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INTRODUCTION 

Hermatypic corals contain symbiotic algae, zooxanthellae, in their 

tissues and are therefore limited to the lighted zones of the ocean. 

Vigorous coral growth can occur to a depth of 100 meters, the approxi

mate depth of the euphotic zone (Vaughan & Wells, 1943). The apparent 

light dependence of corals indicates that the zooxanthellae play an 

important role in t!te ecology of hermatypic corals. This study investi

gates the responses of corals and their unicellular algae to changes in 

light intensity. Pigment responses, changes in algal density, and 

skeletal growth are studied for two species of hermatypic corals. 

It is well known that the zooxanthellae aid in the nutrition of 

corals by transferring products of photosynthesis, organic compounds, 

to the coral tissue (Goreau & Goreau, 1960; Muscatine, 1967, 1973; 

Muscatine & Cernichiari, 1969; Trench, 1971; Lewis & Smith, 1971). . The 

relative contribution of algal products and zooplankton to the total 

nutrition of the coral is still being investigated (Johannes et aI, 

1970; Goreau et aI, 1971; Porter, 1976; Wethey & Porter, 1976; .Muscatine, 

1973; Reimer, 1971). All hermatypic scleractinians have nematocysts and 

mesenterial filaments as well as enzymes suited for carnivorous feeding. 

Some Alcyonaceans and Zoanthids, however, have been found to be totally 

dependent on their zooxanthellae for nutrition. Zooxanthellae are also 

important in recycling wastes of animal metabolism such as respiratory 

CO2 , phosphates and ammonia (Yonge, 1931; Yonge & Nichols, 1931; Goreau, 

1963). 

Changes in coral growth form, calcification rate and coloration with 

dept}l on a reef have been attributed to the effect of light on the coral 
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and its symbiotic algae. Corals which inhabit a wide range of depths 

exhibit changes in morphology; reef species which are hemispherical in 

shallow water become flatter and less massive with increasing depth 

(Gareau, 1963; Dustan, 1975; MacIntyre & Smith, 1974; Graus & MacIntyre, 

1976). The axis of skeletal growth in flattened colonies is generally 

peripheral rather than vertical, as in shall growth forms. This flatten

ing of coral colonies has the effect of increasing the tissue/skeleton 

ratio. This has been interpreted by Gareau (1963) to be a result of 

normal tissue growth, due to an adequate food supply combined with a 

slow, algae-dependent, calcification rate at minimal light levels. The 

flattened growth form can be viewed as an adaptation to provide the 

coral colony with the maximum surface area exposed to light (MacIntyre 

& Smith, 1974). It is well,known that the zooxanthellae enhance calci

fication and that the calcification process is light dependent, but there 

is no agreement as to the mechanism involved (Goreau, 1963; Simkiss, 

1964; Muscatine & Cernichiari, 1969; Pearse & Muscatine, 1971; Barnes & 

Taylor, 1973). 

It has been suggested that corals actively control the numbers of 

zooxanthellae in their tissues by ejecting surplus algal cells to main

tain optimal population densities (Reimer, 1971; Drew, 1972; Yonge & 

Nichols, 1931). Drew (1972) quantitatively assessed population densities 

of zooxanthellae in a number of hermatypic corals from various depths. He 

found no significant difference in numbers of zooxanthellae per cm2 among 

genera or between depths with a single exception. A slight reduction in 

algal density was found at both depth extremes. This is consistent with 

the general finding that corals expel algae under stress conditions such 
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as high or continuous light, extreme salinities, reduced oxygen tension, 

temperature extremes, darkness, and starvation (Reimer, 1971; Goreau, 

1964) • 

The photosynthetic capabilities of zooxanthellae at various depths 

and light levels have been investigated by a number of workers (Ba+nes 

& Taylor, 1973; Wethey & Porter, 1976; Jeffrey & Haxo, 1968; Halldal, 

1968). The relationship between photosynthesis and light has been 

described as a rectangular hyperbola. The Michaelis-Menton equation 

h~s often been fitted to the photosynthesis-light relationship for the 

coral-zooxanthellae complex as well as for phytoplankton (Wet hey & 

Porter, 1976; Caperon & Meyer, 1972; Steeman-Nielsen & Jorgensen, 1968). 

Wethey & Porter (1976) compared the photosynthetic rates of "sun" and 

"shade" corals. The terms "sun" and "shade" corals refer to corals 
;. 

collected from environments subjected to high and low light intensities 

respectively. Colonies of the foliaceous species, Pavona praetoria, 

collected from 10 meters, and 25 meters depth at Enewetak were compared. 

The maximum photosynthetic rate was higher for the 10 m. individuals 

than for the 25 m. corals. The "shade" corals, however (25 m.) were 

found to be light saturated at a lower light intensity than'the shallow 

water colonies. This indicates that the "shade" corals are making 

efficient use of their photosynthetic machinery to obtain the'maximum 

possible photosynthetic rate. Wethey and Porter (1976) suggest that the 

high photosynthetic rate of the "shade" corals at low light levels is 

due to their greater ability to absorb light in the 450 nm. light range. 

A large volume of phytoplankton research has investigated the 

differences between "sun" and "shade" adapted algae (algal cultures 
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grown at high and low light intensities respectively) in their responses 

to changing light conditions (Steeman-Nielsen & Jorgensen, 1968; 

Steeman-Nielsen, 1973; Yentsch & Scagel, 1966; Ryther, 1956; Ryther & 

Menzel, 1959). These studies investigated the effects of changing light 

intensities on plant pigments, pigment ratios, enzyme systems, produc

tivity, cell size, and growth rate, primarily on green algae, diatoms, 

and mixed phytoplankton populations. Although no studies of this type 

have investigated the light responses of dinoflagellates, it is assumed 

that the results obtained for diatoms apply to the Dinophyceae, which 

include zooxanthellae. 

The present study compares the effects of different light inten

sities on the zooxanthellae of "sun" and "shade" corals. Two Hawaiian 

species of hermatypic coraJs were selected for this purpose: Cyphastrea 

ocellina, a shallow reef species, and Leptoseris irtcrustans, a species 

limited to deep reef zones as well as shaded environments on shallow 

reefs. 



