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ABSTRACT 

In Hawaii, abundance of the scleractinian Fungia scutaria is thought to have been 

in decline in recent years due to disturbances to Kaneohe Bay, where an unusually dense 

population exists. This study examines factors that could limit population growth in this 

coral. Sexual reproduction occurred throughout the summer. Experimental data from 

sperm dilution studies suggested that eggs must be released within 2m of a spawning 

male for successful fertilization to occur. Field surveys indicated that many patch reefs 

exhibited high enough densities to yield successful fertilization. However, since field 

surveys found that only a small percentage «1 %) of juvenile corals «5 cm in length) 

resulted from settled larvae, post-fertilization processes may be limiting successful 

recruitment. Asexual reproduction appears to be dominant, with 70% of corals occurring 

in close aggregations, and 93% of these in aggregations made up of a single color-morpho 
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INTRODUCTION 

The scleractinian Fungia scutaria is a solitary, free-living, hennatypicmushroom 

coral in the family Fungiidae found in tropical waters from South Africa to Hawaii 

(Wells, 1966; Veron, 1986). It is an important component of Hawaiian reef biodiversity, 

as it is the largest and most common of the fungiid corals in Hawaii (Maragos, 1977). It 

is a reef-building coral, whose dead skeletons can contribute significantly to the structure 

of reefs (Littler et aI., 1997). Kaneohe Bay on the windward side of the island of Oahu is 

home to an aggregation of F. scutaria which is atypically dense for the Hawaiian Islands 

(Bosch, 1967). This coral was once described as very abundant throughout the bay 

(Bosch, 1967). However, disturbances ranging from pollution, sedimentation, freshwater 

run-off and human collection may have reduced their numbers in recent years. Because 

of this apparent decline, F. scutaria was put on a list for consideration as a "species of 

concern" in 1999 by the Hawaii Department of Land and Natural Resources' Division of 

Aquatic Resources (Gulko, personal communication). 

My interest in studying this coral came from its apparent lack of sexual 

reproductive success, as successful sexual reproduction has been predicted to be an 

"extremely rare event" in this coral (Krupp et aI., 1992), and recruits have almost never 

been observed on artificial substrates in experimental recruitment studies (Fitzhardinge, 

1993). The mode of reproduction in this coral does not show many of the adaptations 

that are found to increase chances of fertilization success in other broadcast spawning 

invertebrates. In this project, I examined some of the factors that may limit sexual 

population growth of this coral: 



reproductive output, the effect of sperm dilution on fertilization success, and current 

abundances and population densities. 
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CHAPTER 1 

REPRODUCTIVE OUTPUT, 1999 

Background 

Fungia scutaria is a solitary, gonochoric coral. Asexual reproduction is common 

in this coral, with juveniles regenerating from residual tissue remaining inside outwardly 

dead parent coralla (Krupp et aI., 1992). As many as 115 buds have been found growing 

on one dead "parent" (Krupp et aI., 1992). In addition, this broadcast spawning coral 

apparently invests a large amount of effort in sexual reproduction. Individuals undergo 

gametogenesis beginning in February or March of each year (Kramarsky-Winter and 

Loya, 1998) and spawn after the full moon during summer months, releasing large 

numbers of eggs or sperm into the water (Krupp, 1983). 

Both the number of gametes released, as well as when and how often they are 

released, have a direct effect on successful reproduction. Past studies have demonstrated 

significant increase in a coral's reproductive output with increasing size, as well as 

differences between fecundity of corals from different locations. Van Veghel and 

Kahmann (1994) found significant differences in fecundity measurements in Montastrea 

annularis between smaller and larger size classes, and also found significant differences 

between fecundity from different locations. Richmond (1987) observed a highly 

significant relationship between colony volume and number of planulae released per 

month but noted no relationship with depth in Pocillopora damicornis. 

Sexual reproduction was first described in F. scutaria by Krupp (1983). He noted 
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that F. scutaria appeared to participate in one short spawning event during an evening 

each summer month. I undertook a study to examine factors possibly limiting sexual 

reproduction in F. scutaria, such as reproductive output, its variation with size and 

location, and spawning timing. 

Methods 

Set-up 

This study was conducted entirely within Kaneohe Bay, Oahu, Hawaii, which is 

home to the largest known population of F. scutaria in the state of Hawaii (Bosch, 1967; 

Maragos, 1977) and is easily accessible from the Hawaii Institute of Marine Biology. 

Using a random number generator, four patch reefs were selected from all reefs in 

Kaneohe Bay, excluding a couple of reefs closest to Coconut Island where corals have 

been repeatedly manipulated (Figure 1.1). Ten individuals were collected haphazardly 

from each of the four reefs in mid-May of 1999, about two weeks before the first 

spawning event of the summer'. Attempts were made to collect individuals from different 

groupings as well as the healthiest looking individuals. Only corals over 5 em in base 

length were collected, as individuals smaller than this rarely release noticeable amounts 

of gametes (Krupp, personal communication). 

These corals were transported in buckets to the Hawaii Institute of Marine 

Biology on Coconut Island and placed in water tables with flow-through unfiltered 

seawater and shade coverings. Corals were labeled using Z-Spar marine epoxy on their 

bottom surfaces. Arc length (the longest perimeter of the oral surface) as well as base 
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Figure 1.1. Collection sites in Kaneohe Bay, 2000. Triangles represent reefs where 
corals were collected for use in reproductive studies. 
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length and base width were measured as described in Bosch (1967, Figure 1.2). The 

length of the mouth was recorded by measuring a piece of string laid along the mouth 

(Figure 1.2). The buoyant weight of the corals was also measured using the technique of 

Jokiel et al. (1978). After two weeks in the water tables, all corals appeared healthy 

except for one that was bleached and one that had previously existing growths on its 

aboral surface. These two corals were not used. 

Spawning observations were conducted one to five days after the full moon each 

summer month between 5:00 and 8:00 p.m., using the spawning schedule reported by 

Krupp (1983). On the day of the full moon, the remaining 38 corals were put into clean 

glass fingerbowls and placed in a clean water table with 50 !lm filtered circulating 

seawater. The tanks were kept full and undisturbed until the day after the full moon, 

when at around 4 p.m. the water level was lowered to just under the tops of the bowls. 

This allowed each coral to be contained in a bowl of isolated seawater while remaining 

undisturbed. The water circulating around the bowls maintained ambient temperature. 

Corals were observed for signs of spawning, which began between 5:00 and 6:00 p.m. 

These observations were made from June through October, with full moons occurring on 

June 27, July 28, August 26, September 25, and October 24. Between spawning events, 

the corals were maintained in unfiltered flow-through seawater, and water tables were 

cleaned a~d the aboral surfaces of corals were gently brushed free of fouling material 

every two weeks. 

Total gamete estimation 

At the end of spawning, around 8:00 p.m., all bowls with gametes were removed. 
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Figure 1.2. Diagram of measurements made on F. scutaria individuals. Top 
illustrates oral surface, bottom aboral surface. 
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Each coral was removed and its surface was rinsed into its bowl to remove gametes 

adhering to the coral. Total number of eggs released was estimated by stirring the water 

vigorously to suspend all eggs, then removing three aliquots of one ml each and counting 

all eggs under a dissecting scope. Broken or malformed eggs were not counted. The 

total volume of water was measured in a graduated cylinder. Total sperm count was 

estimated as above, except counts were made by removing two drops from an even sperm 

suspension and placing one onto each side of a Hylite® hemacytometer. Eight of the 

smallest squares were counted from each grid, and these sixteen square counts were 

averaged to calculate the average number of sperm per ml in the bowl. 

Sperm burst estimation 

F. scutaria exhibits a spawning behavior where gametes are expelled in discrete 

bursts over the course of the evening as opposed to in a continuous flow (personal 

observations). Whenever possible, male corals were watched over the entire evening to 

allow estimation of the sperm concentration in each burst. After each burst was 

observed, the bowl was gently stirred to suspend the sperm evenly. About 3 ml of this 

homogeneous sperm solution were gently pipetted into a glass vial. At the end of the 

evening, sperm concentration in each vial was measured. The volume of sperm solution 

in the bowl at the time of sampling was calculated by adding 3 ml for each sample taken 

to the total bowl volume measured at the end ofthe evening. Measuring the amount of 

eggs in a single spurt from a female was not possible because the eggs sank to the bottom 

of the bowl and could not be evenly suspended without moving the coral and disturbing 

its spawning for the rest of the evening. 
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Results 

Spawning Timing 

Corals were seen to spawn over the course of several nights each summer month 

from June to September 1999, with one coral spawning on a single night in October 

(Appendix A). Corals synchronized to generally the same nights over the summer, with 

the evenings of July 2 (3 days after full moon), August 29 (3 days after full moon) and 

September 27 (2 days after full moon) showing the heaviest output. Overall, the month 

of July showed the heaviest mean gamete output for both males and females. Neither 

groups of corals in large tanks (see Chapter 2) nor corals in individual bowls appeared to 

synchronize release of gametes at finer time scales. 

