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ABSTRACT While considerable attention has focussed on factors respons~ble for damaging coral communities, few studies have 
been made of the recovery of coral communities followlng natural and man-made d~sturbances  This contribut~on reviews s t u d ~ e s  
of recovery following various d~sturbances such as cyclones, volcan~c activity, catastrophic low tides, man-made d~sturbances 
and Acanthasterplanci infestations In add i t~on  some results are presented of the author S long-term studies of recovery following 
Acanthaster infestations on the Great Barner Reef From the evidence avallable ~t appears that coral communities require at  least 
several decades to recover from major natural disturbances The situation is not as clear followlng man-made disturbances where 
the environment may have undergone permanent change Recovery can take place by the regenerat~on of partially damaged 
colonies and of fragments produced by mechan~cal  damage during storms However In most instances recovery occurs through 
recolonizat~on of denuded areas by settlement of coral larvae Factors are discussed which can Influence coral recolonization and 
hence recovery They Include the extent of damage and ~ t s  location the avallabllity of coral larvae, the requirement for a 
cond~tlonlng period of the substratum before corals can settle the ava~ lab i l~ ty  and d~versity of m~cro-habitats for settlement and 

surv~val ,  the role of grazers and competition with other organisms such as algae and soft corals Future quant i ta t~ve studies of 
recovery should include more long-term ~nvest igat~ons  coverlng a wide geograph~c  range and incorporating varlous reef habitats 
where adequate base-llne data are avallable A proper understanding of the recovery process will necess~ta te  examination of not 
only the factors influencing coral recolonization but also the ways in which they themselves are mod~fied by d~sturbances Before 
t h ~ s  can be achieved ~t is essent~al  that a b a s ~ c  knowledge of coral life histones be acqu~red  

INTRODUCTION 

Few long-term quantitative studies have been made 
of the dynamics of coral communities, including both 
normal or undisturbed assemblages and those dis- 
turbed by natural and man-made influences. The 
intention of this contribution is to review studies of the 
recovery of coral communities following disturbances, 
to incorporate some of my own data on recovery of 
reefs of the Great Barrier Reef damaged by Acanthas- 
terplanci infestations and to discuss some of the factors 
influencing recovery and recolonization. For the pur- 
pose of this review I define coral recovery as the 
restoration following a disturbance of a coral assemb- 
lage to a degree comparable to its original state. This 
can take place by coral recolonization and by coral 
regeneration. Coral recolonization I define as the set- 
tlement of planular larvae on a substratum made avail- 
able through disturbance of the coral community. 
Coral regeneration, on the other hand, is the regrowth 
of individual coral colonies following partial damage 
and includes the re-establishment of fragments broken 
off parent colonies. 

MEASUREMENT OF RECOVERY 

Johannes (1975) referred to some of the problems 
associated with measuring the extent of recovery. Most 
studies used species diversity and percentage cover as 
indices of recovery. Coral reefs, together with tropical 
rain forests are universally regarded as being the most 
diverse and stable ecosystems. Yet on a scale of tens 
and even hundreds of square metres, coral assem- 
blages can exhibit very low diversity, sometimes con- 
sisting of just a single species. Diversity in itself may 
not be a good indication of recovery since it may 
change with time. Moreover some workers, e . g .  Hedg- 
peth (1973) and Johannes (1975), have queried 
whether igher diversity necessarily indicates that a P' 
community is healthier or in a more natural state. On a 
related point Johannes (1975) suggested that it would 
be instructive to compare the original and recovered 
coral community in terms of similarity of species. Even 
though their diversity indices may be similar, the com- 
munities may be quite different if species similarity is 
low. 

Most workers have used percentage cover as an  
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index of recovery simply because space for settlement RECOVERY OF CORAL COMMUNITIES 
is so crucial to sessile organisms like corals. However, FOLLOWING NATURAL DISTURBANCES 
while it is relatively easy to measure on the reef flat 
where substratum relief may be only a few cen- 
timetres, it is more difficult on reef slopes where the A distinction is drawn between reef slopes and reef 

relief can sometimes be measured in ~h~~ flats since the former exist in a usually-stable physical 

there is the problem of comparison of coral coverage on environment whereas the latter are regularly subjected 

a variety of slopes from horizontal to vertical and on to considerable fluctuations in the physical environ- 

undersurfaces. Pichon (1978) has discussed some of ment. 

these problems. Further problems in measurement 
occur because of the tendency of corals in deeper water Reef-Slope Communities 
to overtop one another. 

Johannes (1975) suggested that any index of coral Cyclones 
recovery would be improved if measurements of mean 
colony-height were incorporated. Dahl (1973) had In examining the literature it is surprising to find 
already introduced a related measure which he termed that there are almost no quantitative studies of recov- 
surface index (the ratio of the actual surface to that of a ery following cyclone (= hurricane, typhoon) damage. 
plane). He presented a series of geometric approxima- In a series of papers, Stoddart (1963, 1969, 1974) 
tions of reef surfaces at several different scales ranging reported on perhaps the longest period of observations 
from general reef topography such as spurs and made of cyclone damage and recovery following Hur- 
grooves, through a variety of standardized colony ricane Hattie which struck British Honduras reefs in 
growth forms, down to the surface of individual coral October 1961. During a resurvey made in 1965, he 
calices. For a planula which is searching for a suitable reported 'total destruction of living corals and absence 
substratum on which to settle the latter surface may be of regeneration: extending at least 15 miles north of 
of greatest importance. Dahl showed that the height of the storm track and 12 miles south' (Stoddart, 1969). 
the surface features and their frequency were very Many of Stoddart's observations were made from an 
important in determining the surface index. For a typi- aircraft flying low over a clear calm sea. Some under- 
cal reef-crest community in the Caribbean he calcu- water observations confirmed the aerial observations 
lated that the actual surface area was at least 15 times but no quantitative data were obtained on the num- 
the horizontal area. bers, sizes and species of corals. The area was re- 

Unfortunately there appear to be no studies of recov- surveyed again in 1972 (Stoddart, 1974) and, although 
ery which have incorporated all these measures, i . e .  the methods used were not mentioned, he found little 
percentage cover, mean colony-height, surface index, change in the situation. On the basis of his pre-1972 
species diversity and similarity indices. observations Stoddart (1969) predicted that it might 

take 20-25 y for the worst-affected reefs to recover. 

DAMAGE TO CORAL COMMUNITIES 

Many descriptions exist in the literature of the dam- 
age sustained to coral communities by natural events 
such as cyclones, red tides, unusually low tides, vol- 
canic activity; and also by man-made disturbances 
such as dredging, blasting (including nuclear explo- 
sions), oil pollution and deleterious coastal land 
development. Recent reviews of damage are given by 
Johannes (1975) and Endean (1976). It is significant 
that both authors devote much less space to reviewing 
recovery of coral communities, reflecting the smaller 
number of studies which have been made. 

I propose to examine in some detail what is known of 
coral recovery following damage caused by natural 
and human disturbances. Acanthaster will be treated 
separately since there is still debate as to whether 
these infestations are natural or caused by man's 
activities (see Endean, 1977 and Frankel, 1977 for 
opposing views). 

After the 1972 resurvey he revised this estimate and 
suggested that it might take 60-100 y for complete 
recovery in areas of maximum damage. He concluded 
by stating that an average period of about 30 y may be 
required for recovery since this is about the period of 
major hurricane frequency along the British Honduras 
coast (Stoddart, 1974). 

In contrast to Stoddart's observations, Shinn (1972) 
reported that following Hurricanes Donna (in Sep- 
tember 1960) and Betsy (in September 1965), storm 
damage to Florida's reefs could not be recognized by 
early 1965 (after Hurricane Donna) and by late 1967 
(after Hurricane Betsy). According to Shinn the reefs 
recovered rapidly because coral larvae were able to 
settle on freshly exposed substrata and many broken 
coral branches remained alive and quickly re-estab- 
lished new colonies. 

