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APPENDIX 1

Photographic stimuli used in the perceptual survey. The photographs were presented in a

separate album from the questionnaire sheet
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Abundance of black-band disease on corals from one location
on the Great Barrier Reef: a comparison with abundance in the

Caribbean region.

E. A. Dinsdale|

Abstract Black-band disease (BBD) occurs on the Great
Barrier Reef, Australia, with at least 21 species in five
families being affected. Surveys of reef crest corals at
Lizard Island found 2.8% of 4569 coral colonies were
affected with BBD. Acroporidae, in particular Acropora
hyacinthus, Acropora intermedia and Acropora
millepora, were susceptible to BBD, compared with the
Caribbean where acroporid corals are resistant to BBD.
Pocilloporidae, including Pocillopora damicornis,
Pocillopora verrucosa and Stylophora pistillata, were
identified as important host species. The abundance of
BBD varied between sites, ranging from 1.3% to 4.9% of
colonies affected. The percentage of BBD-affected
colonies varied between coral families. The percent of
colonies affected with BBD were: 6.0% for the
Pocilloporidae, 3.6% for the Acroporidae, 3.0% for the
Faviidae and 2.1% for the Poritidae. The level of BBD-
affected colonies on the GBR was within the range of
affected colonies reported in the Caribbean.

Keywords Black-band disease, Great Barrier Reef, Coral
disease.

Introduction

Black-band disease (BBD) affects scleractinian and
gorgonian corals from the Caribbean and Red Sea
(Antonius 1981a, 1988a; Garret and Ducklow 1975;
Feingold 1988; Peters 1993). Over half of the 34 species
of scleractinian corals that have been reported as
susceptible to BBD occur in the Caribbean region
(Riitzler et al. 1983; Antonius 1988b; Edmunds 1991;
Green and Bruckner 2000). BBD in the Caribbean region
has caused partial mortality of individual colonies and led
to reduced coral cover on some reefs (Santavy and Peters
1997; Kuta and Richardson 1996; Bruckner and Bruckner
1997; Bruckner et al. 1997). In contrast, there are few
reports of BBD affecting corals in the Pacific region.
Antonius (1985) found two susceptible coral species,
Goniastrea pectinata and Platygyra lamellina, in the
Philippines. BBD has been observed but not quantified
on reefs of the Great Barrier Reef (GBR) and Fiji (Miller
1996; Littler and Littler 1996). As noted by Green and
Bruckner (2000), there is a “relative scarcity” of records
of coral diseases in the Pacific region compared with the
Caribbean. The lack of reports of BBD from the GBR

could be related to a lack of studies specifically focused
on BBD or to a genuine lack of BBD on these reefs. In
this paper, I quantify for the first time the prevalence of
BBD at one location within the GBR.

Researchers have quantified BBD by describing the
prevalence of the disease within coral communities and
identifying susceptible coral species. Prevalence “refers
to the number of cases of disease that exist, in a defined
population, at some point in time” (Christie et al. 1997).
The prevalence of BBD has been found to vary spatially
and temporally. Surveys have recorded a range of 1% to
10% BBD-affected colonies within a population (Green
and Bruckner 2000). Edmunds (1991) found that BBD
prevalence in individual coral species at 7 locations in the
Virgin Islands varied from 0% to 5.5%, with a mean of
0.25%. Dustan (1993) surveyed 19 reefs in the Florida
Keys and found 6.2% of all colonies affected with BBD.
The prevalence of BBD fluctuated from 0% to 3.2% on
three different reefs in the Key Largo region (Kuta and
Richardson 1996). The prevalence of BBD varies
seasonally, with higher levels of BBD-affected colonies
occurring during summer (Edmunds 1991).

Coral taxa appear to have different susceptibility to BBD
(Peters 1993). In the Caribbean region, coral species
from the family Faviidae are most often affected with
BBD (Santavy and Peters 1997). Faviidae are important
framework corals and have the highest diversity in
Caribbean reefs (Walton-Smith 1971). Diploria strigosa
and Montastraea annularis are most often affected with
BBD, with lower levels of infections in closely related
species, Montastraea cavernosa, Diploria
labyrinthiformis and Diploria clivosa (Antonius 1981b;
Riitzler et al. 1983). Non-faviid corals are also
susceptible to BBD (Green and Bruckner 2000).
Sderastrea siderea was thought to be resistant to BBD
(Antonius 1981a). However, infections on this species
were recorded in 1992 on reefs of Jamaica and this
species is now frequently recorded with BBD (Bruckner
et al. 1997). Natural infections of BBD have not been
recorded on corals in the families Acroporidae and
Pocilloporidae in the Caribbean region.  Experimental
inoculations conducted on acroporids from the Caribbean
suggest they are able to resist the BBD pathogens
(Antonius 1981b, 1985; Riitzler et al. 1983). However, in
aquarium studies in the Red Sea, BBD was transferred
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successfully to Acroporidac and Pocilloporidae after
colonies were injured, suggesting that these species may
be susceptible to the disease when stressed or injured
(Antonius 1988b). If some species are susceptible to
disease while others are not, there is a possibility for
susceptible species to be lost from the community and be
replaced by non-susceptible species. The different levels
of affected colonies within certain taxa could indicate that
these species are more susceptible to BBD.

Four major coral diseases; black-band disease, white-band
disease type II, white plague type II and Aspergillosis,
have been described (Santavy and Peters 1997;
Richardson 1998; Green and Bruckner 2000). The effects
of diseases on coral communities have ranged from partial
mortality of a few individuals to community-level
changes (Edmunds 1991; Aronson and Precht 1997).
White-band disease has caused profound effects on coral
communities in the Caribbean region. Acropora palmata
stands in the US Virgin Islands have been decimated by a
combination of white-band disease (Gladfelter 1982) and
hurricane damage (Bythell et al. 1993). D. strigosa and
Porites species were the major corals recruiting after
these events (Bythell et al. 1993), suggesting a
community shift mediated by disease and disturbance.
Aronson and Precht (1997) described a disease-induced
replacement of the dominant shallow water coral
Acropora cervicornis by the less dominant Agaricia
species in Channel Cay, Belize.

The aims of my study were to identify species of corals
from the Great Barrier Reef that are susceptible to BBD
and to determine the prevalence of BBD-affected
colonies. I investigated whether the characteristics of
BBD on the GBR are similar to those in the Caribbean
region. The important characteristic of different levels of
BBD-affected colonies between individual taxa was
investigated by quantifying the prevalence of BBD in
major coral families. Different susceptibility of coral
species to BBD was investigated by comparing the
number of individuals within a species to show signs of
BBD when experimentally placed in direct contact with
necrotic tissue.

Methods

Corals on four reefs around Lizard Island (14040'S, 145028'E),
Australia were surveyed for the presence of BBD during
summer (January — February), 1994. Replicate belt transects
(10 x1m) were surveyed on the reef crest of the four sites in 1 to
3m water depth. Seven to ten transects were laid haphazardly
parallel to the shoreline, at South Island, Lizard Head, Osprey
Island and Patch Reef. Within each transect, benthos in the
categories Scleractinia, Alcyonacea, Gorgonia and Hydrozoa
were counted. Coral colonies displaying signs of BBD were
recorded and identified to species, when possible.

For disease studies, the number of colonies in an area is usually
recorded (Edmunds 1991; Kuta and Richardson 1996). A

colony was defined as any autonomous coral skeleton with
living tissue. BBD was identified in the field using these gross
morphological characteristics: a black band of necrotic tissue
abutting relative healthy tissue on one side and bare white
skeleton on the other (Fig. 1). I quantified the number of BBD-
affected colonies and the numbers of non-affected colonies in
each transect.

Fig 1. Acropora intermedia from Lizard Island affected with
black-band disease, illustrating the typical gross morphological
features of the disease. Apparently healthy tissue (H) is abutted
by a black band of necrotic tissue (arrow), with white (W)
skeleton denuded of tissue posterior to the necrotic band.

To analyze the distribution of BBD between the four sites at
Lizard Island, the percentages of BBD-affected colonies were
compared using a one-way analysis of variance (anova). A post
hoc Tukey’s test was used to analyze if sites within habitats
displayed similar prevalence of BBD (Underwood 1997). Due
to the lack of normality in the data, an arc-sin square root
transformation was performed prior to the analysis and
homogeneity of variance was tested using the Levene statistic.
Alpha level was set at P < 0.05.

To analyze whether BBD-affected colonies were spread evenly
between taxa, a Pearson chi-square test (Zar 1999) was
conducted. Data were pooled for all sites, since there were no
obvious groupings of sites from the Tukey’s test. To meet the
assumptions of a chi-square test, it is necessary to minimize the
number of cells with frequencies of less than five. Therefore,
coral species were grouped into five categories; Acroporidae,
Faviidae, Pocilloporidae, Poritidae and other Cnidaria
(composed of the remaining scleractinian families,
alcyonaceans, gorgonians and hydrozoans). A subdivided chi-
square analysis with Yates’ continuity correction was performed
to identify which coral family was causing the variation in levels
of BBD prevalence (Zar 1999).

To examine whether the different levels of affected colonies
within a species were due to differences in susceptibility of that
species, I compared the rate of infection of BBD on five
individuals in each of eight coral species. It would be predicted
that if a species was highly susceptible, all individuals would
become affected with BBD. BBD was transferred by attaching a
piece of BBD-affected A. hyacinthus to the experimental colony
in the field. The necrotic area was placed in direct contact with
a healthy colony, and fixed using plastic coated wire. Although
care was taken not to injure the experimental corals, two control
groups were established. In the first control group, five
individuals from each species had a piece of healthy A.



hyacinthus attached using plastic coated wire, to control for the
effects of contact between corals. The second control group
was a tagging control, where five individuals in each species
were tagged and handled. The experimental group and two
control groups were collected after 48 h and presence or absence
of BBD was noted. The time period was chosen due to the rapid
movement recorded for BBD (Riitzler et al. 1983). Coral
species used during the trial were, A. hyacinthus, and A. cuneata
in the family Acroporidae; P. damicornis, and Seriatopora
hystrix in the family Pocilloporidae; Hydnophora ridiga, and
Platygyra daedalea in the family Faviidae; Symphyllia recta in
the family Mussidae; and Porites lichen in the family Poritidae.
Colonies used in this experiment were located 1 to 3m deep
within a 30m? area on a reef in the Lizard Island lagoon. The
rates of transmission and levels of BBD-affected colonies
recorded during the survey were compared to identify if
differences in susceptibility between species were apparent.