Out of the 38 corals observed, 34 spawned at least once during the summer, 17 of 

which were male and 17 of which were female. During the June spawning period, 21 

corals (13 male and 8 female) spawned at least once over the five night period following 

the full moon. During the July spawning period, 30 corals (15 males and 15 females) 

spawned at least once over a 4 night period. In August, 29 corals (17 males and 12 

females) spawned over a 3 night period. In September, 21 of the corals spawned over 4 

nights, 10 of which were male and 11 of which were female. Several corals from each of 

the four reefs spawned during each monthly period (Table 1.1). Both sexes spawned 

roughly the same number of days throughout the summer. The mean number of days 

spawned for males was 4.294 +/- 2.085 and for females was 4.0 +/- 2.208. 
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Table 1.1: Numbers of Fungia scutaria individuals observed spawning 
each evening out of38 total corals observed in the summer of 1999. 

# of # of # from # from # from # from 
Date males females reef 4 reef 10 reef 22 reef 43 
6-28 2 0 0 1 1 0 
6-29 4 2 1 0 0 5 
6-30 1 1 0 0 0 1 
7-1 8 5 5 0 3 5 
7-2 2 3 2 1 2 0 
7-29 13 9 4 7 3 8 
7-30 1 1 1 0 0 1 
7-31 6 9 7 0 2 6 
8-1 2 2 1 0 1 2 
8-27 4 4 0 1 3 4 
8-29 13 12 8 7 4 6 
8-30 3 4 2 3 1 1 
9-26 4 0 1 1 0 2 
9-27 8 9 5 5 2 6 
9-28 0 2 0 1 0 1 
9-29 2 4 2 0 1 3 
10-25 1 0 0 0 0 1 
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To make categorical comparisons examining trends in laboratory spawning data 

that could later be applied to data from field surveys, corals were assigned size classes. 

Base length was chosen as the size measurement because it is the easiest to estimate 

during field surveys. Divisions were chosen by splitting the collected corals into three 

equal classes: small, <9 cm long; medium, 9-12 cm long; and large, >12 cm long. 

Combining data from both sexes, the number of nights each coral spawned 

increased with coral size. Size class was a significant factor in predicting the number of 

nights spawned (ANOV A, P=0.03), with the small vs. large (P= 0.025) comparison 

significant in Tukey's multiple comparisons (Figure 1.3). Number of nights spawned also 

showed a significant relationship with base length in a least-squares regression (Figure 

1.4, R2=21.7%, P=0.006). 

I also examined whether the reef that corals were collected from has an affect on 

the corals' spawning schedule. In a principle components analysis, individuals from the 

same reef did not appear to cluster according to their spawning schedule (data not 

shown). 

Total Gamete Output 

The total number of eggs released from a female on one night ranged from about 

16,000 to about 2,585,600. Total number of sperm released on a night from a male 

ranged from about 1.1 x 109 to about 8.4 x 1010 (Appendix A). It is possible that some 

males released sperm in such low concentrations as to be undected. Reproductive output 

data were 10glO transformed for all of the following analyses because of non-normal 

distributions. 
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Fecundity vs. Location 

Total egg output for each female coral over the summer did not differ 

significantly between reefs (ANOV A, P=0.233, Figure 1.5). Total sperm output, 

however, did show a highly significant difference between reefs (ANOVA, P=O.007, 

Figure 1.6), with males from the slightly deeper reef 43 releasing far more sperm on 

average. To account for the fact that the corals collected from reef 43 were generally 

larger than the rest, total sperm output was tested between reefs in an Analysis of 

Covariance using all five of the size measurements as covariates to adjust for any 

relationship of output with size. The reef was no longer a significant factor, with 

P=O.158. 

Fecundity vs. Size 

Daily Output 

For females, the total number of eggs released each night had a weak relationship 

with size (Table 1.2). The poorest predictor out of the five size measurements taken was 

mouth length (R2= 3.3%, P=O.137) and the best was buoyant weight (R2=7.1 %, 

P=O.028). The maximum nightly output over the summer for each coral had a stronger 

and significant relationship with size, with length as the weakest predictor (R2=28.3%, 

P=O.034) and arc1engthwas the strongest (R2=49.4%, P=O.002). 

For males, the total number of sperm released each night exhibited a weak but 

significant relationship with size (Table 1.2), with mouth length as the worst predictor 

(R2=5.8%, P=O.04) and width as the best (R2=9.3%, P=O.009). The maximum nightly 

output over the summer for each coral correlates less strongly with size than it does for 
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Table 1.2. Strength of relationships between reproductive output and size 

measurements for Fungia scutaria. Numbers are results of Least-Squares Regression. 

P-values less than .05 are highlighted in bold. df=degrees of freedom, 

R2=coefficient of determination. All output data was IOglO transformed. 

Size Measurement length width mouth length buoyant weight arclength 

Female Daily Output 

df 67 67 67 67 67 
R2(%) 4 5 3.3 7.1 6.3 

P 0.102 0.067 0.137 0.028 0.039 

Male Daily Output 

df 72 72 72 72 72 
R2(%) 7.8 9.3 5.8 7.7 8.5 

P 0.016 0.009 0.04 0.018 0.013 

Female Monthly Output 

df 48 48 48 48 48 
R2(%) 4.6 17.8 15 21.8 13.3 

P 0.137 0.003 0.006 0.001 0.01 

Male Monthly Output 

df 50 50 50 50 50 
R2(%) 10.1 14.7 9.9 10.1 13.6 

P 0.023 0.006 0.025 0.024 0.008 

Female Yearly Output 

df 16 16 16 16 16 
R2(%) 38.2 49.8 47.3 61.3 54.3 

P 0.008 0.002 0.002 <.0005 0.001 

Male Yearly Output 

df 16 16 16 16 16 
R2(%) 14 25 11.7 34 39.8 

P 0.139 0.041 0.178 0.018 0.009 
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females, with buoyant weight as the worst predictor (R2=7.4%, P=0.308) and length as 

the best (R2=18.2%, P=0.087). 

Monthly Output 

For females, the total number of eggs released each month again shows some 

correlation with size (Table 1.2), ranging from length as the worst predictor (R2=4.6, 

P=0.137) to buoyant weight as the best (R2 = 21.8%, P=O.OOl). 

Males showed similar correlations between size and monthly gamete output 

(Table 1.2). The worst predictor was mouth length (R2=9.9%, P=O.025) and the best was 

width (R2=14.7%, P=0.006). 

Yearly Output 

The total number of eggs released over the summer had a strong relationship with 

all size measurements (Table 1.2). The worst predictor was length (R2=38.2%, P=0.008) 

and the best was buoyant weight (R2=61.3%, P<0.0005, Figure 1.7). 

The relationship between total number of sperm released over the summer and 

size is weaker than that for females (Table 1.2), with mouth length as the worst predictor 

(R2=11.7%, P=0.178) and arclength as the best (R2=39.8%, P=0.009, Figure 1.8). 

Size Classes 

Female reproductive output over the entire summer showed a significant 

difference among size classes (ANOVA, F=3.91, df=2, P=0.045, Figure 1.9). Mean 

annual egg output for large females was 3.53 x 106 +/- 1.82 x 106, for medium females 

18 
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p= 0.045. (B) Data for sperm output for male corals. ANOVA (size class), 
P=0.281. 
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was 1.61 x 106 +/- 1.32 x 106, and for small females was 0.718 x 106 +/- 0.598 x 106. 

Male reproductive output for the summer did increase with size class, but did not vary 

significantly among size classes (ANOV A, P=0.281, Figure 1.9). This is probably 

because a couple oflarge males spawned very little during the summer, possibly due to 

old age, which created a very large standard deviation for the large males size class. 

Mean sperm output for large males was 1.30 x 1011 +/- 1.11 x 1011, for medium males 

was 7.40 x 1010 +/- 5.83 x 1010, and for small males was 3.42 x 1010 +/- 2.00 x 1010. 

