Causes and Casualties of Coral Bleaching

Abstract:

Coral bleaching occurs when the photosynthetic microorganisms that live endosymbiontically (or within the tissues) of corals die as a result of changes in light intensity or   temperature.  Bleaching has been occurring at alarming rates in recent years, most particularly in 1996-1997 (Cohen et al, 1997).  Most scientists agree that these bleaching events are most often temperature related, and some have even suggested that global warming could be a strong contributing factor.  This paper examines a body of research that looks at factors causing coral bleaching, with particular emphasis on temperature, explores the environmental effects of reef destruction, and describes what can be or is being done to prevent this phenomenon.

Introduction:

The corals belong to the phylum Cnidaria along with the jellyfish and hydroids, and in fact, share the same basic body plan of these animals, with a hollow body, radial symmetry and a mouth surrounded by tentacles.  What sets corals apart from the rest of the phylum and indeed defines their class, Anthozoa, is their sessile life style and subsequent creation of complex skeletal structure.  Coral is colonial, and each individual animal, called a polyp, lives in a matrix with thousands to millions of its kind (Campbell, 1990).  Anatomy of a typical coral is presented in Figure 1.

In the body tissues of many species of coral live microscopic dinoflagellates called zooxanthellae.  The pigments that can be seen within certain corals are produced not by the animal itself but by the zooxanthellae that live within.  These microorganisms have an obligately mutualistic relationship with the coral animal.  The zooxanthellae provide the coral with photosynthetic products (carbohydrates), while the coral animal provides the zooxanthellae with protection from predators.  First observed in the early 1980’s, coral bleaching is defined as the death of the pigment-providing zooxanthellae in certain coral species and, often, the subsequent death of the coral polyps.  Only the white limestone skeleton of the coral animal remains; the coral is said to have undergone bleaching. 

It is important to note that coral are fragile animals and that they are very sensitive to changes in their environment.  Salinity increases, overgrowth by macroalgae, and temperature decreases can all cause massive die-offs of coral polyps (LaPointe, 1997).  However, these events would not be called bleachings because the coral polyps themselves die rapidly as a result of these pressures.  A bleaching is when the zooxanthellae die or are expelled; obviously, the particular species of coral that is examined must have zooxanthellae in the first place in order to become bleached.  In addition, bleaching events are not always fatal to the coral animals that do have endosymbionts.  If the microorganisms can reestablish within the coral animal fairly rapidly, then the polyps will most likely survive a bleaching event.  This was seen in 1987, when the El Nino weather pattern caused slight temperature increases in the Caribbean Sea.  Although bleaching was extensive, zooxanthellae were not totally eliminated from coral tissues, nor was coral death as high as it had been in the past (Fitt and Warner, 1995).

Most to all studies support the theory that temperature increases promote coral bleaching, with degree and wavelength of ultraviolet light also a consideration (Lyons, et al, 1998).  A 1997 study by Cohen, et al, has shown that temperature increases may decrease the photosynthetic ability of the zooxanthellae, which eventually die.  Their experiment shows that in some species, the loss of zooxanthellae at high temperatures is very rapid; however, in other corals, zooxanthellae are not effected so rapidly.  Fitt and Warner (1995) postulate that the species of  dinoflagellate found in a particular species of coral may have differential resistance to temperature increases, as well as to ultraviolet light.  In their 1995 study, they isolate each of these factors, subjecting four different species of coral to varying conditions.  They also study the primary production of zooxanthellae in vitro (removed from the coral) at various temperatures and wavelengths of light.

The effect of ultraviolet light on coral and their endosymbionts is a very new field of research.  Jokiel, et al (1997) noted in their study that zooxanthellae in vitro are inhibited by solar radiation but that most species are not harmed in vivo at normal radiation levels.   Lyons, et al(1998) have experimentally demonstrated damage to the DNA of microbes living in the mucoid layer on the surface of corals by ultraviolet light, specifically by a photochemical degradation of pyrimidine, an amino acid.  These microbes are bacteria and live externally to the coral (epibiontically), but respond to stresses applied to the coral animal and may be good indicators of general coral health as well as of potential damage to the endosymbiont community.  