METHODS 

Corals were collected in February 1976. Leptoseris incrustans 

specimens were collected from the underside of a ledge at Makua, off 
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the west coast of Oahu in approximately 10 meters of water. Cyphastrea 

oce11ina colonies were collected on a shallow patch reef near Heeia in 

Kaneohe Bay in 1 to 2 meters of water. All corals ranged from 5 to 

30 cm2 in surface area. All corals were placed in the same light 

environment for uniform preconditioning for a month prior to the start 

of the experiment. Two adjacent holding tanks at Coconut Island with 

running seawater and exposed to full sunlight were covered with 2 layers . 

of plastic window screening to reduce the light to a moderate level, 

approximately 35% incident light intensity. 

There was some initial mortality, especially among the ~ incrustans 

specimens during the acclimation period. After preconditioning, 5 

specimens of each species were sampled at the start of the experiment 

for baseline information. The.remaining corals were assigned at random 

to 4 light treatments, consisting of 1, 2, 3, and 4 layers of plastic 

window screening; this corresponds to approximately 50, 35, 20, and 10 

percent incident light intensity. There were 2 experimental tanks; each 

tank was divided in half; half of each tank represented 1 treatment. 

Treatments 1 and 2 were grouped together in a tank and treatments 3 and 

4 were placed together. Ten specimens of ~ incrustans and 13 specimens 

of ~ oce11ina were assigned to each experimental treatment. Each coral 

was placed on a ring of PVC pipe, attached at the edges with underwater 

epoxy cement. This was done to keep the coral off the bottom, out of 

the sediment, and oriented in a constant position. Two seacucumbers, 
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Holothuria cinerascens and Holothuria edulis, as well as 2 juvenile 

parrotfish, Scarus sp. were placed in each tank to "vacuum" sediment and 

crop the filamentous algae growing in the tanks. Sediment was also 

siphoned daily. 

Four days after the start of the experiment, alizarin dye 

(Alizarin-red-S), a vital stain, was introduced into the tanks at a 

concentration of 5 ppm. The inflow of water was stopped for 8 hours 

and the water in the tanks was vigorously aerated for that time period. 

The alizarin dye is taken up by the coral skeleton in the calcification 

process and can be used as a marker for measuring growth (skeletal exten

sion rate) (Barnes, 1972; Buddemeier & Kinzie, 1974; Dustan, 1975; 

Lamberts, 1973). Alizarin dye was found to be non-toxic to corals in 

concentrations less than 20 ppm (Lamberts, 1973). 

Light readings were made between noon and 1 PM on cloudless days 

with a Gossen Luna-Pro light meter in a submersible housing which 

measures illumination in lux. Readings were made just above the screens 

and at the level of the corals, under 21 cm. of water. Light readings 

were continuously recorded at HIMB by an Epply precision spectral 

pyranometer located near the experimental tanks. This instrument 

measures wavelengths in the 285 to 2800 nm. range, gives instantaneous 

light readings in langleys, and integrated solar energy over the entire 

day (Jokiel, HIMB memo.). Light meter readings, in lux, were compared 

with simultaneous readings from the pyranometer and converted to langleys 

by using a table in Strickland (1958). 

Flow rates (liters/min.) and water temperatures were measured daily. 

Sediment traps, consisting of glass jars, 22 cm. in diameter, were placed 
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in uniform position in both tanks at the level of the corals; sediment 

was collected at 2 day intervals. Sediment samples were filtered, dried 

and weighed; values were reported in mg/cm2/day. 

Corals were sampled on four dates: March 25, April 12, May 28, 

and June 28, corresponding to the beginning of the experiment, 2 week, 

2 month, and 3 month intervals during the experi~ent. The sampling 

procedure consisted of randomly drawing corals from each tank. On 

March 25, after one month of preconditioning in the 2 screen treatment, 

5 corals of each species were sampled; on April 12, 2 specimens of each 

species were removed from each treatment; on May 28, 3 corals from each 

species were sampled per treatment; on June 28, the remaining corals 

were sampled (24 ~ ocellina, 5 ~ incrustans). The coral tissue was 

removed from the skeleton with the use of a dental water-pik (Johannes 

and Wiebe, 1970). A high pressure stream of filtered seawater was 

directed at the coral sample, blasting the tissue off the skeleton into 

a large beaker. The tissue-seawater suspension was then homogenized in 

a Waring blender. One half of the tissue suspension was used for pigment 

analysis and the other half was used for counting zooxanthellae. 

The sample portion for counting zooxanthellae was centrifuged at 

7000 rpm. for 15 to 20 minu~es to reduce the sample to a smaller volume. 

Samples were then preserved with Lugols solution. Ten replicate cell 

counts were done for each sample on a haemocytometer under a compound 

microscope. The mean of the ten replicate counts was extrapolated back 
. 

to the original sample volume by the following relationship: 

# mI. (sample. vol.) 
.001 mI. (vol. of 10 

counting grids) 

M x 
(a multiplier) 

(mean of 10 x 2 
replicates) 
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For pigment analysis, the tissue suspension was filtered and the 

filter was extracted in 90% acetone for 1 to 2 weeks in the freezer. 

The pigment in the samples was then measured on a Beckman Acta II 

spectrophotometer using the method of Strickland and Parsons (1972). 

Carbon-Nitrogen analysis was done by filtering a 5 mI. sub-sample 

of the coral tissue suspension, freezing the filter for 1 to 2 weeks, 

drying the sample for 8 hours, and analyzing the sample on a Rewlett-

Packard model 185 CRN Analyzer. 

Coral surface area was the standard unit used in expressing cell 

counts, and pigment values. Surface area was calculated from the coral 

skeleton by fitting a piece of aluminum foil carefully over the sample 

to take into consideration the 3-dimensionality of the skeleton. The 

foil was removed, flattened, traced on a piece of paper, and the outline 

of each sample was cut out and weighed; the sample weights were compared 

2 to the weight of 1 cm of paper. 

Peripheral skeletal growth was measured on the corals sampled in 

May and June by using a micrometer on a dissecting microscope; the distance 

from the alizarin stain (a pink line) to the edge of the specimen was 

measured in millimeters. 

