Introduction to Coral Reef Ecosystems
Coral reef ecosystems are magnificent assemblages of marine organisms. At least 32 different phyla of animals (from sponges to mammals) are found within these special communities. In this module, the ecology of coral reef systems will be described and the factors that are threatening these fragile systems will be explained.
Coral reef ecosystems are highly productive (gross primary productivity equivalent to that seen in tropical rainforests ~ 1500 - 5000 g C/m2/yr) and incredibly diverse systems (hundred of thousands of species). The reefs themselves are erosion resistant mounds made of calcium carbonate (CaCO3) that is secreted by the living corals. The calcium carbonate forms a protective exoskeleton for the animals. Each individual coral� is actually a colony of thousands of individual coral polyps.
Coral reefs may take hundreds, even thousands, of years to form, typically growing as slowly as 5 millimeters and no more than 20 centimeters per year. Coral reefs evolved some 200 million years ago, and today, most reefs age between 5,000 and 10,000 years old. But what has taken centuries to build can be destroyed instantly. 
- Source: National Parks Conservation Association
Don't get the coral reef ecosystem confused with the coral colony. The coral, a critical member of the community, creates the habitat on which the other members of the community (sponges, red and green algae, anemones, worms, crustaceans, fish, etc.) rely.















The Coral/Algae Symbiosis
Reef-building corals are members of the phylum Cnidaria and the class Anthozoa. They are close relatives of jellyfish and anemones. As do other members of this phylum, corals have specialized cells called cnidocytes that are used to capture prey (zooplankton) and to discourage predators. Even though the coral organism can and does feed itself by capturing and ingesting prey, reef building corals rely on an internal symbiont to deliver most of their energy requirements.
The symbionts are single cell algae that belong to a group of protists called dinoflagellates (zooxanthellae). Within cells lining the coral’s gut, the algae live and photosynthesize. These endosymbionts are not only found in coral tissues but are also found in clams and sponges. Up to 90% of the coral’s energy requirements may be met by the primary production of the algae. This symbiosis is a mutualism because both members of the relationship benefit. The coral provides the algae with protection and inorganic nutrients like NH4 and PO4 and CO2 released as waste products of metabolism. In turn the algae provide the corals with organic carbon (glycerol) and they also facilitate the precipitation of calcium carbonate skeletons. Research has shown that corals with endosymbionts grow twice as fast on sunny days (photosynthesis occurring) as they do on cloudy days (photosynthesis not occurring) and that corals without algae grow very slowly if at all.
The mechanism by which this facilitation of growth of the skeleton occurs is still unclear. It may be due to the lowering of CO2 concentrations, the increase in pH and/or the removal of PO4 from the water that occurs as the algae photosynthesizes.
















Abiotic Conditions and Location of Coral Reefs
Reef building corals require warm (~18°C - 30°C), clear, nutrient-poor water. Most of these corals do best at high salinities of around 32 - 40 ppt, but lower salinities (>27 ppt) can be tolerated. Since algal photosynthesis is a significant growth supporting process, living portions of coral reefs are found in the euphotic zone (< 100 m depth). Moderate water currents keep sediment off the sessile corals and keep oxygen concentrations at suitable levels. The lack of nutrients within the water above these highly productive communities is an ecological phenomenon that requires explanation. In Georges Bank, the high productivity of the region was explained by the constant and abundant delivery of nutrients (upwelling, currents, and river discharge). Just as in tropical rainforests where soils are relatively infertile because inorganic nutrients are quickly assimilated by producers, the productivity of coral reefs is thought to be attained by tight internal cycling of nutrients that occurs between members of the community. The algal symbionts gain nutrients directly from their coral hosts and in that manner are highly productive even though they are found in nutrient poor waters.
World Distribution of Coral Reefs

Red dots represent major coral reef systems. Image credit: NOAA.
Coral reefs are found worldwide (see image); however, with few exceptions, these ecosystems are limited to waters between 30° north and 30° south latitudes because the abundant calcium carbonate deposition required to form reefs requires water temperatures above 18°C. Bermuda, located at 32° N , has coral reefs because the Gulf Stream delivers warm waters into the region. This worldwide tropical type of distribution is referred to as circumtropical. Different species of corals are found in different areas of the world. The Pacific region has a greater diversity of coral species (at least 500 species) than does the Atlantic/Caribbean region (~62 species).








