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ABSTRACT 

This dissertation examines two issues related to the 

ecological and evolutionary consequences of sexual and 

asexual reproduction in colonial marine invertebrates. 

The first two chapters explore the extent to which the 

planktonic larval phase limits the dis·tribution and 

abundance of a colonial ascidian, Oiplosoma similis. The 

third chapter examines some of the fitness consequences 

of alterations in the pattern of asexual reproduction by 

colony fragmention in ~. similis. All research was 

carried out on the fringing coral reef surrounding 

Coconut Island which is located in Kaneohe Bay, Oahu, 

Hawaii. 

Specifically, the first chapter addresses the 

question of what is the relative importance of pre

settlement versus post-settlement processes in limiting 

the recruitment rates of ~. similis. The relative 

importance of each set of processes was established 

through 1) a comparison of pre-settlement and post

settlement mortality rates, 2) a study of larval 

substratum selection and 3) a determination of whether 

larval settlement rates limit the areal coverage of 

adults. 

Larval mortality was measured by 1) using SCUBA to 

follow individual larvae in the field from release to 
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settlement and 2) setting up a predator exclusion 

experiment to obtain an independent estimate of 

planktonic mortality due to planktivorous fish. By 

following individual larvae it was estimated that the 

length of the planktonic larval phase is 1-5 minutes 

during which time larvae disperse 0-4 m from the parent 

colony. During the planktonic phase 25% (n=171) of the 

larvae were killed as a result of benthic mortality 

sources such as corals, sea anemones, sponges and mucus. 

The predator-exclusion experiment estimated 

planktonic mortality rates by measuring larval settlement 

rates on cement blocks in the presence and absence of 

planktivorous fish. Fish were excluded with a nylon 

monofilament net. The results of the experiment suggest 

that planktivorous fish capture between 13-19% of all 

larvae. Combining this estimate with the estimates of 

larval mortality due to benthic mortality sources (25%) 

and to planktonic sources other than fish (2%) provides 

an estimate for total larval mortality of 40-46%. 

Field observations on the processes of larval 

dispersal and settlement suggest that larvae are capable 

of active habitat selection on both a coarse and fine 

scale. Most larvae dispersed towards the reef and 

settled at a depth less than or equal to the parent 

colony. Once near the reef's surface the majority of 
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larvae (85%) settled on either dead coral or the green 

alga, Dictyosphaeria cavernosa, which together 

constituted 14.6% of the reef's surface. 

Post-settlement mortality was estimated by 

monitoring on a daily basis the fate of the 122 

individuals which survived the planktonic larval phase. 

No more than 10% of the newly settled colonies survived 

more than one month post-settlement. 

Larval settlement rates were measured by counting 

the number of larvae which settled each day on cement 

blocks. It was estimated that the annual larval 

settlement rate was greater than 2,800 larvae/m2 . This 

settlement rate was not great enough by itself to account 

for the percent cover of adults. However, given the fact 

that Q. similis is clonal and potentially immortal, it is 

unlikely that larval settlement rates limit the percent 

cover of this ascidian. 

In conclusion, the results of this study suggest 

that for Q. similis the pattern of recruitment is a 

product of both pre- and post-settlement processes. 

Larval habitat selection determines the sites where 

juvenile colonies are located, while post-settlement 

mortality determines the density of juvenile colonies at 

those sites. 
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The second chapter examines the question of what are 

the relative contributions of pre- and post-settlement 

processes in determining the vertical distribution of 

adults. This question was addressed by documenting the 

pattern of larval dispersal, the distribution of larval 

settlers and adults, and the growth, fecundity and 

survivorship of adults. Observations on larval dispersal 

as well as on growth, fecundity and survivorship of adult 

colonies were made within 4 habitat zones on a coral reef 

in Kaneohe Bay, Hawaii. The habitat zones were the reef 

flat, the reef crest, -4 m and -6 m. 

The pattern of larval dispersal varied with the site 

of release. The deeper the site of release the longer 

and farther individual larvae dispersed. The majority of 

larvae preferentially dipersed towards the reef and 

settled near the reef crest. As would be predicted by 

this pattern of larval dispersal, larval settlement on 

cement blocks was highest at the reef crest and decreased 

both toward the inner reef flat and the reef slope. 

The vertical distribution of adult colonies was 

similar in shape to the distribution pattern for larval 

settlers. However, the proportion adult biomass (in 

terms of percent cover) of adults that was localized near 

the reef crest was much greater than the proportion of 

larval settlers near the reef crest (70% vs. 45%). 
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Relative growth of adult genets was highest at the reef 

crest and both fecundity and survivorship were nearly the 

same along the entire vertical profile. 

In summary, the results of the second study suggest 

that larval habitat selection initiates the concentration 

process which results in a peak in the distribution of 

adults at the reef crest. However, as evidenced by the 

higher proportion of adult biomass relative to larval 

settlers at the reef crest, the concentration process 

continues to proceed after larval settlement. 

Reinforcement of the initial pattern of larval settlement 

appears to be at least partially the result of genets 

living on the reef crest having the fastest growth rates 

on the reef. 

The final chapter takes the first step in 

determining the adaptive advantage of asexual 

reproduction by colony fragmentation in ~. similis. 

Specifically, this chapter reports on an experiment which 

was designed to test the hypothesis that one of the 

selective advantages of fragmentation is that it 

stimulates growth of the genetic individual, or genet, by 

dividing the genet into small colonies which have higher 

relative growth rates than larger ones. The hypothesis 

was tested by comparing the growth rates of different 

sized colonies derived from 41 presumed genets. Each set 
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of genetically identical colonies was created by 

surgically fragmenting large naturally occurring 

colonies. A preliminary experiment detected no effects 

of surgery on growth rates. The relationship between 

growth and initial size was modeled as a power function 

the exponent of which represents the rate of change of 

the function. The rate of change was empirically 

determined to be significantly less than one, indicating 

that relative growth rates decline with increasing colony 

size and supporting the hypothesis that fragmentation 

stimulates genet growth rates. 
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PREFACE 

Evolutionary and ecological theory is weighted in 

favor of organisms which have simple life-cycles and 

remain within a single habitat during their entire 

lifetime (reviewed by stearns, 1976; Caswell, 1985; and 

Roughgarden et al., 1985). Although such theory may be 

predictive for populations of humans, mammals, and birds, 

most animals have more complex life-cycles. This 

dissertation has been stimulated by two sets of studies 

that attempted to expand the focus of current 

evolutionary and ecological models to accommodate some of 

the complexities found in the life-cycles of sessile 

marine organisms. The first set of studies focused on 

the question of how the population dynamics of marine 

organisms operate when the adult and larval phases live 

in different habitats (Sale, 1977; Connell, 1985; 

Roughgarden et al., 1985, 1987, 1988). The second set of 

studies focused on the consequences of asexual 

reproduction in terms of both population dynamics and 

life-history theory (Caswell, 1985; Hughes and Jackson, 

1985; Watkinson and White, 1986; Hughes and Connell, 

1987) . 

Many marine organisms have a two-stage life-cycle 

which is characterized by a benthic, sessile adult phase 

and a planktonic larval dispersal phase (Barnes, 1987). 
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In terms of the population dynamics of these organisms, 

the central questions are 1) to what extent are the 

dynamics of these two phases coupled and 2) what are and 

what controls the input rates of individuals into each 

phase. Traditionally, the population dynamics of sessile 

marine organisms had been modeled as though there was 

essentially just one phase in their life-cycle, the adult 

phase, because it was generally assumed that there was an 

ample supply of larvae to fill all available free-space 

(Connell, 1985; Lewin, 1986). Reflecting this view, up 

until the 1980's, most empirical studies of sessile 

marine organisms had focused on the adult phase, and 

variations in population structure were usually explained 

as a predictable result of regulatory processes acting on 

adults (Underwood and Denley, 1984). 

However, this traditional view of the population 

dynamics of sessile marine organisms has come under 

increasing criticism from ecologists who have been 

working on organisms which produce planktotrophic larvae 

that are capable of dispersing tens of kilometers from 

their site of origin during the weeks to months they are 

in the plankton (Connell, 1985; Gaines and Roughgarden, 

1985). These organisms are often subject to extreme 

population fluctuations (Thorson, 1950; Connell, 1985). 

A search for the cause of these fluctuations has revealed 
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that usually the fluctuations are not tightly linked to 

fluctuations in the action of regulatory processes acting 

on post-settlement individuals, but instead are often 

strongly correlated to fluctuations in recruitment rates 

(Underwood and Denley, 1984; Connell, 1985; Roughgarden 

et al., 1988). This set of observations has led many 

ecologists to believe that an understanding of the 

extreme population fluctuations in this class of 

organisms, which includes barnacles, mussels, clams, and 

some coral reef fish will only be achieved with the 

recognition that their population dynamics are not solely 

controlled by regulatory processes acting on adult 

populations (Sale, 1977; Underwood and Denley, 1984; 

Roughgarden et al., 1985). These ecologists are of the 

opinion that in order to accurately predict the 

population dynamics of these organisms it will also be 

necessary to quantify the dynamics of the larval phase of 

the life-cycle and characterize the transport processes 

which regulate the input rates of individuals into the 

adult and larval phases of the life-cycle (Underwood and 

Denley, 1984; Roughgarden et al., 1988). 

At the center of the discussion over the relative 

importance of these pre- and post-settlement processes is 

the question of whether larval settlement rates are 

frequently limiting (Connell, 1985; Keough, 1986). If 
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enough larvae usually settle in the adult habitat to 

saturate all available free-space, then it may be 

unnecessary to consider the inputs and dynamics of the 

planktonic larval phase. In the past, larval settlement 

rates have been estimated by the measurement of 

recruitment rates, the number of individuals that are 

counted at some time after larval settlement and, as 

mentioned above, often seem to be insufficient for 

filling all available free-space. However, the problem 

with using recruitment as an estimate of larval 

settlement is that it confounds larval settlement with 

early juvenile mortality (Keough and Downes, 1982; 

Connell, 1985). If the mortality rate of newly settled 

individuals is extremely high, then larval settlement 

rates could be vastly underestimated even if recruitment 

rates were measured on a daily basis. 

The most direct way to determine whether larval 

settlement rates could limit the distribution and 

abundance of sessile marine organims would be through 

direct observations on the patterns of larval dispersal 

and settlement. By comparing these patterns with the 

distribution and abundance of established individuals, it 

should be possible to obtain a definitive answer. 

Unfortunately, the larvae of most sessile marine 

organisms are too small and the planktonic phase is too 
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long to make direct measurments feasible. However, there 

exists a group of organisms for which direct observations 

may be feasible; they are mostly colonial invertebrates 

that produce large, lecithotrophic larvae with restricted 

dispersal (Jackson, 1985; Davis, 1987). Because of the 

short duration of the planktonic period of these 

organisms, the results from such studies may not be 

directly applicable to those marine organisms which 

stimulated the debate over the demographic consequences 

of a two-stage life-cycle, i.e., those that produce 

small, long-lived, planktotrophic larvae. Nevertheless, 

studies of benthic organisms that produce larvae with 

restricted dispersal will be of equal value because 1) 

such animals are the dominant organisms of many subtidal 

hard substrate and cryptic coral reef communities and 2) 

observations on their settlement and behavior will 

provide information on larval settlement behavior in 

general. 

The first two chapters of this dissertation 

describe the results of a study in which direct 

observations of the pattern of larval dispersal were made 

for the colonial ascidian, Diplosoma similis. The larvae 

of this ascidian can be easily observed in the field from 

the time of release to the time of settlement and 

metamorphosis. The first chapter examines larval 
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settlement patterns at one specific location, the upper 

reef slope of a fringing coral reef in Kaneohe Bay, 

Hawaii, and addresses the question of whether the 

recruitment of ~. similis in that specific area is 

limited by larval settlement rates. The second chapter 

examines larval settlement patterns over an entire reef 

and is concerned with the question: what are the relative 

contributions of pre-settlement and post-settlement 

processes in determining the vertical distribution of 

adult colonies of ~. similis? 

Classically, life-history models were designed to 

project the population growth of aclonal organisms such 

as humans, barnacles, and insects which have relatively 

simple life cyles. However, there is a large number of 

clonal organisms like plants, corals, and colonial 

ascidians, that reproduce asexually as well as sexually 

and for which these classical models are inadequate. The 

classical models are inadequate because two of their 

assumptions are routinely violated by clonal organisms. 

First, it is often inappropriate to classify individual 

clonal organisms in terms of age because many exhibit 

very plastic growth patterns depending on local 

environmental conditions which can uncouple the size of 

an organism from its age (Harper, 1977; Caswell, 1985; 

Hughes, 1984; Hughes and Connell, 1987). Second, 
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classical models only recognize the existence of one form 

of reproduction, while clonal organisms are able to 

reproduce both sexually and asexually. Unfortunately, no 

general demographic model has been developed to replace 

the classical models which is capable of completely 

describing the dynamics of clonal organisms. This is not 

to say that there has not been any progress toward this 

goal. Some models have been developed which incorporate 

asexual reproduction but are incapable of separating out 

the dynamics of genets, the genetically unique 

individuals which are the product of sexual reproduction, 

from the dynamics of ramets, the genetically identical 

individuals which are the product of asexual reproduction 

(Caswell 1982a,b, 1985; Hughes, 1984). Other models have 

the capability of coupling the dynamics of ramets and 

genets, but do so only under the burden of numerous 

constraints which make them useful for only a very 

limited number of clonal organisms (Sackville Hamilton et 

al., 1987; Palumbi, unpublished manuscript). 

Because an appropriate demographic framework for 

clonal organisms has never been developed, life-history 

theory has tended to focus on the sexual reproductive 

tactics of aclonal organisms (Stearns, 1976). However, 

the lack of an appropriate demographic framework for 

clonal organisms does not preclude an investigation into 
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the demographic consequences (e.g. relative population 

growth rates) of alternate patterns of asexual 

reproduction. It only precludes determining the complete 

fitness consequences of such alterations. One can still 

ask life-history questions related to asexual 

reproduction in terms of single components of fitness. 

With respect to asexual reproduction, ~2estions of 

interest include how frequently should an organism 

reproduce asexually and what is the optimal size at which 

asexual reproduction should occur. Additionally, one can 

ask what are the advantages of asexual reproduction and 

when is it advantageous to remain intact? 

The third chapter of this dissertation takes a first 

step in addressing the question of what is the adaptive 

significance of asexual reproduction by colony 

fragmentation in ~. similis. Specifically, this chapter 

reports on an experiment which was designed to determine 

whether one of the advantages of colony fragmentation is 

the stimulation of genet growth rates. ~. similis is a 

model organism for addressing this question because 

colony fragmentation is a natural developmental event 

within its life-cycle. 
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CHAPTER I 

RECRUITMENT OF A TROPICAL COLONIAL ASCIDIAN: 
THE RELATIVE IMPORTANCE OF PRE-SETTLEMENT 

VERSUS POST-SETTLEMENT PROCESSES 

INTRODUCTION 

One of the major controversies in marine benthic 

ecology is the extent to which populations of marine 

invertebrates are limited by pre-settlement planktonic 

processes versus post-settlement benthic processes 

(Underwood and Denley, 1984; Connell, 1985; Roughgarden 

et al., 1985, 1987, 1988). The controversy has yet to be 

resolved largely because the small size and long 

planktonic residence times of most larvae have precluded 

the use of direct field observations to evaluate the 

roles of larval behavior, hydrodynamics, and predators in 

controlling larval settlement rates (Crisp, 1985; 

Strathmann, 1985). In contrast, a large body of 

experimental data demonstrates the impact of predation, 

competition, and disturbance on settled individuals which 

are relatively easily observed in the field (Dayton, 

1971; Connell, 1975; Menge and Sutherland, 1976; Jackson, 

1983; Paine, 1984). 

The idea that pre-settlement processes might be 

limiting is based primarily on the observation that the 

recruitment rates of most marine invertebrates 1) vary 

tremendously in space and time and 2) often are not high 
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enough to saturate all available free space (reviewed in 

Keough and Downes, 1982; Underwood and Denley, 1984; 

Connell, 1985; Roughgarden et al., 1985, 1987, 1988). 

Assuming recruitment rates are equivalent to larval 

settlement rates, several ecologists have interpreted 

these results as evidence that populations of marine 

invertebrates are probably frequently limited by pre

settlement processes (Yoshioka, 1982; Keough, 1984, 1986; 

Underwood and Denley, 1984; Watanabe, 1984; Caffey, 1985; 

Gaines and Roughgarden, 1985, 1987). However, 

recruitment data will not always accurately reflect 

patterns of larval settlement. Recruitment is a measure 

of the number of newly settled individuals which survive 

between settlement and the time a census is taken, and 

thus will often confound planktonic with early juvenile 

mortality (Keough and Downes, 1982; Connell, 1985). 

More recently, direct evidence of the importance of pre

settlement processes has come from observations of 

ascidian larvae in the field. Using SCUBA to follow 

larvae, Davis (1987) and Olson and McPherson (1987) have 

been able to document the roles of larval substratum 

selection and planktonic mortality respectively in 

limiting larval settlement rates. 

The ability to follow ascidian larvae in the field 

provides an excellent opportunity to directly assess the 
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relative importance of pre-settlement and post-settlement 

processes in determining patterns of distribution and 

abundance. By following an individual from release to 

settlement and beyond, it becomes possible to 

unambiguously separate pre-settlement from post

settlement events and obtain accurate measurements of 

both pre- and post-settlement mortality. Here I report 

on a detailed demographic study of the early life stages 

of the didemnid ascidian, Diplosoma similis. By 

quantifying larval dispersal and settlement patterns, 

rates of larval settlement, and mortality rates of both 

larvae and juveniles, I show that the pattern of 

distribution and abundance of juvenile colonies of ~. 

similis is a result of the interaction of both pre

settlement and post-settlement processes. 

METHODS 

Study Organism and site 

In Kaneohe Bay, Oahu, Hawaii, Diplosoma similis is a 

common reef-dwelling colonial ascidian which is host to 

the unicellular alga, Prochloron sp. ~. similis 

primarily encrusts dead coral and grows as a clone of 

independent colonies which are derived from the 

fragmentation of a single ancestral colony. This 

ancestral colony is founded by a tadpole larvae which is 
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presumed to be the product of sexual reproduction. The 

dimensions of the trunk of the tadpole larvae are 1.0 mm 

long by 0.5 mm wide and the tail is 1.5 mm long. At the 

time of release from the parent colony larvae already 

possess an inoculum of Prochloron in the postero-dorsal 

hemocoel (Kott, 1980). The resulting green patch makes 

identification of larvae of Diplosoma in the field very 

easy. Larvae are produced year-round on a daily basis 

primarily between the hours of 9:00 a.m. and 2:00 p.m. 

with a peak in larval production at 11:00 a.m. (stoner, 

unpublished data). 

