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FRONTISPIECE 

Acropora millepora Ehrenberg 



ABSTRACT 

As a result of predicted global climate changes, over the next century eustatic sea level is 

expected to rise around 5 cm / decade and sea-surface temperatures are expected to increase by 2 ° C, 

concurrent with greater seasonal and inter-annual climatic variability. This study assesses the 

potential consequences of depth changes on three species of common shallow-water reef corals, 

Goniastrea retiformis Lamarck, Acropora aspera Dana and Acropora millepora Ehrenberg. Field 

transplant experiments conducted from 1992 to 1994 were used to simulate sea level rises and to 

determine the effects of depth increases of 25 cm, 50 cm and 1 m on the size-specific demographic 

and photophysiological responses of the corals. The feasibility of using transplant experiments to 

simulate predicted sea level rise was assessed, and the long-term effects of depth changes on the 

demography of the corals was quantified using size-structured population projection models. 

The three species responded differently to depth changes because of differences in their 

morphology and life history traits (G. retiformis> A. aspera > A. millepora). Massive colonies of 

G. retiformis, which had high rates of survival (ca. 84% / year) and slow rates of linear growth (ca. 

6 mm / year), exhibited no change in rates of survival in response to a 1 m depth change after 12 

months, relative to controls. Of the three species, branching colonies of A. aspera which also had 

high rates of survival (ca. 83% / year) but fast rates of linear growth (ca. 46 mm / year), exhibited a 

19%, 40% and 100% decrease in annual rates of survival in response to depth changes of 25 cm, 50 

cm and 1 m respectively, relative to controls. Corymbose colonies of A. millepora which had low 

rates of survival (ca. 56% / year) and moderate rates of linear growth (ca. 22 mm / year), exhibited 

major reductions in annual rates of survival of 34%, 85% and 100% in response to depth changes of 

25 cm, 50 cm and 1 m respectively, relative to controls. Rates of linear growth and colony fecundity 

decreased with increasing depth in all species, but this trend was particularly marked in A. millepora, 

even in response to a depth change of 25 cm. Therefore, rises in sea level of 25 cm, 50 cm or 1 m 

may significantly affect rates of coral survival, growth and fecundity, particularly for short-lived 

colonies of A. millepora, which are the most vulnerable to changes in environmental conditions. 



Because rises in sea level may affect species differently, they have the potential to alter the relative 

abundance and diversity of species in extant assemblages of shallow-water reef corals. 

Colonies of A. millepora were more capable of photoadaptation in response to depth-related 

alterations in light after 10 months, compared to those of A. aspera. Photoadaptation by A. millepora 

in response to depth increases of 25 cm and 50 cm was manifested by marked increases in 

photopigment content per zooxanthellate cell (ca. 65% & 142%, respectively, c.f. the controls). These 

changes occurred with concurrent reductions in zooxanthellae densities and tissue mass index 

(estimates of tissue volume). In contrast, the more perforate A. aspera (with 24% more endodermal 

and gastrodermal tissue than A. millepora), maintained zooxanthellae densities in response to depth 

changes of 25 cm and 50 cm, and showed little ability to increase photopigment contents per 

zooxanthellate cell. Despite the ability of A. millepora to photoadapt to depth-related changes in 

visible light, its survival was significantly lower than A. aspera, which showed little ability to 

photoadapt. 

The acclimatization ability of A. aspera and A. millepora in response to sequential increases 

in depth was determined, and used to assess the feasibility of using transplant experiments to simulate 

more gradual rates of sea level rise. Rates of colony survivorship in response to stepwise changes in 

depth did not differ from those exhibited in response to direct depth changes in either of the two 

species. This indicates that direct transplantation of these species provides an adequate proxy to 

determine how corals respond to more gradual changes in sea level. 

For the purposes of demographic analyses, the corals on experimental racks at depths of 

25 cm, 50 cm and 1 m were considered as separate populations. Their projected demographic fate 

over 50 years at these depths was assessed. Projection models show that the length of time the 

populations will persist at different depths is limited, particularly at deeper sites, and depends on their 

resilience in response to environmental conditions and the proficiency of their reproductive strategies. 

Without sexual recruitment, populations of A. millepora would be the first to disappear from deeper 

sites as sea level rises 25 cm or 50 cm, within an estimated 6 and 2 years, respectively, from their 
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initial depth change. In contrast, populations of A. aspera could potentially persist indefinitely in 

response to a 25 cm sea level rise without recruitment, because of their propensity for asexual 

propagation. However, the difference in environmental conditions between a 25 cm and 50 cm sea 

level rise would exceed the resilience threshold for populations of A. aspera. Without sexual 

recruitment, they would only persist for 6 years in response to a 50 cm rise in sea level, because gains 

through asexual propagation would be exceeded by losses through higher rates of mortality. 

Populations of G. retiformis would be the last to disappear from deeper sites as sea level rises, 

because they could persist for an estimated 22 years without recruitment, even in response to a 1 m 

rise in sea level. The recruitment rates required for populations to persist indefinitely at deeper sites, 

were estimated through matrix model simulations. Based on these estimates and previous accounts 

of net rates of recruitment observed in field populations for these species, it is unlikely that sufficient 

recruitment would occur at deeper sites, and as a consequence extant populations of these corals 

would not persist significantly longer than predicted above. 

Extant colonies of the three species located in very shallow reef sites may survive a rise in sea 

level, but survival could depend on colony size. Photophysiological studies show that large colonies 

of A. millepora could photoadapt and increase photopigment contents per unit tissue volume more 

effectively than smaller ones. Therefore, if small colonies ofA. millepora cannot rapidly attain a size 

at which they may photoadapt more effectively, they may not persist even at this depth. Demographic 

studies also show that mortality patterns in all three species were inversely related to colony size. 

Therefore, if small colonies cannot rapidly attain a size refuge from mortality, they may not persist 

despite remaining within the depth confines of the species, particularly those of G. retiformis which 

have slow rates of areal and linear growth. These results indicate that while extant colonies may 

disappear from deeper sites in response to a sea level rise, they may also disappear from sites where 

old and new distributions overlap. 

The persistence of the three species in response to sea level rise will depend on their ability 

to colonize presently unsuitable shallow reef sites. Acropora millepora and G. retiformis are more 
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reliant on sexual reproduction than A. aspera, which may persist through asexual propagation. Based 

on previous limited accounts of recruitment rates observed in field populations, it is likely that A. 

millepora will colonize new sites at the greatest rate, and G. retiformis the lowest. Acropora aspera, 

which showed much lower rates of sexual recruitment than the other species, may colonize new sites 

through clonal propagation. Alterations in sea state or increases in the frequency and intensity of 

tropical storms are likely to enhance the dispersal of dislodged branch fragments of A. aspera and 

increase the chances of their establishment in new sites. 

The persistence of the species following sea level rise will also depend on the ability of 

recruits to endure exposure to any physical stresses associated with enhanced climate change. 

Following a partial bleaching event, coincident with extreme summer temperatures ranging from 18.5 

to 33.6°C, all species readily recovered irrespective of their morphology. This indicates thata gradual 

rise in sea-surface temperatures of 2°C over the next century, which could resultin partial bleaching, 

may have little affect on these shallow reef coral species. A more rapid increase in sea-surface 

temperatures or greater extremes, may significantly affect recruits, particularly those of A. millepora, 

which are likely to be the most vulnerable to seasonal mortality. 

This study indicates that corals will respond differently to rises in sea level and enhanced 

climate change, because of differences in their morphology, life history traits and reproductive 

strategies. Short-lived genets, like A. millepora, with the least resilience to changes in environmental 

conditions may be the most useful bioindicators of early responses of coral reef ecosystems to 

environmental change. Long-lived clones, like A. aspera, with much lower rates of sexual 

recruitment and therefore little ability for genotypic adaptation, may be the most vulnerable to the 

long-term effects of enhanced climate change and sea level rise. 
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Chapter 1 

CHAPTER 1: 

GENERAL INTRODUCTION 

CORAL REEF COMMUNITIES AND GLOBAL CLIMATE CHANGE 

Coral reefs constitute an immense natural resource, with very high biological diversity, 

comparable with tropical rainforests (Connell 1978). They support fisheries and tourism and act as 

barriers providing coastal protection. At present there is widespread debate as to the resilience of 

coral reef communities (Grigg & Dollar 1990; Done 1991, 1992; Jackson 1992; Smith & Buddemeier 

1992), and concern over how they will respond to enhanced climate change and sea level rise (Tegart 

et al. 1990; D'Elia et al. 1991). 

Based on paleoclimatic data, it has been argued that coral reef communities as a whole are 

robust to perturbations in the physical environment (Mesolella 1967; Newell 1971; Jackson 1992), 

and are not likely to be affected on a global basis by enhanced climate change and sea level rise 

(Smith & Buddemeier 1992). This is because there is little sign of elevated tropical sea-surface 

temperatures during warm periods of earth's history (Ruddiman 1985; MacCracken et al. 1990), and 

reefs have persisted despite recurrent sea level fluctuations during the Pleistocene (Chappell 1981, 

1983), and despite maximum rates of sea level rise in excess of 20 cm / decade during the Holocene 

(Fairbanks 1989; Bard et al. 1990). There has also been little change in zonation patterns of dominant 

reef genera throughout the coral fossil record (Mesolella 1967; Jackson 1992). However, these 

features demonstrating the robustness of reefs over geological timescales have little relevance to the 

resilience of modern reef communities over ecological timescales. 

At present, global mean temperatures are predicted to increase at a rate of 0.3°C / decade. As 

a result, global warming is predicted to occur at an unprecedented rate (Houghton et al. 1990, 1992; 

Wigley & Raper 1992), in terms of coral lifetimes and community turnover (Smith & Buddemeier 
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1992). Global climatic changes caused by elevated greenhouse gas emissions and other 

anthropogenically induced alterations, are likely to interact with and enhance impacts of sea level rise 

(Smith & Buddemeier 1992). Sea level rise, in conjunction with enhanced climate change and 

anthropogenic activities, may have unprecedented effects on the dynamics and community 

composition of reefs, world-wide. Widespread observations of coral reef degradation and broad-scale 

phase-shifts in coral community structure and composition within the last few decades, clearly 

demonstrate the sensitivity of these systems to current levels of environmental change (D'Elia et al. 

1991; Hughes 1989, 1994). Relatively little is known of their responses to climate change. There is, 

therefore, an obvious need for both long-term monitoring to identify community responses to 

environmental change, and manipulative research to understand the mechanisms causing the 

responses. 

PREDICTIONS OF ENHANCED CLIMATE CHANGE AND 

SEA LEVEL RISE 

A brief summary of the current status of enhanced climate change and sea level rise 

predictions for the eastern Australian tropics provides a context for the research discussed here. Exact 

predictions derived from global circulation models are uncertain, although current consensus predicts 

that elevated concentrations of radiatively active gases in the atmosphere will enhance the rate of 

climate change (Houghton et al. 1990, 1992; Pearman & Mitchell 1992; Whetton 1993; Wigley & 

Raper 1992). In the absence of specific policies for reducing greenhouse gas emissions, levels of 

atmospheric CO2  are expected to increase approximately two-fold by 2050 (Houghton et al. 1990, 

1992; Whetton 1993), with a concurrent increase in global mean temperatures of around 0.3°C / 

decade (Houghton et al. 1990, 1992; Wigley & Raper 1992). As a result, eustatic sea level is 

predicted to rise by around 20 cm by 2030 (range 5-35 cm) and 45 cm by 2070 (range 10-80 cm), an 

average rise of around 5 cm / decade (Wigley & Raper 1992). 

Climate models cannot yet accurately predict regional climate change but research is being 
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conducted to refine them. In the eastern Australian tropics, the El Nirio-Southern Oscillation 

phenomenon (ENSO) plays a major role in seasonal and inter-annual climatic and oceanic variability 

(Nicholls, 1988a, 1988b; Pittock 1993). Studies are currently in progress to quantify this variability 

(eg. Holbrook 1994), and to develop coupled atmospheric-oceanic models to predict how ENSO will 

behave under enhanced greenhouse conditions (Climate Impact Group CSIRO, pers. comm.; Kleeman 

1990; Pittock 1993). Based on current predictions, sea-surface temperatures in the eastern Australian 

tropics are expected to rise by about 0.8°C by 2030 (range 0-1.5°C) and by 2°C by 2070 (range 0-

4°C, Climate Impact Group CSIRO, 1992; Whetton 1993). Each increase in temperature of 1°C is 

expected to increase levels of evaporation by 2 to 4%. 

More vigorous circulation in a warmer atmosphere is expected to cause an increase in the 

frequency and intensity of extreme climatic events (Climate Impact Group CSIRO 1992;. Smith & 

Tirpak 1989; Houghton et al. 1990; 1992). In eastern Australia, monsoonal westerly winds and south-

easterly trade winds are both expected to strengthen, and monsoonal rains and major tropical storms 

commonly experienced in the north are expected to increase in frequency and intensity and extend 

further south (Climate Impact Group CSIRO 1992). Apart from these shifts in climatic conditions, 

enhanced warming is expected to increase the amplitude of extreme temperature events (Houghton 

et al. 1990, 1992). 

While not the result of global climatic changes, current rates of ozone depletion as a result of 

Chloroflurocarbon halon emissions are expected to increase the intensity of ultraviolet light by 5 to 

10% or more over most of Australia by 2002 (WMO/UNEP 1991). Because levels of ultraviolet 

radiation may be affected by cloud cover, which is one of the most poorly understood and modelled 

features of the greenhouse climate (Cubasch & Cess 1990), the net increase in ultraviolet light for a 

given locality is unknown. 
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SHALLOW-WATER REEF CORALS: BIOINDICATORS OF 

ENVIRONMENTAL CHANGE 

Shallow-water reef-building (Scleractinian) corals may be pre-adapted to a rise in sea level 

because of the tidal fluctuations they deal with continuously. However, they could also be among the 

first organisms to be affected by a rise in sea level, because they are sessile and require sunlight, and 

because many aspects of their biology and physiology are depth-dependent (eg. Baker & Weber 1975; 

Kojis & Quinn 1984; Chalker et al. 1988). They are often periodically exposed to subaerial stresses 

(Glynn 1973, 1988), and so may be among the first organisms to respond to enhanced climate change 

(eg. changes in temperature extremes). Many shallow-water reef corals are long-lived and offer great 

potential as bioindicators of long-term environmental change. For instance, massive corals such as 

Porites may live for several centuries (Potts et. al. 1985; Potts & Garthwaite 1991), and in branching 

species such as Acropora, that form genetically identical clones, genotypes may persist just as long 

(Highsmith 1982). Reef corals are also one of the most thoroughly studied organisms of coral reef 

systems. Much is already known of how they respond to natural variability in their local environment 

(Connell 1973; Hughes & Jackson 1985; Done 1987, 1988; Knowlton et al. 1990), non-climatic 

anthropogenic alterations (Brown & Howard 1985; Wells 1988; Grigg & Dollar 1990), and large-

scale climatic fluctuations (Glynn 1988; Veron & Kelly 1988; Boekschoten et al. 1989; Paulay 1991; 

Potts & Garthwaite 1991; Jackson 1992). Because corals are often the most dominant reef organisms, 

their responses to the environment may be central to the integrity and environmental tolerances of 

entire reef communities (Johannes 1975). 

ASSESSING CORAL RESPONSES TO ENVIRONMENTAL CHANGE 

Reef corals have a diverse range of life histories (Hughes et al. 1992), and often exhibit quite 

different responses to ecological disturbances (Bak & Criens 1981; Knowlton et al. 1981; Woodley 

et al. 1981; Hughes & Jackson 1985; Potts & Garthwaite 1991). Ephemeral species are often 

susceptible to physical disturbances, but have high rates of growth and sexual recruitment, and so may 
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rapidly colonize bare substratum after a disturbance (Loya 1976a 1976b; Hughes & Jackson 1985). 

Long-lived massive species are inherently less susceptible to physical damage and often have lower 

rates of growth, sexual recruitment and re-colonization (Babcock 1991; Jackson & Hughes 1985). 

Some branching species with rapid rates of growth and very low rates of sexual recruitment, may 

colonize bare substratum through asexual propagation (Highsmith 1982; Rylaarsdam 1983). Most 

detailed population studies of the life histories and dynamics of reef corals have focussed on subtidal 

species (Rinkevich & Loya 1979a, 1979b; Bak & Engel 1979; Rylaarsdam 1983; Hughes & Jackson 

1985). Most of these studies have also been conducted only within a single depth or reef zone (but 

see Hughes & Jackson 1985). Consequently, little is known of how a range of shallow water reef 

coral species with different life histories will respond to changes in sea level (depth). 

Based on previous depth-related studies on corals, it seems likely that rates of growth and 

fecundity will be lower in deeper water (Buddemeier et al. 1974; Baker & Weber 1975; Kojis & 

Quinn 1984), although these responses may be offset by higher rates of tissue loss and mortality at 

shallow sites (Hughes & Jackson 1985). Some species can adapt to alterations in light by increasing 

photopigment contents (Kinzie et al. 1984; Chalker et al. 1988), but they may have limited ability to 

adapt to additional changes in the physical or biological environment at deeper sites (eg. changes in 

temperature). Coupled with changes in sea level, elevated sea-surface temperatures in shallow sites 

may induce bleaching and mortality in corals, resulting in reduced rates of individual and community 

calcification and a greater net removal of structural material by bioerosion (Smith & Buddemeier 

1992; Glynn 1988, 1992). Colony size may also play an important role in determining the responses 

of corals in their environment. For instance, small colonies typically have high rates of mortality, 

whereas larger colonies are more often only injured than killed outright (Hughes & Jackson 1985; 

Babcock 1991). The effects of depth and sea level changes on these demographic and 

photophysiological responses of corals have traditionally been measured separately (eg. on one 

variable at a time) so that possible compensatory changes in species-specific responses between 

depths have been ignored (see below). 
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Field transplant experiments have been used extensively to evaluate coral responses to 

changes in environmental conditions (Shinn 1966; Maragos 1974; Neudecker 1977, 1981; Dustan 

1979; Hudson 1981; Willis 1985; Yap 1981; Yap et al. 1992). They permit uncontrolled natural 

fluctuations in all environmental variables except those which are manipulated (such as depth). 

Therefore, adequate controls for the effects of handling and habitat relocation are essential (eg. 

Chapman 1986). While transplant experiments offer great potential to assess a broad range of coral 

responses to environmental change, most experiments have been used to evaluate specific aspects of 

coral biology or physiology, particularly alterations in survival or growth with depth (eg. Dustan 

1979; Willis 1985; Yap et al. 1992). Very few transplant experiments have incorporated a wide range 

of colony size-classes and species and a large number of replicates. 

While it is not possible to simulate exactly the projected sea-level rise, a more thorough 

understanding of differences among corals species' life history traits and demographic and 

photophysiological responses to specific depth changes gives a much better basis for predicting 

possible consequences than currently exists. Transplant experiments have been used in the present 

study to examine the effects of depth changes of 25 cm, 50 cm and 1 m on a broad range of size-

specific demographic and photophysiological responses for a range of shallow-water reef corals with 

different life histories. An integrative approach has been taken to provide a means of assessing the 

range of responses likely to be exhibited by coral assemblages following a global change in sea level. 

Of course, experimentally induced direct depth changes have only a limited ability to simulate field 

conditions in response to sea level rise. Consequently, this study also examines the ability of corals 

to acclimatize to more gradual changes in depth (25 cm + 25 cm, over a 12 month period), to assess 

the feasibility of using transplant experiments to simulate sea level rise. 

Many reef corals live much longer than the life-time of a field experiment or research scientist, 

so that short-term experimental studies provide little direct indication of the long-term effects of depth 

changes on the demographic fate of reef corals. However, assuming that short-term processes 

represent long-term processes, size-structured population projection models may be used to predict 
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long-term changes in plant or animal populations (Hartshorn 1975; Werner & Caswell 1977; Enright 

& Ogden 1979). They also provide a powerful tool to evaluate the sensitivity of population growth 

rates to changes in life history parameters (Hughes 1984, 1990; McFadden 1991), and environmental 

conditions (Hughes 1984; Done 1987, 1988; Gotelli 1991). 

As sea level rises, new recruits may colonize presently unsuitable shallow reef sites (Hopley 

& Kinsey 1988; Smith & Buddemeier 1992), but extant corals will be found in gradually deepening 

sites where environmental conditions may deteriorate. The resilience of extant coral populations to 

changes in the physical and biological environment and their ability to replace themselves, either 

sexually or asexually, will determine their persistence in response to enhanced climate change and 

sea level rise. Few demographic studies have quantified the relative contributions of asexual and 

sexual reproduction to the population growth of clonal organisms (Sarukhan & Gadgil 1974; 

Bierzychudek 1982; McFadden 1991). Most studies using size-structured projection models to 

evaluate the long-term dynamics or life history strategies of coral populations have also focussed on 

single species (Hughes 1984; Done 1987, 1988; McFadden 1991), rather than a range of species with 

different life histories (Caswell 1989; Andres & Rodenhouse 1993). 

This study uses a matrix modelling approach to examine the long-term effects of depth 

changes on the demography of corals and the importance of specific reproductive strategies on rates 

of population growth. Some reef corals might persist indefinitely at deeper sites by asexual 

propagation alone, whereas others may face rapid local extinction if unable to reproduce asexually. 

The matrix models used in this study predict the length of time extant coral populations are likely to 

persist at specific depths as sea level rises. 

This study examines the demography and photophysiology of three shallow-water reef coral 

species, Goniastrea retiformis Lamarck, Acropora aspera Dana and Acropora millepora Ehrenberg, 

to changes in environmental conditions within their natural habitat and in response to depth changes. 

These species have different life histories and are restricted to very shallow depths of less than 1 m 

below tidal datum on inshore Australian fringing reefs. Data presented here provide information on 
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the possible causes of coral zonation and the potential resilience of these shallow-water reef corals 

to environmental change. 

( 
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CHAPTER 2: 

EFFECTS OF DEPTH CHANGES ON THE ECOLOGY OF 

SHALLOW-WATER REEF CORALS 

INTRODUCTION 

Sessile reef-building corals with very shallow depth distributions on inshore reefs may be 

particularly vulnerable to enhanced climate change and sea level rise. While these corals may be pre-

adapted to continuous tidal fluctuations, their very narrow depth range may increase their 

susceptibility to eustatic changes in sea level and to alterations in environmental conditions. Their 

demographic traits (eg. survival, growth and reproduction) are depth-dependent (eg. Maragos 1972; 

Baker & Weber 1975; Kojis & Quinn 1984), and readily influence by anthropogenic activities (eg. 

sediment or nutrient loading from sewage, agricultural practices or land use, Kinsey 1979; Smith et 

al. 1981; Brown & Howard 1985; Glynn et al. 1989; Grigg & Dollar 1990). Their location in 

shallow-water with periodic emersion exposes them to any subaerial changes in climate (eg. increases 

in temperature extremes, Glynn 1973, 1988). Nevertheless, little is known of how shallow-water reef 

coral assemblages on inshore reefs will respond to enhanced climate change and sea level rise. 

Growth forms and life history strategies strongly influence patterns of coral zonation (Loya 

1976a; Sheppard 1980; Hughes & Jackson 1985; Jackson & Hughes 1985), and coral responses to 

ecological disturbances (Veron 1986; Shinn 1972; Loya 1976a; Bak & Criens 1981; Woodley et al. 

1981; Knowlton et al. 1981, 1990; Rogers et al. 1982; Hughes 1989; Potts & Garthwaite 1991; Yap 

et al. 1992). Despite their importance, few quantitative estimates have been made of the life history 

traits and population dynamics of shallow-water reef corals on inshore reefs (eg. Maragos 1972; 

Babcock 1991). Most detailed population studies of the life histories and dynamics of reef corals 

have focussed on subtidal species with relatively broad depth distributions (Loya 1976a, 1976b; 
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Rinkevich & Loya 1979a, 1979b; Bak & Engel 1979; Rylaarsdam 1983; Hughes & Jackson 1985), 

or intertidal species restricted to shallow depths on offshore reefs (Connell 1973; Bothwell 1984; 

Hughes & Connell 1987). Many of these studies have also been conducted only within a single depth 

or reef zone (but see Hughes & Jackson 1985). Very little is known of the population dynamics of 

morphologically different shallow-water reef corals on inshore reefs, or how they will respond 

demographically to sea level changes (depth). 

Based on previous depth-related studies on corals it seems likely that rates of growth and 

fecundity will be lower in deeper water (Buddemeier et al. 1974; Baker & Weber 1975; Kojis & 

Quinn 1984). In some species, however, these responses may be offset by higher rates of injury and 

mortality in shallow sites (Hughes & Jackson 1985). Coupled with changes in sea level, elevated sea-

surface temperatures may induce bleaching and mortality in corals, resulting in reduced rates of coral 

calcification and a greater net removal of structural material by bioerosion (Glynn 1988, 1992; Smith 

& Buddemeier 1992). Colony size may also play an important role in determining the dynamics of 

corals (Connell 1973; Jackson 1979; Kojis & Quinn 1985; Szmant-Froelich 1985; Soong 1993). For 

instance, small colonies typically have high rates of mortality, whereas large colonies are often injured 

and rarely killed outright (Hughes & Jackson 1985; Babcock 1991). Changes in depth and sea level, 

therefore, have the potential to effect a broad range of size-specific demographic traits (eg. survival, 

growth, reproduction, tissue loss, and although not demographic, bleaching and bioerosion), in 

shallow-water reef corals. 

Field transplant experiments have been used extensively to assess responses of corals to 

changes in environmental conditions (Shinn 1966; Maragos 1974; Neudecker 1977, 1981; Dustan 

1979; Hudson 1981; Willis 1985; Yap 1981; Yap et al. 1992). They permit natural alterations in all 

environmental variables, except those variables which are kept constant (such as depth). They offer 

great potential to assess a broad range of coral responses to environmental change. Most transplant 

experiments, however, have been used to evaluate specific aspects of coral biology, particularly 

alterations in survival or growth with depth (eg. Dustan 1979; Willis 1985; Yap et al. 1992). Very 

few transplant experiments have incorporated a large number of replicates at different depths. As a 

result, possible compensatory changes in species-specific demographic responses between depths 
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have been ignored (eg. reduced reproduction rates may occur in deeper water while growth rates 

increase). 

While transplant experiments cannot simulate exactly the projected sea level rise, they can be 

used to quantify depth-dependent differences in coral life-history traits and to predict the likely 

impacts of sea level rise on shallow-water reef corals. Transplant experiments have been used in this 

study to examine the effects of specific depth changes (25 cm, 50 cm and 1 m) on a broad range of 

size-specific demographic responses for a range of shallow-water reef corals with different 

morphologies and life histories. Controls for the effects of handling, habitat relocation and depth 

changes have been incorporated into the experiments to obtain representative estimates of the 

dynamics of the corals in their natural environment and in response to depth changes. These estimates 

can be used to identify possible causes of zonation among species and to predict demographic 

responses of shallow-water coral populations and assemblages to sea level rise. Because sudden 

experimentally induced direct depth changes may have only a limited ability to simulate gradual sea 

level rise, this study also examines the ability of corals to acclimatize to more gradual changes in 

depth (25 cm + 25 cm , over a 12 month period). 

The response of corals to sea level rise will be governed to some extent by the impact on their 

reproductive output. While reef corals may experience a decrease in sexual reproductive output in 

deeper water (eg. Kojis & Quinn 1984), their ability to propagate clonally by colony fission may be 

important in determining their persistence among deeper sites. Asexual propagation (cloning) may 

reduce the risk of genotype mortality, provided the combined survivorship of individual ramets 

(daughter colonies) formed exceeds that of the original parent or genet (Cook 1979; Babcock 1991; 

Hughes et al. 1992). Conversely, the process of cloning may reduce the fitness of a genet by 

increasing mortality and reducing its sexual reproductive output (Babcock 1991). For reef-building 

corals, cloning is often caused extrinsically through injury or partial mortality (Hughes & Jackson 

1985; Babcock 1991). Since fecundity increases with colony size (Kojis & Quinn 1985), daughter 

colonies often experience an immediate decrease in fecundity (Babcock 1991). However, if colonies 

have the ability to produce daughter colonies with extremely high rates of survivorship and fast rates 

of growth, this may compensate for short-term reductions in the fitness of a genet, delay genet 
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mortality and extend potential longevities in response to sea level rise. 

The persistence of individual species in response to sea level rise will also depend partly on 

the ability of recruits to endure exposure to enhanced physical stresses associated with climate change. 

Perhaps one of the most thoroughly studied physical-related stress responses of reef corals is 

bleaching, the loss of normal pigmentation, which is caused as a result of prolonged exposure to 

temperature or salinity anomalies or excessive solar radiation or shading (Rogers 1979; Glynn 1984; 

Brown & Howard 1985; Hoegh-Guldberg & Smith 1989; Jokiel & Coles 1990; Brown 1990; Szmant 

& Gassman 1990). Partially or entirely bleached corals often experience altered physiological 

functions (Fitt et al. 1993), regenerative abilities (Meesters & Bak 1993), growth (Goreau & 

MacFarlane 1990) and fecundity (Szmant & Gassman 1990), and survivorship (Meesters & Bak 1993) 

relative to unbleached corals. The frequency and extent of bleaching among corals is often related 

to their morphologies and life history traits. For instance, short-lived species which tend to have the 

highest respiratory rates are often most prone to bleaching (Jokiel & Coles 1974; Coles & Jokiel 

1977), and branching species are usually more sensitive than massive species (Jokiel & Coles 1990). 

Despite this, few quantitative estimates of size-specific bleaching and recovery among 

morphologically different shallow-water reef corals have been made at different depths through time 

(De Vantier et al. 1994; Oliver & Berkelmans 1994). This information may provide insight into the 

resilience of shallow-water coral populations to enhanced physical stresses in their environment. 

At present eustatic sea level is predicted to rise around 20 cm by 2030 and by about 45 cm by 

2070 (Wigley & Raper 1992). Therefore, this study was designed to determine the effects of specific 

depth changes (25 cm, 50 cm or 1 m) on the responses of initially four coral species (Anthozoa: 

Scleractinia), which inhabit very shallow depths (ca. < 1 m below tidal datum) in an inshore 

environment. The species chosen have different morphologies (digitate, branching, corymbose and 

massive). 

This study has several key objectives: 1. To document the abundance and size-structure of 

the four species at different depths within their natural environment and gain an understanding of their 

patterns of reef zonation; 2. to determine the survivorship of the species in response to a 1 m depth 

change, to identify target species for further investigation; 3. to determine target species responses to 
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a 25 cm, 50 cm or 1 m depth change, by quantifying their size-specific survivorship, growth (areal 

and linear), tissue loss, asexual propagation (fission), bleaching and recovery, bioerosion and 

fecundity; 4. to use this information to determine species-specific life history traits and compensatory 

responses to depth changes; 5. to determine the acclimatization ability of the target species in 

response to stepwise 25 cm depth changes, as a means of assessing the feasibility of using transplant 

experiments to simulate predicted sea level rise; and finally 6. to integrate these findings to identify 

possible cause of zonation among species, and discuss potential impacts of enhanced climate change 

and sea level rise on shallow-water reef corals. 
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MATERIALS AND METHODS 

STUDY SPECIES 

The four species chosen for this study were: Montipora digitata Dana (fat fingers morph, 

Stobart 1994), Acropora aspera Dana, Acropora millepora Ehrenberg (gracilis morph, R. Babcock 

& P. Harrison pers. comm.) and Goniastrea retiformis Lamarck (Fig. 2.1). All have very restricted 

shallow depth distributions, particularly on inshore fringing reefs, and all are common and abundant 

throughout most of the Indo-Pacific (Birkeland et al. 1979; Bothwell 1984; Veron 1986). They also 

have moderately long lifespans so extant colonies may in the future be subjected to continual sea level 

rise. 

Figure 2.1 Study species: a) Montipora digitata Dana 1846, b) Acropora aspera Dana 1846, c) Acropora millepora 
Ehrenberg 1834, and d) Goniastrea retiformis Lamarck 1816. Scale bars = 2 cm. 
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RESEARCH AREA 

Control and experimental colonies of each species were monitored on a fringing reef within 

Little Pioneer Bay; an inshore site situated on the western and leeward side of Orpheus Island, 

Australia (18°35' S & 146°29' E). Orpheus Island is a high continental island located within the 

Central Section of the Great Barrier Reef Marine Park. The Island is situated 15 km from the 

mainland coast and the mouth of the Herbert River (Fig. 2.2-a), and has a modified marine tropical 

climate. Locally generated wave action and occasional high volume outflow from mainland fluvial 

systems (such as the Herbert River) can strongly affect water turbidity and sediment regimes. Little 

Pioneer Bay, situated on the leeward side of the island (Fig. 2.2-b), is generally sheltered from 

prevailing south-easterly trade winds, and the underwater visibility in the bay typically ranges from 

3 to 5 meters. Tides exhibit a twice daily cycle with a semi-diurnal inequality, so that extreme low 

tides occur at night in summer and during the day in winter. Shallow-water reef corals within Little 

Pioneer Bay experience a broad tidal regime (from 0.2 m on neap tides to 3.5 m on spring tides), and 

can be exposed for up to several hours during extreme low tides. 

a) Palm Islands Region 

Hinchinbrook 
I 

Bramble 
Reef 

b) Orpheus Island 

Figure 2.2 Research area: a) indicates the relative position of Orpheus Island and b) Little Pioneer Bay. 
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ABUNDANCE AND SIZE-STRUCTURE OF CORAL POPULATIONS VS. DEPTH 

To measure the abundance and describe the zonation of the study species in Little Pioneer 

Bay, replicate belt transects were deployed at each of two locations (Fig. 2.3) in December 1991. The 

sampling design is shown in Figure 2.4. Five depths were identified at each location, representing 

the: inner flat at 0.02 m below tidal datum, mid flat at 0.05 m, outer flat at 0.20 m, crest at 0.35 m 

and slope at 1.20 m, and three sampling sites haphazardly selected at each depth per location. At each 

of the thirty sampling sites, three 10 x 1 m belt transects were laid parallel to the shore. Total counts 

of all colonies of each species in each transect were recorded. A colony's presence was recorded only 

when its centre fell entirely within each transect. With the inclusion of species in the design, a four-

factor nested analysis of variance was used to test for abundance differences between and among 

locations, depths, species and sites, and for their interactive effects. 

Figure 2.3 Position of study locations, 1 and 2, which were used to examine effects of depth on the abundance and 
population size-structure of corals within Little Pioneer Bay. Scale bar = 100 m 
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Location 	 1 	 2 

Depth 	1 2 3 4 5 
	

1 2 3 4 5 

Site 	1 2 3 	 28 29 30 

Replicates 	n = 3 	 n = 3 

Figure 2.4 Sampling design for quantifying effects of depth on the abundance and population size- structure of corals 
within Little Pioneer Bay. Depths 1 through to 5 represent the inner flat at 0.02 m below tidal datum, mid flat at 0.05 m, 
outer flat at 0.20 m, crest at 0.35 m and slope at 1.20 m, respectively. 