Food Chain Structure of Coral Reef Communities
The coexistence of 1000's of species within a reef makes charting of a complete food web a difficult, if not, impossible task. The basics of biomass and energy transfer are even a challenge to map out.

As in all ecosystems maintenance of a balance between predators and prey is critical to the stability of the system. Without major disturbances, typically populations tend to maintain relatively stable numbers over time because resistances (abiotic and biotic) balance out with potentials (abiotic and biotic). However, with disturbance, the stability can be lost.
Top down effects on community structure have to do with the effects that the higher� members of the energy pyramid (secondary consumers, top predators) have and bottom up� effects have to do with the effects that nutrients, primary producers or possibly herbivores have on the system. For example, overfishing of sharks has been shown to have serious detrimental top down effects on coral reef systems. Sharks are top predators. When their numbers decline, then their prey (groupers) experiences a surge in numbers. Well, the groupers must eat and as their population expands their prey species' (parrotfish) numbers drop. Parrotfish, although they are known to eat corals, feed primarily on the filamentous algae that can grow and cover the corals. Without the grazing fish, the reef changes from a coral based diverse system to an algal based less diverse system. (Source: http://www.sciencedaily.com/releases/2005/04/050411205307.htm)
Sea urchins can either be very good for coral reefs or very bad. Population size is a factor in that equation and differences between species is also important in determining whether sea urchins "save"� or "harm"� the reef. In 1982 - 1983 there was an unexplained crash in the sea urchin population in the Caribbean, and many reefs rapidly became overgrown with algae. However, some sea urchins burrow into the reef itself and when numbers of these sea urchins increase, the reef is at risk of immense physical damage.
Another damaging organism that causes significant loss of corals when its numbers increase is the crown-of-thorns starfish. Outbreaks of this species have been a recognized problem on the Great Barrier Reef of Australia for the last 40 years! Millions of dollars have been spent trying to find a means of controlling this organism, yet it continues to be a serious problem.
Additional Information
(Not Required)
· Additional information on the crown-of-thorns starfish
Bottom up effects can also destabilize an ecosystem. These are changes that start low in the food web and move up from there. An example of a bottom up effect is seen when an increase in inorganic nutrients occurs in a coral reef habitat. With plenty of nutrients available, filamentous algae grow faster than the corals and quickly cover the reef. The overgrowth prevents the light exposure that the symbionts in the corals require to photosynthesize, and it even prevents the corals from being able to feed themselves. With extensive overgrowth of filamentous algae, a coral colony will eventually die.

























Types of Coral Reefs and Coral Reef Zonation
Fringing reefs, barrier reefs, and atolls are different types of reefs. After a volcanic island forms, a reef may grow around its edge (fringing). Over long periods of time, the island may sink (subside) and a lagoon will separate the reef from the coast (barrier). As the island sinks, the reef continues to grow upward. If the island subsides to the point that it is cover with water, the reef left behind as a ring is called an atoll.
Coral Reef Zonation
Most well-established reefs, no matter where they are found, have distinct zones in which different species of coral thrive. The variation in species composition is due to the change in abiotic factors such as depth of water, salinity, wave energy, light and air exposure that occur as distance from the shore increases. The image below shows the typical zones seen in a coral reef. Various reef zones are listed in the different scientific sources, but the basic classifications are: the reef flat (shallow region closest to shore), the reef crest (highest point of reef that receives tremendous wave action), the buttress zone (the upper part of the reef slope), and the reef slope (deepest and darkest part of the living reef).
The reef flat contains species that are highly tolerant of substantial variation in temperature, salinity and aerial exposure. The reef crest may or may not have living corals on it. If the wave energy and light exposure are too great, algae may cover the crest, and if so, it may be called the "algal ridge" area of the reef. Within the buttress zone of the reef, strong relatively fast growing corals such as elkhorn and staghorn corals are found in abundance. Brain corals and boulder corals can also withstand the high energy zones of a reef.
The corals found deeper on the reef slope must be adapted to lower light levels, but don’t have to be able to withstand crashing waves or variation in salinity and temperature. Delicate lettuce corals, finger corals, and plate corals are just a few of the various types of corals found living on the reef slope.