From December 1985 to February 1986 larval dispersal 

and settlement were monitored on a leeward fringing reef 

approximately 100 m west of Coconut Island, a small 

island in the southern portion of Kaneohe Bay (Figure 1). 

Larvae followed in this study originated from 4 dense 

aggregations of colonies (referred to hereafter as source 

colonies). Each aggregation was approximately 0.5 m in 

diameter and was located 2-3 m below the crest of the 

fringing reef. Surface currents at this reef commonly 

reach velocities of 5-10 cm/sec, while at depths between 

2 and 10 m current velocities seldom exceed 3 cm/sec. 

Due to the interaction between tides and wind, current 

direction varies both with depth and time. 

4 



Figure 1. Location of Coconut Island in the southern 
portion of Kaneohe Bay, Oahu, Hawaii. The inset shows the 
location of the study reef on the leeward side of Coconut 
Island; asterisks mark the location of each of the source 
colonies. 
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Larval Dispersal. Habitat Selection and Substratum 
Selection 

The role of pre-settlement processes in controlling 

recruitment rates was examined by using SCUBA to follow 

larvae from the time of release until settlement. While 

following a larva a distance of approximately 0.5 m was 

maintained by divers to minimize disturbance of the 

larva. Time, distance and direction of dispersal, the 

substrata which the larva touched and the substratum upon 

which the larva eventually settled and metamorphosed were 

measured for each larva that settled. The onset of 

metamorphosis, signaled by the absorption of the larval 

tail, could be observed in the field within a minute of 

settlement. To the extent possible, similar observations 

were made on larvae which were not followed completely to 

settlement and, additionally, when applicable, the source 

of any larval mortality was noted. 

To examine the influence of currents on the observed 

pattern of larval settlement, current velocity was 

measured at the water surface and at depths of 2 m and 10 

m on 19 separate occasions immediately following the 

period when larvae were being observed. Current velocity 

was estimated by taking five replicate measures of the 

time it took fluorescein dye to travel 10 cm along a 

meter stick held by a diver on the reef. Current 

direction was determined using an Ikelite dive compass. 
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Currents would be expected to have the greatest 

impact on larval dispersal on days when currents are 

faster than the swimming speed of larvae of ~. similis. 

To identify these days, larval swimming speeds were 

measured in a 30.5 cm long x 12.5 cm wide x 12.0 cm deep 

aquarium by determining the time it took for a larva to 

swim a straight path across the width of the aquarium. 

The 12.5 cm width of the aquarium was the longest 

distance larvae would swim in a straight line within the 

confines of the aquarium. All larvae were collected from 

colonies brought into the laboratory the day before the 

time trials. The time trials were conducted only on 

larvae just released from a parent colony. 

Substratum selection by larvae was determined by 

comparing the substrata upon which larvae settled to the 

availabilty of all other substrata in the field. Percent 

cover of substrata on both vertical and horizontal 

surfaces was measured by counting the number of times the 

right-hand edge of a chain link (length=3 cm) covered 

each substratum type per 10 m transect and dividing this 

number by the total number of chain links per transect. 

For each source colony 6 transect lines were laid 

parallel to the reef crest at 1 m intervals above the 

source colony (equals meters 0 to 5). Ninety-five 
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percent of the larvae settled in this area above the 

source colonies. 

Planktonic Mortality Rates 

Planktonic mortality rates obtained by direct 

observations may be underestimates of the true mortality 

rates because the presence of divers could inhibit 

planktivorous fish from feeding on the larvae of ~. 

similis. To determine the magnitude of this effect, 

planktonic mortality rates were independently estimated 

from an exclusion experiment wherein larval settlement 

rates were measured on cement blocks in the presence and 

absence of planktivorous fish. The experiment was 

conducted on the study reef between the months of July 

and September, 1988. At the time of the experiment there 

were no naturally occuring colonies of ~. similis on the 

reef above a depth of -5 m and only a few very small 

colonies of below -5 m. All of the colonies had died. 

Therefore, it was necessary to reseed the reef with new 

colonies of ~. similis to provide a source of larvae for 

this experiment. 

The source colonies were collected at a depth of -5 

m from a nearby reef in Kaneohe Bay which was less 

effected by the rainstorm. They were subsequently 

transplanted to the study reef and placed at a depth of 

-3 meters within an area, 2 m wide x 1 m long. Because 

9 



initial observations suggested that most larvae disperse 

upslope from the site where they are released and 

disperse an average of 2 m, the cement blocks used to 

detect larval settlement were arrayed on the reef slope 

above the source colonies. The array consisted of three 

rows of 9 blocks (the cement blocks, their orientation on 

the reef, the length of time they were left in the water 

and the methods of measuring larval settlement densities 

are described in the next section which describes the 

methods used to measure larval settlement rates), placed 

at 0, 1 and 2 meters from the upslope edge of the source 

colonies. Since the biocks within a row were separated 

by 0.5 m, the entire array occupied an area 2 m wide by 4 

m long. The source colonies were located in the middle 

of the lower edge of the array. 

Planktivorous fish were excluded from the water 

column above and around the colonies and settling blocks 

with the use of two nets. The first net (7 m x 7 m, mesh 

size=2.5 cm2 ) was used as a floor and was set parallel to 

the reef slope, directly on the corals. The source 

colonies and blocks were placed on top of this net. The 

second net was set as a vertical tube using floats and 

weights. It extended up from the floor net to the 

surface. This tube was 6 m high on the deepest side and 

2 m high on the reef crest side, the diameter of the 
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Figure 2. Drawing showing the placement of the nylon, 
monofilament gill net on the study reef and the location 
of the source colonies and array of cement blocks within 
the gill net. 
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circle enclosed by the net was approximately 7 m, and the 

me"sh size was 2.5 cm2 . The net surrounded the source 

colonies and blocks (Figure 2). Since there were no 

other reproductive colonies within the vicinity of the 

net as a result of the freshwater kill, all larvae which 

settled on the cement blocks in the presence of the net 

originated from within the net. This design minimized 

the possibility that the net might inhibit the movement 

of larvae entering the confines of the net, but did not 

preclude the possibility that the net altered the 

distance or direction larvae dispersed from the source 

colonies. 

with just one gill net placed vertically around the 

source colonies and the array of cement blocks, it was 

not possible to exclude all of the planktivorous fish. 

Rather than swimming away from the area where the gill 

net was set, many of these planktivorous fish swam for 

cover within cracks and holes in the reef's surface. The 

floor net was set to prevent these fish from reentering 

the predator exclusion site once divers left the area. 

Larval settlement rates on the cement blocks in the 

presence and absence of planktivorous fish were measured 

on 10 pairs of consecutive days. The order of the 

treatments was determined from a random number table. To 

maximize the potential effects of piscine predators, the 
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experiment was conducted on the study reef in an area 

which had previously been determined to have the highest 

density of planktivorous fish on the study reef. This 

area was identified prior to the initiation of the 

experiment by conducting a fish survey which consisted of 

swimming the length of the reef (175 m) four times and 

counting, for each species of planktivorous fish, the 

number of fish on the reef slope which swam by the census 

taker. Such counts are known to be underestimates of the 

density of fish, but provide estimates of relative 

abundance (Brock, 1982). 

Larval Settlement Rates 

While following larvae in the field can provide an 

estimate of the proportion of larvae released which 

survive, this method cannot provide a quantitative 

estimate of daily larval settlement rates. To determine 

whether larval settlement rates can limit the areal 

coverage by adults, larval settlement densities on the 

reef slope were measured on 19.5 cm x 19.5 cm x 9.5 cm 

cement blocks. The blocks were randomly placed within 

three 6 x 6 m2 quadrats, the lower perimeters of which 

were centered around one of three source colonies. On 

average, 3 blocks were placed within each quadrat on a 

daily basis. These blocks were oriented such that the 

19.5 cm x 19.5 cm faces were vertical. Both 19.5 cm x 
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19.5 cm faces of each cement block were sampled to 

estimate larval settlement. To increase surface 

heterogeneity as well as protect the newly settled 

colonies from potential predators, each of the faces was 

covered with a course, black plastic mesh (Vexar) which 

lay flat against the surface. The blocks were placed in 

the water early in the morning before larval release 

began and then picked up in the late afternoon after 

larval release and settlement had ceased. Larval 

settlement densities (# larvae/block) were measured on 33 

days between October 1986 and January 1987. 

Larval settlement rates were measured on cement 

blocks instead of on a natural surface because the blocks 

provided a flat, uniform surface which facilitated 

counting the number of larval settlers. The extent to 

which larval settlement rates on cement blocks reflected 

larval settlement rates on natural surfaces was evaluated 

by substrate-choice experiments conducted at the Hawaii 

Institute of Marine Biology between March 10 and March 

15, 1988. The experiments were conducted within a 12 cm 

wide x 20 cm long x 20 cm deep glass aquarium which was 

exposed to full sunlight. within the aquarium individual 

larvae were given the opportunity to settle either on a 

miniature cement block (5 cm x 5 cm x 5 cm) covered with 

a course black plastic mesh or an equivalent-sized piece 
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of a dead colony of Porites compressa (the substratum 

most larvae settle on in the field). The two substrata 

were placed at opposite ends of the aquarium 

approximately 5 cm away from the walls of the aquarium. 

The positions of the substrata were switched after each 

trial to counter any bias related to the position of the 

substrata relative to the sun. To prevent the larvae 

from settling in cracks on the bottom of the aquaria, the 

aquarium bottom was covered with a 2 cm thick layer of 

sand. Each trial consisted of randomly releasing a 

single larva into either the center or one of the two 

ends of an aquarium and then noting which substrata the 

larva contacted and which substratum it settled on. All 

the larvae used in the experiment were obtained within a 

minute after release from adult colonies which had been 

collected from the field within the previous 24 hours and 

placed in a nearby water table. 

Post-settlement Survivorship 

The post-settlement survivorship of newly settled 

colonies (those individuals which as larvae had been 

successfully followed from release to settlement) was 

determined through daily inspections. The fate of newly 

settled colonies could be followed over time by marking 

their location on the reef. Two types of markers were 
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used to relocate juvenile colonies. A piece of red 

surveyor's tape attached to a nail was used to first 

identify the general area in which the juvenile colony 

was located. A wire pointer was then used to show the 

exact location. The wire pointer was attached to a 

second smaller nail which was hammered into the reef such 

that the end of the pointer was approximately a half 

centimeter from the newly settled colony. 

Since the wire pointer was firmly embedded in the 

reef and was positioned 1/2 cm away from a newly settled 

colony, there was no chance that movement of the pointer 

could have resulted in the injury or removal of newly 

settled colonies. There was also no indication that 

either marker attracted grazi~g fish. No significant 

difference was found in the number of grazing fish which 

entered a 50 cm2 by 50 cm2 quadrat in the presence (32.6 

± 39.4, x + s.d.) or absence (56.5 ± 42.7, x ± s.d.) of 

both markers during 12 paired 5 minute observation 

periods (Wilcoxon Signed-Ranks Test, Ts= 39, p > 0.05). 

In contrast, as soon as a piece of coral rubble was 

overturned, large numbers of grazing fish were 

immediately attracted to the area. 

To examine the effects of settlement site on 

subsequent survivorship, the orientation and surface type 
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of the substratum on which the juvenile colony was 

located, were also noted. 

RESULTS 

Larval Dispersal and Habitat Selection 

A total of 259 larvae of ~. similis were followed 

and, of these, 122 (71%) larvae settled and metamorphosed 

on the reef (Figure 3). Upon release from the parent 

colony, larvae typically swam vertically in the water 

column to a height of 2-3 m above the parent colony. 

After approximately 1 minute of continuous swimming (52 

sec + 37 sec (x ± s.d.), n = 158), larvae descended back 

to the reef and began to explore the sUbstratum for a 

suitable settlement site. On average the larvae which 

settled swam a total of 3.83 ± 2.55 (x ± s.d., n=114) 

minutes and dispersed a horizontal distance of 2.21 + 

1.80 m (x ± s.d., n=114) before settling and 

metamorphosing, but as seen in Figure 4 both parameters 

had very skewed distributions. One larva swam for 8.5 

minutes and dispersed a horizontal distance of 9.5 m. A 

model II regression of swimming time versus dispersal 

distance (square root transformed to correct for the 

variance increasing with the mean) indicates a larval 

dispersal speed of about 1 cm/sec (Y=0.96X, r=0.95, 

n=114, p < 0.001). 
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Figure 3. Fate of the 259 larvae followed from release 
from the parent colony. 
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Figure 4. a) Larval swimming 
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Divers lost sight of 48 larvae while they were 

swimming in the water column over the reef. Most of 

these larvae were lost either because of turbidity or 

because they swam into the interstices of coral heads. 

Losing sight of these larvae may have resulted in 

underestimates of average dispersal distances and times, 

but this seems unlikely because the probability of losing 

sight of larvae in the water column or at the air-water 

interface was independent of the total time they were 

followed (G-test of independence, G = 12.41, 0.5 < P < 

0.1, Table I). However, some larvae may disperse much 

longer distances than were observed. Likely candidates 

would be the forty larvae that were lost at the air-water 

interface (Figure 3) where observations of larvae are 

difficult. Assuming these larvae remain at the 

interface, swift surface currents could have carried them 

to neighboring reefs 40 - 400 m away within the 

approximately 1 hour time period larvae remain competent 

to settle (Note: This competency period was determined 

in the laboratory. A larva was considered competent to 

settle if it could attach to and metamorphose on a piece 

of dead coral introduced into a glass bowl at various 

time intervals). 

with few exceptions, larvae which were followed to 

settlement and metamorphosis swam toward the reef after 
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Table I. Number of larvae which were either lost in the water column, 
lost at the surface or were followed successfully to either settlement 
or death within successive two minute intervals during which a larva 
was observed following release. 

Followed Successfully Lost in Lost at 
Time (minutes) to Settlement or Death Water Column Surface 

0-2 53 17 21 

2-4 67 18 15 

4-6 29 6 3 

6-8 8 4 1 

> 8 14 3 0 



Figure 5. The angle of dispersal which larvae followed 
after release from the parent colony. Zero degrees 
represents the shortest direction to the reef crest. The 
percentage of larvae (n=44) which dispersed in the 
direction of each quadrant is indicated within the 
quadrant. 
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being released (Figure 5). This directional dispersal 

pattern appears to be a result of larvae actively 

swimming toward the reef, rather than a result of 

currents pushing the larvae on to the reef. Larvae of ~. 

similis swim at a rate of 5.3 + 0.8 cm/sec (x ± s.d., n = 

17). On days when there was either no current or the 

current was slower than 5.3 em/sec and heading off the 

reef (68%, n=19 days), by chance alone at most half the 

larvae would be expected to disperse away from the reef 

and half would be expected to disperse toward the reef. 

Instead, on such "low current" days a significantly 

greater proportion of larvae were observed to actively 

swim toward the reef than expected (G test, G = 36.93, P 

< 0.001). Additionally, 3 larvae were also observed to 

actively swim toward the reef on a day when surface 

currents flowing off the reef exceeded the swimming speed 

of larvae. Larvae were able to swim toward the reef in 

the face of strong currents because they spent only a 

short time high in the water column where currents are 

strongest and swam predominantly in the lee of coral 

heads on the reef. 

As a result of active habitat selection, larvae not 

only swam toward the reef, but they also tended to 

disperse upslope and settle at a depth less than or equal 

to that of the source colonies (Figure 6). Only 15% of 
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Figure 6. Percentage of larvae which settled within each 
depth interval. Larvae (n=91) were released from 4 
source colonies which were located on the reef slope at a 
depth of -3 m. 
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the larvae (n=91) settled below the source colonies which 

were located at a depth of -3 m and all of these settled 

within 4 m of the water's surface. 

Settling larvae exhibited a high degree of 

substratum selectivity. At depths shallower than or 

equal to the source colonies, where the majority of 

larvae settled, 70% of the reef surface is covered by the 

corals Porites compressa and Montipora verrucosa (Table 

II). Yet, over 85% of the 122 larvae which were followed 

to settlement settled upon either dead coral or the green 

alga, Dictyosphaeria cavernosa, which together covered 

only 14.6% of the reef's surface (Table III). This 

pattern of settlement is significantly different than 

would be expected if larvae settled on substrata in 

proportion to their abundance in the field (G-test, G = 

443.42, P < 0.001, Table II). There was no evidence that 

larvae became less selective in their settlement 

preferences as the duration of the larval period 

increased (G-test of independence, G = 2.55, 0.9 < P < 

0.5, Table III). 

In summary, the data on larval dispersal suggest 

that there is essentially only one source for all the 

recruits in the study area, and that source is the study 

reef itself. Although some of the recruits may have 

originated from other reefs, the short competency time of 
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Table II. Average percent cover versus larval sampling and settling preferences. A hyphen 
means either that the substratum covered less than 1\ of the reef surface or that a larva 
never contacted a substratum or that a larva never settled on a substratum. 

Percent Cover Percentage of Larvae 
Above Source That Contacted 

Colonies Substratum Fir!l~ 
Substratum (x ± s.d.) (n = 160 larvae) 

Porites compressa 49.76 + 5.38 15.0 
Montipora verrucosa 20.33 ± 9.07 3.8 
Dead Coral 13.95 + 3.55 65.6 
Soft Sediment 10.74 ± 2.70 3.8 
Filamentous Green Algae 1.29 + 0.88 0.6 
Encrusting Red Algae 1.16 ± 0.63 
Piplosoma similis 1.12 + 0.77 1.3 
pictyosphaeria cavernosa 0.65 "+ 0.17 4.4 
Unidentified Sponge spp. 0.57 + 0.64 1.3 
Shell 0.45 + 0.26 1.3 
pocillopora damicornis 0.20 ± 0.23 0.6 
Unidentified Zoanthid sp. 0.01 ± 0.02 
Ascidia nigra 0.01 ± 0.02 
Sabellastre sp. 0.05 + 0.05 0.6 
Unidentified Vermetid sp. 0.6 
Acanthophora spicifera 0.6 
Crab Claw 0.6 

* Includes larvae which were subsequently lost. 