Results

Seventeen species of corals in five families
(Pocilloporidae, Acroporidae, Faviidae, Poritidac and
Mussidae) were affected by BBD in transects surveyed at
Lizard Island (Table 1). Corals in the family Acroporidae
and Pocilloporidae had 69 and 33 colonies affected with
BBD. The species affected with BBD varied between
sites. A. hyacinthus, A. millepora and P. damicornis
were affected with BBD at all sites. A. intermedia was
affected at Osprey Island and Patch Reef and Goniastrea
retiformis, P. verrucosa and Acropora gemmifera were
affected with BBD at South Island and Lizard Head. Four

additional species, Goniopora stokesi, Acropora
polystoma, Acropora divaricata and Montipora
tuberculosa, were recorded with BBD off-transect.

Based on a sample size of 4569 corals, 2.8% of all
colonies surveyed at Lizard Island were affected with
BBD. The percentage BBD-affected colonies was
variable between sites and ranged from 4.9% at South
Island to 1.3% at Patch Reef (one-way anova
MS=2.52*107, df = 3, F = 4.6, P<0.001). However, a
Tukey’s test did not distinguish any patterns in BBD
abundance between the sites.

The prevalence of BBD was not spread evenly between
the five coral families affected with BBD (chi-square test
X?= 54266, df = 4, P < 0.001). Pocilloporidae had the
highest level of affected colonies with 6.0% affected
(Table 2). The subdivided chi-square analysis showed
that Pocilloporidae colonies were affected at a higher rate
than corals in the families Acroporidae, Poritidae and
Faviidae (X* = 6.546, df = 1, P < 0.05). The percentage
of BBD-affected colonies was spread evenly between the
Acroporidae, Poritidae and Faviidae (X*=2.125, df =2, P
= 0.346). This suggests that pocilloporid corals may be
more susceptible to BBD than corals in other families.
Apart from one BBD-affected colony in the family
Mussidae on Lizard Head, other Cnidaria, such as
alcyonaceans, gorgonians and hydrozoans, were not
identified with BBD during this survey.

Table 1. Seventeen species were identified with black-band disease (BBD) on Lizard Island, suggesting multiple host species are a
feature of BBD. The numbers of BBD-affected colonies compared with the numbers of unaffected colonies (in parentheses) are
given for each site. The total number BBD-affected and unaffected colonies for each family are listed. Only BBD-affected colonies
that were identified to species are listed. (NQ, species not quantified)

Family Species South Island  Lizard Head  Osprey Island Patch Reef Total
Pocilloporidae 13(105) 16(203) 3(111) 1(79) 33(549)
Pocillopora damicornis 3(82) 4 (111) 2(77) 1 (41) 10 (311)
Pocillopora verrucosa 5(48) 6 (53) 0(0) 0(1) 11 (102)
Sylophora pistillata 5(20) 6 (33) 1(17) 009) 12 (79)
Acroporidae 18(459) 20(766) 20(421) 11(259) 69(1905)
Acropora hyacinthus 4(114) 5(121) 5 (47) 3(27) 18 (339)
Acropora intermedia 0(11) 0(3) 4 (121) 6 (45) 10 (180)
Acropora gemmifera 5(58) 3 (154) 0(7) 0(5) 8 (224)
Acropora millepora 1(29) 1(17) 2 (32) 2 (16) 4 (94)
Acropora microclados 3(3) 0(5 0(3) 0(4) 3(15)
Acropora monticulosa 0 (16) 2 (118) 0 (0) 0(0) 2 (134)
Acropora florida 0(1) 1(4) 1(23) 0 2 (35)
Acropora microphthalma 0 (0) 0(0) 2 (12) 0(7) 2 (19)
Acropora robusta 0(0) 0(5) 2 (12) 0(0) 2(17)
Acropora humilis 0 (10) 1(17) 0(3) 0(13) 1(43)
Acropora palifera 0(0) 0 (0) 12 0 (18) 1(20)
Acropora sarmentosa 1(7) 0(0) 0 (10) 0(4) 1(21)
Faviidae 9(79) 6(115) 0(167) 0(90) 15(496)
Goniastrea retiformis 4(12) 3(23) 0(18) 0(54) 7(97)
Favia matthaii 1 (NQ) NQ NQ NQ 1 (NQ)
Poritidae 3(38) 4(155) 0(72) 0(71) 7(336)
Mussidae 0(2) 1(7) 0(18) 0(20) 1(47)



The percentage of BBD-affected colonies in each family
varied with site (Table 2). High levels of affected colonies
were found in the Pocilloporidae, Faviidae and Poritidae
at South Island with lower levels at Lizard Head. The
percentage of affected Pocilloporidae colonies was lower
at Osprey Island and Patch Reef, and no affected colonies
were found for the Faviidae or Poritidae.  Similar
percentages of BBD-affected colonies in the family
Acroporidae were found at all sites (Table 2).

Table 2. Percentage of black-band disease affected colonies in
each family at each site.

Family South Lizard Osprey Patch Total
Island Head Island Reef

Pocilloporidae 8.3 7.9 2.7 1.3 6.0

Acroporidae 3.9 2.6 4.5 4.2 3.6
Faviidae 114 6.3 0 0 3.0
Poritidae 79 2.6 0 0 2.0
Other Cnidaria 0 0.4 0 0 0.1
Total 49 33 1.9 1.3 2.8

BBD transferred to all nine species in the transmission
experiment after a 48-hr period. Of the five colonies
tested for each species, A. hyacinthus had four individuals
affected with BBD, while P. damicornis, S. hystrix and H.
ridiga each had three individuals that were affected. In
the other five species, BBD only transferred to two
individuals in each species. None of the individuals in the
two control groups showed any signs of BBD. Only four
control colonies showed the presence of white tissue areas
and small patches of denuded skeleton, suggesting
handling stresses were low.

Discussion

I have recorded 129 coral colonies from five
scleractinian families affected with black-band disease at
one study location on the Great Barrier Reef, out of a total
of 4569 colonies surveyed. This would suggest that BBD
affects coral communities on the GBR, as well as in the
Caribbean region. Corals from the family Acroporidae in
the Caribbean region appear resistant to BBD (Riitzler et
al. 1983; Antonius 1988a). In contrast, Acroporidae from
Lizard Island are susceptible to BBD, with 14 species
affected. The family Pocilloporidae has eleven species
that occur on the GBR; of the five species present on
transects three were susceptible to BBD. The high
percentage of Pocilloporidae colonies affected with BBD
(6.0%) suggests this family may be an important host for
BBD on the GBR.

A total of 2.8% of coral colonies were recorded with BBD
during the survey at four sites around Lizard Island. The
percent occurrence of BBD identified was more than the
0.25% of corals affected in US Virgin Island reefs
(Edmunds 1991). However, other sites such as Floridian
reefs (Dustan 1993) and Jamaican reefs (Bruckner and

Bruckner 1997) had 6.2% and 6.1% of BBD affected
colonies respectively, higher than recorded for Lizard
Island. Feingold (1988) reported that 13.8% of octocorals
were affected over a two-year period on the Northern
Florida Keys, which is substantially higher than the
prevalence of BBD on Lizard Island. My study suggests
BBD is evident within coral populations on Lizard Island
and the percent of affected colonies is within the range of
BBD reported in the Caribbean region.

BBD often occurs seasonally, with the highest prevalence
during the summer months (Edmunds 1991). The Lizard
Island survey was conducted during the summer and
therefore, may represent a maximum prevalence of BBD.
Further surveys would be required to determine if
seasonal variation also occurs on the GBR.

BBD is characterized by affecting multiple species, and
there is variation in the level of affected colonies within a
species between reefs (Peters 1993; Bruckner et al. 1997;
Green and Bruckner 2000). These trends of BBD were
also evident during my study on Lizard Island.
Pocilloporidae had high levels of affected colonies
compared with Acroporidae, Faviidae and Poritidae. The
level of affected colonies within families also varied
between sites.  Bruckner et al. (1997) found similar
variation in levels of affected colonies, with M. annularis
(morphotype I and II), D. clivosa and D. strigosa most
frequently affected in sheltered habitats. Conversely, M.
cavernosa and S siderea were most frequently affected
with BBD in fore-reef habitats.

BBD transferred to all eight species in the transmission
experiment and was found on a large number of species in
a range of families during this and other surveys,
suggesting that many species are susceptible to BBD.
The levels of BBD-affected colonies recorded during a
survey may depend on how BBD is transferred, not on
differences in susceptibility of the corals. = Research
directed at testing susceptibility of species in different
environments is required to understand the variation in
levels of BBD-affected colonies between species.

Substantial reduction in living coral tissue occurs with
BBD (Bruckner and Bruckner 1997), and <5% to 30% of
colonies affected with BBD will eventually die (Green
and Bruckner 2000). Mortality can be estimated using the
prevalence of BBD recorded during the surveys and the
mortality range from the literature. Therefore, if 2.8% of
colonies were affected with BBD around Lizard Island, it
is estimated <0.14% to 0.84% of coral colonies could die
due to the disease. Compared with catastrophic events
like Acanthaster planci outbreaks (Moran 1986),
hurricane damage (Woodley et al. 1981) or white-band
discase (Gladfelter 1982), where 60% to 90% of coral
colonies die, mortality due to BBD is probably low at
Lizard Island. However, the time between catastrophic
events may be greater than for BBD, suggesting BBD
may be a chronic mortality agent.



