Biological Sciences. 283(1822):20151985. 

Smith TB, Glynn PW, Mate JL, Toth LT, Gyory J. 2014. A depth refugium from catastrophic 
coral bleaching prevents regional extinction. Ecology. 95(6):1663-1673. 

Spalding MD, Ravilious C, Green EP. 2001. World atlas of coral reefs. UNEP-WCMC, 
Cambridge. 

Steiner Z, Turchyn AV, Harpaz E, Silverman J. 2018. Water chemistry reveals a significant 
decline in coral calcification rates in the southern Red Sea. Nat Commun. 9(1):3615. 

Stevenson C, Katz LS, Micheli F, Block BA, Heiman KW, Perle C, Weng K, Dunbar R, Witting 
J. 2007. High apex predator biomass on remote Pacific Islands. Coral reefs. 26(1):47-51. 

Storlazzi CD, Field ME, Cheriton OM, Presto MK, Logan JB. 2013. Rapid fluctuations in flow 
and water-column properties in Asan Bay, Guam: Implications for selective resilience of 
coral reefs in warming seas. Coral Reefs. 32(4):949-961. 

Sumadhiharga OK. 1977. A preliminary study on the ecology of the coral reef of Pombo Island. 
Mar Res Indonesia. Vol:17, 1977: 29-49. 

Sutthacheep M, Yucharoen M, Klinthong W, Pengsakun S, Sangmanee K, Yeemin T. 2013. 
Impacts of the 1998 and 2010 mass coral bleaching events on the western Gulf of 
Thailand. Deep-Sea Res Pt Ii. 96:25-31. 

Sutton AJ, Sabine CL, Feely RA, Cai W-J, Cronin MF, McPhaden MJ, Morell JM, Newton JA, 
Noh J-H, Ólafsdóttir SR et al. 2016. Using present-day observations to detect when 
anthropogenic change forces surface ocean carbonate chemistry outside preindustrial 
bounds. Biogeosciences. 13(17):5065-5083. 

Te FT. 1992. Response to higher sediment loads by Pocillopora damicornis planulae. Coral 
Reefs. Coral Reefs (1992) 11:131-134. 

Tebben J, Motti CA, Siboni N, Tapiolas DM, Negri AP, Schupp PJ, Kitamura M, Hatta M, 
Steinberg PD, Harder T. 2015. Chemical mediation of coral larval settlement by crustose 
coralline algae. Sci Rep. 5:10803. 



 

79 
 

Thornhill DJ. 2012. Ecological impacts and practices of the coral reef wildlife trade. Defenders 
of Wildlife. 

Timotius S, Idris, Syahrir M. 2009. A review on ornamental coral farming effort in Indonesia. 
Paper presented at: World Ocean Conference. Manado. 

Todd PA. 2008. Morphological plasticity in scleractinian corals. Biological Reviews. 83(3):315-
337. 

Torda G, Sambrook K, Cross P, Sato Y, Bourne DG, Lukoschek V, Hill T, Torras Jorda G, 
Moya A, Willis BL. 2018. Decadal erosion of coral assemblages by multiple disturbances 
in the Palm Islands, central Great Barrier Reef. Sci Rep. 8(1):11885. 

Tracy AM, Pielmeier ML, Yoshioka RM, Heron SF, Harvell CD. 2019. Increases and decreases 
in marine disease reports in an era of global change. Proc. R. Soc. B 286: 20191718. 

Trusel LD, Das SB, Osman MB, Evans MJ, Smith BE, Fettweis X, McConnell JR, Noel BPY, 
van den Broeke MR. 2018. Nonlinear rise in greenland runoff in response to post-
industrial arctic warming. Nature. 564(7734):104-108. 

UN (United Nations). 2015. Paris Agreement, 27 p. Available online 
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_ag
reement.pdf 

UN (United Nations). 2016. Paris Agreement Entry Into Force, 4 November 2016. 7 p. Available 
online at 
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-
d&chapter=27&clang=_en 

UNEP (United Nations Environmental Programme). 2018. Emissions Gap Report 2018. United 
Nations Environmental Program. https://www.unenvironment.org/resources/emissions-
gap-report-2018  

UNEP (United Nations Environmental Programme). 2019. Emissions Gap Report 2019. United 
Nations Environmental Program. https://www.unenvironment.org/resources/emissions-
gap-report-2019 