Sperm bursts 

Over the summer, 39 individual sperm bursts from 8 individuals were sampled 

and total sperm was estimated. Between 1 and 10 bursts were observed from individuals 

on a single night. The sperm output was variable, ranging from 4.8 x 108 to 9.1 X 109 

total sperm in a burst, but bursts were all relatively close to each other in size (Figure 

1.10). The mean was 2.8 x 109 +/- 1.9 x 109, and the 95% confidence interval was 2.2 x 

109 to 3.45 x 109. The amount of sperm in one burst had a very poor relationship with the 

size of the coral, suggesting that the amount released at one time may be somewhat 

random. However, only 39 bursts were sampled from 8 individuals. 
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Discussion 

Trends observed in laboratory spawning should be interpreted cautiously because 

spawning behavior observed in the water tables may differ from that of corals in the field. 

Differences in chemical cues exchanged between corals as well as differences in light 

intensity, water depth, water motion, water temperature, and competitive interactions 

could alter behavior. However, researchers have observed very similar spawning timing 

and behavior between captive and in situ corals (Krupp, personal communication). Most 

captive corals appeared to remain healthy over the course ofthe summer, and did not 

exhibit signs of stress (e.g., bleaching). 

The 1: 1 sex ratio in the collected corals implies that a similar ratio exists in 

Kaneohe Bay. Although the corals were not collected randomly, nothing about the 

manner of collection led me to believe it biased these results. On the other hand, 

Kramarsky-Winter and Loya (1998) found that there was close to a 2:1 male to female 

sex ratio in their collections of F. scutaria in the Red Sea. Their study also found that 

females were far larger, representing all individuals over 9 cm in length, and that males 

represented all individuals less than 5 cm in length, suggesting protandry. The females 

collected in the present study were on average larger than the males in all measurement 

categories, but not significantly so. In fact, the two largest individuals, measuring 18.3 

and 16.8 cm in length, were male, and the smallest coral seen spawning was female (6 

cm). The Red Sea study collected far more corals but did not make an effort to collect 

individuals from different aggregations, and included only a small number of "very large" 

individuals. 
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The Red Sea study did however find an almost identical schedule for spawning, 

with months, days and time of day matching the Hawaiian corals. Conservation of this 

reproductive pattern in these two locations is not surprising because in both locations 

these corals have a similar habitat and lifestyle. Other species have been found to differ 

in spawning timing, fecundity and gamete size between locations with differing 

environmental conditions (Sier and Olive, 1994; Shlesinger and Loya, 1985). 

Assuming that corals in captivity reflect the behavior of corals in Kaneohe Bay, 

the spawning by males and females is synchronized to the same evenings, probably using 

a combination of lunar, tidal and photoperiod cues. However, the apparent lack of 

synchronization to a finer time scale in the water table bowls, with up to an hour passing 

between bursts from different corals, indicates that either the corals use chemical cues 

released just prior to spawning to synchronize gamete release, or release is not 

synchronized to a finer time scale, allowing chance to determine ifbursts will overlap. 

Observations of dense aggregations in the field during the reproductive season, as well as 

experiments manipulating the water in the bowls of captive corals, could help to clarify 

these questions. 

Gamete output and coral size in F. scutaria have a somewhat consistent positive 

linear relationship, which varies in strength according to which size measurement is used. 

It is not surprising that the best relationships were found between yearly output and size, 

as these corals only undergo the early stages of gametogenesis once a year, and over the 

course of the summer should release all of the gametes they have produced that year. 

Larger corals spawning on more evenings, as well as releasing larger amounts of 

gametes, gives them a greater chance of overlapping gamete release with another coral 
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and achieving fertilization success. However, the sperm bursts, which were all similar in 

size, may be the most limiting factor for successful sexual reproduction in this coral. 

Fertilization is typically pe.rceived as sperm-limited (Levitan et aI., 1991) and the burst 

represents the maximum amount of sperm that could be released at one time from 

unsynchronized corals. The effects of dilution on these bursts will be discussed in 

Chapter 2. 
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CHAPTER 2 

POTENTIAL FOR FERTILIZATION SUCCESS 

Background 

In spite of the large numbers of eggs and spenn released from Fungia scutaria 

over the course of their reproductive season, new recruits from larvae are an extremely 

rare event (Krupp et aI., 1992). Fitzhardinge's (1993) large-scale recruitment study in 

Kaneohe Bay found only one F. scutaria recruit out of thousands oftotal coral recruits 

after sampling an area of 1.93 m2 at each of 8 sites for 39 months; Kolinski (unpublished 

data) also only found one F. scutaria recruit out of about a thousand total coral recruits 

after sampling an area of .364 m2 at each of 6 sites for 12 months. This recruit was 

eventually overgrown by coralline algae and did not survive. 

The absence of observed sexually produced recruits may be due to the lack of 

suitable substrate for settlement. Laboratory studies have had a very difficult time getting 

the larvae of F. scutaria to settle, although researchers have tried many types of 

conditioned surfaces that have been very successful with other species (Jokiel and 

Bigger, 1994; Schwarz et aI., 1999). Other factors which may contribute to lack of 

recruitment are high larval mortality and low larval supply due to lack of successful 

fertilization of gametes. Out of over 20,000 coral larvae collected from Kaneohe Bay in 

a summer plankton study, only 17 were from F. scutaria, even though sampling was 

during the peak of their reproductive season (Hodgson, 1985). 

There are many reasons to believe that successful fertilization may be more 

27 



difficult for F. scuta ria than for other scleractinian corals and members of other 

invertebrate phyla. Many scleractinian corals are hermaphroditic and spawn bundles of 

eggs and sperm in positively buoyant packets. These packets float on the ocean's surface 

mingling with packets from other colonies, allowing ample opportunity for cross

fertilization (Harrison and Wallace, 1990). Other broadcast spawning invertebrates 

migrate to shallow water and/or aggregate, some even coupling with a member of the 

opposite sex, in order to increase chances of fertilization (Giese et ai., 1991). Many 

species spawn synchronously, releasing gametes continuously for a length of time, 

ensuring simultaneous egg and sperm availability (Giese and Pearse, 1974). F. scutaria 

does not exhibit any of these behaviors. While F. scutaria individuals have been 

documented to move passively with wave action (Chadwick, 1988; Hoeksema, 1988), 

they can only migrate actively for very short distances on smooth flat surfaces (Bosch, 

1967; Jokiel and Cowdin, 1976). While they exhibit spawning that is synchronized to 

generally the same evenings, they release gametes in short unsynchronized spurts (Krupp, 

1983; personal observations). 

In Kaneohe Bay, many F. scuta ria individuals live in depressions or crevices in 

the reef, and many live in what appear to be "families" (Krupp et ai., 1992). These 

"families" are likely to be groupings of genetically identical clones produced by asexual 

budding (Wells, 1966; Krupp et ai., 1992; Kramarsky-Winter and Loya, 1996). Due to 

phenotypic similarity (Krupp et ai., 1992) and tissue compatibility (Jokiel and Bigger, 

1994) between family members, it is assumed that they would be the same sex, although 

this has not been demonstrated. For corals in this situation, successful fertilization may 

be an even more difficult task. For fertilization to occur, a male must propel sperm 
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upward with enough force to be carried out of the depression it is living in. It also must 

release sperm at a high enough concentration in order to reach a group of eggs from the 

next "family" of the opposite sex. 

Denny and Shibata (1989) discussed the consequences of broadcast spawning by 

benthic marine invertebrates (also modeled by Vogel et al., 1982). They theorized that 

once sperm is diluted to a certain point as a result of water motion, fertilization success 

should be negligible in many cases due to sperm limitation~ Many studies have noted this 

decreased ability for sperm to fertilize eggs at lower concentrations in laboratory 

experiments (Pennington, 1985; Rosenthal et aI., 1988; Yund, 1990; Havenhand, 1991; 

Levitan et al., 1991; Oliver and Babcock, 1992; Lasker and Stewart, 1992; Oliver and 

Babcock, 1992; Benzie and Dixon, 1994; Andre and Lindegarth, 1995). 

Many studies have also attempted to examine in situ rates of fertilization. Most of 

these studies have been performed on echinoderms, many using sea urchins which were 

manipulated to spawn (Pennington, 1985; Levitan, 1991; Levitan et al., 1991; Levitan et 

al., 1992; Sewell and Levitan, 1992; Babcock et al., 1994; Benzie et al., 1994; Levitan 

and Young, 1995; Levitan, 1998). A few studies have examined in situ rates of 

fertilization for cnidarians (Yund, 1990; Oliver and Babcock, 1992; Lasker et al., 1996; 

Coma and Lasker, 1997a, 1997b) and for other taxa (Yund, 1995; Atkinson and Yund, 

1996). These experiments show great variation in rates of fertilization in the field. 