To determine if there were differences in tissue weight/cm2 between 

the 2 species, tissue dry weights were measured from 2 C. ocellina and 2 

~ incrustans specimens. Tissue was removed using the water-pik method; 

the tissue was filtered, dried and weighed, and the values were reported 

in mg/cm2 • 

Field collections of C. ocellina and L. incrustans were made for 

comparison with the experimental results. On June 19, 7 ~ incrustans 



9 

specimens were collected from approximately 15 meters at Makua from 

typical ledge environments. Light readings were taken with a Gossen 

Luna-Pro light meter. The incident light which the corals received in 

situ was measured and compared with surface illumination. On August 12, 

9 specimens of ~ ocellina were collected from a patch reef near Buoy 

13 in Kaneohe Bay. All 9 corals came from 3 meters depth; some were 

fully exposed to incident light and others were found in shaded places, 

under overhangs and in crevices. All field corals were sampled for 

chlorophyll a concentration/cm2 (Chl./cm2), chlorophyll a concentration/ 

zooxanthella Xl05 (Chl./zoox), carotenoid pigments/chlorophyll a ratio 

252 (Carotenoid/chI.), and number of zooxanthellae/cm x 10 (zoox./cm) by 

the methods described for the experimental corals. 

Statistics were done using SPSS, Statistical Package for the Social 

Sciences, programs available from the University of Hawaii computer 

center (Nie, et al., 1975), and the methods described by Snedecor and 

Cochran (1967). 
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RESULTS. 

Responses of the 2 species of corals, Cyphastrea ocellina and 

Leptoseris incrustans, to the 4 light treatments, 1, 2, 3, and 4 

screens, corresponding to 50, 35, 20 and 10 percent incident light, are 

presented in Figures 2 through 6. The data from the April, May and 

June samples have been combined in these graphs. Least squares linear 

regression lines have been fitted through the data points. Light values 

in these graphs are averaged over the experimental period. Table 1 

gives monthly means for the light values; Figure 1 also shows the change 

in light energy over the experiment. 

A factorial Analysis of Variance (ANOVA) was performed on 4 of the 

parameters measured in the experi~ent, chl./cm2 , chl./zoox., Carotenoid/ 

chI. ratio, zoox./cm2 • Each data point in the analysis was considered 

to be affected by three factors, light level, species, and date of 

sampling. The experiment was originally designed to be analyzed by a 

4 by 2 by 3 (4 light levels, 2 species, 3 sampling dates) factorial ANOVA. 

The purpose of the factorial ANOVA was to determine if each of the 3 

factors, or a combination of factors, had a significant effect in deter

mining the response (chl./cm2 , chl./zoox., Carotenoid/chI., zoox./cm2). 

Growth data was not included in the analysis; growth was calculated for 

only 1 species, ~ ocellina; ~ incrustans did not show measurable growth. 

In addition to the factorial ANOVA performed on each measured para-

meter, one way analyses of variance were done to investigate the effect 

of single factors, light and sample date. The one way ANOVA design allows 

for comparisons of treatment means. The hypothesis, that there were 

differences between the combined treatments 1 and 2 and the· other treatments, 



TABLE 1 

Physical data expressed in monthly averages covering the period March 1 to 
June 28, 1976, the duration of the experiment. Light values were obtained from 
integrated daily recordings of the HUm Epply precision spectral pyranometer 
(Jokiel, HIMB memo). 

Light Temperature Sediment. 

11 

{lY./daY) ( Cent~rade) \ .... mID .• I " (mgjcm'::'jdaY) 
T~atments Treatments Treatments Treatments 

1 & 2 3&4 1 & 2 3&4 

March 312 23.8 14.0 13.2 1.9 1.7 
/ 

April 378 23.5 14.7 14.1 2.1 1.0 

... 

May 456 24.9 14.5 13.5 1.6 1.1 

June 449 25.5 13.9 1).1 1.8 1.3 
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3 and 4, was tested by a priori comparisons of treament means. Since 

the treatments were grouped in pairs in the experimental tanks, it is 

important to determine if this grouping had an effect on the results of 

the experiment. Comparisons of means of the 3 sampling dates were done 

to determine if the parameters measured differed between the April and 

the combined May and June sample dates. The differences in the light 

data for the periods April versus May and June, as shown in Table 1, 

suggest that this comparison be made. 

Chlorophyll a Concentration/cm2 

Figure 2 is a plot of the regression of chl./cm2 versus the 4 light 

treatments for both coral species. Light intensity values are expressed 

in average langleys/day. The light values for each treatment are aver-

aged over the period March c25 - June 28. There was a significant 

2 
negative regression (p < .001) between chl./cm and light for ~ ocellina. 

The relationship chl./cm2 versus light for ~ incrustans is negative b~t 

not significant. 

Table 2 presents 3 analysis of variance tables, a factorial ANOVA, 

2 chl./cm versus light X species X sample date, and 2 one way ANOVA tables, 

2 chl./cm versus light for each species separately. Table 2A, a factorial 

ANOVA, shows that there were significant differences between light treat-

2 ments (p = .003) and between species (p = .001) in determining chl./cm • 

The effect of sample date was not significant and there was no interaction 

of factors. 

Table 2B, a one way ANOVA, chl./cm2 versus light level, for ~ 

ocellina only, shows that the combined light treatments I and 2 differed 
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Table 2A. Factorial Analysis of Variance (ANOVA) ChI a concentration/cm2 vs. 
4 light treatments X 2 species X 3 sampling dates. 

Source Degrees of Sums of Mean F Probe 
freedom Squares Square 

Main Effects 6 955.8 159.3 16.6 .001 

Light 3 156.1 52.0 5.4 .003 

Species 1 788.2 788.28 81.9 .001 

Sampling Date 2 20.1 10.1 1.0 .361 

2-Way Interactions 11 176.8 16.1 1.6 .113 

3-Way Interactions 5 57.4 11.5 1.2 .329 

Explained 22 1190.0: 54.1 5.6 .001 

Residual 43 413.8 9.6 

Total 65 1603.8 24.6 

Table 2B. One Way Analysis of Variance. ChI. a concentration/cm2 vs. Light level 
for CyPhastrea ocellina only. 