To determine the population size-structure for each of the study species, the mean diameter 

of all colonies in each transect was recorded at three depths at each location, the mid flat at 0.05 m, 

the outer flat at 0.20 m and the crest at 0.35 m (Fig. 2.4). A four-factor nested analysis of variance 

was used to test for differences in colony size between and among locations, depths, species and sites 

and for their interactive effects. 

All depths were determined using an Aladdin Sports Plus digital depth gauge, accurate to 

within 2 to 3 centimeters. To confirm depths relative to chart datum, the depth of water over each site 

was recorded repeatedly during different tidal cycles. 

TRANSPLANT EXPERIMENTS 

Experiment 1: Effects of a 1 m Depth Change 

From January 1992 to January 1993 a pilot study was conducted to determine effects of a 1 

m depth change on the survivorship of the species and to identify target species for subsequent 

demographic and photophysiology studies. The experimental design is shown in Figure 2.5. There 
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were four different treatments and four species. Initially, 20 small, medium and large colonies of each 

species (a total of 240 colonies) were tagged in situ on the outer flat at 0.20 m, to act as undisturbed 

control colonies. Small colonies were less than 5 cm in mean diameter, medium ones ranged from 

6 to 9 cm in mean diameter and large ones ranged from 10 to 15 cm in mean diameter. Sixty 

additional small, medium and large colonies of each species (a total of 720 colonies) were also 

removed from the substratum and assembled onto replicate racks at: the same site at 0.20 m (to 

control for the effects of handling), 400 m south at 0.20 m (to control for the effects of habitat 

relocation), and 1 m deeper (these were the depth transplants). For a single species, 10 replicate 

colonies of each size-class were randomly assigned to each rack (Fig. 2.6), so each rack held a total 

of 30 colonies (Fig.2.7). All colonies assigned to each rack were separated by a minimum distance 

of 20 cm. The location of treatments within Little Pioneer Bay is shown in Figure 2.8. 

All control and experimental colonies were removed from the substratum from the northern 

end of the bay adjacent to the in situ control treatment at 0.20 m (Fig. 2.8). Within 12 hours of 

collection, the dead bases of individual colonies were embedded in aluminium containers of quick-

setting cement positioned on the intersections of 20 cm mesh steel racks (1.4 x 2.2 m), and left for 

24 hours for the cement to cure. At each treatment location, racks were positioned at least 5 m apart 

parallel to the shore, and secured to the substratum with steel stakes. 

Treatment 

Species 

Rack 

Colony Size 

Replicates 

IC 	HC 	TC 	lm 
(0.2 m) 	(0.2 m) 	(0.2 m) 	(1.2 m) 

1 2 3 4 	 1 2 3 4 

/\ 
1 	2 

/\ 
1 2 3 	 1 2 3 

n = 20 	 n = 10 

Figure 2.5 Experimental design for determining effects of a 1 m depth change on coral demography. IC, represents the 
in situ controls; HC, the handling controls; TC, the translocated controls, and 1 m, the depth transplants. Treatment depths 
below tidal datum are shown in parentheses. 
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Figure 2.6 Randomized design for the rack allocation of replicate colonies, n = 30. All colonies are separated by a 
minimum distance of 20 cm. 

Figure 2.7 Overall construction of an experimental rack located within the 1 m depth transplant treatment, consisting of 
small (s), medium (m) and large (1) colonies of M. digitata. 
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All— North 

Figure 2.8 Diagrammatic view of the location of treatments within Little Pioneer Bay. 1, shows the location of the in 
situ controls at 0.2 m below tidal datum; 2, the handling controls at 0.2 m; 3, the translocated controls at 0.20 m; 4, the 
25 cm transplants at 0.45 m; 5, the 50 cm transplants at 0.70 m; and 6, the 1 m transplants at 1.20 m. The horizontal scale 
of each grid represents approximately 20 m. The vertical scale is exaggerated. 

Experiment 2: Effects of Smaller Depth Changes 

From January 1993 to January 1994 a second transplant experiment was conducted to 

determine demographic and photophysiological effects of 25 cm and 50 cm depth changes on the two 

most useful depth indicator species, A. aspera and A. millepora (See Results). The overall design of 

this experiment was identical to that of the first, except there were five different treatments and only 

Figure 2.9 Experimental design for determining effects of 25 cm and 50 cm depth changes on coral demography and 
photophysiology. Treatment abbreviations are identical to those used in Fig. 2.5. 
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two species (Fig. 2.9). Again, in situ controls were tagged and left undisturbed, while the other 

control and experimental colonies were randomly assembled onto either of two racks within each 

treatment (Fig. 2.6), in this case, to act as the handling controls, translocated controls and the 25 cm 

and 50 cm depth transplants. A total of 600 colonies was used. Treatment locations within the bay 

are indicated in Figure 2.8. 

Experiment 3: Effects of Stepwise Depth Changes 

From January 1994 to May 1994 a third transplant experiment was conducted to examine the 

acclimatization ability of species to stepwise depth changes. The aim of the experiment was to 

determine if the survivorship of corals moved directly 50 cm deeper differed from those moved in two 

25 cm steps over a 12 month period. At the end of experiment 2, all surviving in situ controls, 

handling controls, translocated controls and 25 cm depth transplants formed the basis for the design 

of this experiment. Consequently, the initializing conditions of this experiment were: 1. The in situ 

controls were left undisturbed, 2. The handling controls were moved 50 cm deeper to 0.70 m (to act 

as the direct depth transplant controls), 3. The translocated controls were shifted marginally within 

the same depth to re-initialize the experiment, and 4. the 25 cm depth transplants were moved 25 cm 

deeper to 0.70 m (to act as the stepwise depth transplants). The overall design of this experiment (Fig. 

2.10) was thus identical to that of experiment 2, although fewer replicate colonies were alive to be 

included (a total of 306 colonies), and no colonies were required to control for the effects of handling 

Treatment IC TC 
(0.2 m) (0.2 m) 

Species 1 2 

Rack 

Colony Size 1 2 3 

Replicates ' n <= 20 

DD 	SD 

	

(0.2-0.7 m) 	(0.45-0.7 m) 

1 2 

A 
1 	2 

A 
1 2 3 

n <= 10 

Figure 2.10 Experimental design for examining the acclimatization ability of corals to stepwise depth changes. IC, 
represents the in situ controls; TC, the translocated controls; DD, the direct depth transplant controls; and SD, the 
stepwise depth transplants. 
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CORAL RESPONSES TO DEPTH CHANGES 

Colony Survivorship 

The survivorship of colonies was determined bimonthly for 7 censuses in experiment 1 and 

2, and bimonthly for 3 censuses in experiment 3. Log-linear analyses were used to test for 

survivorship differences between and among treatments, species and colony size- classes. 

Colony Growth Rates 

In experiment 1 and 2, all colonies were photographed bimonthly immediately following 

transplantation. At each census, colonies were photographed from the same angle and a set 

perpendicular distance of 23.5 centimeters. A ruler, attached to the outer frame of the camera, 

provided an accurate scale for each colour slide. After each census, the projected surface area of all 

individual colonies was traced and digitized, to within ± 3 % of its original size, from the slides. 

Rates of colony growth and shrinkage were then determined for all colonies, together with rates of 

colony fission. A colony which underwent fission was defined as one which became divided into two 

or more live daughter colonies, without breakage of its skeleton. The special case, where a colony 

fragmented, and formed physically separate daughter colonies due to the breakage of its skeleton, was 

noted separately. Effects of treatment, species and colony size on rates of colony growth, shrinkage 

and fission were determined using several repeated measures analyses of variance. 

Alizarin-Red vital stain was also used to determine linear growth rates of colonies in 

experiment 1 and 2. During January 1992, 240 colonies were stained in experiment 1 to determine 

effects of a 1 m depth change on extension rates. Each colony was incubated for 24 hours in a clear 

polythene bag containing an Alizarin solution (20 mg / L). Five small, medium, and large colonies 

of each species were selected haphazardly and stained at each treatment, along with 60 in situ control 

colonies. During January 1993, 150 colonies were also stained in experiment 2 to determine effects 

of smaller depth changes on extension rates. In this case, 5 small, medium and large colonies of each 

species were stained at each treatment, along with 30 undisturbed controls. All live colonies stained 

with Alizarin were collected after 12 months, bleached to remove tissue, and sectioned with a 
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diamond blade to reveal the stain. Replicate growth measurements were taken from each colony sub-

section and recorded to the nearest 0.10 mm with vernier calipers. Differences in annual rates of 

linear extension between treatments, species and colony size-classes were assessed using several 

analyses of variance. 

3. Colony Tissue Loss, Bleaching and Bioerosion 

The projected area of tissue killed between censuses in experiment 1 and 2 was recorded from 

all photographed colonies to determine rates of colony tissue loss. The percentage of tissue lost from 

each colony was analyzed using repeated measures analyses. 

The projected surface area of bleached coral tissue was also determined in each census for all 

colonies photographed in experiment 1 and 2 to determine rates of tissue bleaching and recovery. 

Bleached colonies were defined as those which had lost normal pigmentation to the extent where their 

live tissue had become translucent and white. Differences in the frequency 6f bleaching and the 

percentage of live tissue bleached per colony between treatments, species and colony size-classes 

were determined using repeated measures analyses. The recovery of bleached colonies after a 

bleaching event was assessed by their ability to maintain rates of tissue gain and survival equal to that 

exhibited by unbleached colonies. To do this, the amount of tissue loss among bleached and 

unbleached colonies and their survivorship 10 months after bleaching was calculated. The magnitude 

of tissue loss among colonies was scored from zero (no injury) through various amounts of injury 

(partial mortality or polyp death) to 100% (whole colony mortality), and the fate of bleached and 

unbleached colonies for each species and treatment was analyzed using log-linear analyses for 

categorical data. 

To determine whether small depth changes influence the extent of bioerosion among species, 

the total number of boring taxa and the extent of their bioerosion was determined for all stained and 

living colonies collected at the end of experiment 1 and 2. After colonies were initially sectioned to 

determined rates of linear extension (by Alizarin-Red staining), the perimeter of each colony sub-

section and the extent of its skeletal erosion was traced and digitized from photographs, enlarged to 

5 times their original size. All excavation sites were identified and the percentage of bioerosion by 
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each boring agent was calculated for each colony. 

4. Colony Fecundity 

Effects of small depth changes on colony fecundity were examined in experiments (1 & 2). 

During experiment 1, in October 1992 (4 weeks before Spring spawning), 18 surviving colonies of 

each species within each treatment (a total of 72 colonies, See Results) were subsampled to determine 

effects of a 1 m depth change on colony fecundity. For each species, three replicate subsamples 

approximately 2 cm2  were collected from each of 6 small, medium and large colonies from each 

treatment. All subsamples were taken only from within the fertile region of each colony (Fig. 2.11). 

Subsamples were also collected in experiment 2 to determine effects of 25 cm and 50 cm depth 

changes on colony fecundity. In this case, subsamples of A. millepora were collected during October 

1993 (4 weeks before Spring spawning), and those of A. aspera were collected during January 1994 

(4 weeks before Summer spawning). A total of 180 colonies (18 colonies of each of the two species 

from each of the five treatments) were subsampled in experiment 2, using identical methods. 

a) 	 b) 	 c) 

Figure 2.11 Location of fecundity subsamples within the target species: a) A. aspera, b) A. millepora and c) G. 
retiformis. ❑ , denotes subsamples approximately 2 cm 2 . 

All subsamples from each experiment were immediately fixed in 10% seawater formalin, decalcified 
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and dissected under a stereo dissecting microscope fitted with a calibrated micrometer eyepiece. For 

each of five replicate polyps per subsample, oocyte volume (as calculated by Wolstenhome 1991), 

and the number of oocytes per polyp were determined. Based on estimates of the average number of 

polyps per square centimeter of living coral tissue, the mean number of eggs per unit area (colony 

fecundity) was calculated for each treatment, species and colony size-class. Quantitative estimates 

of polyp density were obtained from all stained colonies collected at the end of experiment 1 and 2. 

CORRELATES OF TEMPERATURE WITH CORAL DEMOGRAPHIC RESPONSES 

Seawater temperatures were monitored throughout the study to examine the correlates of a 

purely physical factor other than depth with coral responses. At the start of each experiment, 

calibrated maximum and minimum 0-50°C mercury thermometers (accurate to 0.2°C) were tied 

permanently to the substratum within each treatment. Thermometer readings were taken every two 

months over the total period and extreme seawater temperatures for each census interval were 

determined. 

STATISTICAL ANALYSES 

In all analyses of variance, tests for normality were conducted by examining Wilk-Shapiro 

rankit plots of analysis residuals (Shapiro & Wilk 1965). Variance homogeneity was also tested using 

Cochran's C value and, where necessary, data were transformed before analysis to homogenize 

variances (Winer 1971). Post hoc comparisons of means were performed using the methods of Tukey 

(1953) and Krammer (1956), which accommodate unequal cell sizes. In all analyses, data for the in 

situ controls were analyzed separately from that of all the other treatments, because the in situ controls 

were not placed on experimental racks, as was the case for colonies in all other treatments. Due to 

the size and complexity of the analysis models used in this study, only relevant statistical tests and 

ANOVA tables for experimental colonies have been included in the Results. The statistics tables for 

the in situ controls have not been included. Where sources of variation are described as 'non-

significant' in the Results Section, they were not statistically significant at p < 0.05 or by, graphical 

interpretation. Further details of all statistical analyses are provided in the Results Section. 
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RESULTS 

CORAL ABUNDANCE AND SIZE DISTRIBUTIONS ALONG A DEPTH GRADIENT 

The abundance of the selected coral species within Little Pioneer Bay was highly depth-

dependent (p < 0.001, Tab. 2.1). All four species inhabited shallow depths of less than 1 m, extending 

from either the inner flat at 0.02 m below tidal datum or the mid flat at 0.05 m to the reef crest at 0.35 

m. None were found on the reef slope at 1.20 m. Colony abundance was highest on the outer flat 

with an average of 29.6 ± 1.6 SE corals per 10 x 1 m transect, and lowest on the inner flat with only 

6.4 ± 1.0 per transect. Colonies of Acropora millepora were the least abundant (8.3 ± 1.8 / transect), 

compared to those of Goniastrea retiformis (25.7 ± 2.0 / transect), Montipora digitata (20.5 ± 2.2 / 

transect) and Acropora aspera (18.5 ± 2.1 / transect). The abundance of species also differed between 

depths (p < 0.001, Tab. 2.1 & 2.2). Montipora digitata was most abundant at the shallowest reef 

zones, while A. aspera dominated the outer flat and A. millepora the reef crest. In contrast, 

Goniastrea retiformis was found in equal abundance from the mid flat to the reef crest. 

Table 2.1 Four-factor nested ANOVA to test for differences in the relative abundance of corals between and among 
locations, depths, species and sites within Little Pioneer Bay. The analysis was performed on log (x + 1) transformed data. 
NS = non significant. 

Colony abundance varied spatially within the bay (p < 0.01, Tab. 2.1), and was higher at 

Location 1 (21.4 ± 1.6 / transect), than at Location 2 situated further south (15.2 ± 1.2 / transect). 

However, depth-dependent patterns of abundance were identical within the two locations (eg. no 

location*depth interaction). Given the overall abundance and zonation of corals within the bay (Tab. 

2.2), control colonies of each species were established or transplanted to the outer flat at 0.20 m in 
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all subsequent experiments, because this appeared to be the mid-depth range of the four species' 

distributions. 

Table 2.2 Abundance and zonation of corals with Little Pioneer Bay. Total colony counts were made from within 18 
replicate 10 x 1 m belt transects positioned at each depth. Data are means (± SE). 

Reef Zone Depth Species: 

M. digitata A. aspera A. millepora G. retiformis 

Inner Flat 0.02 m 16.7 (2.0) 0.0 (0.0) 0.0 (0.0) 8.9 (0.9) 

Mid Flat 0.05 m 54.8 (4.5) 26.3 (2.3) 6.4 (1.6) 38.8 (1.9) 

Outer Flat 0.20 m 22.8 (2.0) 47.4 (3.5) 14.1 (2.1) 41.9 (1.7) 

Crest 0.35 m 8.4 (1.0) 18.7 (1.1) 21.2 (2.0) 39.1 (1.8) 

Slope 1.20 m 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

A. aspera A. millepora 	 G. retiformis M. digitata 

     

  

X , 

  

     

   

Outer Flat 

 

160 

 

   

25 	>50 

Size Class (cm) 

Figure 2.12 Size-frequency distributions for colonies of M. digitata, A. aspera, A. millepora and G. retiformis, as a 
function of reef zone and depth within Little Pioneer Bay. Total colony counts are for populations enclosed within 18, 
10 x 1 m belt transects positioned within the inner reef flat at 0.05 m, the outer reef flat at 0.20 m and the crest at 0.35 m. 
Size-class intervals are based on 5 cm increments in mean diameter (MD), except for the largest size-class which includes 
all colonies > 50 cm in MD. Mean colony size is shown by * on each graph. 

The population size-structure of all species was dominated by small colonies (0-5 cm in mean 

diameter) at each of the three depths examined (Fig. 2.12). However, there were significant 

differences in the size-distributions of each species between depths (p < 0.05, Fig. 2.12 & Tab. 2.3). 

Colonies of M. digitata had the smallest mean size, with a mean diameter of only 10.9 ± 1.7 cm and 

never exceeding 35 cm. In contrast, G. retiformis colonies were 50% larger (15.7 ± 2.0 cm) and could 
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Source of Variation 	Degrees of % Mean Square Significance 

Location (Lo) 1/2 0.85 NS 
Depth (De) 4/2 43.30 p < 0.01 
Species (Sp) 3/2 48.35 p < 0.01 
Site 2/318 0.09 NS 
Lo *De 4/2 0.26 NS 
Lo*Sp 3/2 0.12 NS 
De*Sp 12/2 6.79 p < 0.05 
Lo*De*Sp 	  12/2 0.12 NS 
Residual 318 
Total 359 

Freedom.: 
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exceed 50 cm in size. Species were ranked in mean size as: G. retiformis > A. millepora > A. aspera 

> M. digitata. The largest colonies of M. digitata were found at the shallowest reef zones and those 

of A. aspera on the outer flat (Fig. 2.12). Colonies of A. millepora and G. retiformis exhibited an 

increase in size with increasing depth, from the mid flat to the reef crest. 

Table 2.3 Four-factor nested ANOVA to test for differences in the mean size of colonies between and among locations, 
depths, species and sites within Little Pioneer Bay. The analysis was performed on log (x + 0.001) transformed data. NS 
= non significant. 

EFFECTS OF DEPTH CHANGES ON THE DYNAMICS OF CORAL POPULATIONS 

This section addresses the effects of experimental depth changes on processes that affect 

colony abundance and colony size within Little Pioneer Bay. These broadly include colony 

survivorship, areal and linear growth, fission, tissue loss, bleaching and recovery, bioerosion and 

fecundity. The first part of this section examines survivorship of all four species in response to depth 

changes, while subsequent parts examine the effects of depth changes on the dynamics of the most 

useful target species, A. aspera and A. millepora. 

COLONY SURVIVORSHIP 

i) Experiment 1: 1 m Transplants of the Four Species 

The survivorship of colonies in experiment 1 differed among species (p < 0.001) and 

treatments (p < 0.001, Tab. 2.4). Overall, 77% of the in situ controls, 49% of the handling controls, 

and 58% of the translocated controls survived after 1 year, while only 21% of the 1 m transplants were 

still alive. Most colonies of G. retiformis survived 1 year (84%), while less than half of the original 
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Significance 

Time (Ti) 6 180.60 p < 0.001 
Treatment (Tmt) 2 206.42 p < 0.001 
Ti*Tmt 12 169.22 p < 0.001 
Species (Sp) 3 210.80 p< 0.001 
Ti*Sp 18 234.93 p < 0.001 
Tmt*Sp 6 355.18 p< 0.001 
Ti*Tmt*Sp 36 NS 
Size (Si) 2 10.60 p < 0.01 
Ti*Si 12 NS 
Tmt*Si 4 NS 
Ti*Tmt*Si 24 NS 
Sp*Si 6 NS 
Ti*Sp*Si 36 NS 
Tmt*Sp*Si 12 NS 
Rack  1 NS 
Likelihood Ratio 0 0.00 p = 1.000 
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colonies of M. digitata were still alive (28%). Montipora digitata was the most sensitive species. 

Only 10% and 33% of the original colonies of this species survived 1 year in response to handling and 

to habitat relocation, respectively, and all of them died in response to a 1 m depth change (Fig. 2.13). 

In contrast, G. retiformis was the most robust, with all colonies exhibiting very high rates of 

survivorship (ca. 84%), irrespective of treatment. Colonies of A. aspera and A. millepora, like those 

of M. digitata, also exhibited 100% mortality in response to a 1 m depth change after 1 year, but they 

were relatively unaffected by handling and habitat relocation (Fig. 2.13). 

Table 2.4 Log-linear analysis to test for survivorship differences between and among treatments, species and colony size-
classes through time in experiment 1. The analysis was performed on log (x + 0.001) transformed data and excludes data 
for the in situ controls (the only colonies not placed on experimental racks). Chi-square values are shown for significant 
factors only. Non-significant factors were excluded from the model. NS = non significant. 

Throughout experiment 1, rates of survivorship increased with increasing colony size (p < 

0.01, Tab. 2.4 & Fig. 2.14). Overall, 38% of small colonies, 51% of medium sized colonies and 65% 

of large colonies survived after 1 year. This pattern of survivorship among colony size-classes did 

not differ through time, between species or among treatments (Tab. 2.4). 
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M. digitata 	 A. aspera 

Figure 2.13 Survivorship curves for colonies as a function of treatment during experiment 1, from January 1992 to 
1993. IC indicates the in situ controls; HC, the handling controls; TC, the translocated controls; and 1 m, the 1 m 
transplants. 

Based on the survivorship of the four species, three target species were identified: A. aspera, 

A. millepora, and G. retiformis. Acropora aspera and A. millepora appeared to be the most useful 

species, because their rates of survivorship decreased significantly in response to the 1 m depth 

change but they were relatively unaffected by handling and habitat relocation (Fig. 2.13). Thus, they 

were used to examine of the effects of smaller depth changes of 25 cm and 50 cm on their population 

dynamics in experiment 2. Goniastrea retiformis exhibited no significant change in colony 

survivorship in response to a 1 m depth change (Fig. 2.13), and was the most robust experimental 

species. However, this species was not used in experiment 2 because it was unlikely to exhibit 
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M. digitata 	 A. aspera 
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0-0 TC 
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Figure 2.14 Survivorship curves for colonies as a function of treatment and size during experiment 1, from January 1992 
to 1993. IC indicates the in situ controls; HC, the handling controls; TC, the translocated controls; and 1 m, the 1 m 
transplants. Colonies were assigned to three broad size classes based on their mean diameter (MD). Small colonies 
ranged from 2-5 cm in MD, medium ones from 6-8 cm in MD and large ones from 9-14 cm in MD. . 
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Figure 2.14 cont. Survivorship curves for colonies as a function of treatment and size during experiment 1, from January 
1992 to 1993. IC indicates the in situ controls; HC, the handling controls; TC, the translocated controls; and 1 m, the 1 
m transplants. Colonies were assigned to three broad size classes based on their mean diameter (MD). Small colonies 
ranged from 2-5 cm in MD, medium ones from 6-8 cm in MD and large ones from 9-14 cm in MD. 

32 



rce of Variation 

Time (Ti) 6 22.60 p < 0.001 
Treatment (Tmt) 3 63.45 p < 0.001 
Ti*Tmt 18 NS 
Species (Sp) 51.22 p < 0.001 
Ti*Sp 6 38.68 p < 0.001 
Tmt*Sp 3 NS 
Ti*Tmt*Sp 18 NS 
Size (Si) 2 32.60 p < 0.001 
Ti*Si 12 23.45 p < 0.05 
Tmt*Si 6 NS 
Ti*Tmt*Si 36 NS 
Sp*Si 2 10.99 p< 0.01 
Ti*Sp*Si 12 NS 
Tmt*Sp*Si 6 NS 
Rack 1  NS 
Likelihood Ratio 	 0 0.00 	 p = 1.000 
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detectable responses to depth changes of less than 1 m. Instead, it was identified as a target species 

to further assess effects of a 1 m depth change on other demographic variables (See subsequent 

sections). Montipora digitata was not selected, as it was too sensitive to manipulation (Fig. 2.13). 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

Survivorship of A. aspera and A. millepora colonies in experiment 2 differed between 

treatments, even in response to very small changes in depth (p < 0.001, Tab. 2.5 & Fig. 2.15). The 

survivorship of colonies after 1 year was highest among the in situ controls (75%), handling controls 

(66%) and translocated controls (64%), slightly lower among the 25 cm transplants (53%), and lowest 

among the 50 cm transplants (30%). Acropora millepora exhibited significantly higher rates of 

mortality than A. aspera. After 2 months, 79% of A. millepora colonies survived, while 95% of A. 

aspera colonies were still alive (p < 0.001, Tab. 2.5). After 1 year, only 43% of the original colonies 

of A. millepora survived, compared to 73% of A. aspera colonies (p < 0.001, Tab. 2.5 & Fig. 2.15). 

For both species, mortality was highest in the deeper transplants. For A. 

Table 2.5 Log-linear analysis to test for survivorship differences between and among treatments, species and colony size-
classes through time in experiment 2. The analysis was performed on log (x + 0.001) transformed data and excludes data 
for the in situ controls. Chi-square values are shown for significant factors only. Non-significant factors were excluded 
from the model. NS = non significant. 

aspera, the percentage survivorship among treatments after 1 year was ranked as: Translocated 

controls (85%) > in situ controls and handling controls (82%) >> 25 cm transplants (67%) >>> 50 
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Month 
—• IC 

o—o HC 
TC 

A-A 25 cm 
—• 50 cm 

Figure 2.15 Survivorship curves for colonies as a function of treatment and size during experiment 2, from January 1993 
to 1994. IC indicates the in situ controls; HC, the handling controls; TC, the translocated controls; 25 cm, the 25 cm 
transplants; and 50 cm, the 50 cm transplants. Colonies were assigned to three broad size classes based on their mean 
diameter (MD). Small colonies ranged from 2-5 cm in MD, medium ones from 6-8 cm in MD and large ones from 9-14 
cm in MD. 
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cm transplants (52%). For A. millepora, the ranking was: In situ controls (67%) > handling controls 

(53%) > translocated controls (48%) >> 25 cm transplants (38%) >>> 50 cm transplants (8%). 

Colony survivorship was highly correlated with colony size in experiment 2, with 43% of 

small colonies, 58% of medium sized colonies and 74% of large colonies left alive after 1 year (p < 

0.001, Tab. 2.5 & Fig. 2.15). For all size-classes, the survivorship of A. aspera exceeded that of A. 

millepora (p < 0.01, Tab. 2.5). For A. aspera, the percentage survivorship after 1 year was ranked as: 

Large colonies (88%) > medium colonies (71%) > small colonies (61%). For A. millepora, it was: 

Large colonies (60%) > medium colonies (45%) > small colonies (24%). 

iii) Experiment 3: Stepwise Depth Transplants of A. aspera and A. millepora 

Survivorship of A. aspera and A. millepora colonies in experiment 3 was highest in the in situ 

and translocated controls (ca. 85% after 5 months) and significantly lower in deeper sites (ca. 59%, 

p < 0.05, Tab. 2.6 & Fig. 2.16). No significant difference was detected between the survivorship 

ofthe stepwise depth transplants and the direct depth transplant controls. The survivorship of all 

colonies among treatments after 5 months was ranked as: In situ controls (89%) > translocated 

controls (81%) » stepwise depth transplants (61%) = direct depth transplant controls (58%). 

Table 2.6 Log-linear analysis to test for survivorship differences between and among treatments, species and colony size-
classes through time in experiment 3. The analysis was performed on log (x + 0.001) transformed data and excludes data 
for the in situ controls. Chi-square values are shown for significant factors only. Non-significant factors were excluded 
from the model. NS = non significant. 

Source of Variation Degrees of Freedom 

Time (Ti) 2 19.15 p < 0.001 
Treatment (Tmt) 2 8.29 p< 0.05 
Ti *Tmt 4 NS 
Species (Sp) 69.51 p < 0.001 
Ti*Sp 2 NS 
Tmt*Sp 2 NS 
Ti*Tmt*Sp 4 NS 
Size (Si) 2 40.15 p < 0.001 
Ti*Si 4 NS 
Tmt*Si 4 NS 
Ti*Tmt*Si 8 NS 
Sp*Si 2 13.86 p < 0.01 
Ti*Sp*Si 4 NS 
Tmt*Sp*Si 4 NS 
Rack  NS 
Likelihood Ratio 	 0 	 0.00 p = 1.000 
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Species- and size-specific patterns of colony survivorship in experiment 3 were identical to 

experiment 2 (Tab. 2.6). 

A. aspera 	 A. millepora 

Month 	 •-0 IC 
❑— ❑  TC 
n -ho,  DD (50cm) 

—• SD (25 cm+25 cm) 

Figure 2.16 Survivorship curves for colonies as a function of treatment during experiment 3, from January 1994 to 
May 1994. IC, indicates the in situ controls; TC, the translocated controls; DD, the direct depth transplant controls; 
and SD, the stepwise depth transplants. 

AREAL GROWTH RATES 

i) Experiment 1: 1 m Transplants of G. retiformis 

Although the survivorship of G. retiformis colonies did not differ among treatments in 

experiment 1, their final projected surface area did (p < 0.001, Tab. 2.7 & Fig. 2.17). Colonies in the 

in situ and handling controls and the 1 m transplants had shrunk on average by 31% relative to their 

initial size after 1 year, whereas the translocated controls had grown by 13%. The average shrinkage 

of colonies relative to their initial size was greatest in the 1 m transplants (ca. 39% after 1 year), lower 

in the handling controls (ca. 29%), and lowest in the in situ controls (ca. 25%). Throughout the 

experiment, small colonies shrank in area less than larger colonies, relative to their initial size (p < 

0.001, Tab. 2.7 & Fig. 2.17). After 1 year, medium and large colonies had shrunk around 24%, 

whereas small colonies had shrunk 17%, and exhibited more variable rates of growth and shrinkage 
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among treatments. Most surviving medium and large colonies shrank in projected area relative to 

their initial size after 1 year, whereas the few surviving small colonies grew in area in the in situ and 

handling controls and the 1 m transplants. Throughout the experiment, changes in the surface area 

of all G. retiformis colonies were variable through time (p < 0.001, Tab. 2.7 & Fig. 2.17). 

Table 2.7 Repeated measures ANOVA to test for differences in the projected surface area of G. retiformis colonies 
between and among treatments and colony size-classes through time in experiment 1. The analysis was performed on log 
(x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom PiIlai's F Statistic Significance 

Time (Ti) 6/108 12.71 p < 0.001 
Treatment (Tmt) 2/113 13.30 p < 0.001 
Rack 3/113 1.54 NS 
Size (Si) 2/113 151.09 p < 0.001 
Si*Rack 6/113 1.12 NS 
Tmt*Si 4/113 0.59 NS 
Ti *Tmt 12/218 3.91 p < 0.001 
Ti*Rack 18/330 2.29 p < 0.01 
Ti *Si 12/218 2.17 p < 0.05 
Ti*Si*Rack 36/678 1.42 NS 
Ti*Tmt*Si  24/444 1.19 NS 
Residual 113 
Total 677 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

The projected surface area of A. aspera and A. millepora colonies in experiment 2, did not 

differ as a result of a 25 cm depth change, relative to all of the controls, but did decrease significantly 

in response to a 50 cm depth change (p < 0.001, Tab. 2.8 & Fig. 2.17). All of the controls and the 

25 cm transplants had grown on average by 59% relative to their initial size after 1 year, whereas the 

50 cm transplants had shrunk by 18%. After 1 year, small colonies had grown six times more than 

larger colonies relative to their initial size, except in the 50 cm transplants (p < 0.05, Tab. 2.8 & Fig. 

2.17). For the controls and the 25 cm transplants, small colonies had grown by 252% after 1 year, 

while all larger colonies had only grown by 37%. For the 50 cm transplants, small and medium sized 

colonies had shrunk proportionally more after 1 year (ca. 54%), than large colonies (ca. 30%). 
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Figure 2.17 Relative mean area of surviving colonies as a function of treatment and size. 1.0 indicates no change in size. 
Means are expressed relative to the colony's initial size. See Figure 2.13 and 2.15 for treatment abbreviations; size class 
dimensions and sample sizes. Note differing Y-axes scales. 
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Table 2.8 Repeated measures ANOVA to test for differences in the projected area of A. aspera and A. millepora colonies 
between and among treatments, species and colony size-classes through time in experiment 2. The analysis was performed 
on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees 	Freedom Pillai's F Statistic Significance 

Time (Ti) 6/225 18.34 p < 0.001 
Treatment (Tmt) 3/230 7.42 p < 0.001 
Species (Sp) 1/230 15.00 p < 0.001 
Tmt*Sp 3/230 1.27 NS 
Rack 8/230 1.23 NS 
Size (Si) 2/230 219.43 p < 0.001 
Si*Rack 16/230 0.74 NS 
Tmt*Si 6/230 1.73 NS 
Sp*Si 2/230 2.46 NS 
Tmt*Sp*Si 6/230 0.83 NS 
Ti *Tmt 18/681 4.41 p < 0.001 
Ti*Sp 6/225 7.33 p < 0.001 
Ti*Tmt*Sp 18/681 2.66 p < 0.001 
Ti*Rack 48/1380 1.24 NS 
Ti *Si 12/452 7.34 p < 0.001 
Ti*Si*Rack 96/1380 1.14 NS 
Ti*Tmt*Si 36/1380 1.56 p< 0.05 
Ti*Sp*Si 12/452 1.87 p < 0.95 
Ti*Tmt*Sp*Si  36/1380 1.24 NS 
Residual 230 
Total 1379 

Throughout the experiment, areal growth rates were higher in A. aspera than in A. millepora 

(p <0.001, Tab. 2.8 & Fig. 2.17). After 1 year, colonies of A. aspera had grown by 61% relative to 

their initial size, whereas those of A. millepora had only grown by 33%. For both species, rates of 

relative growth in area were highly dependent on their initial size (p < 0.001, Tab. 2.8 & Fig. 2.17). 

Overall, small colonies grew six times more than larger colonies relative to their initial size, and rates 

of areal growth decreased with increasing colony size. After 1 year, small colonies had grown by 

226%, whereas medium and large colonies had only grown by 39% and 15%, respectively. 

LINEAR GROWTH RATES 

i) Experiment 1: 1 m Transplants of G. retiformis 

Annual rates of linear extension for G. retiformis were highly dependent on treatment (p < 

0.01, Tab. 2.9 & Fig. 2.18). Compared to all of the controls, the 1 m transplants exhibited a 64% 

decrease in extension rates, and mean annual rates of extension among treatments were ranked as: 

Translocated controls (7.4 ± 0.2 mm) > in situ controls (6.3 ± 0.3 mm) > handling controls (5.3 ± 0.2 
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mm) >> 1 m transplants (2.3 ± 0.2 mm). Rates of annual linear extension in G. retiformis were 

independent of colony size (ie. within each treatment, all colonies exhibited similar rates of extension, 

irrespective of their size, p = NS, Tab. 2.9). 