Goods & Services Provided by Coral Reef Ecosystems
Just the sheer beauty and the relative rarity of coral reefs make them immensely valuable ecosystems. However, the tremendous biodiversity found within coral reefs (1000’s of species) make them "priceless." New medicinal compounds, tourism, commercial fisheries, and coastline protection are some of the goods and services provided by coral reef ecosystems.
Many of the reef organisms are sessile or slow moving and they produce chemicals to help them compete against their neighbors, capture prey, and/or repel predators. Every toxin is a potentially useful medicinal compound. Research has shown that some of these chemical compounds are effective sunscreens and effectual anticancer, antiviral (AZT, used to treat HIV, was found within a Caribbean reef sponge), anti-asthma, and anti-pain (cone snail neurotoxin) agents. Reef diversity, however, is being lost at such a rate, that the existence and potential of many of these compounds will never be known.
Twenty five percent of marine fisheries species rely on the production of coral reef ecosystems and/or require them as nursery grounds. In 1997, Robert Costanza estimated that coral reef goods and services were worth at least $375 billion/year and much of this estimate was based on the income generated by commercial fisheries and the income generated by tourism. In addition, due to their coastal locations, reefs buffer shorelines from damaging wave action and, in this manner, prevent erosion.
(Source: http://oceanservice.noaa.gov/education/kits/corals/coral07_importance.html)

Coast to Ocean Continuum
On many tropical and semi-tropical coastlines a "coast to ocean" continuum of different types of communities exists. A continuum is anything that goes through a gradual transition from one condition, to a different condition, without any abrupt changes. The community found at the waters edge may be a sandy beach with dunes and sea oats, or a rocky shore, but in many tropical areas, forests of mangrove trees are found there along with the diverse community that exists within them. Merging with these mangrove forests and extending further from shore, seagrass bed communities often fill the sandy, shallow regions before the coral reef community begins in slightly deeper off shore areas. By working the way they do, communities support the existence of the others in the continuum. Coral reefs buffer shorelines so seagrass beds and mangroves don’t get destroyed (at least under normal conditions) by wave action, and the mangrove forests and seagrass beds protect the conditions required by the coral reef community.

Mangrove Communities
Because mangroves can tolerate brackish water and water saturated soils, they thrive on sheltered tropical and semi-tropical shorelines worldwide. The labyrinth of roots of the mangrove trees provides abundant habitat and shelter for a great diversity of other species shrimp, crabs, snails, small fish, birds, etc. The species that aren't hiding and breeding there are feasting on the large number of smaller species that are. The mangrove forests are nursery and feeding grounds for many coral reef fish species and in that way they support the reef community biologically.
(Not Required)
· Mangroves enhance the biomass of coral reef fish communities in the Caribbean. By Peter Murphy et. al., 2004. Nature 427, 533-536.Physically, the mangrove forest acts as a filter for runoff coming from the land and entering into the ocean. The tree roots catch sediment and remove excess nutrients protecting offshore communities from having their abiotic conditions altered by the runoff components. Coastal land is highly desirable property and large amounts of mangrove forests have been cleared to build docks, marinas, airports, housing developments, hotels, etc. The Florida Marine Institute reports an 86% loss of mangroves in since the 1940's and loss of mangroves worldwide has been estimated to be more than 35%. Correlated with this loss has been a significant decrease in water quality seen in nearshore communities.
Fortunately, mangrove preservation is becoming a priority at least in some areas of the world. The Mangrove Trimming and Preservation Act (1996) restricts the use of poisonous chemicals in mangroves and it requires permits to be acquired if mangroves have to be cut or trimmed or removed.
Additional Information
(Not Required)
· Additional Information on mangroves