In conclusion, the survey of Lizard Island corals
demonstrated that BBD affects coral communities on the
GBR. BBD has multiple host species, with the level of
affected colonies within a species varying between sites,
similar to BBD in the Caribbean region. Corals in the
family Acroporidae and Pocilloporidae are important host
species on the GBR, in contrast to Faviid corals being
important host species in the Caribbean region. The
abundance of BBD at four sites surrounding Lizard Island
was within the range of BBD recorded in the Caribbean
region.
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Abstract. Regional-scale variation of recruitment by marine organisms may reflect
geographic patterns in adult stock sizes or fecundities, large-scale hydrodynamic features
that influence the transport of larvae (e.g., currents, upwelling), and patterns of early mor-
tality. In turn, recruitment may play avital role in determining patterns of adult abundance
and community structure, from local to biogeographic scales. We examined spatial variation
in recruitment by corals at a regional scale, along 3300 km of the tropical and subtropical
coast of eastern Australia (10°-31° S). We used two complementary approaches: (1) a meta-
analysis of 21 different studies undertaken over a 16-yr period, each of which was generally
conducted at a single reef, and (2) a large-scale sampling effort in which recruitment was
measured in two years on 33 reefs arrayed along the length of the Great Barrier Reef (GBR).
Our goal is to compare the emergent large-scale picture derived from many small-scale
studies with patterns revealed by shorter-term regional sampling.

The two approaches show very similar large-scale patterns. Recruitment by spawning
corals (mainly acroporids) was highest in the central GBR and declined steadily with
increasing latitude by up to more than 20-fold. A smaller decline occurred on the northern
GBR between Australian and Papua New Guinea. Recruitment by brooding corals (mostly
pocilloporids) was greatest in the northern GBR and also declined to the south. The lati-
tudinal decline in brooders was three- to fivefold, i.e., not as great as for spawners. Con-
sequently, the proportion of brooded recruits increased to the south, and they generally
exceeded spawners on the southern GBR and on isolated subtropical reefsat higher latitudes.
Our meta-analysis shows that fully half of the variation in the ratio of spawnersto brooders
is attributable to one of 11 variables that we extracted from the published studies: the
month when the recruitment panels were deployed. This result suggests that the intensity
and timing of spawning have a crucial impact on large-scale patterns of recruitment. Else-
where, we tested this hypothesis in the field, and confirmed that regional variation in
recruitment by spawning acroporid corals was driven by spatial and temporal variation in
the extent of mass spawning. Together, large-scale sampling and meta-analyses provide a
powerful, combined approach for investigating large-scale patterns and the mechanisms
underlying them.

Key words:  coral reefs; Great Barrier Reef; larvae; meta-analysis, population dynamics; re-
cruitment; spatial scale.

INTRODUCTION

The ability to compare and synthesize across studies
iscrucial for revealing general patterns and for scaling
up from small-scale investigations to unveil regional
or global phenomena. Meta-analysis (defined as the
quantitative analysis of data that originated from sev-
eral independent studies) provides major advantages
over more traditional narrative syntheses and reviews
(e.g., Hedges and Olkin 1985, Gurevitch and Hedges
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1993). Following the lead from the social sciences
(e.g., Glass et al. 1981) and medicine (e.g., Sachs et
al. 1987), applications of meta-analysis to ecological
data are becoming increasingly common (see recent
overviews by Arngvist and Wooster 1990, Osenberg et
al. 1999). Regardless of whether the primary studies
under investigation are descriptive or experimental, the
underlying approach and objectives are the same: to
quantify emergent patterns by applying statistical pro-
cedures, and to test for effects of ecological factors or
methodology by analyzing subgroups of the overall
data.

A growing awareness of scale dependency, advances
in technology (e.g., satellite imagery, supercomputers)
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and increasing concern for environmental issues (e.g.,
habitat fragmentation, global warming) are encourag-
ing ecologists to focus more on larger scale phenomena
(e.g., Dayton and Tegner 1984, Edwards et al. 1994,
Rosenzweig 1995). However, most ecological experi-
ments and measurements are undertaken at relatively
small scales of space and time, using relatively small
sampling units (Schneider 1994). Ecologists often im-
plicitly extrapolate their results across scales, typically
inferring large-scal e patterns from smaller scale inves-
tigations that are logistically easier to conduct. Unfor-
tunately, these extrapolations are invalid because nu-
merous processes (e.g., dispersal, evolution) prevail at
larger scales which cannot be explored locally in space
or time (see, e.g., commentaries by Wiens 1989, Ro-
senzweig 1995, Thrush et al. 1997). Schneider et al.
(1997) suggested several solutions: undertaking larger-
scale experiments (e.g., Carpenter 1990), combining or
replacing small-scal e experiments with large-scal e sur-
veys (e.g., Eberhardt and Thomas 1991), and iterative
cycling between observation, small-scale experiments
on components of a larger system, and refinement of
theories on how the larger system works (e.g., Rastetter
et al. 1992, Wiens et al. 1993). As yet, thereis no clear
consensus on how best to relate patterns and processes
across multiple scales.

Meta-analysis is likely to be a useful tool for de-
tecting large-scale patterns that extend beyond the res-
olution or capability of conventional experimental and
descriptive studies. Thus, the limited scale of focus of
most ecological investigations does not preclude the
detection of large-scale phenomena if results can be
integrated across many studies. A classic example is
the long-term dynamics of the birds of Great Britain,
revealed by censuses conducted since the 1930s by
thousands of members of the British Trust for Orni-
thology (O’ Connor 1985, Taylor 1987). Similarly, bio-
geographers can ascertain even global-scal e spatial pat-
terns based on many localized censuses or surveys,
each conducted at one or a few locations, often for
different purposes and by many different individuals
(e.g., Stehli and Wells 1969). In some cases, it may be
feasible to examine large-scal e processes or patternsin
a single intensive study (e.g., Hughes et al. 1999,
2000). Whether the results emerging from a meta-anal-
ysis and a large-scale study would actually be similar
is an interesting question. We are unaware of any such
comparison in the ecological literature.

In this paper, we set out to compare a meta-analysis
of small-scale investigations with a single large-scale
study. Comparing published studies would have been
easy if they had all been done and reported in the same
way. However, for reasons of logistics or personal
choice, each one varied, often in ways that almost cer-
tainly affected the results. Our task thereforeisto iden-
tify extraneous sources of variation in the data (e.g.,
due to methodology), account for them with statistical
models, and explore the remaining variance that is at-
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tributable to the variables of interest. The large-scale
pattern we investigated is the density and taxonomic
composition of coral recruits along a 3300 km tropical—
subtropical latitudinal gradient. Recruitment has a ma-
jor influence on the size and composition of adult pop-
ulations at all spatial scales (e.g., Gaines and Rough-
garden 1985, Hughes 1990, Karlson and Levitan 1990,
Caley et a. 1996, Connell et al. 1997, Hughes and
Tanner 2000). Biogeographic patterns in the compo-
sition of coral assemblages (e.g., Stehli and Wells
1969) and their latitudinal limits (e.g., Crossland 1988)
are likely to be strongly influenced by patterns of dis-
persal and recruitment. We focussed on the Great Bar-
rier Reef and on isolated reefs to its south, where there
have been 21 published reports on early recruitment by
corals (on 18 separate reefs). In addition to these, we
conducted a large-scale investigation of coral recruit-
ment on 33 reefs from 10° Sto 23° S, along the length
of the Great Barrier Reef (Hughes et al. 1999, 2000).
For convenience, we refer here to these two data sets
as the small- and large-scale studies, respectively.

Harriott and coworkers were the first to compare
several small-scale studies to examine latitudinal pat-
terns in the density and composition of coral recruits
along the east coast of Australia (Harriott and Simpson
1996). Based on data from seven studies conducted
between 16° S and 31° S (see Table 2 in Harriott and
Simpson 1996), she concluded that ‘‘there is an ap-
parent decline in the rate of recruitment of broadcasting
(spawning) coral species with increasing latitude, with
brooding corals being the dominant recruits at high-
latitude sites” (quote from Banks and Harriott 1996).
Similarly, Dunstan and Johnson (1998) stated that ‘‘ the
emerging picture (from the literature) is a transition
from dominance of recruitment on settlement plates by
(spawning) acroporids in central and northern regions
of the GBR to dominance by (brooding) pocilloporids
at the southern extremities of the GBR and on sub-
tropical reefs to the south.” However, neither of these
conclusions was based on a forma meta-analysis of
the literature. These patterns, if they occur, raise im-
portant issues concerning the mechanisms involved,
and their ecological, biogeographical, and evolutionary
consequences. Similar large-scale gradients in recruit-
ment of benthic organisms occur on coastlines else-
where. For example, changesin the abundance and pop-
ulation structure of echinoids along the west coast of
North America (Ebert and Russell 1988), and of bar-
nacles, mussels, and starfish on the east and west of
New Zealand (Menge et al. 1999) are due in part to
patterns of upwelling and the delivery of larvae. Recent
modeling studies by Connolly and Roughgarden (1998,
1999) indicate the potential effects of regional-scale
variation in recruitment on latitudinal patterns of adult
abundances and community structure.

STUDY SYSTEM

The Great Barrier Reef (GBR) is a continuous chain
of nearly 3000 discrete reefs that stretches in a south-
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easterly direction from 10° Sto 23° S, along the coast
of Queensland, Australia. Most of the reefs are 35-150
km offshore, depending in part on the width of the
continental shelf. Isolated reefs and coral assemblages
also occur south of the GBR, asfar asLord Howe I sland
(31° S), the southernmost coral reef in the world. The
species richness of reef-building corals falls by ~25%
between the middle and southern end of the GBR (to
245 species; Veron 1993). Eighty-seven of these extend
1100 km further south to Lord Howe Island (Veron and
Done 1979, Harriott et a. 1995; T. P Hughes, unpub-
lished data). Patterns of water flow on the GBR are
complex, largely because of the many gyres and eddies
created by nearly 3000 reefs, and the effects of tides
and variable winds. The main large-scal e current flows
westward towards Australiafrom the Coral Seaat 14°—
18° S before bifurcating into a long-shore flow to the
north and south (the Coral Sea Coastal Current and the
East Australian Current, respectively; see Wolanski
1994).

