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Physiological differences between coral tips and bases during bleaching David Scudder and Lindsay Borg Advisor: Dr. Sophie Dove 1 April 2006 Abstract: We investigated the physiological differences between coral tips and bases during bleaching. Our research focused on three questions: (1) How do the tips and bases of coral branches physiologically differ during a bleaching event? (2) How do the tips and bases respond differentially to further heat stress? (3) How will the light pressure on photosynthesis differ between tips and bases, and before and after further heat stress? We found that initially the tips have less chlorophyll per zooxanthellae and less zooxanthellae than the bases. With further heat stress, both tips and bases lost zooxanthellae at equivalent rates. This suggests that tips and bases may have different starting points, either due to acclimation to light conditions or issues relating to coral growth. Our fluorescence measurements did not reveal a significant difference in light pressure either between tips and bases or before and after heat stress. We also found evidence of one colony (Colony 4) which responded to further heat stress by losing chlorophyll per zooxanthellae instead of the actual zooxanthellae cells. This suggests a different mechanism of bleaching, possibly brought about by genetic variation in the host and/or symbiont.



Introduction: Coral reefs are the most impressive and diverse ecosystems on the planet, with hundreds of thousands of species existing together in complex symbioses (HoeghGuldberg 1999). These relationships, especially the symbioses between corals and their resident dinoflagellate algae (zooxanthellae), allow coral reefs to be areas of extremely high productivity surrounded by an oceanic low-nutrient desert (Hoegh-Guldberg 1999). In addition to their intrinsic beauty and biodiversity, coral reefs are incredibly important to humans. Tourism is a major economic asset for countries near coral reefs. The Great Barrier Reef (GBR) alone brings in approximately $US1 billion every year (Hoegh-Guldberg 1999). Reefs also are vital for their fisheries: in developing countries for subsistence fishing and in general for commercial fishing. Furthermore, they are a major source of new biomedical compounds and drugs as they continue to be studied by scientists. Finally, they provide protection for the coast from oceanic weather and currents (Hoegh-Guldberg 1999). All of these benefits are at risk if coral reefs are damaged or lost. The reefs currently are at risk. Among other things, they are under threat from coral bleaching. Since 1979, there have been six mass bleaching events causing coral damage and mortality throughout the world (Hoegh-Guldberg 1999). These mass bleaching events are caused by elevated sea surface temperatures and aggravated by high light (Hoegh-Guldberg 1999). The actual thermal threshold for bleaching differs by region, but for the Southern GBR this threshold is 28.3°C (Hoegh-Guldberg 1999). This summer (2006), the Great Barrier Reef experienced another bleaching event. The mean sea temperature for the two weeks prior to our research was 28.18±1.34°C – with daily fluctuations, the thermal threshold for bleaching was crossed (Dove, unpublished). Heat and light can both bleach corals independently, or they can work synergistically, as occurs in mass bleaching events. While all parts of a coral colony



generally experience the same amount of heat, the different parts can have drastically different light environments. The tips of coral branches are exposed to the sun and receive much more light than the bases, which are shaded by the coral branches. Thus for our research, we investigated the physiological differences between the tips and bases of coral branches to determine how light exposure influences bleaching. Our investigation centered around three main research questions: (1) How do the tips and bases of coral branches physiologically differ during a bleaching event? (2) How do the tips and bases respond differentially to further heat stress? (3) How will the light pressure on photosynthesis differ between tips and bases, and before and after further heat stress? A further review of the literature was conducted to form initial hypotheses for each of these questions. While all bleaching involves a loss of pigment, there are three proposed mechanisms for what is actually occurring (Fig. 1). By one mechanism, the entire host coral cell is lost along with its accompanying dinoflagellates (Gates et. al. 1992). By the second, the zooxanthellae cells are expelled from their coral hosts. By the third, chlorophyll per zooxanthellae is lost, but the actual dinoflagellate cells are not lost. Loss of zooxanthellae cells is generally associated with bleaching from heat-stress (Hoegh-Guldberg & Smith 1989) while loss of chlorophyll per zooxanthellae cell is associated with light-stress (Falkowski & Dubinski 1981). (A)



(B)



(C)



Figure 1. Mechanisms of bleaching. (A) Corals bleach by losing entire coral cells with accompanying dinoflagellates (Gates et. al. 1992). (B) Corals bleach by losing zooxanthellae, generally associated with heat-stress (HoeghGuldberg & Smith 1989). (C) Corals bleach by losing chlorophyll per zooxanthelle cell, generally associated with lightstress (Falkowski & Dubinski 1981).