Examining in situ rates of fertilization for F. scutaria would be extremely difficult 

because of the difficulty in collecting gametes downstream from an animal that 

unpredictably releases bursts of eggs or sperm. To estimate in situ sperm dilution, I 

combined my laboratory observations of the amount of sperm released at one time with 
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data from field studies using fluorescent dye to simulate sperm release and dilution. 

After incorporating data from laboratory fertilization experiments, the potential for F. 

scutaria eggs to be fertilized in a natural field setting at different distances from a 

spawning male was examined. 

Methods 

Sperm dilution experiment 

Eggs and sperm were removed gently from bowls by drawing water into turkey 

basters. Gametes were removed soon after being released to reduce effects of gamete 

aging. Fertilization experiments were conducted by counting between 50 and 100 eggs 

and placing them into 200 ml glass jars, then adding sperm of a known concentration and 

0.45J.lm filtered seawater to the jars to bring the final sperm density to between 101 and 

107 per ml. The final volume of water in jars was 100 ml. A control jar contained eggs 

and filtered seawater only. These containers were sealed and placed into a flow-through 

water table overnight where they floated. Movement of the containers provided gentle 

agitation of the contents. The next day the containers were checked for planulae as 

evidence of successful fertilization. Each trial used eggs from one female to allow for 

differences between trials due to the quality of a female's eggs. 

Sperm-egg contact time experiment 

Past studies have examined the effects of sperm-egg contact time by exposing 
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eggs to a sperm solution for a set period oftime, washing the eggs free of sperm and then 

counting fertilization membranes or cell divisions (Rosenthal et aI., 1988; Levitan et aI., 

1991). Several attempts were made to terminate exposure of eggs to sperm in F. scutaria 

using different methods. All trials resulted in no planulae. This was probably due to the 

fragility of the eggs and their inability to withstand abrasion from the mesh filter used to 

retain eggs. As a result, an alternative technique was developed. Experiments were 

performed by taking about 600-800 eggs from one female and placing them into each of 

four glass jars. A sperm concentration of either 101,103,105 or 107 per ml was added to 

the jar and the jar was swirled gently. After two minutes, between 50 and 100 eggs were 

pipetted off of the bottom of the jar and placed into ajar with 100 ml filtered seawater. 

This container was gently swirled and placed onto a black background. Eggs were 

counted and the sealed jar was placed into a flow-through water table and left overnight 

to provide gentle motion. The same procedure was performed after 8 and 32 minutes of 

exposure to sperm. The remaining eggs were left in the jar overnight. A control jar of 

eggs was filled with only filtered seawater. 

This technique for manipulating contact time is not ideal because a small amount 

ofthe sperm solution was unavoidably removed with the eggs in the transfer procedure, 

causing a small concentration of sperm to be exposed to eggs overnight. Also, the 

amount of time that eggs would actually be in close contact with a certain dilution of 

sperm in a natural field setting may be even less than 2 minutes; however, this was the 

shortest time possible to test using this method, as time was needed to allow the eggs to 

sink to the bottom. 
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Digital Video 

Using a digital video camera with an underwater housing, corals were recorded 

while spawning. Several corals collected in past years were put into a tank about .S m 

deep with circulating unfiltered seawater. A black background was placed behind the 

corals with centimeter markings. At around S :30 p.m., the video camera was turned on 

and let run until the tape ran out (62 minutes). The velocity and the height of each spurt 

was then recorded for use in simulating sperm release for the dye release experiment. 

Dye release experiment 

Field measurements of sperm dilutions were conducted with fluorescent dye 

tracing. The south reef flat on Coconut Island was chosen for the study because of its 

proximity to the marine laboratory and because it is populated with individuals of F. 

scutaria. Although this reef flat is attached to Coconut Island, it is similar to other patch 

reefs in the bay because the prevailing current due to the tradewinds is not interrupted by 

any landmass and carries the water over the reef flat. 

The first trial was conducted between S:OO and 6:00 p.m., around the time 

spawning would naturally occur, on an evening two nights after the full moon in 

September. A crevice .3 m below the reef flat containing F. scutaria individuals was 

chosen as the release point. An initial release of dye was conducted to visualize the water 

current and a transect tape was laid out parallel to current direction. Assistants were 

stationed at 1m upstream from the release point, and O.Sm, 1m, 2m and Sm downstream. 

At Sm downstream, assistants were stationed about 1m lateral to the tape on each side 

because the dye cloud was relatively wide at this point. All collections were made at the 
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vertical midpoint because dye becomes evenly distributed in the vertical direction over 

the reef flat within a very short distance (Koehl et ai., 1993; personal observations). The 

depth of the water during the trials was just under 1 m and the mean current speed was 

about 0.04 mlsec. Current velocities were calculated from the time required for a cloud 

of dye to travel a distance of 1~. The mean from 3 trials was used as the estimated 

current velocity. 

Rhodamine WT dye was diluted to a concentration of 200 ppt in seawater. Five 

ml of the diluted dye were released from a syringe during each replicate trial. For each 

trial, the dye was released from the bottom of the crevice at a velocity of about 3 cmlsec. 

The height of the dye plume was about 0.15 m above the syringe and the syringe reached 

to a height of about 0.15 m above the substrate, bringing the maximum height of dye 

release to just about the level of the reef flat. This procedure was employed to simulate 

the speed, height and volume that the sperm plume would achieve in nature, as estimated 

from the behavior of videotaped spawning corals. Assistants collected water samples 

simultaneously in glass scintillation vials before the release as a control, and then at one 

minute intervals for five minutes after the cloud reached each station. The 5m stations 

collected dye at 2 minute intervals because the cloud was larger at this point. Assistants 

collected dye by placing an empty glass scintillation vial underwater and quickly opening 

and closing the cap, causing as little water motion as possible. These samples were kept 

in the dark for a few hours until concentration of dye was measured. Measurements were 

made relative to the initial standard using a Turner Designs lO-AU fluorometer with a 

clear quartz lamp, a 546 run excitation filter, a >570 run emission filter, and a >535 run 

reference filter. 
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The second experiment was conducted using the same procedure but on an 

evening one night before the full moon in October. The water was not as deep (0.4 m), 

and the current was stronger (0.06 m/sec). Dye was released from the top of the reef flat 

to a height of about 0.10 m above the syringe to a total height of about 0.2 m above the 

reef flat at a speed of about 2 cm/sec. Samples were taken every 30 seconds after release. 

Results 

Sperm dilution experiment 

The overnight fertilization experiments suggested that high levels of fertilization 

could be achieved with very low concentrations of sperm when exposed overnight (mean 

of 48.3% at 101 sperm per ml, Figure 2.1), and that very high concentrations of sperm 

resulted in low levels of fertilization when left overnight (mean of 10.1 % at 107 sperm 

per ml). The effect of sperm density on the percent of eggs developing into planulae is 

highly significant in a general linear model (P<0.0005), whereas the trial is not 

significant (P=0.076). Control jars of eggs did not produce planulae. 

Sperm-egg contact time experiment 

The results for contact time and sperm dilution show a low level of fertilization 

success for sperm concentration of 101 per ml at exposure time of 32 minutes or less 

(mean ~14.6%, see Figure 2.2). For 103 per ml there is moderate success for 8 minutes 

and greater (mean 2 29.1 %), and for 105 and 107 sperm per ml there is high success for 
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all contact times (means 44.3-95.23%) except for the 107 when left overnight (mean of 

5.3%). Control jars of eggs did not produce planulae. Figure 2.3 highlights the responses 

when left for 2 and 8 minutes, which represent the contact times more likely to actually 

occur in the field. The lowest dilution of sperm resulted in very small amounts of 

fertilization (means 1.4-1.9%), with moderate success at 103 (means 16.7-29.1 %) and 

high levels at the two highest concentrations (means 44.3-95.2%). 

Digital Video 

Corals in the deepwater tank were videotaped on ten different nights, with 

spawning occurring on five nights within the 62 minutes taped. Most of the spawning 

successfully recorded was from male corals, and the few female spurts caught on tape 

were very light and did not appear to be representative of the summer's spawning. Fifty 

eight male spurts were recorded, with height ranging from 1.7 to 31.7 cm and mean 

height ofl1.5 cm (S.D. = 5.8 cm, 95% CI = 10.0 to 13.1 cm). Speed of release was 

calculated by dividing the end height of the burst by the length oftime it took the coral to 

reach the end height. Speed of release ranged from 0.26 to 6.8 cm/sec with a mean speed 

of3.2 cm/sec (S.D. = 1.3 cm/sec, 95% c.1. = 2.9 to 3.5 cm/sec). Sperm release, although 

occasionally occurring within seconds of another coral, did not appear to be synchronized 

even though corals were close to each other in a nearly still water tank with the ability to 

exchange chemical cues. Only two bursts occurred within seconds of another release. 