Corals can be classified into two reproductive
groups, brooders and spawners. Brooders release
sperm, but not their eggs, which arefertilized internally
to form relatively large planulae. After their release,
brooded planulae have a short precompetency period
(when they are not yet capabl e of settling) ranging from
minutes to 2 d, depending on the species (Harrison and
Wallace 1990). However, planulae may remain com-
petent for weeks if they are deprived of a suitable set-
tlement surface (under laboratory conditions, see, e.g.,
Richmond 1987). The release of planulae in brooders
usually follows a lunar cycle, for up to 12 mo/yr de-
pending on species and location (see review by Tanner
1996). The most abundant brooders on the GBR are
species of Pocilloporidae (Pocillopora, Stylophora,
Seriatopora), members of the Acropora subgenus Is-
opora, and some species of Poritidae (Harrison and
Wallace 1990).

In contrast to brooders, broadcast spawners release
both eggs and sperm, and fertilization is external. M ost
species of spawners on the GBR release their gametes
in a multispecies spawning event which occurs over a
period of afew days, in one or two months during the
early austral summer (see Harrison et al. 1984, Babcock
et al. 1986). Consequently, recruitment by most spawn-
ers is much more seasonal than brooders, with a major
peak of settlement following closely after spawning
(e.g., Wallace and Bull 1981, Wallace 1985a, Dunstan
and Johnson 1998). The precompetency period of
spawners is typically 3—7 d, more than twice as long
as brooders. However, like brooders, broadcast-
spawned larvae can remain viable for weeks (e.g., Wil-
son and Harrison 1998). Over 85% of coral species on
the GBR are spawners. Levels of gene-flow in corals
along the GBR range from modest to low (particularly
for brooders; Ayre and Hughes 2000), with minimal
genetic exchange occurring between the GBR and Lord
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Howe Island (D. J. Ayre and T. P. Hughes, unpublished
data).

In this paper we conducted a meta-analysis of the
existing literature to (1) quantify large-scale (latitu-
dinal) patterns in recruitment by corals along the east
coast of Australia, (2) measure regional changesin the
proportion of recruit taxa, specifically brooders vs.
spawners, and (3) compare patterns that emerge using
the meta-analysis of small-scale investigations to those
revealed by a single large-scale study. Our analyses
points to the valuable role of meta-analysis in synthe-
sizing results from many studies, but also highlights
some limitations compared to large-scal einvestigations
that are explicitly designed to examine regional phe-
nomena.

METHODS

The small- and large-scal e studies share a basic char-
acteristic: they all involved the deployment of replicate
artificial substrata (recruitment panels), which were
subsequently retrieved and censused. To avoid bias in
our selection of cases for the meta-analysis, we in-
cluded any publications from the study region (east
Australia) that examined recruitment by corals onto
artificial panels attached to hard substratum. There are
21 such primary studies, published from 1985 to 1999.
The universal metric reported in these studies (and in
the large-scale study) is the density of coral recruits
per panel. In most cases, recruits were also classified
into taxonomic categories, which allows us to examine
spatial variation in both their total abundance and com-
position. We first plotted regressions of recruitment vs.
latitude, to compare the two data sets. Then we con-
ducted a detailed meta-analysis of the small-scal e stud-
iesto further explore sources of variation in recruitment
(e.g., due to methodological differences).

Meta-analysis of small-scale studies

Our task was to account for variation among pre-
viously published studies due to differences in meth-
odology and latitude, using multiple regression models.
We examined four dependent variables separately in
the meta-analysis: total recruits per panel (all coral taxa
combined), number of spawners, number of brooders,
and the proportion of spawners to brooders. Analyses
were done on both the mean number of recruits per
panel, and the standardized number per 286 cm? (the
surface area of all panelsin the large-scale study). The
results were very similar, so we report here only on
the latter. We recorded the following 11 independent
variables for each small-scale study: the size and com-
position of panels; the method of deployment; the
month, year, and duration of deployment; whether the
deployment period included the month when mass
spawning occurred; depth and habitat; distance off-
shore; and latitude. Many of these variables are cor-
related (see Results). We chose the following variables
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because they are very likely to have affected the
amount of recruitment:

1) Panel size: Large panels should have a greater
number of recruits, but they may have a lower overall
density (due to ‘‘edge effects’ which occur when new
recruits are clustered close to the edge, presumably in
response to gradients of light and water flow).

2) Panel composition: The chemical composition of
recruitment panels and their rugosity or texture may
affect patterns of settlement and early mortality (e.g.,
Harriott and Fisk 1987). The small-scale studies used
six types of panels that were made of ceramic, fired
clay, cement, PVC, and flat slices of dead corals.

3) Method of deployment: The published studies
used three methodologies for the deployment of set-
tlement surfaces (individual deployment of panels;
panels bolted to racks side by side; panels attached to
racks in vertical pairs, forming a ‘‘sandwich’").

4) Duration: In any recruitment study, the longer
panels are submerged the greater the opportunity for
receiving multiple cohorts of larvae. However, losses
of recruits due to post-settlement mortality will also be
greater the longer panels are exposed. We recorded the
duration of each study in weeks.

5) Month, year, and the timing of spawning: Tem-
poral patterns of recruitment often reflect variation in
the availability of competent larvae, e.g., in response
to seasonal breeding cycles, or changes in hydrody-
namic conditions (e.g., Babcock 1988, Milicich 1994,
Hughes et al. 2000). We recorded the year and the
month of initiation (when the panels were deployed)
for each study. Whether or not the deployment included
the month when mass spawning occurred (for that year
and location) was recorded as a discrete variable, her-
after called ** spawning.”

6) Latitude, distance from shore, habitat, depth: The
latitude and distance from shore were recorded for each
of the 21 small-scale studies. We categorized the hab-
itat of each study into three types (lagoon, reef crest,
reef slope). Finally, we recorded depth as a continuous
variable in meters.

We used generalized additive regression models
(GAM, see Hastie and Tibishirani 1990) to determine
the best combination of these 11 factors that explained
variation in total recruitment and recruitment by
spawners and brooders separately. We first examined
the correlations among the independent variables and
the proportion of the variation in recruitment that was
explained by each one on its own. Subsequently, we
used a forward-backwards stepwise method to select
the best subset and best sequence of predictors among
the independent variables. At each step, we added to
the model the next variable with the highest F value
and lowest P value (provided P < 0.05). After the
addition of each new variable, all existing variablesin
the model were rechecked to ensure that they still con-
tributed appreciably to the fit, and variables with P <
0.05 were deleted. This process continued iteratively
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until no other variable remained which added signifi-
cantly to the model. We constructed alternative models
if at any stage it was unclear which variable to add or
delete from the model (e.g., because of similar F and
P values), and the completed models were compared
using an analysis of deviance (F test). To examine var-
iation in the proportion of spawners and brooders, we
followed a similar procedure, except a binomial dis-
tribution (rather than a normal one) was used, and al-
ternative models were compared using the x? distri-
bution. Five of the independent variables were contin-
uous (size of panel, duration of deployment, depth,
latitude, and distance from the shore), while four others
were categorical (composition of panels, method of de-
ployment, whether or not the deployment overlapped
with the annual mass spawning, and habitat). The re-
maining two independent variables of the 11 we ex-
amined, the month and year of deployment, were en-
tered as both continuous and categorical variables, and
the one with the best fit was retained. Continuous var-
iables were entered into the model as linear variables
with one degree of freedom, or as nonlinear variables
using spline functions with four degrees of freedom (if
the GAM indicated that the nonlinear component was
significant with P < 0.05). One degree of freedom fits
a straight line whereas n degrees joins all points. Four
produces ‘““modest”’ smoothing (Hastie and Tibshirani
1990).

Independence of data

The definition of an independent result is important,
especially for selecting multiple observations arising
from asingle primary study. Data collected by the same
person, on the same reef, and repeatedly over time, are
unlikely to be statistically independent. However, iden-
tifying which data are spatially or temporally indepen-
dent from the published literatureisusually impossible,
or at best very subjective and a potential source of bias
(e.g., Downing et al. 1999, Englund et al. 1999). Op-
erationally, meta-analysis of published results pre-
cludes rigorous testing for spatial and temporal auto-
correlations, since the original raw data are usually
unavailable. Because our aim is to explore the pub-
lished data as much as possible, we used multiple re-
sults from each publication wherever we could, i.e.,
whenever different sets of panels were deployed as part
of a single study at different sites, depths, or times.
This approach to meta-analysis is not unusual as a de-
scriptive tool, e.g., Goldberg et al. (1999) examined
the relationship between competition and productivity
in plants using a database of 296 cases from only 14
primary studies. Similarly, our meta-analysis is based
on up to 253 cases from the 21 published studies.

The large-scale study

The large-scale study examined variation in recruit-
ment by corals at multiple scales, from meters to the
length of the Great Barrier Reef (from 10° Sto 23° S;
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Map of the Great Barrier Reef (GBR), indicating the location of reefs where recruitment of corals has been

measured by the large-scale study. Note the hierarchical design, with 18 reefs in five sectors sampled during 1995-1996 (1),
and a further 15 reefs during 1996-1997 (2). Sectors of the GBR are each 250-500 km apart, numbered 1-5 from north to
south. The Coral Sea extends eastward, offshore from the GBR.

Fig. 1). We used a hierarchical sampling design which
allowed us to partition variation (using nested ANO-
VAs) among four spatial scales: i.e., among five ad-
jacent sectors from north to south along the GBR,
among three to six neighboring reefs nested within each
sector, among four replicate sites on each reef, and
among 10 recruitment panels deployed at each site (see
Hughes et al. [1999, 2000] for these analyses). De-
ployments were done in two consecutive years, 1995/
6 and 1996/7 (year one and two, respectively). In year
one, we targeted 18 reefs. In year two, panels were

placed on 15 additional reefs. Thus, 40 panels were
placed on each of the 33 reefs. Note that the panels
were deployed on different reefsin separate years since
our objective was to measure the effects of spatial scale
rather than the predictability of recruitment at any par-
ticular site or reef (which would take many years to
establish). To facilitate comparison with the small-scale
studies, we report here on reef-scale patterns using the
mean amount of recruitment (averaged for the 40 pan-
els) on each reef plotted as adata point against latitude.