Seagrass Beds
Healthy seagrass beds resemble underwater prairies. Numerous species (crabs, snails, worms, seahorses, etc.) are constant members of seagrass bed communities while many others (turtles, manatees, and fish) move into and out of the community. Some reef fish hide in the reef during the day and then swim to the nearby seagrass beds at night to feed.
Seagrasses have extensive root systems that hold sediments in place. They have been called an ecosystem "engine" because due to what they do - photosynthesize, produce habitat, and hold sediments, a physical and biological structure is created that makes a uniquely functioning ecosystem. As do the mangrove forests, the seagrass bed community filters out nutrients and sediments that reach them from the land. This protects the coral reef systems that exist beyond them.
In the middle photo on the right, the damage to a seagrass bed caused by a boat motor is obvious. Nutrient enrichment, dredging, filling and pollution are other current threats to seagrass beds. Excessive nutrients allow blooms of phytoplankton and filamentous algal species. These algal blooms decrease water clarity and decrease the photosynthetic ability of the seagrasses. Loss of seagrasses alters productivity of the region and alters the physical structure of that portion of the coast to ocean continuum.
In 1994, Sargent et. al. reported that 2 million acres of seagrasses had been lost in Florida. Three approaches are being used to prevent further loss. Mitigation involves increasing efforts to preserve other seagrass beds if some are likely to be harmed by construction or dredging. Protection involves preventing damage by closing the areas to boating or at least providing mooring balls that boaters can anchor to without having to drop anchor in the beds of grass. And restoration involves actually replanting grasses to reestablish these communities. It has been shown that partial recovery can occur in approximately 1.5 years.

Threats to Coral Reefs
Coral reefs around the world are at risk with people damaging the delicate marine ecosystems and endangering the amazing diversity of animals and plants that live in or rely on the coral reef. Researchers estimate over 27 percent of the world's coral has been permanently lost and they predict that another 30 percent or more will disappear over the next three decades. (Source: Indonesia's corals threatened by climate change. Nov. 2007 Alertnet.org).
The threats are diverse. Some are direct threats such as destructive fishing habits, damage due to tourist "traffic," dredging and filling near shore regions, and over-harvesting reef species. Many others are indirect threats such as the damaging effects of coastline development (which include increases in pollution, sediment and nutrient runoff from the land), overfishing large migratory species, and climate change.
When corals experience certain adverse conditions, they respond by expelling their symbiotic algae. This response causes them to lose most of their pigmentation, and therefore, it is referred to as coral bleaching.

Coral Bleaching

Bleached Coral. Photo credit: NOAA.
Currently the biggest threat to coral reefs appears to be sea surface temperature change due to increase emissions of carbon dioxide (global warming). Increases in temperature (1-2 °C) can disrupt the coral algae symbiosis and result in significant damage to or death of the coral. When the coral loses its symbionts or its symbionts lose large amounts of pigment, the coral is said to be bleached�. In addition to bleaching, acidification of the oceans and increases in sea level and storm intensities are other global climate change issues that threaten coral reef ecosystems.
I'm going to let the Reading Assignment that you have for this Module give you the critical information on this phenomenon. Proceed to the next page to access Module 4 Reading Assignment 1.