Percentage of Larvae 
That Settled on 

Substratum 
(n = 122 larvae) 

77.9 
1.6 

9.8 
4.9 
4.9 
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'rable III. Percentage of larvae which made physical contact with a non-preferred 
substratum first as a function of the duration of the planktonic period. Larvae 
which were lost subsequent to making contact with the substratum are included in the 
table. 

Duration of Planktonic 
Period (minutes) 

0-1 

1-2 

2-) 

)-4 

4-5 

> 5 

Number of Larvae 
Which Contacted 

a Substratum 

41 

48 

37 

24 

11 

14 

Percentage of Larvae Which 
Contacted Non-preferred 

Substratum First 

22 

33 

32 

25 

36 
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larvae coupled with the weak currents in the area suggest 

that the contribution of larvae originating from other 

reefs is probably very small. The assertion that the 

study reef is the sole source of recruits is also 

supported by the fact that the study reef was not yet 

recolonized by new recruits even 10 months after the 

rainstorm of January 1988 (unpublished observations) . 

Larval Substratum Selection 

Two phases of larval substratum selection could be 

distinguished in the process of finding a settlement 

site. In the first phase larvae selected a substratum to 

settle upon and in the second phase larvae selected a 

specific microsite on the substratum. The mechanism by 

which a larva selects a substratum to settle upon appears 

to be very precise. Most larvae made physical contact 

with only one (64%) or two (31%) kinds of substrata 

before settling, even though larvae often made repeated 

contact with the reef bottom. 

Although the exact process by which substratum 

identification occurs is unknown, substratum 

identification appeared not to be contact mediated. 

Significantly more larvae made physical contact with 

preferred substratum (dead coral or Q. cavernosa) the 

first time they attempted to make contact with the reef 

than expected based on the proportion of space occupied 
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by preferred substratum (G-test, G = 264.15, P < .001, 

Table II). Of the 70% which initially contacted 

preferred substrata 23.2% of the larvae settled 

immediately. The selection of subsequent sites of 

contact is likely to be correlated (because of proximity) 

with the initial site of contact. Nevertheless, 80% of 

the larvae which initially contacted preferred substrata 

and contacted the reef bottom more than once continued to 

make physical contact only with preferred substrata. The 

further selection of a specific microsite to settle 

seemed, in contrast, to require making physical contact 

with the substratum. Just before settlement occurred, 

larvae were often observed to move rapidly within a small 

section of substratum with their adhesive papillae 

adjacent to the substratum. 

Pre-settlement Mortality 

When individual larvae were followed by a SCUBA 

diver, total pre-settlement mortality was relatively low. 

Of the 171 larvae which were successfully followed to 

some fate on the reef, only 49 (29%) were either captured 

or eaten (Figure 3). Benthic sources of mortality 

accounted for 86% of all larval mortality while 

planktonic sources accounted for 14%. However, if the 

duration of the planktonic phase is considered, the 
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planktonic mortality rate turns out to be extraordinarily 

high. Since the average duration of the planktonic phase 

is only 3.8 minutes, and 7/171 larvae died during the 

planktonic phase, the planktonic mortality rate was 

approximately l%/min. 

A predator exclusion experiment was carried out to 

estimate the magnitude of fish predation on larvae in the 

absence of divers. The results of this experiment are 

discussed after the presentation of the results of a fish 

survey which was designed to assess the potential for 

fish predation. 

The two most common plan~tivorous fish on the study 

reef are the damselfishes, Dascylus albisella and 

Abudefduf abdominalis. Of the two, ~. albisella is 

probably the most important predator at any given site 

because it tends to be site specific. A. abdominalis is 

a more opportunistic fish which schools and, while 

feeding, swims long distances along the reef slope. The 

densities of fish on the reef slope between the crest and 

-6 m averaged 0.35 + 0.02 fish/m2 (x + s.d., n=4 

censuses) for~. albisella and 0.42 + 0.06 fish/m2 (x + 

s.d., n=4 censuses) for A. abdomialis. At the 

experimental site on days when no net was present their 

average densities were 1.14 + 0.31 fish/ m2 (x + s.d.) 

and 0.48 ± 0.32 fish/m2 (x ± s.d.) respectively. In 

35 



contrast, on days when a net was present only 0-2 ~. 

albisella were present within the net giving a density of 

between 0 and 0.08 fish/m2 (the area of the reef slope 

surrounded by the net was 25 m2 ). 

The fish exclusion experiment revealed a small but 

significant effect of planktonic predators on larval 

mortality rates. Total larval settlement per day was 

significantly lower when planktivorous fish were present 

compared to when they were excluded (Wilcoxon Signed

Ranks Test, Ts=7, p < 0.025). On average, total larval 

settlement per day on days when fish were excluded was 

13% higher than on days when fish were present (Table 

IV). Since the experiment measured the effects of fish 

predation on larvae which dispersed 2 m or less (59% of 

all larvae, Figure 4b), these results imply that 

planktivorous fish capture between 13 and 19% (=1 - (0.59 

x 0.87 + 0.32 x 0.87 x 0.87 ... )) of all larvae, assuming 

that the mortality rate in subsequent 2 m intervals is 

the same as in the first 2 m interval. Since the average 

duration of the planktonic phase is 3.8 minutes, this 

translates into an estimated planktonic mortality rate of 

between 3.4 and 5.0%/minute. All values within this 

range are higher than the 1% mortality rate estimated 

from direct observations, suggesting that the latter 

value is an underestimate. Observational and 
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Table IV. Total number of larvae which settled on an 
array of cement blocks on 10 pairs of days in the 
presence and absence of planktivorous fish. 

Planktivorous Fish Planktivorous Fish Percent 
Present Excluded Difference 

49 51 +3.9 

104 108 +3.7 

74 147 +49.7 

119 172 +30.8 

189 196 +3.6 

247 256 +3.5 

128 219 +41.5 

157 161 +2.5 

228 197 -13.6 

261 268 +2.6 

1,556 1,775 

Average Percent Difference = 12.8 + 20.4 (x + s. d. ) - -
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experimental results imply that pre-settlement benthic 

mortality (Figure 3, 42/171=25%), planktonic mortality 

due to predatory fish (Table IV, 13-19%) and planktonic 

mortality due to other sources (Figure 3, 4/171=2%) 

combined kill 40-46% of all larvae produced. 

There was a small but significant difference in the 

distribution pattern of larval settlers with respect to 

the row (G-test of independence, G=11.59, p < 0.005) and 

column (G-test of independence, G=45.717, p < 0.001) in 

which they settled between days when a net was present 

and days when it was absent. The greatest differences 

between treatments in the pattern of larval settlement 

was the higher settlement rates within the first row of 

blocks and the three central columns of blocks on days 

when a net was present compared to when it was absent 

(Figure 7). These results suggest that either 1) the net 

had a slight concentration effect on the pattern of 

larval dispersal or 2) that fish predation was highest in 

the rows and columns closest to the parent colonies. 

Fish predation possibly was highest near the source 

colonies because individual ~. albisella tend to spend 

most of their time on the reef slope at depths of 3 m or 

greater (personal observation). 

The sources of larval mortality based on 

observations of individual larvae are summarized in 
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Figure 7. a) Proportion of larvae settling within each 
row of blocks on days with and without a gill net present 
(with a net n=1772 and without a net n=1547). In the 
array of blocks row 1 is closest to the source colonies 
and row 3 is furthest. b) Proportion of larvae settling 
within each column of blocks with and without a gill net 
present (same total sample sizes). Looking toward the 
reef crest, column 1 is on the left-hand side of the 
array of blocks and column 9 is on the right-hand side. 
Column 5 was closest to the source colonies. 
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Table V. Mucus floating in the water column and the 

mucilaginous houses of the larvacean, 'Oikopleura sp., 

both of which entrapped larvae, accounted for the 

majority of mortality in the plankton. Planktivorous 

fish were additionally found to be a source of larval 

mortality, despite reports in the literature that some 

fish find ascidian larvae distasteful (Olson, 1983; 

Young, 1984). The major benthic source of presettlement 

mortality was the reef coral, Porites compressa, which 

entraps larvae in its mucus. The next greatest cause was 

poor attachment to the substratum when short algal turf 

prevented larvae from attaching securely to the 

substratum. Predators accounted for only 14.3% of all 

benthic sources of presettlement mortality. The major 

sources of mortality, the corals (except the large

polyped Cyphastrea), are not included in this category, 

because even though contact with corals was frequently 

fatal for larvae, the corals were never observed to 

ingest the larvae. Most larval mortality, thus, was not 

the result of active predation, but the result of chance 

events which brought larvae to the wrong place at the 

wrong time. 

Larval Settlement Rates 

Larval settlement rates on the cement blocks were 

very similar between the three 6 x 6 m2 quadrats located 
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Table v. Sources of larval mortality ascertained by 
direct visual observations. Predators are identified 
with an asterisk. 

Sources 

Planktonic 

Fish 
*Asterropteryx semiounctatus 
*Dascyllus albisella 

other 

Benthic 

Oikopleura house 
Floating Mucus 

Coral 
Porites compressa 
Pocillopora damicornis 
Montipora verrucosa 

*Cyphastrea occulina 

other Cnidarians 
*Aiptasia pulchra 
*Unidentified Hydroid sp. 
*Halocordyle disticha 

Bivalve 

ostrea sandvicensis 

other 
Algal Filaments 
Mucus Attached to Coral 

or Sponge 
Unidentified Sponge sp. 
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Number of 
Larvae Killed 

2 
1 

3 
1 

15 
3 
2 
1 

2 
2 
1 

3 

7 
5 
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above the source colonies. Treating the three quadrats 

as a single sample, over a 33 day period, the average 

settlement density was 2.52 + 3.58 larvae/block/day or 

33.09 larvae/m2/day (range=0-31 larvae/block/day, n=213). 

Assuming a constant daily rate of larval production and 

given that the percent cover of suitable substrata is 

14.6%, the annual settlement density on the reef would be 

over 1,750 larvae/m2 • 

Experiments on the substratum preferences of larvae 

suggest that the above estimate of larval settlement 

rates may be lower than settlement rates on dead coral. 

In the laboratory, larval settlement was significantly 

lower on cemerit blocks than on dead coral (G-test, 

G=4.9276, p < 0.05). Given a choice between the two 

substrata only 38% (n=82) of the larvae settled on the 

cement blocks. Larvae actually made physical contact 

with both substrata in only 19 of the 82 trials. In 

large part this was because 59% of the larvae settled the 

first time they made contact with a substratum. within 

the subset of trials in which larvae made contact with 

both substrata, the preference for settling on dead coral 

was even stronger. Less than 20% (n=19) of the larvae 

settled on the cement blocks. If one corrects for this 

bias in substratum selection by multiplying the first 

estimate of the annual larval settlement rate by a factor 

43 



of 1.63 (reciprocal of 0.38/0.62, the correction factor 

based on all 82 trials), the estimate increases to over 

2,800 larvae/m2/year. 

This annual larval settlement rate by itself cannot 

completely account for the percent cover of adult 

colonies of ~. similis on the upper reef slope. Since 

each new colony individually occupies an area of 1 mm2 , 

collectively 2,800 newly settled colonies would occupy 

0.28% of the reef surface. In comparison, 1.12% of the 

reef surface was covered by adult colonies of ~. similis 

(Table III). However, since ~. similis is clonal and 

potentially immortal, and hence capable of extensive 

expansion from the site of initial settlement, it would 

seem unlikely that this relatively high rate of larval 

settlement could be the ultimate factor limiting the 

percent cover of ~. similis on the study reef. 

Post-settlement Mortality 

In contrast to pre-settlement mortality, post

settlement mortality was rapid and total for the 122 

individuals which were successfully followed to 

settlement. Only 50% of these newly settled colonies 

survived the first day and none survived one month 

(Figure 8). Survivorship was not affected by either the 

orientation or surface type of the substratum on which 

larvae settled (Kruskal-Wallis test, H adj = 4.02, 0.5 < 
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Figure 8. Survivorship curve of newly settled juvenile 
colonies (n=86). 
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p < 0.1, Table VI). Survivorship was also uncorrelated 

with the distance larvae dispersed from the parent colony 

(Tukey's Corner Test, S=4, p > 0.1). At all distances 

survivorship was poor. 

However, the mortality rate of newly settled 

colonies may be overestimated. It was not possible to 

monitor the post-settlement survivorship of 10% of the 

larvae because these larvae settled in deep cracks and 

crevices. Colonies in such sites might survive better 

because of greater protection from predators. Correcting 

for this possible bias, the data suggest that as many as 

10% of all newly settled colonies may survive the first 

month post-settlement. 

The primary source of post-settlement mortality was 

probably grazing fish, although flatworms and crabs could 

also be significant sources of mortality. Grazing fish 

are highly mobile and many have narrow jaws which can 

easily probe all but the smallest cracks and holes. 

While predation on juvenile colonies has not been 

observed in the field, laboratory studies suggest that 

the most likely predators are scarids and the Moorish 

Idol, Zanclus cornutus. Both of these fish have been 

observed to feed upon adult colonies of ~. similis. If 

scarids are the primary predators, then the high juvenile 

mortality which was observed was most likely an 
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Table VI. Average number of days newly settled colonies survived as a function of the orientation 
and surface type of the sUbstratum on which the juvenile colony was attached. 

Survivorship (x ± s.d.) 

Range 

Sample Size 

Smooth 
Horizontal 
Surfaces 

2.14 ± 3.89 

o - 15 

15 

Smooth 
vertical 
Surfaces 

4.68 + 7.47 

o - 26 

28 

Depressions on 
Horizontal and 

vertical Surfaces 

1.87 ± 2.65 

o - 11 

31 

Underhang 

1.88 ± 1.80 

0-4 

8 



accidental by-product of the grazing activities of these 

fish. On the other hand, if the Moorish Idol is the 

primary predator, then juvenile mortality was most likely 

the result of selective predation. 

DISCUSSION 

Pre-settlement versus Post-settlement Processes 

The pattern of distribution and abundance of 

juvenile colonies in Diplosoma similis was a product of 

both pre-settlement and post-settlement processes. 

Larval habitat selection at both a fine and coarse scale 

determined the sites where juvenile colonies were found 

(Figure 6, Table II). Post-settlement mortality 

determined the densities where juvenile colonies were 

found (Figure 8). These results support the view that 

current models of the population dynamics and community 

structure of sessile marine organisms (reviewed in 

Underwood and Denley, 1984 and Connell, 1985) should be 

modified to include the effects of pre-settlement 

processes on the initial pattern of larval settlement. A 

number of workers in the past have hypothesized that pre

settlement processes may frequently limit the 

distribution and abundance of organisms (e.g. Sale, 1977; 

Roughgarden et al., 1987, 1988). However, none of these 

workers was able to measure in the field the impact of 

specific pre-settlement processes on populations of 
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marine organisms. In contrast, the conclusions of this 

paper are based on a longitudinal study in which the fate 

of individuals was monitored during both the planktonic 

larval phase and the benthic juvenile phase. This 

approach made it possible for the first time to 

simultaneously document the impact of specific pre

settlement and post-settlement processes on the 

distribution and abundance of a marine organism. Indeed, 

similar resolution of the processes affecting both the 

dispersal and early juvenile stages has rarely been 

achieved for any organism, including plants, birds, and 

fish. In the discussion below I first consider why pre

settlement mortality was lower than post-settlement 

mortality, I then evaluate several common assumptions of 

larval biology related to larval dispersal, larval 

settlement and the schedule of larval mortality, and 

finally I comment on some of the general implications of 

this study. 

Perhaps the most surprising result of this study was 

the discovery that pre-settlement mortality was lower 

than post-settlement mortality. This finding was 

unexpected in light of the assumption of many marine 

biologists (Thorson, 1946, 1950; Mileikovsky, 1971; 

Vance, 1973; Strathmann, 1985) that the most vulnerable 

stage in the life-cycle of marine invertebrates is the 
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planktonic larval stage. Four features of the life

history of Q. similis can be identified which may have 

reduced the impact of pre-settlement mortality sources: 

1) the low and unpredictable rate of larval release, 2) a 

short planktonic larval period, 3) an active mode of 

larval dispersal, and 4) a non-tactile method of larval 

sUbstratum selection. 

The low and unpredictable rate of larval release may 

have reduced larval mortality due to planktonic 

predators. In most marine environments, particularly 

coral reefs, planktonic predators have generally been 

assumed to represent the greatest source of larval 

mortality (Thorson, 1946; Mileikovsky, 1971; Glynn, 1973; 

Vance, 1973; Johannes, 1978; strathmann, 1985). Under 

this assumption a number of reproductive tactics have 

been interpreted as anti-predator strategies. Examples 

of such tactics include mass spawning (Harrison et al., 

1984), spawning during a limited season or on days of 

outgoing spring tides (Johannes, 1978; Ross, 1983) and 

the production of larvae which disperse away from the 

parent habitat (Johannes, 1978). In this study releasing 

one or a few larvae at irregular intervals could have 

reduced planktonic predation by preventing fish from 

feeding efficiently on larvae. without reliable cues to 

predict the infrequent release of a larva, it is unlikely 
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that a fish could obtain sufficient rewards for its 

efforts to merit staying in one place and waiting some 

unknown time period for the release of the next larva. 

Under such conditions, a large proportion of the larvae 

released into the environment would be predicted to have 

a good chance of escaping predation and successfully 

settling on the reef. 

A short planktonic larval period obviously reduces 

the time larvae are exposed to planktonic predators. 

Thus, in spite of a larval mortality rate of 3-5%/minute 

(Figure 3), only 13-19% of the larvae of D. similis are 

estimated to have died while in the plankton (Table IV). 

At the same rate of mortality only between 4-16% of the 

larvae produced would have survived after an hour and 

between 8.3 x 10-33 and 8.9 x 10-20 % would have survived 

after 24 hours. Although larvae of the colonial ascidian 

Lissoclinum patella also have a short planktonic period, 

Olson and McPherson (1987) reported much higher levels of 

planktonic mortality (87%) than were observed in this 

study. The higher planktonic mortality rates reported by 

Olson and McPherson (1987) were a result of predation by 

a territorial pomacentrid fish and the bi-directional 

nature of water flow on their study site at Davies Reef 

(Great Barrier Reef, Australia) which increased the 
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frequency of larvae crossing the territories of 

planktivorous fish. 