Regardless of the bleaching mechanism, the disruption of the coralzooxanthellae symbiosis is thought to be caused by the formation of reactive oxygen species. There are two models for how these reactive oxygen species are formed. In the photoinhibition model, there is damage to the dark reactions of photosynthesis (Jones et. al. 1998). This creates a back-up for the entire process, and energy is shunted off to form the destructive oxygen species. Another version of the photoinhibition model involves damage to the D1 protein, a reaction center for photosystem II (PSII) (Warner et. al. 1999). The non-photoinhibition model involves a loss of the pH gradient due to holes in the thylakoid membrane (Tchernov 2004). This causes a breakdown of the xanthophyll cycle, a process for safely managing excess light energy, and again the energy goes to form reactive oxygen species. This damage to photosynthesis can be assessed by fluorescence measurements. When light is shined on PSII, it can either be taken in for photosynthesis (photochemical quenching), be released as heat (non-photochemical quenching), or be emitted as fluorescence (Maxwell & Johnson 2000). A bright flash of light fills all the photosynthetic reaction centers, and the remaining energy is reemitted as fluorescence. By comparing this to a baseline, one can determine the quantum yield of PSII. Light



pressure (Qm), relates the yield at midday (ΔF/Fm’) to the yield at dusk (Fv/Fm) according to the following formula (Iglesias-Prieto et. al. 2004): Qm = 1 - [(ΔF/Fm’ at noon) / (Fv/Fm at dusk)]



(1)



A high light pressure (Qm→1) means that photosynthetic capabilities are much less during the day than at night, indicating a lower overall ability utilize light. A low light pressure (Qm→0) means that the photosynthetic capabilities at night and day are equivalent, indicating a large ability to utilize light. Thus light pressure relates to photosynthetic efficiency and stress level: a high light pressure indicates high stress and low efficiency, while a low light pressure indicates low stress and high efficiency. It is often observed that the exposed tops of corals bleach first (Hoegh-Guldberg 1999). However, there is also evidence for acclimation. During a 1995 bleaching event in Thailand, Brown observed corals that bleached only on their eastern sides, but it was the western sides that had higher light exposure. Brown theorized that the western sides may have acclimatized to the harsher, high light conditions, and this somehow protected them from bleaching (Brown 1997). In light of this information, initial hypotheses were formed for each of the research questions. The questions and their accompanying hypotheses are shown in Table 1. Table 1. Research questions and hypotheses.



Question



Hypothesis



1. How do the tips and bases of coral branches physiologically differ during a bleaching event?



Tips will have less chlorophyll per zooxanthellae because they are exposed to different light environments, but not necessarily less zooxanthellae than bases because they are exposed to the same temperature environments. Bleached tips will do better in elevated temperatures because they have acclimatized to harsh (high light) conditions. Both will show a decrease in zooxanthellae but bases will show decreases at a faster rate. Bleached tips will have a higher light pressure than bases because they have less chlorophyll to quench incoming photons. Light pressures will increase after corals have been subjected to additional heat.



2. How do the tips and bases respond differentially to further heat stress? 3. How will the light pressure on photosynthesis differ between tips and bases, and before and after further heat stress?



Materials and Methods: Field Conditions Measurements and Sampling Method: An area of Acropora aspera was selected on the reef flat off of Heron Island (23°33’S, 151°54’E). A. aspera was selected for testing because it is readily available on the Heron Island reef flat, and it exhibits bleaching under thermal stress. A light logger was placed at the top of one colony of coral and the light conditions were measured for seven days. After four days, a second light logger was placed within the coral to measure light conditions inside for the remaining three days. At the end of this time, nine branches were picked from each of four different colonies of A. aspera. Branches were selected that were bleached at the tips and



unbleached at the base, and all branches were chosen from the middle of the colony for homogeneity of samples. Experimental Design (Fig. 2): To determine the physiological differences between tips and bases during a bleaching event, three samples were set aside from each of the four colonies. A segment from the tip and base of each sample branch was processed to determine the physiological characteristics. To assess the change after further heat stress, tips and bases from the remaining samples were placed upright in racks in four seawater tanks. Three tips from each colony were placed in the first tank, and the other three tips per colony were placed in the second tank. The bases were likewise distributed in the remaining two tanks. The tanks were heated to 32°C, and the corals were allowed to sit for 42 hours. To mimic the natural light regime, the two tanks with the tips were exposed to full sunlight, while the tips with the bases were covered in shade cloth. Throughout the experiment, temperature and light loggers were continuously recording data. At the conclusion of the heating period, all of the coral samples were processed to determine their physiological characteristics. (A)



