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Introduction

Abstract

All coral reef organisms are susceptible to diseases, as are terrestrial organisms, but
studying these diseases can be more difficult and much remains to be learned. Although
health impairments of corals were first recognized only in the early 1970s, increasing
numbers of infectious and non-infectious diseases, causing morbidity and mortality in
numerous species of tropical marine organisms, have now been identified in diverse species
of algae, plants, invertebrates, and vertebrates. Causes of diseases include biotic, as well as
abiotic, factors, but identifying a primary pathogen has been reported in only a few cases,
and some of those results have been questioned as additional diagnostic tools have been
applied. The multitude of stressors affecting reef organisms, particularly along heavily
urbanized coastlines, as well as introductions of species to distant reefs by global transport,
are contributing to concerns about extinction risks and loss of biodiversity. This chapter
presents an overview of diseases of reef organisms, how diseases have adversely affected
coral reefs, and new developments in disease diagnoses. The application of concepts from
the field of conservation medicine are aiding our understanding of diseases and their
impacts on organisms of these shallow to mesophotic ecosystems.
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fragmentation of habitat into smaller disconnected parcels,
and the development of machines to “improve our lives” by

Most people picture reefs, and their associated fauna and
flora, as vigorous, flourishing, and healthy, just as we used to
see forests, meadows, and even deserts, despite the
differences in organisms and physical conditions. Closely
tied to this was the realization that increasing human
populations were changing these terrestrial ecosystems
with agriculture, the growth of big cities bringing people
into closer proximities and encroaching on wildlife,
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industries that have required the extraction of minerals and
oil, deforestation, and release of chemicals foreign to the
environment (Deem et al. 2001). Many anthropogenic
disturbances of terrestrial resources have similarly been
recognized in the oceans and produce medium to high
impacts on coral reefs (Richmond 1993; Halpern
et al. 2008); these will be discussed in Chaps. 9 and 11.
This chapter will discuss the nature of health impairments
now recognized to be affecting reef organisms, which often
are the direct or indirect result of anthropogenic disturbances
and also contribute to disturbances, as well as affect the
recovery of coral reef ecosystems. It has only been since
1970 that we have found corals and other reef organisms to
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Box 8.1
“The study of the causes of things must be preceded by
the study of things caused.”

J. Hughlings Jackson, British neurologist (1835—1911)

be susceptible to diseases caused by pathogens and parasites,
as well as to those conditions caused or aggravated by
exposures to anthropogenic pollutants and habitat degrada-
tion. Perhaps the demise of tropical reefs was delayed only
by the more recent colonization of islands and coastlines in
the New World and human populations were kept under
control by the profusion of their own and zoonotic
diseases—e.g., malaria, smallpox, yellow fever, shigellosis,
leishmaniasis, schistosomiasis, onchocerciasis, lymphatic
filariasis, trypanosomiasis, cholera, dengue fever—mediated
by nutritional deficiencies and travel (Armelagos
et al. 2005). Examination of peer-reviewed journal articles
indicates a recent increase in disease outbreaks in many reef
ecosystems and organisms (Harvell et al. 2004; Ward and
Lafferty 2004). However, anthropogenic impacts related to
overfishing are thought to have begun hundreds of years ago
and the reductions in populations of fish and shellfish species
may reduce disease transmission in these organisms while
increasing the susceptibility of other organisms to diseases
(Jackson et al. 2001; Lafferty 2004; Dinsdale and Rohwer
2011).

In these and other studies on diseases of coral reef
organisms, multiple physical and chemical stressors are often
identified and teasing out their roles in the development of
disease with respect to biotic pathogens can be difficult (Ban
et al. 2014). Scientists have been busy documenting “things
caused” (Box 8.1)—a variety of health impairments in
organisms of reef ecosystems—and are now making advances
inidentifying the “causes of things,” the etiologic agents of the
diseases, lurking amid the myriad and dynamic natural and
anthropogenic stressors present in the reef environment.

8.2 What Is a Disease?

Disease is defined as any impairment (interruption, cessa-
tion, proliferation, or other disorder) of vital body functions,
systems, or organs. Diseases have at least two of these
features: (1) an identifiable group of signs (observed
anomalies indicative of disease in a non-human organism)
or symptoms (subjective evidence of disease that a human
can explain to another human), and/or (2) a recognized
etiologic or causal agent, and/or (3) consistent gross or
microscopic structural alterations (e.g., developmental
disorders, changes in cellular composition or morphology,
tumors). The terms “disease,” and “syndrome” (the latter
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referring to all the signs or symptoms that comprise the
disease) are often included in the name of a recognized
functional impairment, and it is not necessary to know the
causal agent to use either term when identifying a functional
impairment of an organism. The term “health” is defined as
the state of an organism when it functions optimally without
evidence of disease or abnormality. Although many refer to
“ecosystem [coral reef or other] health,” the appropriateness
of this is much debated, because ecosystems are dynamic,
can exist in multiple stable states, and clear criteria cannot be
determined to identify optimal functioning among different
ecosystems, which also lack homeostatic mechanisms (Suter
1993; Lancaster 2000; Lackey 2003; Hudson et al. 2006).
These are generalized behavioral, physiological, and bio-
chemical responses that may be invoked by an organism
over the short or long term, allowing it to adapt to a range
of changing conditions while maintaining a preferred state,
level (homeostasis), or rate of some process (homeorhesis)
(Stebbing, 1981; McNamara and Buchanan 2005; Sokolova
et al. 2012). The counteractive capacity of these adaptive
responses will allow an organism to maintain its health while
being subjected to changing conditions, leading to resistance
to the stressor(s).

Any virus, microorganism, or other substance that causes
disease is a pathogen, an etiologic agent. Interactions of a
pathogen with a host (the organism that may develop dis-
ease by being affected by an abiotic pathogen or infected by
a biotic pathogen) are both always affected by the environ-
ment. This is the paradigm of disease (Work et al. 2008b).
Abiotic diseases are those structural and functional body
impairments that only result from exposure to abiotic envi-
ronmental stresses such as changes in physical conditions
(salinity, temperature, light intensity or wavelength, sedi-
mentation, oxygen concentrations, currents) or exposures
to biotoxins or toxic chemicals (heavy metals, oils,
pesticides)—the “other substance” referred to in the above
definition of a pathogen (Rougee et al. 2006; Downs
et al. 2012). Biotic diseases are those in which the etiologic
agent is a living organism such as a microbial, unicellular, or
metazoan parasite. If a parasite causes disease and death of
the host, then it is known as a pathogen. A variety of
organisms normally live in interspecific associations
known as symbioses on or within the tissues of other
organisms (Amadjian and Paracer 1986). Such associations
can range from mutualistic symbioses (beneficial to both
organism and host) to parasitic symbioses where the organ-
ism derives a nutritional benefit from the host. For example,
some symbioses of microorganisms enable their hosts to live
in potentially toxic environments or to subsist on nutrition-
ally limited diets. The totality of these associations is now
referred to as the holobiont (Rohwer et al. 2002). Infectious
agents, those that are spread from host to host, include
viruses, bacteria, fungi, protozoans (also known as
microparasites), and metazoans such as helminths and
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Fig. 8.1 In the “optimum
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arthropods (macroparasites). Zoonotic diseases are those
that normally affect animals but can spread to humans. Infec-
tious agents can exist in other organisms (reservoir hosts or
vectors) or elsewhere in the environment, to be transmitted to
the species they can adversely affect. The interactions of
pathogens with hosts within the environments they inhabit
and potential outcomes are illustrated in Fig. 8.1.

Exposure to potentially pathogenic levels of abiotic and
biotic agents—Ilevels higher or lower than in the range that
supports optimal function—may not result in disease.
Organisms, including plants, possess a variety of defenses
for protection from invasion (non-self recognition) and cel-
lular damage, including innate and (in the case of
vertebrates) adaptive, immune systems. These defenses
include a surface epithelium of tightly joined cells (e.g.,
epidermis), the secretion of mucus, ciliary action, production
of antibiotic compounds or noxious chemicals that repel or
kill parasites, a variety of amoeboid cells that engulf or
surround parasites and produce toxicants to destroy them,
and in addition to these in vertebrates, the lymphocytes
(T, B, and null cells). The degree of vulnerability or suscep-
tibility of an animal to penetration by a pathogen or success-
ful establishment of a parasite resulting in disease may vary
between and within species and individuals based on their
genetics or may be altered as a result of changes in environ-
mental conditions, nutritional state, developmental stage,
and other factors—anything that might impair the optimal
functioning of those cells or the products of those cells
(Martin et al. 2010). Resistance to infection is characterized
by those physiological alterations or responses that occur
naturally or develop in the course of invasion by pathogens.

Population Density and Resources

Pathogens cause diseases by acting on the molecules of
the organism’s cells and tissues, producing microscopic or
grossly visible morphological changes (structural) that indi-
cate biochemical changes (functional). Key metabolic pro-
cesses are attacked, such as aerobic respiration, cell
membrane integrity, and the synthesis of proteins, nucleic
acids, lipids, and carbohydrates necessary for the organism.
A pathologic change in tissue—not normal in structure or
function—either external or internal, detected grossly or
microscopically, is known as a lesion, a sign of disease.
The mechanisms by which changing environmental
conditions, toxicants, toxins, or microorganisms cause dis-
ease are varied (see any general pathology textbook) and
will also differ with the species and individual affected.
Many interactions between pathogens and their hosts occur
without clinical signs of disease, until there is a change in
host-parasite ecology (Daszak et al. 2001). Pathogens may
cause reversible injuries in organisms, with recovery
achieved by metabolic responses limiting damage and
restoring normal function (homeostasis). Other associations
induce changes in host behavior that may enhance transmis-
sion of the parasite. The butterflyfish Chaetodon
multicinctus preferentially feeds on the “pink pimples” of
calcified, pigmented lesions induced in the polyps of Porites
spp. by the encysted metacercarial stage of the trematode
Podocotyloides stenometra. The polyps cannot retract into
the altered skeleton so the fish consume more coral tissue
than when feeding on normal polyps; however, few
infections of the juvenile trematodes developed in the fish
and measurable effects on host condition and liver energy
reserves were not detected, despite the large numbers of
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metacercarial cysts ingested (Aeby 2002). In other cases
they may damage the host’s reproductive capabilities (para-
sitic castration) or seriously affect the functioning of vital
organs. Infectious host-specific diseases caused by microbial
pathogens may weaken or disable individuals so they are
more susceptible to predation or stressful environmental
conditions.

However, diseases may also occur as epizootics (similar
to epidemics in humans), causing disease and mortalities in
large numbers of organisms of a single species, due to
introducing a new pathogen into a susceptible population,
increasing numbers or virulence of pathogenic
microorganisms, or lowering the resistance of the host pop-
ulation. Susceptibility and the relative resistance of the host
to a biotic pathogen can also change with the size of the
population and the genetic constitution of the
microorganisms present, but little is known about the regu-
lation of symbiont populations by the host. Furthermore, as
parasites and other pathogens influence the abundance of
host populations, they exert strong selective pressures on
the genetically-based variability of an individual host’s
resistance or its ability to recover from infection within the
population. Thus, the nature of the association may be
altered over time (Tompkins et al. 2011). In order to adapt,
the host will expend energy for survival, growth, and repro-
duction. However, as the number of stressors and/or their
level of intensity increases, energy expenditures will
increase but growth and reproduction will slow or cease.
The ability of the organism to deal with stress decreases or
disappears as the result of exhaustion of critical biochemical
and physiological functions, until finally, disease appears.
Death of the organism will result if vital functions are
destroyed, i.e., the condition is irreversible.

Although the causal agent of a disease in a tropical
marine organism may appear to be either biotic or abiotic,
both types of diseases are often closely interrelated. For
example, some cases of coral bleaching are caused by certain
species of bacteria only when water temperatures are ele-
vated (Kushmaro et al. 2001). Therefore, determining the
primary cause of a disease may be difficult. In some cases, a
pathogenic microorganism that has infected a host may not
harm its host unless the host is stressed by some other biotic
or abiotic disease factor (a “stress-provoked latent infec-
tion”). Conversely, an abiotic disease can become compli-
cated by secondary infections from normally harmless
microorganisms. Lesser et al. (2007) proposed that corals
were primarily adversely affected by “opportunistic bacte-
rial infections secondary to exposure to physiological stress
that resulted in reduced host resistance and unchecked
growth of bacteria normally benign and non-pathogenic.”
In the tropics, opportunistic pathogens may replicate rapidly
and reach the peak of their growth curve in only a few hours.
Some studies have identified specific primary pathogens,
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particularly when biotic diseases develop in specific hosts,
such as with viruses. However, the interactions of physio-
logical environmental stressors with host homeostatic
mechanisms and immunity complicate the interpretation of
causal agents and more data are needed, particularly
experiments to demonstrate pathogenesis of agents on
hosts, rather than just identifications of associations (Work
et al. 2008b). Koch’s Postulates or other strength-of-evi-
dence analyses (the application of causal considerations)
can be used to help identify the roles of biotic and abiotic
stressors in diseases (Susser 1991; USEPA 2000).