In contrast to the small-scale studies, the method-
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TaBLE 1. Attributes of the 21 small-scale studies used in the meta-analysis (see Fig. 1 for the locations) and of the large-

scale study.
No. Month Deployment  Latitude No. Depth Panel Panel size
No. Study years initiated  duration (d) (&) reefs (m) material (cm?)
1 Baird and Hughes 1 Jan 56 14.41 1 1 clay 484
(1997)
2 Harriott (1985) 1 Nov 56 14.41 1 1,9 coral 100
3 Maida et al (1995b) 1 Oct 266 14.41, 18.40 2 4,5 ceramic 675
4 Fisk and Harriott 2 Oct, Mar 182 15.50-16.45 3 4 ceramic 900
(1990)
5 Harriott and Fisk 1 Oct 140 16.39 1 4 various 150-800
(1987)
6 Harriott and Fisk 2 Apr 182 16.32-16.45 3 4 coral 400
(1988)
7 Fisk and Harriott 1 Nov 147 16.41 1 3 ceramic 900
(1994)
8 Sammarco and 1 Nov 119 18.26 1 10 coral 600
Carleton (1981)
9 Sammarco (1991) 1 Jan, Jul 182, 365 18.16-18.49 3 3,15 coral 150-158
10 Sammarco and An- 1 Oct to 210 18.38 1 18 cora 600
drews (1988) Mar
11 Maida et al (1995a) 1 Oct 266 18.40 1 4 pvc 150
12 Wallace & Bull 1 Jul, Oct 112, 224 18.55 1 0-12 coral 200
(1981)
13 Wallace (1985a) 3 Feb, Jun, 119 18.55 1 0-15 coral 200
Oct
14 Wallace (1985b) 1 Oct 119 18.55 1 0-15 coral 200
15 Babcock (1988) 1 Dec, 45 19.00 1 8 ceramic 576
Sept
16 Mundy (2000) 1 Jan 112 23.26 1 9 clay 572/286
17 Bothwell (1981) Mar, Jul, 122 23.27 1 2 cement 79
Nov
18 Dunstan and John- 4 Sept 135, 365 23.27 1 1 ceramic 400
son (1998)
19 Banks and Harriott 2 Jul, Nov  56-175 26.38 3 10, 19 ceramic 900
(1996)
20 Harriott & Banks 3 Oct, Mar 182 30.18 1 8,6 ceramic 900
(1995)
21 Harriott (1992) 2 Nov, 56238 31.33 1 6, 13 ceramic 900
Mar
Large-scale study 2 Nov, 55-57 10.28-23.38 33 1 clay 286
Dec
ology of the large-scale study was standardized as REsULTS

much as possible so that nearly all of the 11 indepen-
dent variables described above were controlled for (the
major exception being latitude). In each year, the panels
were deployed synchronously at all sites on all reefs,
10 d (+1) before the predicted annual mass spawning
of corals, and retrieved 8 wk later. This uniform du-
ration allowed enough time for large numbers of corals
to settle, and for recruits to grow to a sufficient size
(usually 1-2 mm) to allow limited taxonomic resolu-
tion (generaly at the family level). The habitat and
depth was the same on all reefs: shallow reef crests,
~1 m below datum. The panels were identical, un-
glazed clay tiles (11 X 11 X 1 cm) attached individually
to the substratum by a bolt that held them 2—-3 cm above
the reef surface. A total of 1135 panels (87%) were
relocated using GPS at the 132 sites on the 33 reefs.
The retrieved panels were bleached and recruits on all
surfaces were counted using a dissecting microscope.
Juvenile corals were identified to family (or genus
where possible), and classified as spawners or brooders.

Comparison of data sets

The scope of the large- and small-scale studies was
quite similar. The former is based on atotal of 58471
recruits on 1135 panels that were deployed on 33 reefs.
The 21 published studies have a combined sample size
of 47 682 recruits on 538 panels from 18 different reefs
(Table 1). In thelarge-scal e data set, 83% of therecruits
were spawners and 17% were brooders. In the small-
scale studies, 33370 recruits (70% of the total) were
classified into different taxonomic groupings. Of these,
61% were spawners and 39% were brooders. The high-
er proportion of brooders in the small-scale studies
reflects differences in methodology compared to the
large-scale data set, and the greater southerly range of
the individual studies.

As expected, there were huge differences among the
small-scale studies in the 11 independent variables that
we examined. For example, the censused surface area
of panels was generally constant within studies, but
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varied 11-fold among them (from 79 to 900 cm?). Sim-
ilarly, the duration of each study varied eightfold, from
6.5 to 52 wk. In comparison, the large-scale study used
relatively small panels (121 cm?) and had a short, uni-
form duration of 8 wk. The small-scale studies were
conducted in 14 of the 16 separate years between 1979
and 1994 (inclusive), with initial deployments in ten
different months (none were in May or August, during
the Austral winter). Ten of the 21 primary studies had
deployment periods that did not include the peak sum-
mer mass spawning of corals. In contrast, the large-
scale study sampled only 2 yr, and the deployment was
highly synchronized to precede the predicted mass
spawning by 9-11 d. The depth range of the small-
scale studies ranged from zero (intertidal) to 19 m,
compared to a uniform 1 m depth for the entire large-
scale data set. The small-scale studies were located at
muddy inshore sites, on mid- and outer-shelf reefs, and
on oceanic islands up to 580 km offshore. In contrast,
the large-scale study was restricted to midshelf reefs,
roughly halfway between the Australian mainland and
the edge of the continental shelf (see Fig. 1).

The spatial array of study locations differed sub-
stantially between the large-scal e and small-scal e stud-
ies. Reefs in the large-scale data set were distributed
in five to six sectors from north to south, more or less
uniformly along the length of the GBR (Fig. 1). Not
surprisingly, the regional spread of reefs comprising
the small-scale data set was more haphazard (Fig. 2)
since the individual studies were never designed to be
a single sampling exercise. No reefs were sampled in
the top 30% of the GBR to the north of Lizard Island
(14°40" S), while over two-thirds of the studies were
conducted very close (<100 km) to Cairns or Towns-
ville in the central portion of the GBR (roughly 17°
and 19° S, respectively). Only three small-scale studies
were undertaken on the southern 40% of the GBR to
the south of Townsville, all of them on a single reef,
Heron Island (23° S). Three additional studies were
conducted south of the GBR (see Table 1), extending
the small-scale data set from 14° to 31° S, compared
to 10°-23° S for the large-scale study. The geographic
extent of the overlap between the two data sets is
~1000 km, or 9° of latitude.

Latitudinal patterns of recruitment

The large- and small-scale studies both reveal a
steady 20-fold decline in total recruitment (all taxa
combined) from approximately 14° S to the geographic
limit of coral reefs, 2100 km to the south (Fig. 3a;
adjusted r?z = 0.288, P < 0.01, and 0.246, P < 0.001,
respectively). Recruitment by all taxa and by spawners
exhibits a similar large-scale pattern, due to the nu-
merical dominance of spawners (Fig. 3a, b). The large-
scale study shows a greater effect of latitude, which
accounted for 29% of the variance in spawners com-
pared to 20% in the small-scale data set. The trend,
however, is not a simple north—south gradient. Ac-
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cording to the large-scale study, recruitment peaked in
the central portion of the Great Barrier Reef in both
years, and declined to the north as well as the south
(Fig. 3a, b). The smaller-scale studies did not sample
the northernmost portion of the Great Barrier Reef, but
they confirm the southerly decline and establish that
the trend extends beyond the highest latitudes of the
large-scale study to the southern limits of coral reefs
in the Pacific Ocean.

Recruitment by brooders also shows a north—south
decline in both data sets (Fig. 3c), athough the trend
was not significant for the small-scale studies, with
latitude explaining only 2% of the variation. In con-
trast, latitude accounted for a third of the variation in
brooders in the large-scale study (adjusted r2 = 0.344,
P < 0.001). Brooders did not decline as quickly to the
south as spawners in either data set (compare Fig. 3b
and c). Consequently, the proportion of spawners de-
clined at higher latitudes (Fig. 4). In the middle two-
thirds section of the GBR (~12°-20° S; Fig. 1), spawn-
ers predominated in the large-scale study, making up
close to 90% of recruits. The southern and northern
ends of the GBR both show a decline in numbers of
spawners, with a corresponding rise in the proportion
of brooders. Consequently, the proportion of spawners
was highly correlated with latitude in the large-scale
study (adjusted r2 = 0.330, P < 0.001, Fig. 4). The
small-scale studies showed a much more variable and
generally lower proportion of spawners than the large-
scale data set, but also exhibited a significant (but much
weaker) trend for a greater proportion of brooders at
higher latitudes (adjusted r2 = 0.048, P < 0.05, Fig.
4).

In summary, both data sets reveal significant re-
gional-scale variation in the amount and composition
of recruits. Less variation in recruitment was explained
by latitude in the small-scale data set, i.e., ‘‘unex-
plained” variation within latitudes was greater, partic-
ularly for brooders where the latitudinal signal was not
statistically significant. Next we use meta-analysis to
explore how methodological differences among the
small-scale studies contributed to this large residual
variation.