The third life-history trait which may have reduced 

planktonic mortality is the strong swimming ability of 

larvae. This trait presumably reduced larval mortality 

that might have come from passive transport by currents 

to unfavorable habitats. Larvae of ~. similis were 

strong enough swimmers that they could disperse towards 

the reef regardless of the direction of surface currents 

(Figure 5). This tendency to disperse towards the reef 

was possibly a response to the higher light levels in the 

water column above the reef than in the water column 

offshore due to reflection of the substrata on the reef 

(personal observations). It was also presumably 

facilitated by a rapid shift in the response of larvae to 

light and/or gravity observed during the first few 

minutes of the planktonic period. Such behavior 

minimized the period of time larvae spent high in the 

water column where currents are strongest and most likely 

to carry larvae off the reef. Similar behaviors have 

been observed in the field in several other species of 

ascidians (van Duyl et al., 1981; Olson, 1985; Olson and 

McPherson, 1987; but see Young, 1986). 

Finally, an apparently non-contact mode of 

sUbstratum identification may have reduced pre-settlement 
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mortality by reducing the impact of sessile benthic 

invertebrates. When larvae came within 1-2 cm of a 

benthic source of mortality such as a coral, they were 

often observed to change their direction of swimming 

presumably in response to chemical cues associated with 

the mortality source (Torrence and Cloney, 1983). As a 

consequence, most larvae made physical contact only with 

dead coral and the green alga Dictyosphaeria cavernosa 

despite the fact that these substrata represented just 

15% of all available substrata (Table II). 

The discovery that post-settlement mortality rates 

were relatively high was also surprising because the 

larvae of D. similis appear to be highly selective in 

their search for a settlement site. Despite appearances, 

juvenile mortality could have been high as a result of a 

lack of adequate cues for finding refuges from predators 

(Strathmann and Branscomb, 1979). Alternatively, high 

levels of juvenile mortality may reflect a confounding of 

two basic requirements for a settlement site to be 

adequate for successful establishment. On the one hand, 

to become successfully established, larvae of 2. similis 

must settle within a site which is safe from predators. 

On the other hand, larvae presumably must also find a 

site which has a favorable light regime for its symbiotic 

alga, Prochloron sp. This latter hypothesis is suggested 
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by the distribution of adults in the field. Most 

colonies of ~. similis are found growing on the sides of 

dead coral branches which are located within dense 

thickets of the corals Porites compressa and Montipora 

verrucosa. By their cryptic nature such sites would be 

expected to provide ample protection from predators. Yet 

at the same time, these sites appear to be sufficiently 

exposed to receive enough sunlight to saturate the 

photosynthetic machinery of Prochloron (Alberte et al., 

1987). Of course, other explanations for this pattern of 

distribution are possible. For example, D. similis may 

grow well on the sides of branches because these sites 

are protected from the harmful effects of UV-radiation 

(Jokiel, 1980). 

Assumptions of Larval Biology 

Despite over a century of research, the planktonic 

larval stage of marine invertebrates still remains 

essentially a black box to marine biologists (Young and 

Olson, manuscript). Most of our knowledge about the 

events which take place during this phase comes primarily 

from laboratory studies with unknown applicability to the 

field. One way in which this black box can be cracked is 

to follow individual larvae in the field as was done in 

this study. However, one must be cognizant of the fact 

that the events which occur during the planktonic larval 
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stage probably vary with both larval type and 

environment. The larval biology of Diplosoma similis is 

probably most representative of the events which occur 

within a calm environment during the planktonic period of 

large, short-lived plankters. However, it may also be 

representative of the near settlement events of many 

long-range dispersing larvae as well. With this dual 

perspective, I evaluate below some of the assumptions in 

larval biology related to larval dispersal, larval 

settlement, and the schedule of larval mortality. 

While it is known that some larvae are capable of 

active dispersal vertically in the water column, it has 

usually been assumed that larvae are incapable of active 

dispersal in a horizontal direction (reviewed in Chia et 

al., 1984). As a result, larval dispersal has frequently 

been modeled as a passive diffusion process (Jackson and 

strathmann, 1981; Palmer and Strathmann, 1981). The 

results of this study suggest that at least in quiet 

waters larval dispersal may often be an active process 

instead (Figures 5 and 6). The primary consequence of 

active dispersal was a sUbstantial reduction in larval 

mortality over what would have been predicted if larvae 

had behaved like passive particles. Under this latter 

scenario at least 50%, rather than the observed 15% 

(those which swam up to the air-water interface, 40/259, 
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Figure 3), of all larvae produced would have been 

expected to have perished due to passive transport by 

currents to unsuitable habitats. 

with respect to larval settlement it is also often 

assumed that: 1) the initial deposition of larvae is a 

passsive process (Doyle, 1975; Eckman, 1983; Hannan, 

1984; Nowell and Jumars, 1984; Hadfield, 1986; Jackson, 

1986; Wethey, 1986; Butman, 1987; Denny and Shibata, ms.) 

and 2) larval substratum identification requires that a 

larva make physical contact with a substratum in order to 

properly identify it (Crisp, 1974, 1985; Morse, 1985; 

Butman, 1987). In contrast, the results of this study 

suggest that at least in quiet waters larvae can actively 

search for a suitable substratum as well as identify 

substrata by their chemical signatures alone (Table II). 

The expected consequence of this alternative method of 

larval substratum selection is again a reduction in 

larval mortality. Given the assumptions of most models 

of larval substratum selection, it would have been 

predicted that larvae of ~. similis contact the reef at 

random and have relatively high encounter rates with 

benthic sources of mortality. Even higher encounter 

rates would have been predicted, if the specificity of 

larval substratum selection decreases with time as has 

been suggested for the larvae of a number of marine 
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organisms (Knight-Jones, 1953; Qoyle, 1975). contrary 

to these predictions, D. similis had relatively low 

contact rates with the substratum, and showed no trend 

toward decreased substratum discrimination perhaps 

because of the very brief duration of the planktonic 

larval stage. 

Field observations of the process of larval 

settlement in ~. similis also challenge the assumption 

that the only cost to larval substratum selection is a 

cost for settling on the wrong substrata (Doyle, 1975). 

They suggest that there is at least one additional cost 

related to sampling the ocean bottom to identify 

preferred substrata. Settling on an established benthic 

marine invertebrate like a coral will often result in 

either the injury or death of the settler. In D. similis 

this cost may have represented a strong selective 

pressure to develop the ability to detect preferred 

substrata without having to make direct contact with the 

surface. Similar selective pressures may explain the 

development of non-contact modes of substratum 

identification in the alcyonarian, Alcyonium coralloides 

(Bourdillon, 1954), the mud snail, Nassarius obseletus 

(Scheltema, 1961), the nudibranch, Phestilla sibogae 

(Hadfield, 1977) and the echinoid, Dendraster excentricus 

(Burke, 1984). 
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Finally, the results of this study and the work of 

Olson and McPherson (1987) suggest that the use of 

constant larval mortality rates in a number of life

history models which attempt to explain the diversity of 

developmental modes in marine invertebrates (Vance, 1973; 

Christensen and Fenchel, 1979; Emlet et al., 1985; 

Strathmann, 1985) may be inappropriate. Both studies 

found that the planktonic mortality rates for ascidian 

larvae on coral reefs were much higher than any 

previously reported values of planktonic mortality rates 

for invertebrate larvae in the open ocean (Table VII) . 

To the extent that long-range dispersing larvae of other 

types of reef organisms experience the same rates of 

larval mortality when they are near a coral reef, the 

larval mortality rates of these organisms would be 

expected to be considerably higher during the times when 

gametes or larvae leave the reef as well as when they 

return. This prediction is consistent with the 

suggestion of Vance (1973) and Strathmann (1982, 1985) 

that the evolution of long-range dispersing larvae may be 

at least in part an adaptation to escape high rates of 

larval mortality associated with the parental habitat. 

It is also consistent with the suggestion of Johannes 

(1978) that many of the reproductive strategies of coral 

reef fish may be adaptations to avoid the "wall of 
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Table VII. Representative values of planktonic mortality 
rates for larvae of marine invertebrates. The mortality 
rates presented below for marine invertebrates other than 
Diplosoma similis were documented in the field using a 
variety of indirect methods. with two exceptions these 
values were obtained from Strathmann (1985). The 
planktonic mortality rates for the larvae of Lissoclinum 
patella and Podoclavella molluccensis were calculated 
from data provided in papers by Olson and McPherson 
(1987) and Davis (1988) respectively. 

Species 

Bivalve, Veliger 

Crassostrea gigas 

Bryozoan, Cyphonautes 

Membranipora sp. 

Barnacle, Nauplius 

Balanus balanoides 

Copepod, Nauplius 

various Species 

Decapod Crustacean, Nauplius 

Various Species 

Colonial Ascidian, Tadpole Larvae 

Diplosoma similis 
Lissoclinum patella 
Podoclavella moluccensis 

60 

Percent Mortality 
Per Day 

12-20 

16-30 

6 

4-64 

2-26 

99.999 .. . 
99.999 .. . 
99.999 .. . 



mouths" of planktivorous fish which surrounds coral reefs 

and filters larvae out of the water column as they pass 

by. 

Varying rates of larval mortality may not be limited 

just to coral reef organisms. The cyprid larvae of the 

barnacle Balanus glandula also experience very high 

levels of planktonic mortality as they move through near-

shore kelp beds (Gaines and Roughgarden, 1987). There 

is also some evidence that the larvae of temperate 

estuarine organisms migrate from estuaries to the open 

ocean at least in part to escape higher predation 

pressures within the estuary (Strathmann, 1982). 

A note of caution needs to be added here. Although 

the data presented in Table VII support the hypothesis 

that larvae disperse from the parental habitat to escape 

high predation pressures, one should be wary of accepting 

these data as prima-facie evidence. The accuracy of the 

daily mortality estimates listed in Strathmann (1985) for 

non-ascidian larvae is unknown because of uncertainty 

about the length of the planktonic period and the 

validity of the methods used in obtaining these 

estimates. 

Implications 

By simply comparing the time larvae spend in the 

plankton, it would seem probable that post-settlement 
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processes are likely to be more important in controlling 

recruitment rates in marine invertebrates that produce 

large, lecithotropic larvae which have restricted 

dispersal such as some polychaetes, and many sponges, 

cnidarians, bryozoans and ascidians than in other marine 

invertebrates. A short planktonic period certainly was a 

major factor contributing to the low larval mortality 

rates experienced by Q. similis. For some groups of 

marine invertebrates such as crustaceans and ascidians, 

one might also predict that a large larva, on the basis 

of greater strength and endurance, would be more likely 

to overcome the detrimental effects of currents and 

predators. However, a comparison of the findings of this 

study with previous studies suggests that larval type and 

the duration of the planktonic larval phase are not, in 

fact, good predictors of the relative importance of pre

and post-settlement processes in determining recruitment 

rates. Extrinsic factors such as the type and density of 

larval predators (Sebens and Koehl, 1984; Olson and 

McPherson, 1987), current regime and the degree of wave 

exposure (Denny and Shibata, ms.) will determine the 

extent to which even the largest planktonic larvae can 

overcome the effects of pre-settlement mortality agents 

and successfully settle and metamorphose in a favorable 

habitat. The relative importance of pre-settlement and 
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post-settlement processes will also obviously be 

determined by the extent to which settled individuals are 

exposed to various mortality agents independent of the 

planktonic environment. For example, Davis (1987) found 

that post-settlement mortality rates of newly settled 

individuals of the compound ascidian Podoclavella 

cylindrica were much lower than in this study apparently 

because of a lack of grazing fish predators at his study 

site. 

Given the fact that the relative importance of pre

settlement and post-settlement processes is likely to 

vary with both species and site, the results of this 

study support the contention of Underwood and Denley 

(1984) that there is a critical need for a re-examination 

of the earlier studies that made claims about the 

relative importance of pre-settlement processes based 

solely on recruitment data. In this study 50% of all 

newly settled colonies of ~. similis had disappeared 

after a single day and 90% by the end of the first week 

(Figure 6). Recruitment measurements taken at either 

time would have substantially underestimated larval 

settlement rates. until more studies are performed which 

are able to separate out the confounding effects of 

settlement and early juvenile mortality, the importance 
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of "supply side" ecology (Roughgarden et al., 1987, 1988) 

will continue to remain uncertain. 
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CHAPTER II 

THE VERTICAL DISTRIBUTION OF A COLONIAL AsclDIAN 
ON A CORAL REEF: THE ROLES OF LARVAL DISPERSAL 

AND LIFE-HISTORY VARIATION 

INTRODUCTION 

In both marine and terrestrial environments the 

distribution of sessile organisms along a vertical 

gradient can usually be described by a roughly bell-

shaped curve (Clausen et al., 1948; Connell, 1961a, b; 

Whitaker, 1962; Lewis, 1964; Connell, 1970; Grosberg, 

1982). Discovering the processes which produce this 

pattern of distribution has been a central focus of 

ecology. Two opposing hypotheses have been advanced by 

marine ecologists to explain the vertical distribution of 

sessile marine invertebrates. vertical distribution 

patterns have traditionally been hypothesized to be 

solely the result of events which occur during the 

benthic phase of the life-cycle (Dayton, 1971, Connell, 

1972, Paine, 1977; Underwood, 1978). In the rocky 

intertidal, for example, physical factors such as 

dessication and high temperatures were usually invoked to 

explain the upper distributional limits, while biological 

factors such as competition and predation were usually 

invoked to explain the lower distributional limits (e.g. 

Connell, 1961a, b; Connell, 1970, Dayton, 1971, Paine, 

1974; Menge, 1976; Lubchencho and Menge, 1978). spatial 
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variation in the supply of larvae was acknowledged by 

proponents of this hypothesis, but was deemed unimportant 

in determining vertical distribution patterns because it 

was assumed that sessile marine organisms produced enough 

larvae over their lifetime to saturate all available free 

space (Paine, 1984). 

In contrast to the traditional view, a number of 

workers have recently suggested that the vertical 

distribution of sessile marine organisms may often be 

controlled by pre-settlement processes that limit larval 

settlement rates (reviewed in Underwood and Denley, 1984 

and Connell, 1985). Pre-settlement processes that could 

produce a bell-shaped vertical distribution pattern 

include: 1) differences in the duration of submersion of 

substrata occuring at different depths, 2) larval 

substratum selection, i.e., larvae responding to the 

presence of live or dead substrata which are abundant 

within a particular depth range, and 3) active or passive 

processes which concentrate larvae in the water column 

and result in the concentration of larvae at the time of 

settlement (Connell, 1985). 

In a review of the data supporting the hypothesis 

that pre-settlement processes determine the vertical 

distribution of sessile marine organisms, Connell (1985) 

concluded that there is still little empirical evidence 
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that the vertical distribution of adults is ever 

determined by the initial pattern of larval settlement. 

The lack of supporting data is not a result of neglect 

but rather is related to the difficulties involved in 

measuring larval settlement rates (Connell, 1985, 

Hadfield, 1986). Many workers have attempted to describe 

the pattern of larval settlement by measuring recruitment 

rates (the number of individuals present at some post

settlement census). Unfortunately, the measurement of 

recruitment can confound the processes of larval 

settlement and early juvenile mortality, and hence will 

often provide poor estimates of the pattern of larval 

settlement (Keough and Downes, 1982; Connell, 1985). 

Direct field observations of the pattern of larval 

settlement rates have generally been precluded by the 

small size and long planktonic residence times of most 

larvae produced by sessile marine organisms. However, 

some sessile marine organisms, such as colonial 

ascidians, produce relatively large larvae which have a 

short enough planktonic period that their pattern of 

settlement can be documented in the field by SCUBA divers 

(Olson, 1985; Davis, 1987; Chapter I). 

Given that one can follow the dispersal of larvae 

and their settlement over a vertical gradient, it becomes 

possible to also examine the evolutionary question of 

67 



whether post-settlement processes (the differential 

growth, fecundity and survival of established individuals 

at different depths) have shaped larval settling 

behavior. The settlement behavior of marine invertebrate 

larvae is regarded widely as a reflection of evolved 

strategies of habitat choice. Settlement behaviors of 

marine invertebrate larvae, for example, have been 

suggested to allow individuals to find an adequate food 

supply (Hadfield, 1977), avoid superior competitors 

(Grosberg, 1980), or enhance the probability of 

settlement in the correct physical setting or biological 

assemblage (Crisp, 1974; Buss, 1979). Although 

laboratory studies have demonstrated that larvae are 

capable of selecting habitats which would appear to 

enhance post-settlement fitness, the extent to which 

larvae are capable of identifying such habitats or have 

the opportunity to settle within such habitats in the 

field is still unclear. In the field a larva must be 

able to distinguish an appropriate settlement site in a 

much more heterogeneous environment than could ever be 

duplicated in the laboratory. Moreover, it is unknown to 

what extent predictable cues exist in the field that 

would allow a larva to select an appropriate settlement 

site. The correlation between a given environmental 

variable which acts as a settlement cue and fitness is 
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likely to vary both between habitats within a site 

(Palumbi, 1985) and between sites within the 

biogeographic range of the species (Strathmann et al., 

1981). 

I report here on a life-history study of the 

colonial ascidian Diplosoma similis which was designed to 

take a first step toward answering the following two 

questions: 1) what were the relative contributions of 

pre- and post-settlement processes in determining the 

vertical distribution of adults? and 2) do the larvae of 

~. similis preferentially settle within a habitat where 

fitness (as determined by post-settlement growth, 

fecundity and survivorship) is highest? To answer these 

questions, I documented the pattern of larval dispersal 

and settlement, as well as, the growth, fecundity and 

survivorship of adult colonies of ~. similis within four 

habitat zones located along a vertical profile of a coral 

reef. The results of this study show that the peak in 

the percent cover of ~. similis at the reef crest is a 

product of both pre- and post-settlement processes. 

Larvae preferentially settle at the reef crest where 

genet (sensu Harper, 1977) growth rates are fastest. 
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METHODS 

Species Description 

Diplosoma similis is an encrusting, didemnid 

ascidian which hosts the unicellular alga, Prochloron sp. 

On reefs in Kaneohe Bay, Oahu, Hawaii it usually grows on 

dead coral or the green alga, Dictyosphaeria cavernosa. 

As a result of colony fragmentation, genets are comprised 

of genetically identical daughter colonies as they grow 

and expand over the reef. Adult colonies of D. similis 

produce larvae daily throughout the year between the 

hours of 9 a.m. and 2 p.m. The tadpole larvae (2.5 mm in 

length) are brooded internally within the colony cloaca 

until competent to settle. swimming larvae can achieve 

speeds as high as 5 cm/sec and appear to select a 

settlement site using a combination of non-tactile and 

tactile cues (Chapter I). 

study site 

The primary study site was a fringing reef located 

on the western edge of Coconut Island, a small island 

situated within Kaneohe Bay, Oahu, Hawaii (Figure 9). 