Dye Release Experiment 

To estimate the maximum concentration of dye that reached a station in a specific 
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trial, the highest reading of each of the five samples was used. The mean and standard 

deviation of these maximum values for each station for each evening are plotted in Figure 

2.4. The original concentration in the syringe is plotted as distance o. In the first 

experiment, which took place in slightly deeper water, the dye was diluted an average of 

about 500,000 times within 0.5m of release. In the second experiment, which took place 

in slightly shallower water, the dye was diluted an average of about 90,000 times within 

0.5m of release. In a general linear model using log transformed dye concentrations, 

distance from dye release was highly significant (P<0.0005), as was the evening on 

which the experiment was performed (P=O.OOl). 

Discussion 

The high levels of fertilization success from the low concentrations of sperm in 

overnight experiments were very unexpected. Most studies have not achieved high levels 

of fertilization until 103 sperm per ml or greater (Pennington, 1985; Levitan et aI, 1991; 

Benzie and Dixon, 1994). These high levels could be partially due to chemotaxis, and 

also could have been affected by the extreme sperm longevity in this species (Krupp, 

unpublished data), with sperm still able to yield high levels of fertilization after aging for 

five hours. 

The decline in fertilization in the 106 and 107 treatments was possibly due to 

fouling of the water. The water in these treatments was cloudy from dense sperm and 

probably did not allow as much oxygen to get to the eggs. Also, to achieve sperm 
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concentrations this high, a large volume of the more crudely filtered seawater (50!J.m) 

from the coral's glass bowl had to be used, as opposed to the other treatments which 

received almost none of the water from the bowl and used almost all water that was finely 

filtered (0.45!J.m). Microorganisms were occasionally observed in the crudely filtered 

seawater, and may have affected the eggs' ability to fertilize and develop. Another 

possible explanation is that polyspermy is occurring and prevents normal development of 

embryos. There is no known fertilization membrane to block polyspermy in sc1eractinian 

corals (Szmant-Froelich et aI., 1980). This adaptation may have never evolved because 

levels of sperm this high would not likely ever be seen in nature in F. scutaria, even if a 

male and female were directly adjacent and undergoing simultaneous gamete release. 

The relatively high fertilization success of eggs placed into 107 sperm per ml for 

only between 2 and 8 minutes suggests that water quality and not polyspermy probably 

contributed to the lack of fertilization in high density overnight trials. If polyspermy or 

some form of abnormal fertilization or development was taking place, these treatments 

probably would have been affected by the same processes, assuming that polyspermy 

occurs relatively quickly. Future work should use only the shorter contact times with all 

of the seven dilutions to get more realistic data on sperm dilution versus fertilization in 

relation to a natural field setting. In addition, it would be useful to develop other ways to 

rinse eggs before adding them to the filtered seawater. 

The dilution of dye in the dye release study probably differed significantly 

between sampling dates due to different tidal and current conditions. The dye appeared 

to behave in a similar way each night, with a very large initial dilution of sperm, followed 

by a continuing slower dilution. This result is probably because when the dye is initially 
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released into the water column it has three dimensions in which to spread. Soon after 

release, it is evenly dispersed in the vertical direction (height of water column), and then 

continues to spread horizontally. 

To get an estimate of the fertilization success possible at different distances 

downstream from a spawning male, dilution of the typical amount of sperm in an 

individual burst can be estimated according to results from the dye release study. The 

mean burst was 2.8 x 109 total sperm. Assuming that a coral's burst of sperm is released 

in less than 3 ml of fluid, the typical burst of sperm would be released at a concentration 

of 109 sperm/TIll. Using the lowest degree of dilution from the dye study to overestimate 

sperm concentration, the sperm from a burst would be diluted to a concentration of 104 

sperm/ml within O.Sm, and 102 sperm/ml within 2m. For a conservative estimate, assume 

sperm have 8 minutes for interaction with the eggs, assuming that eggs were released 

downstream from the male up into the cloud of sperm passing over. According to the 

experimental fertilizations, almost no fertilization would occur once the plume had 

moved 2m downstream, and a moderate level could occur between 0.5 and 2m. The high 

levels of fertilization seen occurring at 105 and 107 sperm/ml would only happen within a 

distance ofO.Sm from the male. 

Estimation of gamete densities and fertilization successes which can occur during 

natural spawning events is an important step towards understanding the population 

biology of marine invertebrates. In the recent past, it was assumed that broadcast 

spawners achieved high fertilization rates in the field and that growth of populations was 

limited by larval mortality and settlement (Levitan, 1995). Recently, in situ studies have 

shown that fertilization in natural conditions can be close to zero due to sperm dilution 
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(Pennington, 1985; Levitan, 1991; Levitan et ai., 1992). The coral Fungia scutaria, 

because of its unusual reproductive behavior, would be expected to experience low rates 

of fertilization unless spawning individuals were in close proximity and exhibited high 

levels of synchronization. 
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CHAPTER 3 

ABUNDANCE, DISTRIBUTION AND POPULATION DENSITIES 

IN KANEOHE BAY, OAHU 

Background 

Maragos (1977) reported that the large populations of Fungia scutaria existing in 

Kaneohe Bay were beginning to decline, probably because of sewage pollution, 

collection by divers, or other factors in the bay during recent years. Many individuals 

reportedly died in the freshwater "kills" of 1965 (Banner, 1968) and 1988 (Jokiel et aI., 

1993), when huge rainstorms lowered salinity to as low as 15 ppt in surface waters. The 

effects of these floods were exacerbated by changes in land use in the town of Kaneohe 

which have increased the rate of runoff into the bay (Smith et aI., 1973). Many corals 

died during periods of heavy siltation in the 1960's (Bosch, 1967), which also resulted 

from poor land use practices (Smith et at; 1973). In addition, the period of sewage 

discharge between 1963-78 caused reduced light penetration resulting from 

eutrophication, as well as encouraging growth of algal mats which smothered coral, 

resulting in massive coral die- off (Evans et aI., 1986). After the sewage outfall was 

diverted, F. scutaria did not recover dramatically as did some other coral species in the 

bay, but continued to decline (Evans et aI., 1986). 

The long history of disturbances to Kaneohe Bay was sufficient to reduce 

populations of F. scuta ria even though this coral has shown that it is resilient when 

exposed to environmental extremes. It is resistant to low salinity (Edmondson, 1928; 
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Maragos, 1972); can survive better in reduced light than other Hawaiian corals 

(Edmondson, 1928; Maragos, 1972); can survive well at elevated temperature 

(Edmondson, 1928); and can survive after being buried under silt for 3 days (Edmondson, 

1928). 

Existing information on the current abundance of this coral in Kaneohe Bay are 

entirely anecdotal, as no one has undertaken a study of F. scutaria in 30 years. The two 

prior surveys for distribution of this coral were conducted in 1963 (Bosch, 1967) and 

between 1968-70 (Maragos, 1972). Both studies used qualitative measurements and did 

not provide quantitative data. Bosch sunreyed many sites throughout the bay, classifying 

them into one of four categories: abundant, common, few, or rare to none. Although he 

gave no information on the quantitative basis for these categories, he noted that the most 

dense population he found in the bay (at reef 19) showed a density of 150 corals per 

square meter. He classified the majority of sites (46% of all reefs surveyed) as abundant, 

particularly the patch reefs in the central bay. Maragos (1972)classified sites as having 

either high or low abundance of F. scutaria. He described 19 patch reef sites as having 

low abundance which Bosch had described as abundant only a few years earlier. This 

change was most likely due to the intense period of pollution which began soon after 

Bosch completed his survey (Smith et aI., 1973), and could also have been affected by 

Bosch collecting over 1000 corals for dry weight measurements (Bosch, 1967). 

Bosch (1967) described the distribution of F. scutaria in Kaneohe Bay as non

random and showing a "contagious", or aggregated, pattern. This is probably due to the 

asexual mode of reproduction exhibited by these corals in which "buds" grow off of a 

"parent" coral, breaking off to become clonally replicated individuals (Krupp et aI., 
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1992). Kramarsky-Winter and Loya (1998) also noted this aggregated pattern in F. 

scutaria in the Red Sea. Jokiel and Bigger (1994) noted that corals in aggregations in 

Kaneohe Bay often displayed the same "color-morph". Bosch (1967) described their 

distribution as tending to be concentrated toward the seaward margins of the reef flat, 

possibly because there is greater access to water-borne nutrients. Researchers have noted 

that numbers of F. scutaria tend to decrease sharply with an increase in depth, with most 

individuals found between 1-3 m (Bosch, 1967; Maragos, 1972; personal observations). 