Each of the studies introduced above will be briefly explained with respect to methodologies and results.  Also mentioned briefly is a study by Bruce LaPointe that explains colonization of coral reefs by macrophytic vegetation.  This occurs as a result of coral deaths followed by anthropogenic increases in nutrient load.  These studies offer scientific evidence of the causes of bleaching and might also offer possibilities for prevention of this destructive phenomenon.

Johnston Atoll Bleaching event (Cohen, et al, 1997)

Materials and Methods

In 1996, extensive coral bleaching was noticed in a number of coral species at Johnston Atoll, a central Pacific coral reef.  This isolated island, located at 16 N latitude and 25 W longitude, was the site of a one-year-long study in which the researchers were able to determine the extent of bleaching and recovery of coral species.  The researchers were aware that in the late summer and early fall of 1996, sea surface temperatures were anomalous, and so they recorded temperature at bleaching sites in the expectation that this was the major contributing factor to the bleaching event.  The specific methodologies used in this case can be separated into two sections; bleaching observations and temperature record.

Bleaching was recorded over 3 different time periods; from 2 - 4 October in 1996, from 21 October to 5 November in 1997 and from 4 - 16 March in 1997.  Observations were made at six sites to depths of five meters in lagoon and emergent reef areas (the emergent reef is the area where the reef edge meets the open ocean).  SCUBA equipment was used at each of the sites to determine extent of bleaching and sites were tagged and photographed in order that recovery could be monitored.

Temperature was measured at two lagoon and one reef site by the use of Brackner Instruments temperature loggers. At the reef site, the temperature logger was placed in a six-meter-deep channel in the reef known as Munsen's Gap, where the temperature is the same as the open ocean mixed layer.  Satellite data was also monitored during the testing period.

Results:

Bleaching monitoring revealed that only lagoon corals experienced bleaching.  Additionally, it was found that bleaching is a species-specific occurrence, with bleaching of Pocillopora sp. and Montipora sp. but no bleaching in the dominant species, Acropora cytherea.  Affected corals showed no tissue loss during the first three weeks of bleaching, but by late October, Pocillopora showed extensive tissue loss.  Montipora sp. showed no tissue loss during the bleaching event and maintained living colonies.  The areal extent of bleaching was approximately fifteen to twenty percent of the lagoon area to a depth of five meters.  Fifty percent of the corals made a full and complete recovery, but species of Pocillopora that lost tissue were completely overgrown by algae.

During the time of the bleaching event, it was shown by a combination of temperature logger and satellite data that temperature had significantly increased.  Observations via satellite of a one degree by one degree square centered on 16.5 degrees north latitude and 169.5 degrees west longitude showed a temperature increase of 0.6 degrees as compared to the local mean since 1982.  Data from the in situ temperature loggers showed that the average daily temperature at the emergent reef site was 0.2 degrees lower at the reef than at the lagoon.

Bleaching in Caribbean Reef Corals (Fitt and Warner, 1997)

Materials and Methods:

In this experiment, a bleaching event was not observed but instead was induced in certain coral species by the introduction of variable temperature and of ultraviolet light.  Intact colonies of four species of coral, Agaricia agaricite, Agaricia lamarcki, Montastrea annularis and Montastrea cavernosa, were collected in the early morning at a depth of fourteen to sixteen meters in Discovery Bay, Jamaica.  Within an hour of their collection, the coral blocks were broken into eight pieces of five to ten centimeters square.  The pieces were placed in acrylic chambers with 3.5 liters of seawater that was allowed to flux through the chambers unfiltered at 150 meters cubed per minute; pumps and airstones were used for mixing.  Screens were placed over the tanks to simulate light intensity under natural conditions.  Corals were allowed to equilibrate for five to fifteen minutes at ambient temperature before the experimental procedure.

Corals were then subject to differential raising of temperature.  A control was kept at 26 degrees.  In one set of tanks the temperature was increased to 30 degrees and the coral species were processed at 24 and at 48 hours.  Another set experienced an increase to 32 degrees and was sampled at 24 and 48 hours.  Finally, a set of tanks had the temperature increased to 34 degrees and was sampled 35 times during the first 24 hours.


To determine the effects of light on coral species, six heads of Montastrea annularis were collected from depths of one to two meters off Key Largo, Florida.  These specimens were placed in glass petri dishes with aeration at 32 degrees Celsius and water was changed every four hours.  A control was kept at 26 degrees Celsius.  The corals were subject to the following wavelengths of light:  natural light, natural light with ultraviolet-B radiation (>320 nm), natural light with ultraviolet A and B radiation (>395 nm), and natural light with ultraviolet and blue wavelengths (>495 nm).