Table 2.9 Four-factor nested ANOVA to test for differences in the linear extension rates of G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 0.001) 
transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees 'of Freedom % Mean SqUare SignifiCance 

Treatment (Tmt) 2/1 92.50 p < 0.01 
Size (Si) 2/2 6.91 NS 
Rack 1/2 < 0.01 NS 
Colony 2/202 < 0.01 NS 
Tmt*Si 4/2 < 0.01 NS 
Si*Rack  2/2 0.38 NS 
Residual 202 
Total 215 

Treatment 

Figure 2.18 Annual linear extension of colonies (mean ± SE), as a function of treatment. Treatment abbreviations 
defined in Figure 2.14 and 2.15. Sample sizes range from 40 to 72 colonies. 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

Mean rates of annual linear extension in A. aspera (42.5 ± 0.5 mm) were twice that of A. 

millepora (17.6 ± 0.5 mm) (p < 0.005, Tab. 2.10 & Fig. 2.18). Rates of extension also differed 

significantly between treatments (p < 0.05, Tab. 2.10). In A. aspera, extension rates were highest in 

the translocated controls and, surprisingly, the 25 cm transplants. In A. millepora, they were highest 

in the in situ controls and decreased with increasing levels of manipulation. Rates of extension in 

both species were significantly lower in the deeper transplants, compared to all of the controls (Fig. 

2.18). In A. aspera, mean rates of annual linear extension among treatments were ranked as: 
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Degrees of Freedom: Source of Variation % Mean Square 

Treatment (Tmt) 
Species (Sp) 
Size (Si) 
Rack 

3/1 
1/1 
2/2 
1/2 

10.45 
85.21 
1.44 

< 0.01 

p < 0.01 
p < 0.005 

NS. 
NS 

Colony 2/515 0.02 NS 
Tmt*Sp 3/1 0.03 p < 0.05 
Tmt*Si 6/2 0.03 NS 
Sp*Si 2/2 0.02 NS 
Si*Rack 2/2 0.09 NS 
Tmt*Sp*Si  6/2 0.03 NS 
Residual 515 
Total 543 
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Translocated controls (51.2 ± 0.8 mm) > 25 cm transplants (46.2 ± 0.6 mm) > in situ controls (43.3 

± 0.9 mm) = handling controls (42.9 ± 0.8 mm) >> 50 cm transplants (28.6 ± 0.6 mm). For A. 

millepora, the order was: In situ controls (26.2 ± 0.8 mm) > handling controls (20.8 ± 0.6 mm) > 

translocated controls (17.8 ± 0.6 mm) > 25 cm transplants (12.7 ± 0.4 mm) >> 50 cm transplants (5.0 

± 0.2 mm). In both species, rates of annual linear extension were independent of colony size, 

irrespective of treatment (p = NS, Tab. 2.10). 

Table 2.10 Five-factor nested ANOVA to test for differences in the linear extension rates of A. aspera and A. millepora 
colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was performed 
on log (x + 0.001) transformed data and excludes data for the in situ controls. NS = non significant. 

COLONY FISSION 

i) Experiment 1: 1 m Transplants of G. retiformis 

The production of daughter colonies for G. retiformis differed significantly among treatments 

(p < 0.05, Tab. 2.11). Per capita rates of fission for G. retiformis were highest in the 1 m transplants 

and the handling controls and significantly lower in the translocated controls. Assuming that rates 

of fission over a 12 month period, represent the annual proportion of fission for a given species, the 

annual proportion of fission for parent colonies of G. retiformis (pre-fission genets) among treatments 

was ranked as: 1 m transplants (0.25) > handling controls (0.21) > in situ controls (0.15) > 

translocated controls (0.08). These findings were expected, since high rates of shrinkage in the 

handling controls and the 1 m transplants of G. retiformis (Fig. 2.17) are likely to coincide with high 

rates of fission and the production of daughter colonies. For G. retiformis, rates of fission among 
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treatments did not differ significantly through time (p = NS, Tab. 2.11). The mean number of 

daughter colonies (post-fission ramets) produced per fission event was similar among all treatments. 

Overall, G. retiformis produced an average of 2.3 ± 0.2 daughter colonies per fission event, of which 

34% survived until the end of the experiment. 

Table 2.11 Repeated measures ANOVA to test for differences in the total number of daughter colonies produced by G. 
retiformis between and among treatments and colony size-classes through time in experiment 1. The analysis was 
performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom Pillai's F Statistic Significance 

Time (Ti) 6/108 2.60 p< 0.05 
Treatment (Tmt) 2/113 4.71 p < 0.05 
Rack 3/113 2.35 NS 
Size (Si) 2/113 3.18 p < 0.05 
Si*Rack 6/113 0.47 NS 
Tmt*Si 4/113 2.28 NS 
Ti *Tmt 12/218 1.58 NS 
Ti*Rack 18/330 1.44 NS 
Ti *Si 12/218 1.86 p< 0.05 
Ti*Si*Rack 36/678 0.90 NS 
Ti*Tmt*Si  24/444 1.14 NS 
Residual 113 
Total 677 

Rates of fission in G. retiformis were highest in large colonies and decreased with decreasing 

colony size (p < 0.05, Tab. 2.11 & Tab. 2.12). The mean number of daughter colonies produced per 

fission event was also greatest in large colonies. However, the daughter colonies produced by 

medium sized colonies of G. retiformis had a higher percentage survival after 12 months (53%), than 

those produced by small or large colonies (ca. 23%, Tab. 2.12). Throughout the experiment, daughter 

colony production increased with time, particularly in large colonies (p < 0.05, Tab. 2.11) 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

For A. aspera and A. millepora, per capita rates of fission appeared lower in the deeper sites, 

relative to the controls, but this trend was not statistically significant (ie. there were no between 

treatment effects, p = NS, Tab. 2.13). The mean annual proportion of fission for parent colonies of 

A. aspera among treatments was ranked as: In situ controls (0.47) > handling controls (0.43) > 

translocated controls (0.41) > 50 cm transplants (0.34) > 25 cm transplants (0.27). For A. millepora, 

it was: Translocated controls (0.17) > in situ and handling controls (0.10) > 50 cm transplants (0.07) 
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> 25 cm transplants (0.00). 

Table 2.12 Annual production of daughter colonies (post-fission ramets) by G. retiformis, A. aspera and A. millepora, 
as a function of their size. The annual proportion of fission was calculated by dividing the number of parent colonies (pre-
fission genets) which produced ramets by the total number of parent colonies. The mean number of ramets produced in 
1 year (± SE) was determined only from parent colonies which produced ramets, and an estimate of the annual % survival 
of ramets was calculated by dividing the number of surviving ramets at the last census interval by the total number (N) 
produced after 12 months. Size-class dimensions are defined in Figure 2.15. 

Species 	 Colony Size: 	 All Size- 
Classes 

Small 
	

Medium 	Large 

G. retiformis 

Annual Proportion of Fission 	 0.13 	0.18 	0.23 	0.18 

No. Ramets Produced in 1 year 	1.20 (0.13) 	2.57 (0.39) 	2.61 (0.27) 	2.26 (0.19) 

Annual % Survival of Ramets 	 25 	 53 	 21 	 34 

N = 	 12 	 37 	 33 	 98 

A. aspera 

Annual Proportion of Fission 	 0.21 	0.39 	0.42 	0.34 
c 

No. Ramets Produced in 1 year 	2.14 (0.08) 	2.34 (0.08) 	2.92 (0.09) 	2.54 (0.06) 

Annual % Survival of Ramets 	 80 	 77 	 84 	 81 

N = 	 45 	 91 	 123 	259 

A. millepora 

Annual Proportion of Fission 	 0.02 	0.06 	0.12 	0.07 

No. Ramets Produced in 1 year 	2.00 (0.00) 	2.17 (0.17) 	2.17 (0.11) 	2.15 (0.08) 

Annual % Survival of Ramets 	 0 	 15 	 38 	 28 

N = 	 4 	 13 	 26 	 43 

Overall rates of fission differed significantly between species, with colonies of A. aspera being 

four times more likely to undergo fission than A. millepora (p < 0.01, Tab. 2.13). For both species, 

the mean number of daughter colonies produced per fission event was similar (with 2.5 ± 0.1 

produced by A. aspera and 2.2 ± 0.1 produced by A. millepora). However, the estimated annual 

percentage survival of their daughter colonies differed. Overall, 81% of the daughter colonies 

produced by A. aspera were alive after 1 year, compared with only 28% for A. millepora had survived 

(Tab. 2.12). For A. aspera, rates of fission and daughter colony production were relatively similar 

between treatments. However, for A. millepora, no daughter colonies were produced by the 25 cm 
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Source of Variation 	Degrees of Freedoth 

Time (Ti) 6/225 
Treatment (Tmt) 3/230 
Species (Sp) 1/230 
Tmt*Sp 3/230 
Rack 8/230 
Size (Si) 2/230 
Si*Rack 16/230 
Tmt*Si 6/230 
Sp*Si 2/230 
Tmt*Sp*Si 6/230 
Ti *Tmt 18/681 
Ti*Sp 6/225 
Ti*Tmt*Sp 18/681 
Ti*Rack 48/1380 
Ti *Si 12/452 
Ti*Si*Rack 96/1380 
Ti*Tmt*Si 36/1380 
Ti*Sp*Si 12/452 
Ti*Tmt*Sp*Si  36/1380 
Residual 230 
Total 1379 

Pillars F Sta'tistic Significance 

7.43 p < 0.001 
1.37 NS 
9.64 p < 0.01 
0.63 NS 
0.17 NS 
3.80 p < 0.05 
0.62 NS 
0.37 NS 
1.30 NS 
0.96 NS 
1.25 NS 
4.50 p < 0.001 
1.87 p < 0.05 
0.59 NS 
1.27 NS 
0.75 NS 
0.72 NS 
1.77 NS 
0.78 NS 
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transplants and none of those produced by the 50 cm transplants survived after 1 year. 

Throughout the experiment, rates of fission in both species were greatest in large colonies, as 

expected (p < 0.05, Tab. 2.13 & Tab. 2.12). However, the size-specific survivorship of daughter 

colonies differed among species. All daughter colonies produced by small, medium and large 

colonies of A. aspera exhibited high rates of survivorship after 1 year (ca. 83%), while only those 

produced by medium and large colonies of A. millepora survived (Tab. 2.12). 

Table 2.13 Repeated measures ANOVA to test for differences in the total number of daughter colonies produced by A. 
aspera and A. millepora between and among treatments, species and colony size-classes through time in experiment 2. 
The analysis was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non 
significant. 

COLONY TISSUE LOSS 

Most colonies of each of the three target species lost live tissue at some time regardless of 

treatment, even if they had survived throughout the entire study. Because corals are clonal organisms 

composed of replicated polyps, a proportion of the polyps may die without causing the death of the 

entire colony. 
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lei's" F Statistic 	Significance 

Time (Ti) 6/108 80.06 
Treatment (Tmt) 2/113 42.99 
Rack 3/113 4.82 
Size (Si) 2/113 8.96 
Si*Rack 6/113 0.55 
Tmt*Si 4/113 2.42 
Ti *Tmt 12/218 6.91 
Ti*Rack 18/330 2.94 
Ti *Si 12/218 2.64 
Ti*Si*Rack 36/678 1.12 
Ti*Tmt*Si  24/444 1.19 
Residual 113 
Total 677 

p< 0.001 
p< 0.001 
p < 0.01 

p< 0.001 
NS 
NS 

p< 0.001 
p< 0.001 
p < 0.01 

NS 
NS 
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i) Experiment 1: 1 m Transplants of G. retiformis 

Total tissue loss in colonies of G. retiformis over 1 year was significantly higher in the in situ 

and handling controls and the 1 m transplants, compared to the translocated controls (p < 0.001, Tab. 

2.14). After 1 year, the percentage of tissue dying among treatments was ranked as: Handling 

controls (57%) > 1 m transplants (50%) > in situ controls (48%) >> translocated controls (24%). The 

calculated time required for G. retiformis colonies to lose an amount of tissue equivalent to their areal 

cover at the beginning of experiment 1 varied from 1.75 years in the handling controls to 4.17 years 

in the translocated controls (Tab. 2.15). Net surviving tissue area in all colonies of G. retiformis 

decreased through time (p < 0.001, Tab. 2.14), irrespective of their treatment and inspite of some 

regeneration. 

Table 2.14 Repeated measures ANOVA to test for differences in the percentage of tissue lost by G. retiformis colonies 
between and among treatments and colony size-classes through time in experiment 1. The analysis was performed on log 
(x + 0.01) transformed data and excludes data for the in situ controls. NS = non significant. 

Throughout the experiment, the proportion of tissue lost in colonies of G. retiformis was 

inversely related to colony size (p < 0.001, Tab. 2.14). The time required for total tissue turnover 

among size-classes of G. retiformis varied from 1.85 years in small colonies to 2.44 years in large 

colonies (Tab. 2.16). Size-specific patterns of tissue loss for G. retiformis did not vary significantly 

among treatments (p = NS, Tab. 2.14). 
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Table 2.15 Estimates of the number of years required for total tissue turnover (= the death of tissue area equal to 100% 
of the original live are) among colonies, as a function of treatment. The total area of live tissue present at the beginning 
of the experiment and the area of tissue dying over 1 year are shown for each species, as a basis for calculating the 
percentage of tissue dying and tissue turnover times. Treatment abbreviations are defined in Figure 2.13 and 2.15. 

Species 	 Treatment: 

IC 	HC 	TC 	25 cm 50 cm.  

G. retiformis 

Total Area in Jan „ (103 cm2) 	 2.56 	2.60 	2.61 	 2.58 

Area of Tissue Dying Jan „.„ (103  cm2) 	1.22 	1.47 	0.62 	 1.29 

Percent Dying 48 57 24 50 

Turnover Time (yr) 2.08 1.75 4.17 2.00 

A. aspera 

Total Area in Jan 93 ( 1 03  cm2) 2.65 2.63 2.60 2.52 2.56 

Area of Tissue Dying Jan 93.94 ( 1 03  cm2) 1.64 1.44 1.75 1.34 1.98 

Percent Dying 62 55 67 53 77 -- 

Turnover Time (yr) 1.61 1.82 1.49 1.86 1.30 ( 
A. millepora 

Total Area in Jan „ (103 cm2) 2.72 2.72 2.61 2.61 2.94 

Area of Tissue Dying Jan 93.94 ( 1 03  cm2) 1.46 1.54 2.26 1.85 2.67 

Percent Dying 54 57 87 71 91 

Turnover Time (yr) 1.85 1.75 1.15 1.41 1.10 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

The amount of tissue lost through whole and partial mortality in colonies of A. aspera and A. 

millepora over 1 year varied among treatments (p < 0.001, Tab. 2.17). For both species, the 

percentage of the initial tissue area lost was highest in the translocated controls and the 50 cm 

transplants (ca. 81% after 1 year) and lowest in the in situ and handling controls and the 25 cm 

transplants (ca. 59%). After 1 year, the in situ and handling controls of both species had a similar 

percentage of tissue loss (ca. 57%), whereas the 25 cm transplants, translocated controls and 50 cm 

transplants of A. millepora exhibited a significantly higher percentage of tissue loss than those of A. 

aspera (Tab. 2.15). This was partly because amounts of tissue loss between species varied through 

time (p < 0.05, Tab. 2.17), with the highest extent of tissue loss evident among colonies of A. 
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millepora, within the first 6 months of the experiment. The time required for total tissue turnover in 

A. aspera ranged from 1.30 years in the 50 cm transplants to 1.89 years in the translocated controls, 

while in A. millepora values ranged from 1.10 years in the 50 cm transplants to 1.85 years in the in 

situ controls. These indicate rapid declines; unsustainable losses. 

Table 2.16 Estimates of the number of years required for total tissue turnover (= the death of tissue area equal to 100% 
of the original live area) among colonies, as a function of their size and for all size-classes combined. Data is presented 
in the same format as used in Table 2.15. Size-class dimensions are defined in Figure 2.15. 

Species Colony Size: All Size- 

Small Medium Large 
Classes 

G. retiformis 

Total Area in Jan 92 ( 1 03  cm2) 0.91 3.27 6.16 10.34 

Area of Tissue Dying Jan 92_93 ( 1 03  cm2) 0.49 1.57 2.55 4.60 

Percent Dying 54 48 41 44 

Turnover Time (yr) 1.85 2.08 2.44 2.27 
( 

A. aspera 

Total Area in Jan „ (10 3  cm2) 1.07 4.00 7.90 12.97 

Area of Tissue Dying Jan 93.94 ( 1 0 3  cm2) 1.28 3.22 3.72 8.22 

Percent Dying 120 * 81 47 63 

Turnover Time (yr) 0.83 1.23 2.13 1.59 

A. millepora 

Total Area in Jan 93 (103  cm2) 0.99 3.82 8.78 13.60 

Area of Tissue Dying Jan 93.94 (103  cm2) 1.31 2.88 5.63 9.82 

Percent Dying 132 * 75 64 72 

Turnover Time (yr) 0.76 1.33 1.56 1.39 

* As a result of rapid growth and possibly the regeneration of damaged tissue, the area of tissue death in small colonies 
of A. aspera and A. millepora exceeded the original amount present. 

The proportion of tissue lost in colonies of A. aspera and A. millepora over 1 year differed in 

each of the three size classes (p < 0.05, Tab. 2.17). The time required for total tissue turnover in small 

colonies of both species was less than a year, while total tissue turnover in large colonies of both 

species required in excess of a yer and a half (Tab. 2.16). 
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Table 2.17 Repeated measures ANOVA to test for differences in the percentage of tissue lost by A. aspera and A. 
millepora colonies between and among treatments, species and colony size-classes through time in experiment 2. The 
analysis was performed on log (x + 0.01) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom PiIlai's F Statistic Significance 
Time (Ti) 6/225 152.00 p < 0.001 
Treatment (Tmt) 3/230 20.70 p < 0.001 
Species (Sp) 1/230 0.06 NS 
Tmt*Sp 3/230 3.60 p < 0.05 
Rack 8/230 1.78 NS 
Size (Si) 2/230 3.27 p< 0.05 
Si*Rack 16/230 0.60 NS 
Tmt*Si 6/230 1.95 NS 
Sp*Si 2/230 0.40 NS 
Tmt*Sp*Si 6/230 0.83 NS 
Ti *Tmt 18/681 5.18 p < 0.001 
Ti*Sp 6/225 2.51 p< 0.05 
Ti*Tmt*Sp 18/681 2.20 p< 0.01 
Ti *Rack 48/1380 1.22 NS 
Ti *Si 12/452 1.79 p< 0.05 
Ti*Si*Rack 96/1380 0.94 NS 
Ti*Tmt*Si 36/1380 1.76 p< 0.01 
Ti*Sp*Si 12/452 1.26 NS .  
Ti*Tmt*Sp*Si  36/1380 1.57 .p < 0.05  
Residual 230 
Total 1379 

BLEACHING AND RECOVERY 

Several colonies of all three species lost normal pigmentation (ie. they bleached) to some 

extent during summer (between November to March), coincident with extreme seawater temperatures 

and monsoonal rains. These bleaching events affected both manipulated and in situ control colonies. 

i) Experiment 1: 1 m Transplants of G. retiformis 

During experiment 1, 23% of all G. retiformis colonies (56 out of a total of 239), bleached 

between January and March of 1992, coincident with seawater temperatures ranging from 20.4 to 

32.4°C (Fig. 2.19). The frequency of bleaching recorded in March differed among treatments (p < 

0.001, Tab. 2.18). On average, 31% of the controls bleached, while none of the 1 m transplants were 

affected. The average amount of live tissue bleached per affected colony did not differ among any 

of the controls (ca. 22%, Tab. 2.19). Bleaching in the reef flat controls was coincident with the 

seawater temperatures noted above, while for the 1 m transplants, temperatures ranged from 25.6 to 

28.3°C (Fig. 2.19). 
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Jan-Marn  May-Jul Sep-Nov Jan-Mar93  May-Jul Sep-Nov Jan-Mar94  

Month 

Figure 2.19 Maximum and minimum temperatures of each treatment, for each census interval, from January 1992 to 1993 
(the duration of exp. 1), January 1993 to 1994 (exp. 2) and from January 1994 to May 1994 (exp. 3). Treatment 
abbreviations are defined in Figure 2.13 and 2.15. 

Table 2.18 Repeated measures ANOVA to test for differences in the percentage of bleaching in colonies of G. retiformis 
between and among treatments and colony size-classes through time in experiment 1. The analysis was performed on log 
(x + 0.01) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Significance Pillai's F Statistic 

Time (Ti) 6/108 36.96 p< 0.001 
Treatment (Tmt) 2/113 11.75 p< 0.001 
Rack 3/113 1.23 NS 
Size (Si) 2/113 3.06 NS 
Si*Rack 6/113 0.86 NS 
Tmt*Si 4/113 1.05 NS 
Ti *Tmt 12/218 11.75 p < 0.001 
Ti*Rack 18/330 1.23 NS 
Ti *Si 12/218 3.06 NS 
Ti*Si*Rack 36/678 0.86 NS 
Ti*Tmt*Si  24/444 1.05 NS 
Residual 113 
Total 677 
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Table 2.19 Bleaching and fate of colonies as a function of treatment. The proportion of colonies bleaching and the 
percentage of tissue per colony affected by bleaching (bleached colonies only), are shown for each species. Colonies were 
then assigned to one of two categories, bleached (BC) or unbleached (UC). Ten months after the bleaching event, the 
percentage tissue loss and percentage survival were quantified for the bleached and unbleached categories. The effect 
of bleaching on subsequent tissue loss and colony survival was determined with log-linear analyses. Treatment 
abbreviations are defined in Figure 2.13 and 2.15. Data are means. 

Species Treatment: 

IC HC TC 25 cm 50 cm 

G. reaformis 

Proportion of colonies Bleaching in Mar„ 0.35 0.2 0.38 0.00 

% of Live Tissue Bleached / Colony in Mar, 2  19 23 23 0 

% Tissue Loss for BC Mar„ - Jan„ 37 39 19 

% Tissue Loss for UC Mar„ - Jan„ 55 62 29 50 

% Survivorship of BC Mar,,- Jan„ 90 92 100 

% Survivorship of UC Mar„ - Jan„ 90 69 81 85 

A. aspera 
( 

Proportion of colonies Bleaching in Mar93 0.78 0.78 0.83 0.93 0.28 

% of Live Tissue Bleached / Colony in Mar93 37 31 48 20 17 

% Tissue Loss for BC Mono  - Jan94 58 49 68 51 59 

% Tissue Loss for UC Mar93  - Jan„ 76 74 63 129* 90 

% Survivorship of BC Mar93  - Jan94  79 81 88 68 76 

% Survivorship of UC Mar93  - Jan94  92 85 70 50 40 

A. millepora 

Proportion of colonies Bleaching in Mar 93  0.6 0.57 0.35 0.32 0.02 

% of Live Tissue Bleached / Colony in Mar93  62 68 42 10 14 

% Tissue Loss for BC Mar93  - Jan94  46 45 80 52 29 

% Tissue Loss for UC Mar 93  - Jan94  72 80 90 81 92 

% Survivorship of BC Mar„ - Jan 94  75 65 52 63 100 

% Survivorship of UC Mar93  - Jan„ 54 31 38 22 7 

* As a result of rapid growth and possibly the regeneration of damaged tissue, the area of tissue death in unbleached 
25 cm transplants of A. aspera exceeded the original amount present. 
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Chi-Scinare inteiactions 

Bl 1 0.36 NS 
% Tissue Lost Tmt*B1 3 0.17 NS 

Si*B1 2 0.12 NS 
	  Tmt*Si*B1 6 0.07 NS 

B1 1 2.45 NS 
% Survival Tmt*B1 3 1.92 NS 

Si*B1 2 0.45 NS 
	  Tmt*Si*Bl 6 0.13 NS 

Likelihood Ratio 0 0.00 	 p = 1.000 

Significance 

Chapter 2 

Log-linear analysis of the fate of live colonies subsequent to bleaching, revealed that amounts 

of tissue loss and colony survivorship after 10 months did not differ significantly among bleached or 

unbleached colonies (Tab. 2.19 & p = NS, Tab. 2.20). This indicates that colonies of G. retiformis 

may readily recovery from partial bleaching. 

The frequency and extent of bleaching in the controls of G. retiformis did not differ 

significantly between size-classes (p = NS, Tab. 2.18). Around 23% of all live colonies in each size-

class bleached), and a similar percentage of live tissue bleached per colony, irrespective of their size 

(ca. 29%). Analysis of the fate of colonies subsequent to bleaching also failed to reveal any size-

specific pattern of tissue loss or mortality in bleached and unbleached colonies after a 10 month 

period (Tab. 2.20). 

Table 2.20 Log-linear analysis of the bleaching effects on the fate (tissue loss and survival) of G. retiformis colonies, 10 
months after bleaching in experiment 1. The variable Bleaching, BI, represents data for both bleached and unbleached 
colonies. All other variables are defined in Table 2.18. The percentage of tissue lost in colonies and their percentage 
survival were both analysed separated and each analysis included data from all treatments. N$ = non significant. 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

During experiment 2, colonies of A. aspera and A. millepora bleached twice, between January 

and March of 1993 (coincident with a wide seawater temperature range of 20.3 to 32.2°C), and 

between November 1993 and January 1994 (with temperatures of 18.5 to 33.6°C, Fig. 2.19). The 

frequency of bleaching was very similar for both bleaching events. Overall, 63% bleached in the first 

bleaching event (328 colonies out of a total of 522), and 72% in the second (246 colonies out of 341). 

Around 30% of live tissue per colony bleached in the first event and 35% in the second. Only data 

collected from the first bleaching event in March 1993 is presented below and used to assess 

differences in the fate of bleached and unbleached colonies of A. aspera and A. millepora through 
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time. 

The frequency of bleaching in both A. aspera and A. millepora in March differed among 

treatments (p < 0.001, Tab. 2.21). For both species combined, 65% of the in situ controls, handling 

controls, translocated controls and 25 cm transplants bleached, while only 15% of the 50 cm 

transplants were affected. The percentage of tissue bleached was significantly higher in the controls 

(ca. 47%) than in the 25 cm and 50 cm transplants (ca. 16%). Bleaching in the controls coincided 

with seawater temperatures ranging from 20.3 to 32.2°C, while bleaching in the 25 cm and 50 cm 

transplants occurred with temperatures from 22.4 to 30.4°C and 24.6 to 29.2°C, respectively (Fig. 

2.19). 

Bleached and unbleached colonies in experiment 2 exhibited striking differences in amounts 

of tissue loss (p < 0.001) and colony survivorship (p < 0.001), irrespective of treatment (Tab. 2.22). 

Typically, colonies which did not bleach at the start of the experiment experienced higher amounts 

of tissue loss and lower rates of survivorship after 10 months, in contrast to those which bleached 

(Tab. 2.19). This historical effect of non-bleaching was most evident in the 25 cm and 50 cm 

transplants (p < 0.001, for tissue loss and survivorship data, Tab. 2.22). This suggests that colonies 

of A. aspera and A. millepora may do better after recovering from partial bleaching. 

Striking differences were also evident in the frequency of bleaching between colonies of A. 

aspera and A. millepora (p < 0.001, Tab. 2.21). Twice as many colonies of A. aspera bleached in 

March (ca. 72%), compared to those of A. millepora (ca. 37%). A similar amount of live tissue per 

colony was bleached in both species (ca. 30%) during the event. In both species, rates of tissue loss 

and colony mortality were generally highest among unbleached colonies, particularly among the 25 

cm and 50 cm transplants (Tab. 2.19). For all treatments combined, patterns of tissue loss between 

unbleached and bleached colonies were similar between species (p = NS, Tab. 2.22). Around 85% 

of tissue died in unbleached colonies of both species after 10 months, while bleached colonies of both 

species only lost 54% (Tab. 2.19). In contrast, patterns of colony survivorship between unbleached 

and bleached colonies differed between species (p < 0.001, Tab. 2.22). Bleached colonies of both 

species exhibited similar rates of survivorship (78% for colonies of A. aspera and 71% for those of 

A. millepora after 10 months), and unbleached colonies of A. millepora exhibited significantly lower 
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Source of Variation Degrees of Freedom`" Pillars F Statistic 

Time (Ti) 6/225 214.05 p< 0.001 
Treatment (Tmt) 3/230 15.00 p < 0.001 
Species (Sp) 1/230 34.05 p < 0.001 
Tmt*Sp 3/230 4.01 p < 0.01 
Rack 8/230 0.43 NS 
Size (Si) 2/230 1.24 NS 
Si*Rack 16/230 0.40 NS 
Tmt*Si 6/230 0.55 NS 
Sp*Si 2/230 1.60 NS 
Tmt*Sp*Si 6/230 1.14 NS 
Ti *Tmt 18/681 4.95 p < 0.001 
Ti*Sp 6/225 14.18 p < 0.001 
Ti*Tmt*Sp 18/681 2.06 p < 0.05 
Ti*Rack 48/1380 0.65 NS 
Ti *Si 12/452 0.93 NS 
Ti*Si*Rack 96/1380 1.01 NS 
Ti*Tmt*Si 36/1380 1.29 NS 
Ti*Sp*Si 12/452 1.37 NS 
Ti*Tmt*Sp*Si  36/1380 1.79 p< 0.05  
Residual 230 
Total 1379 

egrees of Freedom .  •. 
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rates of survivorship (30%) than unbleached colonies of A. aspera (67%). 

Table 2.21 Repeated measures ANOVA to test for differences in the percentage of bleaching in colonies of A. aspera 
and A. millepora between and among treatments, species and colony size-classes through time in experiment 2. The 
analysis was performed on log (x + 0.01) transformed data and excludes data for the in situ controls. NS = non significant. 

Table 2.22 Log-linear analysis of the bleaching effects on the fate (tissue loss and survival) of A. aspera and A. millepora 
colonies, 10 months after bleaching in experiment 2. The variable Bleaching, B1, represents data for both bleached and 
unbleached colonies. All other variables are defined in Table 2.21. The percentage of tissue lost in colonies and their 
percentage survival were both analysed separated and each analysis included data from all treatments. NS = non 
significant. 

% Tissue Lost 
B1 
Tmt*Bl 
Sp*Bl 
Si*B1 

4 
1 
2 

35.53 
23..2 
0.06 
0.04 

p < 0.001 
p < 0.001 

NS 
NS 

Tmt*Sp*B1 4 10.03 p< 0.05 
Tmt*Si*B1 8 0.86 NS 
Sp*Si*Bl 2 0.05 NS 

	  Tmt*Sp*Si*B1 8 1.64 NS 
B1 1 85.16 p < 0.001 

% Survival Tmt*B1 4 47.78 p < 0.001 
Sp*B1 1 33.01 p < 0.001 
Si*B1 2 0.12 NS 
Tmt*Sp*B1 4 9.54 p < 0.05 
Tmt*Si*Bl 8 0.93 N$ 
Sp*Si*B1 2 0.07 NS 

	  Tmt*Sp*Si*Bl  8 1.88 NS 
Likelihood Ratio 0 	 0.00 p = 1.000 
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Source of Variation 	Degrees of Freedom 	% Mean Square 

   

Treatment (Tmt) 
Size (Si) 
Rack 

2/1 
2/2 
1/2 

10.36 
64.74 
0.89 

p < 0.05 
p < 0.001 

NS 
Tmt*Si 4/2 20.85 p < 0.001 
Si*Rack  2/42 0.04 NS 
Residual 42 
Total 53 
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The frequency and extent of bleaching did not differ between size-classes in either species (p 

= NS, Tab. 2.21). For both species combined, around 55% of colonies in each size-class bleached, 

and a similar percentage of total tissue (ca. 36%) bleached per colony, irrespective of their size. Size-

specific patterns of tissue loss and mortality did not differ among bleached or unbleached colonies, 

of either species, after 10 months (Tab. 2.22). 

BIOEROSION 

i) Experiment 1: 1 m Transplants of G. retiformis 

For all size-classes combined, the total number of boring taxa in live colonies of G. retiformis 

did not differ substantially among treatments (p < 0.05, Tab. 2.23). The in situ and handling controls 

had on average 8.3 bioeroders per colony, whereas the translocated controls and the 1 m transplants 

had only 6.3. In contrast, the percentage of skeletal erosion per colony differed significantly among 

treatments (p < 0.01, Tab. 2.24). Overall, the 1 m transplants exhibited a 92% increase in the total 

percentage of skeletal erosion per colony, relative to the controls. Around 9% of the skeleton per 

colony was eroded by boring taxa in the controls, whereas 18% had been lost through bioerosion in 

the 1 m transplants. This difference in bioerosion in the deeper site, was due to a significant increase 

in the erosion caused by boring filamentous algae (Ostreobium sp., p < 0.05, Tab. 2.25) and boring 

sponges (Cliona sp., p < 0.05, Tab. 2.26). Polychaetes (Spirobranchus sp.), bivalves (Lithophaga sp.) 

and cirriped barnacles were equally prevalent among treatments. For all control colonies of G. 

retiformis, the percentage of skeletal erosion caused by each boring agent was ordered as: 

Polychaetes > algae > sponges > bivalves > barnacles, whereas in the 1 m transplants it was ranked 

Table 2.23 Three-factor nested ANOVA to test for differences in the total number of boring taxa in G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 0.001) 
transformed data and excludes data for the in situ controls. NS = non significant. 
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p < 0.05 
p < 0.001 

NS 
p < 0.001 

NS 

Source of Variation ,I:legrees of Freedoln % Mean Square. 

Treatment (Tmt) 2/1 41.08 
Size (Si) 2/2 46.23 
Rack 1/2 < 0.01 
Tmt*Si 4/2 11.31 
Si*Rack  2/42 < 0.01 
Residual 42 
Total 53 

% Mean Square ' Source of Variation 

Treatment (Tmt) 
Size (Si) 
Rack 

2/1 
2/2 
1/2 

42.56 
54.22 
< 0.01 

p < 0.05 
p < 0.01 

NS 
Tmt*Si 4/2 1.89 NS 
Si*Rack  2/42 < 0.01 NS 
Residual 42 
Total 53 
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as: Algae > polychaetes > sponges > bivalves > barnacles. 