Source d.f. 

. Between Light levels 3 

Within Light levels 37 

Total 40 

A Priori Com~risons of Means 
Treatments 1 & 2 vs. 3 & 4 
Treat. 1 vs. Treat. 2 
Treat. 3 vs. Treat. 4 

S.S. 

212.5 

525.3 

737.8 

T. value 
3.46 
1.12 
1.20 

M.S. 

70.8 

14.2 

F 

5.0 

d.f. probe 
37 .001 
37 .27 
37 .24 

Prob. 

0005 

Table 2C. One Way Analysis of Variance. ChI. a concentration/cm2 vs. Light level 
for Leptoseris incrustans only. 

Source d.f. 
Between Light levels 3 
Within Light levels 21 
Total 24 

A Priori Comparisons of Means T. 
Treat. 1 & 2 vs. 3 & 4 
Treat 1 vs. Treat. 2 
Treat.3 vs. Treat. 4 

S.S. 
2~0, .' 

78.4 
80.4 

value 
.49 
.57 
.08 

M.S. 

0.7 
3.7 

d.f. -21 
21 
21 

F. Probe 

.18 0.91 

probe 
.63 
.58 
.94 

) . 



significantly (p = .001) from treatments 3 and 4. Table 2C shows the 

ANOVA, chl./cm2 versus light level for ~ incrustans only. There was 

2 no effect of light level (p = .91) on the pigment response (chl./cm ) 

16 

of L. incrustans. This indicates that the significance of light in the 

factorial ANOVA (Table 2A) is due to the pigment response of C. ocellina 

only.' 

Chlorophyll a Concentration/Zooxanthella (X 105) 

Figure 3 is the graph of the relationship, chl./zoox. versus light 

treatment for the 2 species. The slopes of both regression lines are 

opposite in slope. The relationship chl./zoox. versus light was sig-

nificant (p < .005) for ~ ocellina only. 

Table 3A, a factorial ANOVA, gives the response of chl./zoox. to the 

3 experimental factors, light~ species, sample date. Neither light, nor 

species had an effect on the pigment response. Sampling date was found 

to have a significant effect (p = .001), however. The significant 2-way 

interaction, light X sample (p = .013) indicates that the pigment 

response (chl./zoox.) to the different light levels, changed over the 

duration of the experiment. 

Tables 3B and 3C test the effect of light treatment separately on 

the pigment responses of the 2 species. The effect of light treatment 

is not significant in either one way analysis. In Table 3B, however, a 

comparison of the pigment response (chl./zoox.) to the combined light 

treatments 1 and 2 versus treatments 3 and 4, borders on significance 

(p = .053) for C. ocellina. 

Two one way ANOVA's testing the effect of sampling date alone on 

the pigment response (chl./zoox.) of each l:!pecies are presented in 
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Table )A. Factorial ANOYA: Chl.a concen./zoox. X 105 vs. 4 light treatments X 2 
species X ) sampling dates. 

Source d.f. 

Main Effects 6 

Light 3 
Species 1 
Sample 2 

2-Way Interactions 11 

Light X Sample 6 

3-Way interactions 5 

Explained 22 

Residual . 

Total 

41 

6) 

5.5. 

26.8 

1.1 
0.) 

23.) 

18.9 

8.9 

63.5 

41.4 

104.9 

M.S. 

4.5 

0.)6 
0.)0 

11.70 

2.5 

).2 

1.8 

1.0 

F. 

4.4 

0.56 
0.30 

11.50 

2.5 
3.1 

1.8 

2.9 

probe 

.002 

.999 
.999 
.001 

.016 

.013 

.142 

.002 

Table )B. One Way ANOYA: Chl.a concen./zoox. X105 vs. Light level, for CyPhastrea 
ocellina only. 

Source d.f. 

Between light levels 3 
Within light levels 35 
Total 38 

A Priori Comparisons of Means 

Treat. 1 & 2 vs. Treat. ) & 4 
Treat. 1 vs. 2 
Treat. 3 vs. 4 

5.5. 

6.1 
45.8 
51.9 

T. value 
2.0 
0.9 
0.1 

M.S. 

2.0 
1.3 

d.f. 
)5 
35 
35 

F 

probe 
.053 
.37 
.90 

probe 

.22 

Table 3C. One Way ANOYA: Chl.a concen./zoox. X 105 vs. Light level, for Lepto~eris 
incrustans only. 

Source d.f. S.S. 

Between light levels 3 4.4 
Within light levels 21 45.6· 
Total 24 .50.0 

A Priori Comparisons of Means T value 
Treat. 1 & 2 vs. 3 & 4 1.3 
Treat. 1 vs. 2 0.6 
Treat. 3 vs. 4 0.1 

M.S. 

1.5 
2.2 

d.f. 
21 
21 
21 

,. 

F probe 

.67 .58 

probe 
.20 
.54 
.90 
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Table 3D. One Way ANOVA: Chl.a concen./zoox. X 105 vs. Sampling Date, for 
Cyphastrea ocellina only. 

Source d.f. S.S. M.S. F probe 

Between sample dates 2 15.6 7.8 7.7 .002 

Within sample dates 36 36.3 1.0 

Total 38 .51.9 

A Priori ComEarisons of Means T value d.f. Erob. 

April vs. May de June 3.7 36 .001 

May vs. June 0.6 36 • .56 

Table 3E. One Way ANOVA: Chl.a concen./zoox. X 105 vs. Sampling Date, for 
LeEtoseris incrustans only. 

Source d.f. S.S. M.S. F probe 

Between sample dates 2 7.5 3.7 1.9 .16 
Within sample dates 22 42.5 1.9 

Total 24 50.0 

A Priori ComEarisons of Means T value d.f. Erob. 
April vs. Nay de June 1.96 22 .062 

May vs. June 0.71 22 .488 
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Tables 3D and 3E. Table 3D shows that sample date had a highly signifi

cant effect (p = .002) on the response for ~ ocellina; this result is 

due to differences between April and the combined May and June data 

(p = .001). Table 3E shows that sample date had no effect (p = .16) on 

the chl./zoox. response for L. incrustans. Comparisons of means, how

ever, show that the difference between the April and the combined May 

and June samples borders on significance (p = .062) for L. incrustans. 