To test zooxanthellae for production, chlorophyll (a) determination and numbers, coral tissue and zooxanthellae were removed from coral heads with a waterpik.  The resulting homogenate was filtered, centrifuged, refiltered and resuspended in fresh seawater until few animal fragments were present.  An oxygen meter was used to determine respiration rates in dark and light, and gross P:R ratios were calculated.  To test fluorescence, zooxanthellae were allowed a ten-minute acclimation and were then subject to a weak pulse of red light.  A Turner fluorometer measured this, the initial fluorescence.  A pulse of white light was used to measure the maximum fluorescence.  Subtracting initial fluorescence from maximum fluorescence gives maximum variable fluorescence, which can then be used as an indicator of photosynthetic potential.


Chlorophyll (a) was extracted from zooxanthellae with acetone and filtered.  The homogenate was placed in a spectrophotometer and absorbance at 663 and 630 nm was recorded.  Densities of zooxanthellae were obtained per unit coral area by hemocytometer counts.  Surface area was calculated by wrapping coral heads in aluminum foil, weighing the foil and comparing to a standard curve for surface area versus weight.

Results:


Results for the temperature experiments showed that although the different species showed different rates of change, the changes that were produced were the same.  Montastrea annularis showed no change at 26 or 30 degrees Celsius, and neither did any of the other coral species.  At 32 degrees Celsius, this coral showed significant drops in photosynthetic rate, P:R ratio and photosynthetic efficiency before there was a drop in zooxanthellae density.  At 34 degrees Celsius, all ratios concerning photosynthesis dropped to zero at 24 hours, but until coral death occurred at 19 hours, no change was observed in zooxanthellae density.  Agaricia lamarcki showed a similar pattern of change but was slower to react to temperature changes, as did Agaricia agaricites.  However, Montastrea cavernosa showed no change in zooxanthellae density at any temperature, although photosynthetic indices did drop at 32 and 34 degrees Celcius.


In the ultraviolet light experiments, the largest drop in the photosynthetic potential as measured by fluorescence at 32 degrees Celsius was in the presence of ultraviolet-A light (320-400 nm) and blue light (395-495 nm).  In the control, no change in fluorescence values was observed.  This indicates that there is likely a link between temperature and light that effects the ability of zooxanthellae to perform photosynthesis effectively.

DNA damage induced by ultraviolet radiation in coral reef microbial communities

   (Lyons, et al, 1998) 

Materials and Methods:

In this experiment, the coral surface microlayer (CSM), a thin mucous layer extending a few millimeters above the coral’s surface, was analyzed for the presence of a DNA photoproduct.  This photoproduct results from the light-induced bonding of adjacent thymine bases in DNA and  is illustrated in Figure 2.  The goal of this experiment was to determine whether or not the bacteria present in the CSM protects the coral from the deleterious effects of ultraviolet light.  A secondary consideration was whether or not changes in the CSM could be used as a non-destructive method for the testing of coral UV damage.  Samples were collected at two reefs south of Key Largo in Florida.  Healthy colonies of the species Montastrea faveolata and Colpophyllia natans were selected and treated with autoclaved quartz sand; this was to stimulate the corals into producing new mucus.  SCUBA divers with wrist-mounted pumps collected the mucus, which was filtered from seawater with Teflon and was collected.  These samples were stored away from light until their laboratory analysis.  Seawater samples were taken at a similar time and depth and were also stored away from light.

In the laboratory, water samples were filtered onto 0.8 and 0.2 micron filters and frozen; microbes from the CSM were filtered onto 0.2 micron filters and were frozen.  Frozen filters were crushed and placed in 50 milliliter centrifuge tubes.  The tubes were treated with a specific chemical procedure for the determination of DNA photoproduct formation as described in Jeffrey et al. (1996a,b).   A radiometer was used to measure penetration of solar radiation into the water column.  Biomass and production were determined from subsamples at the laboratory by fluorescence microscopy direct counts of DAPI stain, chlorophyll (a) concentrations and particulate DNA concentrations.