Table 2.24 Three-factor nested ANOVA to test for differences in the percentage of bioerosion in G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 1) 
transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 2/1 25.59 p < 0.01 
Size (Si) 2/2 63.60 p < 0.001 
Rack 1/2 < 0.01 NS 
Tmt*Si 4/2 10.11 p < 0.001 
Si*Rack  2/42 < 0.01 NS 
Residual 42 
Total 53 

Table 2.25 Three-factor nested ANOVA to test for differences in the percentage of Ostreobium sp. in G. retiformis 
colonies between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x 
+ 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Table 2.26 Three-factor nested ANOVA to test for differences in the percentage of Cliona sp. in G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 1) 
transformed data and excludes data for the in situ controls. NS = non significant. 
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a) 

IC HC TC I m  

b) 

IC HC TC I m 

Treatment 	 OS Small Colonies 
FE Medium Colonies 
E Large Colonies 

Figure 2.20 Bioerosion of live G. retiformis colonies (mean ± SE) as a function of treatment and colony size: a) total 
boring taxa / colony, b) percentage skeletal erosion / colony. Treatment abbreviations and size-class dimensions are 
defined in Figure 2.13 and 2.15. Sample sizes range from 4 to 8 replicates / size-class. 

For G. retiformis, the total number of boring taxa per colony and the percentage of skeletal 

erosion per colony were both highly influenced by colony size (p < 0.001, Tab. 2.23 & 2.24, & Fig. 

2.20). Typically, small colonies had the lowest number of bioeroders per colony and the lowest 

percentage of skeletal erosion. Boring algae (p < 0.001, Tab. 2.25), clionid sponges (p < 0.01, Tab. 

2.26), bivalves (p < 0.05, Tab. 2.27) and the polychaete Spirobranchus sp. (p < 0.001, Tab. 2.28) were 

uncommon in small colonies but readily abundant in larger colonies. These size-specific trends in 

the number of bioeroders per colony and the percentage of erosion per colony were evident in most 

treatments. However, a similar number of bioeroders were found among the 1 m transplants, 

irrespective of colony size (Fig. 2.20). This result was due to a significant increase in the prevalence 

of clionid sponges in small live colonies which were transplanted 1 m deeper (p < 0.05, Tab. 2.26). 

Nevertheless, small colonies in the deeper site still had a lower percentage of skeletal erosion than 

larger colonies (Fig. 2.20). 

Table 2.27 Three-factor nested ANOVA to test for differences in the percentage of bivalve excavations in G. retiformis 
colonies between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x 
+ 1) transformed data and excludes data for the in situ controls. NS = non significant. 

''Source of Variation Degrees of Freedom' Significance 

Treatment (Tmt) 2/1 10.70 
Size (Si) 2/2 72.15 
Rack 1/2 2.24 
Tmt*Si 4/2 10.73 
Si*Rack  2/42 1.67 
Residual 42 
Total 53 

NS 
p < 0.05 

NS 
NS' 
NS 
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Table 2.28 Three-factor nested ANOVA to test for differences in the percentage of polychaete excavations in G. 
retiformis colonies between and among treatments and colony size-classes, in experiment 1. The analysis was performed 
on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

" Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 
Size (Si) 

2/1 
2/2 

13.06 
44.93 

p < 0.05 
p < 0.001 

Rack 1/2 1.03 NS 
Tmt*Si 4/2 38.07 p < 0.001 
Si*Rack  2/42 2.81 NS 
Residual 42 
Total 53 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

For all treatments combined, colonies of A. aspera and A. millepora had an average of only 

1.03 bioeroders which had eroded an average of only 1.24% of their skeletons prior collection. 

Consequently, patterns of bioerosion in these species were not assessed any further. 

COLONY FECUNDITY 

i) Experiment 1: 1 m Transplants of G. retiformis 

The fecundity (or number of oocytes / cm 2) of G. retiformis colonies differed among 

treatments (p < 0.001, Tab. 2.29). Compared to the controls, the 1 m transplants exhibited an 89% 

decrease in fecundity. Overall, the mean number of eggs per square centimeter among treatments was 

ranked as follows: In situ controls (291.1 ± 15.1) > translocated controls (207.6 ± 15.8) = handling 

controls (182.1 ± 15.5) » 1 m transplants (24.9 ± 3.7). This decrease in fecundity in the 1 m 

transplants of G. retiformis, was almost entirely due to a significant decrease in the number of oocytes 

per polyp, from 45.8 ± 3.1 in the controls to 6.7 ± 1.0 (p < 0.01, Tab. 2.30) and to a slight decrease 

in the number of polyps per unit surface area, from 5.0 ± 0.1 in the controls to 3.7 ± 0.1 (p < 0.05, 

Tab. 2.31). Oocyte volume did not differ among treatments and averaged 0.013 ± 0.001 mm 3  for all 

colonies of G. retiformis (p = NS, Tab. 2.32). 
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Source of Variation Degrees of Freedom 

Treatment (Tmt) 
Size (Si) 

2/1 
2/2 

75.41 
22.02 

p< 0.001 
p < 0.001 

Rack 1/2 < 0.01 NS 
Colony 2/148 < 0.01 NS 
Tmt*Si 4/2 1.67 p< 0.05 
Si*Rack  2/2 < 0.01 NS 
Residual 148 
Total 161 

Degrees of Freedom 

   

Treatment (Tmt) 2/1 71.17 p < 0.01 
Size (Si) 2/2 26.98 p< 0.001 
Rack 1/2 < 0.01 NS 
Colony 2/148 0.44 NS 
Tmt*Si 4/2 0.92 p < 0.01 
Si*Rack  2/2 < 0.01 NS 
Residual 148 
Total 161 

-Source ofNariation 

Treatment (Tmt) 
Size (Si) 

2/1 
2/2 

97.00 
2.53 

Rack 1/2 < 0.01 
Colony 2/148 < 0.01 
Tmt*Si 4/2 0.44 
Si*Rack  2/2 < 0.01 
Residual 148 
Total 161 

Significance 

p < 0.05 
NS 
NS 
NS 
NS 
NS 
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Table 2.29 Four-factor nested ANOVA to test for differences in the number of oocytes / cm 2  in G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 1) 
transformed data and excludes data for the in situ controls. NS = non significant. 

Table 2.30 Four-factor nested ANOVA to test for differences in the number of oocytes / polyp in G. retiformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on log (x + 1) 
transformed data and excludes data for the in situ controls. NS = non significant. 

Table 2.31 Four-factor nested ANOVA to test for differences in the number of polyps / cm 2  in G. renformis colonies 
between and among treatments and colony size-classes in experiment 1. The analysis was performed on non-transformed 
data and excludes data for the in situ controls. NS = non significant. 
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Table 2.32 Four-factor nested ANOVA to test for differences in the oocyte volume of G. retiformis colonies between 
and among treatments and colony size-classes in experiment 1. The analysis was performed on non-transformed data and 
excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 2/1 1.27 NS 
Size (Si) 2/2 0.21 NS 
Rack 1/2 4.20 NS 
Colony 2/148 24.12 NS 
Tmt*Si 4/2 10.80 NS 
Si*Rack  2/2 59.37 NS 
Residual 148 
Total 161 

G. retiformis 	 A. aspera 	 A. millepora 

Figure 2.21 Fecundity of colonies (mean ± SE), as a function of size and treatment. Treatment abbreviations and size-
class dimensions are defined in Figure 2.13 and 2.15. Sample sizes range from 4 to 8 replicates / size-class. 

The fecundity of G. retiformis colonies was also strongly dependent on colony size (p < 0.001, 

Tab. 2.29 & Fig. 2.21). Typically, small colonies had the lowest fecundity, and fecundity increased 

with increasing colony size. The mean number of eggs per square centimeter ranged two-fold among 

colony size-classes and was ranked as: Small colonies (99.0 ± 10.6) edium colonies (169.0 ± 

14.10arge colonies (261.4 ± 17.4). Differences in fecundity between colony size-classes of G. 

retiformis differed slightly among treatments (p < 0.05, Tab. 2.29 & Fig. 2.21). This was because 

small colonies transplanted 1 m deeper exhibited a proportionally greater decrease in fecundity than 

larger colonies subjected to the same treatment, relative to the controls. Regardless, all differences 

in fecundity among colony size-classes, were due to differences in the number of oocytes per polyp 

(p < 0.001, Tab. 2.30). The number of polyps per unit surface area did not change (p = NS, Tab. 
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2.31), and oocyte volume was similar in all colonies of G. retiformis, irrespective of colony size (p 

= NS, Tab. 2.32). 

ii) Experiment 2: 25 cm and 50 cm Transplants of A. aspera and A. millepora 

The fecundity of A. aspera and A. millepora differed in response to very small changes in 

depth (p < 0.05, Tab. 2.33). In contrast to the controls (which remained constant), colony fecundity 

decreased two-fold in the 25 cm and 50 cm transplants. The mean number of eggs per square 

centimeter among treatments was: In situ controls (106.3 ± 6.3) = handling controls (105.3 ± 6.3) = 

translocated controls (101.8 ± 6.7) >> 25 cm transplants (45.5 ± 3.6) > 50 cm transplants (37.5 ± 3.4). 

This decrease in fecundity in the 25 cm and 50 cm transplants, was primarily due to a decrease in the 

number of oocytes per polyp, from 23.4 ± 0.1 in the controls to 19.4 ± 0.1 (p < 0.05, Tab. 2.34) as 

well as a decrease in the number of polyps per unit surface area, from 4.5 ± 0.3 in the controls to 2.1 

± 0.2 (p < 0.05, Tab. 2.35). Oocyte volume in colonies of A. aspera and A. millepora did not differ 

among treatments (p = NS, Tab. 2.36). 

The fecundity of the two Acropora species differed significantly (p < 0.05, Tab. 2.33). The 

number of eggs per square centimeter in A. millepora (107.0 ± 4.6) was almost double that of A. 

aspera (56.1 ± 2.6). This was due to a difference in the number of oocytes per polyp between species, 

with 4.7 ± 0.2 in A. millepora and 2.5 ± 0.1 in A. aspera (p < 0.05, Tab. 2.34). The number of polyps 

per unit surface area did not differ between species and averaged 22.0 ± 0.1 (p = NS, Tab. 2.35). Egg 

volume did not differ between species either, and for all colonies combined it averaged 0.074 ± 0.004 

mm3  (p = NS, Tab. 2.36). As expected, small colonies of both species were the least fecund, with the 

lowest number of oocytes per square centimeter (p < 0.01, Tab. 2.33 & Fig. 2.21). The mean number 

of oocytes per square centimeter among size-classes of A. aspera was ordered as: Large colonies 

(85.0 ± 4.3) > medium colonies (52.5 ± 3.5) > small colonies (30.9 ± 3.4). For A. millepora it was: 

Large colonies (149.0 ± 9.2) > medium colonies (101.2 ± 5.9) > small colonies (64.9 ± 4.7). 
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Treatment (Tmt) 3/1 27.44 p < 0.05 
Species (Sp) 1/1 19.16 p < 0.05 
Size (Si) 2/2 39.73 p < 0.01 
Rack 1/2 0.22 NS 
Colony 2/385 0.03 NS 
Tmt*Sp 3/1 7.91 NS 
Tmt*Si 6/2 1.96 NS 
Sp*Si 2/2 0.15 NS 
Si*Rack 2/2 0.17 NS 
Tmt*Sp*Si  6/2 2.63 p  < 0.05 
Residual 385 
Total 413 

egreesOf Freedont 
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Table 2.33 Five-factor nested ANOVA to test for differences in the number of oocytes / cm' in A. aspera and A. 
millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was 
performed on non-transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 3/1 27.25 p < 0.05 
Species (Sp) 1/1 25.36 p < 0.05 
Size (Si) 2/2 29.76 p < 0.01 
Rack 1/2 0.16 NS 
Colony 2/385 1.04 NS 
Tmt*Sp 3/1 9.42 NS 
Tmt*Si 6/2 3.64 p < 0.05 
Sp*Si 2/2 2.35 p < 0.05 
Si*Rack 2/2 0.06 NS 
Tmt*Sp*Si  6/2 1.65 p  < 0.05  
Residual 385 
Total 413 

Table 2.34 Five-factor nested ANOVA to test for differences in the number of oocytes / polyp in A. aspera and A. 
millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was 
performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = noh significant. 

Size-specific differences in fecundity in the Acropora species differed slightly among treatments (p 

< 0.05, Tab. 2.33 & Fig. 2.21). This was because large colonies of A. aspera transplanted 50 cm 

deeper exhibited a proportionally larger decrease in fecundity than smaller colonies subjected to the 

same treatment (c.f. the controls). A similar disproportionate decrease in fecundity was evident in 

large colonies of A. millepora which were transplanted 25 cm deeper. Apart from these two 

exceptions, large colonies of both species always had the highest fecundity and small colonies, the 

lowest. This was most evident in the 50 cm transplants, where no egg production per unit area was 
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Significance ounce of Variation Degrees of Freedom 

Treatment (Tmt) 3/1 8.62 
Species (Sp) 1/1 11.14 
Size (Si) 2/2 0.38 
Rack 1/2 5.02 
Colony 2/385 26.87 
Tmt*Sp 3/1 1.44 
Tmt*Si 6/2 2.67 
Sp*Si 2/2 0.95 
Si*Rack 2/2 34.76 
Tmt*Sp*Si  6/2 8.02 
Residual 385 
Total 413 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
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detected in small colonies of A. millepora. Despite the size-specific differences in colony fecundity, 

egg volume in both species was unaffected by colony size (p = NS, Tab. 2.36). 

Table 2.35 Five-factor nested ANOVA to test for differences in the number of polyps / cm' in A. aspera and A. millepora 
colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was performed 
on non-transformed data and excludes data for the in situ controls. NS = non significant. 

• 	Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 3/1 95.00 p < 0.05 
Species (Sp) 1/1 2.02 NS 
Size (Si) 2/2 1.02 NS 
Rack 1/2 < 0.01 NS 
Colony 2/385 < 0.01 NS 
Tmt*Sp 3/1 1.27 NS 
Tmt*Si 6/2 0.06 NS 
Sp*Si 2/2 0.02 NS 
Si*Rack 2/2 < 0.01 NS 
Tmt*Sp*Si  6/2 < 0.01 NS 
Residual 385 
Total 413 

Table 2.36 Five-factor nested ANOVA to test for differences in oocyte volume in A. aspera and A. millepora colonies 
between and among treatments, species and colony size-classes in experiment 2. The analysis was performed on log (x 
+ 0.001) transformed data and excludes data for the in situ controls. NS = non significant. 

CAUSES OF MORTALITY, SHRINKAGE, TISSUE LOSS AND REDUCED FECUNDITY 

The causes of mortality, shrinkage, tissue loss and reduced fecundity could not be identified 

with complete confidence, and undoubtedly included agents other than those described here. 

However, there were clear biological interactions and physical factors associated with these changes. 
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Biological Interactions 

In all experiments, fewer than 5% of all colonies were affected by competitive interactions 

with other corals. Several experimental colonies were indirectly affected by dislodged coral 

fragments. During rough conditions, fragments of the branching species A. aspera, Porites cylindrica 

Dana and Millepora tenella Linnaeus were occasionally swept onto experimental colonies in shallow 

sites. In some instances, these fragments became established and hindered the growth of some of the 

experimental colonies. Most of the colonies examined (ca. 90%) were affected to some extent by 

other reef biota. Grazing scars inflicted by fishes such as scarids (eg. Scarus sordidus), were evident 

in all treatments, but most pronounced in the deeper transplants. A few corallivorous gastropods (eg. 

Drupella rugosa), were also evident among several colonies of A. aspera and A. millepora located 

50 cm deeper. However, the most striking biological agent of colony tissue (  loss, shrinkage and 

mortality in all of the experiments, was colony overgrowth by filamentous algae. Several 

pomacentrids, most notably Dischistodus prosopotaenia, established algal territories over many 

colonies located in deeper sites. Algae within these territories often grew rapidly and occasionally 

completely smothered some of the depth transplants. In contrast, only a few minor algal territories 

were established over control colonies and those that were, were guarded primarily by Cheiloprion 

labiatus, a smaller damsel fish species. Small pockets of sediment often accumulated in algal patches, 

so it was not always possible to determine whether competition with algae or sedimentation was the 

source of coral damage. Although competitive interactions with filamentous algae were observed 

among all treatments during every census, the most prolific algal growth was observed every summer, 

coincident with extreme high and low seawater temperatures. 

Seawater Temperatures 

Seawater temperatures differed among depths (t-test statistics: p < 0.001 for all temps. 

recorded in exp.1 and for min. temps. recorded in exp. 2, and p < 0.05 for max. temps. recorded in 

exp. 2 and for all temps. recorded in exp. 3, Fig. 2.19). All of the shallow control colonies were 

subjected to the greatest fluctuations in temperature, especially during summer, and temperature 
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fluctuations decreased with increasing depth. Throughout the entire study, the controls experienced 

temperatures ranging from 18.5 to 33.6°C, the 25 cm and 50 cm transplants experienced temperatures 

from 22.0 to 32.1°C and 23.9 to 30.8°C, respectively, and the 1 m transplants only experienced 

temperatures ranging from 23.8 to 28.3°C. 

( 
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DISCUSSION 

CORAL ZONATION 

There were striking differences in the distribution and abundance of the target species in Little 

Pioneer Bay, with Acropora millepora most prevalent at the crest, Acropora aspera most common 

on the outer flat, and Goniastrea retiformis equally abundant from the mid flat to the reef crest (Tab. 

2.2). These distribution patterns have been observed in natural populations in the Indo-Pacific (eg. 

Morrissey 1980, Bothwell 1984; Brown et al. 1985; Veron 1986; Larcombe 1990). These species are 

usually found only in shallow reef environments, but in these environments they may dominate 

specific depth zones. 

Mean colony size for each species varied between depths and was not always greatest at 

deeper sites or where colonies were in the greatest abundance (Fig. 2.12 & Tab. 2.2) Colonies of A. 

millepora increased in size and abundance with increasing depth, from the mid flat to the reef crest, 

whereas colonies of A. aspera were largest and at their greatest abundance on the outer flat. Colonies 

of G. retiformis, like those of A. millepora, increased in size with increasing depth, but were found 

in equal abundance in all shallow reef sites. This difference in the size-distribution of the species, is 

likely to reflect differences in the species' population size-structure and dynamics. 

POPULATION STRUCTURE AND DYNAMICS OF CORALS 

Population Structures 

Populations of each species were numerically dominated by small colonies (< 5 cm in 

diameter, Fig. 2.12). This is common in many coral populations throughout the Indo-Pacific 

(Babcock 1991; Stimson 1985) and the Caribbean (Bak & Engel 1979; Hughes & Jackson 1985; 

Soong 1993). As shown here (Fig. 2.12) and in other studies (eg. See Sheppard 1980; Hughes & 

Jackson 1985), the size-structure of a species may also vary with depths. Size frequency distributions 

of populations merely describe existing patterns (Sebens 1983), and are driven to some,extent by 

episodic and spatially variable rates of recruitment. However, this study showed that the size-

structure of each species within each depth zone was relatively constant between the two locations, 
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despite differences in the relative abundance of corals. Therefore, the size-distributions observed may 

be largely the result of depth-dependent environmental factors affecting recruitment, growth, 

shrinkage and mortality and their ultimate expression in colony size. The abundance of corals is 

obviously dependent on the balance between rates of colony mortality and recruitment and growth. 

Growth Constraints 

For two of the shallow-water species, G. retiformis and A. millepora, subaerial stresses in the 

intertidal outer reef flat appear to pose strict constraints on growth (eg. see Babcock 1991 for other 

examples). For the third species, A. aspera, which dominates this habitat, colony growth appears less 

constrained by the environment. Of the three species, shrinkage was greatest in small colonies of G. 

retiformis. However, many larger colonies also shrunk considerably after 1 year (Fig. 2.17), and since 

rates of linear growth were very low (ca. 6 mm / year, Fig. 2.18), compared to the rates of shrinkage 

(Fig. 2.17), this massive species exhibited negative net growth through the 6ourse of a year. In 

Acropora millepora, rates of growth and shrinkage were almost balanced. This species had relatively 

fast rates of linear growth (ca. 22 mm / year), but as a result of colony injury, it also experienced little 

net growth over a year (Fig. 2.17). In contrast, the branching species, A. aspera, exhibited the greatest 

positive net growth throughout the year. It rarely shrank as a result of external influences (Fig. 2.17), 

and had the fastest rates of linear growth (ca. 46 mm / year). 

There are notable differences between realized net growth and the potential for individual 

colony growth which merit mention (Bak 1976; Hughes & Jackson 1985). Extrinsic factors such as 

algal overgrowth, sedimentation, competition and predation, may enhance colony fission and directly 

or indirectly affect colony size. While net growth was highest in A. aspera and lowest in G. retiformis 

(Fig. 2.17), colonies of both species often underwent fission and produced a similar number of 

daughter colonies throughout the course of a year (Tab. 2.12). As a result of the differential between 

rates of growth and shrinkage, daughter colonies produced by the branching species often attained a 

larger size than those produced by the massive species. Extrinsic constraints on growth, such as these, 

may be analogous to senescence in aclonal species (eg. see Babcock 1991). All of the corals 

examined here have indeterminate growth (ie. rates of linear extension independent of colony size), 
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so are not likely to senesce (Connell 1973; Harper 1980; Hughes & Jackson 1985; Sebens 1987; 

Babcock 1991). The upper limits to colony size may be set, to some extent, by colony morphology 

and the environmental constraints of the species (eg. See Hughes & Jackson 1985; Sebens 1987; 

Babcock 1991). 

Colonies of all species were injured at some time throughout the study, but they exhibited 

marked differences in rates of tissue loss. Rates of tissue loss were lowest in G. retifonnis (Tab. 

2.16), probably because it is inherently less susceptible to physical damage due to its massive 

morphology and is a relatively good competitor in the natural environment, capable of extra-

coelenteric interaction (Loya 1976b). Highest rates of tissue turnover occurred in A. millepora (Tab. 

2.16), probably because of its relatively high growth rates, more fragile corymbose morphology and, 

as observed in the field, its poor ability to recover from algal overgrowth. Rates of tissue turnover 

in A. aspera were high, but considerably lower than those in A. millepora (Tab. 2.16). Acropora 

aspera often fragments under mechanical stress and daughter colonies are locally dispersed and may, 

as observed in this study, outcompete other corals entirely. As mentioned previously, several 

fragments of this species became established in this way among the shallow control sites. Clearly, 

this would entail some physiological investment (eg. rapid linear extension) to avoid sediment 

accumulation or algal overgrowth. Recent studies have shown that rates of tissue regeneration in 

corals may be slowed as a result of sediment-related or thermal stress (Meesters & Bak 1993; 

Meesters et al. 1992). This may account for higher rates of shrinkage among colonies of A. millepora 

during summer months (Fig. 2.17), coincident with extreme seawater temperatures (Fig. 2.19), and 

with strong monsoonal westerly winds, which can directly affect turbidity regimes. Rates of tissue 

turnover for G. rettformis are within the range of those found for other similar massive reef flat 

species (Babcock 1991). Rates of tissue turnover in branching and corymbose corals have not been 

documented previously. However, as shown here in A. aspera and A. millepora, they are considerably 

faster than those known for either massive (Babcock 1991) or foliaceous species (Hughes & Jackson 

1985). 
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Bleaching and Recovery 

In summer, the percentage of bleaching in corals was highest in branching colonies of A. 

aspera (0.80), lower in corymbose colonies of A. millepora (0.51) and lowest in massive colonies of 

G. retiformis (0.31, Tab. 2.19 with all controls combined). This ranking is similar to that found when 

species with different growth morphologies are ranked in terms of their thermal tolerances and 

respiratory rates (Jokiel & Coles 1974, 1977). However all species, irrespective of their size or 

morphology, lost normal pigmentation to a similar extent during each mass bleaching event, (on 

average < 40% of live tissue bleached per colony). Partial bleaching did not leave individuals more 

susceptible to injury or mortality (c.f. Goreau & MacFarlane 1990; Meesters & Bak 1993). All 

species examined appeared to be tolerant to periodic exposure to the air, and to partial bleaching, 

which is often induced by temperature and salinity extremes, excessive solar radiation or shading 

(Rogers 1979; Egana & DiSalvo 1982; Brown & Howard 1985; Hoegh-Guldberg & Smith 1989; 

Jokiel & Coles 1990; Szmant & Gassman 1990). Interestingly, rates of tissue loss and mortality 

subsequent to partial bleaching in A. aspera and A. millepora were often higher in colonies which had 

not bleached during summer, in contrast to those which had (Tab. 2.19). This indicates that partial 

bleaching may be an adaptive mechanism for shallow-water reef corals. This finding may support 

the hypothesis proposed by Buddemeier & Fatten (1993) that partial bleaching may act as a normal 

regulatory process to maintain stable symbiotic algal populations in host species. It also has 

implications for current evaluation measures used to assess impacts of bleaching on reef corals. 

Mortality Patterns 

Growth form and dynamics probably influence not only a coral's recovery from injuries but 

may also affect survival. Rates of colony survivorship were highest in G. retiformis, moderately high 

in A. aspera and lowest in A. millepora which appeared the least able to recover from physical or 

biological damage (Fig. 2.13, Fig. 2.15). The survivorship of all species was size-dependent, with 

highest mortalities among small colonies (eg. Fig. 2.15). These mortality patterns represent Type III 

survivorship curves (Begon & Mortimer 1986) and are similar to those found in other coral species 

(Connell 1973; Loya 1976a; Bak & Engel 1979; Harriott 1985; Hughes & Jackson 1985; Babcock 
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1991). Small colonies may have a poor ability to recover from injuries (Connell 1973), and may be 

more susceptible to algal overgrowth or sediment accumulation. Based on probabilities alone, 

Jackson (1979) noted that the chance of any event killing a small colony outright is greater than that 

for a large colony. Hughes and Jackson (1980, 1985) and Babcock (1991), demonstrated that 

although large colonies are rarely killed outright, they experience a higher incidence of injury. This 

may also explain the observed higher frequency of tissue fission among larger size-classes (Tab. 

2.12). 

Fission 

The frequency of fission differed between species (Tab. 2.12). The annual probability of 

fission in A. millepora was relatively low (0.12), but comparable to highest values found in foliaceous 

species, such as Leptoseris cucullata Ellis & Solander and Agaricia lamarcki Milne Edwards & 

Haime (Hughes & Jackson 1985). In contrast, the annual probability of fission (in G. retiformis was 

slightly higher (0.15), and far exceeds that recorded for massive reef flat corals (ca. 0.03, Babcock 

1991), possibly because annual monitoring (eg. Babcock 1991), rather than bimonthly, is likely to 

underestimate actual rates of fission within coral populations. No previous studies have documented 

rates of fission for branching corals, although Hughes and Connell (1987) suggested that rates of 

fission are likely to be greater in branching corals than those with other growth morphologies. This 

suggestion has been supported, as the annual proportion of fission in A. aspera over 1 year was 

extremely high at 0.44; a rate twice that exhibited by G. retiformis and three-times that exhibited by 

A. millepora. 

Reproduction 

There is speculation on whether daughter colonies formed as a result of injury or breakage, 

rather than those formed by intrinsic means, are adaptive (eg. Hughes et al. 1992). This is because 

few studies have measured the combined survivorship of daughter colonies formed, together with the 

total sexual reproductive output of the genet (Tab. 2.12 & Fig. 2.21). Because all colonies remaining 

after fission are smaller in size than before, and fecundity is often directly related to colony size (Kojis 
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& Quinn 1985; Szmant-Froelich 1985; Babcock 1991; Fig. 2.21), the process of tissue fission may 

cause a temporary decrease in total fecundity. Fission appears to form an integral part of the life 

history of A. aspera, but an incidental set back in the life histories of G. retiformis and A. millepora. 

Colonies of A. aspera were the least fecund, but often produced daughter colonies by fission, with 

high rates of survival (ca. 90% after 1 year). In contrast, although colonies of G. retiformis and A. 

millepora were highly fecund, they rarely produced daughter colonies and few of these survived (ca. 

33% compared to 90% in A. aspera). Like some other branching species, the asexual propagation of 

daughter colonies by A. aspera may provide a means of mobility for the genet, to ensure more rapid 

occupation of space, and is likely to spread the risk of genet mortality (Shinn 1976; Stimson 1978; 

Bak & Engel 1979; Birkeland et al. 1979; Highsmith 1982; Rylaarsdam 1983). Like other massive 

or more laminar species, fission is perhaps best considered a more costly investment in G. retiformis 

and A. millepora (Hughes & Jackson 1985; Babcock 1991). These issues are explored further using 

projection matrices of colony size-class transitions and sensitivity analyses (See Chapter 4). 

Findings from this study, indicate that colonies of G. retiformis and A. millepora may invest 

more heavily in the production of sexually derived recruits, than those of A. aspera. Several 

compensatory changes are made to optimize reproductive output. Goniastrea retiformis, was the 

most fecund and had the smallest eggs. Acropora millepora and A. aspera had larger eggs, but 

produced them in lower numbers (Fig. 2.21). Lower fecundity for A. millepora and A. aspera may 

be offset by faster growth rates, to ensure colonies rapidly attain a size refuge from mortality. 

However, even small colonies of the slow growing G. retiformis were more fecund than most colonies 

of A. millepora and A. aspera. Acropora millepora was twice as fecund as A. aspera despite having 

eggs equivalent in size, and it produced a greater volume of eggs per unit area than G. retiformis. 

Several aspects of the gametogenic cycle in A. aspera have been assessed previously (Bothwell 1984), 

but not its fecundity. Fecundity values for G. retiformis and A. millepora, are comparable with those 

found in other massive reef flat corals (Babcock 1984, 1991) and corymbose or laminar Acropora 

species (Wallace 1985). 
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Longevity 

Massive species with some propensity for asexual propagation, like G. retiformis, tend to have 

low rates of sexual recruitment (around 0.2 visible recruits / m 2  / year), but extremely high rates of 

adult survivorship, so may persist for many decades, with their reproductive output spread over many 

years (Babcock 1991; Fig. 2.13). Corymbose colonies of A. millepora, appear to have high rates of 

sexual recruitment, around 0.8 recruits / m 2  / year (Connell 1973; Bothwell 1984), but low rates of 

adult survivorship (Fig. 2.15), so may persist for much shorter periods of time. Branching colonies 

of A. aspera with an extreme propensity for asexual propagation tend to have extremely low rates of 

sexual recruitment, often less than 0.2 recruits / m 2  / year, but high rates of adult survivorship and 

relatively long lifespans (Connell 1973; Birkeland et al. 1976; Highsmith 1982; Bothwell 1984; Fig. 

2.15). Overall, the three species examined had very different population dynamics. 

POPULATION RESPONSES TO DEPTH CHANGES 	 ( 

The responses of the species to depth changes were associated with their morphologies and 

life history traits. Of the three species, G. retiformis was the least affected by a change in depth and 

A. millepora, the most (Tab. 2.6). Nevertheless all species, even G. retiformis, experienced a marked 

decrease in linear growth and fecundity in response to depth changes (Tab. 2.37). This confirms 

previous studies which show that depth increases often slow rates of coral growth (Buddemeier et al. 

1974; Baker & Weber 1975; Bak 1976; Buddemeier & Kinzie 1976; Dustan 1979; Highsmith 1979; 

Tunnicliffe 1980), and reduces colony fecundity (Kojis & Quinn 1984). In addition, damage by 

grazing herbivores and predators (Hay 1981, 1984, Hay et al. 1983), overgrowth by filamentous algae 

(within damsel fish territories) and choking by sediment trapped in algal mats (Potts 1977) are often 

higher at sites below reef margins. Therefore, the allocation of energy resources to repair injuries or 

to deter algal overgrowth, is likely to restrict energy use for physiological functions, such as growth 

and reproduction and in extreme cases, survival. 
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Table 2.37 A summary of the life history traits of G. retiformis, A. aspera and A. millepora and their responses to 25 cm, 
50 cm or 1 m depth changes. A significant increase or decrease in a trait, as a result of transplantation into deeper water, 
is shown by the direction of each arrow, the magnitude of a response is shown by the number of arrows, and --, indicates 
that no significant change occurred as a result of transplantation. 

Trait 
	 G. retiformis 	 A. aspera 	 A. millepora 

Controls 	1 m 	Controls 	25 cm 50 cm 	Controls 	25 cm 50 cm 

Adult Survival 	 high 	 mod. 	1 	11 	low 	11 	I I I 

Areal Growth 	 slow 	 V. fast 	 1 	fast 	 1 

Linear Growth 	 slow 	111 	V. fast 	 1 	fast 	1 	11 

Bioerosion 	 high 	I T 1 	V. low 	 V. low 

Tissue Loss 	 mod. 	 high 	 T 	V. high 	I 	T T 

Rates of Fission 	 mod. 	 V. high 	 mod. 	111 

Daughter Colony 	 poor 	 V. high 	 poor 	111 	111 

Fecundity 	 high 	111 	low 	1 	11 	mod. 	1 	11 

Egg Volume 	 low 	 high 	 high 

Colonies of G. retiformis exhibited no significant change in rates of tissue loss, fission or 

survival, in response to a 1 m depth change (Tab. 2.37). When transplanted 1 m deeper, these 

massive colonies exhibited a large decrease in linear growth and fecundity and a large increase in 

skeletal erosion by filamentous algae and clionid sponges (Tab. 2.37). The latter observation supports 

previous accounts that these boring agents and consequent rates of bioerosion are often higher in sites 

below reef margins (Davies & Hutchings 1983; Wilkinson 1983; Wilkinson & Evans 1988), in 

heavily grazed areas (Ogden 1977; Sammarco et al. 1986), and in established damsel fish territories 

(Sammarco et al. 1987). Goniastrea retiformis was the only species to exhibit marked skeletal 

erosion, irrespective of depth (Tab. 2.37). This difference in rates of bioerosion between the species, 

is consistent with that found by Musso (1992) for morphologically different Acropora species, with 

branching and laminar corals exhibiting lower rates of bioerosion than mound shaped species. 

Colonies of G. retiformis, with high rates of survival, are likely to persist the longest in response to 

a 1 m depth change. They may grow large over long periods of time. In some instances, the action 

of bioerosion may limit longevity. Those colonies that persist will contribute little to the total sexual 

reproductive output of the population. 
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Colonies of A. millepora appeared to be the most sensitive to depth-related changes in the 

physical and biological environment. They not only exhibited considerable reductions in linear 

growth and fecundity in response to small depth changes, but had very high rates of tissue loss and 

very low rates of asexual propagation and survival (Tab. 2.37). Rates of mortality in A. millepora 

were highest in summer, with the greatest extremes in temperature (Fig. 2.15 & Fig. 2.19). This 

finding could support similar observations that short-lived species, such as A. hyacinthus and 

Pocillopora damicornis Linnaeus may be prone to temperature-dependent mortality (Yap et al. 1992). 

Given the overall sensitivity of A. millepora to depth-related changes in environmental conditions, 

colonies of this short-lived species may be the first of the three species to disappear in response to 

small depth changes. Some colonies may survive for a relatively short time in response to a sudden 

25 cm or a 50 cm depth change, but their potential fecundity could decrease considerably and any 

daughter colonies formed by fission are not likely to survive. 

Colonies of A. aspera exhibited fewer detrimental responses to depth changes than those of 

A. millepora (Tab. 2.37). Interestingly, colonies of A. aspera transplanted 25 cm deeper than the 

controls maintained very fast rates of linear growth and very high rates of asexual propagation, despite 

experiencing slightly higher rates of adult mortality and producing fewer eggs per unit area (Tab. 