F. scutaria tends to be confined to reef flats in very shallow water all around the world 

(Goffredo and Chadwick-Furman, 2000). 

Maragos (1972) noted that, out of a large number of factors, the best predictor for 

abundance of F. scutaria was abundance of the coral Porites compressa. Bosch (1967) 

also noted that they are almost always found among living "finger" coral. Bosch (1967) 

found that the best environments for F. scutaria were the south and central portions of the 

bay, on patch reefs far enough away from the shoreline to avoid excess siltation. He 

predicted that the far North Bay received too much wave action, which prohibited 

settlement of F. scutaria larVae; in addition, Maragos (1972) found that adults also had 

lower survival in these more exposed parts of the bay. 

In this study, I surveyed Kaneohe Bay for individuals of F. scutaria on as many 

reefs as possible. I wanted to establish quantitative baseline data for use in future 

monitoring efforts, to compare current distributions with past observations to allow 

comment on their current status, and to examine popUlation densities to estimate 

probability of fertilization success. 
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Methods 

Abundance and Distribution 

Between January and April of2000, I conducted a large-scale survey of Kaneohe 

Bay to determine abundance and distribution of F. scutaria. Sites in Kaneohe Bay were 

surveyed by snorkelling. Only patch reefs were surveyed because oftime limitations and 

because they have historically been this coral's most common habitat. To reliably find 

numbered patch reefs, a map of Kaneohe Bay which included reef numbers was used 

(Figure 3.1). Surveys were conducted by the author and an assistant, who together 

counted the number of individuals seen per one hour total swimming at each of the 

survey sites. Surveys concentrated on the seaward margins of shallow reef flats where 

the corals have been most commonly found in previous studies (Bosch, 1967; Maragos, 

1972). Reef areas that are unfavorable to this species (e.g. sand patches or rubble zones) 

were not sampled. Because one hour was not sufficient to survey the entire area of some 

large reefs, Figures 3.2-3.3 detail sections surveyed on each reef. 

Condition and size of reefs were also noted, as well as abundance and type of 

overgrowing algal mats to allow tests for correlations with abundance. Reefs were 

classified to be in either excellent, good or poor health, based on a subjective view taking 

into consideration structure, cover by live colonial corals, and prevalence of algae. The 

size of reefs was also noted as being large (roughly 2:150 m across), medium (75-150 m), 

small (35-75 m) or extra small (.s;35 m). The two most commonly overgrowing algae 

species in the bay were Dictyosphaeria cavernosa and Kappaphycus striatum. These 
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Figure 3.1. Map of Kaneohe Bay, Oahu. Note that patch reefs are numbered. 

48 



o 

.-'. 
'-

.... , , , . , , ... ' 
,", 
~~ 

Figure 3.2. Detail of survey sites in southern half of Kaneohe Bay. Sections of reefs that 
were surveyed are shaded. 
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Figure 3.3. Detail of survey sites in northern half of Kaneohe Bay. Sections:of reefs that 
were surveyed are shaded. 
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were noted on each reef as being in high (roughly >50% cover), medium (10-50% cover), 

low «10% cover) or none (absent) abundance categories. 

In addition, other factors that may have an affect on the corals' ability to 

reproduce were noted. The size class of each coral was estimated, categorizing all corals 

less than 5 em in length as "extra small", corals between 5 and 9 em as "small", corals 

between 9 and 12 em as "medium", and corals larger than 12 em as "large". These size 

classes were chosen to fit with the general pattern of size class distribution from the 

corals that were collected for observation during spawning. The location of corals was 

noted (i.e. in a crevice, where release of gametes could be disrupted, or on a flat surface). 

Also noted was whether each coral was in an aggregation or ifit was solitary (an 

aggregation was classified as at least two corals within 10 em of each other) and whether 

or not all members of each aggregation exhibited the same color-morpho The four most 

common color-morphs observed were "red mouth", "green tentacles", "red mouth and 

green tentacles" and "plain brown". Unfortunately, sex of corals in each aggregation 

could not be determined in the field. 

Population Densities 

I also conducted studies to determine the spatial relationships among F. scutaria 

aggregations to estimate typical distances to nearest neighbors that could possibly be 

available for fertilization success. Evidence has suggested that individuals of the same 

color-morph in an aggregation are clones (Krupp et aI., 1992; Jokiel and Bigger, 1994), 

which are assumedly of the same sex. This would force gametes from one aggregation to 

reach the next aggregation of opposite sex to achieve successful fertilization. Population 
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densities on reefs that I surveyed most likely differed somewhat according to their 

abundance category, considering that each reefwas surveyed for abundance for a 

standard amount of time. 

To classify population densities, two reefs from each of the abundance categories 

"Abundant", "Common" and "Few" were randomly selected to survey. Multiple circular 

surveys were conducted on each reef. Corals were chosen as the center of these surveys 

by random number selection correlating to the order they would be found while 

swimming. A line 3 m long was used as the radius of a circle 28.3 m2 in which all corals 

were located. Location and color-morph of each aggregation of corals were noted, as 

well as the distance to, and color-morph of, each aggregation's nearest neighbor. 

Because general abundance surveys had established that almost all aggregations 

were made up of exclusively corals of the same color-morph, the definition of 

aggregation was changed for population density surveys to assume clonal replication of 

aggregated corals. Corals were recorded as being in the same aggregation if they were of 

the same color-morph and less than 10 em apart. Corals of different color-morphs in 

close proximity were considered to be from two overlapping aggregations, and solitary 

corals were considered to be their own aggregation. 

Results 

Abundance and Distribution 

Throughout Kaneohe Bay, 42 patch reef sites were surveyed for general 

abundance. The results from these surveys are summarized in Table 3.1. Raw data for 
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Table 3.l. Field survey results for Fungia scutaria individuals from 
Kaneohe Bay. Numbers in parentheses represent percent of the total 
5512 corals found over all reefs. 

Category Number of corals (Percent 
of total live corals) 

Extra-small «5 cm) 1107 (20.08) 
Small (5-9 cm) 1915 (34.74) 
Medium (9-12 cm) 1411 (25.60) 
Large (>12 cm) 1088 (19.74) 
In crevice 2985 (54.15) 
In aggregation 3900 (70.75) 
In aggregation of all same 
phenotype 3627 (65.81) 
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all reefs is in Appendix C. Results compared with those from the two previous surveys 

are found in Appendix D. In the 42 hours of reef surveys, the author and assistants found 

5512 total live corals and 1935 total dead corals. Figure 3.4 shows the map of survey 

sites labeled with their abundance category. Reefs on which 250-400 corals were found 

were classified as "Abundant", those with 100-250 corals as "Common", those with 10-

99 corals as "Few" and those with less than 10 corals as "Rare or None". 

Kaneohe Bay was split up into regions to make comparisons of abundances 

(Figure 3.4). The South Bay was considered to include reefs south of reefs 9 and 10. 

The Mid Bay was defined as reef 9 and 10 up to and including reef29. The North Bay 

included all reefs north ofreef29. The number oflive corals found during one-hour 

surveys was significantly higher at North Bay sites than in the Mid or South Bay regions 

(ANOVA, P<0.0005., Figure 3.5). Tukey's multiple comparisons found highly· 

significant differences between Mid and North (P=O.OOOI) as well as South and North 

(P<.00005) regions. Mean number oflive corals for North Bay reefs is 270 +/- 97, for 

Mid Bay is 101 +/- 91, and for South Bay is 83 +/- 86. The number of dead corals did 

not show significant difference over the three regions. 

The number of dead corals does not show a significant difference across the reef 

health categories. The number of live corals is less on average at the poor health reefs 

(mean 90 +/- 52) than at the good (mean 151.8 +/- 136.5) or excellent (mean 173.9 +/-

127) reefs, but does not represent a significant difference (ANOVA, P=0.210). Neither 

the number of live or dead corals found within one hour surveys varies significantly with 

reef size, or across the different abundance categories for either species of algae. 
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Figure 3.4. Map of Kaneohe Bay, Oahu, showing abundance categories for all reefs 
surveyed (n=42). 
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The size class distribution of live corals in the bay was as follows: 1107 extra 

small, 1915 small, 1411 medium and 1088 large (see Figure 3.6). Of the 668 extra small 

corals observed by the author, 663 (99.3%) of them appeared to be attached to a dead 

"parent" coral as buds. The other 5 extra small corals did not appear to be attached to 

other F. scutaria skeletons, but appeared to have possibly settled on pieces of dead 

Porites compressa skeleton. Each was about 2 em in length. The number of extra small 

corals does not differ significantly over the different reef health categories. However, 

extra small corals are significantly more abundant in the North Bay than in the rest of the 

bay regions (ANOV A, P=0.006), with Tukey's multiple comparisons finding significant 

differences between South and North (P=O.Ol) and Mid and North (P=O.Ol). 