It is difficult to reconcile these contrasting rates of 
recovery. Stoddart (1974) suggested that it might be 
because Hurricane Hattie caused much greater dam- 
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age than Hurricanes Donna and Betsy and that 'there is 
a threshold of damage beyond which storm effects are 
likely to be prolonged.' The lack of any quantitative 
studies of the pre-storm coral communities, of the 
degree of damage sustained and of subsequent recov- 
ery makes any comparison difficult. It does appear, 
however, that the pre-storm reefs were different in that 
the Florida reefs were dominated by colonies of the 
heavy branched Acropora palmata and staghorn coral 
A. cervicornis (Shinn, 1963, 1972; Gilmore and Hall, 
1976), whereas the British Honduras reefs were com- 
posed ot  a more mixed assemblage including many 
large massive colonies of Montastrea, Diploria and 
Siderastrea, Acropora palmata, as well as the more 
delicate A. cervicornis (Stoddart, 1963). 

Apart from the intensity of major storms, their fre- 
quency appears to be another important factor in deter- 
mining both the extent of damage and of subsequent 
recovery. Baines et al. (1974) described the extensive 
damage caused by Cyclone Bebe to the reef slopes of 
Funafuti Atoll. This reef which lies outside a major 
storm belt has experienced only three major storms in 
the last 100 y. On the other hand, Guam, which lies 
within a major storm belt, has experienced three 
severe typhoons since 1900 and numerous less severe 
storms in the past 30 y or so (Randall and Eldredge, 
1977; Ogg and Koslow, 1978). These authors reported 
that following Typhoon Pamela in May 1976, rated the 
third most intense typhoon to strike Guam this century, 
reef damage was patchy or superficial with only a few 
small areas suffering extensive damage. Randall and 
Eldredge concluded that Guam's reefs were 'well 
adjusted to unpredictable storm waves generated by 
typhoons.' Ogg and Koslow considered that the fre- 
quent, albeit patchy, cropping of coral assemblages by 
both major and minor storms could maintain a variety 
of successional stages in the reef community as well as 
preserving the low, rugged reef profile characteristic of 
Guam's reefs. Davies et al. (1971), in their study of the 
reef slopes of Aldabra Atoll which lies outside a major 
storm belt, found extensive growths of branching and 
foliaceous corals. They suggested studying the reefs of 
the northern Maldives and Laccadives which occur 
within a major storm belt to see if coral assemblages 
were similar to those at Aldabra Atoll, or whether 
slower-growing and less-easily damaged massive cor- 
als had received a competitive advantage. To date this 
has not been attempted nor have more recent reports of 
recovery of the reefs of Funafuti Atoll and Guam 
become available. However, Ogg and Koslow (1978) 
did mention that within 18 months of Typhoon Pamela, 
newly recruited corals were replacing the algal com- 
munity which had quickly developed in extensively 
damaged areas. One can only agree with their state- 
ment that 'The incidence of typhoons and their short 

and long-term effects should be more consistently 
noted in the future so that we can better understand the 
dynamics of coral reefs in relation to these natural 
catastrophes'. 

Apart from the frequency and intensity of storms, a 
factor which is likely to hamper recovery is the pre- 
sence of extensive beds of loose rubble produced as a 
result of storms, since any corals which do settle on 
such unstable substrata have little chance of survival 
(Stephenson et al., 1958; Goreau, 1959; Stoddart, 1969, 
1974). 

For the Great Barrier Reef some quantitative data are 
available on cyclone damage and recovery. In several 
papers, Connell (1973, 1976, 1978) presented data on 
his long-term study of several permanent metre-quad- 
rats established on Heron Island Reef in 1962. Since 
then two cyclones have passed near the island, one in 
January 1967 and the other in April 1972. These storms 
caused extensive damage to some sections of the reef 
crest and upper reef slopes but not to other areas which 
were protected by an adjacent reef. All corals were 
killed by the 1967 cyclone in a one-metre quadrat 
located in a shallow pool on the unprotected northern 
reef edge. Before the cyclone there were 43 colonies 
belonging to 13 species and coral cover was about 
57 % .  Connell (1973) reported that: 'In 2 % years after 
the hurricane, few corals were attached; after 3 Y2 

years about 10 % of the surface was occupied, and after 
4 '/2 years about 20 %.' Later data (Connell, 1978; his 
Fig. 2A) showed that the number of species in the 
metre-quadrat, after dropping from 13 to 0 rose to 11 by 
July 1970, then dropped slightly to 9 in 1971 and rose 
to 10 in 1972. The second cyclone, in April 1972, 
caused further damage to the recovering corals in this 
quadrat. Before this cyclone, coral cover was about 
27 % with 10 species. Afterwards coral cover was 
reduced to about 4 %, although there were still 10 
species. Again the community recovered so that by 
1974, coral cover was about 34 % with 14 species. 
Connell observed that regrowth in 1974 was not so 
extensive that diversity was beginning to be reduced 
through competitive exclusion (Connell, 1978). 

Although data from one square metre are insufficient 
to make generalizations about coral damage and 
recovery, additional data in support of Connell's 
studies were given by Woodhead (Appendix E, in 
Walsh et  al., 1971). Woodhead observed that immedi- 
ately after the January 1967 cyclone, large areas of the 
reef slope on the northern side of Heron Island Reef, 
were 'devoid of coral'. A few months after this cyclone 
Connell (1978; his Fig. 2B) found that coral cover along 
two 20 m line transects in the same area was only 2 % 
and 4 %. In June 1970, 3 Y2 y after the storm, I assisted 
Woodhead in making a re-survey of this denuded area. 
The results of three transects made parallel to the reef 
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Table 1 Summary of 3 transect surveys made in June 1970 of 
the upper reef slope. Heron Island Reef, the northern side of 
which was extensively ddrnaged by Cyclone Dinah in Janu- 
ary 1967 Data from Woodhead's detailed report to Starfish 
Committee (summarized In Walsh e t  al., 1971). Quadrats 

separated by l -m intervals. Means + 1 S.D. 

No. metre Transect l Transect 2 Transect 3 
quadrats 25 20 20 

% coral cover 27.0 f 10.7 24.5 + 9.4 19.4 f 8.2 
No. colonies m-2 16.8 f 3.5 16.6 + 4.7 13.9 f 4.0 
No. species m-2 9.8 f 2.9 9.1 + 2.2 8.8 + 2.0 

edge in depths of 3-5 m, are represented in Table 1. By 
mid 1971, 4 % y after the cyclone mean coral cover had 
increased to 38 %, the mean number of colonies m-* 
had increased to 24.5 and the mean number of species 
m-2 to 15 (P. Woodhead, pers. comm.). These figures 
indicate more rapid recovery than those by Connell 
(1978). Dominant species were fast-growing plate 
forms of Acropora, but other species including massive 
colonies were represented. On the basis of a good 
coverage of well-developed colonies before the 1967 
cyclone and the fact that the previous major cyclone 
happened 20 y earlier, Woodhead concluded that com- 
plete recovery of corals occurred in 20 y or less. 

Volcanic Activities 

Some of the earliest observations of recovery of coral 
communities were reported by Sluiter (1889) and Umb- 
grove (1930) following eruption of the volcano at  
Krakatoa in 1883. Sluiter stated that, by 1888, corals 
were growing on basaltic boulders. In 1929 ( i . e .  46 y 
later) when Umbgrove revisited these areas he  found 
no corals (Umbgrove, 1930). He attributed the absence 
of corals to the great quantities of pumice material 
falling from the steep cliffs and smothering the corals. 
It would be useful to examine the coral communities on 
Krakatoa today. 