The study was conducted on the outer reef flat, the reef 

crest and the reef slope to a depth of -10 m. Within 

this area the corals Porites compressa and Montipora 

verrucosa are the primary space occupants. They are 

interspersed among large patches of dead coral and soft 
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Figure 9. Map of Coconut Island showing the location of 
the primary study site (**) and the three additional 
sites which were used to generalize the observations on 
larval dispersal first observed at the primary study site 
(*) . 
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sediment. The primary study reef is a very protected 

site due to its leeward exposure. It receives very 

little wave action, and currents in the area seldom 

exceed 10 cm/sec (Chapter I). 

Pattern of Larval Dispersal 

To document the patterns of larval dispersal and 

settlement within and between habitats, a SCUBA diver 

followed larvae which were released from four sites on 

the study reef: the reef flat (4 m inland from the reef 

crest), -2 m (= reef crest), and the reef slope at depths 

of -4 m and -6 m. The diver followed larvae from the 

time of release to the time they settled, were captured 

or were lost. The time to settlement, and the linear 

distance and direction traveled by the larvae were 

measured for each of the larvae that settled. To the 

extent possible comparable measurements were made for 

larvae which were not sucessfully followed to settlement 

and, where applicable, the source of mortality was also 

noted. 

To examine the potential influence of currents on 

larval dispersal patterns, current velocity and direction 

were measured immediately following the observation of 

larvae. Current velocity was estimated by taking five 

replicate measurements of the time for fluoroscein dye to 

travel 10 cm along a meter stick. Measurements were made 
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just above the reef surface at the depth of larval 

release. Current direction was measured using an Ikelite 

dive compass. 

From October to December, 1987, divers followed 

larvae that were released from colonies naturally growing 

on the reef. However, a large rainstorm in January, 

1988, produced a 2 m lens of freshwater in Kaneohe Bay 

that killed all the colonies of Q. similis on the study 

reef to a depth of -5 m. Subsequent observations (March 

and April, 1988) were made by following larvae released 

from adult colonies that had been transplanted to the 

study reef. These transplanted colonies were taken from 

a nearby reef where they had been growing at a depth of -

4 m. The same adult colonies were used as the source of 

larvae for all four habitat zones on the study reef. 

The adult colonies were attached to a portable plastic 

frame which could easily be transported between habitats 

on the reef. 

Larval dispersal patterns could potentially be 

modified by variation in a number of environmental 

factors including the amount of wave action, exposure to 

the wind and even the direction of the sun with respect 

to the reef. To determine whether the pattern of larval 

dispersal on the study reef is typical for other 

exposures on Coconut Island reef and hence other reefs in 
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Kaneohe Bay, an additional study was undertaken during 

May 1988 to document the pattern of larval dispersal at 

four locations on Coconut Island reef which corresponded 

to the compass points north, east, south, and west (the 

original study site) (Figure 9). These locations varied 

with respect to the amount of wave action, the strength 

of wind-driven surface currents, and the direction of the 

sun with respect to the reef. The location with a 

western exposure was the original study site which acted 

as a control for the possibility that differences in 

larval behavior at the other three sites were a result of 

the study being conducted at a different time of the 

year. Observations were made at all four sites in a 

single day to even the effects of daily variation in 

weather conditions and water clarity. At each location 

larval dispersal and settlement were observed for larvae 

released at two depths, -2 m and -6 m. As before, the 

time, distance and direction of dispersal were noted for 

each larva. Current speed and direction were measured 

after each larva was followed as described above. 

Observations were made at each site during four 1 hr time 

periods between 9 a.m. and 1 p.m. To control for the 

time of day during which observations were made, the site 

which was visited first on a particular day was selected 
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using a random number table. The rest of the sites were 

then visited sequentially counter-clockwise. 

Pattern of Larval Settlement 

The vertical distribution of larval settlers was 

determined by measuring larval settlement densities along 

three 6 x 24 m transects on 33 days between October 1986 

and January 1987. Transects ran from the outer reef flat 

to a depth of -10 m on the reef slope. Settlement 

densities were measured on twelve 19.5 cm x 19.5 cm x 9.5 

cm cement blocks within each of the three transects. To 

ensure that each of the habitat zones traversed by the 

long-axis of the transects was sampled each day, the 12 

blocks were, in turn, assigned in groups of three to 

successive 6 m intervals within each transect. The group 

of three blocks was then randomly placed (coordinates 

were obtained using a random number table) within each of 

the four resulting 6 m x 6 m quadrats. The cement blocks 

were oriented such that the two 19.5 cm x 19.5 cm faces 

were vertical and parallel to the reef crest. Both 19.5 

cm x 19.5 cm faces were also covered with a black plastic 

mesh (Vexar), laid flat against the surface to increase 

surface heterogeneity and protect newly settled colonies 

from grazers. Larval settlement densities were measured 

daily by counting by eye the number of larvae which 

settled on protected surfaces (=number of 
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larvae/760cm2/day). The blocks were placed in the water 

early in the morning before larval release began and then 

picked up in the late afternoon after larval release and 

settlement had ceased. 

Distribution of Adults 

The vertical distribution of adults on the study reef 

was described by measuring the percent cover of adult Q. 

similis along three transects on the study reef from the 

inner edge of the reef flat to a depth of -10 m. Between 

the inner edge of the reef flat and -10 m, at 2 meter 

intervals, 12 chain-link, transect lines were laid 

parallel to the reef crest. The transect lines were 10 m 

long and made up of 300 chain links. A diver swam the 

length of each transect and noted for each junction of 

one link with the next, whether or not a colony of Q. 

similis lay beneath that junction. Percent cover was 

calculated as the number of junctions that touched a Q. 

similis colony divided by 300. 

Growth. Reproduction. and Survivorship of Adults 

The growth, reproduction and survivorship of adult 

colonies of Q. similis were measured over a four week 

period (May 9 to June 6, 1987) within four habitat zones 

on the study reef: the reef flat (4 m inland from the 

reef crest), -2 m (=reef crest), and -4 m and -6 m on the 
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reef slope. For each habitat zone, measurements were 

made on 40 presumably distinct genets that had previously 

been collected from that habitat, measured and returned. 

The genets, which started off as single colonies, were 

collected at least a meter apart to increase the 

probability that they were genetically distinct. The 

genets were also selected such that at the start of the 

experiment there were no between-site differences in 

genet size (ANOVA, F=0.14, 3 and 154 df, P < 0.93). Each 

experimental genet was grown on a 1 cm thick, 56 cm2 

cement plate to circumvent the problems of measuring 

growth on the non-planar surfaces of the dead coral on 

which they are found naturally. The plates were attached 

with VelcroR, in groups of four, to 20 x 20 x 20 cm 

cement blocks. The blocks were then covered with a nylon 

0.55 cm2 mesh cage (filament diameter = 0.5 rom) to 

protect the colonies from predators. If cages were not 

used, in all four habitat zones all the colonies that 

were placed on the plates would be gone within one day 

(unpublished data). After the cage was attached, the 

blocks were placed on the reef in the habitat zone where 

the colonies growing on the blocks had originally been 

collected. 

Growth was calculated as the change in area over a 

four week period. Area was measured by using a camera 
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lucida to draw the outlines of genets and then retracing 

the outlines with a digitizer to quantify area. To 

factor out differences in initial size, growth was 

expressed in terms of relative growth, the increase in 

area per initial cm2 of tissue. 

Fecundity was measured in the laboratory on day 28, 

the same time growth measurements were made. Previous 

studies suggested that one day measurements of fecundity 

provided good estimates of genet fecundity (unpublished 

data). In particular, if a genet was found to be non

reproductive on the first day of sampling, it would 

generally remain non-reproductive even when fecundity was 

measured over a two week period. To measure fecundity, 

the genets from all four sites were brought back into the 

laboratory in the early morning and placed in single 

plastic containers which received running seawater. 

Larvae released by the genets were carried from the 

plastic containers by the overflow and trapped by a 180 

um, NitexR mesh basket placed beneath the overflow. 

Fecundity was determined by counting the number of larvae 

collected on the screen. 

Genet survivorship was determined by taking a census 

at day 28 of the number of genets still growing on the 

plates within each of the four habitat zones. 
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RESULTS 

Pattern of Larval Dispersal 

The time, distance, and direction larvae dispersed 

all varied with the position on the reef at which larvae 

were released. The mean time larvae swam increased 

significantly with the depth of release from 1.74 + 0.03 

(x ± s.d.) minutes at the shallowest habitat to 7.14 + 

0.03 (x + s.d.) minutes at the deepest habitat (ANOVA, 

F=22.65, P < .001, Figure lOa). Trend analysis using 

orthogonal polynomials suggests that the time larvae swam 

did not increase linearly (F=2.13, p < 0.15), but rather 

quadratically (F=75.4, p < 0.001) with depth of release. 

Larvae released at -4 m swam significantly longer than 

larvae released at the reef crest (-2 m), and larvae 

released at -6 m swam significantly longer than larvae 

released either at the reef flat or the reef crest 

(Tukey-Kramer Test, p < .05). The distance larvae 

dispersed also increased with depth of release (ANOVA, 

F=26.84, P < 0.001, Figure lOb). Trend analysis using 

orthogonal polynomials suggests that the distance larvae 

disperse increases both linearly (F=5.16, p < 0.03) and 

quadratically (F=27.66, p < 0.001) with depth of release. 

The only significant difference in the distance 

dispersed between habitat zones was between -6 m and the 

other 3 habitat zones which were not significantly 
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Figure 10. a) Time larvae swam as a function of site of 
release. b) Distance larvae dispersed as a function of 
site of release. A logarithmic transformation was 
applied to the data presented in both figures to 
eliminate the correlation between the variance and the 
mean. Data in both figures are presented as means + 95% 
confidence intervals. Sample size is indicated above the 
error bars. The reef flat is designated as RF. 
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different from each other (Tukey-Kramer Test, p < 0.05). 

At the deepest habitat zone larvae swam an average of 

4.48 + 2.23 (x ± s.d.) m while at the shallowest habitat 

zones larvae swam an average of approximately 1 m. 

On days when currents were not strong enough to 

influence the direction larvae swam (less than 5 cm/sec, 

15 out of 16 days, Chapter '1 \ 
..L J , one would have expected 

half of the larvae to swim toward the reef crest and half 

to swim away from the reef crest if larvae had swam 

without any particular orientiation. On such days, at 

all release depths a significantly larger proportion of 

larvae dispersed toward the reef crest than was expected 

(G-test, Gp = 263.43, P < .001, Table VIII). Larvae on 

the reef slope swam in a easterly direction to disperse 

toward the reef crest, while larvae on the reef flat swam 

west, indicating that larvae were orienting toward the 

reef rather than a particular direction (Table VIII) . 

The variations in larval behavior as a function of 

release depth resulted in the settlement pattern shown in 

Table IX. The majority of larvae released on the reef 

slope preferentially settled within the upper 4 m of the 

reef slope and 50% of these settled near the reef crest. 

The few larvae that swam away from the reef crest settled 

at a depth greater than the site of the parent colony. 

One larva settled at a depth of -8 m and a second settled 
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Table VIII. Number of larvae dispersing towards either 
the east or west which originated from each of the four 
habitat zones at the original study site (the western 
side of Coconut Island reef). For larvae originating 
from the reef slope the reef crest is to the east, while 
for larvae originating from the reef flat the reef crest 
is to the west. 

site of Release 

Direction Reef 
of Dispersal Flat -2 m -4 m -6 m 

East 8 18 25 26 

West 17 4 5 6 
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Table IX. Number of larvae from each habitat zone that 
settled within a particular depth-range for larvae 
released from both transplanted and natural colonies and 
for larvae released only from colonies that were 
naturally growing on the study reef. 

site of Release 

Settlement Reef 
Depth (m) Flat -2 m -4 m -6 m 

All Larvae 

* rf 25 2 1 0 

** rf-2 1 21 17 16 

2-4 0 3 9 7 

4-6 0 0 2 5 

6-8 0 0 0 2 

> 8 0 0 0 1 

Larvae Released from Native Colonies 

* rf 10 1 0 0 

** rf-2 0 12 6 10 

2-4 0 3 6 6 

4-6 0 0 0 2 

6-8 0 0 0 1 

> 8 0 0 0 1 

* rf = reef flat 
** rf-2 = reef flat to -2 m 
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at -9 m which is very close to the -10 m distributional 

limit of~. similis on the study reef. Larvae released 

on the reef flat remained on the reef flat. 

An analysis of the data in Table IX using a log

linear model suggests that there were no significant 

differences in the depth at which larvae settled as a 

function of the site of release (G=1.68, 9 df, P < 0.99). 

The analysis further suggests that there were no 

significant differences in the proportion of larvae which 

settled at a particular depth between larvae released 

from natural and transplanted colonies over all habitat 

zones (G=0.08, 3 df, P < 0.99). Finally, the analysis 

suggests that the similarity in the behavior of larvae 

released from either natural or transplanted colonies was 

consistent among all four sites of larval release 

(G=0.12, 9 df, P <0.99). 

The pattern of larval dispersal at the study site 

was similar to that at three other locations on coconut 

Island reef and so may be representative of dispersal on 

all reefs within Kaneohe Bay (Table X). At each of the 

four locations (representing each of the four compass 

points) almost all of the larvae dispersed towards the 

reef (Table XI) and settled at a depth less than or equal 

to the parent colony. Regardless of location, larvae 

released at -6 m swam significantly longer (ANOVA, 
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Table X. Number of larvae released at depths of -2 m and 
-6 m on the reef slope that settled within a particular 
depth-range at four locations on Coconut Island reef 
corresponding to the four compass points. 

Location 
Settlement 
Depth (m) South East North west 

Release Depth: -2 III 

* rf 0 1 2 1 

** rf-2 11 12 12 11 

2-4 1 0 0 1 

Release Depth: -6 III 

* rf 0 0 0 0 

** rf-2 7 7 1 6 

2-4 2 3 7 5 

4-6 3 1 2 1 

6-8 0 1 2 0 

* rf = reef flat 

** rf-2 = reef flat to -2 m 

87 



Table XI. Number of larvae released at depths of -2 m 
and -6 m on the reef slope that dispersed either towards 
or away from the reef crest at four locations on Coconut 
Island reef which correspond to the four compass points. 

Exposure 

Direction South East North west 

Release Depth: -2m 

Toward 9 11 11 11 

Away 2 0 1 1 

Release Depth: -6 m 

Toward 11 11 9 11 

Away 1 1 2 1 
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F=40.93, 3 and 109 df, P < 0.001; Tukey-Kramer Test, p < 

0.05) and farther (ANOVA, F=28.12, 3 and 109 df, P <.001; 

Tukey-Kramer Test, p < 0.05) than larvae released at -2 

m. with one exception the majority of larvae at all 

locations and depths settled at the reef crest. At the 

northern location, larvae released at -6 m dispersed up 

the reef slope but only one reached the reef crest. Most 

of these larvae settled instead at a depth between -4 and 

-2 m. 

At all sites there was considerable variation in the 

settlement depth of larvae which were released at -6 m. 

Much of this variation was a result of the time of day 

larvae were released. Larvae released between 9 and 11 

a.m. settled significantly higher on the reef slope than 

larvae released between 11 a.m. and 1 p.m (Wilcoxon 2-

Sample Test, s= 490.5, p < 0.05, n=24). Larvae released 

early settled at a depth of 1.80 + 2.93 m (x + s.d), 

while larvae released later settled on average at a depth 

of 3.12 + 1.64 m (x ± s.d). Similar time-related 

variation in the depth of settlement was not observed for 

larvae released at -2 m. 

In summary, the data on larval dispersal suggest 

that the population of ~. similis on the Coconut Island 

reef is essentially a closed population, and therefore, 

the pattern of larval settlement on the reef will 

89 



primarily be a result of the pattern of dispersal of 

locally produced larvae. Regardless of the habitat zone 

or location of larval release, larvae rarely dispersed 

more than 10 m from their site of birth. This finding 

does not preclude the possibility that a few larvae may 

occasionally disperse between reefs, nor do they rule out 

the possibility of rafting by adults. But these 

observations, combined with the short competency period 

of these larvae (approximately 1 hour, Chapter I) and the 

relatively slow speed of the currents around Coconut 

Island reef, suggest that the successful colonization of 

other reefs by larvae is probably a rare event. 

Larval Mortality 

The larval mortality rates which were measured in 

this study only reflect mortality due to benthic sources 

such as corals, sea anemones, sponges and mucus 

associated with benthic organisms (Chapter I). Larval 

mortality due to planktonic sources of mortality, such as 

reef fish and floating mucus, could not be accurately 

estimated, because the presence of divers inhibited 

planktivorous fish from feeding on larvae (Chapter I). 

Although planktonic mortality was not measured, the reef 

slope sites would be expected to have the highest rates 

of planktonic mortality because the larvae released from 

those sites spend the longest time in the plankton 
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(Figure lOa). However, because planktonic mortality 

rates that were measured in a predator exclusion 

experiment on the upper reef slope were low (Chapter I), 

it is unlikely that these expected differences in 

planktonic mortality rates would have a significant 

impact on the pattern of larval settlement. 

Pre-settlement mortality rates due to benthic 

sources were analyzed with respect to time period, before 

and after the storm of January 1988, and habitat. The 

data from the reef flat were excluded from the analysis 

because there was reasonable cause to believe that the 

mortality rate measured at the reef flat was greatly 

underestimated. Larvae released on the reef flat either 

settled immediately or were lost at the air-water 

interface. Consequently no larval mortality was observed 

at the reef flat. with respect to the other three 

habitat zones, larval mortality rates due to benthic 

sources differed significantly before and after the storm 

of January 1988 (Log linear model, G=5.63, 1 df, P < 

0.02, Table XII), but did not differ between habitat 

zones (Log-linear model, G=1.40, 3 df, P < 0.50, Table 

XII). Neither the absolute nor relative magnitude of 

benthic mortality within each of the habitat zones 

changed as a result of the storm (Log-linear model, G= 

0.23, 3 df, P < 0.89, Table XII). Before the rainstorm 
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Table XII. Percentage of larvae captured by benthic 
mortality sources (both predators and non-predators) 
released from each of the four habitat zones before and 
after the rainstorm of January 1988. The total number of 
larvae that were observed from each habitat are shown 
within the parentheses. 