Multiple disciplines and tools are needed to identify the
pathogen(s) causing a health impairment. Detecting disease
in organisms who can’t communicate with us requires care-
ful surveillance to evaluate appearance and behavior to
understand when they are ADR (“ain’t doin’ right”), and
assess whether changes may be within the normal limits of
an organism’s life cycle (related to hormonal, seasonal,
reproductive, aging, or nutritional factors). Examination of
ecological factors is important, what are the abiotic stressors
to which the organism(s) has(have) been exposed, key
features of the reef where disease is being found, possible
microhabitat distinctions, any fluctuations in conditions?
Although motile organisms may be able to avoid or limit
their contact with pathogens, toxic agents, or adverse physi-
cochemical conditions, sedentary invertebrates generally
cannot, but they may produce planktonic larvae to escape.
Thus, determining where the organism might have been
(e.g., in a crevice, seagrass bed, mangrove forest, marina)
is also valuable. After forming a preliminary diagnosis,
collection of appropriate samples, both from the affected
organism (whole or tissues) and its environment (water,
sediment, food, adjacent organisms) and laboratory analyses
(behavior, biochemistry, histology, microbiology, immune
system responses) are performed to confirm that diagnosis.
Timing of sampling to detect the causal agent is critical,
because the primary pathogen’s presence and effects on the
host can be subsequently missed as other bacteria and fungi,
for example, multiply and degrade already damaged tissue.
After evaluating these results, additional, modified
examinations or tests may be necessary, until a final diagno-
sis can be made (Woebeser 2007). Histology, the study of
microscopic anatomical structure from tissue samples using
light or electron microscopy, can provide a wealth of infor-
mation about the functioning of an organism and should be
applied in every disease study. Pathological cell and tissue
changes have been recognized in several categories (degen-
eration: necrosis or bleaching; growth: atrophy, hypertro-
phy, proliferation; inflammation: defense, repair, infectious
agents, parasites). But morphologic changes may not
completely identify an etiologic agent, requiring the appli-
cation of methods from microbiology, molecular biology,
analytical chemistry, biochemistry, or physiology, to
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succeed (e.g., Work et al. 2008b; Pollock et al. 2011; Work
and Meteyer 2014).

In summary, diseases occur as the result of interactions
between a susceptible host, a virulent pathogen, and
prevailing environmental conditions. Diseases caused by
infectious microorganisms, parasites, and non-infectious
(nutritional, environmental, or genetic) disorders have been
reported from most phyla of marine plants and animals.
However, most of our information on diseases of marine
organisms has come from studies of commercially important
temperate fish and shellfish species. These studies have
received extensive funding and were conducted by multidis-
ciplinary pathobiology teams. For tropical species, many
reports in the literature are descriptions of ‘“parasites”
where the true nature of the organism’s association with
the host has not been experimentally determined. There are
also a number of reports where the etiologic agent of mass
mortalities has not been identified because the disease was
not recognized until most of the population was affected and
there were few survivors available for study (e.g., the
Diadema antillarum mass mortalities of 1983).

Among the arguments for using the term “health” in
relation to an ecosystem, Rapport et al. (1985) and Rapport
(1999) noted that a “healthy ecosystem” would possess the
features of relatively rapid recovery when stressed;
disturbances or stressors that are present support the mainte-
nance of the ecosystem; maximum biodiversity of native
species, productivity, and size of dominant species; sustain-
able reproduction rates of the native species; minimal
pathology among the species; and genetic diversity. Such
ecosystems might exist in the time frames of minutes to
millennia. What we do know is that ecosystems can change
from one type to another and during the period of change we
will see alterations in processes and functions at different
levels of biological organization as the “optimum envelope”
of levels of biotic and abiotic factors shift; diseases may
occur. Humans have been responsible for ecosystem degra-
dation that directly and indirectly affects the health of
organisms—including humans, particularly with zoonotic
diseases. The presence of pathology (diseases) in multiple
organisms in an ecosystem indicates it is unstable. What we
don’t know is the direction of the change, for better or worse.

8.3  Survey of Reef Organism Diseases

This chapter presents some of the most noteworthy diseases
of coral-reef organisms that have been studied during the last
four decades, but it is not an extensive review, since
research, particularly on coral diseases, has increased
greatly. As noted in Fig. 8.2, diseases in reef-associated
flora and fauna have increased during this time. Anecdotal
reports and empirical evidence from long-term surveys on
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reefs around the world (e.g., Williams and Bunkley-
Williams 2000; Santavy et al. 2001; Porter et al. 2002;
Lang 2003; Bruno et al. 2007) indicate that this increase is
real and that more organisms are being affected by each
disease. We remain uncertain, however, about how long
some diseases might have been present on reefs but not
observed. For example, awareness of sea turtle fibropapil-
lomatosis increased in the mid-1980s as scientists and
veterinarians found many affected turtles and began
conducting focused studies to determine the prevalence
and cause of the disease, especially in the Hawaiian Islands
and Caribbean Sea. However, researchers discovered a pub-
lication describing this disease in a green turtle in the
New York Aquarium as well as three out of 200 green turtles
examined at the turtle fishery docks in Key West, Florida, in
the late 1930s (Davidson 2001). Another potential factor is
the increase in the number of scientists and veterinarians
studying these diseases. The reader should consult recent
publications and Web sites to further understand the nature
and etiology of diseases in tropical marine organisms in the
Anthropocene.

8.3.1 Reef Plants

Little is known about biotic and abiotic diseases of marine
algae and seagrasses in tropical waters. The turtle grass,
Thalassia testudinum, in the environmentally stressed
Florida Bay, has been affected by a marine slime mold,
genus Labyrinthula since the 1980s (seagrass wasting dis-
ease). This pathogen caused blackened, necrotic lesions on
the seagrass blades, reduced the photosynthetic production
of oxygen in the plant (Durako and Kuss 1994), and resulted
in massive die-offs of this important species (Robblee
et al. 1991; Thayer et al. 1994); however, low prevalences
of the infections occur and multiple environmental factors,
but not predation, may be controlling the disease (Bowles
and Bell 2004).

Littler and Littler (1994, 1995) reported the appearance,
first in 1992, of coralline lethal orange disease (CLOD),
affecting encrusting coralline algae on reefs in the Cook
Islands, Fiji, Solomon Islands, and Papua New Guinea.
The pathogen was bright orange and spread across the
algal surface, leaving behind the bleached carbonate skeletal
remains of the coralline algae. When the pathogen reached
the margin of the algal thallus, it formed upright filaments
and globules, similar to those formed by terrestrial slime
molds. Microscopic examination revealed motile gliding
rods of a colonial bacterium in a mucilaginous matrix.
Experimental studies confirmed that the pathogen globules
were highly infectious to a variety of coralline algal species.
Littler and Littler (1998) discovered a black fungus covering
living thallus tissue of encrusting coralline algae on reefs of
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Fig. 8.2 Time-line showing
approximate dates of reports of
new diseases affecting coral-reef

organisms during the past three 1970
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Emergence of Reports on Diseases of Reef Organisms
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American Samoa, coralline fungal disease (CFD). In the
Caribbean as well as the Indo-Pacific, crustose coralline
algae have been observed to lose the pink thallus tissue,
with a band of bare carbonate a few millimeters wide
remaining next to the thallus; this tissue loss has been
named coralline lethal disease, CLD (Goreau et al. 1998).
Diaz-Pulido (2000) discovered loss of tissue from three
species of the crustose red alga Peyssonelia on reefs of the
Caribbean and Great Barrier Reef, Peyssonnelia yellow-
band syndrome (PYBS). A distinct yellow microbial mat
composed of gliding filaments of a procaryotic microorgan-
ism moved across the surface of the algal thallus, followed
by a white mat of the gliding bacterium Beggiatoa sp.,
destroying the tissue. Weil (2004) reported coralline white
band syndrome (CWBS=CLD) causing tissue loss in three
species of coralline algae in the Caribbean. An investigation
of the condition of crustose coralline algae on reefs of U.S.-
affiliated Pacific islands by Vargas—Angel (2010) revealed
five categories of grossly visual health impairments in cor-
alline algae: CLOD, CWBS, CFD, coralline target phenom-
ena (CTP), and coralline cyanophyte disease
(CCD=PYBS?). Usually found in low prevalences or not
detected at most sites, higher prevalences were seen on some
reefs with higher human population densities and develop-
ment. These diseases are also reported from the Caribbean,
but little is known about the pathogens that seem to be
causing them, although Williams et al. (2014) has identified
the CFD etiologic agent as an unculturable fungus in the
subphylum Ustilaginomycetes (phylum Basidiomycota).
These diseases can affect the structure and function of
many reef sites, since the dead corallines no longer

- A
| Black-band disease 19387
| White-band disease, white plague A
Fish mass mortalities, Diadema mass mortality,
giant clam mass mortalities
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contribute to productivity and carbonate accretion and
cementation processes. More importantly, the coralline
algae no longer secrete chemicals that attract coral larvae
to settle, and fleshy algae overgrow the dead coralline algae,
further inhibiting the settlement and growth of reef-building
corals.

8.3.2 Reef Invertebrates

Some of the more prominent members of the coral-reef
community and associated tropical marine habitats are the
sponges, scleractinian or stony corals, soft corals
(alcyonaceans), sea fans and sea whips (gorgonaceans),
polychaete worms, a wide variety of bivalve and gastropod
molluscs, octopus and squid, spiny lobsters and crabs, sea
urchins, sea stars, sea cucumbers, crinoids, and brittlestars.
Many species are cryptic, living within spaces of the reef
framework, burrowing into the calcium carbonate substrate,
or present on or even within other organisms in commensal
or mutualistic symbiotic relationships. While we understand
much about their ecological roles (see excellent review by
Glynn and Enochs 2011), studies of the nature and effects of
diseases on these organisms are relatively recent, with
reports few or unknown for some phyla (e.g., Annelida),
and far from completion.

8.3.2.1 Sponges

While scleractinian corals are usually the most noticeable
members of the reef community, at least in size if not
numbers, species in the phylum Porifera are numerous and
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also important mediators of reef productivity (Wulff 2006a).
Observations on diseases affecting these organisms had been
limited until recently. Primarily the commercial species of
the genera Spongia and Hippospongia were affected by
widespread mortalities in the Caribbean in the late 1930s.
The timing and distribution of these mortalities followed the
major current patterns. Commercial sponge fisheries were
effectively eliminated, although some sponges did recover.
Affected sponges exhibited “bald patches” followed by “rot-
ting” of tissue beneath the patches, with the entire sponge
degenerating within 1 week. The lesions always contained
long slender aseptate (without interior walls) filaments that
were believed to be a fungus. Studies suggested that bacteria
and changes in water temperature might be responsible, but
these observations were never confirmed (Peters 1993).

Healthy sponges contain a variety of mutualistic symbi-
otic bacteria (Webster and Taylor 2012) that may provide
nutrition for their sponge hosts or that use metabolic wastes
produced by the host. Thus, investigations of the causal
agent(s) of diseases in sponges may be complicated by the
presence of these microorganisms or by secondary invasions
from seawater populations of microorganisms. Sponges pos-
sess a variety of cellular defense mechanisms and many
sponges can also produce antimicrobial compounds to con-
trol pathogenic microorganisms; however, the relationships
of sponge-dwelling bacteria and other micro- and macro-
organisms with host metabolism and health are poorly
understood. Riitzler (1988) was the first to report a disease
in the mangrove demosponge Geodia papyracea from
Belize. Apparently, the normal cyanobacterial symbionts
of this sponge multiplied out of control, resulting in the
destruction of the host sponge tissue. Aplysina red band
syndrome (ARBS) is another cyanobacterial disease of the
Caribbean sponge A. cauliformis (Gochfeld et al. 2012), in
which a filamentous cyanobacterium (identity still
unknown) forms a band around the sponge and spreads
along it, killing the live sponge tissue.

Of more concern has been a sponge disease that has
affected many Xestospongia muta, the giant Caribbean bar-
rel sponges (Fig. 8.3). Anecdotal reports of paling pigmen-
tation, complete loss of pigmentation and crumbling of the
lower portions of these normally rock-hard sponges began to
appear on the Coral Health and Monitoring Program Coral-
List listserver in the late 1990s. Nagelkerken (2000)
described the death of the giant barrel sponge off Curagao,
which had been a tourist attraction for years because its
diameter of almost 2.5 m could surround a diver. The same
disease signs appeared on this sponge and complete mortal-
ity occurred within a few weeks. He noted that the frequent
visits and touching by divers might have contributed to
spreading a pathogenic microorganism or damaging the
sponge and leaving it more susceptible to disease. Paling
of the entire sponge and patchy bleaching has also been

Fig. 8.3 Barrel sponge, Xestospongia muta, dying from sponge orange
band disease on Aquarius Reef, Florida Keys National Marine Sanctu-
ary, 2011; the cream-colored remnants of spongin fibers are soft and the
entire sponge will degrade and disappear

reported, even when corals were not bleaching. Sampling
and microbial community analyses of this sponge orange
band (SOB) disease and apparently healthy X. muta in the
upper Florida Keys and Bahamas by Angermeier
et al. (2011) revealed a shift from the stable cyanobacterial
consortium to a more heterogeneous mix of cyanobacteria,
but experimental infection with diseased sample plugs was
unsuccessful. They concluded that a specific pathogen was
not responsible for the disease.

Bacterial pathogens (Pseudomonas and Bacillus spp.)
were isolated from [lanthella basta, in Kimbe Bay, west
New Britain, Papua New Guinea. These sponges were
observed dying between 1996 and 2000 at only three sites
within 16-20 km of shore and these bacteria were not
isolated from healthy sponges, moreover, when inoculated
into healthy sponges the same disease signs appeared.
Cervino et al. (2006) noted that the closest relatives of
these bacteria included terrestrial pathogens used against
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insects and fungi, and proposed that applications of similar
bacteria to agricultural land onshore may have contributed
virulence factors to potentially pathogenic marine bacteria
strains at these sites near river mouths off palm oil
plantations. However, Luter et al. (2010) could not find
any shifts in the microbial communities of apparently
healthy sponges and diseased /. basta collected from sites
in the central Torres Strait, but could not completely rule out
an infectious agent that might be in low abundance or the
high virulence of an existing microbial symbiont.

Bleaching has also occurred in tropical marine sponges
that contain photosynthesizing symbionts in their tissues,
particularly in the Caribbean during the recent coral
bleaching events (Chap. 5). Other sponge diseases have
been reported from Indo-Pacific reefs, as well as the Carib-
bean, with partial or complete loss of pigmentation and
tissue breakdown (Harvell et al. 1999; Wulff 2006b; Web-
ster 2007; Angermeier et al. 2011; Webster and Taylor
2012). Study of these lesions is urgently needed to determine
what is happening and why.