Grigg and Maragos (1974) provided a well- 
documented study of coral recolonization on sub- 
merged larva flows in Hawaii. Accurate records had 
been kept of larva flows after 1801 This enabled the 
authors to select six flow sites ranging in age from 1.6 
to 102 y on which to examine recolonization. By com- 
paring the coral communities established on succes- 
sively older flow sites to each other, and to undisturbed 
control communities near each flow, they were able to 
reconstruct patterns of community succession and to 
distinguish biotopic differences. Two factors simplified 
their study of recolonization. Firstly, sterile conditions 
preceded colonization of the larva flows. Secondly, 
coral diversity is much lower on Hawaiian reefs where 

there are only 12 common shallow water genera (32 
species), compared with 68 genera (Pichon, 1977), and 
probably more than 300 species on the Great Barrier 
Reef. On the Great Barrier Reef, Acropora alone com- 
prises probably over 50 species (Wallace, 1978), 
whereas from Hawaiian reefs only 3 species have been 
reported (R. Grigg, pers. cornm.). From their studies 
Grigg and Maragos estimated that recovery of some 
coral communities would take about 20 y ,  whereas 
others might take 50 y or more. The difference in 
recovery times was related to the degree of exposure to 
sea and swell. Succession in exposed areas appeared 
to be  constantly interrupted, resulting in pioneer 
stages which were able to recover quickly. In sheltered 
areas, recovery took longer because the coral com- 
munities had developed nearer to a climax situation. 
Several other interesting observations were made by 
Grigg and Maragos. Firstly, Pocillopora dominated the 
youngest flow confirming that it is a pioneer species. 
Secondly, some corals such as Montipora verrucosa did 
not settle on flows younger than 10 y indicating that 
the substratum may need to be 'conditioned' before 
some species can settle. Thirdly, diversity rose to a 
maximum, then declined before the climax stage was 
reached. They attributed the decline in diversity to 
increased interspecific competition for space as more 
colonies settled and grew. As coral cover increased, 
diversity decreased. Some species assumed a cornpeti- 
tive advantage either through extracoelenteric diges- 
tion (Lang, 1970), overtopping (Connell, 1973) or more 
rapid growth. Grigg and Maragos considered that 
diversity was unlikely to increase unless some external 
disturbance interrupted the successional process. They 
further suggested that Hawaiian coral reefs with a 
diversity peak at an  intermediate stage may represent 
physically controlled communities and that more 
diverse coral communities in apparently-stable physi- 
cal environments such as those found in deep water in 
the Red Sea (Loya, 1972) may represent biologically 
controlled communities (Sanders, 1968). Whether the 
much lower diversity of the Hawaiian coral fauna is of 
significance in this regard has yet to be determined. 

Chilling 

In a study of reefs in the Persian Gulf, Shinn (1972) 
noted the occurrence of extensive thickets of dead 
colonies of branching Acropora while less common 
massive corals were unaffected. He concluded that the 
cause of this widespread mortality was an  unusually 
severe cold front coupled with strong winds, which 
drastically lowered water temperatures in January 
1964. Although few details are given, Shinn observed 
that recovery was underway 1.7 y after the chill; by 
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1968 the reef had substantially recovered. Shinn consi- 
dered that recovery had occurred by larval settlement 
and growth from undamaged reefs over 60 km away, 
rather than from the regenerated portions of partially 
living colonies. 

Red Tides 

There appears to be only one example in the litera- 
ture of red tides damaging reefs and of subsequent reef 
recovery. Smith (1975) reported on damage sustained 
to reef communities in the Gulf of Mexico following a 
major red tide in 1971. Most fish and invertebrates 
including corals died. The worst-affected areas were 
located 15-32 miles offshore in depths of 18-33 m. 
While fish and benthic algae recolonized these areas 
within a year or so, corals and echinodems had not 
returned after 2.7 y. Smith concluded that although red 
tides and subsequent mass mortalities were a rare 
event, they were a n  important factor in inhibiting the 
evolution of a climax or equilibrium community. 

There appear to be  no other factors likely to cause 
extensive damage to reef-slope coral communities 
other than Acanthaster (p. 110) and perhaps earth- 
quakes (Stoddart, 1972). 

Reef-Flat Communities 

Reef-flat coral communities exist in a harsher envi- 
ronment than do reef-slope communities. They can be 
damaged by a number of factors such as sedimenta- 
tion, and extremes of temperature and salinity which 
coincide with periods of emergence. 

Catastrophic Low Tides 

In contrast to severe storms which can cause exten- 
sive damage to reef slopes down to about 20 m (Baines 
et al., 1974; Pearson, 1975a; Ogg and Koslow, 1978), 
the occurrence of abnormally low tides are most 
unlikely to affect corals on the reef slope. But on reef 
flats the damage can be extensive and has been 
documented by several authors, notably Yamaguchi 
(1975) and Loya (1976a). In 1972 a combination of local 
weather conditions and anomalies in general oceano- 
graphic conditions at Guam produced the greatest sea- 
level fall in 26 y of records (Yamaguchi, 1975). This 
resulted in wide-spread mass mortalities of reef organ- 
isms including corals. According to Yamaguchi, recov- 
ery was incomplete after 3 y. 

In a far more detailed study, Loya (1976a) compared 

the recovery patterns of two coral communities on reef 
flats in the Red Sea which had experienced 80 % to 
90 % mortality following a n  unusually low tide in 
September 1970. One reef flat suffered from chronic oil 
and mineral pollution following the event. The coral 
communities of the two reef flats were quite similar 
prior to the catastrophic low tide and mortalities 
immediately afterwards were not significantly diffe- 
rent; however recovery of the two areas differed con- 
siderably. After 3 y, recovery on the non-polluted reef 
flat was remarkably well-advanced and Loya esti- 
mated that it would take 5 or 6 y for complete recovery. 
On the polluted reef, recovery was significantly less in 
terms of number of species, percentage coral cover and 
number of colonies of the more common species. On 
both reef flats recovery proceeded in two ways: from 
the regeneration of partially-killed colonies which 
generally took less than 1 y, and from the settlement of 
coral planulae originating from undamaged subtidal 
communities. Loya found a significant difference be- 
tween the two reefs in terms of the number of recol- 
onizers. Whereas the proportion of surviving corals 
was similar in both areas, recolonization was  23 times 
greater in the unpolluted than in the polluted area. 
Loya considered that the low rate of recolonization on 
the polluted reef was due  to pollution harming the 
reproductive system of corals, decreasing the viability 
of coral larvae, or changing some physical properties of 
the reef flat thus interfering with normal settlement of 
coral larvae. In a later study the first two factors were 
demonstrated to occur (Rinkevich and Loya, 1977). 
With respect to recovery of the unpolluted reef flat 
Loya made several interesting findings. Firstly, the 
commonest species prior to the catastrophic low tide 
had the highest rates of recruitment after the event. 
According to Loya, some corals appeared to have 
adopted a life history strategy which enabled them to 
succeed in the more unpredictable reef flat environ- 
ment. Ways in which opportunistic corals can achieve 
this include high rates of reproduction, growth and 
dispersal, and wide physiological tolerances. Sec- 
ondly, there were more species and colonies 3 y after 
the event than before it. Thus it appears that diversity 
increases to a maximum a t  a successional stage prior to 
the climax community (Grigg and Maragos, 1974). 
Then, a s  the growing colonies begin to compete with 
one another, the opportunistic species are excluded so 
that diversity is lowered. However, unpredictable 
events such as extreme low tides interrupt this process 
and the reef-flat coral community never attains the 
climax stage. 

While there exist a number of other references (in 
Loya, 1976a) to damage sustained by reef-flat coral 
communities during periods of exposure, detailed 
studies of subsequent recovery are lacking. There are a 
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few instances of non-recovery of reef-flat coral com- 
munities for long periods following natural catas- 
trophic events such as floods (Wood-Jones, 1907; Hed- 
ley, 1925; Rainford, 1925; Stephenson et al., 1958). In a 
study of the lagoon reefs of Tahiti, Crossland (1928) 
reported extensive damage to corals following a flood 
In January 1926. By August 1928 the dominant corals 
on the reef flat, Acropora formosa and Pocillopora 
damicornis, were dead and overgrown with calcareous 
algae. In contrast, on the reef slopes 'where corals had 
been killed to a depth of a fathom or so, things were 
quite different, the whole surface being covered with 
corals of fair size in a flourishing condition' (Crossland, 
1939). As these early studies were not well 
documented it is difficult to determine whether non- 
recovery was due to a permanent change in the envi- 
ronment or whether conditions for coral growth were 
only marginal prior to the disturbance. 