Module 4 Reading Assignment 1
Description:
A link for the reading is given below along with a set of reading goals that will help define the important issues in the reading. Submissions of answers to the questions are not required.
Later in Module 4, you will have a Reading Quiz. Make sure to complete this reading assignment before taking the quiz. You will be allowed to take the quiz three times, and your highest score will be recorded.
Instructions:
Click on the link shown below to learn about Coral Bleaching.
Coral Bleaching – A Review of the Causes and Consequences.
Chapter 4 Reef Manager’s Guide to Coral Bleaching.
Marshall P.A. and Schuttenberg, H.Z. (2006). A Reef Manager’s Guide to Coral Bleaching. Great Barrier Reef Marine Park Authority, Australia (ISBN 1-876945-40-0)
Note: No submission is required for this assignment! These goals are for you to use to guide your analysis and learning from the article.
Reading Goals:
1. Be able to explain the phenomenon that is called coral bleaching.
2. What happens to a coral that is “bleaching”?
3. Is bleaching a disease or a stress response?
4. Are corals always white if they have experienced bleaching?
5. Is bleaching limited to coral organisms alone?
6. What is the primary cause of mass coral bleaching?
7. Two corals are exposed to the same 2°C rise in temperature. One is in the shade and one is exposed to normal sunlight. Which coral would you predict to have the higher amount of bleaching? Explain why.
8. Be able to explain how and why resiliency to coral bleaching involves resistance, tolerance, and rate of recovery.
9. What are the external and internal factors that influence resistance?
10. Do coral species vary in their susceptibility to coral bleaching?
11. Why is Ofu Island lagoon a focal area for research?
12. Explain 4 research projects being done within the American Samoan reef system?
13. Are bleached corals still living?
14. What are the sub-lethal impacts of bleaching?
15. What is a particularly important factor in determining survival of a bleached coral?
16. Reef recovery after severe bleaching is dependent on ________.
17. How does algal “domination” inhibit reef recovery?
18. Be able to explain the difference between adaptation, acclimatisation, and range shifts.
19. What three things determine the rate of adaptation to coral bleaching?
20. What is one of the major mechanisms proposed for acclimatisation to coral bleaching?
21. Would range shifting result in higher or lower biodiversity of corals worldwide?
22. Why isn't a range shift of reef building corals into the subtropical latitudes expected?
23. Be able to explain the implications of increased coral bleaching.
24. What are the ecological, social and economic implications?
25. What are the prospects for future coral reef condition? (Summarize that section)
26. Be able to explain how coral reef ecosystems are threatened by climate change in ways other than bleaching. (Box 4.4)
27. The threat of sea level rise?
28. The threat of disease?
29. The threat of acidification of ocean waters?

Other Climate Change Issues
(Note: Box 4.4 in the reading from Module 4 Reading Assignment 1 covers these topics briefly)
Acidification
One of the feared effects of rising carbon dioxide levels is the acidification of ocean waters. In 2007 a computer model was used to estimate ocean water acidification by the year 2050 if the current rate of increase in CO2 emissions continues. The model used an increase of CO2 levels from present day 380 ppm to predicted levels of 500ppm. The researchers, Ken Caldeira and Long Cao, foretell that no coral reefs will remain intact if CO2 levels increase to 550 ppm. The explanation for this phenomenon is that the carbonic acid that forms as carbon dioxide combines with water causes the argonite (CaCO3) that corals build their skeletons out of to dissolve; the lower pH also makes deposition of the CaCO3 and the growth of new coral unlikely.
Additional Reading
(Not Required)
· Coral Reefs under Rapid Climate Change and Ocean Acidification. O. Hoegh-Guldberg et. al. 2007. Science Vol. 318. no. 5857, pp. 1737 1742. Use the library to access this article.
Storm damage & salinity changes
In addition to the potential changes in temperature and pH that are possible with global climate change, there are concerns that more intense storms may also cause severe damage to coral reef ecosystems. Intense storms such as hurricanes and typhoons have always been a natural threat to coral reef ecosystems. Located in shallow waters, the reefs experience damage when wave intensity greatly increases. Droughts and floods are also predicted to increase in frequency with the changes in global temperatures and these events threatened reef systems with significant, and possibly rapid, changes in salinity.