8.3.2.2 Corals

The tropical zooxanthellate reef-building scleractinian
corals not only form the topography of a habitat, but also
contribute to its productivity, supporting diverse organisms
and protecting land masses as well. Since diseases of corals
were first recognized in the 1970s, research has increased
greatly as new diseases have been recognized and the num-
ber of corals afflicted or killed has also increased. Most of
the literature is concerned with scleractinian (hard coral)
diseases, but diseases of octocorals (soft or horny corals),
particularly the Caribbean sea fan’s mass mortalities since
the mid-1990s caused by the fungus Aspergillus sydowii,
have also been studied (e.g., Slattery et al. 2013;
Nagelkerken et al. 1997; Kim et al. 2000; Toledo-Hernandez
et al. 2008). It is now impossible to review all of the
developments in this area within the space limitations of
this chapter. In addition, new discoveries are being made at
a rapid pace. This section will present the current status of a
few of these diseases. The reader is directed to books (e.g.,
Porter 2001; Rosenberg and Loya 2004; Raymundo
et al. 2008; Woodley et al. 2015), special issues of journals
(e.g., “Diseases of Aquatic Organisms” Volume 69), reviews
(e.g., Richardson 1998; Green and Bruckner 2000;
Richardson and Aronson 2000; Weil et al. 2000; Williams
and Bunkley-Williams 2000; Bruckner 2002; Sutherland
et al. 2004; Weil and Rogers 2011), and Web sites, for
example, the Global Coral Disease Database (United
Nations Environment Program-World Conservation Moni-
toring Centre: www.coraldisease.org) and the National Oce-
anic and Atmospheric Administration (NOAA)’s Coral Reef
Information System (www.coris.noaa.gov). The literature
cited within those sources will also provide a more complete
and current understanding of coral diseases.
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Contributing to the interest in and research on coral
diseases was the organization of the Coral Disease and
Health Consortium (CDHC) in 2001, under the direction of
Dr. Cheryl Woodley as an activity of the U.S. Coral Reef
Task Force, with a workshop held in Charleston, South
Carolina, for reef scientists and managers, coral biologists,
ecologists, statisticians, toxicologists, biochemists, informa-
tion technologists, invertebrate pathologists, veterinarians,
and medical doctors, to improve the communication and
understanding of diseases by interactions among all these
disciplines. Committees were formed, plans and procedures
were developed (http://www.cdhc.noaa.gov/). Coral Dis-
ease and Health: A National Research Plan (Woodley
et al. 2003) is available online (http://cdhc.noaa.gov/_docs/
FInal%20CDHC%20plan%?2011_07%?20correc.pdf) and
several more workshops and training sessions have been
held to coordinate and inform additional field and laboratory
research efforts. The Coral Reef Targeted Research &
Capacity Building for Management (CRTR) Program, a
partnership between the Global Environmental Facility, the
World Bank, and NOAA, organized a Coral Disease Work-
ing Group and provided funding to support research by
teams of scientists on coral diseases in several localities
from 2004 to 2009 (http://www.gefcoral.org/). One of the
outcomes of these efforts has been the realization that gross
signs of disease in a coral observed in the field fall into one
(or more) of these four categories: microbial mat-associated
tissue loss, tissue loss, tissue discoloration, or growth anom-
aly (abnormal skeletal deposition pattern or rate of deposi-
tion that may include changes in the number of polyps). Any
of these may include abnormal polyp behavior. Tissue loss is
not required for a coral to be functionally impaired.

Black-band disease (BBD) was the first microbial mat
disease of corals observed on reefs off Belize and Bermuda,
but has since been found throughout the Caribbean as well as
the Indo-Pacific and Red Sea (Riitzler et al. 1983; Antonius
1985; Ravindran et al. 1999; Dinsdale 2000; Barneah
et al. 2007). BBD has also been reported on milleporinids
(fire corals) and gorgonaceans. Not all coral species appear
to be susceptible to this disease. Massive brain corals
(Pseudodiploria  formerly  Diploria,  Colpophyllia,
Platygyra, Goniastrea) and star corals (Orbicella formerly
Montastraea spp.) are the most commonly affected members
of the families Mussidae and Merulinidac (formerly
Faviidae) (Budd et al. 2012), while elkhorn, staghorn, and
pillar corals in the Caribbean resist natural infections.
Acroporid, poritid, and pocilloporid species are also affected
on the Great Barrier Reef (Page and Willis 2006).

Figure 8.4 shows the characteristic appearance of this
disease. BBD results from the invasion of coral tissue by a
microbial consortium. This consortium is a black mat a few
millimeters to centimeters wide, composed of fine
cyanobacterial filaments pigmented by phycoerythrin that
also contains sulfate-reducing bacteria, sulfide-oxidizing
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Fig. 8.4 Black-band disease destroying living coral tissue on a colony
of star coral, Orbicella faveolata, at Looe Key, Florida Keys National
Marine Sanctuary, during the mid-1980s outbreak; the diver on the left
is using a suction device to remove the microbial mat from the coral to

bacteria, other bacteria, and sometimes fungi and
protozoans. These microorganisms produce anoxia deep in
the band next to the tissue and hydrogen sulfide, as well as
microcystins (Richardson et al. 2007; Stani¢ et al. 2011),
which kill the coral tissue and allows the microorganisms to
use the organic compounds released by the dying coral cells
for their own growth and reproduction (Richardson
et al. 1997). The band or mat moves across the surface of
the coral at the rate of a few millimeters per day, leaving
behind bare coral skeleton that is eventually colonized by
filamentous algae. The cyanobacterium was identified as
Phormidium corallyticum, but recent molecular studies indi-
cate that more than one species of cyanobacterium might be
involved among affected colonies within the Caribbean Sea
and between the Caribbean and Indo-Pacific Seas (Frias-
Lopez et al. 2004) and the Red Sea (Barneah et al. 2007).
Different species of cyanobacteria, with greater amounts of
red pigmentation, may form the microbial mats in red-band
disease of scleractinian corals and sea fans; a yellow-band
disease reported from the Arabian Gulf (Korrubel and Riegl
1998) may have been BBD in sulfur-saturated seawater.
Healthy corals can become infected with BBD when in
contact with an infected colony, but injured colonies are
most susceptible. Aeby and Santavy (2006) found that a
coral-feeding butterflyfish could spread the disease during

reduce tissue loss; spreading underwater epoxy along damaged tissue
margins and shading affected colonies are more recent treatments
(Photo courtesy of H.H. Hudson)

predation or even when the coral was protected from preda-
tion in aquarium studies. Most studies have found that less
than 2 % of Caribbean and Great Barrier Reef corals are
infected with BBD on any given reef area, although there
have been outbreaks at several locations, including Looe
Key reef in Florida in the mid-1980s, when most corals
had lesions and pieces of microbial mats were dispersed
through the water. In addition, other stressors, such as
nutrients, light levels, higher water temperatures, and
bleaching, may increase the susceptibility of corals to infec-
tion with the microbial mats (Kuta and Richardson 2002). A
BBD epizootic affecting 10 % of Montipora spp. colonies
with mean percent tissue loss of 40 % at Pelorus Island,
Great Barrier Reef, was followed beginning in summer
2006 for 2.7 years. It was linked to seasonal increases in
water temperatures and light levels; previous Australian
surveys had reported background levels <1 % of susceptible
coral populations (Sato et al. 2009).

About the same time that BBD was reported, acroporid
(elkhorn and staghorn) corals off St. Croix, U.S. Virgin
Islands, exhibited tissue sloughing, which started at the
base of the branches and moved toward the branch tip at
the rate of a few millimeters per day. In contrast to BBD,
however, no consistent assemblage of microorganisms could
be found at the junction separating the sloughing brown-
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Fig. 8.5 Elkhorn coral,
Acropora palmata, afflicted with
the characteristic basal tissue
sloughing of white-band disease
at Grecian Rocks, Florida Keys
National Marine Sanctuary
(Reproduced from Couch and
Fournie 1993)

pigmented tissue from bare coral skeleton. This disease was
termed white-band disease (WBD), because the sloughing
left a broad band of bare skeleton up to several centimeters
wide on the colony that was eventually colonized by fila-
mentous algae (Fig. 8.5). These disease signs can be distin-
guished from predator damage (e.g., fish, gastropod, or
worm feeding scars) and have since been observed on
acroporid species throughout the Caribbean, the Red Sea,
and off the Philippines. Acute tissue loss on many species
from the bases or in patches has also been observed on reefs
around the world, and variably named WBD or white plague
(WP); irregularly shaped patchy tissue loss from elkhorn
coral is termed white pox, patchy necrosis, or white patch
disease (WPD); acute tissue loss from tabular acroporids in
the Indo-Pacific in a wedge-shaped or central pattern is
called white syndrome (WS); and other variations in tissue
loss based on pattern, species affected, and rate of tissue loss
(from 0.5 to 10 cm per day linear), resulting in partial to
complete mortality, have been recognized: shut-down reac-
tion, WBD type II, white plague types II and III, rapid tissue
loss, stress-related necrosis (Dustan 1977; Patterson
et al. 2002; Bythell et al. 2004; Williams and Miller 2005;
Ainsworth et al. 2007b). Inconsistent application of the
names and descriptive terminology has led to confusion in
the literature (Rogers 2010), and research on etiologies has
not consistently linked particular signs with pathogens.
Unusual aggregates of Gram-negative rod-shaped bacte-
ria were found scattered in the calicoblastic (skeleton-
producing) epidermis that lined the gastrovascular canals
of the porous skeleton in WBD-affected acroporids from
St. Croix and Bonaire, Netherlands Antilles (Peters
et al. 1983). The bacterial aggregates were also found in
apparently healthy colonies at St. Croix. Five years later, up
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to 95 % of the elkhorn corals there had died. The role of this
microorganism in the development of disease has not been
determined; bacterial cultures or other isolation procedures
were not conducted. Bythell et al. (2002) did not find them in
their samples, and additional histopathological examinations
noted that they occurred in apparently healthy samples and
were not always found in diseased samples. Polson (2007)
identified Gram-negative Pseudomonas spp. bacteria in
aggregates from some—but, again, not all—acroporid
samples taken during a tissue loss outbreak in the Florida
Keys in summer 2003. Ritchie and Smith (1998) discovered
Vibrio carchariae associated with the bleaching margin
found on diseased staghorn coral with WBD type II, which
was tested experimentally in the field using cultures of the
Gram-negative V. (carchariae) harveyi by Gil-Agudelo
et al. (2006), almost all of Koch’s postulates were satisfied.
Both of these papers also noted that WBD type II could turn
into WBD type I and vice versa, lacking the bleaching tissue
along the tissue loss margin at times. Another Gram-
negative bacterium was identified as the cause of WPD in
field experiments by Patterson et al. 2002, Serratia
marscesans. Extensive work revealed that isolates from
infected Acropora palmata were identical to a strain found
in human wastewater and caused the same tissue loss in
laboratory challenge experiments (Sutherland et al. 2011).
In WP, a new genus and species of Gram-negative
rod-shaped bacterium was identified as the causal agent
(Richardson et al. 1998; Denner et al. 2003). Bythell
et al. (2002), however, found a coccoid bacterium associated
with patchy loss of tissue on Montastraea (now Orbicella)
annularis.

Other reports have not found the same microbial
communities in WBD- and WPD-affected corals of the
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same species (Kline and Vollmer 2011; Sweet and Bythell
2012; Lesser and Jarrett 2014), but some comparisons of
diseased and apparently healthy colonies of the same spe-
cies’ microbiomes indicate differences that may lead to
discovery of the pathogen (Cook et al. 2013; Roder
et al. 2013). The causal agent of acroporid white syndrome
has been much debated, with some scientists finding tissue
loss only due to apoptosis (Ainsworth et al. 2007b) and
others identifying vibrio bacteria in the affected corals
(Sussman et al. 2008) or ciliates (Work and Aeby 2011;
Sweet and Bythell 2012). Cases of acute tissue loss on Red
Sea corals that appeared to have the WP disease signs had
cyanobacterial mat involvement deep in corallites
(Ainsworth et al. 2007a). Work and Aeby (2011) and Work
et al. (2012) documented several different types of potential
causal agents and host responses to them in Acropora and
Montipora white syndromes using histopathological
examinations, including ciliates, helminthes, and fungi,
along with fragmentation and necrosis; Ushijima
et al. (2012) discovered that Vibrio owensi initiated the
tissue loss lesions in the latter disease. Casas et al. (2004)
sampled apparently healthy and WBD-affected staghorn
corals on Panama reefs and identified, using molecular
techniques only, a Gram-negative Rickettsiales-like bacte-
rium (90 % similarity to uncultured Rickettsiales with
BLASTN based on cloning and sequencing of bacterial
16S rDNAs). But since it was in all of these samples, as
well as in other coral species, they concluded it was not the
pathogen of WBD type 1. Miller et al. (2014) reported that
histopathological examinations revealed the presence of a
suspect rickettsia-like microorganism infecting and killing
mucocytes of staghorn corals, which might be a chronic
primary infection reducing their ability to resist infections
by other microorganisms or increasing their susceptibility to
other secondary abiotic pathogens that explain the variable
patterns and rates of tissue loss. Other scientists have
detected virus-like particles in corals affected by tissue loss
(e.g., Vega Thurber and Correa 2011; Soffer et al. 2013;
Lawrence et al. 2014), but their role in disease is unknown.
Much remains to be learned about the nature of tissue
sloughing in corals, and how many conditions caused by
different pathogens or environmental stresses may actually
be represented by the same disease sign of rapid tissue loss.