Carotenoids/Chlorophyll a Ratio 

The pigment ratio, carotenoids/chl. versus light. is presented in 

Figure 4. There was an increase in carotenoid/chI. ratio with increas

ing light for C. ocellina (p < .005); the inverse relationship was true 

for ~ incrustans (p < .05). 

The relationship between the pigment ratio, carotenoid/chI. and the 

3 experimental factors, light, species, and sample date, is given in the 

ANOVA table in Table 4A. Light treatment (p = .045) and sample date 

(p = .006) were found to affect the pigment ratio. The factorial ANOVA 

shows no difference between species. There was a significant interaction 

of the 3 factors: light X species (p = .003) and light X sample date 

(p = .001). These interactions indicate that the ratio, carotenoid/chI., 

for both species changed throughout the experiment. 

Tables 4B and 4C show the effect of light treatment alone on the 

carotenoid/chI. ratio for each species~ It appears that light treatment 

had a significant effect on the carotenoid/chI. ratio for C. ocellina 

(p =, .001) byt not for ~ incrustans (p = .16). The significant differ

ence in the pigment ratio due to sampling date (p = .006) as shown in the 
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Table 4A.· Factorial ANOVA: The ratio of Carotenoids/Chl.a pigments vs.4,Light 
levels X 2 species X 3 Sampling Dates. 

Source d.f. 5.5. M.S. F. probe 

Main Effects 6 10.09 1.68 3.59 .006, 
Light 3 4.09 1.36 2.91 .045 
Species 11 0.26 0.26 0.55 .999 

," .. Sample .. . .... ;:-:! ,"! .: .. : 2 5.36 2.68 5.72 .006 
2-Way Interactions 11 31.68 2.88 6.15 .001 

Light X Species 3 7.56 2.52 5.38 .003 
Light X Sample 6 14.36 2037 5.08 .001 
Species X Sample 2 0.2.5 0.13 0.27 .999' 

3-Way Interactions .5 5 • .51 1.10 2.35 .0.57 
Explained 22 47.29 2.15 4.59 .001. 
Res.1dual 41 19.19 .46 
Total 63 66.48 1.0.5 

Table 4B. One Way ANOVA: The ratio of Carotenoids/Chl.a. pigments vs. Light level 
for CyPhastrea ocellina only. . 

Source d.f. 5.5. M.S. 

Between light levels 3 13.27 4.42 
Within light levels 35 ., 22.27 0.63 
Total 38 35.54 

A Priori ComEarisons of Means T value d.f. 

Treatments 1 & 2 va. 3 & 4 3.86 35 
Treat. 1 va. 2 2.64 35 
Treat. J va. 4 0.42 3.5 

F probe 

6.9.5 .001 

probe 

.000 

.012 

.680 

Table 4C. One Way ANOVA: The ratio ofCarotenoids/Chl. a pigments vs. Light level 
for Leptoseris incrustans only. 

Source d.f. 

Between light levels 3 
Within light levels 21 
Total 24 

A Priori Comparisons of Means 
Treatments 1 & 2 vs. 3 & 4 
Treat. 1 vs. 2 
Treat. 3 VB. 4 

5.5. 

6.49 
23.97 
30.46 

T value 

1.71 
0.25 
1.48 

M.S. 

2.16 
1.14 

!!.& 
21 
21 
21 

'F 

1.89 

probe 
.10 
.80 
.15 

probe . 

.16 
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Table 4D. One Way ANOVA: The ratio of Carotenoids/Chl.a pigments vs. S.ampling 
Date for Cyphastrea ocellina only. 

Source d.f. 

Between sample dates 2 
Within sample dates 36 
Total 38 

A Priori Comparisons of Means 

April vs. May & June 
Nay vs. June 

S.S. 

3.99 
31.55 
35.54 

T value 

2.12 
0.65 

M.S. 

2.00 
.88 

d.f. 

36, 
36 

F 

2.28 

probe 

.04 

.52 

Table 4E. One Way ANOVA: The ratio of Carotenoids/Chl.a pigments vs. 
Date for leptoseris incrustans only. 

Source d.f. S.S. M.S. F 

Between sample dates 2 ~"I> 2.00 1.00 0.77 
Within sample dates 22 28.47 1.29 
Total 24 30.46 

A Priori Comparisons of Means T value d.f. probe 

April vs. May & June 0.08 22 .42 
May VS. June 0.69 22 .49 

probe 

.115 

Sampling 

probe 

.478 



factorial ANOVA (Table 4A) appears to stem from the difference between 

the combined May and June samples versus the April sample for c~ 

ocellina only (p = .04) as shown in Tables 4D and 4E. 

Numbers of Zooxanthellae Per cm2 (X 105) 

2 For both species, there was no significant change in zoox./cm at 

24 

the four light levels used in the experiment, as shown in Figure 5. The 

. / 2 number of algal cells cm for ~ incruStans in treatments 1 and 2 are 

somewhat lower than the values for treatments 3 and 4 as shown in the 

graph. The difference in the height of the 2 lines suggests that there 

is a difference between species in the average density of the zooxanthellae. 

A T test was done to test this hypothesis. There waS a highly si.gnifi-

cant difference between the 2 species (T = 7.99, d.f. 72, p < .001). 

Table SA, the factorial ANOVA, zoox./cm2 versus light treatment, 

species, and sample date, shows that light had no effect on the numbers 

of zooxanthellae. There were highly significant differences between 

species (p = .001) and sample dates (p = .001). Tables 5B and 5C show 

that there were significant differences in numbers of zooxanthellae for 

both species for the April versus May and June samples. This difference 

is due to the difference in mean number of zooxanthellae measured at the 

different sampling dates. 
. 2 

In April, the mean number of zoox./cm was 

6.0 X 105 for C. ocellina (n = 8) and 2.0 X 105 for ~ incrustans (n = 8). 

The mean values for the combined May and June samples were 10.0 X 105 

~ 5 zoox./cm for ~ ocellina (n = 34), and 4.0 X 10 for L. incrustans 

(n=l7). 