USGCRP (U.S. Global Change Research Program). 2018. 4th National Climate Assessment. 
van Hooidonk R, Maynard JA, Planes S. 2013. Temporary refugia for coral reefs in a warming 

world. Nature Climate Change.1-4. 
van Hooidonk R, Maynard JA, Manzello D, Planes S. 2014. Opposite latitudinal gradients in 

projected ocean acidification and bleaching impacts on coral reefs. Global Change 
Biology. 20(1):103-112, plus Supplemental Material. 

van Hooidonk R, Maynard J, Tamelander J, Gove J, Ahmadia G, Raymundo L, Williams G, 
Heron SF, Planes S. 2016. Local-scale projections of coral reef futures and implications 
of the Paris Agreement. Sci Rep. 6:39666. 

van Oppen MJ, Bongaerts P, Underwood JN, Peplow LM, Cooper TF. 2011. The role of deep 
reefs in shallow reef recovery: An assessment of vertical connectivity in a brooding coral 
from west and east Australia. Molecular Ecology. 20(8):1647-1660. 

van Oppen MJ, Oliver JK, Putnam HM, Gates RD. 2015. Building coral reef resilience through 
assisted evolution. Proc Natl Acad Sci 112(8):2307-2313. 

van Woesik R, Cacciapaglia CW. 2018. Keeping up with sea-level rise: Carbonate production 
rates in Palau and Yap, western Pacific Ocean. PLoS One. 13(5):e0197077. 

Vargas-Angel B, Richards CL, Vroom PS, Price NN, Schils T, Young CW, Smith J, Johnson 
MD, Brainard RE. 2015. Baseline assessment of net calcium carbonate accretion rates on 
U.S. Pacific reefs. PLoS One. 10(12):e0142196. 

https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://www.unenvironment.org/resources/emissions-gap-report-2018
https://www.unenvironment.org/resources/emissions-gap-report-2018
https://www.unenvironment.org/resources/emissions-gap-report-2019
https://www.unenvironment.org/resources/emissions-gap-report-2019


 

80 
 

Venegas, R.M., T. Oliver, G. Liu, S.F. Heron, S.J. Clark, N. Pomeroy, C. Young, C.M. Eakin, 
and R.E. Brainard. 2019. The Rarity of Depth Refugia from Coral Bleaching Heat Stress 
in the Western and Central Pacific Islands. Scientific Reports 10.1038/s41598-019-
56232-1 

Veron JEN. 2000a. Corals of the World. Australian Institute of Marine Science, 3 volumes. 
Veron J. 2000b. Reticulate evolution in corals. Proceedings of the 9th International Coral Reef 

Symposium, Bali, Indonesia. 23-27 October, 2000, 1:43-48. 
Veron J. 2013. Overview of the taxonomy of zooxanthellate Scleractinia. Zoological Journal of 

the Linnean Society. 169(3):485-508. 
Veron J, Stafford-Smith M, DeVantier L, Turak E. 2015. Overview of distribution patterns of 

zooxanthellate Scleractinia. Frontiers in Marine Science. 1:1-19. 
Villanueva RD, Yap HT, Montano MN. 2011. Reproductive effects of the water-accommodated 

fraction of a natural gas condensate in the Indo-Pacific reef-building coral Pocillopora 
damicornis. Ecotoxicol Environ Saf. 74(8):2268-2274. 

Vollmer SV, Palumbi SR. 2002. Hybridization and the evolution of reef coral diversity. Science. 
296(5575):2023-2025. 

Wang G, Cheng L, Abraham J, Li C. 2018. Consensuses and discrepancies of basin-scale ocean 
heat content changes in different ocean analyses. Climate Dynamics. 50:2471-2487. 

Webster FJ, Babcock RC, Van Keulen M, Loneragan NR. 2015. Macroalgae inhibits larval 
settlement and increases recruit mortality at ningaloo reef, western Australia. PLoS One. 
10(4):e0124162. 

West JM, Salm RV. 2003. Resistance and resilience to coral bleaching: Implications for coral 
reef conservation and management. Conservation Biology. 17(4):956-967. 

Willis BL, Page CA, Dinsdale EA. 2004. Coral disease on the Great Barrier Reef. In: Rosenberg 
E, Loya Y, editors. Coral health and disease. Berlin: Springer. p. 69-104. 