Tissue discolorations, either a loss of color or a change in
color, focally or diffusely throughout a coral colony, indicate
that the symbiotic association of the dinoflagellate algae, or
zooxanthellae, may be impaired or that other
microorganisms may be present (Fig. 8.6). Bleaching, the
loss of the algae that normally give the coral tissue a brown-
ish coloration, and/or the loss of their photosynthetic
pigments, indicates that this important food resource of the
tropical corals has been reduced. Chronic partial or wide-
spread loss of zooxanthellae, for whatever reason, signals a
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Fig. 8.6 Bleaching of tissue on a colony of Orbicella faveolata,
Panama, 1996; translucent tissue still covers the skeleton but the
zooxanthellae or their pigments are no longer present to color the tissue
brown; diverse patterns of bleaching from gradual systemic paling or
multifocal acute to chronic discoloration may occur and be
accompanied by tissue loss due to many biotic or abiotic factors or
combinations of such stressors

disturbance in the normal metabolism of the coral host and
can lead to delayed or reduced reproduction, tissue degener-
ation, reduced growth, and death of the affected tissue or
entire colony (Chaps. 5 and 11; Williams and Bunkley-
Williams 2000; Weis 2008; Rogers and Muller 2012).
Bleaching of corals, gorgonaceans, alcyonaceans, and
anemones has been attributed to exposure to high light
levels, increased solar ultraviolet radiation, high turbidity
and sedimentation resulting in reduced light levels, temper-
ature and salinity extremes, and other factors. The nature and
extent of bleaching vary between individuals and among
species at the same location during a bleaching event and
have been attributed to different physiological tolerances of
the strains (or species, clades) of zooxanthellae and the coral
hosts (Rowan et al. 1997; Jones et al. 2008). Discoveries by
scientists in Israel include new species of vibrio bacteria that
enter coral cells when water temperatures exceed 25 °C and
cause lysis of the algae in temperate and tropical corals
(Kushmaro et al. 2001; Ben-Haim et al. 2003). A coccidian
(Phylum Apicomplexa), a protozoan known to cause disease
in other animals, has also been associated with patchy
bleaching in corals (Upton and Peters 1986).
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Another discoloration condition that is widespread
throughout the Caribbean and causing partial mortalities of
star corals, Montastraea (now Orbicella) spp., and other
massive framework-building species is known as Caribbean
yellow band disease (CYBD), with high prevalences
recorded in Panama, Mona Island, the Netherlands Antilles,
and the Florida Keys. Signs of this disease are focal to
multifocal pale irregularly shaped patches of yellowish
lightened tissue or a margin of yellowish lightened tissue a
few cm wide adjacent to sediment patches on the colony
(Santavy et al. 1999; Weil et al. 2000; Garzon-Ferreira
et al. 2001). Similar lesions have been found on several
Indo-Pacific coral species, especially Fungia. Microscopi-
cally, fewer zooxanthellae, with less pigment, reduced
mitotic indices, and obvious cellular damage, were present
within the lightened tissue compared to normally pigmented
areas on the same colony (Cervino et al. 2001); microbio-
logically, several Vibrio spp. have been found in all of these
lesions (Cervino et al. 2008).

Instead of showing paling of tissue, several species of
corals, particularly the  Caribbean  Siderastrea,
Stephanocoenia, and Orbicella spp., develop darker and
often differently colored patches or marginal bands of tissue,
which are referred to as dark spots disease or syndrome
(DSD or DSS) (Sutherland et al. 2004). Affected areas may
stop accreting skeleton with the result that they form
depressions on the colony surface, and the dark tissue dies,
causing partial mortality in all species. DSS may be a signif-
icant source of mortality in some Orbicella and
Stephanocoenia colonies; however, the lesions can disap-
pear in Siderastrea siderea colonies over time, suggesting
they might be a temporary stress response (see review in
Porter et al. 2011). Gross and histopathological observations
indicated that in addition to zooxanthellae degeneration,
endolithic organisms were present in S. siderea skeletons
where the darkened tissue lesions occurred (Galloway
et al. 2007; Renegar et al. 2008). Microbial communities
from apparently healthy colonies and lesions have been
examined using cultured and non-cultured (molecular)
analyses, with varying results (reviewed in Kellogg
et al. 2014). Although vibrios were associated with the
lesions, they were also present in healthy tissue;
cyanobacteria and an unclassified vibrio were present only
in diseased tissue, but they concluded that their data did not
show it to be a bacterial disease; they could not identify an
isolated suspect fungal sequence. Sweet et al. (2013) had
similar results in a study of Stephanocoenia DSS, but also
identified a fungus similar to a plant pathogen (Rhytisma
acerinum).  Neither of these studies included
histopathological examinations. A preliminary look at the
histopathology of Orbicella DSS, indicates that suspect
thraustochytrids on the colony’s epidermis (Kramarsky-
Winter et al. 2006) are being killed, then the darker tissue
of the coral is seen, and the surface body wall atrophies
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(EC Peters, unpubl observ); but molecular and other
analyses still need to be done.

Corals also harbor a variety of protozoan and metazoan
microorganisms, some of which may be parasites. One rela-
tionship has been examined in Hawaiian corals (Porites
compressa) containing the metacercarial stage of a digenetic
trematode, Podocotyloides stenometra. The host for the final
stage of this parasite is a coral-feeding butterflyfish,
Chaetodon multicinctus (Aeby 2002). Parasite-infected
coral polyps develop into pink, swollen calcified nodules,
reducing the ability of the polyps to retract into their calices.
Parasite encystment resulted in reduced growth rates of
parasitized corals. Fish fed preferentially on infected polyps,
and as a result the altered polyp appearance provided both an
enhancement of the parasite’s transmission rate and parasite
removal from the coral. Healthy polyps then grew back over
the feeding scars. Thus, this phenomenon may act as a host
strategy of parasite defense.

Anomalous calcification patterns in scleractinian corals
may be caused by parasites or commensals. Other examples
of enlarged corallites or tumors in the exoskeleton have been
attributed to cellular proliferative disorders, including neo-
plasia (reviewed in Peters et al. 1986). Whitened protuberant
calcified tumors have been found on branching acroporid
corals in the Caribbean and Indo-Pacific. These skeletal
masses have proliferating gastrovascular canals and
associated calicodermis (calicoblastic epidermis), the
calicoblasts drive the deposition of the aragonite exoskele-
ton of the coral. As the calicoblastic epithelioma grows,
porous skeleton formed by proliferation of gastrovascular
canals lined by basal body wall tissue is formed more rapidly
than it is in the surrounding tissue, resulting in degeneration
of normal polyp structures and loss of zooxanthellae from
gastrodermal cells. Mucocytes normally in the epidermis of
the coral disappear from the epidermis covering the tumor as
the tumor mass grows larger. Having lost the mucous secre-
tory capabilities of the epidermis, the coral is unable to shed
sediments and the tissue becomes ulcerated and invaded
with filamentous algae. Branches having tumors also exhibit
reduced skeletal accretion and growth. Both genetic and
environmental factors appear to affect the distribution of
tumor-bearing colonies (Peters et al. 1986; Coles and
Seapy 1998; Yamashiro et al. 2000).

Additional cases of cellular proliferative disorders gener-
ally termed growth anomalies (GAs) have been discovered
in coral species worldwide, often with bizarre development
of polyps as well as skeletal morphologies (e.g., Gatefio
et al. 2003; Work et al. 2008a; Burns et al. 2011; Couch
et al. 2014). Aeby et al. (2011a) used 937 quantitative coral
disease surveys from around the tropical Pacific Ocean and
evaluated the prevalence of GAs in relation to several envi-
ronmental parameters. Strongest correlation of GAs in
Acropora and Porites spp. was with coral colony densities
and higher regional human population sizes. Suspected
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pathogens may include nutrient pollution, fungi (Domart-
Coulon et al. 2006), or an infectious agent. Kaczmarsky and
Richardson (2007) reported transmission of growth anomaly
lesions at the point of contact on two apparently healthy
small colonies of Porites (lutea or lobata) studied in aquaria
in the Philippines, and one arising without contact that was
in an aquarium with an affected coral.

Despite the wealth of data accumulating about all of the
coral diseases, it is clear that many questions remain. Multi-
disciplinary research needs to be conducted on the same
samples collected at the same time from the same locations,
and this must include epizootiology (epidemiology, distribu-
tion and abiotic factors), histopathology (light and electron
microscopy), microbiology, molecular biology, biochemis-
try, and analytical chemistry of environmental and tissue
samples. Microbiological or molecular studies of suspected
pathogens are not of much value unless histopathological
examinations are performed at the same time to provide the
necessary “phenotypic anchoring” to describe the condition
(= structure) of the host’s tissue, detect the presence of
microorganisms and microparasites, evaluate how well the
host was functioning at the time of sample collection, and
aid in understanding pathogenesis and immunity.

8.3.2.3 Molluscs
Diverse species of molluscs live on coral reefs or in adjacent
seagrass beds, but few studies have been conducted on these
animals, except for the commercially important giant and
fluted clams (Tridacna spp.), queen conch (Strombus gigas),
and pearl oysters (Pinctada spp.). Diseases of temperate
molluscs are caused by viruses, bacteria, fungi, and proto-
zoan and metazoan parasites; nutritional, developmental,
and neoplastic disorders are also known. Thus, it is probable
that similar diseases are present in tropical molluscs, partic-
ularly where reefs are also stressed by abiotic factors.
Giant clams from the Great Barrier Reef were found to
contain large numbers of the protozoan Perkinsus
sp. (Fig. 8.7). It has been suggested that this microorganism,
in conjunction with cooler water temperatures, was respon-
sible for observed mortalities affecting up to a third of the
giant clams at Lizard Island from 1984 to 1987. However,
the protozoan was also found at low levels of infection and
not associated with mortalities in other bivalves on the reef
(84 species from the families Spondylidae, Arcidae, and
Chamidae, as well as the Tridacnidaec were examined).
These results indicate that there may be species-specific
host susceptibilities among the bivalves, several different
species of Perkinsus, or variations in the prevalence of
pathogenic strains of Perkinsus (Goggin and Lester 1987).
A temperate relative of this protozoan, Perkinsus marinus,
has been responsible for extensive mortalities of oysters
along the east coast of the United States. The relationship
of this pathogen to changes in environmental conditions,
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Fig. 8.7 Divers sampling a dying Tridacna gigas from North Direc-
tion Reef, Great Barrier Reef, Australia during perkinsosis outbreak
(Photo courtesy of N. Quinn)

including salinity and temperature, has been investigated,
and careful monitoring and control measures have been
undertaken to protect these food resources (Fisher 1988).
Further histological studies of the giant clam mortalities
off Lizard Island revealed the presence of an unidentified
unicellular organism in some of the clams (Alder and Braley
1989), but many questions remain about the nature of this
epizootic. Perkinsus olseni and an exotic species of
Perkinsus have been associated with mortalities in ornamen-
tal Tridacna crocea shipped to the United States for aquaria
(Sheppard and Phillips 2008; Sheppard and Dungan 2009).
Studies of cultured T. gigas revealed that their newly settled
veliger larvae are also susceptible to known pathogenic
marine bacteria, particularly Aeromonas, Plesiomonas, Vib-
rio, Pseudomonas, Alteromonas, and Alcaligenes spp., with
variability in species/strains for initiating mortality (Sutton
and Garrick 1993).

A mass mortality of wild queen conch was reported from
the Hol Chan Marine Reserve, Ambergris Cay, Belize,
mid-September to mid-November 1991, but the cause was
not identified (Williams and Bunkley-Williams 2000).
Cardenas et al. (2005, 2007) discovered an apicomplexan
infecting the digestive gland of S. gigas at Alacranes Reef,
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Mexico, and San Andres Island, Colombia, incidentally dur-
ing a study on their reproduction, collecting 30 specimens
monthly for 1 year at each site. Heavy infections were
characterized by 75-100 % of digestive tubule cryptic and
secretory epithelial cells showing trophozoites, sporocysts,
and gamonts containing macrogametes or microgametes and
discharged sporocysts present in stomachs. Both populations
were affected, the intensity of infections varied from heavy
to few infected tubules with the month sampled, but no trend
was evident. Although morbidity was not observed, the
infections were present in conch throughout the year, and
reduced fecundity was associated with the infections.

The commercial market for mother-of-pearl oysters,
Pinctada margaritifera, in French Polynesia was severely
damaged in 1995 by a virus that killed up to a million oysters
and culture of Pinctada spp. in the Indo-Pacific has been
affected by several other diseases associated with viruses,
Perkinsus sp., or other protistan, bacterial, and metazoan
agents (Jones 2007). Larval trematodes of the family
Bucephalidae cause parasitic castration or destruction of
gonadal tissue in marine bivalves; such infections occur in
Pinctada spp. and in a burrowing tridacnid clam from the
Great Barrier Reef (Shelley et al. 1988). Bott et al. (2005)
found digenean trematode parasites from the families
Bucephalidae, Gorgoderidae, and Monorchiidae (in low
prevalences, overall 2.3 %) in 12 of 47 species of bivalves
from Queensland, Australia, waters, including Heron Island
and Lizard Island on the Great Barrier Reef some were new
host records. Molluscs possess cellular and humoral defense
mechanisms that help to control pathogens but investigations
of these immune responses have not been performed on their
counterparts in subtropical and tropical marine habitats.

8.3.2.4 Crustaceans

Most reef crustaceans are small and inconspicuous or cryp-
tic. Examples include banded coral shrimps (Stenopus spp.),
cleaner shrimps (Periclimenes spp.) associated with
anemones, burrowing mantis shrimps (Gonodactylus spp.,
Callianassa spp.), snapping shrimps that hide in corals or
sponges (Alpheus spp.), and a variety of decorator crabs,
coral crabs, hermit crabs, and the arrow crab (Stenorhynchus
seticornis). The spiny lobsters (Panulirus spp.) and slipper
or Spanish lobsters (Scyllarides spp.) are the objects of
important subsistence and commercial fisheries in tropical
marine waters. However, reports of disease in most of these
species are lacking.