24 

22 

20 

18 

"'b 
,', . 

16 ..-t 

>< 
14 

N;::;:: 
0 

......... 12 . 
~ 
0 10 N . 
0 

8 ;;z; 

6 

4 

2 . 

. -

C. ocellina • • • 
L. incrustans 0----0 

• 
• 

• • , • 
• ••••• • IJ-sf. ill • ca·· • • ~ . .• 

~:f--l-
• 

8 
4) 

(T4) 

'.;-~ ' 

....... 

8 
86 

(TJ) 

• .. ... • 0 .... ~~.-.- -

LIGHT (Ave~ ly./day) 

25 

a 

• 
• • . . 

•• 
7 , 

• • 
~ . 

- --g- .. 

FIGURE 5 . least sq~s linear regres2ion plot of the ~lationship, 
number of zooxanthellae/ em X 10J VB. light treatment, 

L 

for CyPhastrea ocellina and Leptoserls incruStans. 
(Regression equations: .2.:. ocellina, y::. 1l.6x - .005, p> .05; 
L. inerustans, y .: 4.8x - .01, p> .05) 



26 
TABLE 5 

Table 5A. Factorial ANOVA: no. zoox. X 10.5 /cm2. vs. 4 light levels X 2. species 
X 3 sampling dates. 

Source d.f. S.S " M.S. F. probe 

Main Effects 6 303.4 50.6 12..2. .001 

Light 3 6.8 2..3 .5 .999 
Species 1 144.7 144.7 35.0 .001 

Sample Date 2. 72.3 36.1 8.7 .001 

2.-Way Intezaetions 11 41~5 3=7 0.9 .999 .. : 
3-Way ~teractions 5 8.6 1.7 0.4 .999 
Explained 22 353.5 16.1 3.9 .001 

Residual 41 169.5 4.1 

Total 63 523.1 8.3 

Table 5B. One Way ANOVA: no. zoox. X 105/ cm2 vs. Sampling Date for C;yphastrea 
ocellina . only. 

Sou:rce d.f. 

Between sample dates 2 
Within'sample dates 36 
Total .38 
A Priori Comparisons of Means 

April vs •. May & Jtitle 
May vs. June 

0.'';'. 

S.S. 

70.8 
189.6 
260.4 

T value 

3.38 
.83 

M.S. 

35.4 
5·3 

d.f. 

36 
36 

F. probe 

6.7 .003 

probe 

.002 

.41 

Table, 50. One Way ANOVA: no. zoox. X 105/cm2 vs. Sampling Date for I.eptoserls 
incrustans only. 

Source d.f. 

:Between sample dates 2 
Within sample dates, 22 
Total 24 

A Priori Com-oarisons of Means 

April vs. Miy & June 
May vs. June 

S.S. 

8.1 
26.9 
35.0 

T value 

2 . .56 
.49 

M.S. 

4.0 
1.2 

d.f. 

22 
22 

F. probe 

3.3 .055 

probe 

.018 

.632 
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Growth 

Figure 6 is a graph of the relationship, peripheral skeletal growth 

(in mm.) versus light treatment, for ~ ocellina only. The regression 

analysis was not significant. Skeletal growth was not measured for L. 

incrustans due to poor uptake of the alizarin stain. 

Tissue Biomass 

Comparisons of tissue biomass (mg. dry weight tissue)/cm2 for the 

2 species resulted in significant differences between species (t value 

= 4.07, d.f. 2, p = .053). The average tissue weight "for ~ ocellina 

2 
was 13.0 mg./cm (st. dev. = .35); the mean dry weight for L. incrustans 

2 
was 7.2mg./cm (st. dev. = 1.99). 

Field Collections 

The data collected from the field samples of ~ ocellina and ~ 

incrustans are summarized in Table 6. The regression analyses, light 

2 versus each of the parameters measured (chl./cm , chl./zoox., carotenoid/ 

chI., zoox./cm2) were not significant for either species. The data are 

presented for comparison with the experimental data. 



4 

3 ......... . 
~ --
is 

2 [5 
~ 

1 

• 
e· 

• • 
6 

f C", 

4 
(T4) 

• 
• " , 
, 

8~ 
(1'3) 

, 
I .. 
150 

(T2) 

LIGHT (Ave. ly./day) 

: 
= .-

2 4 
(Tl) 

FIGURE 6 l€ast squares linear regression plot of the 
relationship, skeletal growth vs. light treat
ment for CyPhastrea ocellina. (Regression 
equation: Y= t.68x + .0009, p> .0.5) . 

28 



Table 6. Average values for e!Eerimenta1 and field measurements 

ch1. a/cm 2 5 1/ 
2 5 carotenoids/ch1. a 

EXPERIMENT Sample ch1. a/zoox.(X 10 ) zoox./cm (X 10 ) 

SEecies Date T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

C. oce11ina April 6.20 9.59 16~O 8.82 0.93 1. 74 2.40 1.69 6.74 5.60 7.37 5.54 2.13 1.90 1.62 1.80 

May 9.47 12.73 13.79 14.17 0.88 1.14 0.88 1.48. 12.77 14.01 12.73 11.06 3.07 2.97 1.88 2.58 

June 8.10 8.63 10.47 16.27 0.52 0.69 0.96 1.21 14.26 13.20 10.99 13.56 4.80 2.46 2.23 1.54 

L. incrustans April 2.59 3.67 5~83 4.51 1.06 1. 73 1.46 2.45 2.69 1.98 1.95 1.84 2.20 1.62 2.13 1.83 

May 3.72 4.23 4.54 2.67 2.06 1.32 0.86 0.55 2.47 4.77 5.27 4.84 1.45 1. 98 2.09 3.63 

June 3.55 4.18 5.06 0.90 1.11 0.89 3.96 3.78 5.60 2.30 2.30 2.03 

FIELD DATA 

L. incrustans JUI~e mean 1.50 .44 3.04 2.67 

(Light range 0.5-270i 
surface i1~umination) range (0.8-2.1) (0.3 ... 0.6) (2.22-3.98) 2.40-3.10 