Out of the 3900 corals found in close aggregations with conspecifics, 3627 of 

them (93%) were in aggregations which were made up of entirely the same color-morpho 

About half of the corals surveyed were found in crevices (54%) while the others were on 

relatively even surfaces. 

Population densities 

The mean distance to the nearest neighbor in another aggregation was 0.37 +/-

0.26 m for the reefs classified as having "abundant" F. scutaria, 1.03 +/- 0.45 m for the 

reefs classified as "common", and 1.41 +/- 1.02 m for the reefs classified as "few" 

(ANOVA using square root transformed distances, P<0.0005, Figure 3.7). The percent 

of aggregations with a nearest neighbor aggregation of the same color-morph was 53% 

for abundant reefs, 36% for common, 33% for few, and 50% overall. 
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Discussion 

When examining live coral counts, it appears that the North Bay is currently the 

best environment for F. scutaria. This may be because the North Bay has suffered less 

disturbance from land-based impacts such as runoff and pollution. The North Bay 

watershed is not urbanized and has greater water exchange to provide circulation of 

ocean water. Sewage outfalls that caused eutrophication in the bay were located in the 

South Bay, and their effects were assuredly less pronounced in the north (Smith et aI., 

1973). Earlier researchers accounted for the lower numbers of F. scutaria in the North 

Bay by predicting that recruitment would be limited in the North Bay because of high 

water motion (Bosch, 1967) and that survival of adults was reduced in the North Bay 

(Bosch, 1967; Maragos, 1972). It is unlikely that any of these factors have changed over 

the last 30 years. More likely is that abundances in the North Bay have stayed relatively 

the same, but have been greatly reduced throughout the rest of the bay. This would 

suggest that historical distributions of this coral were far higher throughout the bay than 

they are now, as Bosch claimed that highest abundances were in the lower part of the mid 

bay. However, it is hard to know for certain because these previous surveys contained no 

quantitative data. 

The great majority of aggregated corals from field surveys were in aggregations 

with only members of the same color-morph (93%). This supports previous studies that 

reported that F. scutaria may be clonally replicated (Krupp et aI., 1992; Jokiel and 

Bigger, 1994). The mixing of some aggregations with different phenotypes of corals may 

be due to dispersal at small size by water motion. Hoeksema (1988) reported that small 
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Fungia individuals could be dispersed notable distances by water motion. Two 

aggregations of different color-morphs that are overlapping in space would seemingly 

have a greater chance of successful fertilization because there is a better chance that two 

individuals of the opposite sex would be in close proximity. 

The data on size class distribution indicates that the Kaneohe Bay population has 

many recruits which begin to slowly die off as they get larger, with the majority of corals 

falling into the small class. It is very likely that there are even higher numbers of extra

small corals, but that they were missed during surveys. Buds are often on the sides or 

aboral surfaces of dead corals, making them more difficult to see (Krupp et aI., 1992; 

personal observations). As discussed in Chapter 1, small corals do not release as many 

gametes as medium or large corals. Almost 55% of all corals found in surveys were 

either small or extra small, with extra small corals assumedly releasing negligible 

amounts of gametes. This may suggest that the population is somewhat limited by 

gamete output, as the largest corals, which have the highest chance of successfully 

reproducing by spawning more gametes and more often, represent only about 20% of all 

corals. 

The apparent lack of settled juveniles and the abundance of budded juveniles 

suggests that the predominant form of population growth is asexual. However, this 

observation could be somewhat biased if juveniles settled from larvae typically find their 

way into deep crevices and are harder to see while surveying. 

The five extra small "settled" juveniles observed were all roughly the same size 

(2-3 cm in length). They were assumed to be settled because they were attached to pieces 

of P. compressa skeleton. However, it is possible that they did not settle from larvae and 
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that they grew from remains of tissue left in the reef matrix (Jokiel and Bigger, 1994). It 

is hard to determine if they are the right size to match the timing of the spawning season 

because no studies have examined growth during early development in this coral. 

Results of the population density study show that even on low abundance reefs 

wnere few individuals inhabit large areas of reef, population densities are still somewhat 

high. This might suggest that corals actively migrate towards, or settle near conspecifics. 

A more likely explanation is probably that corals have a better chance of survival if found 

in certain areas of reefs. 

Population density studies also suggest that high levels of successful fertilization 

could occur at the "Abundant" reefs, based on the sperm dilution results from Chapter 2 

combined with the mean distance to nearest neighbors. The densities from the 

"Common" and "Few" reefs suggest that low to moderate levels of fertilization could still 

occur on these reefs with far fewer corals; however, they would not be likely to 

experience high levels of fertilization. Only a small number of these nearest neighbor 

aggregations would be available for fertilization, because they would have to be lined up 

in the same direction as the prevailing current for gametes to mix. 

The results of this study lead me to believe that successful fertilization in this 

coral is low, but that sexual reproduction is not completely fertilization limited. There is 

most likely close to a 1: 1 sex ratio, there are dense aggregations with other aggregations 

of different color-morphs in close proximity, and there appears to be some fertilization 

success at relatively low sperm concentrations. These corals exhibit repeated spawning 

events throughout the summer and release large amounts of gametes. Only about half of 

corals were found in crevices, leaving the rest on even surfaces where gametes can be 

62 



more easily dispersed. These factors should contribute to successful fertilization, 

particularly if spawning is more synchronized in a natural field setting. The rarity of 

finding planulae in the water column or finding newly settled juvenile corals on natural or 

artificial substrates in the field may be partly due to post-fertilization processes, such as 

larval survival, successful settlement and juvenile survival. Future research could 

examine the ability of F. scutaria larvae to settle on conditioned substrates in the lab to 

see if recruitment is limited by substrate type or availability. 

It is interesting to find an animal which is apparently surviving almost solely on 

asexual reproduction with low rates of genetic recombination. Reproduction solely 

through budding of asexual clones does not allow for genetic recombination between 

members of a popUlation. Conserving genetic diversity within a population is important 

in increasing the ability of organisms to respond to environmental change (Meffe and 

Carroll, 1994). It would be interesting to use molecular data to examine how much 

genotypic variation occurs in field popUlations. It is possible that F. scutaria individuals 

that can survive natural periods of stress by producing many asexual buds have shown 

higher fitness. There may be few genotypes on the reefs today, with those that are highly 

suited to this environment asexually producing clones for many generations. 

Kaneohe Bay currently contains large abundances of F. scutaria. However, 

abundance and distribution are still only known anecdotally for the rest of Hawaii. It is 

probable that Kaneohe Bay represents the largest popUlation of F. scutaria in the State of 

Hawaii, and this population may be only a fraction of what its historical abundance once 

was. Monitoring should continue in the future to examine if Mid and South Bay 

populations will recover after many years without disturbance. 
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Appendix A. Reproductive Output Data for female F. scutaria individuals (numbers of gametes x 10\ Summer 1999. 
Corals not spawning over the course of the summer are not included. 

Labe Sex Reef 6/28/99 6/29199 6/30/99 711199 712/99 7/29199 7/30/99 7/31199 8/1199 8127/99 
AL03 F Reef 10 3.26 
AL05 F Reef 10 0.10 
AL06 F Reef 10 
AL07 F Reef 10 1.14 
AL10 F Reef 10 25.90 
ALl1 F Reef4 1.45 2.43 7.35 0.62 
AL12 F Reef 4 1.05 11.90 
ALB F Reef 4 0.16 11.20 
AL17 F Reef 4 8.32 
AL20 F Reef 4 0.79 4.54 8.03 0.52 3.04 
AL21 F Reef43 5.12 11.50 
AL23 F Reef43 2.02 6.77 4.13 6.32 
AL27 F Reef 43 0.72 1.32 
AL29 F Reef43 2.06 0.44 0.32 10.20 2.98 14.30 
AL36 F Reef22 9.23 
AL37 F Reef 22 0.25 
AL39 F Reef 22 2.89 3.22 
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Appendix A. Reproductive Output Data for female F. scutaria individuals (numbers of gametes x 10\ Summer 1999. 
Corals not spawning over the course of the summer are not included. 