Temperate lobsters (Homarus spp.), penaeid shrimp, and
various edible crabs are known to be susceptible to a variety
of pathogens and parasites, as well as abiotic diseases related
to poor nutrition and water quality (Sindermann 1990;
Stentiford 2011, introduction to special issue on crustacean
diseases). Exposure to pollutants and other environmental
stressors are known to cause damage to gills (black gill
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disease) and exoskeletons (shell disease) and reduce the
quality of lobster and crab fisheries. Both of these diseases
involve ulcerations of tissue with necrosis and bacterial
invasion. In shell disease, chitinoclastic microorganisms
are responsible for eroding the shell, which may have been
damaged by mechanical, chemical, or microbial action,
followed by secondary infection of the underlying tissue by
facultative pathogens (Shields 2011). Again, most of the
research has been performed on commercial species, partic-
ularly those held in culture facilities, with a few reports of
shell disease, pathogenic microorganisms, and parasites in
tropical commercially fished crustaceans.

Crustaceans possess fixed and mobile phagocytic cells in
the gills, the pericardial sinus, and at the bases of
appendages. They produce bactericidins, agglutinins, and
lysins to deal with pathogens and parasites. Bactericidins
of the West Indian spiny lobster (Panulirus argus) have been
examined (see review in Sindermann 1990), and found to be
partially nonspecific. Bactericidin activity was enhanced
against other Gram-negative bacteria following injections
of formalin-killed bacteria. A major concern of the global
cultured penaeid shrimp industry has been viruses, particu-
larly white spot syndrome virus (WSSV), and the possibility
that some viruses from shrimp pond culture have been
released into wild populations through effluent discharges
or viruses from wild crustaceans have been introduced into
ponds through untreated influent. A survey using sensitive
nested PCR screening by Chakraborty et al. (2002) found
that multiple species of apparently healthy wild marine
shrimps, crabs, and squilla harbored WSSV off the east
and west coasts of India, although whether the virus causes
mortalities in the wild crustaceans has not been reported.

Shields and Behringer (2004) discovered a viral disease
with mean prevalence of 6-17 % of sampled juvenile
P. argus from sites surveyed in western Florida Bay and
along the reef tract in the Florida Keys during different
seasons and years (1999-2000). Affected spiny lobsters
were lethargic or suffered tremors, could not right them-
selves, were shunned by other lobsters, and had milky hemo-
lymph that did not clot. Hemocytes (hyalinocytes and
semigranulocytes) and connective tissue cells had
emarginated condensed chromatin, hypertrophied nuclei,
and faint eosinophilic Cowdry-type A inclusions. The
inclusions were found to be composed of unenveloped,
nonoccluded, herpes-like DNA virus (HLV-PA, PaVl)
virions. Injections of raw hemolymph from infected animals
into healthy lobsters resulted in morbidity and mortality
within 80 days post injection; the virus has now been
found in lobsters from the U.S. Virgin Islands, Mexico,
and Belize and juveniles are most susceptible (Shields
2011). This disease is of great concern to the commercial
fishery for spiny lobster in the Caribbean. Behringer
et al. (2012) also discovered that traps baited with sick
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Fig. 8.8 Progressive stages in
the death of tropical western
Atlantic long-spined sea urchins,
Diadema antillarum, during the
mass mortalities

lobsters attracted fewer lobsters than those baited with
apparently healthy lobsters (11 % of the latter tested positive
for the virus). Shields (2011) noted that spiny lobsters should
be screened for this virus and other infectious agents (bacte-
ria, fungi, protozoans, helminthes, and even other
crustaceans) to help prevent their spread as culture of this
species increases.

8.3.2.5 Echinoderms
The echinoderms are represented by such diverse animals as
crinoids, sea cucumbers, sea stars, sea urchins, and brittle
stars, and all are found in tropical marine habitats. Their
influence on the structure and function of coral reef
ecosystems can be substantial, particularly in food webs
and bioerosion (Birkeland 1989). While bacterial and proto-
zoal diseases of temperate sea urchins and sea stars have
received much attention from invertebrate pathobiologists,
there have been few studies on the etiologies of diseases and
mass mortalities in tropical echinoderms, including the most
extensive epizootic ever reported for a marine invertebrate.
Two species of echinoids were observed dying in 1981
around Hawaii. Echinothrix calamaris displayed drooping
spines, loss of spines, and sloughing of the tissue covering
the test, beginning on the island of Hawaii, then a few
months later at Molokai, Maui, Oahu, and Kauai. Similar
signs were observed on Diadema paucispinum on Hawaii,
but not on other sea urchin species (reviewed in Birkeland
1989). The first mortalities of the long-spined sea urchin
Diadema antillarum were seen on reefs off the Caribbean
coast of Panama in January 1983. Mortalities of only this
species subsequently occurred at other sites around the
Caribbean and Bermuda for 1 year, in a pattern that followed
major water currents from west to east, with a few
exceptions (Lessios 1988). Diseased urchins were initially
recognized by an accumulation of sediment on their spines
and sloughing of the spine epidermis, accompanied by
unusual behavior, moving out from their normal hiding
places in the reef into the open during daylight, where they
were preyed upon by fish. Pigment in the skin covering the
spine muscles, peristome, and anal cone then disappeared,
and the spines broke off. The tube feet that normally hold the
urchin to the sea bed weakened and could not fully retract.
Finally, patches of skin and spines sloughed off and the test
disintegrated (Fig. 8.8). Diseased urchins died within 4 days
to 6 weeks, depending on locality, although some urchins
apparently survived the disease and recovered from the
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broken spines and skin lesions. Overall, adult populations
of this urchin were reduced by 85-100 % at sites throughout
the tropical western Atlantic Ocean, with juveniles being
rarely affected. Localized mortality events were reported
affecting the urchins Astropyga magnifica and Eucidaris
tribuloides, in the mid-1980s, in shallow waters of Puerto
Rico.

Although numerous studies were conducted on the ecol-
ogy of the long-spined urchin die-offs in 1983 and on later
isolated mortalities of remaining populations of
D. antillarum off St. Croix, Grand Cayman, and Jamaica,
few samples were obtained for histological or
microbiological investigations. Gram-positive anaerobic
spore-forming rods of the bacterial genus Clostridium were
isolated from two urchins showing similar signs of the dis-
ease that died while in a flow-through seawater aquarium in
Miami in 1983. Laboratory experiments with cultures of
these bacteria caused death of healthy urchins in 10 h to
6 days, depending on water temperature. Microscopic exam-
ination of fixed tissues from apparently healthy and diseased
St. Croix urchins collected post-1983 revealed Gram-
positive micrococci in mucoid cells of the glandular crypts
of the esophagus and in connective tissue and muscle
bundles of the peristome, spines, and ampullae. However,
bacterial samples were not taken in this study (see Peters
1993 for review). A mass mortality of large D. antillarum
that occurred in the Florida Keys in April 1991 (Forcucci
1994) provided samples during the event for bacteriological,
virological, and histopathological studies, but results proved
inconclusive and differed from the earlier observations; the
Lower Keys population densities decreased by 88—100 %
6 months later and Middle Keys and Upper Keys reef sites
had densities <0.01/m? by the summer of 1991, the same as
after the 1983 event.

A species-specific waterborne pathogen, perhaps
introduced to the Caribbean from the ballast water of ships
traversing the Panama Canal and discharged at the Carib-
bean entrance and at Barbados, was suspected to be the
causal agent of the D. antillarum epizootic in 1983, since
no other species were affected and no adverse changes in
environmental conditions were noted at any of the sites
(Lessios 1988; Jackson et al. 2014). Perhaps this pathogen
is still present and affecting the recovery of the species,
although some sites report increasing densities, at others
larval recruits disappear and few, scattered adult urchins
are found, which probably affects their gamete fertilization
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success (Edmunds and Carpenter 2001; Miller et al. 2003).
Re-occurring outbreaks of disease in other echinoid species
have been noted. Echinoderms possess cellular and humoral
defense mechanisms in the coelomic fluid and associated
tissues that can protect them from invasion by potential
pathogens. However, they also usually contain mutualistic
bacteria in the gut or other organs. Recent research on
immune responses of D. antillarum, Echinometra lucunter,
E. viridis, and T. ventricosus on reefs of St. Croix, USVI,
revealed that long-spined urchins released lower levels of
humoral immune molecules when challenged with lipopoly-
saccharide or several bacteria species compared with the
other urchin species (Beck et al. 2009). This suggests that
D. antillarum may have some molecular, gene-mediated
defect in its immunity that contributed to its susceptibility
to the suspect waterborne, perhaps bacterial, pathogen; how-
ever, more research is needed on its populations throughout
the Caribbean to determine the significance of these data.

The coral-eating Indo-Pacific crown-of-thorns seastar
Acanthaster planci has an unusual bacterium living in its
body wall, mucus secretions, and pyloric caecum. When the
sea star is held in aquaria, these bacteria become facultative
pathogens and leave the animal vulnerable to secondary
infections by Vibrio spp. and other bacteria. Mass mortalities
of juvenile A. planci that occurred near Fiji over 3 years were
not caused by bacteria, however, but apparently resulted
from sporozoan parasites infecting the digestive tract
(reviewed in Birkeland and Lucas 1990). Similarly, a wide
variety of metazoans have been observed to associate with
echinoderms, usually without harming their hosts. In tropical
marine species, however, Emson et al. (1985) reported
severe damage to brittlestars that were heavily parasitized
by copepods. Williams and Wolf-Waters (1990) observed
emaciation and lack of gonad development in a Caribbean
basketstar in which the stomach was heavily infected by a
normally ectoparasitic copepod. Additional investigations of
these organisms may reveal new biotic pathogens.

8.3.3 Reef Vertebrates

Although numerous examples of viral and bacterial diseases
and epizootics have been reported in temperate marine
fishes, particularly commercially gathered species and
those species used in aquaculture, few studies have exam-
ined their counterparts in tropical species. Besides fishes, sea
turtles are globally important tropical marine vertebrates and
sea snakes may also be encountered on Indo-Pacific reefs.
Some information on the normal physiology, biochemistry,
behavior, and diseases has accumulated from research on
those tropical marine species popular in aquariums and
oceanariums  (Stoskopf 1993) and in aquaculture
(Glazebrook and Campbell 1990a). Studies on captive fishes
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and turtles have confirmed their sensitivity to adverse
changes in environmental conditions and the importance of
appropriate water quality and proper nutrition in maintaining
their health (Roberts 1989). Diseases which occur under
these artificial conditions tell us little about what occurs on
coral reefs and there have been few published field
observations.

8.3.3.1 Fishes

Panek (2005) provided a detailed review of the literature for
coral reef fish species in the tropical western Atlantic Ocean
and Gulf of Mexico, but noted that much remains to be
learned about distributions of parasites and pathogens in
relation to their hosts, the roles of cleaner fish in limiting
parasite harm, mechanisms of pathogen transmission, and
environmental issues.

Injured or weakened reef species, such as damselfishes,
squirrelfishes, soldierfishes, and angelfishes, may become
infected  with  marine  bacteria. Gram-negative
Photobacterium spp., Vibrio alginolyticus, V. anguillarum,
and Gram-positive Streptococcus spp. have been isolated
from fishes with skin ulcerations, septicemias,
exophthalmias or popeye, and other lesions. Thousands of
demersal reef fish washed ashore on beaches of Barbados,
Grenada, Saint Vincent, the Grenadines, and Tobago from
July to September 1999; the bacterium Streptococcus iniae
was isolated from a few moribund fish (Ferguson
et al. 2000). Keirstead et al. (2013) isolated S. iniae from
moribund and dead fishes found off St. Kitts and Nevis, West
Indies, in January—February 2000. Species affected included
snappers (Lutjanus campechanus, Ocyurus chrysurus),
parrotfish (Sparisoma aurofrenatum, Scarus taeniopterus)
and red hind (Epinephelus guttatus). Panek (2005) noted
that mycobacteriosis of tropical marine fishes has only
been reported from the Red Sea, affecting cage-reared and
nearby wild rabbitfish (Siganus rivulatus). Lymphocystis
disease, caused by an iridovirus, is characterized by giant
cell “tumors” and has been reported from Australia, Hawaii,
the Pacific coast of Panama, Indochina, the South Pacific,
and the Caribbean. Other viral diseases, including viral
erythrocytic necrosis (VEN) caused by another apparent
iridovirus, an infectious pancreatic necrosis-like virus
(IPN), and a rhabdovirus infection, have been found in
captive tropical marine species such as angelfishes, wrasses,
and blennies. However, little work has been done on viruses
isolated from these fishes (Stoskopf 1993). Captive tropical
marine fishes are also susceptible to fungal infections such as
Ichthyophonus hoferi.

A wide variety of protozoan and metazoan parasites are
known from examination of field-caught and captive tropical
marine fishes. They include ectoparasitic flagellates
(Amyloodinium and Crepidoodinium pathogens of gills and
skin), trypanosomes, hemoflagellates of the genus
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Fig. 8.9 Neurofibromas
developing on a bicolor
damselfish, Pomacentrus
partitus, Molasses Reef, Florida;
a single, unpigmented, nodular
tumor appears on the upper back
under the dorsal fin and several
small pigmented tumors are
apparent near the eyes, on the
head

Trypanoplasma, various genera of ciliates, sporozoans (phy-
lum Apicomplexa), microsporidians, myxosporidians
(genera Ceratomyxa, Myxidium, or Leptotheca have been
found in gallbladders of marine tropical fish), turbellarians,
nematodes, digenetic and monogenetic trematodes,
aspidogastrids, cestodes, leeches, copepods, and isopods.
The trematodes, cestodes, and nematodes require one or
more intermediate hosts to complete their life cycle. Many
of these parasites do not cause overt disease or mortalities
among wild fish (e.g., Bunkley-Williams and Williams
1994; Aeby 2002; Work et al. 2004b) although they may
be found in potentially pathogenic numbers during mass
mortalities; however, losses of captive fish have been
attributed to ectoparasitic infestations, especially ‘“coral
fish disease” or “velvet disease” caused by Amyloodinium
spp. The cleaner fishes and shrimps in tropical marine
habitats apparently keep the levels of most pathogens and
parasites quite low in wild fish populations, although this has
not been demonstrated experimentally.