2.37). The production of daughter colonies with high rates of survival and fast growth rates may 

offset higher rates of adult mortality in response to a 25 cm depth change (Tab. 2.37), and extant 

colonies of A. aspera could therefore persist for quite some time at this depth. Colonies of A. aspera 

transplanted 50 cm deeper, exhibited a greater amount of tissue loss and some reduction in rates of 

linear growth, which resulted in a larger amount of colony shrinkage (Tab. 2.37). They also had 

higher rates of adult mortality and were considerably less fecund than those transplanted 25 cm deeper 

(Tab. 2.6). Despite these changes in response to a 50 cm depth change, colonies of A. aspera 

maintained high rates of fission, and most daughter colonies survived (Tab. 2.37). Thus, even in 

response to a 50 cm depth change, extant colonies of A. aspera may persist for some time, as a result 

of their effective ability for asexual propagation. 
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LIFE HISTORY TRAITS AND CAUSES OF ZONATION 

This study provides new insights into the relationship between life history traits and patterns 

of coral zonation. The zonation of species appears to be highly related to their different 

morphologies, life history traits and responses to depth changes. Seawater temperature fluctuations 

(physical changes) were most extreme at control sites on the outer flat (Fig. 2.19), while the chances 

of biological damage were higher at deeper sites below the reef crest (eg. Hay 1981, 1984, Hay et al. 

1983). Acropora millepora appeared most sensitive to changes in all these environmental conditions. 

Consequently, it is not surprising that this short-lived species is most abundant at the reef crest (Fig. 

2.12), possibly the less stressful because even at low tide it is often wet by the breaking of waves. 

Branching colonies of A. aspera have weak basal attachment plates and therefore little ability to 

secure themselves to the substratum in exposed reef crest environments (Bothwell 1984), but they 

appear to be relatively unaffected by physical or biological changes in environmental conditions, 

compared to colonies of A. millepora. Branching species, which may rely heavily on asexual 

propagation and on the passive dispersal of daughter colonies by currents (c.f. sexual recruitment), 

have elsewhere been shown to dominate slightly calmer waters on outer reef flats (eg. A. aspera, 

Bothwell 1984; Fig. 2.12), and just below reef crests (eg. A. palmata, Adey 1978). 

All of these reef zones are prone to damage by storms (Adey 1978). Massive colonies, like 

G. retifonnis, are inherently less susceptible to storms than branching or corymbose species (Veron 

1986; Woodley et al. 1981; Rogers et al. 1982; Hughes 1989). However, their low rates of sexual 

recruitment and slow growth rates (Babcock 1991; Fig. 2.18), are likely to delay re-colonization of 

disturbed sites and prevent their domination where disturbance is frequent (Jackson & Hughes 1985). 

In contrast, short-lived species, like A. millepora, often have high rates of sexual recruitment and fast 

growth rates (Connell 1973; Bothwell 1984; Fig. 2.18), so are likely to be the first to invade bare 

space and re-populate sites following a severe disturbance (Loya 1976a, 1976b; Hughes & Jackson 

1985; Endean & Cameron 1990). Fragmenting species, like A. aspera, may have very low rates of 

sexual recruitment (Bak & Engel 1979; Rylaarsdam 1983; Bothwell 1984), but produce individual 

daughter colonies with high rates of survival and fast growth rates (Birkeland et al. 1979; Tab. 2.12, 

Fig. 2.18). Consequently, they are likely to re-establish disturbed sites rapidly through the persistence 
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of dispersed or dislodged fragments (Gilmore & Hall 1976; Birkeland et al. 1979; Tunnicliffe 1981; 

Highsmith 1982). However, in some cases, severe storms may slow or even prevent their re-

establishment (Knowlton et al. 1981). 

The persistence of transplanted species (even only for a very short period), supports the 

hypothesis suggested by Pielou (1977), that as a result of competition and predation, the realized zone 

of a species may be a significant contraction of the fundamental zone. As evidenced here and in other 

ecological studies, species-specific patterns of zonation and community structure may not be solely 

governed by their physiological tolerances and preferences, since they are often regulated to some 

extent by biological interactions (Dayton 1971; Porter 1974; Connell 1975, 1976; Jackson 1977; 

Underwood 1979; Menge & Farrell 1989; Underwood & Barrett 1990). Consequently, the absence 

of G. retifonnis, A. aspera and A. millepora from deeper sites (Tab. 2.2), may reflect their poor ability 

to recover from damage caused by competitive interactions and predation. The role of physiological 

tolerances in determining the zonation of the species examined, is assessed further in Chapter 3. 

ASSESSMENT OF TRANSPLANT EXPERIMENTS: 

Field transplant experiments permit uncontrolled natural fluctuations in all environmental 

variables except those which are manipulated, such as depth. Extrapolation of the effects of direct 

depth changes on the responses of corals to potential impacts of sea level rise requires some 

knowledge of the acclimatization ability of corals to the predicted, slow, changes in sea level. 

Logistical constraints prevent direct simulation of the effects of predicted sea level rise on corals 

within their natural environment, so the effects of stepwise depth changes were examined to ascertain 

the acclimatization ability of corals to more gradual changes in depth. As demonstrated, two stepwise 

changes in depth had the same effect on the survivorship of the experimental corals as the direct 

changes in depth (Fig. 2.16). Thus, direct transplantation, as performed here, appears to provide a 

useful proxy to determine how corals respond to more gradual changes in sea level. Clearly, other 

species may have quite different acclimatization abilities and may be less suitable for direct depth 

transplant experiments. 
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POTENTIAL IMPACTS OF ENHANCED CLIMATE CHANGE AND SEA LEVEL RISE 

Shallow-water reef-building corals with different morphologies and life history traits are likely 

to respond differently to predicted sea level rise. As sea level rises, corals will be located in gradually 

deepening sites and possibly in suboptimal environmental conditions. Those species which can 

allocate sufficient energy resources to growth may persist. However, changes in the physical and 

biological environment could limit their ability to grow, recover from injuries, optimize reproductive 

output (sexual or asexual), and survive. From findings presented here, it seems likely that extant 

colonies of A. millepora will be the first of the species to disappear from deeper sites, while those of 

G. retiformis will be the last. Because patterns of mortality in all three species were size-dependent 

(eg. Fig. 2.15), small colonies of each species may be the most vulnerable to sea level rise. 

Coupled with these findings, recruits are likely to keep pace with predicted sea level rise, by 

colonizing presently unsuitable shallow reef sites. Even in species with very low rates of sexual 

recruitment, increases in the intensity and frequency of tropical storms predicted as a result of 

enhanced global warming (Climate Impact Group 1992; Mitchell et al. 1990), may provide a means 

for the asexual propagation of daughter colonies into these shallow reef sites. If sea-surface 

temperatures rise gradually at the rates currently predicted, around 2°C by 2070 in the eastern 

Australian tropics (Climate Impact Group CSIRO 1992; Whetton 1993) recruits of G. retiformis, A. 

aspera and A. millepora may be little affected, because of their ability to recover rapidly from partial 

bleaching events (Tab. 2.19). More rapid changes in temperatures or greater extremes than currently 

predicted may severely affect recruits, particularly those of A. millepora, which appear most prone 

to seasonal mortality (Fig. 2.15, Fig. 2.19). Thus, short-lived shallow-water reef corals, like A. 

millepora, are likely to be the most vulnerable to changes in local environmental conditions and may 

be the most useful bioindicators of early responses of coral reef ecosystems to enhanced climate 

change and sea level rise. 
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CHAPTER 3: 

EFFECTS OF DEPTH CHANGES ON ASPECTS OF THE 

PHOTOPHYSIOLOGY OF 

SHALLOW-WATER REEF CORALS 

INTRODUCTION 

The ability of reef-building corals to adapt physiologically to alterations in light intensity and 

spectral composition is considered by some to be an important determinant governing their depth 

distributions (Roos 1967; Dustan 1979; Gattuso 1985; Chalker et al. 1988). However, few 

quantitative accounts of the photoadaptive abilities of reef corals have been documented, and these 

understandably focus primarily on subtidal species with broad depth distributions or on species 

located at depths of at least 3 m below tidal datum (Maragos 1972; Dustan 1982; Chalker et al. 1984; 

McCloskey & Muscatine 1984; Porter et al. 1984). Detailed accounts of the photo-responses of corals 

restricted to very shallow depths have been relatively neglected. Quantitative estimates of the 

photoadaptive abilities of shallow-water reef corals are presently limited to a single bushy intertidal 

species, Pocillopora damicornis Linnaeus (Houck 1978; Kinzie et al. 1984; Jokiel & Morrissey 

1986). 

Barnes & Chalker (1990) provide a detailed review of the photoadaptive mechanisms of reef 

corals. Based on their findings and other photophysiological studies of corals, it seems likely that 

shallow-water reef corals would exhibit a wide range of photo-responses to optimize light acquisition 

in response to depth changes. The corals may exhibit more planar growth, with fewer polyps per unit 

surface area in deeper water (Dustan 1979), which may reduce rates of colony respiration (Chalker 

et al. 1988). They may exhibit increased skeletal density in deeper water (eg. Bak & Weber 1975; 

Hughes 1987) and reduced vertical skeletal extension (eg. Buddemeier et al. 1974; Bak 1976; Chapter 
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2), which may result in a concurrent decrease in the amount of tissue within the coral skeleton. They 

may also darken in colour in deeper water as increased concentrations of zooxanthallate 

photosynthetic pigments, chlorophyll a, chlorophyll c 2  and carotenoids, are produced in the coral 

tissue (Kinzie et al. 1984; Barnes & Chalker 1990; Falkowski et al. 1990). Increased concentrations 

of these pigments are likely to increase the photosynthetic capacity of reef corals in deeper water (eg. 

Kinzie et al. 1984; Chalker et al . 1988). High concentrations of carotenoids may also act to reduce 

the possibility of photoinhibition (Barnes & Chalker 1990). The size of photosynthetic units and 

photopigment contents per algal cell may also increase in response to an increase in depth, while 

zooxanthellae numbers within the coral tissue may increase (eg. Titlyanov 1981; Titlyanov et al. 

1980) or decrease (eg. Dustan 1979), depending on the species (Kinzie et al. 1984). 

Increases in photosynthetic pigments in coral tissue in response to depth-related changes in 

light enhance light harvesting capabilities (Kinzie et al. 1984; Chalker et al. 1988). To date,• increases 

in photopigment contents have been attributed primarily to alterations in the size of photosynthetic 

units and photopigment contents per algal cell (eg. Dustan 1979, 1982; Falkowski & Dubinsky 1981; 

Chalker et al. 1988), rather than to alterations in zooxanthellae numbers per unit tissue volume or 

their spatial arrangement within the tissue. Many studies have neglected to consider the effects of 

coral tissue volume on species-specific photo-responses to depth changes. The tissues of all reef-

building corals overlay outer skeletal surfaces and, in perforate species, lie within the periphery of 

skeletal structures (Barnes & Lough 1992). Changes in the amount of skeletal cavities occupied by 

tissue may play an important role in determining zooxanthellae densities in reef corals (Houck 1978; 

Kinzie & Hunter 1987; Kinzie et al. 1984), yet no photophysiological studies have quantified tissue 

volume together with the photo-responses of corals (eg. see Titlyanov 1981; Titlyanov et al. 1980). 

Variations in tissue volume may exist in both perforate and imperforate species, because of the 

geometrically complex surface and peripheral structures of coral skeletons. 

This study was designed to determine the photo-responses (eg. changes in tissue volume, 

zooxanthellae densities and photopigment contents) of two morphologically different perforate 

shallow-water reef corals, as a result of small depth changes below their current depth range. 

Quantitative estimates of the photophysiological traits of the corals in their natural environment and 
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in response to depth changes, provide information on two matters: the role of visible light in the 

zonation of species; and the likely photoadaptive responses of shallow-water reef coral populations 

to enhanced climate change and sea level rise. 

Photophysiological responses of corals to changes in light are analogous to those exhibited 

by the leaves of terrestrial plants, for ensuring optimal light acquisition irrespective of their position 

in the plant canopy (Chow et al. 1988; Vogelmann 1993). Studies on the effects of leaf tissue volume 

and anatomy on the photoadaptive responses of leaves, show that the internal light environment of 

a leaf may be highly affected by the light reflected from lower leaf surfaces, tissue refraction and cell 

shading by other chloroplasts (Gates et al. 1965; Terashima & Saeki 1983; Vogelmann et al. 1989; 

Cui et al. 1991). Photosynthetic pigment concentrations may also be maximal in the upper portion 

of low-light adapted leaves and in the middle portion of high-light adapted leaves (Nishio et al. 1993). 

These studies demonstrate that leaf tissue volume and structure are extremely important in 

determining photoadaptive responses. Analogous anatomical alterations in light fields and pigment 

gradients may also occur in the tissues of reef-building corals. Symbiotic zooxanthellae are located 

within the tissues of reef-building corals, which overlay and often permeate highly reflective white 

aragonitic skeletons; just as chloroplasts are located within the tissues of leaves, which often have 

highly reflective white lower leaf surfaces (Vogelmann 1993). 

Species-specific photo-responses to depth changes may also be governed by changes in tissue 

volume during colony development. In reef-building corals, skeletal growth accommodates tissue 

growth (Barnes 1971, 1973, Darke 1991). Vertical skeletal extension is often continuous throughout 

colony development (eg. Gladfelter 1985; Babcock 1991; Chapter 2), but recent evidence based on 

several massive species of Porites suggests that tissue thickness may be dependent on colony size 

(Barnes & Lough 1992). Few studies have examined the influence of colony size on the 

photophysiological traits of corals (eg. their zooxanthellae densities or photopigment contents). 

Those that have, report different findings. Smith & Hoegh-Guldberg (1987) found that rates of 

zooxanthellae population growth differed little between small and large colonies of Stylophora 

pistillata Esper and Goniastrea edwardsi Chevalier. Yet, Jokiel & Morrissey (1986) demonstrated 

that the relationship between photosynthesis and irradiance (P-I curve) in P. damicornis was inversely 
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related to colony size. In some species, colony morphology may also change with increasing size 

(Barnes 1973). This is important, because morphologically different colonies, either within or 

between species, may receive different amounts of incident light (Titlyanov 1991), and as a result may 

have different mechanisms of photoadaptation. Colony size and morphology may therefore play a 

role in determining species-specific responses to depth-related changes in light. 

Current predictions suggest, eustatic sea level is predicted to rise around 20 cm by 2030 and 

by about 45 cm by 2070 (Wigley & Raper 1992). Increased water depth over currently established 

corals may expose them to suboptimal light regimes. Those species which can photoadapt to depth-

related changes in light may persist the longest. Thus, this study was designed to determine the 

effects of 25 cm and 50 cm depth changes on the size-specific photophysiological responses of two 

common perforate reef corals, Acropora aspera Dana and Acropora millepora Ehrenberg, which are 

restricted to very shallow depths of less than 1 m in an inshore environment. Average instantaneous 

measurements of the quantum planar irradiance (iz mol photons / m 2  / sec) in the photosynthetic active 

range (PAR), recorded at the study sites at five minute intervals for 6 hours during November 1993, 

show that: 1. The 25 cm and 50 cm transplants receive a lower percentage of the surface irradiance 

(61.3 ± 0.6 and 59.0 ± 0.5, respectively), compared to all of the controls (ca. 70.0 ± 0.6); and 2. the 

percentage of the surface irradiance decreased with increasing depth (unpublished data). 

The two Acropora species have different morphologies (branching,, and corymbose, 

Tespeeti...tel.54, and so may photo-respond differently to the depth changes and to the associated 

changes in visible light. This study has several key objectives: 1. To determine the size-specific 

photophysiological traits of species in their natural environment; 2. to determine their photo-responses 

to 25 cm and 50 cm depth changes when transplanted below their current depth range, by quantifying 

their tissue volume, zooxanthellae densities and spatial arrangement, and photopigment contents; 

3. to determine whether photoadaptive responses to depth changes differ among species or colony 

size-classes; and finally 4. to integrate these findings to examine the role of physiological responses 

to light in the zonation of species, and to discuss potential impacts of enhanced climate change and 

sea level rise on the photo-responses of shallow-water reef corals. 
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MATERIALS AND METHODS 

COLLECTION OF CORAL SAMPLES 

Control and experimental colonies of Acropora aspera and Acropora millepora were sampled 

during 1993 as part of experiment 2 (See Materials & Methods Chapter 2). Half of the subsamples 

were used to determine zooxanthellae densities and tissue mass index (an estimate of tissue volume), 

and the remainder were used to determine photopigment concentrations. To avoid confounding 

historical effects of partial bleaching (See Results Chapter 2) with species-specific photophysiological 

responses, colonies were sampled between October and November, 10 months after they had partially 

bleached. The corals had regained normal pigmentation and had recovered their zooxanthellae 

densities, as much as possible, within this period. Previous studies have also shown that 

zooxanthellae densities are often re-established within this time interval after partial bleaching 

(Szmant & Gassman 1990; Fitt et al. 1993). In the experiment, all corals were anaesthetised with 1% 

sea water formalin, before sampling. Then, 6 replicate subsamples (2 x 1 cm in size and devoid of 

bioeroders) were collected from 6 small, medium and large colonies of each species from within each 

of the five treatments (the in situ controls, the handling controls, the translocated controls, and the 25 

cm and 50 cm transplants). 

ZOOXANTHELLAE DENSITIES AND TISSUE MASS INDEX 

To determine the density of zooxanthellae and index of tissue mass, subsamples were 

immediately fixed in 10% seawater formalin for at least 24 hours, then decalcified in 3% formalin and 

3% hydrochloric acid solution. They were divided longitudinally through the center and a single 

portion of each was embedded in paraffin wax, using standard histological procedures, while the other 

was placed in 70% v/v ethanol. Shrinkage of decalcified tissue was measured by dividing the 

diameter of each histological sample by the diameter of its counterpart stored in ethanol. Histological 

procedures caused a 25% reduction in tissue volume in all subsamples processed, irrespective of 

treatment, species or colony size. As a result, it was possible to standardize all photophysiological 

measurements per unit coral tissue volume. 
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Histological samples were sectioned, serially, to a thickness of 8 lam to encompass the 

maximum diameter of zooxanthellae within both species (unpublished data). In each of 6 randomly 

chosen sections per subsample, counts of zooxanthellae were taken from two tissue locations: the 

outer gastrodermal coenosarc (which includes the mesentarial filaments, oral disc and coenchyme 

between polyps) and the inner basal endoderm (Fig. 3.1). To obtain representative estimates of 

zooxanthellae numbers in each tissue location, a calibrated Weibel graticule eyepiece was positioned 

randomly over four independent sampling sites. Numbers of zooxanthellae within each field of view, 

a sampling unit volume of 6 x 10' cm 3, were counted. The sampling protocol used is illustrated in 

Figure 3.2. 

Figure 3.1 Longitudinal 8 um sections of the a) inner basal endoderm and b) outer gastrodermal coenosarc of A. aspera. 
Sections are stained with Mayer's Haematoxylin and Eosin. e, represents endodermal tissue; g, gastrodermis of the 
coenosarc; and z, zooxanthellae. Scale bars = 25 um. 
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IBE 	 OGC 

Figure 3.2 Diagrammatic longitudinal section of A. aspera, showing the sampling protocol used to quantify zooxanthellae 
densities in the inner basal endoderm (IBE) and outer gastrodermal coenosarc (OGC). ❑ , denotes sampling sites 6 x 10-5  
cm'. Insert shows actual sampling site in the outer gastrodermal coenosarc with a Weibel graticule superimposed. The 
8 um section is stained with Mayer's Haematoxylin and Eosin. z, represents zooxanthellae. Magnification x 400 
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At all histological sampling sites, tissue volume was estimated by calculating the proportion 

of coral tissue to non-tissue within each field of view using standard stereological procedures for the 

Weibel graticule eyepiece (eg. Gander 1970). For each sampling site, the total number of end points 

of each of the 21 test lines overlying coral tissue was calculated, and divided by the total number of 

end points (42) present on the eyepiece (Fig. 3.2). The resultant proportion of coral tissue to non-

tissue (hereafter referred to as the 'tissue mass index') was then multiplied by the sampling unit 

volume, 6 x 10-5  cm3 , to provide an estimate of tissue volume for each field of view (eg. Gander 

1970). All zooxanthellae counts were then standardized per cubic centimetre of coral tissue. 

Differences in tissue mass index and zooxanthellae densities between treatments, species, colony size-

classes and tissue locations were then assessed using several analyses of variance. 

PHOTOPIGMENT CONCENTRATIONS 

To determine photopigment concentrations, subsamples were measured immediately after 

collection and their volume was calculated to the nearest 0.10 mm3  (using the equation for a cylinder). 

To obtain adequate coral tissue for extraction, three of the replicate subsamples collected per colony 

were pooled. They were then rinsed briefly in distilled water, placed into 8 ml of 100% acetone and 

transferred to a freezer at -18°C for 24 hours. Solvent fractions were collected, and using the same 

procedure, three additional extractions were conducted every 2 hours. Solvent fractions were then 

pooled for each sample. As shown by repeated measurement of the photopigment content of each 

sample, this process extracted in excess of 85% of the photopigments from each sample (unpublished 

data). Extracts were centrifuged for 5 minutes at 3000 rpm, and 3.5 mls of each was placed into a 1 

cm path cell length quartz cuvette. Absorption readings, individually referenced against a quartz 

cuvette filled with 100% acetone, were then determined for each extract at wavelengths of 750, 663, 

645, 630, 510 and 480 nm, using a LKB Biochrom Ultraspec III UVNisible spectrophotometer. This 

entire operation was carried out in dim light to avoid photodestruction of the pigments. 

The equations derived by Jeffrey & Humphrey (1975) were used to convert absorption 

readings to total chlorophyll a and total chlorophyll c 2  concentrations (pg / ml of solvent). Total 

carotenoid concentrations were determined crudely using the equation in Strickland and Parsons 
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(1972) derived for extractions in 90% acetone. Absorption readings taken at 645 nm were used to 

check for the presence of endolithic algae in the sample and to ensure that chlorophyll a 

concentrations were calculated accurately and without bias (eg. see Kleppel et al. 1989). Readings 

taken at 750 nm were used to calibrate turbidity blanks (eg. see Strickland & Parsons 1972) and to 

standardize all of the photopigment measurements. All photopigment concentrations were then 

quantified: 

per unit coral tissue volume = 	/ (cm3  of subsample x mean tissue mass index) ) and 

per algal cell = (mg / cm3  of coral tissue) /(mean # zooxanthellae / cm3  of coral tissue) ). 

Differences in photopigment content per unit coral tissue volume and per algal cell between 

treatments, species and colony size-classes were then assessed with analyses of variance. 

STATISTICAL ANALYSES 

In all analyses of variance, tests for normality were conducted by examining Wilk-Shapiro 

rankit plots of analysis residuals (Shapiro & Wilk 1965). Variance homogeneity was also tested using 

Cochran's C value and, where necessary, data were transformed before analysis to homogenize 

variances (Winer 1971). Post hoc comparisons of means were performed using the methods of Tukey 

(1953) and Krammer (1956), which accommodate unequal cell sizes. In all analyses, data for the in 

situ controls were analyzed separately from that of all the other treatments, because the in situ controls 

were not placed on experimental racks, as was the case for colonies in all other treatments. Due to 

the size and complexity of the analysis models used in this study, only relevant statistical tests and 

ANOVA tables for experimental colonies have been included in the Results Section. The statistics 

tables for the in situ controls have not been included. Where sources of variation are described as 

'non-significant', they were not statistically significant at p < 0.05 or by graphical interpretation. 

Further details of the statistical analyses are provided in the Results Section. 
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RESULTS 

EFFECTS OF DEPTH CHANGES ON ASPECTS OF THE PHOTOPHYSIOLOGY OF 

CORALS 

TISSUE MASS INDEX 

The tissue mass index was on average 24% higher in Acropora aspera (0.33 ± 0.01 SE), than 

in Acropora millepora (0.27 ± 0.01, p < 0.001, Tab. 3.1 & Fig. 3.3-a). This difference between the 

species, was evident at each of the two tissue locations, the outer gastrodermal coenosarc and the 

inner basal endoderm (Fig. 3.3-b,c), and indicates that A. aspera is a more perforate species. Tissue 

mass index in both species were higher (on average by 15%) in the outer gastrodermal coenosarc 

(0.31 ± 0.01), than in the inner basal endoderm (0.27 ± 0.01, p < 0.01, Tab. 3.1 & Fig: 3.3-b,c). 

Obviously, the outer gastrodermal coenosarc, which includes the mesentarial filments, oral disc and 

coenchyme is more likely to constitute a greater tissue mass index than the inner basal endoderm. 

Table 3.1 Mixed model ANOVA to test for differences in tissue mass index of A. aspera and A. millepora colonies 
between and among treatments, species, colony size-classes and tissue locations in experiment 2. The analysis was 
performed on non-transformed data and excludes data for the in situ controls (the only colonies not placed onto 
experimental racks). NS = non significant. 

Source of Tariation Degrees of Freedom 	% Mean Square Significance 

Treatment (Tmt) 
Species (Sp) 
Tissue Location (T1) 
Tmt*Sp 
Tmt*T1 

3/15 
1/15 
1/15 
3/15 
3/15 

14.95 
37.32 
14.61 
11.36 
2.70 

p < 0.01 
p < 0.001 
p < 0.01 
p < 0.01 
p < 0.05 

Sp*T1 1/15 0.02 NS 
Tmt*Sp*Tl 3/15 2.41 p < 0.01 
Rack 15/30 0.05 NS 
Size (Si) 2/30 0.34 NS 
Tmt*Si 6/30 3.07 p < 0.05 
Sp*Si 2/30 0.39 NS 
TI*Si 2/30 2.08 p < 0.05 
Tmt*Sp*Si 6/30 4.54 p < 0.05 
Tmt*T1*Si 6/30 2.21 p < 0.05 
Sp*T1*Si 2/30 1.46 NS 
Tmt*Sp*T1*Si 6/30 1.67 p < 0.05 
Si*Rack 30/4104 0.08 NS 
Colony 12/36 0.57 NS, 
Subsample  36/4104 < 0.01 NS 
Residual 4104 
Total 4247 
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Figure 3.3 Tissue mass index of A. aspera and A. millepora (mean ± SE), as a function of treatment, for: a) both 
tissue locations combined (total), b) the outer gastrodermal coenosarc (OGC), and c) the inner basal endoderm (IBE). 
IC represents the in situ controls; HC, the handling controls; TC, the translocated controls; 25 cm, the 25 cm 
transplants; and 50 cm, the 50 cm transplants. Data are from 6 readings, taken in 4 sites at each of 2 tissue locations, 
from the sections of 3 subsamples / colony for each of 6 small , medium and large colonies / treatment. Sample sizes 
range from 180 to 648 histological readings. 
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Figure 3.4 Tissue mass index of A. aspera and A. millepora (mean ± SE), as a function of their size and treatment, for: 
a) both tissue locations combined (total), b) the outer gastrodermal coenosarc (OGC), and c) the inner basal endoderm 
(IBE). Abbreviations are defined in Figure 3.3. Sample sizes range from 36 to 216 histological readings /,size-class. 
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The responses of transplantation differed between the two species (p < 0.01, Tab. 3.1 & Fig. 

3.3-a). In A. millepora, tissue mass index was highest among all of the shallowest controls and 

decreased with increasing depth. Colonies exhibited a 14% decrease in tissue mass index in response 

to a 25 cm depth change, and a 21% decrease in response to a 50 cm depth change, relative to the 

controls. In contrast, tissue mass index in A. aspera was highest in the translocated controls and the 

25 cm transplants compared with the other controls and 17% lower in the deeper 50 cm transplants. 

In both species, the decrease in tissue mass index in the 50 cm transplants was most pronounced in 

the outer gastrodermal coenosarc (Fig. 3.3-b). In A. aspera, the increase in tissue mass index in the 

translocated controls and the 25 cm transplants occurred in both tissue locations (Fig. 3.3-b,c). 

Tissue mass index in the three size-classes of each species also responded differently among 

treatments, particularly in response to habitat relocation and depth changes (p < 0.05, Tab. 3.1 & Fig. 

3.4-a). For A. aspera, tissue mass index did not differ between size-classes in the in situ or handling 

controls, but was highly variable between size-classes in the translocated controls and the 25 cm 

transplants, and 21% higher in large colonies than in smaller ones in the deeper transplants. In 

contrast in the in situ and handling controls of A. millepora, tissue mass index was 27% higher in 

large colonies than in smaller ones. These size-specific trends for A. millepora also altered in 

response to habitat relocation and reversed in response to both depth changes, where tissue mass 

index was on average 24% higher in small and medium sized colonies than in large ones. Size-

specific changes in tissue mass index among treatments, for A. millepora, were most pronounced in 

the inner basal endoderm (Fig. 3.4-c), and for A. aspera, in both tissue locations (Fig. 3.4-b,c). 

Overall, reductions in tissue mass index in response to depth changes were most pronounced in small 

and medium sized colonies of A. aspera and in large colonies of A. millepora. 

ZOOXANTHELLAE NUMBERS / cm3  

There were marked differences in zooxanthellae densities between the species (p < 0.01, Tab. 

3.2 & Fig. 3.5-a). On average, densities were 25% higher in A. aspera (1.5 ± 0.01 x 10 6  / cm3) than 

in A. millepora (1.2 ± 0.02 x 106  / cm3). This trend was evident at both tissue locations, but most 

pronounced in the inner basal endoderm, where zooxanthellae densities were 56% higher in A. aspera 
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Source of Variation Degrees of. Freedom Significance 

Treatment (Tmt) 3/15 2.15 
Species (Sp) 1/15 12.38 
Tissue Location (T1) 1/15 76.56 
Tmt*Sp 3/15 1.11 
Tmt*Tl 3/15 1.56 
Sp*Tl 1/15 0.42 
Tmt*Sp*Tl 3/15 0.98 
Rack 15/30 0.04 
Size (Si) 2/30 0.19 
Tmt*Si 6/30 1.28 
Sp*Si 2/30 0.65 
Tl*Si 2/30 0.94 
Tmt*Sp*Si 6/30 0.98 
Tmt*Tl*Si 6/30 0.31 
Sp*T1*Si 2/30 0.04 
Tmt*Sp*T1*Si 6/30 0.30 
Si*Rack 30/4104 0.02 
Colony 12/36 0.09 
Subsample  36/4104 < 0.01 
Residual 4104 
Total 4247 

p < 0.05 
p< 0.01 

p < 0.001 
p < 0.05 
p< 0.05 

NS 
p < 0.05 

NS 
NS 

p< 0.05 
NS 

p < 0.05 
p< 0.05 

NS 
NS 
NS 
NS 
NS 
NS 
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than in A. millepora (Fig. 3.5-b,c). Zooxanthellae densities were greater in the more perforate species. 

In both species, zooxanthellae densities in the outer gastrodermal coenosarc (1.9 ± 0.02 x 10 6) were 

double those in the inner basal endoderm (0.9 ± 0.01 x 106, p < 0.001, Tab. 3.2 & Fig. 3.5-b,c). They 

were around 79% and 151% higher in the outer gastrodermal coenosarc for A. aspera and A. 

millepora, respectively. 

Table 3.2 Mixed model ANOVA to test for differences in the number of zooxanthellae / cm 3  of coral tissue x 10 6  in A. 
aspera and A. millepora colonies between and among treatments, species, colony size-classes and tissue locations in 
experiment 2. The analysis was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS 
= non significant. 

Zooxanthellae for the two species responded differently between treatments (p < 0.05, Tab. 

3.3 & Fig. 3.5-a). In A. millepora, zooxanthellae densities were highest in the in situ and handling 

controls and they decreased with increasing depth. Zooxanthellae densities in the translocated 

controls, 25 cm transplants and 50 cm transplants of A. millepora were 19%, 24% and 32% lower, 

respectively, relative to the in situ and handling controls. The lower densities occurred in the outer 

gastrodermal coenosarc (Fig. 3.5-b), and not in the inner basal endoderm (Fig. 3.5-c). For A. aspera, 

zooxanthellae densities were much more variable among treatments, they and did 'not differ 

significantly in response to depth changes, relative to the in situ, handling and translocated controls 
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Figure 3.5 Zooxanthellae numbers per unit tissue volume in A.aspera and A. millepora (mean ± SE), as a function of their 
treatment, for: a) both tissue locations combined (total), b) the outer gastrodermal coenosarc (OGC), and c) the inner basal 
endoderm (IBE). Abbreviations are defined in Figure 3.3. Sample sizes raange from 180 to 648 histolological readings 
/ species. 
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Figure 3.6 Zooxanthellae numbers per unit tissue volume in A.aspera and A. millepora (mean ± SE), as a function of their 
size and treatment, for: a) both tissue locations combined (total), b) the outer gastrodermal coenosarc (OGC), and c) the 
inner basal endoderm (IBE). Abbreviations are defined in Figure 3.3. Sample sizes range from 36 to 216 histological 
readings / size-class. 
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(Fig. 3.5-a). This indicates that the more perforate of the two species, has a greater ability to maintain 

zooxanthellae densities in response to small depth changes. 

Size-specific zooxanthellae densities for the two species varied between treatments (p < 0.05, 

Tab. 3.3 & Fig. 3.6-a). In the in situ and handling controls of both species, zooxanthellae densities 

were around 18% higher in medium sized colonies than in small and large colonies combined. This 

trend in A. aspera was unaffected by depth changes and altered only slightly in response to habitat 

relocation. For A. millepora, size-specific zooxanthellae densities altered slightly in response to 

habitat relocation and to a greater extent with increasing depth. In the 50 cm transplants of A. 

millepora, the density of zooxanthellae in large colonies was similar to the controls, but in small and 

medium sized colonies were 50% lower. This response was particularly evident in the outer 

gastrodermal coenosarc (Fig. 3.6-b). Reductions in zooxanthellae densities in response to depth 

changes for A. millepora were most pronounced in small and medium sized colonies. However, all 

colonies of A. aspera, irrespective of their size, maintained zooxanthellae derisities in response to 

depth changes, relative to the controls. 