RECOVERY OF CORAL COMMUNITIES 
FOLLOWING MAN-MADE DISTURBANCES 

In contrast to naturally occurring catastrophic 
events, man-made disturbances are more likely to 
result in permanent change to the environment, so that 
recovery of coral communities may be prolonged, 
altered considerably, or even prevented. Examples of 
human influences responsible for damage include 
chronic pollution, dredging and blasting (which can 
also alter current-flow rates and patterns and sediment 
levels), increased run-off and sediment loads resulting 
from land clearance and use. These influences and 
others have been discussed by Johannes (1975) and 
Endean (1976). 

While numerous cases of human-caused damage to 
coral reefs exist in the literature, few detailed investi- 
gations of long-term aftereffects are available. One 
reason for this, as stated by Dahl and Lamberts (1977), 
is that there is a 'lack of adequate baseline data from 
which to measure change'. One notable exception is 
Loya's recent study in the Red Sea mentioned previ- 
ously. Another one is the re-survey by Dahl and Lam- 
berts (1977) of Mayor's detailed studies of Samoan 
coral reefs made in 1917 (Mayor, 1924). Mayor con- 
ducted a series of transect measurements over the reef 
flat in Pago Pago harbour; of these only two crossed 
still living reef in 1973, the other reef parts had disap- 
peared with dredging and filling operations in the 
harbour. In one transect which Dahl and Lamberts 
examined in detail there were significant changes in 
the total number of colonies and in the relative propor- 
tions of 4 common genera. There was also some evi- 
dence to show that average colony size had declined 
indicating that recovery was in progress, presumably 

because of the presence of many small colonies. How- 
ever, Dahl and Lamberts were unable to attribute these 
changes to any specific natural or human disturbances. 

Perhaps the most serious example of human disturb- 
ance concerns Kaneohe Bay, Oahu, Hawaii, where a 
combination of sedimentation and eutrophication 
caused the destruction of many coral reefs in the bay. 
Banner (1974) in a review of the situation concluded 
that unless all new pollution was stopped immediately 
the reefs would not recover. He painted a gloomy 
picture of the reef's chances of recovery as land 
development was still proceeding around the bay at 
the time of writing and was likely to continue beyond 
1977. 

While these examples demonstrate that recovery is 
less likely once the environment is altered more or less 
permanently by pollution, dredging, etc., Johannes 
(1975) provided evidence of partial recovery of a reef 
subjected to a nuclear blast. He described a brief 
survey made in 1971 of some shallow patch-reef com- 
munities at Enewetak Atoll which had been destroyed 
by a nuclear blast sometime in 1958. Dead standing 
colonies of tabular Acropora corymbosa dominated the 
shallow lagoon slopes. There was extensive regrowth 
of this species with some colonies measuring up to 3 m 
in diameter but compared with typical Acropora-domi- 
nated reefs elsewhere on Enewetak, coral diversity 
was low. 

RECOVERY OF CORAL COMMUNITIES 
DAMAGED BY Acanthaster planci 

I share the view of Endean and co-workers that coral 
damage on the Great Barrier Reef caused by Acanthas- 
ter infestations during the last 10 to 15 y has been more 
extensive and dramatic than that caused by any other 
natural or man-made disturbance. Large aggregations 
of Acanthaster are capable of killing the bulk of corals 
on an average-size reef in just a few years (Chesher, 
1969; Pearson and Endean. 1969; Endean, 1973). Dam- 
age is 'not confined to reef flats as in the case of 
exposure during extreme low tides or to reef slopes 
shallower than 20 m as in the case of severe storms. 
Instead, damage extends from the reef flat to the limit 
of coral growth which on the Great Barrier Reef usually 
exceeds 40 m (Pearson and Endean, 1969). 

Recovery of coral communities following Acanthas- 
ter infestations has been investigated on the Great 
Barrier Reef and at Guam. 

Recovery at Guam 

In a series of papers Randall (1973a,b,c) presented 
data on a detailed investigation of Guam's reefs before 
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Table 2. Comparison of coral communities at two sites on reefs at Guam before (1969) and after Acanthasterinfestations (1970, 
1971). Data from Randall (1973 a ,  b, c). Dashes: data not conlparable as different methods were used 

Reef front Submarine terrace Seaward slope 
(0-6 m) (6-18 m) (18-35 m) 

1969 1970 1971 1969 1970 1971 1969 1970 1971 

No. genera 32 24 21 28 24 27 26 21 30 
No. species 98 7 0 68 7 3 4 7 70 5 7 3 2 61 
% cover 49.1 20.9 21.9 59.1 0.9 4.0 50.1 0.5 2.1 
No. colonies 632 789 - 320 632 - 161 521 

Table 3.  Comparison of coral colony sizes and growth forms at two sites on reefs at Guam before (1969) and after Acanthaster 
infestations (1970, 1971). Data from Randall (1973 a, b, c). Branching growth forms included corymbose, caespitose and 

arborescent; 'other' growth forms included foliaceous, flabellate, phaceoloid, columnar and solitary 

Reef front Submarine Seaward slope 
(0-6 m) terrace (18-35 m) 

(6-18 m) 
1969 1970 1971 1970 1971 1970 1971 

Colony size cm 0-5 27.1 49.6 41.3 85.9 71.4 83.9 82.1 
(% freq.) 6-20 43.0 43.8 53.8 14.0 28.2 16.1 17.7 

21-40 22.6 0.5 4.0 0 0.5 0 0.2 
> 41 7.3 0.1 0.9 0 0 0 0 

Growth form massive 25.4 20.3 15.5 12.8 7.0 8.7 10.7 
(% freq.) encrusting 24.4 59.5 62.2 78.1 84.3 80.7 80.0 

branching 43.6 18.6 21.4 7.8 5.2 5.0 4.6 
other 6.6 1.6 0.9 1.3 3.5 5.6 4.7 

and after a major Acanthasteroutbreak. Unfortunately, 
direct comparisons of the before and after situation at 
the two sites (Tumon Bay and Tanguisson Point) are 
not always possible using Randall's data, as different 
transect methods were used in the two areas. In addi- 
tion, the Tumon Bay transects were not examined in 
detail below 6 m which was where the highest coral 
mortality was recorded at the Tanguisson Point site. 
Nevertheless, some comparisons are possible (Tables 2 
and 3). In terms of generic and species diversity, recov- 
ery was almost complete by 1971. According to Randall 
(1973b), 'the high number of genera surviving Acan- 
thaster planci predation, even though at low density, 
may be essential in the recovery of devastated reefs if 
diversity of seed populations is an important prere- 
quisite'. There was a dramatic decline in coral cover 
after the Acanthaster impact, but within another year 
the coral cover had increased fourfold. This was 
reflected in the number of colonies which almost doub- 
led on the submarine terrace and more than tripled on 
the seaward slope. Most of these colonies were small 
(< 5 cm) in both 1970 and 1971, although a slight 
increase in number of larger corals was evident in 1971 
reflecting growth of the 1970 colonies (Table 3). When 
coral growth forms were compared (Table 3), encrust- 
ing colonies dominated the submarine terrace and 
seaward slope. This is not surprising, as recently estab- 
lished corals invariably adopt an  encrusting growth 

form, occupy space quickly and establish a firm base 
for subsequent upward growth. Randall ( 1 9 7 3 ~ )  esti- 
mated that it would take 20 y for recovery of the sub- 
marine terrace and 31 y for the seaward slope. He 
warned that these estimates might be inaccurate and 
that it might take a much longer period, perhaps hun- 
dreds of years, for the reef to attain the massive 
framework development once found in the area. Re- 
surveys of Randall's transects would now be most valu- 
able. 