(B)



(C)



Figure 2. Experimental design. (A) 3 tips and bases from each colony are taken for initial measurements. (B) 6 tips from each colony are placed in 2 tanks and subjected to further thermal stress and full sunlight. (C) 6 bases from each colony are placed in 2 tanks and subjected to further thermal stress. These tanks are covered in shade cloth to mimic environmental light conditions.



Physiological Measures: To determine the mechanism and impact of bleaching, host protein concentration (a proxy for coral host cell concentration), zooxanthellae concentration, and chlorophyll concentration were measured in the lab. To normalize between samples, the surface area was also determined. To begin processing, each sample was water-piked in 50 mL of seawater to remove coral tissue, and the skeleton was set in the oven to dry. The homogenate was spun down at 5000 ×g for 5 minutes to separate dinoflagellates from the water soluble fraction. The host protein concentration was determined by the spectrophotometric method (Whitaker & Granum 1980). Absorbance at 235 nm and 280 nm was measured on a Shimadzu UV-2401PC UV-Vis Recording Spectrophotometer, and protein concentration was calculated by the following formula: Protein conc. (mg ml-1) = ((A235 – A280) / 2.51) x dilution factor



(2)



The dinoflagellate fraction was resuspended in seawater, and 1 ml was set aside and diluted as needed for cell counting. The dinoflagellate cells were counted by haemocytometer under microscope, with six counts taken and averaged for each sample. To measure chlorophyll concentration, the remaining dinoflagellate fraction was spun down again, resuspended in 5 ml acetone, and allowed to sit overnight in the freezer. The samples were spun down once more and absorbance was measured at 630, 663, and 750 nm. Chlorophyll a and chlorophyll c concentrations were determined by the following formulas (Duncan & Harrison 1982): Chl a (µg/ml) = (11.47*(A663 - A750)) – (0.4*(A640 - A750)) Chl c (µg/ml) = (24.36*(A663 - A750)) – (3.73*(A640 - A750))



(3) (4)



The surface area of each sample was determined by double dipping the skeleton in wax at 65°C and finding the mass (Stimson & Kinzie 1991). The following calibration formula was used: Surface area (cm-2) = (wax 1 (g) – wax 2 (g)) x 29.2



(5)



Fluorescence Measurements: To determine the light pressure on photosynthesis, fluorescence measurements were taken on a Walz IMAG-MAX/L imaging pulse amplitude modulated fluorimeter (IPAM). Measurements were taken for four tips and four bases, kept in the same orientation each time. At the beginning and end of the heating period, initial and final measurements were taken at 6 AM. During the experiment, measurements were taken for two consecutive days at 11 AM and 6 PM. The light pressure was determined by comparing the effective quantum yield of PSII at midday (ΔF/Fm’) to dusk (Fv/Fm) according to Equation 1. Data analysis: The data was statistically evaluated by repeat measure analysis of variance (ANOVA). The categorical factor was Colony, and the within-subject factors were bleaching Status (tip or base) and either Time or Tank. The required level of significance was p


the experiment. While there was some daily fluctuation, the temperature was maintained at an average of 31.64±1.04°C, significantly higher than field temperatures and the southern GBR bleaching threshold of 28.3°C (Hoegh-Guldberg 1999). Fig. 3C shows the field light logger data for the seven days prior to the experiment, and Fig. 3D shows the experimental light logger data. A comparison of the graphs shows that experimental light levels (both shaded and unshaded) were lower than light levels in the field. However, the shaded tanks did receive less light than the unshaded tanks, as in the field, and a similar cycle of light levels was maintained. (B) 34
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Figure 3. (A) Field temperature data for the Heron Island reef flat for the two weeks prior to the experiment (Dove, unpublished). (B) Experimental temperature data from the heating tanks. (C) Field light data for the Heron Island reef flat for the seven days prior to the experiment. (D) Experimental light data from the heating tanks.