Meta-analysis of small-scale studies

Here we use as many cases as possible from the
published papers, i.e., multiple deployments of panels
at different sites and times were treated as replicates.
We found highly significant, but generally weak, cor-
relations among all of the continuous independent var-
iables that we examined (Table 2). Of particular inter-
est, latitude was confounded with the year that the study
began (r = 0.50, P < 0.001), the size of panels (r =
0.37, P < 0.001), distance from shore (r = 0.37, P <
0.001), depth (r = 0.30, P < 0.001), the month of
deployment (r = 0.21, P < 0.001), and the duration of
deployment (r = —0.19, P = 0.003). Specifically, com-
pared to northern studies, those done in the south were
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Fringing Reef (4)
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Michaelmas (4, 5)
Upolo (4, 5)

Middile Cay (6)
Green Island (4, 5, 7)

Britomart (8)

Rib (9)

Myrmidon (9)
Helix (10)

FiG. 2.

Orpheus Island (3, 11)
Big Broadhurst (12, 13, 14)

Map of the Great Barrier Reef (GBR), indicating the location of reefs where recruitment of corals has been

measured in 18 independent studies. A further three studies (not shown) conducted on islands to the south of the GBR at
26°-31° S were also included in the meta-analysis (see Table 1 for details of the 21 studies).

generally undertaken in more recent years, using larger
panels that were deployed further offshore and in deep-
er water, with deployments beginning later in the year
and lasting on average for a shorter period. We first
examined the effects of each of the 11 independent
variables separately, and then entered them sequen-
tially into multiple regression models.

In the meta-analysis, latitude on its own explained
less variation than the reef-scale regressions presented
earlier (Fig. 3) because of the considerable within-reef
scatter in the data. Consequently, only 5.7% of the
variation in total recruitment (i.e., all taxa combined,

F1 s = 15.02, P < 0.001) and 7.3% of the variation
in spawners (F, 164 = 3.22, P = 0.014) was explained
by latitude. Moreover, there was no effect of latitude
on the density of brooders (F, 155 = 1.50, P = 0.20).
Therefore, a significant effect of latitude on the pro-
portion of spawners to brooders (accounting for 11.9%
of the variation, P = 0.027) is attributable to a decline
in spawners at southern sites rather than an increasein
brooders. Recruitment was often related more strongly
to individual variables other than latitude, particularly
to those that measure temporal aspects of the deploy-
ment of panels. In contrast, three of the independent
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TaBLE 2. Pearson correlations among the continuous variables used in the meta-analysis of small-scale studies.
Distance Month
Variable Latitude Year Panel size from shore Depth initiated
Year 0.497***
Panel size 0.372*** 0.543**
Distance from shore 0.372*** 0.045 0.038
Depth 0.299* ** 0.043 0.036 0.103
Month initated 0.205*** 0.131 0.227** 0.074 0.149*
Duration —0.194** -0.041 —0.142* —0.061 -0.015 —0.087

Note: Based on 250 records of mean number of recruits per panel, i.e., spawners and brooders combined.
* P < 0.05, ** P < 0.01, *** P < 0.001. Tests are two tailed.

variables we examined (the panel composition, method
of deployment, and habitat) had no explanatory power
for any recruitment measure (each accounting for <2%
of the variation, with P values usually >0.5), and were
not considered further.

Total recruitment was significantly correlated with
the month and year of deployment, whether the de-
ployment included the month of mass spawning
(spawning), depth, distance from shore, duration and
habitat, and latitude (Table 3a). Each of these variables
on their own explained 3-10% of the variation in over-
all recruitment. Entering latitude first into our GAM
analysis provided the best model. Once latitude was
accounted for, spawning and then distance from shore
explained an additional 7.4% and 10.0% of the vari-
ation, respectively (giving atotal of 23.1%). These dif-
ferent percentages are both higher than the variation
attributable to each variable on its own, because of the
correlations between them (see Table 2). No other var-
iable added significantly to the model beyond these
three. The pattern for recruitment by spawners was
broadly similar, reflecting their overall numerical dom-
inance. The same three variables were important (dis-
tance from shore, latitude, and spawning), although
their sequence in the model was different (Table 4).
Each one explained slightly more variation than for the
total recruits model, accounting for a combined total

of 29.9% of the variation in spawners. Thus, the meta-
analysis confirms the latitudinal trends that were also
detected by the large-scale study.

In contrast, recruitment by brooders was correlated
only with distance from shore and panel size (Table
5a). Distance from shore became nonsignificant when
panel size was entered first into the multiple regression
model (because it had the larger F value), and year
became significant (Fy3 5 = 1.95, P = 0.029). To-
gether, panel size and year explained 18.2% of the var-
iation in number of brooders (Table 5b). There was no
effect of latitude on recruitment by brooders, either on
its own (Fy; = 1.9, P = 0.11), or in combination
with the other independent variables. In marked con-
trast, the large-scale study found a significant north—
south decline in recruitment by brooders (Fig. 3c).

Finally, variation in the ratio of broodersto spawners
in the small-scale studies was explained most by the
month of panel deployment, and by spawning (whether
the deployment included the month of mass-spawning;
Table 6). Obviously, these two are strongly correlated.
Distance from the shore (P = 0.008), latitude (P =
0.027), panel size (P = 0.029), and year (P = 0.035),
each accounted for 11-15% of the variation. None of
these variables remained significant when the month of
deployment was entered first into the additive regres-
sion model. This single variable accounted for almost

TaBLE 3. Generalized additive regression models (GAM) showing the percentage variation
in the total number of coral recruits in the small-scale studies that is attributable (A) to
individual variables and (B) to sequential combinations of variables.

Variable Type df F P Variation (%)
A) Individual variables
Month initiated discrete 9, 240 3.04 0.002 10.24
Year continuous 4, 245 4.65 0.001 7.06
Latitude continuous 1, 248 15.02 <0.001 571
Spawning discrete 1, 248 13.79 <0.001 5.33
Depth continuous 4, 245 3.41 0.010 5.27
Distance from shore continuous 4, 245 3.13 0.016 4.86
Duration continuous 4, 245 2.85 0.024 4.45
Habitat discrete 2, 247 4.04 0.019 3.17
B) Sequential combination of variables
Latitude continuous 1, 248 15.02 <0.001 5.71
Spawning discrete 1, 247 21.17 <0.001 7.44
Distance from shore continuous 4, 243 7.88 <0.001 9.98
Total 23.13
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TaBLE 4. Regression models showing the percentage variation in the number of spawned
recruits in the small-scale studies which is attributable (A) to individual independent vari-
ables, and (B) to sequential combinations of variables.

Variable Type df F P Variation (%)

A) Independent variables

Month initiated discrete 8, 160 3.95 <0.001 16.48

Distance from shore continuous 4, 164 6.78 <0.001 14.19

Latitude continuous 4, 164 3.22 0.014 7.28

Year continuous 4,164 2.63 0.036 6.03

Spawning discrete 1, 167 8.46 0.004 4.82
B) Sequential combination of variables

Distance from shore  continuous 4, 164 6.78 <0.001 14.19

Latitude continuous 1, 163 19.93 <0.001 9.35

Spawning discrete 1, 162 14.75 <0.001 6.38

Total 29.92

half (47%) of the variation in the proportion of spawn-
ers in the small-scale studies.

DiscussioN
Meta-analysis of large-scale patterns

Meta-analysis is a developing method for quantita-
tively synthesizing results across studies. Recent re-
views and applications have emphasized its great po-
tential, particularly in relation to experimental data,
where studies can be compared in terms of a common
metric of effect size (e.g., Gurevitch and Hedges 1993,
Osenberg et al. 1999). Meta-analysis also has the po-
tential to reveal large-scale patterns in space or time
from smaller-scale descriptive data (e.g., Stehli and
Wells 1969, O’ Connor 1985, Taylor 1987). Our study
is unusual because we have the capacity to compare
such a meta-analysis with a large-scale study of the
same system.

The two approaches we used (large-scale sampling
and meta-analysis) both have their strengths and weak-
nesses. One general conclusion revealed by our com-
parison is that ““missing data”’ is likely to be a signif-
icant impediment to meta-analysis of regional-scale
patterns. In many cases, the spatial extent and/or dis-
tribution of the small-scale studies will be unsuitable

for detecting latitudinal trends, since individual studies
are not designed for this purpose. For example, astrong
clustering of studies near centers of research would
result in regression analysis of regional gradientsbeing
heavily influenced by a handful of points from poorly
studied regions. In our study, the uneven distribution
of reefsin the small-scale data set (Fig. 2) undoubtedly
reflects the easier access to study sites that are located
close to maritime centers (Townsville and Cairns), or
to two major field research stations on the GBR (on
Lizard and Heron Islands at 14° and 23° S, respec-
tively). Furthermore, the hump-shaped pattern in re-
cruitment by all taxa and by spawners from 10° to 23°
S on the GBR (Fig. 3) could not be confirmed by the
meta-analysis of small-scale studies because none of
them extended further north than 14° S. Large-scale
studies are more likely to have an evenly distributed
spatial arrangement, and a hierarchical design and anal-
ysis will reveal small- and medium-scale variation as
well as the overall, regional trend (e.g., Hughes et al.
1999, 2000). Undoubtedly, much of the unexplained
variation in the small-scale studies is due to local dif-
ferences from site to site within reefs, which cannot be
partitioned out because the overall sampling *‘design”
is not nested or balanced.

TaBLE 5. Regression models showing the percentage variation in the number of brooded
recruits in the small-scale studies which is attributable (A) to individual independent vari-
ables, and (B) to sequential combinations of variables.

Variable Type df F P Variation (%)
A) Independent variables
Year discrete 13, 155 1.45 0.140 10.81
Distance from shore continuous 4, 164 3.04 0.019 6.91
Panel size continuous 4, 164 8.43 0.004 4.80
B) Sequential combination of variables
Panel size continuous 167 8.43 0.004 4.80
Year discrete 13, 154 1.95 0.029 13.43
Total 18.23

Note: Recruitment by brooders was not significantly correlated with latitude. Year became
significant once the effects of panel size were accounted for.
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TaBLE 6. Regression models showing the percentage variation in the ratio of spawners to
brooders in the small-scale studies that is attributable to individual variables.