Recovery Elsewhere in the Indo-Pacific Ocean 

One interesting observation of apparent recovery 
concerns underwater observations made to depths of 
75 m at Cocos Keeling Atoll in 1974 (Colin, 1977). 
Extensive areas of dead corals were noted on the reef 
slopes; the cause of death being attributed to Acan- 
thaster, which was abundant (1 ind. 200-400m-~) on 
the reef slopes. Colin observed that: 'Some signs of 
initial recovery by the populations of stony corals was 
evident. In some areas on the outer margin small col- 
onies of Acropora were apparent. At present the stony 
coral populations at Cocos Keeling Atoll are low. 
Hopefully these reefs are now initiating natural recov- 
ery, but this will take a considerable period of time.' It 
is worth noting that Acanthaster may have been 
responsible for the extensive coral damage observed 
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Table 4 Comparison of coral growths on undamaged reefs and on reefs damaged by Acanthaster. Data from a photographic 
survey by Endean and Stablum (1973b, their Table 2) The area of each prlnt was approximately t m' 

No. No. No. Mean live )Mean no. Mean no. Mean no 
reefs transects quadrats coral cover recolonizers s u r v ~ v ~ n g  all colonies 

print-' print-' colonies print-' print-' 

Undamaged 2 2 2 4 51.2 0 6 8 6.8 
Damaged 9 17 167 7.1 1.6 1 .0 2.6 

by Danvin (1860) in more than a mile square area of 
the lagoon at  Cocos Keeling Atoll (Branham, 1973). In 
the same paper, Branham briefly reports on recoloniza- 
tion of a 'dead' reef in the lagoon of Arno Atoll, Mar- 
shall Islands: 'A dense aggregation of A. plancl was 
seen there in July 1968, and most of the coral was dead 
the following summer. Considerable recolonization 
was noted in 1971. Small colonies, averaging about 
10 cm in maximum dimensions, of 25 species of coral 
(in 16 genera) were found in densities of about 20 
colonies per square metre over the reef surface. The 
observed species diversity was greater than would be 
expected on an established reef'. 

Nishihira and Yamazato (1974) observed extensive 
damage to the reefs around Okinawa caused by Acan- 
thaster infestations and human interference. Human 
interference included dredging and reclamation, con- 
struction, land development and erosion, release of red 
clay from a quarry, and oil and chemical pollution. In 
some areas they found evidence of hard-coral recoloni- 
zation, in others alcyonarians dominated the reef, 
while at still other localities algae such as Turbinaria 
and Sargassum were dominant. Unfortunately, Nishih- 
ira and Yamazato did not distinguish clearly between 
recovery following Acanthaster depredations and 
recovery following human interference. Thus determi- 
nation of the recovery process following Acanthaster 
depredations alone is not possible, especially when the 
authors state in their summary that 'The degree of 
human interference in any region is approximately 
proportional to the density of starfish.' 

Recovery on the Great Barrier Reef 

In contrast to Randall's detailed transect studies, 
Endean and Stablum (1973a,b) conducted a much 
broader, less specific investigation of damage and 
recovery on reefs of the Great Barrier Reef They visu- 
ally surveyed 55 sites on 21 reefs offshore between 
Cairns and Townsville, mostly between November 
1970 and May 1971. An additional 16 sites on 8 reefs 
were inspected in August and October 1971 (Endean, 
1974). Large aggregation5 of Acanthaster were active 
on some of these reefs in October 1966 (Pearson and 
Endean, 1969), on others Acanthaster was abundant in 

1970 (Endean and Stablum, 1973a). However, as indl- 
cated by Endean and Stablum (1973b; their Table l ) ,  
accurate estimates are not available for the years when 
Acanthaster was active at most of the sites surveyed. 
This leads to a degree of imprecision as to how long 
recovery had been undenvay when the sites were 
surveyed. At most sites the authors observed only 
slight or negligible recolonization. 

In support of these visual assessments of recovery 
Endean and Stablum obtained data on recovery from 
photographs taken of a total of 191 square-metre quad- 
rats along 19 transects on 11 reefs. Images of live corals 
visible on the photographic prints were cut out and 
weighed. From this procedure, data on percentage 
coral cover and number of colonies m-2 were obtained. 
Details of the method are given in Endean and Stab- 
lum (1973a,b) and more fully in Laxton and Stablum 
(1974). Using this photographic method, Endean and 
Stablum (197313) found that live coral cover on reefs 
considered to have been damaged by Acanthaster was 
low compared with that recorded at two undamaged 
sites, and there were few 'recolonizers' at the damaged 
sites (Table 4). Endean and Stablum (1973a,b) made a 
number of other observations and comments on dam- 
age and recovery which are discussed later (p. 118). 

The accuracy of their method is open to question 
when used on recovering reef slopes where there are 
likely to be many small corals. In my experience even 
the best underwater photographs taken of reef sub- 
strata at distances of 1.5-2 m, do not enable small 
colonies, especially those less than 5 cm diameter, to 
be detected. Thus estimates of the number of small 
corals (recolonizers) per square metre can be greatly 
underestimated on reefs In the early stages of recovery. 
Another criticism of the method is that its accuracy 
does not appear to have been tested by comparing i t  
with direct measurements of corals within the quad- 
rats. Laxton and Stablum (1974) at one point do refer to 
'actual values' but these do not appear to have been 
obtained by direct measurement. They also claim to be 
able to identify from the photographs, 'many of the 
common reef corals, soft coral, hydroids and sponges to 
species level'. This would be especially difficult on a 
recovering reef where there may be many small young 
colonies. 

My studies of recovery on reefs of the Great Barrier 
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Reef damaged by Acanthaster centre on three aspects. 
Firstly, a broad impression of recovery has been 
obtained from a series of quadrat samples made along 
transects on a number of reefs located off the north 
Queensland coast near Innisfail. Secondly, detailed 
information on recovery has been obtained from two 
small permanent study plots established in 1972 on the 
upper seaward slopes of Feather and Ellison Reefs 
located off Innisfail. Thirdly, detailed information has 
been obtained from several small permanent study 
plots established in 1974 at different depths on John 
Brewer Reef located off Townsville. Some initial 
results were presented in Pearson (1974, 1975b). Some 
recent results are presented here. 

rransect Surveys of Reefs off Innisfail 

Acanthaster infestations were first reported on reefs 
off Innisfail in October 1966; by 1969 starfish had 
disappeared from most of these reefs and extensive 
coral mortality was observed in most areas (Pearson 
and Endean, 1969). In 1971 R. N. Garrett and I made a 
number of transect surveys on the seaward slopes of 
some of these reefs; see Pearson (1974) for details. The 
transects ran perpendicular to the reef edge from the 
reef flat, down the reef slope to various depths (max. 
27 m),  depending on several factors particularly the 
type of substratum. At intervals along each transect a 
metre quadrat was used to record the number of 
species m-2, the number of small colonies m-' (col- 
onies measuring less than 1 % of the quadrat, i .e .  10 X 

10 cm), and the number and percentage cover of large 
colonies (more than 1 % of the quadrat). Most transects 
were resurveyed in 1977, again with the assistance of 
Garrett. On some transects, exactly the same metre 
quadrats were re-measured as stakes were used to 
mark the location of these quadrats (Transects 7,  9, 10, 
11, 12, 21, 22, in Fig. 1).  In some other cases the 
transect was repeated within 10 m or so of the 1971 
transect (Transects 1,  2, 3, 4, 6, 19). For the remaining 
transects it was impossible to relocate the original 
sites. In these cases the later transects may have been 
located up  to 100 m from the earlier ones (Transects 14, 
18). Figure 1 illustrates in almost all cases substantial 
increases in the parameters measured, indicating re- 
covery. 

Permanent Study Areas : (i) Ellison Reef 

A permanent study area, 10 m X 1 m, was estab- 
lished on the upper reef slope (2 to 3 m depth) at  the 
northern end of Ellison Reef in April 1972. Censuses of 
all corals within the plot were made in April 1972, 

ALL  COLONIES 

LARGE COLONIES I 

I SPECIES I 

Fig. 1. Summary of data on hard coral growths obtained from 
metre quadrats along 15 transects on reefs off Innisfail, north 
Queensland, which were damaged by Acanthaster in the mid 
1960's. See text for details. Transect locations are given in 

Pearson (1974) 

October 1972, October 1973, April 1974, April 1975, 
and December 1978. In addition, using a specially 
constructed tripod, a series of vertical underwater col- 
our photographs were taken at  each census to serve as 
a permanent record. These photographs proved to be  of 
little use as a record of the changes which took place. 
Most small colonies and colonies overtopped by others, 
could not be detected. Only more obvious changes - 
such as the growth, death, or dislodgement of large 
colonies - were noted in the photographs. A series of 
oblique photographs of the plot taken in April 1972, 
January 1975 and December 1977, are  shown in 
Figures 2a,b,c. 