C. oce11ina August mean 10.85 1.10 9.75 1.65 

(Light range 2-6070 
surface illumination) range (8.24-16.37) (0.98-1.26) (8.64 ... 13.06) (1. 41-1. 88) 
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DISCUSSION 

Zooxanthellae Pigments 

The changes in pigment concentration of Cyphastrea ocellina 

zooxanthellae to a range of light levels agree . well with the light 

responses of phytoplankton (Steeman-Nielsen & Jorgensen, 1968; Steeman-

Nielsen, 1973; Yentsch & Scagel, 1966; Halldal, 1968; Jeffrey & Haxo, 

1968). 
2 

Chl./cm was highest at low light levels; this could be a result 

of either or both of two strategies: increasing algal density at low 

light levels, or increasing chlorophyll content in each algal cell as a 

response to low light intensities. Since there was no change in zooxan-

thellae density in the different light treatments (Figure 5), it appears 

that ~ ocellina zooxanthellae responded to decreasing light intensity 

by increasing the concentration of chlorophyll a per algal cell as 

indicated by Figure 3. 

The ratio of carotenoid pigments to chlorophyll a, as shown in 

Figure 4, increased with increasing light intensity for C. ocellina. 

Phytoplankton also show this trend in responding to a light gradient 

(Steeman-Nielsen & Jorgensen, 1968; St eeman-Niel sen , 1973; Yentsch & 

Scagel, 1966, Jeffrey & Haxo, 1968; Halldal, 1968). Carotenoid pigments 

serve a protective function at high light intensities by acting as traps 

for energy absorbed by chlorophyll a, preventing photooxidation of 

enzymes and .bleaching of pigments (Steeman-Nielsen, 1973). 

In contrast to ~ ocellina, Leptoseris incrustans zooxanthellae 

did not show the expected chlorophyll gradient with light, as shown in 

Figures 2 and 3. Figure 3 shows high values of chl./zoox. at high 

light, and a slightly positive regression between chl./zoox. and light. 
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The relationship between carotenoid/chlorophyll ratios and light 

for L. incrustans is the inverse of the expected trend (Figure 4); high 

carotenoid/chI. pigment ratios were found at low light intensities. In 

low light environments, at depthinthe bcean, green and blue light are 

the only wavelengths present (400-500 nrn.'). Peridinin, the principal 

carotenoid pigment of zooxanthellae, absorbs strongly in these wave

lengths and acts as an accessory pigment, transferring energy to 

chlorophyll a. Shade adapted algae, especially diatoms, are able to 

increase their photosynthetic rate by increasing the concentration of 

carotenoid pigments per cell at low light levels (Steeman-Nielsen, 1973). 

The carotenoid/chlorophyll pigment ratios measured from L. incrustans 

field collections (x = 2.67) were consistently higher than those ratios 

measured from the f.:.. ocellina field samples (x = 1. 65) at all light 

levels. This suggests that ~ incrustans has a greater fitness for 

inhabiting deep reefs and shaded environments. 

Throughout the experiment, the ~ incrustans colonies in the two 

highest light treatments appeared pale in color and experienced a higher 

mortality rate (38%) than did the C. ocellina colonies (15%). Field 

observations indicate that ~. incrustans does not occur at such high 

light levels; consequently they were not healthy in the land 2 screen 

light treatments. For these reasons, results for L. incrustans are 

inconclusive. 

The pigment responses of the C. ocellina and L. incrustans specimens 

from the field collections did not show any relationship to the light 

levels measured (Table 6), The measured light values ranged from 2 to 

60% surface illumination for C. ocellina and .05 to 2% surface illumination 
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for L. incrustans. Recording light values in lux in the ocean at any 

depth does not yield meaningful information due to the changes in 

spectral quality with depth. A cumulative photocell~ a device measuring 

incident light energy placed in situ, as used by Jaubert and Vasseur 

(1974), would provide more meaningful light data. A larger sample size 

of corals taken from a wider range of light levels would probably be 

necessary to obtain significant results from field collections. 

Photosynthesis is a combination of two processes~ a photochemical 

and an enzymatic process. The rate of the photochemical process is 

dependent on light intensity and pigment concentration; the enzymatic 

process depends on enzyme concentrations and temperature. Photosynthe

sis, is limited by enzymatic proceSSies at high light intensities, while 

at low light levels, photo~ynthesis is limited by the photochemical 

process (Steeman-Nie1sen, 1973). "Shade" algae, cultures of Chlorel1a 

pyrenoidosa, grown at low light intensities, increased their photosyn

thetic rate by increasing pigment concentration and decreasing the rate 

of respiration (Steeman-Nielsen & Jorgensen, 1968). This study demon

strates that C. oce11ina zooxanthe1lae also show this pigment increase. 

A study by Wethey and Porter (1976) shows that "shade" corals become 

light saturated (reach maximum photosynthetic efficiency) at lower light 

levels than do "sun" corals. 

Zooxanthe11ae Densities 

The finding that there is no difference in zooxanthellaedensity 

with changes in light for the two species studied agrees with the results 

of Drew (1972), who found no change in numbers of zooxanthe1lae with 

depth for several species of hermatypic corals. This supports the idea 
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proposed by several workers, that corals exert direct control over algal 

populations (Drew, 1972; Reimer, 1971; Yonge & Nichols, 1931). 

Drew (1972) found no differences in the numbers of zooxanthellae per 

2 cm between the species he studied. This study found highly significant 

(p < .001) differences in algal numbers between C. ocellina and L. 

incrustans. This finding is reasonable when considering the differences 

. . b' / 2 f h . 1n t1ssue 10mass cm or t e two spec1es. C. ocellina is much more 

fleshy than ~ incrustans, which has only a thin layer of tissue cover-

ing the skeleton. Muscatine (1973) reports that in Pocillopora damicornis, 

a species which has a thin coenosarc, the ratio of animal protein to algal 

protein is approximately 1 (range 0.7-1.2). If this finding holds true 

for corals in general, it seems reasonable to assume that the number of 

algal cells per cm 
2 

is proportional to the tissue biomass 2 per cm . 
Yonge and Nichols (1931) reported that in Psammocora Spa , the tissues 

were much thinner than in Favia Spa and Porites sp., and as a result, 

the algal content was lower. The ratio of zoox./cm2 to biomass/cm2 for 

the 2 species was .55 for L.incrustans and .76 for C. ocellina. The 

ratios are close to the expected 50%. 