Initial Differences between Tips and Bases: By visual observations, the tips appeared much more bleached than the bases. This was confirmed by measurements of total chlorophyll concentration (Fig. 4A). The tips had an average chlorophyll concentration of 6.40±0.86 µg cm-2, while the average base chlorophyll concentration was 28.45±8.83 µg cm-2.



The tips similarly had a much lower initial concentration of chlorophyll per zooxanthellae cell than the bases did (Fig. 4B). The average concentration of chlorophyll per cell for the tips was 57.49±4.44 pg cell-1, while for the bases it was 114.24±11.45 pg cell-1. This difference agreed with our original hypothesis. There was no major difference in the initial total protein concentration between tips and bases (Fig. 4C). The average protein concentration for the tips was 4.95±0.34 mg cm-2, while for the bases it was 5.56±1.59 mg cm-2. Therefore, tips and bases had roughly equivalent concentrations of coral host cells. This remained in line with our hypothesis. However, contrary to our hypothesis, the tips had lower zooxanthellae concentrations than the bases did (Fig. 4D). The tips had an average of 1.12±0.12 × 105 cells cm-2, while the bases had an average of 2.52±0.60 × 105 cells cm-2. Thus our hypothesis for the initial differences between tips and bases was only partly correct. The tips did have a lower concentration of chlorophyll per zooxanthellae cell, but they also had a lower concentration of dinoflagellate cells. (B) 40 35 30 25 20 15 10 5 0
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Figure 4. (A) Total chlorophyll concentration. (B) Chlorophyll per zooxanthellae concentration. (C) Total protein concentration. (D) Zooxanthellae concentration. ** indicates p


Differential Response to Further Heat Stress: The ANOVA analysis allowed an assessment of the significance of changes through time. There was no significant change in protein concentration (p=0.175), as shown in Fig. 4C. There was similarly no significant change in chlorophyll per zooxanthellae cell (p=0.284), as shown in Fig. 2B. The tips remained at a lower average concentration than the bases. There was, however, a significant decrease in zooxanthellae concentration (p=0.008), as shown in Fig. 4D. This decrease of zooxanthellae was in agreement with our predictions, so our hypothesized mechanism of bleaching was correct. We were further interested in determining if tips and bases were losing their zooxanthellae at the same rate. This question could be answered by the ANOVA analysis, which tested for an interaction between Time and Status. Contrary to our predictions, there was no significant interaction between Time and Status (p=0.239). Both tips and bases lost zooxanthellae at the same rate. The tips went from an average concentration of 1.12±0.12 × 105 cells cm-2 to 3.15±0.37 × 104 cells cm-2. The bases went from an average of 2.52±0.60 × 105 cells cm-2 to 9.09±1.16 × 104 cells cm-2. This disproved our hypothesis that the bases would lose zooxanthellae at a faster rate than the tips.



0.5 Qm Average



Light Pressure on Photosynthesis (Fig. 5): The Qm average for the tips appeared to be slightly higher than for the bases. However, with the error bars, this difference was not significant (p=0.376). Thus our hypothesis that the tips would have a higher light pressure was not confirmed by our data. There likewise was no significant change with time for either the tips or the bases (p=0.876). Our hypothesis that there would be an increase in light pressure was not confirmed.
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Figure 5. Qm average for tips and bases on Day 1 and Day 2. Error bars indicate plus or minus the standard error.



Colony Effect: There was also evidence of a Colony effect. This was suggested by several indicators. The Tank analysis for zooxanthellae concentration showed a significant Status*Colony interaction (p=0.037). The Tank analysis for chlorophyll per zooxanthellae showed a significant Colony interaction (p=0.001) and a significant Colony*Status (p=0.028). There was also a Time*Colony interaction that was almost significant (p=0.073). These factors indicated that the colonies were not all behaving similarly, and post-hoc SNK testing revealed that Colony 4 was the anomaly. Colony 4 exhibited a higher final concentration of zooxanthellae in its bases (Fig. 6A). Also, both the tips and bases of Colony 4 had lower final chlorophyll per zooxanthellae concentrations than the