Recovery was not obvious from the surface when the 
study area was chosen. It was only after the study plot 
was established and a careful examination made of the 
substrate that many small colonies (> 3 mm diameter) 
were detected. Initially there were 449 coral colonies 
within the 10 m2 plot, 72 % of which measured less 
than 5 cm in diameter including 11 1 colonies < 2 cm. 
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During the next 3 years to April 1975, the number of 
corals had increased to 528, coral cover had rlsen to 
60.0 % and average colony size was 11.6 cm. The  rapid 
growth of large numbers of tabular and plate-like 
forms of Acropora was largely responsible for the rapid 
increase in coral cover. By April 1975 these corals were 
beginning to compete for space with one another as 
well as overtopping smaller, slower growing species, 
and eventually causing their death. 

Even more dramatic changes took place over the 
following 3.7 y. Coral cover rose to 80.6 % and average 
colony size increased from 11.6 to 36.7 cm. However, 
the total number of colonies dropped to 119. The loss of 
over 400 colonies can be attributed to overtopplng by 
the increas~ngly dominant, fast-growlng colonles of 

Fig. 2. Photographs of Ellison Reef pern !nt study plot 
(10 m X 1 m) showing growth of, and dominance by, colonies 
of tabular Acropora spp. (a) April 1972 (b) January 1975, (c) 
December 1977; (a) and (b) depict the same area, i .e .  metre 
quadrats 5 (foreground) and 6 (centre); (c) depicts quadrat 4 

(foreground) and 5 (centre) 

There were also a few larger colonies (all < 30 cm) 
which had survived the Acanthaster infestations of the 
mid 1960's. Coral cover was only 2.6 % and average 
colony size 4.4 cm. Because of the small size of most 
corals it was not possible to identify them to species or 
even to genus level in some cases. Acropora was the 
dominant genus comprising 59.0 % of all colonies fol- 
lowed by Fa via/Fa vites/Goniastrea (1 0.0 %)  Porites 
(9.3 %) and Galaxea (3.4 %). None of the other 18 
genera exceeded 3 % of the total colonies. Surpris- 
ingly, the opportunistic genera Pocillopora, Stylophora 
and Seriatopora were represented by only l l colonies 
(2.4 %). The proportion of unidentified corals was 
4.1 %. 

tabular, corymbose and staghorn Acropora, which now 
represented 71.2 % of all colonies. The next more com- 
mon genera were Seriatopora (5.1 %) and Porites 
(5.1 %).  Over the entire 6.7 y, annual death rates calcu- 
lated from the number of deaths recorded in each 
census interval (0.5, 1.0, 0.5, 1.0 and 3.7 years) barely 
changed from 11.2 deaths m-2 y-' in the first census 
interval to i1.7 deaths y-l in the last census 
internal. However, the recruitment rate did alter sub- 
stantially. During the first 3 y the net rate of recruit- 
ment fluctuated between 12.8 and 18.6 recruits m-' 
y- l .  This dropped to 0.7 recruits m-2 y-' over the next 
3.7 y. Only 27 new colonies were recorded between 
April 1975 and December 1978. One likely explanation 
for this failure of recruitment is that there was little 
space available for settlement of new colonies. The 
interesting exception to this was the first metre square 
of the plot where 22 of the 27 new colonies were 
located. In this square, coral cover was only 18.3 % in 
December 1978 compared with the next lowest value 
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of 64.8 % for a single metre square. In April 1975 coral 
cover in the first square was 38.8 %, but it decreased as 
several large colonies were lost through dislodgement 
by heavy wave action. Repeated observations within 
and outside the plot revealed that this was not an 
uncommon occurrence especially in the case of large 
colonies of tabular Acropora. Although these corals 
grow rapidly, quickly occupying space and overtop- 
ping other corals, they are more susceptible to storm 
damage because of their narrow central stems and 
broad flat tops. In this regard the experimental studies 
of the breakage of colonies of the plate coral Acropora 
reticulata are of note. Vosburgh (1977) showed that this 
coral could not withstand normal wave action above 
7.7 m depth on the windward reef terrace at Enewetak 
Atoll. In fact it only occurred below 8- 10 m, yet in the 
sheltered lagoon large colonies occurred in less than 
2 m. Vosburgh noted extensive damage to these shal- 
low lagoon colonies following a storm in 1972. It would 
appear likely that if severe storms occur at regular 
intervals, other slower growing, more robust species 
would obtain a competitive advantage in shallow 
water. 

(ii) Feather Reef 

A permanent study plot (10 m X 1 m) was estab- 
lished on the northern end of Feather Reef in February 
1972 in a habitat similar to the one on Ellison Reef. 
Five coral censuses were made between February 1972 
and October 1975. The area was revisited in December 
1978 but no coral census was made. Instead, a series of 
standard vertical photographs were taken (as had been 
done on all previous censuses) to serve as a permanent 
record of the more obvious changes. 

Results of the censuses were similar to those 
obtained for the Ellison Reef plot. Initially there were 
394 colonies, of which 66 % measured less than 5 cm in 
diameter, only 8 measured more than 20 cm in diame- 
ter and none exceeded 30 cm. Coral cover was 12.3 % 
and average colony size was 5.1 cm. Acropora was 
again the most common genus (39.6 % of all colonies), 
followed by Porites (22.3 %) and Galaxea (10.9 %). 
None of the other 16 identified genera exceeded 10 % 
of colonies, and 8.6 % of all colonies could not be  
identified as to genus. Recovery was obviously well 
underway less than 6 y after Acanthaster infestations 
were reported from this part of the reef (Pearson and 
Endean, 1969). Yet as was the case at Ellison Reef, this 
recovery was not noticeable during surface swims over 
the area prior to the setting-up of the plot. 

During the next 3.7 y, colony numbers rose to a 
maximum of 714 in November 1974 but then declined 
to 594 in October 1975. Coral cover also rose to a 
maximum of 63 % in November 1974 but then declined 

to 60 % in October 1975. Net recruitment during the 
four census intervals (0.7, 1.3, 0.8, and 0.9 y) ranged 
from 14.6 to 46.4 recruits m-2 y-l. There was no obvi- 
ous explanation for the high recruitment recorded be- 
tween February and November 1974. Mortality varied 
between 12.7 and 37.4 deaths m-' y-'. Of the corals 
present in October 1975, 43.7 % were Acropora, fol- 
lowed by Galaxea (7.2 %), Porites (6.7 %) and Pocil- 
lopora (5.5 %). There were 17 other genera, but 26 % of 
all colonies could not be identified. This large propor- 
tion of unidentified corals was due to the large number 
(196) of small colonies ( < 2  cm). The presence of many 
small colonies affected average colony size, which was 
only 7.3 cm in October 1975, compared with 7.7 cm in 
February 1974. Colony growth was more marked for 
those pre-February 1972 colonies which survived to 
October 1975. For these corals average colony size 
increased from 5.1 cm to 18.1 cm. There were only 5 
colonies larger than 50 cm and none exceeded 80 cm. 

Photographs taken of' the plot in December 1978 
showed changes almost as dramatic as those 
documented for Ellison Reef. Colonies of tabular and 
staghorn Acropora dominated the plot although not to 
the same extent as at Ellison Reef. 