Habitat of 
Origin 

* rf 

** -2 m 

-4 m 

-6 m 

* rf = reef flat 

Percent Captured By Benthic 
Mortality Sources 

Before After 
Storm Storm 

0 (10) 0 (16) 

37 (26 ) 18 (17) 

31 (19) 8 (13) 

26 (29) 8 (12) 

** -2 m = reef crest 
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of January 1988 larval mortality due to benthic sources 

ranged between 26-37% from the reef crest down to a 

depth of -6 m. After the rainstorm it ranged between 8-

18% (Table XII). The decrease in the rate of larval 

mortality following the rainstorm was probably a result 

of a massive coral die-off which followed the rainstorm 

of January 1988. A previous study found that corals were 

the predominant source of pre-settlement benthic 

mortality in Q. similis (Chapter I). 

Distribution of Larval Settlers and Adults 

The pattern of larval settlement appears to be 

primarily a product of larval habitat selection. 

Regardless of location on the reef or habitat, the 

majority of larvae either dispersed towards the reef 

crest and settled, or remained there and settled (Tables 

IX and X). As would be predicted by this pattern of 

larval dispersal, larval settlement was highest at the 

reef crest and then declined in the direction of either 

the outer reef flat or the reef slope (Figure 11). On 

the reef crest the larval settlement rate reached a peak 

of 3.2 + 3.8 larvaej760cm2 (=block)jday (x + s.d., n=30). 

The percent cover of adult colonies of Diplosoma 

similis ranged between 0 and 5 percent (Figure 12). In 

two of the three transects percent cover was highest at 

the reef crest and then declined in the direction of both 
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Figure 11. Avera~e pattern of daily larval 
settlement/760 cm along 3 transects at the primary study 
site as a function of depth between the inner edge of the 
reef flat and a depth of -10 m. Depth values on the x
axis represent the depth of the reef at each 2 m interval 
along the transect. Data are presented as the means ± 
95% confidence intervals of the number of larvae which 
settled within each 2 m interval. 
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Figure 12. Percent cover of adults on 3 transects at the 
primary study site as a function of depth between the 
inner edge of the reef flat and a depth of -10 m. Depth 
values on the x-axis represent the depth of the reef at 
each 2 m interval along the transect. 
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Table XIII. Observed mean percentage of number of larval 
settlers and percent cover of adults within each of the 
four habitat zones. 

Habitat Percentage 
Zone Settlers 

* rf 16 

** -2 m 45 

-4 m 33 

-6 m 6 

* rf = reef flat 

** -2 m = reef crest 

98 

of Percentage of 
Total Adult Cover 

4 

70 

25 

1 



the inner reef flat and the reef slope. In the second 

transect percent cover was generally low at all sites on 

the reef but was highest at a depth of -3 m. These 

results are summarized with respect to each of the four 

habitat zones in Table XIII. When analyzed with respect 

to the mean values, the distributions of larval settlers 

and adults were not statistically different (Kolgomorov

Smirnoff Two Sample Test, D=39, p < 0.1). An examination 

of Figures 11 and 12 suggests that the primary difference 

(non-significant) between the two distribution patterns 

was the relatively higher proportion of larval settlers 

on the outer reef flat. 

Growth, Reproduction, and Survivorship of Adults 

Over the 4 week experiment there were significant 

differences in the relative growth rate of genets from 

different zones on the reef (ANOVA, F=20.54, 3 and 146 

df, P < .001). Genets growing at -2 m had significantly 

higher relative growth rates than genets growing both on 

the reef flat and at deeper habitat zones on the reef 

slope (Tukey-Kramer Test, p < .05, Figure 13). There was 

a slight but insignificant trend for genets growing at -4 

m to have higher relative growth rates than genets 

growing on either the reef flat or at -6 m. 

The fecundity data were not amenable to standard 

statistical techniques because: 1) fecundity was not 
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Figure 13. Relative growth (Final Area-Initial 
Area/Initial Area) of adult colonies growing within 4 
habitat zones at the study site. A logarithmic 
transformation was applied to the data to eliminate the 
correlation between the variance and the mean. Data are 
presented as means + 95% confidence intervals. The reef 
flat is designated as RF. 
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well correlated with genet size within all habitat zones, 

and 2) the size range of genets was not constant between 

habitat zones (Figure 14). consequently, to test whether 

absolute fecundity differed between habitat zones, it was 

assumed that absolute fecundity was independent of genet 

size and the data set was restricted to only those genets 

which were the same size or smaller than the largest 

genet found at -6 m. Furthermore, because the proportion 

of non-reproductive genets was similar between all four 

habitat zones (X2=4.56, p < 0.5), the data set was also 

restricted to just those genets which reproduced. Using 

this restricted data set absolute fecundity was found to 

significantly differ between the four habitat zones 

(Kruskal-Wallis, X2=, p < 0.02). Non-parametric a 

posteriori comparisons suggest that absolute fecundity 

differed significantly only between genets located at -6 

m and -4 m. However, an examination of the raw data 

suggests that there is a trend for the absolute fecundity 

of genets located at -6 m to also be higher than the 

absolute fecundity of genets located at either -2 m or 

the reef flat. 

Survivorship differed little between habitat zones. 

Survivorship after day 28 varied from a high of 39 out of 

40 genets (98%) at the reef crest to a low of 36 out of 
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Figure 14a-d. Number of larvae produced per day per 
genet (=genetic individual) as a function of genet area 
for each of the four habitat zones. The reef flat is 
designated as RF. 
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40 genets (90%) at the reef flat (Figure 13, data 

presented as sample sizes for each of the habitat zones). 

Larval Settlement versus Larval Production 

The data presented previously suggests that larval 

settlement is highest at the reef crest and then 

decreases both towards the reef flat and the reef slope. 

To what extent is this pattern of larval settlement a 

result of larvae remaining within the habitat in which 

they were released or the result of the interhabitat 

movement of larvae? Actual measurements of these 

parameters were never made because it was not possible to 

determine the origin of the larvae which settled on the 

cement blocks. However, for each of the four habitat 

zones, the proportion of larvae which originated from 

each of the four habitats can be estimated by using the 

data on the average percent cover of adults within each 

of the four habitat zones, the production of larvae 

within each of the four habitat zones (average number of 

larvae/cm2 for all colonies including non-reproductive 

colonies) and the observed proportion of larvae from each 

of the four habitat zones which dispersed to each of the 

other four habitats (Table XIV). The estimates (Table 

XIV, columns 8 - 11) suggest that in the upper three 

habitats larval settlement rates are primarily determined 

by the local production of larvae. They also suggest 
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Table XIV. Estimated percentage of the larvae that settled within a habitat zone that were born 
there or had dispersed there from one of the other three habitat zones. This estimated percentage 
was calculated by dividing the number of larvae originating from each of the four habitat zones 
that settled within each habitat zone by the total number of larvae which were estimated to have 
settled within each habitat zone. The number of larvae originating from each zone was determined 
by multiplying together for a particular habitat the average percent cover of adults (column 2), 
the average relative fecundity (column 3), and the percentage of larvae which dispersed to that 
habitat zone (columns 4-7). Data in column 2 comes from Figure 5, data in column 3 comes from 
Figure 7, and data in columns 4-7 comes from Table 2. 

Average , Larvae Dispersing Estimated Percentage Settling 
Habitat Average Relative to the Following within the Following 

of , Cover Fecundi~y Habitat Zones Habitat Zones 
Origin of Adults (larvae/cm /day) rf -2 -4 -6 rf -2 -4 -6 

* rf .11 .11 96 04 00 00 65 1 0 0 

•• -2 m 1. 92 .03 08 80 12 00 26 57 28 0 

-4 m .70 .08 03 59 Jl 07 9 41 70 90 

-6 m .03 .09 00 52 23 16 0 2 2 10 

• rf = reef flat 
•• -2 m = reef crest 



that the peak in larval settlement rates at the reef 

crest is· significantly enhanced by the upslope movement 

of larvae originating from -4 m. At -6, larval 

availability depends on interzone movements: the 

colonies at -4 m provided the majority of the larvae 

which settle at -6 m. This because, 1) there was a much 

larger biomass of Q. similis at -4 m, and 2) most of the 

larvae at -6 m dispersed upslope to one of the other 

habitats. 

Although the data permit an estimation of the 

proportion of larvae which originated from each of the 

four habitat zones that settled within each of the four 

habitat zones, one should be cautious in accepting these 

estimates because variances were not used to test the 

significance of these results, and not all ecological 

variables were factored into the calculations. For 

example, larval mortality rates were not included because 

there was little evidence that larval mortality rates 

differed substantially between habitats (Table XII). 

DISCUSSION 

contribution of Pre- and Post-settlement Processes 

Early studies of the determinants of the vertical 

distribution of sessile marine invertebrates generally 

focused on single post-settlement processes which were 

thought to affect established individuals (Doty, 1946; 
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Connell, 1961b; Paine, 1966). It was soon discovered 

that the distribution and abundance of these organisms 

was much more predictable when several post-settlement 

processes were considered simultaneously (Dayton, 1971; 

Connell, 1972, 1975; Menge and Sutherland, 1976; 

Lubchencho and Menge, 1978; Underwood et aI, 1983; Paine, 

1984). Since the early 1980's a large body of literature 

has been produced that was concerned with whether the 

vertical limits of the distribution of sessile marine 

organisms are determined by either pre-settlement or 

post-settlement processes (Underwood, 1980; Strathmann et 

al., 1981; Grosberg, 1982; Underwood and Denley, 1984; 

Connell, 1985; Gaines and Roughgarden, 1985; Keough, 

1986; Gaines and Roughgarden, 1987; Raymondi, 1988). As 

was the case when post-settlement factors were considered 

in isolation, the results of the present study suggest 

that the vertical distribution of Q. similis, and perhaps 

many other sessile marine invertebrates, may be best 

understood as a consequence of the interaction of both 

pre- and post-settlement processes. A comparison of the 

distribution of larval settlers and adults suggests that 

the peak in the percent cover of Q. similis at the reef 

crest is initially created by larval habitat selection 

(Figures 11 and 12). However, the even higher proportion 

of adult colonies than larval settlers on the reef crest 

108 



(Table XIII) suggests that the percent cover at the reef 

crest continues to increase disproportionately during the 

post-settlement period. The finding that the relative 

growth rates of adults was highest at the reef crest 

(Figure 13) supports the hypothesis that differential 

growth is responsible for the post-settlement 

concentration of adults. However, these data represent 

only potential demographic rates because they were 

collected from colonies that were growing within cages 

and, therefore, were not exposed to predators which could 

cause partial mortality. As such, the data may not 

provide an accurate respresentation of the importance of 

differential growth in determining the distribution of 

adults. 

The peak in the percent cover of Q. similis could 

also be a result of differential mortality. 

Unfortunately, the roles of juvenile and adult mortality 

in causing the discrepancy between the distribution of 

adults and larval settlers could not be evaluated because 

of difficulties encountered in measuring survivorship in 

the natural environment. Nevertheless, the fact that 

both juvenile and adult colonies on flat cement plates 

disappeared just one day after being simultaneously 

placed within all four habitat zones suggests that the 

intensity of predation on the reef is consistently high 
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along the entire vertical profile of the reef 

(unpublished data). 

In summary, the data demonstrate that the vertical 

distribution of Q. similis at the reef crest is a 

synergistic product of larval habitat selection and 

higher growth rates of established individuals growing at 

the reef crest. Since to my knowledge there have been no 

other studies which have evaluated the contributions of 

pre- and post-settlement processes in determining the the 

vertical distribution of subtidal sessile marine 

invertebrates, it is difficult to comment on the 

generality of this conclusion. Nevertheless, similar 

patterns are most likely to be seen in other subtidal 

sessile marine invertebrates that are hosts for 

photosynthetic symbionts and perhaps some species of 

marine algae. For both groups of organisms it is of 

obvious importance for the larvae or spores to settle 

within a vertical depth range which has a favorable light 

environment for growth and reproduction. 

Optimal Habitat Selection 

Why do larvae of Q. similis settle on the reef 

crest? The proximate cause is suggested by the larval 

behavior of several other colonial ascidians studied in 

the laboratory. These studies suggest that gravity and 
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light intensity are the most probable environmental 

determinants of· the pattern of larval dispersal and 

settlement. Most ascidian larvae are initially both 

negatively geotactic and weakly positively phototactic 

near the time of release and then become strongly 

negatively phototactic near the time of settlement (Crisp 

and Ghobashy, 1971; Millar, 1971; Young, 1986). The 

tendency to disperse up the reef slope, therefore, is 

probably initially a result of negative geotaxis while 

the height to which the larvae disperse is most likely a 

response to light intensity. If this assertion is 

correct, the correlation between depth of settlement and 

time of day observed for larvae which were released at -6 

m (see Results) could be explained in terms of larvae 

settling in response to some optimal light intensity. 

The depth at which larvae settle may decrease later in 

the day because of the increase in light intensity 

between 9 a. m. and 1 p. m. 

It is unclear from the life-history data whether the 

ultimate reason larvae of 2. similis settle near the reef 

crest is because the reef crest is the optimal 

environment in terms of individual fitness. Genets 

living on the reef crest have the highest growth rates on 

the reef (Figure 13), but appear to have lower fecundity 

than genets growing at -6 m, even though genets grow to a 
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much larger size at the reef crest (Figure 14). 

Survivorship within the caged blocks was not much higher 

at the reef crest than elsewhere (Figure 13, survivorship 

presented as sample sizes). However, the higher percent 

cover of adults at the reef crest is consistent with the 

idea that both growth and survivorship are highest at the 

reef crest. 

Short term measurements of genet fitness within 

different habitat zones on the reef may not provide an 

accurate prediction about the optimal environment over 

the long term. Because of disturbances such as the 

rainstorm of January 1988, large portions of the 

population living on the reef crest and the reef flat can 

be completely decimated. Moreover, a storm producing 

similar effects was also recorded in 1968. Given this 

frequency of disturbance, one might predict that 

selection would favor the production of larvae that 

disperse toward the lower reef slope. However, not all 

the genets on the reef slope were killed in the most 

recent disturbance. The trait for upslope dispersal 

could have been retained in the population, if the lower 

reef slope served as a refuge for individuals who 

produced larvae that dispersed toward the reef crest. 

Observations on larval dispersal patterns on coconut 

Island reef support this hypothesis. They suggest that 
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the majority of the colonies on the lower reef slope are 

derived from colonies which live on the upper portions of 

the Coconut Island reef (Table XIV) . 

If the lower reef slope actually serves as a refuge 

for genets that produce larvae which disperse upslope, 

then one would expect that the upper portions of the reef 

would be periodically recolonized after a disturbance 

like the rainstorm of January 1988. This suggests that 

the location of the peak in the vertical distribution of 

adults at a given reef will also partly be a function of 

the recent history of the reef. The longer the time 

since the last disturbance, the greater is the likelihood 

that the peak in the distribution of adults will be close 

to the reef crest. 

Spatial Heterogeneity. Larval Dispersal and Population 
Structure 

Because of a bias among marine ecologists to study 

the ecology of densely aggregated aclonal organisms such 

as barnacles and mussels, pattern formation and the 

population dynamics of sessile marine organisms has 

typically been modeled as though populations of sessile 

marine organisms live in a homogenous environment which 

is immersed in a "bath" of larvae (Levin and Paine, 1974; 

Roughgarden et al., 1985). The results of this study 

suggest that these models will not provide useful 
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predictions for organisms that produce large larvae with 

restricted dispersal such as ~. similisj some polychaete 

worms and many other colonial invertebrates (Doyle, 1975; 

Jackson, 1985). As demonstrated in this study, 

environmental differences over the scale of meters are 

associated with life-history variations among adults, and 

the movement of larvae within such an environment may not 

be random. Probably a more representative model of 

pattern formation and population dynamics in organisms 

like ~. similis may be a model like the one proposed by 

Levin (1976) which acknowledges the possibility of 

spatial variation in life-history characteristics. Levin 

(1976) suggests that whenever the environment is patchy, 

pattern formation and population growth will be dependent 

upon both the local demographic rates within patches and 

the pattern of movement between these patches. 

Frequently, as in this study, the environment is not 

clearly demarcated into distinct habitats but rather 

forms a continuous environmental gradient. In this 

situation in order to predict population dynamics and 

structure, one would ideally like to know the life

history characteristics of and movements between the 

infinitely small patches which make up such a gradient. 

However, for practical purposes, it may be possible to 

estimate the expected distribution of adults or 
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population growth by arbitrarily dividing the 

environmental gradient into larger habitat zones which 

are inhabited by individuals with relatively similar 

demographic traits and measuring the movement of larvae 

between each of these habitat zones as was done in this 

study_ Such an approach is consistent with the concept 

of ecological neighborhoods proposed by Addicott et al. 

(1987) . 

The bias towards working on aclonal organisms has 

also led to the assumption that larval settlement rates 

and local reproductive output can only be uncoupled in an 

open population by stochastic processes which act outside 

a population (Victor, 1983; Doherty, 1983, 1987; 

Roughgarden et al., 1985, 1987). This is a result of the 

tendancy of workers to model the population structures of 

species such as barnacles and mussels as metapopulations 

which consist of a number of component subpopulations 

which are linked together by a common pool of larvae. 

Since the larvae of these organisms are believed to have 

little control over their movements (Doyle, 1975; Jackson 

and Strathmann, 1981; Palmer and Strathmann, 1981; Nowell 

and Jumars, 1984; Butman, 1987; Denny and Shibata, ms.), 

the number of larvae which return from the pool to any 

particular site will be completely dependent upon the 

vagaries of the plankton. Specifically, the number of 
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larvae which return will be dependent on such factors as 

the direction and speed of ocean currents, the number of 

predators in the water column, the amount of food 

available, etc. On the other hand, if a population is a 

closed system and structured as suggested by Levin's 

model, local production and larval settlement rates can 

be uncoupled by deterministic processes which act within 

a population. For example, uncoupling does occur as a 

result of deterministic processes whenever larvae 

preferentially disperse towards a particular kind of 

habitat as seen in the present study (Table XIV). 

In summary, this study suggests that the population 

of ~. similis on Coconut Island reef is essentially a 

closed population. Within this population the percent 

cover of adults is highest at the reef crest. The peak 

in percent cover develops as a result of two processes. 