PHOTOPIGMENT CONCENTRATIONS 

Pigment / Algal Cell 

The two species showed marked differences in concentrations of chlorophyll a, chlorophyll 

c2  and total carotenoids per algal cell (p < 0.001, Tab. 3.3, 3.4, 3.5 & Fig. 3.7-a,b,c). Concentrations 

of chlorophyll a, chlorophyll c 2  and total carotenoids per cell were 85%, 88% and 63%, respectively, 

higher in A. millepora than in A. aspera. However, in both species concentrations of pigments per 

cell were ranked as: Total carotenoids > chlorophyll c 2  > chlorophyll a. 
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p< 0.001 
p< 0.001 
p < 0.001 

NS 
NS 

p < 0.05 
p< 0.05 
p < 0.01 

NS 
NS 

3/7 
1/7 
3/7 

7/14 
2/14 
6/14 
2/14 
6/14 
14/58 
12/58 

Treatment (Tmt) 
Species (Sp) 
Tmt*Sp 
Rack 
Size (Si) 
Tmt*Si 
Sp*Si 
Tmt*Sp*Si 
Si*Rack 
Colony  
Residual 
Total 

15.01 
71.15 
5.94 
0.23 
0.40 
1.60 
1.83 
1.91 
0.47 
0.91 

58 
117 

ounce . of Variation 
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Table 3.3 Five-factor nested ANOVA to test for differences in the content of Chl a / algal cell x 10 6  in A. aspera and A. 
millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was 
performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom • % Mean Square Significance 

Treatment (Tmt) 3/7 13.84 p< 0.001 
Species (Sp) 1/7 72.91 p < 0.001 
Tmt*Sp 3/7 6.73 p < 0.001 
Rack 7/14 0.39 NS 
Size (Si) 2/14 0.02 NS 
Tmt*Si 6/14 2.29 p< 0.01 
Sp*Si 2/14 0.66 NS 
Tmt*Sp*Si 6/14 1.53 p< 0.05 
Si*Rack 14/58 0.35 NS 
Colony  12/58 0.75 NS 
Residual 58 
Total 117 

Table 3.4 Five-factor nested ANOVA to test for differences in the content of Chl c 2  / algal cell x 106  in A. aspera and 
A. millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was 
performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Table 3.5 Five-factor nested ANOVA to test for differences in the content of Carotenoids / algal cell x 10 6  in A. aspera 
and A. millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis 
was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation iDegrees of Freedom 

Treatment (Tmt) 3/7 18.25 p< 0.001 
Species (Sp) 1/7 56.58 p< 0.001 
Tmt*Sp 3/7 13.84 p< 0.001 
Rack 7/14 0.92 NS 
Size (Si) 2/14 0.09 NS 
Tmt*Si 6/14 5.30 p< 0.001 
Sp*Si 2/14 0.26 NS 
Tmt*Sp*Si 6/14 2.08 p < 0.05 
Si*Rack 14/58 0.99 NS 
Colony  12/58 0.95 NS 
Residual 58 
Total 117 
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Figure 3.7 Photopigment content per algal cell in A. aspera and A. millepora (mean ± SE), as a function of their 
treatment, for: a) chlorophyll a, b) chlorophyll c 2  and c) total carotenoids. Abbreviations are defined in Figure 3.3. 
Sample sizes range from 10 to 18 coral samples / species. 
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Figure 3.8 Photopigment content per algal cell in A. aspera and A. millepora (mean ± SE), as a function of their 
size and treatment, for a) chlorophyll a, b) chlorophyll c 2, and c) total carotenoids. Abbreviations are defined in Figure 
3.3. Sample sizes range from 4 to 8 replicates / size-class. 
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Species-specific changes in photopigment contents per cell differed among treatments (p < 

0.001, Tab. 3.3, 3.4, 3.5 & Fig. 3.7-a,b,c). In both species, however, concentrations of chlorophyll 

a, chlorophyll c 2  and total carotenoids responded similarly to the treatments. In A. millepora, 

concentrations were lowest in the in situ and handling controls, increased by 35% in response to 

habitat relocation and by 65% and 142%, respectively, in response to the 25 cm and 50 cm depth 

changes. Increases in pigments per cell were most pronounced for chlorophyll c 2  (Fig. 3.7-b). These 

findings show that colonies of A. millepora increased photopigments per algal cell in response to 

small depth changes, despite a reduction in zooxanthellae densities. In contrast, colonies of A. aspera 

appear to have little ability to increase algal pigment content in response to depth changes (Fig. 3.7- 

a,b,c). All pigments per cell in A. aspera decreased on average by 51% in response to the 25 cm 

depth change, relative to all of the controls. These decreases were most pronounced for chlorophyll 

a and total carotenoids (Fig. 3.7-a,c). Chlorophyll c 2  actually increased by 32% per cell (c.f.•all of the 

controls) in response to the 50 cm depth change, but this is a minor increase( compared with the 

changes in the depth transplants of A. millepora (Fig. 3.7-b). 

For the two species, size-specific algal pigment content differed among treatments (p < 0.01 

for Tab. 3.3 & 3.5, p < 0.05 for Tab. 3.4 & Fig. 3.8-a,b,c). In all A. aspera controls, pigment 

concentrations per cell were around 39% higher in large colonies than in smaller ones, but they did 

not differ between size-classes at 25 cm and 50 cm. In A. millepora, algal pigment contents did not 

differ between size-classes in any of the controls or in the 25 cm transplants. However, in the deeper 

transplants, pigment contents per cell were around 64% higher in small and medium sized colonies 

combined compared to large ones. In other words, the most marked increase in pigment contents per 

algal cell in A. millepora occurred in small and medium sized colonies in response to the 50 cm depth 

change. This contrasts with A. aspera, where all colonies, irrespective of their size, increased their 

chlorophyll c2  content per cell in response to this depth change. 

Pigment / cm' 

Most trends in concentrations of pigments per unit tissue volume (Fig. 3.9-a,b,c) were 

identical to those established for pigment contents per algal cell (Fig. 3.7-a,b,c), but increases in 
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pigments per unit tissue volume in response to depth changes were less pronounced for both species 

(p < 0.001, Tab. 3.6, 3.7, 3.8 & Fig. 3.9-a,b,c). There were two notable exceptions to the similarity 

between the pigment per unit tissue volume and pigment per cell data. Increases in pigment contents 

per cell in response to the 50 cm depth change were most pronounced in small and medium sized 

colonies of A. millepora (Fig. 3.8-a,b,c), but large colonies exhibited the greatest increase in pigment 

contents per unit tissue volume (Fig. 3.10-a,b,c). Similarly, increases in chlorophyll c 2  contents per 

cell in response to the 50 cm depth change did not differ between size-classes in A. aspera (Fig. 3.8-

b), but chlorophyll c 2  contents per unit tissue volume did (Fig. 3.10-b). Typically, small and medium 

sized colonies of A. aspera located 50 cm deeper exhibited higher chlorophyll c2  contents per unit 

tissue volume than large colonies (Fig. 3.10-b). Consequently, large colonies of A. millepora and 

small and medium sized colonies of A. aspera were the most effective at increasing pigment contents 

per unit tissue volume in response to the larger depth change. 

( 

Table 3.6 Five-factor nested ANOVA to test for differences in the content of Chl a / cm 3  of coral tissue x 106  in A. aspera 
and A. millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis 
was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Treatment (Tmt) 3/7 10.17 p< 0.001 
Species (Sp) 1/7 74.84 p< 0.001 
Tmt*Sp 3/7 4.81 p< 0.01 
Rack 7/14 1.09 NS 
Size (Si) 2/14 0.05 NS 
Tmt*Si 6/14 1.31 NS 
Sp*Si 2/14 0.81 NS 
Tmt*Sp*Si 6/14 3.32 p< 0.05 
Si*Rack 14/58 1.12 NS 
Colony  12/58 1.39 NS 
Residual 58 
Total 117 
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Figure 3.9 Photopigment content per unit tissue volume in A. aspera and A. millepora (mean ± SE), as a function 
of their treatment, for a) chlorophyll a, b) chlorophyll c 2, and c) total carotenoids. Abbreviations are defined in Figure 
3.3. Sample sizes range from 10 to 18 replicates / species. 
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Figure 3.10 Photopigment content per unit tissue volume in A. aspera and A. millepora (mean ± SE), as a function 
of their size and treatment, for a) chlorophyll a, b) chlorophyll c 2  and c) total carotenoids. Abbreviations are defined 
in Figure 3.3. Sample sizes range from 4 to 8 replicates / size-class. 
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% Mean Square 

Treatment (Tmt) 3/7 14.84 
Species (Sp) 1/7 44.67 
Tmt*Sp 3/7 16.80 
Rack 7/14 3.60 
Size (Si) 2/14 0.34 
Tmt*Si 6/14 4.74 
Sp*Si 2/14 3.41 
Tmt*Sp*Si 6/14 4.82 
Si*Rack 14/58 2.81 
Colony  12/58 2.07 
Residual 58 
Total 117 

Significance 

p < 0.001 
p< 0.001 
p < 0.001 

NS 
NS 

p< 0.001 
NS 

p < 0.05 
NS 
NS 
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Table 3.7 Five-factor nested ANOVA to test for differences in the content of Chl c 2  / cm' of coral tissue x 106  in A. 
aspera and A. millepora colonies between and among treatments, species and colony size-classes in experiment 2. The 
analysis was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees of Freedom % Mean Square Significance 

Treatment (Tmt) 3/7 10.87 p < 0.001 
Species (Sp) 1/7 72.67 p < 0.001 
Tmt*Sp 3/7 3.51 p < 0.05 
Rack 7/14 0.95 NS 
Size (Si) 2/14 1.08 NS 
Tmt*Si 6/14 1.08 NS 
Sp*Si 2/14 0.32 NS 
Tmt*Sp*Si 6/14 5.21 p < 0.001 
Si*Rack 14/58 1.36 NS 
Colony  12/58 1.80 NS 
Residual 58 
Total 117 

Table 3.8 Five-factor nested ANOVA to test for differences in the content of Carotenoids / cm' of coral tissue x 10 6  in 
A. aspera and A. millepora colonies between and among treatments, species and colony size-classes in experiment 2. The 
analysis was performed on log (x + 1) transformed data and excludes data for the in situ controls. NS = non significant. 

Pigment Ratios 

Chlorophyll a to chlorophyll c 2  ratios were identical in both species (0.81 ± 0.01 for both), 

irrespective of treatment (p = NS, Tab. 3.9). However in both species, the ratio of chlorophyll a to 

chlorophyll c2  decreased by 7% in deeper sites, relative to the controls (p < 0.05, Tab. 3.9). Across 

all treatments, the ratio was ordered as: In situ and handling controls (0.84 ± 0.02) = translocated 

controls (0.83 ± 0.01) > 25 cm transplants (0.78 ± 0.01) = 50 cm transplants (0.77 ± 0.02). Colony 

size did not influence the ratio of chlorophyll a to chlorophyll c 2  in A. aspera colonies, but it did in 

colonies of A. millepora (p < 0.01, Tab. 3.9). For all size-classes of A. aspera, the ratio averaged 0.81 

± 0.02. For A. millepora, it was: Large colonies (0.87 ± 0.03) > medium sized ones (0.78 ± 0.02) = 
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small colonies (0.75 ± 0.03). 

Table 3.9 Five-factor nested ANOVA to test for differences in the ratio of Chl a to Chl c 2  in A. aspera and A. millepora 
colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was performed 
on non-transformed data and excludes data for the in situ controls. NS = non significant. 

Source of Variation Degrees, of Freedom % Mean Square Significance 

Treatment (Tmt) 3/7 17.04 p < 0.05 
Species (Sp) 1/7 2.91 NS 
Tmt*Sp 3/7 2.85 NS 
Rack 7/14 6.52 NS 
Size (Si) 2/14 22.83 p < 0.01 
Tmt*Si 6/14 6.44 NS 
Sp*Si 2/14 25.78 p < 0.01 
Tmt*Sp*Si 6/14 6.32 NS 
Si*Rack 14/58 3.94 NS 
Colony  12/58 4.43 NS 
Residual 58 
Total 117 

Acropora aspera had a significantly higher proportion of total carotenoids relative to 

chlorophyll a than A. millepora (p < 0.001, Tab. 3.10). The ratio of chlorophyll a to carotenoids in 

A. aspera (0.65 ± 0.01) was 16% lower than that evident in A. millepora (0.77 ± 0.01). Despite this 

difference, ratios of chlorophyll a to carotenoids did not differ among treatments for either species 

(p = NS, Tab. 3.10), and were not significantly influenced by colony size (p = NS, Tab. 3.10). 

Table 3.10 Five-factor nested ANOVA to test for differences in the ratio of Chl a to Carotenoids in A. aspera and A. 
millepora colonies between and among treatments, species and colony size-classes in experiment 2. The analysis was 
performed on non-transformed data and excludes data for the in situ controls. NS = non significant. 

Treatment (Tmt) 3/7 2.11 NS 
Species (Sp) 1/7 68.23 p< 0.001 
Tmt*Sp 3/7 11.79 p< 0.001 
Rack 7/14 3.67 NS 
Size (Si) 2/14 1.96 NS 
Tmt*Si 6/14 2.63 NS 
Sp*Si 2/14 1.94 NS 
Tmt*Sp*Si 6/14 2.82 NS 
Si*Rack 14/58 3.01 NS 
Colony  12/58 NS 
Residual 58 
Total 117 

102 



Chapter 3 

DISCUSSION 

PHOTOPHYSIOLOGICAL TRAITS OF THE SPECIES 

In perforate species, like Acropora aspera and Acropora millepora, tissues are not solely 

organized into polyps (outer gastrodermal coenosarc), but may also form intricate and extensive 

networks (inner basal endoderm) through the surface of skeletal structures (Barnes & Lough 1992; 

Fig. 3.3). As shown here, differences in tissue mass index occur among two perforate species of the 

same genus (Fig. 3.3), and between size-classes within a species, such as A. millepora (Fig. 3.4). 

Differences in tissue mass index (Fig. 3.3), reflect differences in tissue volume and skeletal porosity, 

which are influenced by rates of vertical skeletal extension and thickening (Barnes 1971, 1973; Darke 

1991; Fig. 2.18 Chapter 2). The two species also differ in morphology. Branching colonies of A. 

aspera generally have faster rates of linear extension, more porous branch tips and much weaker 

observed basal attachment plates, compared to corymbose colonies of A. millepora (Bothwell 1984; 

Chapter 2; pers. obs.). The early development of strong basal attachment plates in colonies of A. 

millepora, may also account for lower tissue mass index in small and medium sized colonies, than 

in large colonies of this species (i.e. tissue may grow in the plate rather than the branches, Fig. 3.4). 

Tissue mass index for reef corals have not been measured previously, but Barnes & Lough (1992) 

have shown that tissue thickness in a range of massive Porites species, is greatest in large colonies; 

a pattern comparable with the differences in tissue mass index found between size-classes of A. 

millepora. However, tissue mass index in A. aspera were independent of colony size (Fig. 3.4), and 

this could suggest that a combination of colony growth rates and morphology may influence tissue 

mass index in perforate reef corals. 

Zooxanthellae densities and photopigment contents also differed between the two species; A. 

aspera had the higher zooxanthellae densities (Fig. 3.5), but the lower photopigment content per algal 

cell or per unit tissue volume (Fig. 3.7, Fig. 3.9). This lends some support to the hypothesis that the 

amount of skeleton occupied by tissue may be related to zooxanthellae densities in reef corals (Houck 

1978; Kinzie et al. 1984; Kinzie & Hunter 1987). It can be speculated that these differences between 

the species may also be governed by the spatial and physical constraints dictated by colony 
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morphology. Unlike arborescent colonies of A. aspera, corymbose colonies of A. millepora have 

short, compact branches, and may receive a lower total amount of incident light, because of shading 

between adjacent branches (eg. Titlyanov 1991). For A. millepora, effects of shading due to branch 

compaction may be offset by higher photopigment contents in the coral tissue, to ensure a greater 

acquisition of light. These photophysiological differences between the two species are comparable 

with those found by Houck (1978) and Kinzie et al. (1984) between P. damicorrzis an imperforate, 

compact branching species and Montipora verrucosa Lamarck a perforate and more laminar species, 

with the former exhibiting the lowest zooxanthellae densities and the highest photopigment contents. 

For perforate corals, like A. aspera and A. millepora, zooxanthellae densities and photopigment 

concentrations may be influenced by their tissue volume and morphology. For both species, medium 

sized colonies had the highest zooxanthellae densities compared to small and large colonies combined 

(Fig. 3.6). Despite this unusual trend, concentrations of all photopigments per unit tissue volume did 

not differ between colony size-classes for either species (Fig. 3.10). ( 

PHOTO-RESPONSES TO DEPTH CHANGES 

The responses of the species to depth changes were different and related to their morphologies 

and photophysiological traits. Overall, photo-responses to depth changes were more pronounced in 

corymbose colonies of A. millepora than in branching colonies of A. aspera (Tab. 3.11). 

Nevertheless, both exhibited marked alterations in tissue mass index in response to depth changes 

(Tab. 3.11), which directly reflect alterations in their rates of vertical skeletal extension (see Chapter 

2). With the exception of the 25 cm transplants of A. aspera, which exhibited a 24% increase in 

tissue mass index with an increase in skeletal extension, tissue mass index decreased by 14 to 21% 

in all other depth transplant colonies of the two species coincident with similar reductions in skeletal 

extension (Fig. 2.18, Chapter 2; Fig. 3.3). This indicates to some extent that increasing depth may 

ultimately reduce 
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Table 3.1 A summary of the photophysiological traits of A. aspera and A. millepora, and their responses to 25 cm and 
50 cm depth changes. An increase or decrease in a trait, as a result of transplantation into deeper water, is shown by the 
direction of each arrow and the magnitude of a response is shown by the number of arrows. The tissue location or pigment 
contributing the most pronounced effect on the direction of arrows is shown and colony size-class trends for each trait are 
listed in decreasing order of magnitude. --, indicates no significant change occurred as a result of transplantation; OGC, 
outer gastrodermal coenosarc; IBE, inner basal endoderm; S, small colonies; M, medium sized colonies; and L, large 
colonies; /, shows no significant difference between size-classes; Chl a, chlorophyll a; Chl c 2, chlorophyll c 2; and Car, total 
carotenoids. 

Trait 
A. aspera A. millepora 

Controls 25 cm 50 cm Controls 25 cm 50 cm 

Tissue Mass Index high TT I low 1 11 

Tissue Location OGC>IBE OGC IBE>OGC OGC 

Colony Size-Class Trends S/M/L S/L>M L>S/M L>S/M S>M>L S/M>L 

No. Zooxanthellae / cm3  high low 1 11 

Tissue Location OGC OGC 

Colony Size-Class Trends M>S/L M>S/L S>M>L L>S/M 

Photopigments / cell low 1 1 high 
( 

1 1 IT I 

Pigment Chl a / Car Chl c2  Chl c 2  Chl c2  

Colony Size-Class Trends L>M/S S/M/L S/M/L S/M/L S/M/L S/M/L 

Photopigments / cm3  low 1 1 high I TT 

Pigment Chl a / Car Chl c2  Chl c2  Chl c 2  

Colony Size-Class Trends S/M/L S/M/L S/M>L S/M/L S/M/L L>S/M 

tissue mass index in reef corals. In addition to these physical factors, changes in the nutritional status 

of the environment may have occurred with increasing depth. As noted by Barnes & Lough (1992), 

a well-fed colony may have a thicker tissue layer than a starved colony having the same size and 

skeletal growth rate. Colony size-classes exhibiting a reduction in tissue mass index with increasing 

depth differed between species. Large colonies of A. millepora and small and medium sized colonies 

of A. aspera exhibited the most marked reductions in tissue mass index in response to the 50 cm 

depth change (Fig. 3.4, Tab. 3.11). 

The 50 cm transplants of A. aspera and all depth transplants of A. millepora showed an 

increased photopigment content per unit tissue volume, relative to the controls (Fig. 3.9, Tab. 3.11). 
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Increases in photopigment content may enhance light harvesting ability and are comparable with those 

found for reef corals in response to a decrease in light intensity and a concurrent decrease in the 

proportion of red light (Kinzie et al. 1984; Chalker et al. 1988; Falkowski et al. 1990). Studies which 

have documented similar responses of reef corals to depth related changes in light have used species 

which inhabit broad depth ranges, often in excess of 10 m (eg. Porites lobata Dana, Maragos 1972; 

Montastrea annularis Ellis and Solander, Dustan 1979, 1982, Wyman et al. 1987, Stylophora 

pistillata Esper, McCloskey & Muscatine 1984; Porter et al. 1984; Gattuso et al. 1991). This study 

found marked increases in photopigment content among shallow reef flat corals in response to depth 

changes of less than 50 cm. Most studies tend to attribute increases in photopigment content to 

alterations in the size of photosynthetic units and photopigment contents per algal cell (Dustan 1979, 

1982; Falkowski & Dubinsky 1981; Barnes & Chalker 1990), rather than to alterations in 

zooxanthellae numbers per unit tissue volume or their spatial arrangement. As shown here, alterations 

in zooxanthellae numbers (Fig. 3.5) and changes in tissue mass index (Fig. 33) probably play an 

important role in determining photopigment concentrations and species-specific responses to depth 

changes. 

The more perforate species, A. aspera, maintained zooxanthellae densities more readily than 

A. millepora, which tended to alter its pigment content per algal cell (Tab. 3.11). Photopigment 

contents per algal cell within colonies of A. millepora increased by 65% and 142%, respectively, in 

response to a 25 cm and 50 cm depth change, despite concurrent reductions in zooxanthellae densities 

and tissue mass index (Fig. 3.3, Fig. 3.5, Fig. 3.7). It is proposed that decreases in zooxanthellae 

densities and tissue mass index may minimize the effects of cell shading, enhance skeletal reflection 

of light within the coral tissue and influence increases in algal pigment content by providing a larger 

surface area for the acquisition of light by photosynthetic units (eg. See also Dustan 1982; McCloskey 

& Muscatine 1984). This would also account for the small increase (ca. 36%) in chlorophyll c 2  

content per cell exhibited by the 50 cm transplant colonies of A. aspera, since they only exhibited 

minor reductions in zooxanthellae densities and tissue mass index, compared to A. millepora (Fig. 

3.3, Fig. 3.5, Fig. 3.7). Greater reductions in zooxanthellae densities may not result in greater 

increases in photopigment content per algal cell, as shown by Dustan (1979) in transplant colonies 
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of M. annularis in response to a depth change from 10 to 15 m. However, for A. millepora and A. 

aspera, slight reductions in zooxanthellae densities and tissue mass index in combination with 

increases in photopigment contents per cell, may occur in response to small depth changes. 

The photophysiological responses of corals to depth-related changes in light are analogous to 

those which occur in the chloroplasts and leaves of terrestrial plants to optimize light acquisition 

(Boardman 1977; Chow et al. 1988; Vogelmann 1993). Nishio et al. (1993) recently demonstrated 

that photosynthetic pigments and CO 2  fixation gradients were highest just below the upper leaf 

surface in low-light adapted leaves and in the middle of high-light adapted leaves. Similar 

photopigment gradients may be evident in the tissues of reef-building corals, with the upper section 

of a leaf equivalent to the outer gastrodermal coenosarc and the middle of section of a leaf equivalent 

to the inner basal endoderm. Reductions in tissue mass index and zooxanthellae densities per unit 

tissue volume were most pronounced in the outer gastrodermal coenosarc, rather than in.the inner 

basal endoderm (Fig. 3.3-b,c, 3.5-b,c, Tab. 3.11). If these reductions facilitate increases in 

photopigments per cell and per tissue mass, photopigment concentrations are likely to be higher in 

the outer gastrodermal coenosarc, than in the inner basal endoderm. Testing this hypothesis awaits 

development of paradermal sectioning techniques for the tissues of reef-building corals. 

This study also demonstrates that photopigment content per unit tissue volume varied among 

colony size-classes of both species. Photopigment contents within the tissue were generally highest 

in small and medium sized colonies of A. aspera and in large colonies of A. millepora (Fig. 3.10, Tab. 

3.11). Most photophysiological studies on corals have assumed equivalent photo-responses among 

colony size-classes of the same species and do not mention the size of the corals studied (Maragos 

1972; Dustan 1979, 1982; Titlyanov et al. 1980; Chang et al. 1983; Porter et al. 1984; Gattuso et al. 

1991). A unique study by Jokiel and Morrissey (1986) revealed that the relationship between 

photosynthesis and irradiance (P-I curve) in P. damicornis collected at depths of 50 cm, was inversely 

related to colony size. This response is comparable with the changes exhibited by A. millepora (Fig. 

3.10). Jokiel & Morrissey (1986) stressed that colony size was an important determinant of photo-

responses. The present study also demonstrates that photo-responses may differ among species. 

Colonies of A. aspera, when transplanted 25 cm deeper than the controls, had responses that 
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appeared to reduce light harvesting abilities (Tab. 3.11). While these colonies maintained 

zooxanthellae densities at levels equivalent to the controls (Fig. 3.5), they exhibited marked 

reductions (ca. 51%) in pigment content per algal cell and per unit tissue volume (Fig. 3.7 & 3.9). 

Several factors may have contributed to these changes. For example, fast rates of skeletal extension 

(Fig. 2.18, Chapter 2) and high tissue mass index (Fig. 3.3, Tab. 3.11), may have influenced the rate 

at which colonies respond to changes in light regimes. 

Large colonies of A. millepora and small and medium sized colonies of A. aspera are best able 

to maximize light acquisition in response to a 50 cm change in depth. Of the two species, A. 

millepora is the most effective at rapidly responding to depth-related changes in light by increasing 

its photopigment contents, even in response to very small changes in depth. 

Extant colonies of A. millepora, particularly large colonies, are likely to acclimatize to changes 

in light attenuation and spectral composition in response to small changes in sea level, whereas extant 

colonies of A. aspera, even small and medium sized ones, appear to have little ability to photoadapt. 

THE ROLE OF PHYSIOLOGICAL RESPONSES TO LIGHT IN CORAL ZONATION 

The zonation of species is only partly related to their photophysiological traits and photo-

responses to depth changes. Colonies of A. millepora, with observed strong basal attachment plates 

(Bothwell 1984), are usually common at reef crests, coincident with the strongest wave energy 

regimes, whereas colonies of A. aspera, which were observed to have little ability to attach firmly to 

the substratum in the field, are more common in calmer and shallower outer reef flat sites (Chapter 

2). Findings presented here show that A. millepora is the more physiologically tolerant of deeper 

water than A. aspera. High relative levels of accessory carotenoids in A. aspera also indicate that this 

species should be more common at shallow sites, because carotenoids such as 13-carotene and yellow 

xanthophylls are often high in corals in high light regimes, to minimize the possibility of 

photoinhibition (Titlyanov et al. 1980; Barnes & Chalker 1990; Gattuso et al. 1991). However, the 

ability of A. aspera and A. millepora to survive and photoadapt (even to a small extent) at transplant 

depths below their current depth range, demonstrates that additional factors, other than physiological 

responses to light, affect the zonation of species. Depth changes are not associated with changes in 
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the physical environment, such as light, temperature, salinity, turbidity and sedimentation 

(Buddemeier & Kinzie 1976)/ they also correspond with changes in competitive interactions, 

herbivorous grazing, predation and bioerosion (MacIntyre & Glynn 1976; Hay 1981, 1984, Davies 

& Hutchings 1983; Wilkinson & Evans 1988; Chapter 2). Consequently, coral responses to depth 

changes are likely to be multiplicative or synergistic responses to concurrent changes in several 

environmental variables (eg. light, temperature and salinity, Coles & Jokiel 1978), or are indirect 

responses to sequential changes in several environmental variables (eg. light and temperature 

followed by predation, Chapter 2), rather than a simple response to changes in light. 

The observation that large colonies of A. millepora and small and medium sized colonies of 

A. aspera are most effective in surviving at deeper sites (Chapter 2) is also relevant to zonation. 

Small colonies of A. millepora, and other species like P. damicornis and Goniastrea retiformis 

Lamarck are usually abundant at shallow sites, and colony size increases with increasing depth (Jokiel 

& Morrissey 1986; Chapter 2). In contrast, large colonies of A. aspera are often common on outer 

reef flats, and smaller colonies are equally abundant from inner reef flats to reef crests (Chapter 2). 

This pattern of zonation is likely to occur because A. aspera often propagates clonally in response to 

mechanical stresses by fragmentation (eg. see Chapter 2). The ability of small and medium sized 

colonies of A. aspera to respond to alterations in depth, by increasing concentrations of chlorophyll 

c2  within the tissue, indicates that branch fragments may readily photoadapt in response to dispersal 

throughout shallow reef flat zones. Despite this relationship between the photo-responses of both 

species and their size-specific patterns of reef zonation, population size-structures in the field are also 

governed to a large extent by colony age, time of recruitment, skeletal growth rates, competition for 

resources among size-classes, selective grazing or predation and microhabitat differences (Hughes 

& Jackson 1980; Sheppard 1980; Sebens 1983; Chapter 2). Severe disturbances or high wave energy 

regimes in unpredictable environments can also rapidly restrict the development of large size-classes 

across reef zones (Jokiel & Morrissey 1986). 

POTENTIAL IMPACTS OF ENHANCED CLIMATE CHANGE AND SEA LEVEL RISE 

Shallow-water reef corals with different morphologies and photophysiological traits are likely 
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to photo-respond quite differently to predicted sea level rise. As sea level rises, increased water depth 

over extant corals may expose them to suboptimal light regimes. Those species which can photoadapt 

may persist. However, changes in the physical and biological environment could limit their ability 

to optimize light acquisition, grow, reproduce and survive. The rate of sea level rise associated with 

global warming will also be important in determining the long-term fate of the corals (see Chapter 

4). From findings presented here, it seems likely that extant colonies of A. millepora, particularly 

large colonies, may be most capable of photoadapting to alterations in light following sea level rise, 

while large colonies of A. aspera may be the least capable. While levels of peak clear day visible 

irradiance are not expected to be modified by enhanced climate change, alterations in cloud cover, 

sea state and water turbidity are expected to affect light attenuation in tropical waters (Smith & 

Buddemeier 1992). Strengthening of monsoonal westerly winds in the eastern Australian tropics, 

expected as a result of enhanced global warming (Climate Impact Group CSIRO 1992), may 

drastically affect the extent of outflow from mainland fluvial systems and subject turbid inshore 

fringing reefs to higher sediment or nutrient loads. As a result, increased levels of water turbidity may 

have profound affects on the depth range of photoadaptation for reef corals. Photoadaptive responses 

to small changes in sea level, in themselves, provide no indication of the ability of species to persist 

at deeper sites from other physical or biological agents of mortality. Even if a species can photoadapt 

to alterations in light, sea level rise may provide new sites for predators and competitors (eg. see 

Chapter 2), so that only the coral species which can recovery from injuries, outcompete new recruits 

and survive will remain the longest. 
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CHAPTER 4: 

MODELS OF THE LONG-TERM EFFECTS OF DEPTH 

CHANGES ON THE DEMOGRAPHY OF 

SHALLOW-WATER REEF CORALS 

INTRODUCTION 

Sessile reef corals restricted to shallow depths on inshore reefs may be particularly vulnerable 

to enhanced global climate change and sea level rise, despite being well adapted to the broad tidal 

changes they deal with continuously. They are often periodically exposed to the air and subaerial 

stresses (Glynn 1973, 1988), and their demographic traits (eg. survival, growth and reproduction), are 

depth-dependent (eg. Maragos 1972; Baker & Weber 1975; Kojis & Quinn 1984). While there is an 

obvious need for long-term monitoring to identify coral population and community responses to 

environmental change, manipulative studies are also essential to understand the underlying 

mechanisms causing those responses. Detailed examination of species-specific demographic and 

physiological responses to experimentally induced small changes in depth may provide the basis for 

understanding future responses of coral populations and assemblages to enhanced climate change and 

sea level rise (Chapter 2 & 3). However, many corals live much longer than the average life-time of 

a field experiment or research scientist, and eustatic sea level is predicted to rise slowly at around 5 

cm / decade up to 2070 (Wigley & Raper 1992). While it is not possible to simulate exactly the 

projected se level rise, matrix projection models can be used to predict the long-term dynamics of 

coral populations in response to short-term perturbations in their environment (Hughes 1984; Done 

1987, 1988; Gotelli 1991), and hence can be used to assess the long-term fate of reef corals in 

response to specific changes in sea level. 

Size-structured matrix projection models have been used to quantify long-term rates of 

population growth and the transient behaviour of plant and animal populations (Hartshorn 1975; 
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Werner & Caswell 1978; Enright & Ogden 1979). They also provide a powerful tool to evaluate the 

influence of life history parameters on population growth rates (Caswell & Werner 1977; 

Bierzychudek 1982; Hughes 1984, 1990; McFadden 1991). These models, initially developed for 

populations of aclonal organisms (Bernardelli 1941; Lewis 1942; Leslie 1945, 1948), may be applied 

to demographic data for clonal organisms with indeterminate growth (Hughes 1984; Caswell 1985, 

1989), and can be used to evaluate the long-term effects of experimentally induced depth changes on 

the demography of shallow-water reef corals. 

Given current predictions, eustatic sea level is predicted to rise around 20 cm by 2030 and by 

about 45 cm by 2070 (Wigley & Raper 1992). As sea level rises, new recruits may colonize presently 

unsuitable shallow reef sites, but extant corals will be located in gradually deepening sites and may 

be exposed to suboptimal environmental conditions. As a consequence, the resilience of these corals 

to changes in the physical and biological environment and their ability to replace themselves either 

sexually or asexually is likely to play an important role in determining their persistence among deeper 

sites. Reef corals have a diverse range of life histories (Hughes et al. 1992), and so often exhibit 

different responses to ecological disturbances (Bak & Criens 1981; Knowlton et al. 1981; Woodley 

et al. 1981; Hughes & Jackson 1985; Potts & Garthwaite 1991). Like other clonal and aclonal 

organisms, their reproductive strategies may also differ. Reef corals may reproduce sexually by 

brooding planulae or releasing gametes, or asexually by colony fission, fragmentation or intrinsic 

means (Harrison & Wallace 1990). However, few demographic studies have quantified the relative 

contributions of asexual and sexual reproduction to the population growth of clonal organisms which 

incorporate both modes of reproduction into their life cycle (eg. Sarukhan & Gadgil 1974; 

Bierzychudek 1982; McFadden 1991). In addition, most studies using size-structured projection 

models to evaluate the long-term dynamics or life history strategies of coral populations have focused 

on single species (Hughes 1984; Done 1987, 1988; McFadden 1991), rather than a range of species 

with different life histories (eg. see Caswell 1989; Andres and Rodenhouse 1993). This study was 

designed to examine the long-term effects of experimentally induced depth changes on the 

demography of three shallow-water reef corals with different life history traits, and to evaluate the 

relative importance of reproductive strategies to their rates of population growth. 
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Colonies of Goniastrea retiformis Lamarck, Acropora millepora Ehrenberg and Acropora 

aspera Dana were subjected to small depth changes of 25 cm, 50 cm and 1 m in controlled field 

experiments and their demographic responses including survival, growth, shrinkage, asexual 

propagation and fecundity, were monitored for a 12 month period (Chapter 2). While these species 

spawn gametes en mass (sexually reproduce) once per annum (Bothwell 1984; Babcock et al. 1986), 

and can propagate asexually by colony fission (Chapter 2), their life history traits differed 

considerably throughout the course of a year (Chapter 2). These species are therefore likely to exhibit 

quite different long-term demographic responses to depth changes. 