A few tumors (neoplasms) have been reported in tropical
fishes, including hemangiosarcoma, iridophoroma, fibroma,
nasal papilloma, reticulum cell sarcoma, and fibropapilloma
(Panek 2005). Of particular interest are the neurofibromas,
neurofibrosarcomas, and chromatophoromas of the bicolor
damselfish, Pomacentrus partitus (Schmale 1991; Schmale
et al. 2002). Damselfish neurofibromatosis (DNF), which is
similar to the disease in humans known as von
Recklinghausen neurofibromatosis, is characterized by the
appearance of conspicuous hyperpigmented spots on the
skin and fins that arise from multicentric peripheral nerve-
sheath (Schwann cell) tumors that vary in degree of pigmen-
tation (due to chromatophores, including melanophores).
The tumors (Fig. 8.9) were highly malignant, spreading
throughout the animal and eventually causing its death as
the result of destruction of vital organs or as secondary
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infections develop. Affected bicolor damselfish have been
found only on reefs off South Florida at prevalences of up to
23.8 %. Disease rates remained relatively stable for each reef
site examined over a 9-year period. The distribution of
tumorous fish and the results of laboratory transmission
experiments suggested that an infectious agent, such as a
virus, is involved. The virus could be transmitted during the
frequent aggressive interactions that occur among neighbor-
ing individuals defending their territories. After much work,
Schmale et al. (2002) reported identifying an unusual virus
characterized by extrachromosomal DNAs (eDNA)—dam-
selfish virus-like agent (DVLA)—from cell lines derived
from tumors. Infected cells produced tumors when injected
into healthy fish; a similar pattern of eDNA was found in
those tumors as well as tumors from spontaneously diseased
fish, thus, DVLA is probably the etiologic agent of this
disease. Damselfish neurofibromatosis is being developed
as an animal model to study neurofibromatosis and possible
treatments for humans. Other species of damselfish and other
tropical reef species such as snappers in the Florida Keys
have also been found to be afflicted with neurofibromas or
neurofibrosarcomas (Panek 2005) and chromatophoromas
were found in two species of Hawaiian butterflyfish (Okihiro
1988).

The limited observations of disease in fishes in the wild
may be the result of predation. Any condition that weakens a
fish or changes its normal behavior, or causes its death,
would make it susceptible prey. Isolated cases of diseased
fish may thus be overlooked. However, there have been mass
mortalities of tropical marine fish, with records from the
tropical western Atlantic Ocean in 1946; some of these
may have been due to exposure to red tide toxins (Landsberg
1995). Mass mortalities of mullet in the mid-1970s near
Miami, Florida, were believed to result from infection of
their brains with a newly described bacterium that caused
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twirling and other signs of neurologic disease (Udey
et al. 1977). A Caribbean-wide massive fish kill occurred
in August and September of 1980, following Hurricane
Allen. Tons of dead and dying fishes washed onto beaches.
Wild and captive fish exhibited odd behavior suggesting that
fishes surviving the mortalities were “sick” for several
months. The cause was never identified. Millions of herrings
(Harengula spp.) died at eight locations around the Carib-
bean during the 1980s (Williams and Buckley-Williams
1990). These mass mortalities were disjunct over time and
geographic location, and examinations of moribund fish did
not reveal any bacterial infections or other conditions that
might have been responsible. Landsberg (1995) reported
results of histopathologic examinations of several affected
herbivorous reef angelfish, identifying a ciliate parasite,
Brooklynella hostilis, as well as bacteria and other
microorganisms, as possible etiologic agents of this slime
blotch disease first noticed in 1993 along the Florida reef
tract. She speculated that biotoxins from dinoflagellates in
angelfish food might have contributed to immunosuppres-
sion and infections, leading to the mortalities. Williams and
Bunkley-Williams (2000) noted that further work linked the
ciliate to the disease and it might have caused other
moralities of reef fish in the Caribbean.

8.3.3.2 Sea Snakes

Little is known about diseases of the poisonous sea snakes.
External parasites include ticks on the skin of laticaudids and
a turbellarian on Pelamis sp. from the Gulf of Panama.
Foraminiferans, hydrozoans, serpulid polychaetes, bivalve
molluscs, bryozoans, and barnacles have been recorded as
fouling organisms on sea snakes. Most external symbionts
are probably dislodged, however, as the result of frequent
shedding of the skin and knotting behavior in these
organisms (Zann et al. 1975). Endoparasites include chigger
mites in the lungs of the semiterrestrial Laticauda spp.,
nematodes, and trematodes (Heatwole 1987, see also Culotta
and Pickwell 1993).

8.3.3.3 Sea Turtles

The green (Chelonia mydas), loggerhead (Caretta caretta),
and hawksbill (Eretmochelys inbricata) turtles are frequently
found on coral reefs and associated habitats, where they feed
on seagrasses, macroinvertebrates, and sponges, respectively.
Most observations of diseases in sea turtles have also been
conducted on oceanarium- and aquaculture-reared animals,
with reports consisting primarily of systemic bacterial
diseases, metazoan parasites, nutritional disorders, and skin
tumors. In one survey of 22 wild turtles obtained from the
Torres Strait off Townsville, Queensland, Australia,
Glazebrook and Campbell (1990b) found a great number
and diversity of parasites. Two species of flukes (Class
Digenea: Order Spirorchiidae) were found in the heart and
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major associated arteries and their eggs were found in other
organs and tissues. The presence of the flukes was associated
with clinical signs of disease, and muscle wasting, broncho-
pneumonia, and septicemia-toxemia were present in some of
the afflicted turtles. Cardiovascular flukes have also been
found in wild turtles in the United States, India, Puerto
Rico, and elsewhere in Australia. Seven species of flukes
were found in the gastrointestinal tracts of nine wild turtles,
but there were no signs of pathological changes. The green sea
turtle leech can extensively damage the tissues of its host, but
Bunkley-Williams et al. (2008) identified it as infecting a
posthatchling juvenile hawksbill sea turtle, and also described
sea turtle leech erosion disease caused by superinfection of
the loggerhead sea turtle leech in a hawksbill sea turtle.

The most studied disease of sea turtles affects wild green,
hawksbill, loggerhead, and the other species of sea turtles
from the tropical Atlantic and Pacific Oceans (Balazs and
Pooley 1991; Williams et al. 1994). Sea turtle fibropapil-
lomatosis (Fig. 8.10) appears as irregular lobulated tumors
(neoplasms), up to 30 cm or more in diameter, on the skin,
scales, scutes, eyes, and surrounding tissues, and fibromas
also develop internally (Flint et al. 2010). The tumors may
interfere with vision, breathing, feeding, and swimming. In
the 1980s and 1990s, the condition seemed to be afflicting
increasing numbers of turtles and spread geographically.
The eggs of parasitic trematode worms occur often, but not
always, in dermal capillaries within the tumors. A herpesvi-
rus has been identified in the tumor tissue; however, culture
of these virus isolates has not been successful (Lackovich
etal. 1999; Lu et al. 2000a). One study was able to cause the
tumors by inoculation of cell-free filtrates of tumor
homogenates, but their protected status made further experi-
mental evaluation of their etiology difficult. A biotoxin,
okadaic acid, produced by dinoflagellates that could be pres-
ent on turtle grass might also promote the development of
these tumors (Landsberg et al. 1999; Davidson 2001). Kang
et al. (2008) used in-situ hybridization on tissue sections
from fibropapillomas and fibromas of Puerto Rican green
turtles to show that the fibropapilloma-associated turtle her-
pesvirus (FPTHV) was present only in the nuclei of epithe-
lial cells of the tumors, not the underlying dermis fibroblasts.
Although the ability of the tumors to cause debilitation in the
turtles varies, immunosuppression, with development of
systemic bacterial infections consisting primarily of vibrios,
probably leads to turtle morbidity and mortality (Work
et al. 2004a). The geographic distribution of affected turtles
suggests that a combination of abiotic and biotic factors are
necessary for the development of this disease.

Other novel viruses have been detected in diseased sea
turtles, including herpesviruses (Stacy et al. 2008),
papillomaviruses (Manire et al. 2008), and a tornovirus
(Ng et al. 2009). The application of new molecular techniques
to obtain and sequence DNA or RNA from a variety of
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Fig. 8.10 A green sea turtle,
Chelonia mydas, with large
fibropapillomas on its neck and
flippers, collected at El Tuque,
near Ponce, Puerto Rico (Photo
courtesy of L. Bunkley-Williams)

cells may lead to the discovery of other pathogens in the sea
turtles.

8.4  Ecological Implications

Early investigations of the structure and function of coral
reefs and associated soft-bottom habitats (mangrove and
seagrass communities) generally failed to consider the role
of pathogens and parasites in population and community
development and alterations. Until the 1970s, diseases of
tropical marine organisms were virtually unknown. How-
ever, whether caused by abiotic stressors or parasites, they
are normal in nature. In a review on this topic, Hudson
et al. (2006) noted that research has shown parasites and
biotic pathogens comprise perhaps half of the biomass of
ecosystems, shape community structure and promote eco-
system functioning, and drive biodiversity and productivity.
Revisiting the host-pathogen-environment paradigm, we
understand that parasites will be affected by anthropogenic
changes as well as their hosts, but perhaps in different ways,
some surviving better than others, some having the ability to
infect new hosts rather than die out, and some better able to
change and adapt to new conditions at different stages in
their life cycles. We consider them to be problems, and yet
host population control is essential so organisms do not
exceed the carrying capacity of the ecosystem. The differ-
ence is that enzootic (or endemic) levels of disease agents,
producing low levels of morbidity or mortality, are not
alarming, whereas epizootic (epidemic) levels or outbreaks
get our attention. In areas where organisms are adapted to
changing conditions, such as temperate zones, the autumnal
reduction in light and temperature causes deciduous plants to
stop photosynthesis, and their leaves become susceptible to
infections with viruses, bacteria, and fungi that will break
down the tissue, recycling it into nutrients on the forest floor,
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while protecting the plant from winter storm (wind and
snow) effects. When such infections occur during the spring
or summer, damaging the leaves so they cannot support the
plant, then the agent is causing disease. Despite our aversion
to pathogens, developed from long observations of
morbidities and mortalities caused by them and dislike of
suffering (our own or others), they are necessary for proper
ecosystem functioning (Gémez et al. 2012).

Improvements in recognizing and diagnosing diseases
and identifying pathogens have probably contributed to the
increase in reports of emerging infectious diseases (EIDs) in
terrestrial and aquatic ecosystems (Gire et al. 2012), because
disease agents likely have been circulating undetected in
ecosystems for years as subclinical infections. With
continuing human population growth, urban development,
deforestation, point and nonpoint source pollution, and
increasing carbon dioxide concentrations in the atmosphere,
we have witnessed ecosystem alterations and increasing loss
of organisms to abiotic and biotic stressors impairing their
health (Vicente 1989; Harvell et al. 1999, 2004, 2007; Selig
et al. 2006; Altizer et al. 2013; Ban et al. 2014). Other
chapters in this book examine the changes occurring when
populations of reef organisms are altered as a result of
predation or exposure to adverse environmental conditions.
The same principles and effects apply when populations are
affected by biotic diseases. This section will review some of
the impacts that diseases have on the tropical marine envi-
ronment, as aptly summarized by the German marine ecolo-
gist Otto Kinne in Box 8.2, and additional concerns.

As discussed in other chapters, the demise of even one
species of coral-reef organism may have serious
repercussions for the structure, composition, processes, and
function of a particular community and the reef ecosystem.
Diseases of scleractinian corals and coralline algae are per-
haps the most important factor in changing the structure and
function of coral reef communities because loss of live tissue
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Box 8.2

“Diseases affect basic phenomena of life in oceans and
coastal waters: for example, life span, life cycle, abun-
dance, distribution, metabolic performance,
nutritional requirements, growth, reproduction, com-
petition, evolution, as well as organismic tolerances to
natural and man-made environmental stress. In short,
diseases are a major denominator of population
dynamics.” (Kinne 1980, p. 1)

cover not only reduces the number of polyps producing
gametes for potential new recruits, but also opens up new
hard substratum space for settlement of benthic organisms.
However, Kuta and Richardson (1997) found that, in agree-
ment with other studies, BBD caused extensive tissue loss in
reef framework coral species, but few benthic fauna
colonized the bared skeletal areas in 5 years of observations,
and of those, only one was a reef-framework coral species,
which could contribute to a shift in community structure
over time. Edmunds (2000) followed tagged coral colonies
for 11 years on a shallow reef off St. John, U.S. Virgin
Islands and reported similar, but very low, rates of recruit-
ment by scleractinians to coral skeletons remaining after
being killed by BBD or Hurricane Hugo. This study was
undertaken in a bay with a fully protected watershed and
relatively pristine reefs, and the only increase in infection
rates and loss of tissue occurred during late summer when
seawater temperatures were at their peak.

The other coral tissue loss diseases have affected large
areas of reef throughout the Caribbean and Florida Keys and
now threaten corals in the Red Sea and Indo-Pacific oceans.
The population reductions in branching acroporid corals as a
result of WBD, with bioerosion of the remaining
exoskeletons, changed reef structure (Gladfelter 1982).
Aronson and Precht (2001) reported that WBD caused sig-
nificant mortality of acroporid corals throughout the Carib-
bean during the past three decades, resulting in changes to
the framework of these reefs. The mass mortality of
A. cervicornis from disease or other causes in the central
shelf lagoon of the Belize Barrier Reef during a 10-year
period around 1990 was discovered by coring into the sub-
stratum. It was the first widespread change in species com-
position in this region for more than 3,000 years. Agaricia
tenuifolia replaced the staghorn, but bleached and then was
replaced by Porites porites. These species do not provide the
same high relief habitat and framework as acroporids, and
the associated organisms differ as well. In the Florida Keys,
changes in corals and other organisms have been
documented (Porter et al. 2002; Alevizon and Porter 2014;
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and others), some associated with disease outbreaks and loss
of acroporids, but with high variability among reef sites and
uncertainties in understanding the causes (Brandt et al. 2012;
Miller et al. 2014). Similar structural modifications are
occurring on Indo-Pacific reefs with the loss of the large
table acroporids (Hobbs and Frisch 2010) and montiporids
(Work et al. 2012) to WS, montiporids to atramentous
necrosis (Jones et al. 2004), and many other partial to com-
plete mortalities resulting from diverse diseases in numerous
species (see regional reviews by multiple authors in
Rosenberg and Loya 2004). Which species are lost before
others will affect community structure and function as well
(Ostfeld and LoGiudice 2003).