A relatively poorly developed peak initially forms as a 

result of larvae preferentially settling near the reef 

crest. As evidenced by the greater proportion of adult 

biomass than juvenile biomass at the reef crest, percent 

cover continues to increase disproportionately at the 

reef crest after settlement. The post-settlement 

intensification of the peak in percent cover occurs at 

least partially as a result of genets on the reef crest 

having the fastest growth rates on the reef. Over the 
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long term, the position of the peak in the percent cover 

is probably also determined by the disturbance history of 

the reef. When disturbances affect only the upper 

portions of the reef, the position of the peak in percent 

cover on the reef is dependent upon the time since the 

last disturbance occurred. As the interval between 

disturbance events increases, the greater is the 

likelihood that the peak in the percent cover of Q. 

similis will be found near the reef crest. When this 

study began, it had been almost 20 years since the last 

major disturbance in Kaneohe Bay, and as expected by this 

scenario the peak in the percent cover of adults was at 

the reef crest. 
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CHAPTER III 

FRAGMENTATION: A MECHANISM FOR THE STIMULATION 
OF GENET GROWTH RATES IN AN ENCRUSTING 

COLONIAL ASCI DIAN 

INTRODUCTION 

Clonal organisms grow by the repeated replication of 

architectural structural units known as modules (Harper 

and Bell, 1979). Modules are the tillers and shoots of 

plants, the polyps of corals and the zooids of bryozoans 

and colonial ascidians. During development these modules 

may form either: 1) a single independent entity in which 

all the modules are physically connected to each other or 

2) a clone of physiologically independent and spatially 

isolated units each of which consist of one to many 

modules. The general question which this paper addresses 

is, when is it advantageous for a clonal organism to 

package its resources among a number of physiologically 

independent entities rather than grow as a single 

physically intact unit? Following Harper (1977), the 

genetic individual will be referred to below as the genet 

and the physiologically independent units will be 

referred to as ramets. 

Several non-mutually exclusive hypotheses have been 

advanced to explain the evolution of a physically divided 

soma. Janzen (1977) speculated that asexual reproduction 

in dandelions, leading to the production of a clone of 
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spatially separated ramets, is a mechanism for the 

exploitation of a predictable but spatially patchy 

resource: small patches of bare ground. Cook (1979) 

hypothesized that growing as a clone of physically 

isolated ramets may be a strategy to increase genet 

survivorship by spreading the risk. When the ramets are 

physiologically isolated, the probability of genet 

survivorship will equal the product of the survivorship 

probabilities of the ramets. The amount by which genet 

survivorship increases will be a function of the spatial 

scale of the agents of mortality and the dispersal scale 

of the ramets. 

Finally, division of the soma may be advantageous 

because it increases genet growth rates and indirectly 

increases genet fecundity. In encrusting colonial 

invertebrates division of the soma by colony 

fragmentation has been hypothesized to stimulate genet 

growth rates through the production of small daughter 

colonies (=ramets) which individually are predicted to 

have higher relative growth rates than large ones and 

hence, collectively are expected to have a higher 

absolute growth rate than a single, large colony of equal 

biomass (stoner, 1983, 1986; Hughes, 1984; Ryland et al., 

1984; McFadden, 1986; Ryland and Warner, 1986). Relative 

growth rates are thought to decrease with colony size 
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because small colonies either: 1) have a greater amount 

of periphery relative to surface area over which they can 

expand (stoner, 1983, 1986; Ryland et al., 1984; Ryland 

and Warner, 1986), 2) are more efficient in obtaining 

food (McFadden, 1986) or 3) allocate less energy to 

reproduction. 

I report here on a study which tests whether 

fragmentation stimulates genet growth rates in Diplosoma 

similis, an encrusting colonial ascidian which 

spontaneously fragments under natural conditions. The 

test consists of determining whether relative growth 

rates in Q. similis decrease with colony size. This 

study should be considered just the first step in 

determining the selective advantage of fragmentation, 

since the growth rate hypothesis is only one of several 

hypotheses which have been advanced to explain the 

evolution of fragmentation. 

EXPERIMENTAL DESIGN 

The most direct way to test the growth rate 

hypothesis would be to compare the relative growth rates 

of naturally occurring small colonies with the relative 

growth rates of large colonies. However, the results of 

such an experiment would not be interpretable because the 

effects of size on growth rate might be confounded with 
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several covarying factors. For example, the effects of 

size could be confounded by genetics. Relative growth 

rates could be negatively correlated with colony size, 

because small colonies tend to be associated with genets 

which have inheritantly high fragmentation rates and 

growth rates. Similarly, the effects of size on growth 

rate could be confounded with colony shape because large 

and small colonies frequently have different shapes. 

To overcome these difficulties I decided to test the 

growth rate hypothesis by artificially fragmenting large 

naturally occuring colonies into several smaller colonies 

which had similar shapes and spanned a range of sizes. 

By measuring the growth of these individual colonies it 

was possible to compare the relative growth rate of 

colonies which differed in size but were morphologically, 

genetically, and physiologically identical. This 

approach is essentially equivalent to the perhaps more 

direct approach of comparing the growth rate of two 

subclones with equal biomass which differ with respect to 

the number of colonies into which they are divided. 

However, while the latter approach only allows for a 

dichotomous comparison of growth rates, the approach used 

in this study permits multiple comparisons between 

colonies of a number of different sizes. 

At the same time artificial fragmentation eliminates 
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the confounding effects of genetics, morphology and 

physiology, it creates an additional confounding factor, 

cutting. Injuring colonies can have either a detrimental 

effect, because of a resulting loss of algae, nutrients, 

blood, or filtering efficiency, or have a stimulating 

effect similar to the hypothesized enhancement of plant 

growth from herbivore grazing (Ayling, 1983; Paige and 

Whitham, 1987; studies on plants prior to 1986 reviewed 

in Belsky, 1986). Whatever the effects of cutting, they 

could bias the experiment if they varied as a function of 

colony size. It was, therefore, necessary to evaluate 

the effects of cutting in a preliminary experiment in 

which the growth rates of cut and uncut colonies of the 

same size and genotype were compared. 

METHODS 

Study site and Organism 

The study was conducted on a reef located in Kaneohe 

Bay, Oahu, Hawaii. The reef is located in the southern 

portion of the bay, 100 m west of Coconut Island, the 

site of the Hawaii Institute of Marine Biology. Because 

of its leeward exposure, the reef receives very little 

wave action except when winds blow from the south or 

west. Space on the study reef is predominantly occupied 

by the reef corals Porites compressa and Montipora 

verrucosa. Diplosoma similis can be found on the reef 
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from the reef flat to a depth of -10 m, but is most 

abundant at the reef crest where it occupies 

approximately 5% of all available space. 

~. similis is an encrusting didemnid ascidian which 

serves as host for the unicellular alga Prochloron sp. 

with the exception of undergoing fragmentation, ~. 

similis has a typical life-cycle for a colonial ascidian 

which starts with the production of a presumably sexually 

produced tadpole larva. After a brief planktonic 

period, the larva settles and metamorphoses into a 

juvenile colony consisting of two zooids, the oozooid and 

the first blastozooid. Subsequent colony growth occurs 

through the proliferation of more blastozooids (Millar, 

1971). Fragmentation of the original sexually produced 

colony results in the production of a clone of daughter 

colonies. Fragmentation appears to occur by the 

elongation of part of the colony followed by constriction 

and eventual breakage of the connective tissue. The 

life-span of this ascidian is unknown, but it certainly 

lives longer than a year and does not regress annually as 

has been frequently described for some temperate 

perennial ascidians (Berrill, 1950; Millar, 1971; 

Grosberg, 1982; Nakauchi, 1966). Individual genets have 

been observed in the field for over 14 months without 

showing any signs of regression. In fact, because of 
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their clonal nature, genets of ~. similis may be 

essentially immortal. 

Effects of Cutting 

To determine the effects of cutting, the growth and 

survivorship of colonies which had been cut with a razor 

blade were compared to that of naturally fragmented 

colonies of the same genotype and size. since there are 

no morphological markers which can be used to distinguish 

genotypes, the genetic identity of colonies was 

established by raising genets on isolated substrata 

starting with a single un fragmented colony. The 

un fragmented colonies were collected from the reef crest 

of the study reef. To increase the probability that they 

represented genetically distinct individuals, no two 

colonies were collected within a meter of each other. 

Upon collection, these un fragmented colonies were 

subsequently removed from the underlying carbonate 

substrata with a razor blade and then tied to 9 x 9 cm2 

cement plates with nylon monofilament line. with time, 

the unfragmented colonies attached to the plates through 

growth and expansion over the plate surface. The 

monofilament line was removed once the colonies had 

attached, and the manipulations were conducted 1 month 

after the colonies were tied onto the plates. 
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In the field, cement plates were anchored into 

position by attaching them to cement blocks located on 

the crest of the study reef. Plates were attached by 

means of Velcro strips to facilitate removal of plates 

for inspection and subsequent measurement of colony size. 

Four plates were attached to each block on the vertical 

face oriented away from the reef towards the open water. 

To protect colonies from predators a cage was placed over 

the blocks. The cages consisted of a 1 cm2 cloth mesh 

which was supported by a framework of a thicker black 

plastic mesh (Vexar). The sides of the cages were closed 

off with elastic cord wrapped around all four sides of 

the cement block. 

At the end of a month the original un fragmented 

colony attached to the cement plates had fragmented into 

a number of daughter colonies. within each genet 

naturally produced daughter colonies were located, and 

then equal sized experimental daughter colonies were 

generated by using a razor blade to cut larger colonies 

down to the desired size. Only daughter colonies which 

contained fewer than 250 zooids were used in this 

experiment, because it was assumed that if there was an 

effect of cutting it would most likely be apparent in the 

smallest size-class of colonies used in the main 

experiment. Altogether 42 pairs of treatment and control 
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colonies were established on 20 cement plates. Each 

experimental daughter colony was shaped approximately 

into squares by making four cuts along the periphery at a 

rate of one cut per day to minimize the effects of 

cutting. Cut margins of the experimental colonies 

required a day to heal and close up. After the four cuts 

were made, the extraneous tissue on the plates was 

removed. Only daughter colonies growing on the plate far 

enough apart that they did not interfere with the growth 

of others were used in the experiment. However, due to 

movement along the substratum some of the daughter 

colonies made contact with each other during the course 

of the experiment. Colonies of the same genotype never 

fused when they came into contact. 

Growth rates were measured in terms of both area and 

zooid number. Growth was calculated as the difference in 

area or zooid number between the beginning of the 

experiment, the day after the fourth cut was made, 

October 17, 1987, and two weeks later. This interval was 

the maximum time interval over which the experimental 

colonies did not naturally fragment. Colony area was 

obtained by first tracing the outlines of a colony with a 

camera lucida and later tracing the drawn outline and 

quantifying the area with a digitizer. Zooid number was 

obtained either by direct counts in the case of small 

126 



colonies or by multiplying colony area by zooid density. 

zooid density was determined by making three replicate 

counts of the number of zooids within an area of variable 

but known size. 

Fragmentation Experiment 

The relationship between colony size and relative 

growth rate was established by experimentally fragmenting 

a single colony into 5-15 daughter colonies spanning a 

range of sizes and then measuring the growth of these 

daughter colonies over a two week period. Forty-one 

genets were used in the experiment. At the start of the 

experiment, daughter colony size among the 41 genets 

ranged between 5 and 1200 zooids (0.005 and 3.75 cm2 ); 

and the ratio of the circumference to surface area ranged 

between 2.13 and 49.65. 

statistics 

To analyze the fragmentation experiment, the 

relationship between growth (change in area (Y)) and 

initial area (X) was modeled as a power curve having the 

formula y=axb. In the model "b" is a measure of the rate 

of change of the function, and "a" is a multiplicative 

scaling factor. If growth rates remain constant or 

increase with size then the exponent of this function (b) 

will be equal to one or greater. If growth rate 
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decreases with size the exponent will be less than one. 

The equation was linearized by taking the natural 

logarithm of both y and x or in this case of both growth 

and initial size to allow the data to be analyzed using 

linear regression techniques. The exponent obtained can 

then be compared to a value of 1 to determine curve 

shape. This model avoids the problems of regression 

which are encountered either: 1) when the dependent 

variable is a ratio which contains the independent 

variable in the demoninator such as when relative growth 

is regressed against initial size (Atchley et al., 1976; 

Atchley and Anderson, 1978) or 2) when the value of the 

dependent variable is restricted by the value of the 

independent variable such as when final size is regressed 

against initial size. 

To factor out differences among genotypes in the 

experiment the model also included genotype as a 

treatment variable resulting in a standard analysis of 

covariance. The assumption of homogeneity of variance 

was tested using Barlett's test. Because of the large 

variances associated with genets composed of only 3 

ramets, Barlett's test was performed on a reduced data 

set which included only those genets (28/32) which had 

greater than 3 ramets. The results of the ANCOVA using 

128 



the reduced data set were virtually identical to the 

results obtained for the full data set. 

The full data set was limited to ramets which never 

fragmented and to genets which contained a set of 

surviving ramets which spanned a size range of at least 

325 zooids. The latter restriction increased the 

probability that ramets within a genet differed 

sufficiently in size that an effect of ramet size on 

relative growth rates could be detected if one was 

present. Finally, four daughter colonies (out of 132) 

which exhibited negative growth were excluded from the 

data set because of difficulties associated with applying 

a log-log transformation to a dataset with negative 

values. Removing the negative values by adding a 

constant positive value to each number in the data set 

has the undesirable effect of changing the slope of the 

regression equation. Two of the four daughter colonies 

which exhibited negative growth initially contained less 

than 325 zooids while the other two contained over 1,000 

zooids. 

RESULTS 

Effects of Cutting 

Over a two week period 9 out of 42 pairs of cut and 

uncut daughter colonies survived along with 17 unpaired 
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sets of daughter colonies. No differences in 

survivorship rate were found between cut and uncut 

daughter colonies. Of the 35 surviving daughter colonies 

17 were cut and 18 were uncut. A paired t-test also 

found no significant difference in growth (measured in 

terms of zooid number) between the 9 paired cut and uncut 

daughter colonies (t=1.13, p < 0.29), suggesting that 

cutting had no effect on colony growth. The same result 

was obtained for all 35 daughter colonies using ANCOVA to 

correct for initial differences in size (F=0.009, p < 

0.96; Figure 15). As required for ANCOVA, the tests for 

homogeneity of variances (Barlett's test, X2=1.78, p < 

0.1) and slopes (ANCOVA, F=0.009, P < 0.97) were non

significant. Similar results were obtained when growth 

was measured in terms of area. 

Since growth rates could be affected by colony shape 

as well as size, the data were further analysed to 

determine whether cut and uncut daughter colonies 

differed initially in terms of the ratio of periphery to 

surface area. No significant differences were found 

(Wilcoxon Two-Sample Test, s=318, p < 0.71). 

In sum, the data from the preliminary cutting 

experiment suggest that artificial fragmentation had no 

effect on the growth and survivorship of colonies of 

Diplosoma similis (Figure 15). This surprising lack of 
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Figure 15. Growth of cut and uncut ramets measured as 
the change in zooid number over two weeks versus initial 
colony size. To meet the assumptions of ANCOVA a 
logarithmic transformation was applied to the growth 
data. The solid points represent the control colonies 
and the open circles represent the treatment group which 
were cut at the beginning of the experiment. 
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an effect is probably a reflection of the rapid 

regenerative powers of this ascidian. It only took a 

single day to repair the damage to the tunic caused by 

cutting colonies with a razor blade. It also took just a 

single day to replace the common cloacal opening after a 

razor blade severed the original one from the colony. 

Fragmentation Experiment 

The absolute amount of growth (change in number of 

zooids/two weeks) generally increased with daughter 

colony size (Figure 16). On average over the two week 

experiment, daughter colonies grew 4.07 times their 

original size (range 0.74-17.00). However, at any given 

size there was SUbstantial variation in the absolute 

amount a daughter colony grew. Daughter colony shape 

remained essentially disc-like throughout the experiment 

among daughter colonies less than 1 cm2 in size (325 

zooids). The shape of larger daughter colonies, in 

contrast, increased in complexity as long slender arms of 

tissue grew out from the central disc of the daughter 

colonies. As shown in Figure 17 the result of such shape 

changes was a reduction in the expected rate of decrease 

in the circumference to surface area ratio associated 

with increasing daughter colony size. 

When the data were analyzed using ANCOVA, colony 

growth rates, measured in terms of zooid number, were 
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Figure 16. Growth measured as the change in zooid number 
over two weeks versus initigl colony size. The data were 
fitted to the equation Y=aX. To linearize the data a 
log-log transformation was applied. 
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Figure 17. Ratio of circumference to surface area as a 
function of colony size (zooid number) at the end of week 
2 of the fragmentation experiment. For comparison a 
curve representing the expected ratio of the 
circumference to surface area for colonies shaped like a 
circular disc is also presented. 
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found to be dependent both on initial colony size 

(F=765.61, p < 0.001; Table XV) and genotype (F=3.29, p < 

0.001; Table XV). No significant heteroscedasticity 

(Barlett's test, X2=11.62, p < 0.9) or heterogeneity of 

slopes (F=0.89, p < 0.69, Table XV) was detected. The 

reduced model which excluded the interaction term used to 

test for heterogenity of slopes explained 89% of the 

observed variation. On the log-log plot the regression 

slope, describing the relationship between growth and 

initial colony size (Figure 16) was 0.89 + 0.03, which 

according to a one sample t-test was significantly less 

than one (one-tailed t test, t=3.67, 106 df, P < 0.001). 

This implies that the shape of the curve relating growth 

and initial colony size is concave downward and that size

specific growth declines with increasing colony size. 

Genets were found to have significantly different scaling 

factors, implying that for a specific ramet size the genets 

used in the experiment have significantly different growth 

rates. The range in the scaling factor, a, was 0.11 to 

1.95. Similar results were obtained when growth w~s 

measured in terms of area. The slope of the regression 

line in this case was 0.84 + 0.03. 

Although this study did not directly address the 

question of why small colonies have higher growth rates 

than large ones, the data from this study also permit a 
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Table XV. ANCOVA of growth (change in zooid number) versus 
initial colony size with genet identity as the treatment 
variable. 