This study uses an integrative approach to quantifying the likely fate of the species in response 

to specific changes in sea level. It has six objectives: 1. To construct size-class transition matrices 

describing the annual demographic responses of the in situ, handling and translocated controls and 

depth transplants of these species; 2. to determine the persistence of the coral populations from their 

measured rates of colony fission (asexual propagation), growth, shrinkage And survival. These 

projections assume that sexual recruitment does not occur in the field populations. They are used to 

quantify the contributions of asexual reproduction to rates of population growth; 3. to determine the 

amount of 'self-seeding' (ie. larval recruitment from within the site) required for each population to 

persist in a stable state. These projections assume that the planula derived from colonies within the 

study area are the only source of sexual recruits for each population. They are used to quantify the 

contributions of sexual reproduction to rates of population growth. In reality however, there is 

potentially a much larger source of external recruits (including all those outside the study area). 

Changes in local water currents may influence the distribution and settlement of coral larvae in the 

field (eg. Willis & Oliver 1990), and they could prevent 'self-seeding'; 4. to determine, bearing these 

factors in mind, the number of external recruits per annum required to maintain populations at their 

original size. These simulations assume that the populations derive their sexual recruits purely from 

external sources and do not 'self-seed'. They are used to quantify effects of externally sourced recruits 

on rates of population growth; 5. to a) quantify the dynamics of each population with both modes of 

reproduction incorporated into their life cycle, by determining their stable size-structures, transient 

behaviour and reproductive values, and b) quantify the demography of the species, by determining 
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the sensitivity of population growth rates to proportional changes in individual size-class transitions; 

and finally 6. to integrate these findings to speculate on the long-term effects of depth changes on the 

demography of these shallow-water reef corals. 

MATERIALS AND METHODS 

SIZE-CLASS TRANSITION MATRICES 

The annual size-specific survivorship, fecundity and growth transitions of individual colonies 

of Goniastrea retiformis, Acropora aspera and Acropora millepora exhibited in situ and as a result 

of handling, habitat relocation and depth changes (See Results Chapter 2), were used to construct size-

class transition matrices. Initially, 4 x 4 matrices describing the annual demographic responses of 

each group of treatment colonies (G. retiformis from experiment 1 and of A. aspera and A. millepora 

from experiment 2) were constructed; a total of 14 separate matrices (Tab. 4.1). Isfie columns of each 

matrix represent transitions from initial size-classes, while the rows give transitions to final size-

classes after a 12 month period. Adult size-categories used in each matrix represent: I, colonies 0.5 

to < 25 cm2 ; II, 25 to < 60 cm2; and DI, 60 to < 120 cm2. These categories were chosen to encompass 

the range of colony areas in experiment 1 and 2, while maintaining at least 19 to 20 corals within each 

of the three size-classes (See Materials & Methods Chapter 2). Colonies of G. retiformis typically 

grow at much slower rates than those of A. aspera and A. millepora (see Results Chapter 2). Using 

a greater number of size-categories with much smaller size limits than those used here, could 

accommodate these growth differences between the species. However, dividing each group of 

treatment colonies into more than three size-classes would have reduced sample sizes and increased 

the sampling error around matrix probabilities. Choosing different adult size-categories for each 

species would also prevent direct comparison of the demographic responses of the three species, so 

the same categories were used for all three species. 

The form of each matrix (Tab. 4.1), is identical to those conventionally used for populations 

whose structure is described by size rather than age classes (Werner & Caswell 1978; Hughes 1984; 

Caswell 1986, 1989; McFadden 1991). In the matrices, probabilities below the diagonal represent 
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Table 4.1 Annual size-class transition matrices and initial column vectors, no  for colonies of G. retiformis, A. aspera 
and A. millepora, as a function of their treatment. IC represents data for in situ controls; HC, the handling controls; TC, 
the translocated controls; 25 cm, 50 cm and 1 m, the depth transplants; E, eggs; I, colonies 0.5 to 25 cm2 ; II, colonies 25 
to 60 cm2; III, colonies 60 to 120 cm2 ; E, sum of transition probabilities excluding fecundities; and d x, size specific 
mortality provided colonies do not undergo fission (ie. when the sum of transition probabilities in each column, excluding 
those at the top, does not exceed 1). 

IC E 

G. retiformis 

I 	II 	111 	n( ,) 	 E 

A. aspera 

I 	II 

A. millepora 

III 	no) 	 E 	I 	II 	III 	no)  
E 0 2452 12385 34727 0 E 0 410 2469 9887 0 E 0 1017 6414 18424 0 
1 0 

[ 
0.85 0.55 0.25 20 I 0 0.4 0.6 0.6 20 I 0 0.25 0.05 0.4 20 

II 0 0.05 0.50 0.30 20 II 0 0.45 0.25 0.5 20 II 0 0.2 0.2 0.05 20 
III 0 0.00 0.05 0.40 20 III 0 0.15 0.3 0.7 20 HI 0 0 0.45 0.55 20 
E 	0 0.9 1.1 0.95 	60 	E 	0 1 1.15 1.8 	60 	E 	0 0.45 0.7 1 	60 
d, 	0 0.1 0 0.05 	 d, 	0 0 0 0 	 d, 	0 0.55 0.3 0 

HC E I II III 	n(„ 	 E I El III 	no) 	 E I 11 III 	no)  
E 0 1144 6804 26536 0 E 0 473 2414 8975 0 E 0 1192 5517 19072 0 
I 0 

[ 
0.5 0.65 0.35 20 I 0 0.6 0.45 0.45 20 I 0 0.15 0.1 0.2 20 

II 0 0 0.4 0.25 20 II 0 0.3 0.1 0.15 20 II 0 0.1 0.2 0.05 20 
III 0 0 0.05 0.4 20 III 0 0.05 0.65 0.85 20 III 0 0 0.25 .0.5 20 

E 	0 0.5 1.1 1 	60 	E 	0 0.95 1.2 1.45 	60 	E 	0 0.25 0.55 0.75 	60 
d, 	0 0.5 0 0 	 d, 	0 0.05 0 0 	 d, 	0 	( 0.75 0.45 0.25 

TC E I II HI 	n( ,) 	 E I H HI 	nm 	 E I II III 	no)  
E 0 1313 8330 28969 0 E 0 499 2604 9708 0 E 0 837 4762 20051 0 
1 0 0.74 0.14 0.05 19 I 0 0.3 0.7 0.45 20 I 0 0.14 0.16 0.2 21 
II 0 

[ 

0.05 0.71 0.15 21 H 0 0.5 0.4 0.6 20 II 0 0.05 0.21 0.05 19 
111 0 0 0.09 0.75 20 III 0 0.3 0.35 0.6 20 III 0 0 0.27 0.4 20 
E 	0 0.79 0.95 0.95 	60 	E 	0 1.1 1.45 1.65 	60 	E 	0 0.19 0.63 0.65 	60 
d, 	0 0.21 0.05 0.05 	 d, 	0 0 0 0 	 d, 	0 0.81 0.37 0.35 

25 cm E I II III 	no) 	 E I II III 	n(,)  
E 0 320 1977 6279 0 E 0 471 2375 3388 0 
I 0 

[ 
0.2 0.35 0.6 20 I 0 0.1 0 0.05 20 

H 0 0.25 0.15 0.15 20 H 0 0.5 0.24 0 21 
III 0 0.1 0.5 0.75 20 III 0 0 0.09 0.53 19 
E 	0 0.55 1 1.5 	60 	E 	0 0.6 0.33 0.58 	60 
d, 	0 0.45 0 0 	 d, 	0 0.4 0.67 0.42 

50 cm E I II HI 	n„) 	 E I II HI 	n„, 
E 0 229 1690 3395 0 E 0 0 1506 6114 0 
I 0 

[ 
0.3 0.6 0.8 20 I 0 0 0 0 20 

II 0 0.05 0.1 0.45 20 II 0 0 0 0.05 20 
III 0 0 0.05 0.2 20 III 0 0 0 0.2 20 
E 	0 0.35 0.75 1.45 	60 	E 	0 0 0 0.25 	60 
d, 	0 0.65 0.25 0 	 d, 	0 1 1 0.75 

l m 	E I II M 	no)  
E 0 41 1209 3858 0 
I 0 0.8 0.75 0.65 20 
II 0 0 0.5 0.35 20 
III 0 0 0 0.35 20 

E 	0 0.8 1.25 1.35 	60' 
d, 	0 0.2 0 0 
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net growth in area into a larger size-class after a 12 month period. The diagonal describes the 

likelihood of an individual remaining within the same size-class after this time as a result of stasis or 

a balance between rates of growth and shrinkage, and probabilities above the diagonal represent 

contributions to a smaller size-class after this time, either through shrinkage, sexual reproduction or 

asexual propagation (fission). In contrast to traditional age-based matrices (eg. Leslie 1945), the sum 

of transition probabilities within each column (excluding those at the top), may exceed 1 as a result 

of colony fission. Assuming that no colonies undergo fission, size-specific mortality rates, d x, are 

equal to 1 minus the sum of transition probabilities within each column (Hughes 1984; McFadden 

1991). 

Entries in the top row of each matrix (Tab. 4.1), denote the number of eggs, E, produced by 

each of the three adult size-classes after a 12 month period. These later values were determined by 

calculating the mean number of eggs produced per unit surface area per colony size-class of each 

species per annum (Fig. 2.21, Chapter 2), and multiplying these size-specific fecundities by the mean 

digitized surface area of colonies within each size-class. 

Bold values within the first column of each matrix (Tab. 4.1), denote the probability of self-

seeding, ie. eggs growing to a size I adult, av, after a 12 month period. In the modified projection 

models used here, estimates of self-seeding and recruitment from external sources are simulated 

separately, to examine the importance of asexual propagation, sexual reproduction and recruitment, 

on the fate of colonies within each treatment. 

POPULATION PROJECTION MODELS 

Each size-class transition matrix, A, was used to model population growth and size-structure 

over time, using standard population projection models of the form: A * n(o)  = no4. 1) , where no)  is a 

column vector describing the size-structure of each group of treatment colonies at time t (Tab. 4.1). 

For the purpose of this study, each group of treatment colonies is hereafter referred to as a population. 

Although demographic data for each population was available for bimonthly intervals, a time interval 

of one year was used to model population growth within each treatment, since all species, spawn en 

mass (sexually reproduce) only once per annum. To determine the long-term effects of depth changes 
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on the demography of the species, five different methods were used to quantify the relative 

contributions of asexual propagation, sexual reproduction and recruitment to rates of population 

growth, and the long-term dynamics of colonies within each treatment. 

Persistence without Sexual Reproduction or External Recruits 

Initially, the demographic traits of each population were projected through time without any 

sexual reproductive contributions towards population growth or any external recruits. This was 

achieved simply by omitting size-specific fecundity estimates within the top row of each matrix (Tab. 

4.1). These modified matrices incorporating the asexual propagation of daughter colonies by fission 

were classified as the fission replacement models, since they were used to quantify the basic 

demographic behaviour of each population: A. fr , fission replacement model population growth rate, 

given by the dominant eigenvalue of each matrix (Caswell 1986, 1989). 

Effects of Asexual Propagation on Persistence 

To assess the importance of asexual propagation to the persistence of each population, effects 

of fission were temporarily removed from each matrix (Tab. 4.1), while the transition probability from 

eggs to size I adults, aEl, was calculated so that each matrix would yield a stable population over time 

(where A = 1), then effects of fission were replaced. Temporary removal of the effects of fission from 

each matrix was achieved by removing transition probabilities derived from the asexual production 

of daughter colonies, leaving only those derived from the original parent colonies. These modified 

matrices were classified as the fission models and were projected through time to assess the relative 

contribution of asexual propagation to the growth rate of each population (eg. whether or not fission 

model population growth rates, At', > 1). 

Effects of Sexual Reproduction on Persistence 

To assess the importance of sexual reproduction to the persistence of each population, an 

estimate of each growth transition probability from eggs to size I adults, (av, Tab. 4.1) was made so 

that each matrix would yield a stable population over time (where A = 1), without any other 
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modifications. Values of for each matrix were compared to assess the importance of self-seeding 

to the persistence of each population. These modified matrices were classified as the complete 

models, since they included both asexual and sexual reproductive contributions to population growth. 

Effects of External Recruits on Persistence 

All fission replacement models, with asexual propagation as the only mode of reproduction, 

were used to quantify the number of external recruits required to maintain populations at their original 

size (where n = 60). This was achieved by adding a recruitment vector, R o)  , describing the net 

number of recruits per annum, to population projection models, in the form of: A * n(,)  + R(, )  = n(t+1) , 

and solving for the number of recruits to size I adults per annum, R, required to yield n = 60 after 50 

iterations (eg. See Hughes 1984, 1990). Differences in these simulated values between populations 

were also examined and compared to documented accounts of net rates of recruitment observed in 

the field. 

Population Dynamics 

Using standard analytical procedures for matrix projection models (eg. See Caswell 1986, 

1989; de Kroon et al. 1986; Van Groenendael et al. 1988), the complete models incorporating both 

reproductive modes were used to quantify in detail the long-term dynamics of each population: 

w, 	stable size-structure, given by the dominant vector of each matrix, 

p, 	damping ratio, a measure of the rate of convergence to a stable size-structure, 

v, 	reproductive value, the relative contribution of each size-class to population growth rate, 

, and 

e, 	growth rate elasticity, the relative contribution of individual entries in each matrix to 

population growth rate, 

BASIC DEMOGRAPHIC ASSUMPTIONS 

The simple population projection models used here, assume that transition probabilities are 

constant and ignore changes in demographic performance (eg. increased mortality coupled with 
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decreased recruitment and growth) likely to result due to crowding. Analytical procedures can be 

used to incorporate density-dependent effects into population projection models (eg. see Hughes 1984, 

1990). However, the aim of this study is to determine the fate of treatment populations, if their 

measured size-class transition probabilities (from Chapter 2) were to continue indefinitely as they did 

in the first 12 month period. The results which follow are, therefore, based on the assumption that 

the transitions measured in 1992 to 1993 (for G. retiformis) and in 1993 to 1994 for (A. aspera and 

A. millepora) are the same for the 50 subsequent years. 

RESULTS 

LONG-TERM EFFECTS OF DEPTH CHANGES ON THE PERSISTENCE OF CORALS 

PERSISTENCE WITHOUT SEXUAL RECRUITMENT 

The projected fate of species differed among treatments, even without sexual reproductive 

contributions to population growth or any external recruits (Fig. 4.1). All treatment and control 

colonies of G. retiformis and A. millepora and the 50 cm transplants of A. aspera would eventually 

decline in number. Of these, all colonies of A. millepora and the 50 cm transplants of A. aspera 

would exhibit the most rapid population decline, with local extinction (defined arbitrarily as the time 

required to reach 2% of their original population size), in less than 14 years, compared to those of G. 

retiformis with extinction in 9 to 55 years. In contrast, the controls and the 25 cm transplants of A. 

aspera would persist through time and grow in number, as a result of asexual propagation 

These differences in the persistence of species are shown by the projected fission replacement 

model rates of population growth, Mfr  (Tab. 4.2). Interestingly, rates of population growth (A fr  > 1) 

or decline (Ali  < 1) were not always depth-dependent. For G. retiformis, the 1 m transplants would 

exhibit relatively similar rates of population decline as the translocated and in situ controls, with local 

extinction in 22, 34 and 55 years; respectively, while the handling controls would become locally 

extinct in less than half the time (9 years, Fig. 4.1). For A. millepora, however, the 50 cm transplants 

would exhibit the fastest rates of population decline, with local extinction in only 2 years, compared 

119 



Chapter 4 

to the controls and the 25 cm transplants, with extinction in 13, 7, 5 and 6 years, respectively. The 

controls and the 25 cm transplants of A. aspera would persist and grow in number, but the 50 cm 

transplants would become locally extinct in only 6 years (Fig. 4.1).. 
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Figure 4.1 Projected fate of G. retiformis, A. aspera and A. millepora colonies over 20 years, as a function of their 
treatment, without sexual reproductive contributions or external recruits (fission replacement model projections). 
Treatment abbreviations are defined in Table 4.1. 

The effects of fission on the persistence of populations is shown by species-specific 

differences in projected fission model rates of population growth, ? (with sexual reproductive 

contributions set to yield stable populations, Tab. 4.2). Overall, asexual propagation by fission 

contributes to the population growth of each species (where X f  > 1) as expected, except the 

translocated controls of G. retiformis and the 25 cm transplants of A. millepora (where k- = 1). 

Despite this, the controls and 25 cm transplants of A. aspera are the only populations in which gains 

through asexual propagation exceed losses through mortality (where ).f  and X fr  > 1). Interestingly, 

contributions from fission (A f  > 1), do not necessarily delay local extinction (increase fission 

replacement model rates of population growth, X fr), in declining populations. This is demonstrated 

by the handling controls of G. retiformis which grew in number through asexual propagation (4 > 

1), but exhibited faster rates of extinction (lower fission replacement model rates of population 

growth, X f, = 0.517), than the translocated controls with no asexually assisted growth (X f  = 1, ) fr  = 

0.884). Similar mortality in the translocated controls of A. millepora also far exceeded gains through 
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asexual propagation (c.f. the 25 cm transplants). 

Table 4.2 Projected demographic traits for colonies of G. retzformis, A. aspera and A. millepora as a function of their 
treatment. A.„, fission replacement model projected rates of population growth; A, fission model projected rates of 
population growth; aE,, growth transition probabilities from eggs to size I adults for complete model projection matrices; 
and R, the number of recruits required per annum to maintain the original size of each population (N = 60). Treatment 
abbreviations are defined in Table 4.1. 

Species Treatment: 

IC HC TC 25 cm 50 cm 

G. retiformis 

A.„ 0.923 0.517 0.884 0.800 

1.050 1.033 1.000 1.040 

2.2 x 10' 4.4 x 104  3.9x10 5  4.9 x 10-3  

R 5 30 10 12 

A. aspera 

Air 1.268 1.190 1.386 1.045 0.448 

A ir 1.329 1.241 1.442 1.146 1.008 

a5, 0 0 0 0 2.0 x 10-3  

R 0 0 0 0 38 

A. millepora 

A ir  0.737 0.570 0.482 0.545 0.200 

1 1  1.010 1.001 1.002 1.000 N/A 

ael  8.2 x 10' 2.6 x 10-4  5.0 x 10' 3.6 x 10-4  N/A 

R 25 41 46 30 60 

N/A As a result of 100% mortality among size I adults of A. millepora, no growth transitions probabilities of eggs to size 
I adults, a„, could be simulated to ensure the stability of the 50 cm transplant population. 

Unfortunately, as a result of 100% mortality among size I adults of the 50 cm transplants of 

A. millepora (Tab. 4.1), it was not possible to simulate growth transition probabilities from eggs to 

size I adults, aEI, to yield a stable population, because they face inevitable extinction. Consequently, 

self-seeding and fission would have no effect on the persistence of the 50 cm transplants of A. 

millepora. 

EFFECTS OF SELF-SEEDING AND EXTERNALLY SOURCED RECRUITS 

Apart from the controls and the 25 cm transplants of A. aspera, all other declining populations 
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would have to self-seed or gain externally sourced recruits to persist. 

The value of transition probabilities from eggs to size I adults, a Ef, required for populations 

to retain a stable state, varied little in most declining populations, and ranged from 2.2 x 10 -5  to 5.0 

x 104  (Tab. 4.2). For A. millepora, they did not differ in response to a 25 cm depth change, relative 

to the controls. However, very high growth transition probabilities from eggs to size I adults were 

essential to maintain stability in the 50 cm transplants of A. aspera (aE, = 2.0 x 10-3) and the 1 m 

transplants of G. retiformis (aEl  = 4.9 x 10-3). Consequently, self-seeding (even to a small extent) may 

considerably affect the persistence of species with little propensity for asexual propagation, and 

without recruitment it would be essential to ensure the persistence of populations located in deeper 

sites. 

Declining populations may persist with the addition of recruits from external sources. The 

importance of these recruits on the persistence of populations is accentuated by the number of recruits 

growing to size I adults, R, required per annum to maintain populations at their original size (Tab. 

4.2). As expected the number of recruits required was highest among populations with the fastest 

rates of decline (Tab. 4.2). Overall, all treatment colonies of A. millepora would require the greatest 

number of external recruits, ranging from 25 to 60 per annum, compared to G. retiformis and A. 

aspera with 5 to 30 and 0 to 38, respectively. 

The annual recruitment required to maintain populations at their original size was not always 

depth-dependent (Tab. 4.2). In G. retiformis, for example, the handling controls required 30 recruits 

per year, compared to the 1 m transplants and the in situ and translocated controls with 12, 5 and 10 

per year, respectively. This difference occurred because the handling controls exhibited 50% 

mortality in all size I adults, within a year and none of them grew to size II (Tab. 4.1). For A. 

millepora, the 25 cm transplants required a similar amount of annual recruitment as the controls to 

maintain their original population size (30, 25, 41 and 46 recruits per year, respectively), while the 

50 cm transplants require 60 per year. The 50 cm transplants of A. aspera would require 38 recruits 

per year to maintain their population size, whereas all of the controls and the 25 cm transplants would 

persist and grow in number without any external recruits. 
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LONG-TERM EFFECTS OF DEPTH CHANGES ON THE DYNAMICS OF CORALS 

STABLE SIZE-STRUCTURES 

A property of all projection models based on fixed size-class transition probabilities (Tab. 

4.1), is that populations will eventually achieve a stable size-structure, irrespective of initial size-

distributions. Complete model projections with asexual and sexual contributions set to yield stable 

populations (Tab. 4.1, with the inclusion of av  in Tab. 4.2), were used to assess differences between 

projected population size-structures (Fig. 4.2). Assuming annual transition probabilities were to 

remain constant, striking differences would be evident in the projected size-structure, w, of each 

population (Fig. 4.2). For A. aspera, all of the controls and the 25 cm transplants would have a 

similar and stable proportion of size I, II and III adults after 50 years. All of the other populations, • 

would be dominated by size I adults, immediately preceding local extinction. Most of the A. aspera 

populations, in contrast to the others, rely on frequent fission to attain a stabld size-structure, after 

only 1 year (Fig. 4.2). 

Differences between populations in rates of convergence to a stable size-distribution are 

shown by the damping ratios, p (Tab. 4.3). Populations of A. aspera, with high damping ratios would 

attain stable size-structures faster than G. retiformis and A. millepora. Rates of convergence to stable 

size-distributions would be relatively unaffected by depth changes. For G. retiformis, for example, 

the 1 m transplants would attain a stable size-structure at the same rate as the in situ and handling 

controls, but at a rate faster than the translocated controls. Similarly, for A. aspera, the 50 cm 

transplants would attain a stable size-structure at the same rate as the controls, but the 25 cm 

transplants would exhibit the most rapid rate of convergence. For A. millepora, stable size-structures 

would be attained more rapidly by the in situ and handling controls, than by the translocated controls 

and the 25 cm transplants. Of course, the 50 cm transplants of A. millepora would face only 

immediate extinction. Although asexual propagation appears to promote rates of convergence to 

stable size-distributions (eg. in populations of A. aspera), depth changes appear to have little effect 

on these rates of convergence. 
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Figure 4.2 Projected size-structure, w, for colonies of G. retiformis, A. aspera and A. millepora, as a function of their 
treatment. The initial and year one size-distributions are shown, with the stable size-structures evident 
a) immediately preceding local extinction, after x years (for declining populations), or b) after 50 years (for growing 
populations). All size-structures are based on complete model projections (asexual and sexual reproductive 
contributions set to yield stable populations). Treatment abbreviations and adult size class dimensions are defined in 
Table 4.1. 
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Table 4.3 Damping ratio, p, for colonies of G. retiformis, A. aspera and A. millepora as a function of their treatment. 
Complete model matrices (asexual and sexual contributions set to yield stable populations) were used for calculating p. 
High values indicate rapid convergence to a stable size-structure following perturbation. Treatment abbreviations are 
defined in Table 4.1. 

Species 	 Treatment: 

IC 
	

HC 	TC 	25 cm 	50 cm 

G. retiformis 	 2.14 	1.95 	1.58 
	

2.00 
A. aspera 	 4.39 	2.80 	5.82 	9.33 	3.09 

A. millepora 	 1.90 	2.12 	1.68 	1.64 	N/A 

SIZE-SPECIFIC REPRODUCTIVE CONTRIBUTIONS TO POPULATION GROWTH 

Size-specific reproductive values, v, among populations were also assessed using complete 

model projections (Fig. 4.3). For all populations, size DI adults would contribute the most to 

population growth, and size-specific contributions would decrease with decreasing colony size. 

However, size I adults would make a greater relative contribution to future generations in the in situ 

controls of G. retiformis, the 25 cm transplants of A. millepora and most populations of A. aspera 

than they would in any of the other populations. Species-specific reproductive values could also 

differ with depth changes (Fig. 4.3). For A. aspera, size I 50 cm transplants would contribute 

proportionally less to population growth, compared to the size I controls and 25 cm transplants. 

Conversely, for A. millepora, size I 25 cm transplants would contribute proportionally more to 

population growth, compared to the controls. For G. retiformis, size I 1 m transplants would 

contribute a similar amount to population growth as the size I handling and translocated controls, and 

proportionally less than the size I in situ controls. 
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Figure 4.3 Projected reproductive values, v, for live colonies of G. retiformis, A. aspera and A. millepora as a function 
of their size and treatment. Reproductive values are based on complete model projections (asexual and sexual 
reproductive contributions set to yield stable populations). Treatment abbreviations and adult size class dimensions are 
defined in Table 4.1. 
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Table 4.4 Elasticity matrices for colonies of G. retiformis, A. aspera and A. millepora, as a function of their treatment. 
All elasticity values are based on complete model matrices (Table 4.1 with the inclusion of a, in Table 4.2). Size-class 
transitions that contribute more than 10% to are shown in bold type. Treatment abbreviations and adult size-class 
dimensions are defined in Table 4.1. With the exception of rounding error, elasticity values within each matrix sum to 
1. 

G. retiformis 	 A. aspera 	 A. millepora 

7  

III 

50 cm 

I II III 
0.041 0.022 0.005  E 
0.650 0.044 0.002 
0.073 0.077 0.004 II 

0 0.011 0.007 III 

1 II III 
0 0.330 0 E 

0.330 0 0 
0 0 0 II 
0 0 0 

0.0 
I 
18 0.01127 0.036 26 E 

0.270 0.012 
0 

 
0.076 0.240 0.019 II 

0 0.056 0.002 m 

7  
II 

E II 111 
0 0 0 0 
0 0.094 0.110 0.094 
0 0.130 0.055 0.096 
0 0.075 0.120 0.230 

E 
	

II 
	

III 
0 0 0 0 
0 0.140 0.043 0.098 
0 0.120 0.016 0.053 
0 0.024 0.130 0.380 

E III 
0 0 0 0 
0 0.061 0.140 0.076 
0 0.130 0.100 0.130 
0 0.093 0.110 0.160 

E II 
0 0 0 0 
0 0.035 0.028 0.120 
0 0.092 0.026 0.063 
0 0.054 0.013 0.460 

E II III 
0 0.230 0.095 0.012 

0.330 0.150 0.017 0.001 
0 0.130 0.014 0.004 
0 0 0.017 0.004 

E II 
0 0.022 0.037 0.110 

0.17 0.067 0.004 0.029 
0 0.180 0.047 0.012 
0 0 0.150 0.180 

E 
0 0.097 0.058 0.100 

0.260 0.047 0.004 0.004 
0 0.170 0.043 0.005 
0 0 0.110 0.110 

E 11 
0 0.140 0.051 0.095 

0.290 0.049 0.003 0.002 
0 0.150 0.041 0.004 
0 0 0.100 0.067 

E: II 
0 0.053 0.180 0.050 

0.280 0.031 0 0.002 
0 0.230 0.071 0 
0 0 0.052 0.058 

E I II III 

N/A 

E 
E 0 0.170 0 0 
I 0.170 0.670 0 0 
II 0 0 0 0 
M 0 0 0 0 

GROWTH RATE ELASTICITIES 

Elasticity values for the complete model projection matrices (Tab. 4.1, with the inclusion of 

aEl in Tab. 4.2), showed striking differences in the relative sensitivity of population growth rates, X, 

to each transition (Tab. 4.4). Projected growth rates of the controls and the 25 cm transplants of A. 

aspera were most sensitive to proportional changes in transitions that occur by growth, shrinkage or 

fission. In contrast, the growth rates of all declining populations were generally most sensitive to 

proportional changes in sexual reproductive parameters (estimates of fecundity and self-seeding, aEf, 

lm 
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Tab. 4.4). The sensitivity of population growth rates to proportional changes in individual size-class 

transitions also differed between species and depth changes. 

Projected growth rates for the controls and the 25 cm transplants of A. aspera were very 

insensitive to proportional changes in sexual reproductive parameters (Tab. 4.4). Overall, they were 

most sensitive to proportional changes in the probability of size 111 adults remaining within the same 

size-class after a 12 month period. This is not unexpected, because size III adults of A. aspera often 

exhibit the highest rates of asexual propagation (c.f. smaller colonies, Chapter 2), so a slight change 

in the number of size DI adults remaining within the same size-class, would yield a considerable 

change in the number of daughter colonies generated through fission. In contrast, the projected 

growth rate of the 50 cm transplants of A. aspera was very sensitive to proportional changes in sexual 

reproductive parameters (c.f. all other transition probabilities, Tab. 4.4). Overall, it was most 

sensitive to proportional changes in self-seeding and to the fecundity and growth transitions of size 

I adults. Thus, populations of A. aspera would be relatively unaffected by a 25 Cm depth change and 

could persist through asexual propagation, but their growth rates in response to a 50 cm depth change 

would be most sensitive to sexual recruitment and to the survival, growth and fecundity of size I 

adults. 

Projected growth rates of the in situ and translocated controls of G. retiformis were relatively 

insensitive to sexual reproductive parameters, compared to size-class transitions which occur through 

growth, shrinkage and fission (Tab. 4.4). Overall, they were most sensitive to proportional changes 

in the probability of size I adults remaining within the same size-class after a 12 month period. This 

is not surprising, since size I adults of G. retiformis often exhibit very slow rates of relative growth 

(c.f. larger colonies, Chapter 2), so a slight change in the number of size I adults remaining within the 

same size-class would yield a considerable change the number of daughter colonies generated through 

fission among larger size-classes. In contrast, projected growth rates of the handling controls and the 

1 m transplants of G. retiformis were sensitive to proportional changes in both sexual reproductive 

parameters and to size-class transitions which occur through growth, shrinkage or fission (Tab. 4.4). 

Nevertheless, the growth rates of these populations were most sensitive to proportional changes in 

self-seeding, to the fecundity of size I adults and to the probability of size I adults remaining within 
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the same size-class. Thus, the growth rates of G. retifonnis populations at shallow sites and in 

response to a 1 m depth change, would be equally sensitive to sexual recruitment and to the growth 

transitions exhibited by size I adults. 

In A. millepora, projected growth rates for the controls and the 25 cm transplants were 

sensitive to both sexual reproductive parameters and size-class transitions (Tab. 4.4). They were also 

very sensitive to self-seeding and to the probability of size I growing to size II. Apart from these two 

factors, growth rate elasticities differed only slightly between the controls and the 25 cm transplants. 

Projected growth rates of the controls were more sensitive, than the 25 cm transplants, to proportional 

changes in the growth and fecundity of size III adults. The 25 cm transplants were more sensitive to 

proportional changes in the growth and fecundity of size II adults. These differences reflect size-

specific differences in mortality, growth and fecundity between the controls and the 25 cm transplants 

(Tab. 4.1). Thus, the growth rates of A. millepora populations in response to a 25 cm depth change 

would be most sensitive to sexual recruitment and to the growth and fecundity of size II adults, while 

the growth rates of those located at shallow sites may be more sensitive to sexual recruitment and to 

the growth and fecundity of size HI adults. 

DISCUSSION 

ADEQUACY OF PROJECTION MODELS 

The projection models used here are site-specific and assume temporal constancy in size-class 

transitions, no density-dependent alterations in demographic traits, and that individuals within each 

size-class will exhibit identical size-specific patterns of mortality, growth and fecundity, regardless 

of their history (eg. See Hughes 1984, 1990; Caswell, 1986, 1989; Tanner et al. 1996). Nevertheless, 

inspite of these constraints, the projection models provide a means for evaluating the long-term effects 

of sea level changes on the demography of shallow-water reef corals. The stable size-structures of 

the controls of each species, obtained through complete model projections (Fig. 4.2), match the size-

distributions of the species on the outer reef flat, where the controls were located (Fig. 2.12, Chapter 

2). This indicates that the annual size-class transition matrices and projection models appear to 
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represent accurately the demography of these corals at this site. However, the same species located, 

for example, in less turbid water on offshore reefs may exhibit quite different demographic responses 

to identical changes in depth. 

POTENTIAL POPULATION RESPONSES TO SEA LEVEL RISE 

The simulations performed here demonstrate striking differences between the species in their 

long-term demographic responses to depth changes. 

Responses of Acropora aspera Colonies: Long-Lived Clones 

The simulations suggest that colonies of A. aspera located at shallow sites could persist 

indefinitely without sexual recruitment, provided gains through asexual propagation exceed losses 

through mortality (Fig. 4.1, Tab. 4.2). Some fragmenting corals, like A. aspera, have relatively low 

fecundities (Chapter 2; Tab. 4.1), and very low rates of sexual recruitment, often less than 0.2 recruits 

/ m2  / year (Connell 1973; Birkeland et al. 1979; Highsmith 1982; Rylaarsdam 1983; Bothwell 1984). 

However, high rates of adult survival and fast rates of growth (Chapter 2; Tab. 4.1), make it possible 

for colonies of A. aspera to rapidly attain a size where they may contribute asexually to future 

generations (eg. size III adults, Fig. 4.3). Unlike sexually derived recruits which are produced only 

once per annum (Bothwell 1984), daughter colonies of A. aspera can be produced at any time through 

extrinsic means and may themselves be capable of dividing, because they retain high rates of growth 

and survival (Chapter 2). As a consequence, even size I adults (be they genets or clones) may 

propagate clonally and hence contribute substantially to rates of population growth (Fig. 4.3). 

Cloning also appears to promote the rapid convergence to a stable size-structure composed 

of a similar proportion of adult size-classes (Tab. 4.3, Fig. 4.2). This results because, daughter 

colonies are distributed among all adult size-classes, in contrast to sexual recruitment which manifests 

itself in the smallest size-class. These life history traits of A. aspera colonies in shallow sites directly 

parallel those of Alcyonium soft corals with a high propensity for asexual propagation (McFadden 

1991). Population growth rates of A. aspera, like Alcyonium soft corals, are most sensitive.to colony 

growth, shrinkage and fission, and very insensitive to changes in sexual reproductive parameters 
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(estimates of self-seeding and fecundity, McFadden 1991; Tab. 4.4). 

The long-term demographic responses of A. aspera colonies located 25 cm deeper are not 

likely to differ considerably from those located at shallow sites. They too may persist indefinitely 

through asexual propagation alone (Fig. 4.1, Tab. 4.2), with all size-classes contributing to population 

growth (Fig. 4.3). Even with a sudden change in size-class transitions they would converge rapidly 

to a new stable size-structure, at transition rates equivalent to their counterparts at shallow sites (Tab. 