Label Sex Reef 8/29199 8/30/99 9/26/99 9/27/99 9128199 9/29199 10125/99 
AL03 F Reef 10 0.61 
AL05 F Reef 10 3.58 
AL06 F Reef 10 2.22 
AL07 F Reef 10 4.25 0.62 
AL10 F Reef 10 10.80 0.87 0.99 0.93 
ALl1 F Reef4 6.74 3.16 20.90 
AL12 F Reef 4 16.80 0.83 4.97 
ALB F Reef 4 4.54 3.74 9.15 
AL17 F Reef4 18.20 
AL20 F Reef 4 4.75 13.50 
AL21 F Reef 43 2.01 
AL23 F Reef 43 2.35 
AL27 F Reef 43 0.65 5.29 0.54 
AL29 F Reef 43 5.64 1.31 
AL36 F Reef 22 0.91 6.76 6.49 
AL37 F Reef 22 
AL39 F Reef 22 1.46 



0\ 
0\ 

Appendix B. Reproductive Output Data for male F. scutaria individuals (numbers of gametes x 1010), Summer 1999. 
Corals not spawning over the course of the summer are not included. 

Labe Sex Reef 6/28/99 6/29/99 6/30/99 7/1/99 7/2/99 7/29/99 7/30/99 7/31/99 8/1/99 8/27/99 
AL01 M Reef 10 1.17 4.57 2.55 
AL04 M Reef 10 
AL08 M Reef 10 2.6 
AL09 M Reef 10 0.56 1.37 
AL14 M Reef 4 0.26 1.69 
AL15 M Reef 4 0.76 
AL16 M Reef4 2.24 
AL18 M Reef 4 1.09 2.4 2.97 
AL22 M Reef 43 1.94 0.92 1.7 4.04 
AL24 M Reef 43 3.4 8.41 0.75 7.13 
AL25 M Reef 43 2.92 1.86 1.67 
AL26 M Reef43 0.91 8.11 3.1 2.01 
AL30 M Reef 43 3.48 3.78 3.72 0.71 
AL33 M Reef 22 0.32 1.27 2.21 
AL35 M Reef22 0.94 2.15 1 0.5 
AL38 M Reef22 1.36 1.05 
AL40 M Reef 22 0.44 0.38 
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Appendix B. Reproductive Output Data for male F. scuta ria individuals (numbers of gametes x 1010), Summer 1999. 
Corals not spawning over the course of the summer are not included. 

LabeJ Sex Reef 8/29/99 8/30/99 9/26/99 9/27/99 9/28/99 9/29/99 10/25/99 
ALOI M Reef 10 0.16 0.2 1.73 
AL04 M Reef 10 0.48 1.28 1.72 
AL08 M Reef 10 
AL09 M Reef 10 
ALI4 M Reef4 0.11 I 

AL15 M Reef4 2.48 0.79 
ALI6 M Reef 4 
ALI8 M Reef 4 1.2 0.18 0.2 0.78 
AL22 M Reef 43 1.93 1.71 1.63 1.7 
AL24 M Reef 43 1.45 3.5 0.54 
AL25 M Reef 43 0.19 
AL26 M Reef 43 3.73 0.2 1.84 
AL30 M Reef 43 0.2 
AL33 M Reef 22 1.62 0.027 
AL35 M Reef 22 0.6 
AL38 M Reef22 0.23 
AL40 M Reef 22 0.34 1.9 



Appendix C. Raw Survey Data for Fungia sGutaria on Kaneohe Bay Patch Reefs, 2000. 
Surveys entailed one hour of swimming. 

Total Clumped- Reef 
Location Live XS S M L Crevices Clumped Same Dead Condition 

Reef A 0 * * * * * * . 0 ok 
Coconut N(1A) 63 3 31 23 6 55 51 51 2 ok 
Coconut E(1 8) 32 0 10 14 8 22 22 22 84 ok 
Coconut S(1 C) 31 2 12 6 11 22 16 16 10 good 

Coconut W(1 0) 8 0 4 • 3 8 6 2 1 ok I 

Checker N(8A) 176 31 60 35 50 53 79 50 43 ok 
Checker S(8C) 44 14 16 7 7 19 22 20 164 ok 

Checker W(80) 100 26 44 24 6 37 61 61 24 ok 
Reef 2 48 7 12 14 15 32 35 35 16 poor 
Reef 3 33 15 10 2 6 26 25 22 22 good 
Reef 4 51 18 13 15 5 21 32 32 16 poor 
Reef 5 119 65 32 18 4 95 87 85 14 ok 
Reef 6 326 31 98 128 69 167 246 198 45 good 
Reef 7 132 20 27 22 63 19 73 73 68 ok 
Reef 9 98 15 29 24 30 19 58 55 105 poor 

Reef 10 147 15 48 43 41 62 82 82 60 poor 
Reef 11 28 2 11 9 6 9 14 14 261 ok 
Reef 14 44 6 13 7 18 6 27 27 146 poor 
Reef 15 36 7 9 6 14 12 18 18 38 poor 
Reef 16 53 0 13 8 32 2 26 26 203 poor 
Reef 17 366 14 164 124 64 143 293 269 43 poor 
Reef 18 175 35 67 55 18 115 129 126 12 ok 
Reef 19 24 2 7 7 8 2 18 18 29 poor 
Reef 20 23 3 10 5 5 4 6 6 28 poor 
Reef 21 14 1 3 4 6 0 0 0 40 poor 
Reef 22 59 29 9 8 13 33 34 34 15 poor 
Reef 23 46 19 14 10 3 31 29 29 6 ok 
Reef 24 93 21 32 23 17 29 49 47 25 poor 
Reef 25 181 48 65 44 24 112 132 116 15 ok 
Reef 26 122 43 35 25 19 25 70 63 31 ok 
Reef 27 146 52 48 32 14 68 87 87 49 ok 
Reef 28 141 63 60 15 3 68 87 87 13 ok 
Reef 29 124 47 61 14 2 61 74 74 16 good 
Reef 30 397 52 196 104 45 228 289 271 25 ok 
Reef 31 303 130 95 48 30 243 234 224 82 ok 
Reef 32 162 33 83 41 15 138 144 139 7 ok 
Reef 33 127 5 56 34 32 115 100 95 15 good 
Reef 34 204 47 65 59 33 147 168 160 16 poor 
Reef 38 286 85 86 66 49 181 213 199 29 ok 
Reef 39 358 46 102 97 112 202 299 288 41 good 
Reef 40 218 29 49 68 72 139 167 157 27 good 
Reef 41 374 26 116 122 110 215 298 249 49 ok 
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Appendix D. 2000 Survey results compared with previous F. sClitaria surveys (Bosch survey 
completed 1963, Maragos survey completed 1972). A=Abundant, C=Common, F=Few, 
R=Rare or none, H=High abundance, L=Low abundance. 

Region of Bay Number of Reef Bosch Rating Maragos Rating Live, 2000 My Rating 
South Bay A 0 R 
South Bay lA A H 63 F 
South Bay lB A L 32 F 
South Bay lC A L 31 F 
South Bay ID A H 8 R 
South Bay 2 A L 48 F 
South Bay 3 A L 33 F 
South Bay 4 A 51 F 
South Bay 5 A L 119 C 
South Bay 6 A L 326 A 
South Bay 7 A L 132 C 
South Bay 8A A H 176 C 
South Bay 8C A 44 F 
South Bay 8D C 100 C 
Mid Bay 9 A 98 F 
Mid Bay 10 A 147 C 
Mid Bay 11 C L 28 F 
Mid Bay 14 A 44 F 
Mid Bay 15 A 36 F 
Mid Bay 16 A 53 F 
Mid Bay 17 A H 366 A 
Mid Bay 18 A H 175 C 
Mid Bay 19 A H 24 F 
Mid Bay 20 A L 23 F 
Mid Bay 21 A L 14 F 
Mid Bay 22 A L 59 F 
Mid Bay 23 A 46 F 
Mid Bay 24 A L 93 F 
Mid Bay 25 A H 181 C 
Mid Bay 26 A L 122 C 
Mid Bay 27 A L 146 C 
Mid Bay 28 A L 141 C 
Mid Bay 29 A L 124 C 
North Bay 30 A H 397 A 
North Bay 31 A H 303 A 
North Bay 32 162 C 
North Bay 33 A L 127 C 
North Bay 34 C 204 C 
North Bay 38 A L 286 A 
North Bay 39 A L 358 A 
North Bay 40 A 218 C 
North Bay 41 A 374 A 
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