other colonies (Fig. 6B). These factors cancelled each other out so that in total chlorophyll concentration, Colony 4 behaved similarly to the other colonies (Fig. 6C). This means there was no visual difference between Colony 4 and the other colonies. While most of the corals bleached under further thermal stress by losing zooxanthellae, there was evidence that Colony 4 may have bleached by losing chlorophyll pigment per zooxanthellae cell. The average for the tips dropped from 66.38±2.01 pg cell-1 to 40.05±5.00 pg cell-1, and the average for the bases dropped from 90.90±37.75 pg cell-1 to 62.30±3.02 pg cell-1. However, the drop for the bases may have been even more dramatic but was obscured by human error. A large portion of one of the initial Colony 4 base samples was spilled and had to be diluted, ultimately giving a concentration of 15.80 pg cell-1, a value far lower than the average initial base concentration for all colonies, 114.24±11.45 pg cell-1. If this value is discarded, then the chlorophyll per cell concentration for the bases actually dropped from 128.46±6.73 pg cell-1 to 62.30±3.02 pg cell-1, a drop of more than 50%. Because discarding the anomalous value would only leave two samples, this dramatic drop cannot be stated with statistical significance. Nevertheless, it appears that Colony 4 bleached under further thermal stress by losing chlorophyll per zooxanthellae, not the actual zooxanthellae cells. (B)
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Figure 6. (A) Final zooxanthellae concentration by colony. (B) Final chlorophyll per zooxanthellae concentration by colony. (C) Final total chlorophyll concentration by colony. Error bars indicate plus or minus the standard error.



Results Summary: For a summary of the trends found in our data compared with our original research questions and hypotheses, see Table 2. For a complete listing of p-values from the ANOVA analysis, see the Appendix.



Table 2. Summary of Results.



Question



Hypothesis



Actual



1. How do the tips and bases of coral branches physiologically differ during a bleaching event? 2. How do the tips and bases respond differentially to further heat stress? 3. How will the light pressure on photosynthesis differ between tips and bases, and before and after further heat stress?



Tips have less chlorophyll. Tips and bases have equal zooxanthellae concentrations. Both lose zooxanthellae, but bases lose them at a faster rate.



Tips do have less chlorophyll per zooxanthellae, but also less zooxanthellae. Both do lose zooxanthellae, but rates are equivalent.



Tips have higher light pressure. Light pressures increase over time.



No significant difference between tips and bases or between time 1 and time 2



Discussion: There are two competing lines of thought that predict differences in bleaching between tips and bases of coral branches. “Conventional wisdom” says that light exacerbates thermal bleaching. Therefore, the tips, which are exposed to higher light, should experience worse bleaching. This is illustrated in Fig. 7A. The bases, characterized by the blue arrow, do see a loss of pigmentation, but the tips, characterized by the gold arrow, see a much faster decline. In opposition to this is the idea of acclimation, as suggested by Brown’s observation of coral bleaching in Thailand (Brown 1997). This viewpoint posits that the tips are used to high levels of stress from being exposed to high light conditions. Therefore, they will not be damaged as badly by further stress. This is illustrated in Fig. 7B, where the tips show a much slower decline than the bases. Our data showed that neither of these things was occurring. Instead, the tips and bases lost zooxanthellae at equivalent rates. This is illustrated in Fig. 7C, where the tips and bases show a parallel decline. (A)
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Figure 7. (A) Projected bleaching impacts on tips and bases by “conventional wisdom.” Tips show a much faster decline than bases. (B) Projected bleaching on tips and bases by the acclimation hypothesis. Tips show a slower decline than bases. (C) Actual trend observed. Tips and bases decline at equivalent rates.



One possible explanation for our results is that the tips and bases simply have different starting points, adjusted to light condition. The tips begin with less