Results:


Figure 3 shows the decreased photodamage in CSM samples as compared to water-column samples from similar depths.  As can be seen, the conditions found within the CSM afford some protection to the bacterial and eukaryotic microorganisms that live therein.  Many experiments have shown that the prescence of compounds called mycosporine-like amino acids absorb ultraviolet light at certain wavelengths (This is explained in detail in the next section).  However, the research on the CSM showed no evidence of a particular MAA as the mechanism of protection from ultraviolet light.  A peak with strong absorbance in the ultraviolet-B spectrum was detected but did not appear to be an MAA.  The alternate hypothesis was that the high dissolved organic carbon content of the CSM may have caused an attenuation of ultraviolet light.  

Also noted was a difference in the damage in each species of coral.  It was seen that Colpophyllia natans showed more photodamage than Montastrea faveolata.  This was probably because the former produced at a faster rate.  This would mean that the older mucus, which would be more carbon rich, would be replaced faster, and therefore less apt for the attenuation of ultraviolet light.

Ultraviolet absorbing compounds in Pocillopora damicornis (Jokiel, et al, 1997)

Materials and Methods:

Specimens of the coral in question were collected during summer of 1984 and again during 1991 from depths of one to seven meters.  The freshly collected specimens were used for laboratory analysis and additionally ultraviolet radiation was measured at various depths as illustrated in Table 1.  The presence of certain ultraviolet absorbing compounds, called mycosporine-like amino acids (MAAs) were known.  These amino acids (mycosporine-glycine, palythine and palythinol) were tested for based on depth and distance from tip of the branch.  The corals being tested were extracted in three volumes of 70 % methanol and were filtered, distilled under vacuum and tested via high performance liquid chromatography.  Peaks were detected at 313 nanometers and were baseline corrected and integrated.  Using molar data, concentrations of the amino acids in question could then be calculated.

Results:

Figures 4 and 5 show graphically the concentrations of MAAs at increasing depth and at increasing distance from branch tips.  As can be seen, concentrations increased both with increasing depth and with increasing distance from the tip of the branch.  These factors were correlated to known factors of higher water flow at shallow depth and total amount of photosynthetically active radiation.  What is shown is that corals in shallower waters produce more MAAs because of two different reasons.  The first is that corals in shallow waters are exposed to a great deal of photosynthetically active radiation and can thus produce more of the amino acids because of increased metabolic rate.  Secondly, the shallow water specimens have more of a need for these compounds as they have a much greater degree of exposure to the detrimental effects of photosynthetic light.

Discussion:


The research discussed in this paper deals with two factors that cause coral bleaching, ultraviolet radiation and temperature.  Although it seems at this time that temperature may be the more influential factor with regard to bleaching events, studies concerning ultraviolet light’s effects on coral are very new.  However, whether these factors contribute equally or one eclipses the other, this problem is not likely to improve.  This is because of the contribution of man to the factors that are directly dangerous to corals.


Considering temperature, studies seem to strongly indicate that increased emissions of carbon dioxide are raising the global temperature (Freedman, 1995).  If there is a global increase in temperature by as little as one degree Celsius, many species of coral will experience bleaching and will die.  Although Cohen et al. (1997) show that 50% of the coral species rebounded after the 1996 bleaching, the temperature disturbance was fairly short.  In the event of a longer disturbance, coral fatalities would in all likelihood increase tremendously.  This is due to the fact that corals live close to their upper thermal limit in summer months.  As shown by Fitt and Warner (1997) this may be because the zooxanthellae are unable to photosynthesize efficiently at higher temperatures.  It has also been shown that the digestive cells of the coral host detach from the mesoglea and are expelled from the coral animal through the coelenteron as a stress response (Fitt and Warner 1997).   The zooxanthellae are found within these cells and so are expelled from the coral.  It is hypothesized that both animals may be responsible for the breakdown in symbiosis seen to occur during bleaching.


Ultraviolet light has been shown to be an important component in the bleaching of many species of coral; additionally, some corals that show little damage in high temperatures are damaged when temperature is combined with increase in ultraviolet light, especially Montastrea cavernosa.  The mechanism of ultraviolet damage to coral is not yet fully understood but may involve ultraviolet A light and light in the blue spectrum causing DNA damage by photochemically catalyzed bonding of adjacent bases (Lyons, et al. 1998).  The mycosporine-like amino acids are unable to block radiation in this region of the spectrum.  This is most likely because ultraviolet A and blue light are important in photosynthesis, and so blocking of these wavelengths would be detrimental to the health of the coral.