The differences in mean numbers of zoox./cm2 between the April sample 

and the other sampling dates is puzzling. The mean values for the April 

sample, for both species,·were lower than the May and June mean numbers 

2 of zoox./cm. The corals sampled in March, at the beginning of the 

experiment, for- baseline data, showed zoox./cm2 values in agreement with 

the May and June samples. The low zooxanthellae density estimates calcu-

lated from the April sample may be due to a number of factors: (1) small 

sample size, (2) experimental error in counting cells, measuring surface 



34 

area, and in calculating mean values per sample, (3) stress due to light, 

sedimentation, or other factors. 

The mean numbers of zooxanthellae found in this study agree well 

with other published estimates. Drew (1972) found an average of 14.5 X 

5 2 10 algal cells per cm for all the species he studies. In this study 

C. ocellina had a mean of 10.3 X 105 (st. dev. = 3.3X 105) cells per 

cm2 ; the mean number for L. incrustans was 3.5 X 105 (st. dev. = 2.1 X 

105). Kawaguti and Nakayama (1973) reported zooxanthellae densities for 

1 mm3 of tissue by wet weight. If one assumes that the tissue is 1 mm. 

deep on the skeleton, these numbers (in units of cubic mm.) can be con-

2 
verted to numbers of cells per cm by multiplying by a factor of 100. 

After the conversion of units, the range of these data are 5.5 to 17 X 

5 2 10 algae per cm. The zooxanthellae counts reported for the two published 

studies mentioned give values in the same order of magnitude as this study. 

The large amount of variance seen in the values reported here for 

zoox./cm2 could be explained by the method of counting a small volume of 

cells in a haemocytometer and extrapolating these counts to a much larger 

sample. The mean values reported in this study are accurate to + 25%. 

Also, the imprecise technique used in measuring surface area adds addi-

2 tional experimental error to the values reported for zoox./cm • 

Growth 

The inability to obtain measurable skeletal growth in this experiment 

is probably due to a number of factors. Because corals grow slowly, a 

longer time period, 6 months to a year or more, is generally needed to 

obtain good growth data (Dustan, 1975; Buddemeier & Kinzie, 1974); Coles, 
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1973). Growth in Hawaiian corals was found to be temperature dependent, 

water temperatures below 2SoC, which occur from November to April, pro

bably inhibit coral growth (Coles, 1973; Buddemeier & Kinzie, 1974). 

Figure 7 shows the daily water temperature values measured during the 

course of the experiment. 

The high level of sedimentation in the experimental tanks undoubtedly 

hindered growth. Dodge et al (1974) suggested that constant energy expen

diture by corals for removal of sediment would be expected to decrease 

growth rate. Field observations of Cyphastrea ocellina suggest that 

vigorous water motion prevents sediment from accumulating on the corals. 

In the field, Leptoseris incrustans is normally oriented with its plate-·· 

like colonies in vertical or slanting positions, or on the underside of 

ledges, so sediment does not accumulate. In calm water, as in the exper

imental tanks, sediment accumulates on the corals and must be removed by 

ciliary mucous action, an energy requiring process. Corals which are 

better suited to a high sediment, calm water environment, are those with 

hemispherical shapes, or branching growth forms, fleshy corals, and those 

with large polyps (Marshall & Orr, 1931; Dustan, 1975; Hubbard, 1973). 

The sediment in Kaneohe Bay has a high B.O.D. (biological oxygen demand). 

In this study, if the sediment accumulated for two to three days, an 

anoxic layer was visible on the bottom of the tanks. Although dissolved 

oxyge~ concentration was not measured in the experiment, it is presumed 

that heavy accumulation of sediment in the tanks reduced the oxygen 

tension. Reduced oxygen tension has been shown to cause stress in corals 

(Goreau et aI, 1971). 

There was an apparent, though not measurable difference in calcifica-
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tion rate between the two species studied. Cyphastrea ocellina took up. 

the alizarin stain better than Leptoseris incrustansas seen in the 

uniform bright pink color of the C. ocellina skeletons. Some L. 

incrustans colonies appeared faintly pink but the stain was irregularly 

distributed over the skeleton. 
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SUMMARY 

The effects of 4 experimental light treatments on pigment response 

and zooxanthellae density were investigated for two species of hermatypic 

corals, Cyphastrea ocellina, a shallow reef species, and Leptoseris 

incrustans, a deep or shade dwelling coral. The conclusions are as 

follows: 

1. C. ocellina zooxanthellae showed an increase in both chlorophyll 

2 
concentration per cm and chlorophyll per zooxanthella with decreasing 

light. L. incrustans did not show any change in chlorophyll with light. 

2. C. ocellina zooxanthellae had a higher ratio of carotenoid/ 

chlorophyll pigments at high light intensities than at low light, pre-

sumably as a protective measure to'prevent photooxidation of chlorophyll 

pigments. ~ incrustans,however, showed the opposite response, an 

increase in the carotenoid/chlorophyll ratio at low light. This is pro-

bably due to the role of carotenoids as accessory pigments in low light 

environments, but the results are inconclusive due to a small sample size. 

3. In general, pigment responses of algae, symbiotic with corals, 

agree with pigment responses reported for phytoplankton. Differences 

between the two species, ~ ocellina and ~ incrustans, parallel differ-

ences between "sun" and "shade" phytoplankton. 

4. For both species, there was no change in numbers of zooxanthellae 

2 per cm with light. However, there were significant differences in mean 

2. ( 5 numbers of zoox./cm between the two species ~ ocellina: 10.0 X 10 

2 4.0 X 105 2 zoox./cm ; L. incrustans: zoox./cm). These differences in 

zooxanthellae density between species correlate with differences in tissue 

. 2 2 2 
weight per cm (~ocellina: 13.0 mg/cm ; ~ incrustans: 7.2 mg/cm ). 

" 
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