4.3 & Fig. 4.2). Of course, a small increase in rates of colony fission may reduce the number of size 

IQ adults remaining within the same size-class after a 12 month period, and yield an increase in their 

rates of population growth (Tab. 4.4). Based on previous studies (Bell 1982; Cook 1985; Jackson 

1986; McFadden 1991; Hughes et al. 1992), populations reliant on asexual propagation for replication 

and dispersal (like the shallow-water populations of A. aspera), may exhibit lower genetic diversity 

than those reliant on sexual reproduction. 

Under adverse conditions, sexual reproduction may be essential for colonies of A. aspera to 

persist. As demonstrated here, the difference in the physical and biological environment between a 

25 cm and a 50 cm depth change may be sufficient to exceed the resilience threshold for populations 

of A. aspera (Fig. 4.1 & Tab. 4.2). Unlike colonies at shallower sites, the growth rate of those located 

50 cm deeper was most sensitive to proportional changes in sexual reproductive parameters (Tab. 

4.4), and without sexually derived recruits they would decline to local extinction in only 6 years (Fig. 

4.1, Tab. 4.2). If they relied solely on self-seeding, they would require an very high growth transition 

probability from eggs to size I adults, 2.0 x 10 -3 , to support a stable state (Tab. 4.2). This value, 

encompassing larval release, dispersal, settlement and juvenile survival, far exceeds similar estimates 

calculated by Babcock (1991) for several massive reef flat corals which range from only 1.9 x 10 -6  

to 2.2 x 10-5 . Thus, even if colonies of A. aspera located 50 cm deeper can self-seed, it is unlikely that 

rates of larval recruitment and juvenile survival would be high enough to ensure their persistence. 

In field populations, larval spawn slicks of reef corals may extend for tens of kilometers in 

calm conditions and further in stronger trade winds (Willis & Oliver 1990), so it would be incorrect 

to assume that the source of settling larvae always originates from the same local population. 

Consequently, sexual replication in A. aspera, like Alcyonium soft corals, may be retained as a result 
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of selection for greater dispersal (McFadden 1991). Nevertheless, colonies of A. aspera located 50 

cm deeper would require 38 externally sourced recruits for every 60 adults growing to size I per 

annum to maintain their population at its original size (n = 60, Tab. 4.2). Given field densities from 

the mid flat to the reef crest (Chapter 2), 60 colonies of A. aspera would inhabit an area 

approximately 20 m2 . Even with maximum rates of larval recruitment observed for this species at 

shallow sites (0.2 recruits / m 2  / year, Connell 1973; Bothwell 1984), only 4 recruits per annum are 

likely to enter the entire area. Thus, it is extremely unlikely that colonies of A. aspera would persist 

for any great length of time in response to a 50 cm depth change. 

If the colonies managed to persist (even for a short period) by self seeding or through the 

addition of external recruits, their demography would alter considerably. Size I adults would exhibit 

higher rates of mortality and lower rates of growth than their shallow counterparts (Tab. 4.1, Chapter 

2), and would thus contribute proportionally less to population growth (Fig. 4.3). In addition, reduced 

rates of growth in sizes I and II, coincident with little change in rates of fission in size III (Tab. 4.1), 

would yield a 100% dominance by size I adults (Fig. 4.2). In this state, the growth rate of the 

population would be totally subject to the sexual recruitment, survival, growth and fecundity of the 

size I adults (Tab. 4.4). Asexual propagation is not an option. 

Responses of Goniastrea retiformis Colonies: Long-Lived Genets 

Colonies of G. retiformis located at shallow sites could persist for decades (range 9 to 55 

years), without sexual recruitment (Fig. 4.1). Compared to colonies of A. aspera, fission appears to 

be a more costly investment for colonies of G. retiformis, because gains through asexual propagation 

appear to contribute little to their population growth and dynamics and may be exceeded by losses 

through mortality (Tab. 4.2, Fig. 4.1, 4.2 & 4.3). Massive corals, like G. retifonnis, have very slow 

rates of linear and areal growth (Babcock 1991; Chapter 2; Tab. 4.1), which may partly explain why 

populations are often dominated by small colonies (Babcock 1991; Chapter 2; Fig. 4.2). They also 

tend to produce a large number of small eggs and exhibit high rates of adult survival (Babcock 1984, 

1991; Chapter 2; Tab. 4.1). In most reef corals, fecundity increases with colony size (Kojis & Quinn 

1985; Szmant-Froelich 1985, Tab 4.1), and mortality decreases (Hughes & Jackson 1985, Babcock 
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1991; Tab 4.1). As a result sexual reproductive contributions to future generations are often highest 

among large colonies (Babcock 1984, 1991; Hughes et al. 1992), as is the case for those of G. 

retiformis (Fig. 4.3). Asexually produced daughter colonies of this species have high rates of 

mortality, compared to those of A. aspera (Chapter 2), so are likely to contribute very little to the total 

reproductive output of the population. 

For slow growing, long-lived colonies of G. retiformis, a small increase in colony growth or 

survival, particularly among size I adults (Tab. 4.4), would considerably enhance the reproductive 

output of the entire population. The growth rates of G. retiformis populations located at shallow sites 

were most sensitive to changes in the survival and growth of the size I adults, rather than to changes 

in estimates of self-seeding and fecundity (Tab. 4.4). This is not unexpected, because population 

growth rates of perennial organisms with indeterminate growth, such as gorgonians (Grigg 1977; 

Gotelli 1991), and forest trees (Enright & Ogden 1979; See also Gotelli 1991 for review), are often 

insensitive to proportional changes in sexual reproductive parameters. However, populations of G. 

retiformis located at shallow sites must gain sexually produced recruits to persist (Fig. 4.1, Tab. 4.2), 

and in some instances their growth rates are most sensitive to proportional changes in sexual 

reproductive parameters (Tab. 4.4). 

For colonies of G. retiformis located at shallow sites, relatively low transition probabilities 

from eggs to size I adults are required to support a stable population (2.2 x 10' to 4.4 x 10 4, Tab. 4.2). 

These values are very similar to those calculated from rates of larval survival in the field for two 

massive reef flat species of the same genus (Babcock 1991). Assuming that self-seeding was the only 

source of sexual recruitment, colonies of G. retiformis located at shallow sites would therefore persist 

in a relatively stable state, given present estimates of larval survival. This conclusion is also 

supported to some extent through the simulation of externally sourced recruits. Colonies of G. 

retiformis located at shallow sites require 5 to 30 recruits growing to size I per annum to maintain 

their original population size (n = 60, Tab. 4.2). Field densities from the mid flat to the reef crest 

(Chapter 2), indicate that 60 colonies of G. retifonnis inhabit an area of approximately 15 m2, so with 

maximal rates of larval recruitment observed for species of Goniastrea (0.8 recruits / m2  / year, 

Babcock 1991), 12 recruits per annum may enter the area. Consequently, all colonies of G. retiformis 
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at shallow sites (excluding the handling controls), might well persist indefinitely. The 12 recruits per 

annum would be insufficient for the handling controls to maintain their original population size (Tab. 

4.2), but this is because size I adults of the handling controls experienced marked mortality and no 

growth within a 12 month period (Chapter 2; Tab. 4.1). 

While colonies of G. retiformis at shallow sites are likely to persist through sexual 

recruitment, those located 1 m deeper will only persist providing recruitment occurs at deeper sites. 

Estimates of self-seeding, aEl, required to maintain deeper populations of G. retiformis in a stable 

state, 4.9 x 10-3  (Tab. 4.2), exceed by two orders of magnitude the values documented by Babcock 

(1991) for Goniastrea species at shallow sites. This occurs partly because colony fecundity decreases 

with increasing depth (Kojis & Quinn 1984; Tab. 4.1). Colonies of G. retiformis located 1 m deeper 

would require 12 recruits out of 60 adults growing to size I per annum to maintain their original 

population size (Tab. 4.2). While this rate of recruitment is possible at shallow sites, it may not be 

achieved 1 m deeper, because colonies of G. retifonnis have not been observed at this depth in the 

field (Chapter 2). Environmental factors at this depth, such as increased filamentous algal growth or 

sediment accumulation (Chapter 2), may hinder larval settlement, recruitment and rates of juvenile 

survival (Potts 1977; Te 1992). If however, recruitment did occur 1 m deeper, the long-term 

dynamics of G. retiformis populations at this depth would not differ considerably from their 

counterparts located at shallow sites (Fig. 4.1, 4.2, 4.3, Tab. 4.2, 4.3 & 4.4). 

Responses of Acropora millepora Colonies: Short -Lived Genets 

Acropora millepora appears to be the most ephemeral, the least reliant on asexual propagation, 

and the most sensitive to changes in sexual reproductive parameters (Fig. 4.1, Tab. 4.2, 4.4). Without 

sexual recruitment, shallow populations would decline to local extinction in only 5 to 13 years (Fig. 

4.1, Tab. 4.2). However, colonies of A. millepora often have high rates of sexual recruitment (on 

average, 0.8 recruits / m2  / year, Connell 1973; Bothwell 1984). Consequently, their low rates of adult 

survival (Chapter 2; Tab. 4.1), may be offset by their propensity for high recruitment rates. To self-

seed and persist in a stable state, populations of A. millepora in shallow sites would require similar 

transition probabilities from eggs to size I adults as those of G. retiformis at the same depth (Tab. 
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4.2); which appear biologically realistic given present estimates of their rates of sexual recruitment 

at shallow sites (Connell 1973; Bothwell 1984). In addition, shallow colonies of A. millepora are 

likely to gain sufficient external recruits to maintain their original population size. Given their field 

densities from the mid flat to the crest, 60 colonies would inhabit an area approximately 43 m 2. With 

average rates of recruitment observed for this species at shallow sites (ca. 0.8 recruits / m2  / year), 34 

recruits per annum may enter the area, a number which could maintain populations close to their 

original size (Tab. 4.2). Therefore, it is likely that short-lived colonies of A. millepora would persist 

at shallow sites through episodic recruitment. 

Populations of G. retiformis appear to be less reliant on sexual recruitment than those of A. 

millepora (Tab. 4.2, 4.4), but both have stable size-structures dominated by small colonies, which 

they attain at a similar rate (Chapter 2; Fig. 4.2, Tab. 4.3), and identical size-specific reproductive 

values (Fig. 4.3). This is likely to result because neither species relies heavily on asexual propagation 

(c.f. A. aspera, Chapter 2; Tab. 4.2), which may promote the convergence to astable size-structure 

composed of a similar proportion of adult size-classes and the reproductive contributions to future 

generations made by small colonies (McFadden 1991; Tab. 4.3, Fig. 4.2, 4.3). For shallow 

populations of A. millepora, recurrent sexual recruitment coupled with low rates of adult survival may 

also partly explain why their populations are often dominated by size I adults (Chapter 2; Fig. 4.2). 

Many coral populations, like those of A. millepora and G. retiformis, are numerically dominated by 

small colonies (Hughes & Jackson 1985; Babcock 1991; Soong 1992). Large colonies, however, 

contribute the greatest reproductive output to future generations (Fig. 4.3). A small change in the 

reproductive output of size III adults, for instance, through an increase in colony growth rates, would 

yield a considerable change in the reproductive output of the entire population (Tab. 4.4). However, 

the population growth rate of A. millepora was most sensitive to changes in estimates of self-seeding 

and fecundity (Tab. 4.4). These findings are comparable to those of clonal ascidians in a seasonal 

environment (Gotelli et al. unpublished manuscript), and annual or short-lived plants (Law et al. 

1977; Werner & Caswell 1977; Schmidt & Levin 1985), which are also most sensitive to proportional 

changes in sexual reproductive parameters. The local population size of marine organisms is often 

influenced by recruitment, post-recruitment interactions and mortality from disturbances (Underwood 
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& Denley 1984; Hughes 1984, 1990). The demographic analyses performed here suggest that the 

local population of short-lived colonies of A. millepora, may be strongly affected by rates of sexual 

recruitment. 

Populations of A. millepora also appear to be the most sensitive even to very small changes 

in depth. Without sexual recruitment, populations of A. millepora located 25 cm deeper would 

decline to local extinction in only 6 years (Fig. 4.1, Tab. 4.2). However, if they gained externally 

derived recruits to the same extent as their counterparts at shallow sites (Tab. 4.2), they would persist 

25 cm deeper, where size I adults exhibited slightly higher rates of growth and survival (Tab. 4.1) and 

contributed proportionally more to future generations than equivalent sized colonies at shallow sites 

(Fig. 4.3). Size II adults would have higher mortality and slower transitions to size DI adults (Tab. 

4.1). The population would be more sensitive to changes in the fecundity of size II adults, in contrast 

to changes in the fecundity of the largest colonies which readily influence the shallow populations 

(Tab. 4.4). 

The most striking long-term demographic response in this study is that populations of A. 

millepora located 50 cm deeper than the controls would, without further recruitment, decline to local 

extinction in only 2 years (Fig. 4.1, Tab. 4.2). At this depth, populations would require 60 recruits 

growing to size I per annum to maintain their original size (n = 60, Tab. 4.2). Based on their possible 

rates of recruitment at shallow sites (eg. 34 recruits per 60 adults per annum, see above), and their 

absence from deeper sites in the field (Chapter 2), this is highly unlikely, and populations of A. 

millepora located 50 cm deeper will face inevitable and rapid local extinction. 

POTENTIAL RESPONSES OF CORAL ASSEMBLAGES TO SEA LEVEL RISE 

The projection models used here indicate that the persistence of the corals following a rise in 

sea level rise will depend on the demographic responses of the species to changes in the physical and 

biological environment, and on their potential to recruit to deeper sites. The ecological basis of this 

prediction is not new, as demographic factors (eg. mortality and growth) and recruitment have been 

previously ascribed as important determinants of community composition (Connell & Slatyer 1977; 

Sale 1978; Hughes 1984; Hughes & Jackson 1985; Jackson & Hughes 1985). As demonstrated here, 
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a sea level rise of 50 cm may be sufficient to initiate considerable shifts in community composition 

for extant corals in deeper sites (eg. with the local extinction of A. millepora, Fig. 4.1), assuming 

deviations from demographic transitions estimated here are minor. 

Of course, if sea level rise and enhanced climate change create more adverse conditions than 

those induced experimentally over the 12 months of demographic monitoring, these corals may be 

less tolerant of small changes in depth. For example, an expected strengthening of monsoonal 

westerly winds in the eastern Australian tropics (Climate Impact Group CSIRO 1992), may 

significantly increase the outflow from mainland rivers subject inshore environments to higher 

sediment and nutrient loads, with profound affects on rates of larval settlement and recruitment (Te 

1992). If recruitment decreases, it would have significant affects on rates of population decline and 

the persistence of corals, particularly at deeper sites. An increase in the frequency and intensity of 

tropical storms (Mitchell et al. 1990; Climate Impact Group CSIRO 1992), may also considerably 

affect community composition (Connell 1973; Connell & Slatyer 1977; Woodley et al. 1981), over 

much broader spatial scales. If, however, an intertidal species is unable to maintain its local 

population size in response to a rise in sea level, space may be available for the recruitment of subtidal 

species, and as a result, the diversity of coral communities could be maintained. 

The models used here demonstrate firstly, that shallow-water reef corals can have quite 

different life histories. The reproductive strategies of the species examined range from a reliance on 

asexual propagation (long-lived clones) to episodic recruitment (short-lived genets). Secondly, 

reproductive strategies may significantly affect the long-term dynamics of corals in response to depth 

changes. Extant long-lived clones or genets, may be best adapted to persist at deeper sites, as they 

appear to be the least reliant on episodic recruitment. Finally, very little is known of the determinants 

of larval dispersal, habitat selection, recruitment and early survival of corals (eg. Hughes 1984; Fisk 

& Harriott 1990; Babcock 1991), yet, this area of research will be important to establish the likely fate 

of other reef corals in response to sea level rise. 
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CHAPTER 5: 

CONCLUDING DISCUSSION 

POTENTIAL IMPACTS OF ENHANCED CLIMATE CHANGE AND 

SEA LEVEL RISE ON SHALLOW-WATER REEF CORALS 

As a result of enhanced global warming, eustatic sea level is currently predicted to rise around 

5 cm / decade over the next century (Wigley & Raper 1992). Because eustatic sea level in the past 

several thousand years has remained relatively constant around present levels (Davies & Hopley 

1983), many reefs have grown to an elevation where further upward growth is constrained by sea 

level. Rises in sea level are expected to remove this constraint (Smith & Buddemeier 1992), and 

result in increased coral recruitment and greater longevity on tidal and subtidal reef flats (Hopley & 

Kinsey 1988). As a consequence, coral communities are expected to extend in range into presently 

unsuitable environments, initiating shifts in current patterns of reef zonation (Smith & Buddemeier 

1992). Expected shifts in zonation for colonies of Acropora aspera, Goniastrea retiformis and 

Acropora millepora as a result of eustatic sea level rise may be broadly categorized into three 

concurrent phases: 1. Extant corals may be left as relict populations at deeper sites; 

2. new recruits and extant corals may overlap in present shallow reef sites; and 3. upward expansion 

may be facilitated through sexual or asexual recruitment (Figure 5.1). Apart from these broad shifts, 

sea level rise coupled with enhanced climate change, may drastically modify the dynamics and 

composition of these shallow-water reef corals, as suggested here. 
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A. aspera 	 G. retiformis 	 A. millepora 

Figure 5.1 Projected sea level rise scenario for colonies of A. aspera, A. millepora and G. retiformis given their present 
size-frequency distributions within Little Pioneer Bay. Dashed lines represent sea level and coral distributions in the 
future, and the size-distribution of ellipses denotes the distribution of colony size-classes within the population. 1, 
represents relict populations of extant corals; 2, overlap between extant corals and new recruits; and 3, upward expansion 
through sexual or asexual recruitment. 

RESPONSES OF EXTANT CORALS AND CORAL ASSEMBLAGES 

The responses of extant corals to changes in depth (Fig. 5.1-1), are likely to differ considerably 

as a result of differences in their life histories. Short-lived corymbose colonies of A. millepora appear 

the most able to photoadapt to alterations in light with a 25 cm or 50 cm depth change (c.f. those of 

A. aspera), by increasing photopigment contents per algal cell and per unit tissue volume (Fig. 3.7 

& 3.9); a response which typically enhances light harvesting abilities (Kinzie et al. 1984; Chalker et 

al. 1988). However, they are likely to be the first to disappear from deeper sites, through excessive 

tissue loss (Tab. 2.15), colony shrinkage (Fig. 2.17), and mortality (Fig. 2.15). The chances of 

damage caused by grazing herbivores or predators (Hay 1981, 1984, Hay et al. 1983), or overgrowth 

by filamentous algae within established damsel fish territories (Potts 1977), are often highest at deeper 

sites below reef margins, as was the case in this study. Colonies of A. millepora, appeared to be the 

most sensitive of the three species to these external influences which may reduce rates of coral growth 
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(Knowlton et al. 1990; Fig. 2.17, Fig. 2.18), and survival in corals (Potts 1977, Fig. 2.13, 2.15). Of 

course, additional and less obvious environmental factors other than these biological interactions may 

have also contributed as mortality agents. Nevertheless, without new recruits, extant colonies of A. 

millepora (Fig. 5.1-1), may experience local extinction in an estimated 6 years in response to a 25 cm 

rise in sea level, and in only 2 years in response to a 50 cm sea level rise, because losses through 

mortality (Fig. 2.15) are likely to exceed gains through asexual propagation (Fig. 4.1). 

Long-lived branching colonies of A. aspera showed little ability to photoadapt to alterations 

in light with small changes in depth (Fig. 3.7, Fig. 3.9), but unlike colonies of A. millepora, they may 

persist despite changes in the local environment in response to a 25 cm depth change. Their rapid 

rates of areal and linear growth (Fig. 2.17, 2.18), high rates of survival (Fig. 2.15) and extreme 

propensity for asexual propagation (Tab. 2.12), are likely to promote population growth (Fig. 4.1). 

Consequently, even at depths of 25 cm their rapid rates of linear extension may contribute 

substantially to rates of reef vertical accretion (eg. MacIntyre & Glynn 1976; Adey 1978). However, 

for colonies of A. aspera, environmental differences between a 25 cm and a 50 cm depth change may 

be sufficient for losses through colony shrinkage (Fig. 2.17) and mortality (Fig. 2.15) to exceed gains 

through asexual propagation (Fig. 4.1). Consequently, without new recruits, extant colonies of A. 

aspera (Fig. 5.1-1) may experience local extinction in only 6 years in response to a 50 cm rise in sea 

level (Fig. 4.1), and would probably be the second of the three species to disappear from deeper sites. 

Long-lived massive colonies of G. retiformis were the most robust of the three species to 

depth-related changes in the physical and biological environment and are likely to be the last to 

disappear from deeper sites. However, in response to a 1 m depth change they may experience a 

2-fold decrease in rates of linear extension (Fig. 2.18), and as a result, they may contribute very little 

to rates of reef vertical accretion (eg. Focke 1978; Hopley et al. 1983; Smith 1983). They may also 

experience a 2-fold increase in rates of skeletal erosion by filamentous algae and clionid sponges 

when located 1 m deeper (Fig. 2.20). These boring agents are often more prevalent at sites below reef 

margins (Davies & Hutchings 1983; Wilkinson 1983; Wilkinson & Evans 1988), in heavily grazed 

areas (eg. Ogden 1977; Sammarco et al. 1986), and in established damsel fish territories (Sammarco 
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et al. 1987). Once established within coral skeletons, they may also facilitate bioerosion by other 

agents (eg. Hutchings et al. 1992). Colonies of G. retiformis may persist for a much longer period 

than those of A. millepora and A. aspera at deeper sites, but their mortality (Fig. 2.13) may exceed 

gains through asexual propagation (Fig. 4.1). Consequently, without new recruits, 60 extant colonies 

of G. retiformis (Fig. 5.1-1) may persist for an estimated 22 years before experiencing local extinction 

in response to a 1 m rise in sea level (Fig. 4.1). In some cases, high rates of bioerosion may facilitate 

colony dislodgment from the substratum and reduce potential longevity. 

Extant colonies of A. millepora, A. aspera and G. retiformis that are presently located at 

shallow reef sites may remain within the confines of their depth range following a rise in sea level 

(Fig. 5.1-2). Within the depth range of each species, colonies may be distributed across a size 

gradient (Fig. 2.12 & 5.1). Findings here and those reported by Jokiel & Morrissey (1986) suggest 

that size may be an important factor determining the ability of a colony to photoadapt to depth-related 

alterations in light (Tab. 3.11). A colony with little ability to photoadapt may die following a sea 

level rise, despite remaining within the depth confines of the species. For instance, large colonies of 

A. millepora had a greater ability to photoadapt by increasing photopigment contents per unit tissue 

volume, than smaller ones (Fig. 3.10). Therefore, if small colonies of A. millepora cannot rapidly 

attain a large size at which they may photoadapt more effectively, they may not persist even at this 

depth. This study, like many others, also demonstrated that coral mortality patterns were inversely 

related to colony size (eg. Connell 1973; Jackson 1979; Hughes & Jackson 1985; Babcock 1991). 

Therefore, if small colonies of each species cannot rapidly attain a size refuge from mortality, they 

may not persist at this depth, particularly those of G. retiformis, which have very slow rates of areal 

and linear growth (Fig. 2.17, 2.18). Thus, extant colonies may not only disappear from deeper sites 

in response to a sea level rise but may also disappear from sites where old and new distributions 

overlap (Fig. 5.1-2). 

Of course, if enhanced climate change creates more adverse conditions than those experienced 

during the monitored period, the length of time extant corals persist may be considerably lowered. 

Levels of peak clear day visible irradiance are not expected to increase as a result of climate change 
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(Climate Impact Group CSIRO 1992), and changes in cloud cover are uncertain (Cubasch & Cess 

1990), but changes in sea state and water turbidity may significantly affect the fate of the corals. For 

instance, a strengthening of monsoonal westerly winds in the eastern Australian tropics coupled with 

an increase in monsoonal rains during heavy storms (Climate Impact Group CSIRO 1992), could 

increase the outflow from mainland rivers and subject the corals to higher sediment or nutrient loads. 

An increase in water turbidity from planktonic primary production stimulated by nutrient loading, or 

from increased levels of suspended sediments may affect the maximum depth range of 

photoadaptation for shallow-water reef corals, and result in suboptimal growth and mortality 

(Maragos 1972; Dodge & Vaisnys 1977; Bak 1978; Kinsey 1979, 1988; Smith et al. 1981; Brown & 

Howard 1985). In high nutrient regimes, competitively advantaged benthic algae may outcompete 

reef corals, initiating phase shifts in reef community structure and dynamics (Banner 1975;. Smith et 

al. 1981; Birkeland 1988). High nutrient or sediment loads may also generate sulfide or other forms 

of toxicity and facilitate bacterial infections (Brown & Howard 1985; Grigg & Dollar 1990). Even 

if these factors do not affect extant colonies of A. millepora, A. aspera and G. retiformis in the near 

future as a result of sea level rise, they may all experience a considerable decrease in fecundity at 

deeper sites (Fig. 2.21). 

PERSISTENCE AND DIVERSITY OF REEF CORALS: THE ROLE OF RECRUITMENT 

Although fecundity may not limit or regulate local population size or structure when larvae 

are dispersed away from the site, recruitment to the site may do so (eg. Hughes 1984, 1990; 

Underwood & Denley 1984; Gaines & Roughgarden 1985). As demonstrated here, sexual and 

asexual recruitment will play an important role in determining the population structure (Fig. 4.2) and 

persistence (Fig. 4.1, Tab. 4.2 & 4.4) of shallow-water reef corals in response to sea level rise. Small 

changes in sexual recruitment could significantly affect the persistence of A. millepora populations, 

and to a lesser extent those of G. Tetiformis (Tab. 4.2 & 4.4). In contrast, small changes in factors 

which promote asexual propagation (eg. colony growth and survival), would significantly affect the 
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persistence of A. aspera populations (Tab. 4.2 & 4.4). Despite this difference between the species, 

the simulations show that all of these populations would require sexual recruitment at rates greater 

than those present at shallow sites, to persist when located at depths of 50 cm or more (Tab.4.2). 

Based on net rates of sexual recruitment observed in field populations of these species (Connell 1973, 

Bothwell 1984; Babcock 1991), it is unlikely that greater recruitment will occur at deeper sites (See 

Discussion Chapter 4). This is further supported by the observation that none of the three species 

inhabit these depths in their inshore environment (Fig. 2.12). Therefore, extant colonies of A. aspera, 

A. millepora and G. retiformis are likely to decline in number with sea level rise and form relic 

populations. 

The upward expansion of corals into presently unsuitable environments coincident with a rise 

in sea level will depend on their ability to recruit, either sexually or asexually, into new shallow reef 

sites (Fig. 5.1-3). While short-lived colonies of A. millepora may be the first to disappear from deeper 

sites, they are likely to be the first to colonize new sites, because of their high rates of sexual 

recruitment (ca. 0.8 recruits / m 2  / year, Connell 1973, Bothwell 1984). Massive reef flat colonies of 

Goniastrea species have lower rates of sexual recruitment (ca. 0.2 recruits / m 2  / year, Babcock 1991), 

and so may colonize these sites at a slower rate. Branching corals, like A. aspera, can have very low 

rates of sexual recruitment, often less than 0.2 recruits / m 2  / year (Connell 1973, Bothwell 1984), but 

because of their high propensity for asexual propagation, they may rapidly colonize shallow reef sites 

through the persistence of dispersed or dislodged fragments (eg. Birkeland et al. 1979; Highsmith 

1982). 

To date, it has been tacitly assumed that local populations of reef corals which release 

positively buoyant gametes once per annum rarely self-seed, because larval spawn slicks may travel 

for tens of kilometers in ocean currents (Willis & Oliver 1990). However, very little is known of the 

determinants of larval dispersal, habitat selection, recruitment and early survival for reef corals (eg. 

Hughes 1984; Sammarco & Andrews 1988; Fisk & Harriott 1990; Babcock 1991). This information 

will be important to predict the persistence of extant shallow-water reef corals reliant on sexual 

recruitment, like short-lived colonies of A. millepora (Tab. 4.4). If some reefs are sources for sexual 
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recruitment and others sinks (eg. Hughes et al. 1992), local and regional changes in water currents 

associated with a rise in sea level may significantly affect current patterns of larval dispersal and 

recruitment. As demonstrated here, without self-seeding or the addition of externally derived recruits, 

short-lived populations of A. millepora may face rapid local extinction (Fig. 4.1, Tab. 4.2). As a 

consequence, hydrographic changes associated with sea level rise may significantly alter the relative 

abundance and the diversity corals on presently established reefs. 

Similarly, very little is known of the rates or determinants of asexual propagation for reef 

corals (Highsmith 1982; Hughes & Jackson 1985; Babcock 1991; Tab. 2.12), or of the survival of 

daughter colonies produced by branching species (Knowlton et al. 1981, 1990; Tab. 2.12). Unlike 

populations reliant on sexual recruitment, fragmenting species, like A. aspera (Tab. 4.2 & 4.4), can 

potentially escape larval and juvenile agents of mortality, and may benefit from hydrographic changes 

due to enhanced climate change. For instance, changes in local currents and waves as a result of a 

rise in sea level could promote the passive dispersal of asexual propagules into new reef sites. An 

increase in the frequency and intensity of tropical storms (Mitchell et al. 1990), may also promote 

asexual dispersal over broader spatial scales (eg. Gilmore & Hall 1976; Tunnicliffe 1981; Highsmith 

1982). However, in some cases, severe storms may increase mortality and as a result, slow or even 

prevent the re-establishment of coral fragments (Knowlton et al. 1981). 

The persistence of sexually or asexually derived recruits in new reef sites may depend on 

alterations in present environmental conditions associated with enhanced global climate change. If 

sea-surface temperatures rise gradually at rates currently predicted (around 2°C by 2070 in the eastern 

Australian tropics, Climate Impact Group CSIRO 1992; Whetton 1993), populations of A. aspera, 

A. millepora and G. retiformis may be little affected. As demonstrated in this study, they may readily 

recover from periodic partial bleaching events coincident with extremes in summer temperatures 

ranging from 18.5 to 33.6°C (Tab. 2.19). More rapid changes in sea-surface temperatures or greater 

extremes may severely affect recruits, particularly those of A. millepora that are likely to be the most 

prone to seasonal mortality (Fig. 2.15 & 2.19). Of course, bleaching may be induced by other 
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physical factors such as extremes in salinity, excessive solar radiation and shading (Rogers 1979; 

Egana & DiSalvo 1982; Hoegh-Guldberg & Smith 1989; Jokiel & Coles 1990), and cannot be solely 

ascribed to temperature. Seasonal mortality can also reflect changes in the temporal abundance of 

filamentous algae which may indirectly affect coral growth and mortality (Potts 1977). These 

additional determinants of coral bleaching and mortality could also alter as a result of enhanced 

climate change. For instance, an increase in the frequency and intensity of monsoonal rains associated 

with tropical storms (Climate Impact Group CSIRO 1992), may considerably affect rates of bleaching 

and recovery for these shallow-water reef corals. The predicted enhanced algal growth due to 

elevated levels of CO2  (Smith & Roth 1979) in tropical waters (Smith & Buddemeier 1992), may also 

drastically affect rates of seasonal mortality for reef corals. 

Acropora millepora may be the first to be affected by changes in the physical environment in 

new reef sites, but they may be most capable of adapting in the long-term. The (potential for genetic 

adaptation to changes in environmental conditions is likely to be higher among corals populations 

reliant on sexual recruitment, rather than those reliant on asexual propagation (eg. Potts & Garthwaite 

1991). Sexually derived recruits of A. millepora or G. retiformis in this inshore environment may, 

through selection of adaptive genotypes, survive recurrent exposure to elevated sea-surface 

temperatures or a 5 to 10% increase in levels of ultraviolet radiation expected by 2002 (ATMO/UNEP 

1991). Conversely, asexually derived recruits of A. aspera and other branching species, with a high 

propensity for asexual propagation and very low rates of sexual recruitment, may be the most 

genetically vulnerable in the long-term to alterations in the physical environment. 
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CONCLUSIONS AND RECOMMENDATIONS 

Coral responses to depth changes may be multiplicative or synergistic responses to concurrent 

changes in several environmental variables (Coles & Jokiel 1978; Hoegh-Guldberg & Smith 1989), 

or indirect responses to sequential changes in several environmental variables, rather than a direct 

response to a change in depth. However, field transplant experiments provide a valuable tool for 

understanding coral responses to depth-related alterations in their environment. While this study is 

site specific and it examines extreme scenarios of sea level rise, it provides the basis for 

understanding future responses of the corals in their inshore environment to enhanced environmental 

change, and has identified several key issues for future research. 

Short-lived corals reliant on sexual recruitment, such as A. millepora, may be the most useful as 

bioindicators of early responses of coral reef ecosystems to enhanced environmental change, because 

they may be among the first organisms to shift vertically upward in distribution and to respond 

negatively to alterations in the physical and biological environment. 

There is an obvious need to quantify current patterns of larval dispersal, habitat selection, 

recruitment and early survival for a range of shallow-water reef corals with different life histories and 

reproductive strategies. Although this information is difficult to quantify, it will be important to 

determine the likely persistence of different coral species reliant on sexual recruitment. 

Long-lived corals reliant on asexual propagation, such as A. aspera, may be the most genetically 

vulnerable to the long-term effects of enhanced global climate change and sea level rise, because of 

their limited ability for sexual recruitment. 
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Estimates of the rates and determinants of asexual propagation and the relative contribution of this 

reproductive mode to rates of population growth will be necessary to identify species reliant on 

asexual propagation, and those most prone to the long-term effects of enhanced environmental 

change. 

To determine the evolutionary consequences of enhanced climate change and sea level rise on 

shallow-water reef corals, it will be necessary to quantify the genetic diversity of local populations 

and their rates of gene flow over a variety of spatial scales, particularly for those most reliant on 

asexual propagation. This research will be important in establishing the vulnerability of long-lived 

clones to environmental change. 

Finally, potential impacts of enhanced climate change or sea level rise on shallow-water reef corals 

should not be considered in isolation. Current and widespread reef degradation from anthropogenic 

activities pose a much greater immediate threat and can reinforce negative impacts of global climatic 

and hydrographic changes (eg. Smith & Buddemeier 1992). Shallow-water reef corals on inshore 

reefs could be most vulnerable to enhanced climate change and sea level rise, because their 

demographic responses to changes in physical and biological factors may be readily exacerbated by 

anthropogenic impacts, such as increased nutrient and sediment loads due to deforestation, 

agricultural practices, mining, dredging and coastal developments (Brown & Howard 1985; Wells 

1988; Grigg & Dollar 1990; Smith & Buddemeier 1992; Hughes 1994). Detailed scientific studies 

of species-specific responses to environmental change and the comprehensive monitoring of local 

inshore reef responses, will be necessary for the long-term management and conservation of these 

diverse assemblages. 
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