(iii) John Brewer Reef 

Studies of recovery were initiated on John Brewer 
Reef in July 1974. It was one of the most extensively 
damaged reefs which I had visited during surveys of 
several hundred reefs since 1966. Acanthaster infesta- 
tions caused extensive damage during 1969 and 1970 
(Endean and Stablum, 1973a,b). In addition Cyclone 
Althea, which struck the city of Townsville in 
December 1971, passed almost directly over John 
Brewer Reef. As a result the upper reef slopes and reef 
crest which had partially escaped Acanthaster preda- 
tion were extensively damaged (Pearson, unpubl.). To 
obtain some data on the influence of depth on recov- 
ery, 2 permanent metre quadrats were established at 
depths of 6 m and 12 m at 2 sites on the seaward slope, 
and at 1 site at a depth of 3 m on the leeward slope. 
Four censuses were made; in July 1974, July 1975, 
November 1976 and December 1978. Data are pre- 
sently available for only 5 of these puadrats, 1 at each 
site and depth. A permanent 10 m line transect marked 
at each end with steel stakes passed through the 2 
quadrats at each depth (Fig. 3). 

To compare the results at the 3 depths, data were 
pooled for quadrats at the same depth at each of the 2 
sites on the seaward slope. A summary of the results 
shows that there have been increases in every parame- 
ter measured except soft coral cover (Table 5). Average 
net rates of recruitment for the 4.4 y study period at  the 
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3 depths were 23.7 recruits m-2 y- '  ( - 3  m), 22.5 
(-6 m) and 12.4 (-12 m). Average mortality rates 
were 14.1 deaths m-* y-' ( - 3  m), 14.4 ( - 6  m) and 10.8 
( -  12 m). While these rates are comparable to those 
recorded in the Feather and Ellison Reef study areas, 
they do indicate a reduced turnover of colonies in 
deeper water. Coupled with reduced colony growth 
(Table 5 )  it is apparent that recovery will take longer in 
deeper water. 

With respect to diversity, colonies of Acropora were 
not nearly so dominant as they were on Feather and 
Ellison Reefs. On the leeward slope, Acropora consti- 
tuted 30 % of a11 colonies, followed by Favia/Favites/ 
Goniastrea (6.7 %) and Fungia (4.7 %);  whereas on the 
seaward slope at - 6 m, Acropora constituted 22.1 % of 
all colonies, followed by Fungia (16.8 %) and Porites 
(11.7 %); and at - 12 m, Acropora constituted only 
11.5 % of all colonies, followed by Porites (10.8 %) and 
Fungia (10.8 %). 

FACTORS INFLUENCING RECOVERY 
AND RECOLONIZATION 

In discussing factors influencing coral recovery and 
recolonization the following three points need to be 
considered. Firstly, most workers visualize coral com- 
munities as conforming to some successional sequence 
which in the absence of disturbance leads to the 
development of a climax coral assemblage. However, 
it is not clear what constitutes a climax community, 
how it might differ from one locality to another, or what 
time-scale is involved. Nor has there been any detailed 
explanation of the factors involved in the replacement 
of one coral assemblage by another in the successional 
sequence. Secondly, external disturbances of various 
forms modify the successional process to the extent 
that a periodic disturbance may maintain a coral com- 
munity at a sub-climax stage. Thirdly, coral settlement 
is influenced by both the successional process and any 
disturbance. Furthermore, the factors influencing coral 
settlement and survival may themselves be modified 

by disturbances. Our understanding of the recovery 
process and our ability to predict the likely outcome of 
a particular disturbance will remain limited until basic 
knowledge in these three areas has accumulated. 

For example, further studies of coral reproduction, 
larval dispersal and current patterns around and be- 
tween reefs are urgently needed before reasonable 
predictions can be made of the relative contribution to 
the recolonization of denuded areas by larvae released 
from surviving corals on the same reef, or from corals 
on other undamaged reefs. There are indications that 
both might occur, although hard data are lacking. For 
example, Shinn (1972) suggested that damaged reefs 
in the Persian Gulf were recolonized by coral larvae 
originating from undamaged reefs located 60 km 
away. Loya (1976a) considered that damaged reef flats 
in the Red Sea were recolonized by larvae from corals 
on the undamaged reef slopes nearby. Endean and 
Stablum (1973b) observed that 'there appeared to be a 
relationship between the rate of recovery of an area of 
reef and the extent of coral destruction in the area 
caused by the starfish initially', implying that larvae 
from surviving corals had recolonized denuded areas 
nearby. 

A crucial factor in these considerations is the length 
of time spent in the plankton by coral larvae. If it is a 
general rule that larvae spend only a short time in the 
plankton, and perhaps even settle near their parents, 
then recovery on extensively damaged reefs would be 
prolonged. There is field and laboratory evidence of 
this for only one species, Favia fragum (Lewis 
1974a,b). There are only a handful of species from 
which planulae have been obtained and studied 
including, interestingly enough, the opportunistic 
species Pocillopora damicornis, Stylophora pistillata, 
and Seriatopora hystrix (Marshal1 and Stephenson, 
1933; Abe. 1937; Atoda, 1947a,b, 1951 a,b,c; Edmon- 
son, 1946; Harrigan. 1972; Loya, 1976b,c). These 
studies have shown that most planulae settle within 1 
or 2 d. Stimson (1978) has suggested that for branching 
corals which apparently do not planulate, asexual 
reproduction by means of colony fragments may be the 

Table 5. Influence of water depth on coral recovery in permanent metre quadrats on John Brewer Reef between July 1974 and 
December 1978. Data for % cover of hard and soft corals obtained from permanent 10 m line transects 

O/u cover hard corals 
% cover soft corals 
No. colonies m-2 
Average colony size (cm) 
Average colony size (cm) 
(pre-July 1974 colonies only) 
No. colonies > l 0  cm 
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Fig. 3. Permanent study area located at 12 m depth on the seaward slope of John Brewer Reef showing arrangement of the two 
1 m 2  quadrats and the 10 m line transect 

normal mode of reproduction. The proportion of coral 
species In which external fertilization occurs is 
unknown although Connell (1973) considered internal 
fertilization to be more common. 

There are few field studies of larval settlement, sub- 
strate selection and survival of very young corals. 
Before corals are able to settle on new surfaces there 
appears to be a period of at least 1 y during which the 
substrate is 'conditioned'. Several workers have com- 
mented on this. For example Grigg and Maragos (1974) 
noted that Montipora verrucosa did not appear on larva 
flows younger than 10 y, yet it was common on control 
reefs. Schuhmacher (1974, 1977) found that hard corals 
did not settle on granite boulders submerged for less 
than 1 y. Even on older boulders corals preferred to 
settle on limestone encrustations such as dead shells, 
calcareous algae and foraminifera. Loya ( 1 9 7 6 ~ )  
observed that many more colonies of Stylophora pistil- 
lata settled on PVC pipes during the second year of 
submergence than during the first. As all these sub- 
strata are not normally found on coral reefs it is dif- 
ficult to relate their periods of 'conditioning' to those of 

natural reef substrates. For natural reef substrates any 
period of 'conditioning' is probably related to the time 
required for the establishment of those algal com- 
munities favourable as surfaces for larval settlement, 
survival and growth. Successional stages occur in the 
development of reef algal communities (Littler and 
Doty, 1975; Benayahu and Loya, 1977; Borowitzka et  
al., 1978). If unchecked by grazers, these lead to a 
climax community of fleshy frondose and filamentous 
algae on which corals are unlikely to settle and sur- 
vive. However, under normal conditions of intense 
grazing, especially by fish and echinoids, the growth of 
these algae is inhibited as many workers have shown 
(e. g., Stephenson and Searles, 1960; Randall, 1961, 
1974; Sammarco et  al., 1974; Birkeland, 1977; Wan- 
ders, 1977). Under these conditions sub-climax com- 
munities of crustose coralline algae are maintained 
which would otherwise be smothered. Although 
experimental evidence is lacking (Bak, 1976, p. 325) 
these crustose corallines appear to offer a more suit- 
able substratum for coral settlement. They provide a 
clean, firm surface unlike filamentous algal mats 
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which are efficient sediment traps. Corals which set- 
tled on artificial substrata were usually found on verti- 
cal faces or undersurfaces where sedimentation was 
reduced (Schuhmacher, 1974, 1977). Loya (197 6 c) 
observed that grazing by sea urchins was restricted to 
the upper surfaces of artificial substrates presumably 
because of the greater algal cover. He suggested that 
coral settlement on the upper surfaces was prevented 
by the synergistic effect of intensive grazing and 
sedimentation. On the other hand, Birkeland (1977) 
observed that while corals grew faster on the upper 
surfaces of artificial substrates, sedimentation reduced 
their survival. Yet he found no instances of fish grazing 
on, or removing coral recruits. In fact Acanthurids and 
schools of Scarus croicensis avoided corals as small as 
3 mm. 'There were often small coral recruits with tooth 
marks all around them, but the corals were never 
touched by the tooth marks' (Birkeland, 1977). While 
some herbivorous fish evidently avoid grazing on 
recently settled corals, other species as well as 
echinoids may not. Both groups are capable of feeding 
on larger corals (Glynn, 1973; Randall, 1974; Bak and 
van Eys, 1975; Neudecker, 1977; Glynn et al., 1978; 
and others). Dart (1972), on the other hand, suggested 
that grazing on algal mats by echinoids may enhance 
coral recruitment by providing bare surfaces for settle- 
ment. Experimental studies are urgently needed to 
resolve these disparate views on the role of grazers in 
coral settlement and survival. 