Wood S, Paris CB, Ridgwell A, Hendy EJ. 2014. Modelling dispersal and connectivity of 
broadcast spawning corals at the global scale. Global Ecology and Biogeography. 
23(1):1-11. 

Woodley JD, Chornesky EA, Clifford PA, Jackson JB, Kaufman LS, Knowlton N, Lang JC, 
Pearson MP, Porter JW, Rooney MC et al. 1981. Hurricane Allen's impact on Jamaican 
coral reefs. Science. 214(4522):749-755. 

Woodroffe CD, Brooke BP, Linklater M, Kennedy DM, Jones BG, Buchanan C, Mleczko R, 
Hua Q, Zhao J-x. 2010. Response of coral reefs to climate change: Expansion and demise 
of the southernmost Pacific coral reef. Geophysical Research Letters. 37(15). 

Wooldridge SA. 2009. Water quality and coral bleaching thresholds: Formalising the linkage for 
the inshore reefs of the Great Barrier Reef, Australia. Marine Pollution Bulletin. 
58(5):745-751. 

Wooldridge SA. 2014. Assessing coral health and resilience in a warming ocean: Why looks can 
be deceptive. BioEssays : news and reviews in molecular, cellular and developmental 
biology. 36(11):1041-1049. 

Wooldridge SA. 2016. Excess seawater nutrients, enlarged algal symbiont densities and 
bleaching sensitive reef locations: 1. Identifying thresholds of concern for the Great 
Barrier Reef, Australia. Mar Pollut Bull. 

World Factbook 2017: Population growth rates. 2017. Central Intelligence Agency. 



 

81 
 

Yadav S, Alcoverro T, Arthur R. 2018. Coral reefs respond to repeated ENSO events with 
increasing resistance but reduced recovery capacities in the Lakshadweep Archipelago. 
Coral Reefs. 37(4):1245-1257. 

Yara Y, Oshima K, Fujii M, Yamano H, Yamanaka Y, Okada N. 2011. Projection and 
uncertainty of the poleward range of expansion of coral habitats in response to sea 
surface temperature warming: A multiple climate model study. Galaxea, Journal of Coral 
Reef Studies. 13:11-20. 

Yara Y, Vogt M, Fujii M, Yamano H, Hauri C, Steinacher M, Gruber N, Yamanaka Y. 2012. 
Ocean acidification limits temperature-induced poleward expansion of coral habitats 
around Japan. Biogeosciences. 9(12):4955-4968. 

Zvuloni A, Artzy-Randrup Y, Katriel G, Loya Y, Stone L. 2015. Modeling the impact of white-
plague coral disease in climate change scenarios. PLoS Comput Biol. 11(6):e1004151. 

 
 


	1. Introduction
	2. General Biology and Habitats of Indo-Pacific Reef-building Corals
	2.1.  Reef-building Coral Biology
	2.1.1. Modular, Colonial, and Sessile Organisms
	2.1.2. Definition of the Individual
	2.1.3. Taxonomic and Species Identification Uncertainty
	2.1.4. Coral-Algae-Microbe Symbioses
	2.1.5. Calcification and Skeletal Plasticity
	2.1.6. Reproduction, Hybridization, and Connectivity

	2.2. Reef-building Coral Habitats
	2.2.1. Habitat Requirements
	2.2.2. Habitat Diversity
	2.2.3. Spatial and Temporal Refugia


	3. Key Trends in Indo-Pacific Reef-building Coral Communities
	3.1. Disturbance
	3.2. Recovery
	3.3. Coral Cover
	3.4. Resilience
	3.5. Trends Conclusion

	4. Threats Evaluation for Indo-Pacific Reef-building Corals
	4.1. Global Climate Change
	4.2. Most Important Threats to Indo-Pacific Reef-building Corals
	4.2.1. Ocean Warming (ESA Factor E)
	4.2.2. Ocean Acidification (ESA Factor E)
	4.2.3. Sea-level Rise (ESA Factor E)
	4.2.4. Fishing (ESA Factor A)
	4.2.5. Land-based Sources of Pollution (ESA Factor A)
	4.2.6. Coral Disease (ESA Factor C)
	4.2.7. Predation (ESA Factor C)
	4.2.8. Collection and Trade (Factor B)
	4.2.9. Other Threats
	4.2.10. Interactions of Threats

	4.3. Inadequacy of Existing Regulatory Mechanisms (ESA Factor D)
	4.4. Threats Evaluation Conclusion

	5. Literature Cited