Although community alterations have been observed
more often on coral reefs, diseases may also affect a variety
of relationships and processes in soft-bottom benthic
communities on reefs and in seagrass beds and mangroves.
In addition to predation and competition, bioturbation, sedi-
mentation, primary and secondary production, and other
phenomena may be changed with the loss of one or more
micro- or macro-organisms to biotic or abiotic diseases.
During the mass mortality of turtlegrass Thalassia
testudinum in Florida Bay, more than 23,000 ha were
affected, with 4,000 ha of seagrass beds completely lost,
especially in protected basins. Many reef organisms are
associated with seagrass habitats. They are used by larvae
and juveniles as refugia from predators. Soft-bottom
invertebrates used as prey may suffer from the loss of the
seagrass and they can also be affected by pathogens and
parasites, as documented in a review by Sousa (1991). Ele-
vated water temperature, the recent local decline in fre-
quency of hurricanes, elevated salinity, and chronic
sediment hypoxia were noted as other factors that may
have contributed to the Florida Bay die-off (Roblee
et al. 1991), stressors that could also have directly or indi-
rectly affected the other organisms living in this ecosystem.

Parasites and their hosts are embedded in food webs
(Hudson et al. 2006). Not only may these organisms affect
host responses to environmental stresses, thereby altering
population size and geographic distribution, but they can
also influence biodiversity and productivity and alter intra-
and interspecific interactions of species (Rohde 1993). The
dramatic phase shift that occurred following the year-long
mass mortality of Diadema antillarum adversely affected
reefs throughout the tropical western Atlantic, as macroalgae
grew with reduced herbivore control, preventing recruitment
of corals and other benthic organisms (Lessios et al. 1988).
Acroporid corals damaged by Hurricane Allen off Jamaica
initially survived as fragments, then apparently succumbed
to WBD and macroalgal growth after the D. antillarum mass
mortality, changing the pattern of predation by coral snails
and shifting the roles of other predators there (Knowlton
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et al. 1990). Marked reductions in multiple species of
sponges (51.3 % of species and 42.6 % of total sponge
volume), as documented on a shallow reef at Bocas del
Toro, Panama, over 14 years and possibly occurring else-
where in the Caribbean and the Florida Keys, resulted in the
loss of several essential ecosystem services, particularly
water clarity, nutrient regeneration, and shelter from
predators for many species (Wulff 2006b).

Extensive loss of topographic relief has affected fish
populations as protective niches and important habitats
have been altered. The decline of coral reef fisheries
among western Atlantic coral reefs may be related to such
structural changes from the loss of acroporids and other coral
species, although overfishing has probably contributed to
losses of fish species diversity and numbers as well (Rogers
1985; Jackson et al. 2001) argued that human impacts on
marine ecosystems, including the phase shifts experienced
during the last 20 years on coral reefs in the Caribbean and
community changes on other reefs, can be traced back to the
continuous fishing activities of humans. Overfishing of large
vertebrates and shellfish, to the extent that they are now
missing from most coastal ecosystems, resulted from aborig-
inal, then European, colonization and exploitation, leading
to disease in lower trophic levels. Populations of their prey
either became so dense that transmission of pathogenic
microorganisms was facilitated (e.g., in Diadema), or
predators of microbes (e.g., suspension feeders) have been
removed, facilitating their population explosion now as
eutrophication of coastal marine ecosystems increases.
Jackson et al. (2014) noted that limiting the blame to climate
change as the culprit of disease outbreaks will not lead to
appropriate remedies and advocated protection for herbivo-
rous fishes to deal with the macroalgae biomass on many
reefs, which has been shown to contribute to coral diseases
and reef degradation since the 1980s.

Dinsdale and Rohwer (2011) examined this situation on
many degraded coral reefs, where top predators have been
“fished down the food chain,” and observed that with
increased nutrients  supporting phytoplankton and
macroalgae, the primary productivity that would normally
be transferred through herbivores to the predators through
the trophic cascade has instead accumulated as particulate
and dissolved organic matter, supporting a different,
enriched heterotrophic microbial community. Although the
top predators’ prey are more abundant, the prey’s food
sources have increased in abundance and cannot be con-
trolled as before. Potentially pathogenic microbes have
been identified on algae (Nugues et al. 2004), as well as in
the water column, supporting more bioeroders and sponges
that may serve as reservoirs of microorganisms implicated in
coral diseases (Ein-Gil et al. 2009; Negandhi et al. 2010;
reviewed in Webster and Taylor 2012). Bowles and Bell
(2004) noted that overfishing of sea turtles was not related
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to seagrass wasting disease. The numerous other reef
organisms that are now being “fished” for food, construction
materials, home aquaria, home decorations, and other com-
mercial or socioeconomic reasons are also contributing to
the defaunation of coral reef ecosystems, loss of habitat, and
disturbances to marine food webs, which will change para-
site-host relationships and reduce the ability of organisms to
tolerate infections. Another aspect of sorting out the impacts
of population reductions on diseases brings us back to the
food webs. Diseases can alter the reproductive potential of a
population by direct effects on gonad development (e.g.,
parasitic castration), or indirectly by altering male-to-female
ratios and mating or spawning behavior, not to mention
reducing population densities and the distribution of
individuals that will impair successful reproduction (e.g.,
Allee effect) (McCallum et al. 2004). What has not been
explored are indirect effects on nutrition by reduced intake
and absorption of nutrients due to loss of prey or
zooxanthellae (contributing nutrients to corals, sponges,
anemones) that would also reduce gamete production. And
in turn, reducing seasonal releases of gametes and larvae that
served as food for other reef organisms. When 90-100 % of
Diadema antillarum died, how did their loss change food
webs that had been dependent on their spawning?

Porter and Tougas (2001, Figure 5 and text) proposed a
model of coral disease in which changing environmental
conditions are responsible for altering the interactions
between hosts and pathogens, as immune systems become
compromised because of various stressors. They noted that
inclusion of environmental quality was necessary to explain
the simultaneous increase in the diseases, species affected,
and rates of mortality over large geographic areas, and
hypothesized that the incidence of disease would be higher
near polluted population centers. This has certainly been
shown in widely separated studies on coral diseases, such
as in the U.S. Virgin Islands (Kaczmarsky 2005), the
Philippines (Kaczmarsky 2006), Abrolhos Bank, Brazil
(Francini-Filho et al. 2008), southeast Florida (Dustan
et al. 2008), Hawaiian Islands (Aeby et al. 2011a; Couch
et al. 2014), and the Great Barrier Reef (Lamb and Willis
2011), as well as coralline algae diseases of Indo-Pacific
reefs (Vargas-Angel 2010) at sites where domestic sewage,
agricultural, industrial, and stormwater discharges flow onto
reefs. In other cases, diseases do not correlate with the level
of human influence (Quéré et al. 2014, coralline algae
diseases in Curacao; Gochfeld et al. 2012, Aplysina red
band syndrome not altered with nutrient enrichment), but
these seem to be rare exceptions. Field and laboratory
experiments have demonstrated pollution impacts on coral
reef organisms. For example, nutrients, organic matter,
crude oil, copper sulfate, dextrose, potassium phosphate,
and sediment have increased morbidity and mortality in
exposed corals, but the addition of antibiotics (in lab
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experiments) has prevented disease (e.g., Mitchell and Chet
1975; Hodgson 1990; Kuta and Richardson 2002; Bruno
et al. 2003; Kline et al. 2006; Voss and Richardson 2006;
Brandt et al. 2013), indicating that microbial population
control, and its potential for producing anoxia and toxins,
is important in addition to the toxicity of the contaminant. In
addition, hosts and parasites may have different responses to
altered environmental conditions. Increased water
temperatures have been found to support growth rates for
microbes while damaging plants or animals, with increases
in disease outbreaks (e.g., Ben-Haim et al. 2003; Selig
et al. 2006; Vargas—Angel 2010; Muller and van Woesik
2014), but more work is needed on synergistic effects of
stressors. For example, Williams et al. (2014) found that the
fungal destruction of thallus tissue in CFD was reduced
when pCO, and water temperature were elevated together,
although the coralline algae calcification was reduced by
these stressors, adversely affecting resistance to micro-
boring organisms.

The first response of many aquatic organisms, particu-
larly corals, when exposed to an irritant is increased produc-
tion of mucus to form a protective barrier and limit the
exposure. The mucus in turn is used by bacteria and other
microorganisms for food. The ensuing breakdown of this
organic matter can lead to the release of bacterial toxins
and anoxia, resulting in disease if the affected organism
cannot escape. Different species of corals can produce dif-
ferent kinds and quantities of antimicrobial compounds to
control different kinds of surface bacteria (Koh 1997). Sea
fans use chemicals to inhibit tissue infection by fungi and
cellular defenses to sequester the hyphae (Kim et al. 2000;
Petes et al. 2003). Energy for production of mucus or anti-
microbial compounds that support a protective microbial
community (mechanisms reviewed in Krediet et al. 2014),
as well as cellular and humoral immune responses, can be
limited in animals when nutritional sources are scarce or
metabolic processes are altered by exposure to temperature
extremes or pollutants, leaving them susceptible to attack by
latent, facultative, or opportunistic pathogens (Hayes and
Goreau 1998; Lesser et al. 2007; Mao-Jones et al. 2010).
Furthermore, secretion of mucus is suppressed following
prolonged exposure to elevated temperatures or pollutants.
Metabolism, production of detoxification enzymes, and
other physiological and biochemical operations are also
altered by exposures to anthropogenic pollutants and
changes in water quality (Couch and Fournie 1993), which
may also affect prey, resulting in structural and functional
changes in tissues leading to morbidity and mortality of
resident invertebrate and fish populations.

A study of corals and octocorals from Biscayne National
Park, off southeast Florida (USA) in the 1970s revealed high
levels of organochlorine pesticides and heavy metals, similar
to those levels used in toxicity tests that led to bleaching and
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mortality of the same reef-building species of corals in the
laboratory. One-third of coral colonies sampled from this
site  exhibited lesions and possibly  pathogenic
microorganisms were found in their tissues, although the
presence of the lesions could not be linked to contaminants
in this study (Glynn et al. 1989). Similar studies of corals off
Australia (Lewis et al. 2009) and elsewhere have detected
uptake of pesticides and heavy metals into tissues; however,
the presence of biotic or abiotic diseases in contaminated
corals from these sites has not been documented. High tissue
burdens of such chemicals resulting from chronic exposures
may increase the susceptibility of the organisms to biotic
disease agents when additional physical or chemical stresses
are encountered. Fish diseases are also increasing in tropical
bays and mangrove areas where man-made solid and other
wastes are disposed. Observations on commercial fish
catches in Biscayne Bay, off Miami, Florida, over 10 years
(1970-1982) revealed a variety of surficial lesions and
abnormalities, including ulcerations, fin and integumental
hemorrhages, fin erosion, eye abnormalities, scoliosis,
scale disorientation, parasitoses, emaciation, and tumors,
especially in bottom-feeding fishes. Excessive nutrients
from sewage; petroleum hydrocarbons from marinas,
shipping, port facilities, and industries; and toxic chemicals,
pesticides, and polychlorinated biphenyls leaching from
landfills, rivers, and canals contributed to the decline in
water quality of Biscayne Bay (Skinner and Kandrashoff
1988). Because many young stages of reef fishes use inshore
waters that may contain toxic chemicals and high levels of
nutrients from sewage disposal and stormwater runoff, as
well as heavy sedimentation and turbidity, they may also be
susceptible to diseases caused by microbial pathogens and
parasites. The role of these diseases in limiting reef fish
populations, however, is unknown because appropriate stud-
ies have not been conducted. Infectious diseases have
decreased in some fish populations as intense fishing has
reduced host numbers (Ward and Lafferty 2004), limiting
contact and exposure and making disease transmission inef-
ficient. This is the “host-density threshold,” another impor-
tant aspect of disease ecology.

Fishing top predators can indirectly favor disease trans-
mission in prey populations, however, as prey end up in
denser  aggregations (Lafferty 2004). In 1982,
D. antillarum populations were thick on Caribbean reefs,
improving the likelihood of infecting another individual.
Perhaps their predators were reduced for some reason and
perhaps they were starving, which could have further
compromised their weak immune systems (McNamara and
Buchanan 2005). However, in communities with high biodi-
versity of potential parasite hosts, a dilution effect has been
noted, reducing the risk of vector-borne diseases (Ostfeld
and LoGiudice 2003). Loss of biodiversity increases disease
transmission by changing the abundance of the host or
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vector; by changing the behavior of the host, vector, or
parasite; or by changing the condition of the host or vector,
although more biodiverse communities may contribute
novel pathogens (Aeby 2002; Keesing et al. 2010). These
concepts have not been explored much in relation to
parasites and diseases of coral reef organisms; however,
Wood et al. (2014) compared fished and unfished reefs in
the Northern Line Islands of the Pacific and found that
fishing decreased parasite species, with directly transmitted
parasites significantly more affected than those that
alternated among hosts, but the effects varied depending on
the host species and their sensitivity to fishing impacts. Aeby
et al. (2011b) compared Acropora WS-affected corals on a
reef in the species-poor northwestern Hawaiian Islands with
species-rich reefs off American Samoa. They observed high
mortality in the monospecific stand of Acropora on the
Hawaiian reef, whereas the disease could not easily spread
among different Acropora spp. on the American Samoa
reefs, because they differed in their apparent susceptibility
to infection and disease severity. Perhaps that was true also
of the formerly magnificent monospecific thickets of Carib-
bean acroporids, facilitating transmission of the agent(s)
responsible for WBD, particularly where thickets had been
formed by fragmentation of a highly susceptible genotype.
Bruno et al. (2007) found that high (>50 %) coral cover on
Australian reefs correlated with increased prevalence of WS
following exposure to warm temperatures.