Recovery of coral communities is likely to be pro- 
longed if the catastrophic event which destroyed the 
corals also reduced the number of grazers. Glynn 
(1968) reported on mass mortalities of sea urchins on 
reef flats. It is possible that severe storms may destroy 
grazers themselves and/or their refuges. Coral settle- 
ment in these situations could be inhibited as algal 
growths would flourish in the absence of grazers. One 
could predict that recovery would be faster after Acan- 
thaster depredations as, all other factors being equal, 
grazers are not killed and dead coral skeletons may 
still provide them with adequate refuges from preda- 
tion. 

On reef slopes planed more or less smooth by severe 
storms, recovery is likely to be retarded if less surface 
area is available for settlement through a reduction in 
the diversity of surface orientations and configurations 
such as vertical faces, undersurfaces, crevices and 
ridges, all of which appear to be more important than 
horizontal surfaces in ensuring successful coral settle- 
ment (Lewis, 1974a; Schuhmacher, 1974, 1977; Birke- 
land, 1977). In field experiments on factors influencing 
coral settlement which involve artificial substrata, 
more attention should be paid to (a) the total surface 
area provided for settlement, given that average 
recruitment rates are of the order of 1 to 50 colonies 

m-2 y-' (Connell, 1973; this paper); (b) the 'condition- 
ing' period of the substratum; (c) the surface relief 
including provision of crevices and ridges; (d) sub- 
stratum onentation. 

In discussing factors affecting recovery following 
Acanthaster damage, Endean (1976) mentioned two 
which he considered likely to impede hard-coral recol- 
onization. Firstly, in instances where corals settled on 
dead coral skeletons he suggested that many of these 
would ultimately be lost when the dead corals to which 
they were attached collapsed or crumbled. There 
appears to be little evidence to suggest that this 
phenomenon is widespread. Unless storms were to 
intervene one would expect more or less a balance 
between erosional forces at work on the dead skeletons 
and the binding and cementing actions of crustose 
coralline algae and other secondary frame builders 
(Bak, 1976). Even where dead corals do collapse there 
is a reasonable chance that live corals growing on 
them would continue to grow over and consolidate the 
dead fragments. Secondly, Endean (1976) observed 
that 'within a few months after a reef has been devas- 
tated by A. planci, an obvious increase in the alcyona- 
rian cover particularly in lagoons and back reef areas 
occurred. Frequently, these soft corals grew over the 
skeletons of corals killed by Acanthaster. Several 
photographs of large soft-coral colonies were pre- 
sented in support of these observations (Endean, 1973; 
his Fig. 7; Endean and Stablum 1973a; their Figs 14 
and 15; 1973 b, their Figs 15 and 16). Other workers 
have remarked on the apparent rapid growth of soft 
corals and their overgrowth of hard corals (Fishelson, 
1970, 1973; Maragos, 1974; Nishihira and Yamazato, 
1974; Schuhmacher, 1974). Benayahu and Loya (1977) 
erroneously stated that no quantitative data existed on 
the growth rates of soft corals. Available data show that 
soft corals occupy space at about the same rates as hard 
corals (Cary, 1931; Stephenson and Stephenson, 1933). 
Over a period of several months Mergener and 
Svoboda (1977) detected little growth of soft corals 
within a 25 m2 study area, although they recorded the 
disappearance of numbers of soft-coral colonies and 
the settiement of others. In a study of soft-coral growth 
rates and interactions with hard corals, Garrett (1975, 
unpubl.) found that recruitment and mortality of hard 
corals was not directly related to soft-coral cover and 
that soft-coral growth rates were comparable with 
those recorded by Cary (1931) and Stephenson and 
Stephenson (1933). Furthermore he found that the out- 
come of interactions between hard and soft corals was 
not only related to their competitive abilities but also 
to environmental conditions. These data do not support 
the view by Endean (1976) and others that soft corals 
rapidly cover hard corals killed by Acanthaster. 

Apart from their frequency and intensity, the actual 
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location of disturbances on reefs is likely to be another 
important factor governing the rate of recovery. The 
most rapid recovery is expected in those parts of the 
reef where conditions for coral settlement and growth 
appear most favourable, such as the upper seaward 
reef slope. Recovery after Acanthaster  depredations 
appears to be slower in habitats less favourable for 
corals, such as reef flats, enclosed lagoons with little 
water circulation, and on deeper reef slopes (Endean, 
1974; Pearson, 1974). On deeper reef slopes where 
Acanthaster  predation is probably the most significant 
catastrophic event, several factors are likely to influ- 
ence coral recovery. These include: lower light inten- 
sities which reduce coral growth rates (Bak, 1976); less 
water movement and hence greater build-up of sedi- 
ment which might impede coral settlement; and 
reduced grazing pressure (Glynn, 1973; Bak, 1976; 
Van de Hoek et al., 1978) which enables fleshy algae to 
proliferate, thus further impeding coral settlement. 
Data obtained at different depths at John Brewer Reef 
suggest a slower rate of recovery in deeper water 
(12 m) (Table 5).  In contrast, after Acanthaster  damage 
at Guam there were only slight differences in recovery 
between coral communities in depths of 6 -  18m and 
those at 18-35m (Table 2). 

Studies of disturbances of coral communities as well 
as their subsequent recovery can assist in the develop- 
ment of ideas and theories of diversity and patchiness 
in the community structure of coral reefs (e .g .  Dayton, 
1971; Goreau et al., 1972; Loya, 1972, 1976a; Porter, 
1972, 1974; Connell, 1973, 1975, 1976, 1978; Grassle, 
1973; Grassle and Sanders, 1973; Levin and Paine, 
1974; Maragos, 1974; Dana, 1976; Fishelson, 1977). 
Such studies can also provide inputs for models of coral 
communities, such as the one developed by Maguire 
and Porter (1977), and the succession model first sug- 
gested by Grigg and Maragos (1974). Ideas on the 
mechanisms of community succession have been 
reviewed by Connell and Slatyer (1977), but the actual 
mechanisms which enable some coral species to settle, 
survive and grow, so as to replace 'opportunistic' 
species, have yet to be elucidated. The role of chance 
in the re-establishment of coral communities has not 
been investigated. 

SUMMARY 

The evidence available indicates that several 
decades are required for recovery of most coral com- 
munities affected by major natural disturbances. There 
is less evidence available on recovery following man- 
made disturbances, but the indications are that full 
recovery may be prolonged or prevented altogether 
because of permanent change to the environment, or a 
continuation of chronic, low-level disturbances. 

Deficiencies in almost all studies preclude a 
generalized account of recovery and recolonization. 
Most investigations have not been continued long 
enough, adequate baseline data are meagre or lacking 
altogether, usually the degree of damage has not been 
carefully documented, and few reef sites other than 
reef flats and upper reef slopes have been investigated. 
Furthermore there are many gaps in our knowledge of 
the life histories of even the most common hard corals. 
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