Sums of Probability 
Source Squares df F of F 

Homogeneity 6.34 24 0.83 < 0.69 
of Slopes 

Pooled 234.81 1 765.61 < 0.001 
Regression 

Among 24.21 24 3.29 < 0.001 
Genets 

Error * 32.51 106 

* The error term shown in the table is for the reduced 
model in which the interaction (homogeneity of slopes) term 
is excluded. The error sums of squares in the full model 
was 26.17. 
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test of the hypothesis that growth rates in D •. similis are 

limited by the amount of periphery available for lateral 

expansion. To test this hypothesis the relationship 

between relative growth and the circumference to surface 

area ratio was analyzed using ANCOVA to control for the 

confounding effects of genet identity. Relative growth was 

found to be dependent upon both the circumference to 

surface area ratio (F= 7.73, P < 0.006, Table XVI) and 

genet identity (F=4.22, p < 0.001, Table XVI). No 

significant heteroscedasticity (using a reduced data set 

which excluded genets with 3 ramets, X2=28.13, p < 0.01) or 

heterogeneity of slopes was detected (F=0.82, p < 0.69, 

Table XVI). As predicted by the periphery-limited 

hypothesis, the slope describing the relationship between 

relative growth and the circumference to surface area ratio 

was positive. The value of the slope was 0.038 + 0.013. 

DISCUSSION 

The data from the fragmentation experiment suggest 

that as predicted by the growth-rate hypothesis (Stoner, 

1983, 1986; Hughes, 1984; Ryland et al., 1984; McFadden, 

1986; Ryland and Warner, 1986) relative growth rates in 

Diplosoma similis decrease with colony size (Figure XVI). 

Given one assumption, these results imply that 

fragmentation can potentially stimulate genet growth rates 

through the production of small daughter colonies which 
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Table XVI. ANCOVA of relative growth versus the 
circumference to surface area ratio of a colony with 
genet identity as the treatment variable. 

Sums of Probability 
Source Squares df F of F 

Homogeneity 37.30 24 0.76 < 0.77 
of Slopes 

Pooled 14.95 1 7.73 < 0.006 
Regression 

Among 195.70 24 4.22 < 0.001 
Genets 

Error * 206.86 107 

* The error term 
model in which the 
term is excluded. 
model was 169.57. 

shown in the table is for the reduced 
interaction (homogeneity of slopes) 
The error sums of squares in the full 
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individually have higher relative growth rates than large 

colonies and, therefore, collectively will have higher 

absolute growth rates than a large parent colony of 

similar biomass. The necessary assumption is that large 

and small experimental colonies are the equivalent of 

naturally occurring parent and daughter colonies. This 

assumption was tested in the preliminary cutting 

experiment. The results of this experiment suggest that 

at least in terms of growth, experimental colonies are 

the equivalent of naturally occuring daughter colonies. 

Since the natural process of fragmentation is almost 

certainly less disruptive than the experimental procedure 

used in this study, the results of the cutting experiment 

also support the legitimacy of considering large 

experimental colonies to be the equivalent of naturally 

occuring colonies which have never fragmented. 

The data from the fragmentation experiment further 

support the hypothesis that relative growth rates 

decrease with colony size because of limitations in the 

amount of periphery available for lateral expansion 

(although other interpretations are possible) (Stoner, 

1983; 1986; Ryland et al., 1984; Ryland and Warner, 

1986). As predicted by this hypothesis, relative growth 

rates were positively correlated with the circumference 

to surface area ratio of colonies (Table XVI). The 
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periphery-limited hypothesis is also supported by the 

fact that colonies become more complex in shape (i.e. 

have a larger periphery to surface area than a simple 

disc) as they get larger (Figure 17). This phenomenon 

can be interpreted as an additional mechanism at the 

disposal of colonies of ~. similis for increasing their 

circumference to surface area ratio. In terms of the 

magnitude of change, however, shape change should be 

considered only an auxilliary mechanism rather than an 

alternative to fragmentation. The data in Figure 17 

suggest that shape changes cannot increase the ratio of 

circumference to surface area to the same extent that the 

ratio is increased by fragmentation into circular 

daughter colonies having a size of 1 cm2 (325 zooids) or 

less. Even the largest naturally occuring colonies which 

I have collected from the field for other experiments (up 

to 18 cm2 ) have lower ratios than manifested by these 

small colonies (personal observation). 

The actual increase in genet growth resulting from 

fragmentation will depend on both the size and number of 

fragments produced by ~. similis (Table XVII). Based on 

the empirical relationship found in this study, dividing 

a colony of 1000 zooids into half, for example, will 

result in an absolute increase in genet growth of 

approximately 37 zooids after two weeks. If the same 
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Table XVII. Increase in growth (zooids per genet) 
resulting from various levels of fragmentation (initial 
number of daughter colonies) for genets containing either 
100, 1,000 or 10,000 zooids. The ingrease in growth was 
calculated by using the equation Y=X .89 to determine the 
amount of growth expected for a given level of 
fragmentation and subtracting this amount by the amount 
of growth expected for a similar-sized, non-fragmenting 
genet. 

Initial Number of Daughter Colonies 

Genet Size 2 5 10 100 

100 5 12 17 40 

1000 37 90 135 309 

10000 288 703 1047 2395 
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ramet divides into ten equal parts, genet growth is 

increased by 135 zooids-after two weeks. The actual 

increase in genet growth resulting from fragmentation_ 

will also be dependent upon the size of the parent 

colony. As shown in Table XVII, for a given level of 

fragmentation the percentage increase in number of zooids 

per genet decreases with genet size. Dividing a genet 

composed of 100 zooids into 5 equal parts, for example, 

gives a 12% advantage over a non-fragmenting colony, 

whereas dividing a genet composed of 10,000 zooids gives 

only a 7% advantage. 

Considering only growth rates, the above discussion 

suggests that absolute genet growth rates should be 

greatest for those genets which fragment the most 

frequently and produce the greatest number of small 

colonies. The advantages of increased growth, of course, 

must be balanced with the possible costs to the genet of 

fragmentation in terms of reproduction and survivorship. 

Such costs may explain why the daughter colonies produced 

by ~. similis in nature are not all small. In~. similis 

the ratio in the size of the two daughter colonies 

produced by fragmentation can be highly variable. The 

daughter colonies can be either nearly equal in size or 

differ by an order of magnitude. Survivorship data from 

the fragmentation experiment, albeit in a protected 
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environment, suggest that the primary costs to 

fragmentation are probably related to reproduction. 

Survivorship rates only dropped from 0.81 for colonies 

which contained 25 zooids or more to 0.78 for colonies 

which contained less than 25 zooids (unpublished data) . 

Size-specific survivorship measurments need to be made in 

nature to confirm this result. 

Although relative growth rates appear to be 

constrained by colony size, the data suggest that the 

actual level of constraint varies between genets (Table 

XV). This variability is probably at least partially a 

result of underlying variation in the reproductive 

condition of experimental genets. Colony growth rates in 

~. similis were negatively correlated with size-specific 

fecundity which varied substantially among genets 

(unpublished data). Differences in the age or past 

history of the genets may have also contributed to the 

observed variation (Hughes, 1984; Hughes and Connell, 

1987). In this experiment, for example, the reproductive 

status of similar-sized daughter colonies within a genet 

appeared to be dependent on the size of the parent colony 

from which they were derived. other variables which 

could have been responsible for the between genet 

variation in growth rate include levels of genetic 
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heterozygosity, microhabitat and symbionts, both algal 

and pathogen. 

If the growth-rate hypothesis tested in this paper 

has any general validity one would expect that other 

encrusting or plate-like colonial organisms which 

fragment should have a growth curve similiar in shape to 

~. similis. Limited data collected from the literature 

support this idea. Relative growth rates have been 

reported to decline with size in several species of 

fragmenting, encrusting and foliaceous corals (Connell, 

1973; Hughes and Jackson, 1985; Hughes and Connell, 

1987). Moreover, the rate of decline in growth rate with 

increased size in the foliaceous corals appears to be 

positively correlated to the frequency with which each 

species undergoes fragmentation (Hughes and Jackson, 

1985). Interestingly, a literature search also revealed 

that most non-fragmenting, encrusting colonial 

invertebrates initially grow exponentially. Exponential 

growth has been reported in a number of non-fragmenting 

colonial ascidians, (Haven, 1971; Sugimoto and Nakauchi, 

1974; Yamaguchi, 1975; Grosberg, 1982; Boyd et al., 1986; 

Ann Harrington, pers. corom.) , bryozoans (Hayward, 1973) 

and hydroids (Braverman, 1963; Davis, 1971; McFadden et 

al., 1984). A constant decline in relative growth rate 

with size, however, has been reported for the non-
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fragmenting bryozoan, Schizoporella biaptera (Kaufmann, 

1981) . 

Apparently for most non-fragmenting, encrusting 

colonial invertebrates colony size is not a constraint on 

the rate of spread. The mechanisms by which this 

constraint have been overcome are as yet unknown. Best 

and Thorpe (1985) suggest that exponential growth is 

possible in bryozoans because of a colony transport 

system which brings metabolites from the center of the 

colony to the periphery. However, metabolites are also 

thought to be transported from the center to the 

periphery in corals (Pearse and Muscatine, 1971; Taylor, 

1977) which as a group generally do not display 

exponential growth (Connell, 1973; Hughes and Jackson, 

1985; Kinzie and Sarmiento, 1986). 

By artificially fragmenting genets into ramets of 

varying size, I demonstrated that fragmentation results 

in increased genet growth rates in the colonial ascidian, 

Diplosoma similis. Whether the higher genet growth rates 

also increase genet fitness has yet to be determined. It 

is possible that the costs to the genet of fragmentation 

in terms of life-time reproduction and survivorship are 

greater than the benefits in terms of increased growth. 

The ramets produced by fragmentation may be too small to 

reproduce sexually and also highly vulnerable to certain 
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mortality sources. It is also possibile that 

fragmentation is selectively favored in D. similis, not 

only because it increases genet growth rates but because 

it also simultaneously increases genet survivorship 

(Cook, 1979) and provides an efficient mechanism for the 

exploitation of favorable habitats in a patchy 

environment (Janzen, 1977). 
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EPILOGUE 

The initial objective of the research discussed in 

this dissertation was to examine the fitness costs and 

benefits of alternate strategies of colony fragmentation 

in the colonial ascidian, Diplosoma similis. At the 

time, the only demographic models which had specifically 

been built for clonal organisms were those of Caswell 

(1982a,b, 1985) and Hughes (1984). The dynamics of these 

models were based on size-specific schedules of birth, 

growth, shrinkage, staying the same size and 

survivorship. Asexual reproduction was incorporated into 

these models through the addition of size-specific rates 

of shrinkage or staying the same size. Although both 

birth rates and fragmentation rates were incorporated 

into these models, there was no attempt by either Caswell 

(1982a, b, 1985) or Hughes (1984) to differentiate 

between sexually and asexually produced recruits. The 

models were capable of projecting the population growth 

rates of ramets, the genetically identical but spatially 

isolated units which form a genet, or genetic individual. 

However, they were not able to predict the population 

growth rate of genets, which is a necessary prerequisite 

for asking life-history questions, because selection 

occurs at the level of the genetic individual. In the 

following discussion I first examine the adequacy of 
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these models for describing the population dynamics of~. 

similis at the ramet level and then discuss how the 

models will have to be modified based on the lessons of 

this research in order to be useful for understanding the 

evolution of life-history traits in clonal organisms. 

Since the original formulation of the models of 

Caswell (1982a, b, 1985) and Hughes (1984), it has been 

suggested that the demographic rates of many clonal 

organisms are probably more readily predictable from a 

combination of age and size rather than size alone (Law, 

1983; Hughes and Connell, 1987). It is not too difficult 

to imagine that a 10 cm2 coral which is over 200 years 

old may have a different growth rate and potential 

fecundity than a 10 cm2 coral which is only a few years 

old, even given the claim of some biologists that 

senescence may not occur in clonal organisms (Palumbi and 

Jackson, 1983). Age is expected to play an even more 

important role in clonal organisms which have more 

limited life-spans. When I attempted to measure growth 

rate and fecundity of ~. similis as a function of depth, 

I found large variation in both the growth rate and 

fecundity of similar-sized colonies (Figures 13 and 14). 

Some of this variation was almost certainly the result of 

environmental heterogeneity, but given the large number 

of replicates which were used in this experiment and the 
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relatively small area over which they were distributed, 

it would not be surprising if a large amount of the 

variation was not also attributable to differences in the 

age, genotype, and previous history of the experimental 

colonies. To avoid large amounts of variation, future 

demographic studies on 2. similis will need at the very 

least to sort out the effects of age and size on the 

demographic rates of individual colonies before more 

sophisticated life-history questions can be addressed. 

This will not be easy because of the confounding effects 

of genotype. One could measure the effects of age and at 

least partially control for genotype by raising cohorts 

of different ages from a common set of parent colonies. 

Once all of the cohorts had reached sexual maturity, the 

effects of age could be evaluated through a between

cohort comparison of the growth, fecundity and 

survivorship of individual colonies. 

Like the simple Leslie matrices from which they were 

derived (Leslie, 1945), the models of Caswell (1982a, b, 

1985) and Hughes (1984) also assume that populations of 

clonal organisms live within a homogeneous environment in 

which all members of the population express the same 

demographic properties. However, the data from this 

study suggest that the population dynamics of some 

colonial marine invertebrates may be better modeled under 
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the assumption that populations live within a 

heterogeneous environment which has the potential for 

generating considerable life-history diversity. In a 

life-history study of an adult population of ~. similis, 

I found significant differences in the relative growth 

and fecundity of individuals within the four arbitrarily 

defined habitat zones (Figures 13 and 14): the reef 

flat, -2 m (the reef crest), -4 m and -6 m. Accomodating 

this environmentally induced life-history variation will 

require two modifications to current demographic models. 

First, separate demographic models will have to be 

constructed for the individuals which inhabit each of the 

demographically distinct habitat zones. Second, since 

each of these habitat zones represent an open population, 

demographic models will also have to incorporate 

information on the pattern of larval movements that link 

the habitat zones together into a single closed 

population. 

Another assumption of the models of Caswell 

(1982a,b, 1985) and Hughes (1984) is an implicit one that 

larval mortality rates can be estimated by dividing the 

number of newly settled individuals by the total number 

of larvae produced by the adult population. The former 

value is usually obtained by direct measurement while the 

latter value is derived by summing up all the lxmx values 

153 



in a life-table (Connell, 1970; Hines, 1979; Wethey, 

1985). The use of this method depends on the validity of 

two explicit assumptions: 1) clonal organisms have a 

closed population structure; and 2) recruitment rates are 

an accurate reflection of larval settlement rates. The 

results of this dissertation support the first assumption 

but not the second. Whenever post-settlement mortality 

rates are high, as was the case in this study, 

recruitment rates will provide poor estimates of larval 

settlement rates. only 50% of all newly settled colonies 

of Q. similis survived even 1 day post-settlement while 

less than 2% survived two weeks post-settlement (Figure 

8). With such high rates of juvenile mortality, 

recruitment rates will vastly underestimate larval 

settlement rates even when measured on a daily basis, 

which in turn will lead investigators to overestimate 

larval mortality rates. 

Fortunately, the problem of obtaining an accurate 

estimate of larval mortality can be essentially 

eliminated in studies involving colonial invertebrates 

that produce relative large larvae with restricted 

dispersal. Among these organisms larval mortality can be 

directly estimated by using SCUBA to follow individual 

larvae from release to settlement. Using this method, I 

found that over 70% of all the larvae which are released 
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settle and metamorphose (Figure 3). However, this high 

rate of larval survivorship could result in part from 

divers inhibiting planktivorous fish from feeding on 

larvae. To determine the magnitude of planktonic 

mortality· in the absence of divers, I performed a 

predator exclusion experiment in which larval settlement 

rates were measured in the presence and absence of 

planktivorous fish. The results of this study suggest 

that planktivorous fish eat approximately 13-19% of all 

larvae (Table IV) and, as a consequence, only 54-60% of 

all larvae actually survive the planktonic larval stage 

and successfully settle and metamorphose on Coconut 

Island reef. 

As mentioned above, the demographic models of 

Caswell (1982a,b, 1985) and Hughes (1984) are capable 

only of projecting the dynamics of ramets. More 

recently, demographers have developed models which are 

capable of predicting the dynamics of genets as well as 

ramets (Sackville Hamilton et al., 1987; Palumbi, 

unpublished manuscript). These are hierarchical models 

in which the dynamics at the genet level are dependent on 

the dynamics at the ramet level. Therefore, sexual 

reproduction is at least implicitly incorporated into 

these models along with asexual reproduction. 

Unfortunately, the newer models are based on a number of 
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simplifying assumptions about the dynamics of ramets 

which make them useful for only a very narrow class of 

clonal organisms. In particular, they assume a 

predictable and size-invariant pattern of asexual 

reproduction that clearly is not the case in clonal 

organisms like 2. similis. 

Although an appropriate demographic model for asking 

life-history questions about most clonal organisms does 

not yet exist, it is possible to use the hierarchical 

perspective developed in the newer models to examine the 

consequences of alterations in the patterns of asexual 

reproduction. However, one can quantify these 

consequences only in terms of single components of 

fitness. I used this approach to study the effects of 

colony fragmentation in 2. similis on growth. I tested 

the hypothesis that one of the advantages of 

fragmentation was that it stimUlated growth at the genet 

level. Such an advantage will be realized only if 

absolute growth rates increase with colony size while 

relative growth rates decrease with colony size. Under 

these circumstance, a genet composed of multiple colonies 

should always have a higher absolute growth rate than a 

single intact colony of the same mass since its growth 

rate per unit area is higher. The results of an 

experiment in which genets were artificially fragmented 

156 



confirmed this prediction. Absolute growth rates 

increased with colony size, while at the same time 

relative growth rates decreased with colony size (Figure 

16). Using an empirically derived slope from a 

regression analysis of the relationship between growth 

(change in zooid number) and intial colony size, one can 

calculate the advantage which a genet obtains from 

fragmentation. For example, given a genet size of 1000 

zooids, after two weeks a genet which had divided into 10 

equal-sized colonies is expected to increase in size by 

135 zooids over a similar-sized intact genet. If the 

same genet had divided into only 2 equal-sized colonies, 

an increase in size of 37 zooids would be expected 

relative to a similar-sized intact colony (Table XVII). 

These examples illustrate the importance of relaxing the 

assumption of a size-invariant pattern of asexual 

reproduction. The advantage which a genet obtains from 

colony fragmentation is completely dependent on the 

pattern of fragmentation, and in ~. similis this can be 

highly variable. 

The problem of measuring the fitness consequences of 

alternate patterns of asexual reproduction in clonal 

organisms seems in retrospect to be much greater than it 

did when I first started out on this endeavor. The above 

discussion points out the difficulties involved in 

157 



reaching this goal and also suggests some ways of 

overcoming them. I hope that the information which I 

collected for this dissertation will provide both a 

framework and a stimulus for further work on this topic. 
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