Coastline Development
Coastline development typically alters the health of local reef systems. Indirectly, the loss of mangrove forests and seagrass beds result in decreased water quality on the reef. The delivery of nutrients and sediments to the reef that occurs when these other coastal communities aren't capable of functioning often results in stress to the corals. The coral reef ecosystem is adapted for low nutrient conditions. When excess nutrients arrive, filamentous algae and phytoplankton populations expand and out compete the corals for resources. When this happens, the structure (both physical and biological) of the ecosystem changes. Merely altering the amount of water flowing from the land by diverting water for irrigation systems can result in salinity changes in near-shore communities such as mangroves, seagrass beds and coral reefs. Many marine organisms have limited tolerances to salinity changes, and they are harmed by rapid, extreme changes in this abiotic condition.
Coastline development can also result in direct damage to the reefs. Reefs have been built upon and have been dredged (dug up) to allow for shipping to occur more easily.
Impacts of Increase Nutrient Delivery to Coral Reefs (Required)

Diseases
Disease occurrence in corals appears to be increasing in frequency although some believe that it may not be that so much as it is an increase in detection of disease because of the increase in monitoring reefs that has occurred in the last 10 - 20 years. Some of the diseases have known causes such as bacteria or viruses while in others, the infectious agent is still mysterious. A portion of the diseases have been characterized and defined in scientific journals while others are uncharacterized with contradictory descriptions causing confusion and disagreement. Despite a tremendous amount of research that has been done in this field, many questions are left to be answered.
Although not true of all of the diseases, many coral diseases are found in a mix of species. White plague, black band, and white band diseases are diseases that affect a variety of coral types. Some more specific diseases are: yellow blotch disease, seen only in star corals, and white pox, a very serious, fast-moving disease, seen in Caribbean elkhorn corals.
These diseases cause the death of the coral polyps leaving the white calcium carbonate skeleton exposed. After which the skeleton typically gets covered either with filamentous algae or other reef organisms or it breaks apart completely.
A current hypothesis is that a reduction in water quality (increase temperatures, increase in inorganic nutrients, increase in organic pollutants, sedimentation) stresses the coral organisms and in that condition they become more susceptible to disease. However, very little quantitative research has been done to support this hypothesis.
Additional Information
(Not Required)
· Coral Disease
Overfishing
This threat includes both the capture of reef species (live) for the aquarium trade and the actual fishing of many larger fish species that are part of the coral reef community. In some parts of the world (Philippines and Indonesia) cyanide and dynamite are used to stun reef fish so that they can be caught and sold live. Not only do these practices remove large numbers of fish and other organisms from the community, they also damage the reef – the dynamite physically damages the reef and the cyanide poisons the reef organisms left behind.

Reef and school of fish
The food web of coral reefs, as mentioned earlier in the module, is highly complex and delicately balanced. Loss of top predators, such as sharks and groupers, due to overfishing causes cascading effects through the community and the instability often results in loss of biodiversity at many different levels, not just at the top of the food chain. There’s concern that focus on conservation of the Marine Protected Areas (MPA) won’t be enough to ensure the survival of the large fish species that move from one area to another and that are the targets of commercial fishermen worldwide.

Summary
Coral reef ecosystems are amazing areas of productivity and immense biodiversity. These ecosystems are currently being threatened by a long list of local and global assaults. The root of most of the serious problems suffered by coral reef communities today is found in the size of the human population. Degradation of water quality, global climate change, overexploitation of reef resources are all a result of increased use of resources and production of wastes that are associated with our population size. Fortunately, preservation of coral reefs is becoming a priority for many nations, and there is hope that at least some of these ecosystems will survive the rapid changes that are predicted for the next 100 years. As stated in your reading, the rate and amount of change that occurs, the amount of acclimation possible, the amount of genetic diversity within populations, and the amount of conservation that is achieved will be important variables in determination of the final result.