Pigmentation



zooxanthellae and less chlorophyll per zooxanthellae to accommodate high light conditions, while bases begin with more zooxanthellae and chlorophyll per zooxanthellae for lower light conditions. When the light environment is maintained, the tips and bases respond to thermal stress similarly, showing a parallel decline. This is a compromise between the “conventional wisdom” and the idea of acclimation: the tips are acclimated to high light just enough that they show a pattern of thermal bleaching similar to the bases. Another explanation for why the tips and bases would have different starting points is coral growth. As new cells are rapidly generated, zooxanthellae populations cannot keep up, so zooxanthellae levels are lower in the tips. Oliver (1984) found that the growing tips of Acropora formosa have less zooxanthellae than bases. It may be that something similar is occurring in A. aspera colonies. These explanations of different starting points would nicely explain why there were lower initial levels of zooxanthellae in the tips, Bases – Low Light and also why tips and bases then showed equivalent declines when subjected to further heat stress. However, our data cannot make definitive statements about starting points because of our initial conditions. The average Tips – High Light zooxanthellae concentration in coral is 0.5×1066.0×106 cells cm-2 (Hoegh-Guldberg 1999). Our Bleaching is visible initial base average, where the zooxanthellae levels should have been highest, was only Time 0.25×106 cells cm-2. This means that the bases had already begun to bleach; it simply was not yet visible. This is illustrated in Fig. 8. Bleaching Figure 8. Bleaching is visible only when the red line is crossed, but physiological changes have is only observed once pigmentation levels have begun long before. gone under the red line, but the actual decline begins long before. We did see a clear difference between tips and bases in our measurements. However, we cannot say what the actual starting points are for tips and bases because our initial readings were taken during a bleaching event. This means there is a need for further research. The initial differences between tips and bases should be tested during non-bleaching conditions to determine if tips and bases actually start with different levels of zooxanthellae and chlorophyll per dinoflagellate cell. It is possible that our explanation is wrong, that the initial levels are actually equal, and the tips show an earlier decline when temperature increase due to high light conditions. It would also be interesting to attempt a switching of light environments, putting the bases in high light and the tips in low light. While this is not comparable to something which occurs in nature, it may give insight into the mechanism. If the bases and tips then show vastly different rates of decline, it would suggest that the tips are initially acclimatized to higher light in some way. No trends can be seen in our IPAM data. There is enough noise that we also cannot make statements about equivalence of tips and bases or initial and final times. Likely more replication is needed to begin to see trends. It appears that the tips had a



slightly higher Qm average than the bases. This trend may have become more evident if more samples had been tested. Unlike the other colonies, Colony 4 exhibited a loss of chlorophyll per zooxanthellae instead of a loss of zooxanthellae cells with thermal stress. This suggests that it is bleaching by a different mechanism. One possible cause of this is genetic variation in the host and/or the symbiont. Acropora species do have some variation in symbiont type and also have light zonation in their types of symbionts (Van Oppen et. al. 2001). There is also evidence of “sun loving” and “shade tolerant” symbionts (Iglesias-Prieto 2004). Colony 4 may have some analogous genetic difference that causes it to bleach by losing chlorophyll per zooxanthellae cell. Here again, further research is necessary. There is a desperate need for replication. We cannot say anything definitive about Colony 4’s behavior because we had too few samples, and the samples we did have were marred by human error. Further replication would reveal if the loss of chlorophyll per zooxanthellae for which we saw evidence was actually occurring. Further study should also include genetic typing to determine if the genotype of the host and/or symbiont for Colony 4 actually differs significantly from the other colonies. This was a preliminary study with definite limitations. Both sample size and time were serious limitations. If future research can draw on a larger sample population over a longer period of time, hopefully the trends which we began to observe will become more distinct. This experiment was also limited by human error, as we were using techniques we had just learned in class. The discrepancy in the initial Colony 4 chlorophyll tests is a prime example of this. Finally, our replication of the natural light regime was imperfect. Both tips and bases were receiving less light than they would receive on the reef flat. In future studies, it would be profitable to test how coral respond to further thermal stress in a variety of light environments to further understand how light and heat combine to cause coral bleaching. This experiment demonstrated that coral bleaching is in fact quite complex. There are many mechanisms and theories proposed to explain how it occurs. Our data, especially the differences between Colony 4 and the other colonies, suggest that likely a combination of the mechanisms occur in nature. As research continues, hopefully this complexity can be better understood. References: Brown, B. E. (1997). Coral bleaching: causes and consequences. Coral Reefs 16: S129-S138. Duncan, M. J., and Harrison, P. J. (1982). Comparisons of solvents for extracting chlorophylls from marine macrophytes. Bot. Mar. 25: 445-447. Falkowski, P. G. and Dubinsky, Z. (1981). Light-shade adaptation of Stylophora pistillata, a hermatypic coral from the Gulf of Eilat. Nature. 289: 172-174. Gates, R. D., Bagiidarsarian, G., and Muscatine, L. (1992). Temperature Stress causes host cell detachment in symbiotic cnidarians: implications for coral bleaching. Biol. Bull. 182: 324-332. Hoegh-Guldberg, O. (1999). Climate change, coral bleaching, and the future of the world’s coral reefs. Mar. Freshwater Res. 50: 839-866. Hoegh-Guldberg, O. and Smith, G. J.(1989). The effect of sudden changes in temperature light and salinity on the population density and export of zooxanthellae from the reef corals Stylophorapistillata (Esper 1797) and Seriatopora-hystrix (Dana 1846). J. Exp. Mar. Biol. Ecol. 129: 279304.