Differences in susceptibility to certain diseases as a result
of individual or species attributes (genetic or otherwise) are
also influential in changing the composition of reef
communities (e.g., Koh 1997; Dinsdale 2000; Weil
et al. 2000). For example, at some locations, diseased corals
show a clumped distribution (Bruckner et al. 1997;
Richardson 1998; Sato et al. 2009; Porter et al. 2011),
whereas in other areas, diseases have a random distribution
(e.g., Edmunds 1991), and exhibit localized adaptation in
host infectivity (Grosholz and Ruiz 1997). Muller and
Woesik (2012) examined the spatial patterns of yellow-
band disease, dark-spot disease, and white-plague disease
and suggested that when diseases are not clustered they do
not follow a contagious model, rather environmental
thresholds are first exceeded that increase corals’ suscepti-
bility or the environmental changes create a favorable envi-
ronment for already present biotic pathogens and increase
their virulence (e.g., Remily and Richardson 2006). Garcia
et al. (2002) found differences in disease susceptibility not
only among coral species in the Parque Nacional
Archipiélago de los Roques off Venezuela, but also among
different size classes. For example, WP and CYBD was
more likely to affect large (older) colonies (0.9—-10.8 mz)
and BBD small colonies (0.01-0.09 m2). Muller and van
Woesik (2014) found that white pox was more likely to
adversely affect older A. palmata colonies after temperature
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stress. An analysis of constitutive levels of immune-related
processes against prevalence and number of diseases affect-
ing different Caribbean coral species revealed that those
species studied belonging to older lineages (Siderastreidae,
Poritidae, Meandrinidae) tended to resist diseases better than
recently  divergent lineages (Montastraeidae and
Merulinidae, but not Mussidae) (Pinzon et al. 2014), with
similar indications in Indo-Pacific species (Palmer
et al. 2010). Whether vectors are involved in the spread of
pathogenic microorganisms, how they interact with tolerant
or susceptible hosts, and whether their own genetics and
physiological mechanisms make them susceptible or tolerant
to environmental stressors or biotic pathogens, probably also
influences the prevalence and intensity of disease outbreaks
(Lu et al. 2000b; Panek 2005; Williams and Miller 2005;
Aeby and Santavy 2006; Raberg 2014), as well as each
organism’s holobiont (Mydlarz et al. 2010).

If the complexity of disease ecology within an ocean
basin were not enough, another concern is that organisms
are being transported out of their home habitat and
introduced into similar or new habitats many miles away,
often in different regions or even oceans, as the result of
global shipping, oceanarium, aquaculture, marine labora-
tory, and tropical aquarium trade activities. In addition to
attaching to the hull of a vessel, larval organisms and poten-
tial microbial pathogens can be picked up with ballast water
and deposited offshore or in another harbor. Commercial
shipments of live organisms contain not only the desired
(or target) organisms or their eggs and larvae, but also
other organisms that may be parasites or pathogens in the
water or seaweed in which they were originally packed and
within the target organisms. If placed in flow-through
systems, without proper quarantine or treatment of the
discharged water, these animals will be released to the sea.
Releases of unwanted fish or other animals by tropical
aquarists have also led to introductions in foreign lands. If
conditions are suitable for survival and reproduction, the
species may become established at the new site. Some
introduced species have positive effects in their new envi-
ronment. But the vast majority of documented introductions
have adversely affected existing commercial and recrea-
tional fisheries as the result of competition, predation, and
the introduction of parasites and pathogens (e.g., Carlton and
Geller 1993; Chakraborty et al. 2002; Padilla and Williams
2004; Sheppard and Dungan 2009), a phenomenon termed
“pathogen pollution.” A number of countries developed
regulations and procedures to restrict such introductions,
including permit and certification requirements; culture
using filtered, recirculating sea-water; quarantine
procedures; and destruction of diseased stocks (DeVoe
1992), as well as new ballast-water regulations (Gollasch
et al. 2007). Controlling individual behavior can be difficult
(e.g., the aquarist who dumps unwanted organisms in the
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ocean; Padilla and Williams 2004). However, Jackson
et al. (2014) surmised that the massive losses of Caribbean
acroporids and long-spined urchins may have resulted from
the “enormous increases in ballast water discharge from bulk
carrier shipping since the 1960s” (p. 21) and the fact that
millions of years of isolation from the Indo-Pacific may have
made them particularly vulnerable to introductions of novel
pathogenic microorganisms or ones that had developed
increased virulence. For already introduced organisms,
such as two species of lionfish (Pterois) that are now
established (since 1985) and multiplying in the Caribbean
Sea and tropical western Atlantic Ocean where they are
consuming native fishes (Schofield 2009), perhaps native
pathogens and parasites will eventually control them (Albins
and Hixon 2013).

Pathogen, nutrient, and toxicant pollution can also be
dispersed globally by air. The numerous diseases observed
throughout the Caribbean caused scientists at the
U.S. Geological Survey to wonder whether disease inci-
dence might be related to dust from the Sahara/Sahel Region
of Africa that blows across the Atlantic and is increasing due
to drought conditions there. Studies of air samples revealed
the presence of viable bacteria and molds apparently
shielded from damaging UV radiation by the dust particles.
One species of soil fungus found in samples is Aspergillis
sydowii, identified as the causal agent of the disease asper-
gillosis in sea fans. Other potentially pathogenic
microorganisms have been found in the dust; human cases
of respiratory diseases increase on Caribbean islands and
elsewhere when dust sweeps into the area (Shinn
et al. 2000; Griffin 2007). Furthermore, Hayes et al. (2001)
speculated that increased deposition of the iron-rich dust
throughout the region since the 1970s, along with local and
global climate changes and pollution loading, has probably
altered the ability of coastal ecosystems to limit the multi-
plication of potentially pathogenic microorganisms,
resulting in disease outbreaks in marine organisms in these
nutrient-enriched areas. Examining multiple environmental
and anthropogenic factors on a small scale (e.g., microhabi-
tat) to large scale (e.g., satellite data of sea surface
temperatures) will be important in research on diseases of
reef organisms (Bruckner 2002).

The complexity of disease, as it is now understood four
decades after the first reports of coral diseases, has
incorporated a larger role for anthropogenic alterations in
the environment, particularly climate change as shallow-
water ocean temperatures have warmed and elevated pCO,
is altering ocean pH. When culture techniques were devel-
oped for bacteria, Robert Koch established criteria (Koch’s
postulates) more than 100 years ago for determining the
causal agents of human diseases. Associations of suspected
pathogens have been reported in the literature, and some
scientists have claimed that they have identified a
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microorganism or polymicrobial infectious agent by apply-
ing Koch’s postulates, but experimental tests of Koch’s
postulates are challenging. Some agents cannot be cultured
outside of the host and viruses require special cell lines in
which to grow them so they have not been cultured in the
laboratory (e.g., herpesvirus of sea turtle fibropapil-
lomatosis, Rickettsiales-like organism of staghorn coral).
They may also require interactions with other biotic or
environmental factors to become virulent (Lackovich
et al. 1999; USEPA 2000). Thus, the procedures used to
identify pathogenic microorganisms are changing. Molecu-
lar tools can now be used to examine DNA sequences and
tease out potentially pathogenic microorganisms in compar-
ison to unaffected hosts (e.g., Ritchie et al. 2001; Lesser
et al. 2007; Work et al. 2008b; Sutherland et al. 2011;
Wilson et al. 2012; Roder et al. 2013; Sweet et al. 2013,
2014; Williams et al. 2014). However, diseases can also
result from abiotic, nutritional, or genetic factors. While
molecular approaches are providing key insights into the
microbiomes of affected species, it is crucial that this
research be done in conjunction with histopathological
examinations and physiological tests to understand which
target cells or organs are being damaged and how pathogen-
esis occurs. In addition, analytical chemistry is needed to
determine whether affected species contain critical body
residues of chemical contaminants or biotoxins, which may
actually be the pathogen(s) and cause the microbiome to
shift to cellular degraders using molecules from the dying
cells for their substrates. And, of course, numerous other
environmental variables must be considered. The use of
tools that integrate stressor exposures and effects, such as
biomarkers, may help to identify causal mechanisms for
subcellular damage underlying observed effects at the popu-
lation or community levels (Woodley et al. 2000; Morgan
et al. 2001; Richardson et al. 2001); however, the normal
ranges for the various parameters must be carefully exam-
ined first and laboratory models using cell cultures or whole
organisms are needed (Adams 1990; Huggett et al. 1992;
Scully et al. 2001). Knowledge of the variability of normal
and abnormal structure and function in most tropical marine
organisms, both within and between individuals and species,
is still lacking. Comparisons that would be useful indicators
of environmental stress are few. The study of bleaching in
corals and other organisms containing photosynthetic
symbionts has increased to the point that algal densities
and photosynthetic pigment fluorescence may be useful
indicators, as well as molecular biomarkers.

In addition, scientists in tropical marine environments
should be aware of the possibility that diseases and
mortalities observed locally may actually be major
epizootics or mass mortalities that cover large areas of
coral reefs or coastal habitats or even regions. D. Faulkner
describes a “healthy” patch reef near Eleuthera in the
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Bahamas as having numerous D. antillarum and other spe-
cies of urchins, but surprisingly noticed a patch reef not
more than 100 m away that appeared “unhealthy” even
“bleak,” with large dead colonies and algae present,
completely lacking urchins. He also could not find
D. antillarum on Hen and Chickens Reef in the upper Florida
Keys reef tract in 1975, and it, too, had dead and dying
corals. Although the cause of the reef demise in Florida
was suspected to be cold water one winter, he wondered if
the lack of urchins had prevented the corals from coming
back, as well as whether something had killed the urchins
first, resulting in the dying reefs—this was prior to the mass
mortality event (Faulkner and Chesher 1979). Could a water-
borne pathogen have been present in the Caribbean prior to
1982? What has prevented their return in many areas, partic-
ularly the Florida Keys, and where they have returned, are
those urchins still susceptible to whatever killed them before
(Edmunds and Carpenter 2001; Beck et al. 2009)? Of course,
other abiotic and biotic factors may have affected the urchins
at these reefs and the sequence of events is unknown. Expe-
rience thus far suggests that more extensive networks of
scientists need to be developed to track such events and to
locate expertise to investigate the role of biotic and abiotic
diseases. Both observers in the field and specialists in
laboratories are required to respond quickly and gather
samples and essential data.

To promote the transdisciplinary and collaborative
investigations of the linkages among the health of humans,
other animals, and plants (ecosystem health) with environ-
mental changes, the field of conservation medicine devel-
oped during the 1990s-2000s (Aguirre et al. 2012). Drawing
on data obtained from innovative monitoring strategies, eco-
logical,  chemical, physiological, = microbiological,
histopathological, social science, and other types of
research, patterns of shared causes, interrelationships, and
the significance of the diseases or mass mortality events can
be established to address the conservation of biodiversity. A
similar early effort was the Caribbean Aquatic Animal
Health Project at the University of Puerto Rico to develop
the Marine Ecological Disturbance Information Center
(MEDIC) to track reports of major marine ecological
disasters (MMEDs) affecting Caribbean aquatic organisms
and to alert appropriate experts when field and laboratory
studies were required (Williams and Buckley-Williams
1990). Building on this effort, we have seen increased
collaborations among experts in different disciplines
(CDHC and Targeted Coral Reef Research), more consis-
tency in disease investigations, stakeholder notifications
about morbidity and mortality events, incorporation of quar-
antine or some sort of treatment protocol to prevent spread of
disease—particularly from a culture facility to field and vice
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versa—McCallum et al. 2004), and the realization that
human health can be compromised not only by impacts of
disease on ecosystem services, but also by direct exposures
to zoonotic pathogens. For example, Keirstead et al. (2013)
determined antibiotic susceptibility (minimal inhibitory
concentrations to various antibiotics) of S. iniae to treat
fish handlers if they were infected with the bacterium during
the 2008 mass mortality of wild reef fish off St. Kitts, Nevis.
Other pathogenic microorganisms in tropical marine waters
could also infect humans, indicating the need to develop a
One Health approach as advocated in conservation medi-
cine. Terrestrial and aquatic ecosystem health linkages must
be included (the watersheds, ridges-to-reefs concept).

In summary, investigations of the nature and role of
diseases in coral reef organisms have identified diverse
agents responsible for morbidities and mortalities. Based
on observations of commercially important invertebrates
and vertebrates from temperate seas, more diseases and
diverse parasites no doubt remain to be discovered, and
will also need to be studied. Long-term changes in water
quality, such as elevated levels of nutrients, are of particular
concern for attached or sedentary invertebrates, since they
cannot escape. Loss of important members of a food web
will ultimately affect higher predators, as will the loss of
those organisms that perform important functions in an
ecosystem, such as decomposition, bioturbation, or nutrient
recycling, and the loss of organisms that provide protection
and specialized habitats. As water conditions and habitats
change due to human actions and globalization, with intense
mixing and introductions of species to new locations driving
exposures and responses to potentially pathogenic agents,
multiple factors and scenarios need to be considered. Popula-
tion losses thought to be tied to overfishing or natural preda-
tion may have been the result of disease; diseases may result
from population losses that reduce biodiversity and increase
malnutrition. Pathogens and parasites exert tremendous
pressures on individuals, populations, and communities in
their interactions with the host and environmental conditions,
and must be taken into consideration in any discussion of the
dynamics of coral reefs and associated tropical marine
habitats, and in the conservation of reef biodiversity. The
contributions of humans to the stressors experienced by reef
organisms is unprecedented in this unique period of earth’s
history, and the Anthropocene is not only changing
ecosystems, but how we must think about them.
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