Variable Type df P Variation (%)
Month initiated discrete 8, 151 <0.001 47.02
Spawning discrete 1, 158 <0.001 23.26
Distance from shore continuous 4, 155 0.008 15.02
Latitude continuous 4, 155 0.027 11.86
Panel size continuous 4, 155 0.029 11.75
Year continuous 4, 155 0.035 11.17

Note: Once the effects of month initiated was accounted for in multiple regression models

no other variable remained significant.

The choice of which studies to include in a meta-
analysis often has a critical effect on the patterns that
emerge (e.g., Englund et al. 1999). Selection of studies
is often subjective (e.g., based on a perception of the
quality of the data, the amount of replication, experi-
ence of the authors, etc.), and there is an unfortunate
tendency for bias towards choosing a subset of the
available information which support a preconceived
outcome (Mahoney 1977). Accordingly, we chose ev-
ery available study of coral recruitment from the geo-
graphic region of interest. Another source of error in
meta-analysesis the tendency for authors not to publish
negative results (e.g., a nonsignificant experimental
outcome), the so-called ‘‘file drawer effect.” This
could also happen with descriptive data, e.g., if esti-
mates of abundance that were zero or very low were
not reported. We canvassed our colleagues working on
recruitment of corals in Australia to rule out this pos-
sibility. It is no accident, however, that much of the
literature on coral recruitment comes from the Great
Barrier Reef, because rates of recruitment reported
from elsewhere (e.g., in the Caribbean) are often much
lower (e.g., Birkeland 1988, Richmond and Hunter
1990, Hughes et al. 1999, and references therein). Con-
sequently, a paucity of published data from locations
with very low recruitment would make a global meta-
analysis problematical. In general, meta-analysisis un-
likely to be fruitful where the range of the whole data
set is small or where mean data values are close to
zero. In our study, for example, meta-analysis detected
the 20-fold latitudinal declinein the density of spawned
recruits, but failed to resolve the more subtle regional -
scale variation in brooders.

The inclusion of multiple years (14 separate years
over a 16-yr period) in the small-scale data set poten-
tially provides a major advantage over the large-scale
study, because a longer time-scale can reveal spatial
patterns that are not wholly consistent among years.
Furthermore, a multi-year meta-analysis can explicitly
examine longer term temporal variation. In our anal-
ysis, the year of each study had no significant effect
on total recruitment, recruitment by spawners, or the
ratio of brooders to spawners (Tables 3a, 3b, 5), in-
dicting that the regional-scale patterns are consistent
over time. However, recruitment by brooders did vary
significantly from year to year (Table 3b), which may

account for the failure of the meta-analysis to detect a
consistent regional pattern. In contrast to the meta-
analysis, the large-scale study was conducted only
twice, in two consecutive years, one or both of which
conceivably could have been unrepresentative. How-
ever, the patterns of recruitment in both years of the
large-scale study were very similar (see Hughes et al.
1999, 2000), although this may well have been sheer
good luck. Generally, the cost of large-scale sampling
is substantial, which makes it difficult to repeat. Meta-
analysis, on the other hand, by definition involves no
new field costs since multi-year data can be derived
from the literature.

The main drawback of using small-scale investiga-
tions to detect regional patternsis the noise in the data
due to differences in methods among published studies.
In our analysis, these methodological differences (e.g.,
distance from shore, panel size, depth, etc.) had sur-
prisingly modest effects (Tables 3-5), but this is un-
likely to be generally true, especially where regional-
scale trends are more subtle than the order of magnitude
variation in recruitment that we examined. Further-
more, latitude was positively or negatively correlated
with most of these variables (Table 2). This is likely
to be a general (and undesirable) property of meta-
analysis: a nonrandom spatial distribution of method-
ologies arising from different research teams in dif-
ferent locations. These correlations raise the possibility
that any large-scale pattern detectable in small-scale
studies could simply be due to regional variation in
methodology rather than biology. Alternatively, re-
gional patterns could be partially obscured by con-
founding methodologies. In our study, we explicitly
accounted for differences in methodologies, and the
concordance between the small- and large-scale data
sets gives us some confidence in concluding that the
latitudinal patterns in recruitment are indeed real.
Moreover, we are beginning to understand some of the
processes that are responsible for the regional trends
(see Discussion: Mechanisms of large-scale recruit-
ment variation).

In summary, a large-scale study has numerous ad-
vantages over meta-analysis in terms of the compara-
bility of data from different locations or census inter-
vals. A single regional-scale study is also more likely
to be developed in conjunction with predetermined sta-
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tistical procedures, based on a uniform sampling de-
sign. The methods are invariably more homogeneous,
the results are always expressed as the same metric,
and the involvement of fewer people with similar train-
ing means that there is less likelihood of bias between
observers or between research groups. Most impor-
tantly, the data are likely to be less noisy, unencum-
bered by extraneous methodological factors which of-
ten differ among individual small-scale studies. Of
course, the downside is the expense, time, and effort
associated with a larger sampling regime compared to
an analysis of previously published studies (although
we strongly suspect that our single-regional study of
recruitment by corals was cheaper than the combined
cost of the 21 individual field studies). Furthermore,
sampling or experiments conducted at larger spatial
scales are more difficult to repeat, and the limited tem-
poral window could be unrepresentative.

Mechanisms of large-scale recruitment variation

The results from meta-analysis are particularly use-
ful because they can be used to generate hypotheses
addressing the mechanisms underlying large-scal e pat-
terns. The meta-analysis presented here demonstrates
that the timing of deployment of panels had a critical
impact on the amount and species composition of re-
cruits. Intuitively, we would expect low rates of re-
cruitment when and where few larvae are produced.
Conversely, higher recruitment should result in time
periods (seasons or years) or regions that have higher
rates of production of larvae. Elsewhere, (as a com-
ponent of the large-scale study) we tested the hypoth-
esis that variation in recruitment by spawning acro-
porids (Fig. 3) was related to temporal and regional
variation in their fecundity. We found large differences
among reefs in the proportion of adult corals that un-
derwent mass spawning in each of two years of the
study, which accounted for a huge proportion (72%)
of the variation in their recruitment among the 33 reefs
that we sampled (Hughes et al. 2000). Moreover, once
regional variation in the intensity of spawning was ac-
counted for statistically, there was no further effect of
latitude on large-scale patterns of recruitment by
spawning corals. Consequently, we suggest that lati-
tudinal patterns of recruitment on the GBR (Figs. 3 and
4) are driven by regional-scale gradients in the number
of larvae produced each season, with reefs and sectors
in the central GBR having higher recruitment by
spawning corals (Fig. 3) because this region produces
more larvae than elsewhere. Similarly, the continued
decline in recruitment south of the GBR is probably
dueto adwindling larval pool, as populations of breed-
ing adults become smaller and more isolated.

The mechanisms of recruitment could also account
for some of the disparities between the large- and
small-scale studies. Specifically, the large-scale study
had a higher density of recruits, and a greater propor-
tion of spawners (Figs. 3 and 4), aimost certainly be-
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cause of differences in the timing and duration of the
panel deploymentsin the two data sets. The large-scale
deployments in late 1995 and 1996 were initiated 9—
11 d before the predicted annual mass spawning of
coralsin November/December. This narrow timing was
designed to allow the devel opment of chemical or phys-
ical cues from bacteria or algae on the panels, which
facilitate the settlement and metamorphosis of many
corals (e.g., Morse et al. 1994). The annual peak set-
tlement of spawning corals would have occurred 3—7
d after the release of gametes, ~2 wk after the panels
were placed in position. In contrast, half of the small-
scal e studies missed entirely the annual mass spawning
event, which obviously reduced the abundance of
spawners and increased the proportion of brooders (that
are released over a more protracted [lunar] breeding
cycle, see Harrison and Wallace 1990, Tanner 1996).
In addition, 20 of the 21 small-scale studies had longer
durationsthan the large-scale data set (Table 1). Longer
submergence times are likely to favor the accumulation
of multiple cohorts of brooders, while a single annual
cohort of spawners should rapidly decline due to mor-
tality (Dunstan and Johnson 1998, Baird and Hughes
2000). Note, however, that the latitudinal decline in
recruitment and the relative increase in brooders to the
south cannot be explained by variation in the timing
or duration of panel deployments among the small-
scale studies. The southernmost studieswere conducted
closer to spawning (later in the year) and they were
shorter (i.e., latitude was positively correlated with the
month of initiation, and negatively correlated with du-
ration, see Table 2). This should have produced an in-
crease in numbers and proportion of spawners, the op-
posite of the pattern detected in both the large- and
small-scale analyses. Thus, the large-scale pattern is
not an artifact of methodology.

Large-scale hydrodynamics does not appear to play
a major role in determining regional patterns of re-
cruitment by corals along the Great Barrier Reef. Al-
though the peak recruitment by spawners at 14°-18° S
coincides with the predominant westward-flowing cur-
rent which flows from the Coral Sea to the outer Great
Barrier Reef, it is unlikely that substantial transport of
coral larvae occurs at this scale, for several reasons.
First, the area of reefs (a proxy for reproductive output)
declines precipitously eastwards from the GBR. Con-
sequently, the production of larvae by isolated oceanic
reefs is unlikely to be a significant input onto the vast
expanse of the Great Barrier Reef. Second, the GBR
is much more speciose than reefs to the east, having
~100 more species than on New Caledonia, the nearest
large reef system, 1100 km to the east (see Veron 1993).
This biogeographic distinction implies that the Coral
Sea is a significant barrier to dispersal, at least from
west to east. Clearly, for the species found only on the
GBR (and further north), the Coral Sea cannot be a
source of larvae. Third, the strong concordance be-
tween sector-scale patterns of spawning and recruit-
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ment by corals on the Great Barrier Reef suggests that
dispersal by most speciesislimited, and that areaswith
high fecundity do not act as a source for downstream
reefs that have lower reproductive outputs (Hughes et
al. 2000). Fourth, recent estimates of the genetic var-
iability of nine species of corals along the length of
the Great Barrier Reef indicate that most successful
recruitment is localized (Ayre and Hughes 2000). Ac-
cordingly, the very substantial latitudinal decline in
larval recruitment we recorded (Fig. 3) occurs despite
the potential for southerly transport by the East Aus-
tralia Current, which implies that significant regional-
scale transport of corals is prevented by early settle-
ment (on natal or neighboring reefs), local entrapment
of larvae due to reef-scale hydrodynamics (e.g., Black
et a. 1991), and by the depletion of larval cohorts
caused by mortality in the plankton.