Iglesias-Prieto, R., Beltran, V.H., LaJeunesse, T. C., Reyes-Bonilla, H., and Thome, P.E. (2004). Different algal symbionts explain the vertical distribution of dominant reef corals in the eastern Pacific. Proc. R. Soc. Lond. B 271: 1757-1763. Jones, R., Hoegh-Guldberg, O., Larkum, A. W. L., and Schreiber, U. (1998). Temperature induced bleaching of corals begins with impairment of dark metabolism in zooxanthellae. Plant Cell and Environment 21: 1219-1230. Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence-a practical guide. J. Exp. Botany 51: 659-668. Oliver, J. K. (1984). Intra-colony Variation in the Growth of Acropora formosa: Extension Rates and Skeletal Structure of White (Zooxanthellae-free) and Brown-Tipped Branches. Coral Reefs 3: 139-147. Tchernov, D., Gorbunov, M. Y., de Vargas, C., Yadav, S. N., Milligan, A. J., Haggblom, M., and Falkowski, P. G. (2004). Membrane lipids of symbiotic algae are diagnostic of sensitivity to thermal bleaching in corals. PNAS 101: 13531-13535. Stimson, J., and Kinzie, R. A. (1991). The temporal pattern and rate of release of zooxanthellae from the reef coral Pocilliopora damicornis (Linnaeus) under nitrogen-enrichment and control conditions. J. Exp. Mar. Biol. Ecol. 153: 63-74. Van Oppen, M. J. H., Palstra, F. P., Piquet, A. M.-T., and Miller, D. J. (2001). Patterns of coraldinoflagellate associations in Acropora: significance of local availability and physiology of Symbiodinium strains and host-symbiont selectivity. Proc. R. Soc. Lond. B 268: 1759-1767. Warner, M. E., Fitt, W. K., and Schmidt, G. W. (1999). Damage to photosystem II in symbiotic dinoflagellates: A determinant of coral bleaching. Proc. Natl. Acad. Sci. USA 96: 8007-8012. Whitaker, J. R., and Granum, P. E. (1980). An absolute method for protein determination based on differences between absorbance at 235 and 280 nm. Anal. Biochem. 109: 156-159.



Appendix: Table 3. P-values for ANOVA testing with Colony as categorical factor, Status and Time as within subject factors. (Significant values shown in red.)



Factors



Total Protein



Zoox. Conc.



Chl. Per Zoox.



Chl. Conc.



Colony



0.275



0.151



--



0.513



Time



0.175



0.008



0.284



0.039



Time*Colony



0.491



0.724



0.072



1



0.618 -6



Status



0.998



0.014



8.25×10



Status*Colony



0.784



0.630



0.058



0.497



Time*Status



0.463



0.239



0.327



0.137



Time*Status*Colony



0.388



0.468



0.507



0.411



1



0.010



Insignicant because data found to be inhomogeneous.



Table 4. P-values for ANOVA testing with Colony as categorical factor, Status and Tank as within subject factors. (Significant values shown in red.)



Factors



Total Protein



Zoox. Conc.



Chl. Per Zoox.



Chl. Conc.



Colony



0.128



0.104



0.001



0.473



Tank



0.450



0.481



0.350



0.502



Tank*Colony



0.503



0.132



0.401 -4



Status



0.547



1.47×10



Status*Colony



0.129



0.037



0.028



0.326



Tank*Status



0.036



1



0.986



0.545



0.641



Tank*Status*Colony



0.576



0.241



0.437



0.553



1



Shown to be unimportant by the post-hoc SNK test.



3.09×10



0.564 -5



1.74×10
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