Again, there is an anthropogenic factor to be considered.  It has been documented that many chemicals produced by mankind contribute to the destruction of the ozone layer in the upper stratosphere.  Although chlorofluorocarbons are now banned, other chemicals, including the various compounds of chemical formula NOx are implicated in the destruction of atmospheric ozone.  Ozone is responsible in large part for the absorption of detrimental ultraviolet light due to its high reactivity; its destruction would mean increased penetration of harmful rays and increased damage to corals.


One factor that is only tangentially related to coral beaching but is a major contributor to death of corals is the increase of nutrient input into seawater along tropical coasts.  This is not a direct cause of bleaching, but the increased shading produced by macroalgae can drop light intensities that reach the coral, therefore catalyzing bleaching.  What has been seen is that macroalgae which are usually nutrient-limited by nitrogen or phosphorus are suddenly able to increase and overgrow coral (LaPointe, 1997).  If corals are already weakened by high temperature and then have to compete for space and light with algae, it is unlikely that they would succeed.  

Although some of the nitrogen and phosphorus that reaches coral reefs comes naturally because of storm surges and river discharges, the majority seems to be anthropogenic. In Jamaica, for example, nitrogen seems to be coming from groundwater, predominantly due to the fertilization of agricultural lands near the coast (LaPointe, 1997). The increased nutrients can instantly support much larger algae populations and so overgrowth begins.  There is also a synergistic effect at work.  Man removes grazers, particularly the sea urchins, at outstanding rates (Hughes, 1994).  Therefore the algae can grow even faster and more extensively, contributing to more coral death and therefore more substrate for new algae.  This dangerous spiral can result in the clearing of large areas of coral from reef habitats.

Conclusions:


Coral reefs are extremely important environments at which a high biodiversity of different fish and invertebrate species is maintained.  Economically speaking, a number of species found exclusively in reefs are commercially valuable, or are food species of commercially valuable species (Winiarski, 1998).  Additionally, coral reefs serve as natural barriers to storms and indeed, even to the erosional effects of average waves, preventing a good deal of potential property damage along tropical shores.  Ecotourism of reef sites, especially SCUBA diving and snorkeling, generates a great deal of income as well.  Aesthetically, the limestone formations of coral reefs are valuable because of their unique and otherworldly beauty.  It would seem obvious that this habitat is worthy of our best efforts to prevent its decline.


Luckily, the steps that need to be taken to protect coral reefs are steps that have already been recognized as globally detrimental environmental problems.  The most immediately dangerous problem for the coral reefs is the increased emission of fossil fuels potentially causing global warming.  Although there is no absolute proof of this occurrence, the evidence seems much too strong to explain as mere coincidence (Freedman, 1995).  World governments seem convinced; there was a meeting held in November of 1998 in Buenos Aires, Argentina of representatives from over 150 countries to complete work on an emissions treaty begun in 1997 in Japan (Winiarski, 1998).  Hopefully, a resolution will be reached in which fossil fuel emissions will be minimized to the extent that global warming will be controlled.

Controlling emissions of compounds harmful to ozone is similarly being tackled, and as mentioned above, the use of CFCs is globally banned.  Although it is probably impossible to ban NOx compounds as their emission is a by-product of many useful and commercially important practices, emissions of these compounds must be strictly controlled.  The effects of ultraviolet radiation are not only harmful to coral, but are also detrimental to the health of human beings. 


I discovered through researching this report that one of the potentially most dangerous factors affecting coral does not even necessarily cause bleaching.  Increased nitrogen and phosphorus coupled with the removal of predators may be the most dangerous pressure on the reef (Hatcher and Larkum, 1997).  The effect of eutrophication on surface waters is well known and extensively studied, but the ocean is generally not considered.  As can be seen by the effects on the fragile reef ecosystem, the oceans must also be protected from the detrimental effects of eutrophication.  Controlling nitrogen and phosphorus inputs along coastal shorelines, especially in the Caribbean, must be immediately undertaken.


Fortunately, it seems that if we can change our environment so that it is better for us, a beneficial by-product will be that we will be protecting coral as well.  However, coral is still a very fragile animal and is still in danger.  Reefs must be protected specifically and extensively if we are to preserve the use of this resource in the future.
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