In conclusion, our results show that that the dynam-
ics of coral reefs vary substantially at regional scales.
The latitudinal changes in the rate and composition of
recruitment that we documented undoubtedly contrib-
ute to broad-scale biogeographic shifts in the com-
munity structure and diversity of coral assemblages.
Similar regional-scal e pattern in recruitment may occur
on Pacific coral reefsin the northern hemisphere, where
diversity and adult coral abundances decline from south
to north along the length of the Ryukyu Island chain
(24°-32° N). High diversity reefs to the south are dom-
inated by spawners (Hayashibara et al. 1993, Morse et
al. 1996), compared to depauperate northern locations
that have lower rates of recruitment, mainly by brood-
ers (S. Nojima, personal comment). Similar regional-
scale patterns in recruitment are becoming apparent in
other intertidal and subtidal marine systems (e.g., along
the western coast of North America; see Connolly and
Roughgarden 1998, 1999, Ebert and Russell 1988). As
demonstrated here, meta-analysis provides a powerful
approach for elucidating large-scale phenomena such
as these, and for generating testable hypotheses about
their causes and consequences.
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SUPPLY-SIDE ECOLOGY WORKS BOTH WAYS: THE LINK BETWEEN

BENTHIC ADULTS, FECUNDITY, AND LARVAL RECRUITS
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Abstract. ‘‘Supply-side’” ecology recognizes the potential role that recruitment plays
in the local population dynamics of open systems. Apart from the applied fisheriesliterature,
the converse link between adults and the production of cohorts of recruits has received
much less attention. We used a hierarchical sampling design to investigate the rel ationships
between adult abundance, fecundity, and rates of larval recruitment by acroporid corals on
33 reefsin five sectors (250—400 km apart) stretching from north to south along the length
of the Great Barrier Reef, Australia. Our goal was to quantify patterns of recruitment at
multiple scales, and to explore the underlying mechanisms. Specifically, we predicted that
large-scale patterns of recruitment could be driven by changes in the abundance of adults
and/or their fecundity, i.e., that corals exhibit a stock—recruitment relationship. The amount
of recruitment by acroporids in each of two breeding seasons varied by more than 35-fold
among the five sectors. Adult density varied only twofold among sectors and was not
correlated with recruitment at the sector or reef scale. In contrast, fecundity levels (the
proportion of colonies on each reef that contained ripe eggs) varied from 15% to 100%,
depending on sector, year, and species. Spatial and temporal variation in the fecundity of
each of three common Acropor a species explained most of the variation (72%) in recruitment
by acroporids, indicating that the production of larvae is a major determinant of levels of
recruitment at large scales. Once fecundity was accounted for, none of the other variables
we examined (sector, reef area, abundance of adults, or year) contributed significantly to
variation in recruitment. The relationship between fecundity and recruitment was nonlinear,
i.e., rates of recruitment increased disproportionately when and where the proportion of
gravid colonies approached 100%. This pattern is consistent with the hypothesis that en-
hanced fertilization success and/or predator satiation occurs during mass-spawning events.
Furthermore, it implies that small, sublethal changes in fecundity of corals could result in
major reductions in recruitment.

Key words:  coral reefs; dispersal; fecundity; gene flow; Great Barrier Reef, Australia; mass
spawning; population dynamics; recruitment limitation; spatial scale; stock size; supply-side ecology.

INTRODUCTION

Dispersal plays a crucial role in the ecology and
evolution of many organisms, particularly in marine
systems where many animals and plants exhibit alter-
nate benthic and planktonic life-history stages (e.g.,
Thorson 1950, Reed et al. 1988, Strathmann 1993). At
the end of the dispersal phase, the abundance of larvae
at settlement is often highly variable, both spatially and
temporally (e.g., Barnes 1956, Milicich 1994). Recent
attention has focussed on the causes of variation in
settlement, particularly on larval mortality (e.g., Houde
1987, Underwood and Fairweather 1989), transport
mechanisms (e.g., Gaines et al. 1985, Black et al. 1991,
Milicich 1994) and larval behavior before and during
settlement (e.g., Boicourt 1982, Grosberg 1982). ** Sup-
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ply-side ecology’’ recognizes the role that variable lar-
val input plays in determining the size of local adult
populations (e.g., Underwood and Denley 1984,
Hughes 1984, 1990, Gaines and Roughgarden 1985,
Roughgarden et al. 1985, Caley et al. 1996). However,
the converse linkage between adult stocks and the pro-
duction of larvae is much less clear (Grosberg and L ev-
itan 1992, Eckman 1996). At small scales (less than a
few meters), fertilization rate in sessile or sedentary
broadcast spawners is often crucially dependent on
adult density, i.e., on the distance traveled by sperm
before they encounter an unfertilized egg (in echinoids,
Pennington 1985, Levitan 1991, starfish, Babcock et
al. 1992; and cnidarians, Yund 1990, Coma and L asker
1997). At larger scales, the relationship between adult
abundance (stock size), fecundity and recruitment in
noncommercial species remains virtually unknown.
Theissue of spatial scaleiscrucial for understanding
stock-recruitment relationships. If larvae are widely
dispersed, the local production of propagules by sessile
or sedentary adults will not be correlated with local
recruitment; locally derived larvae go elsewhere, and
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recruits come from afar. Nonetheless, at larger spatial
scales there may be some detectable relationship be-
tween the size of the spawning stock (i.e., the amount
of larval production) and the amount of recruitment.
Certainly, temporal correlations between spawning by
adults and settlement are well established, with settle-
ment peaks corresponding to earlier cycles of breeding
(e.g., corals, Wallace 1985a, b; barnacles, Barnes 1956;
crabs, Christy 1982; fishes, Doherty and Williams
1988). Thefisheriesliterature highlightstheimportance
of large-scale stock-recruitment relationships for un-
derstanding population dynamics and for management
of marine resources, although in most cases ‘‘recruit”
refersto harvestable adults (e.g., Lipciusand Van Engel
1990, Hilborn and Walters 1992, Peterson and Sum-
merson 1992). However, for most marine organisms,
the spatial scale at which adult stocks and recruitment
are coupled is unknown. This lack of data most likely
stems from the difficulties of measuring recruitment,
adult abundances and fecundities at large spatial scales
which approach or exceed the extent of larval dispersal
(Hughes et al. 1999).

It is often tacitly assumed that stochastic variation
in fertilization success, planktonic duration, or mor-
tality rates will destroy any relationship between stock
size, the production of larvae, and the number of prop-
agules still alive at settlement (e.g., Houde 1987, Un-
derwood and Fairweather 1989). However, this argu-
ment is not valid at larger scales, where global re-
cruitment must diminish if stock sizes are greatly sup-
pressed (e.g., dueto disease, Karlson and L evitan 1990,
Peterson and Summerson 1992; climatic variation,
Cushing 1986; or overfishing, Hilborn and Walters
1992). Moreover, temporal variation in recruitment (for
a given stock size) or density-dependence do not pre-
clude a stock-recruitment relationship. Rather, the for-
mer will simply increase the variance about the rela-
tionship, while the latter will alter its shape. Thus, at
larger scales stock-recruitment relationships must ex-
ist, although they may be statistically messy and dif-
ficult to detect (e.g., Ricker 1954, Lipcius and Van
Engel 1990).

We demonstrate here that large-scale variation in the
density of coral recruits on the Great Barrier Reef,
Australia, is strongly associated with spatial and tem-
poral changes in the fecundity of adults. This study
investigates adult—juvenilerelationships at avery large
spatial scale (~1800 km), and provides auniqueinsight
into the coupling of benthic and planktonic processes
in sessile marine organisms.

METHODS

We examined the relationship between the abun-
dance of adults, fecundity, and recruitment of corals
along the length of the Great Barrier Reef (GBR), in
1995/1996 and 1996/1997 (year 1 and 2). Corals are
either brooders, which releaseinternally fertilized plan-
ulae, or broadcast spawners, which release eggs and
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sperm (Harrison and Wallace 1990). We focus here on
spawning species in the most abundant scleractinian
family, the Acroporidae, hereafter termed ‘‘ acroporid’ .
We designed our study to take advantage of the pre-
dictable, annual mass spawning of corals on the Great
Barrier Reef, where more than 130 scleractinian species
release their eggs and sperm over a period of a few
days in November/December (see Harrison et al. 1984,
Harrison and Wallace 1990).

To examine spatial patterns at a hierarchy of scales,
we partitioned the GBR into five adjacent sectors, each
one 250—400 km long from north to south (Fig. 1, see
also Hughes et al. 1999). Eighteen reefs were sampled
in year 1 (three reefs per sector, except for sector 4
which had six), and 15 other reefsin year 2; i.e., reefs
were independent of year. We deliberately chose awide
range of reef sizes in each sector because bigger reefs
should have larger stocks of breeding adults (although
settlement can also occur over alarger area). Four sites
were established on each reef on the reef crest (1 m
depth at low tide), ~1-4 km apart. The abundance of
corals (counts of colonies >1 cm in diameter, and per-
cent cover) was measured using ten 10-m line intercept
transects a few meters apart at each of the 132 sites
(33 reefs X 4 sites). On each of the 1320 transects,
each colony lying underneath the tape was identified,
and the intercept was measured to the nearest centi-
meter. More than 30000 colonies were censused.

To assess fecundity, tissue samples were collected
synchronously each year 10 d (+1 d) before the pre-
dicted annual mass spawning of corals. Three species
that are abundant throughout the GBR were selected
for fecundity analysis: Acropora hyacinthus, A. cy-
therea, and A. millepora. Two or three branches con-
taining several hundred polyps were taken each year
from 20 large colonies (>30 cm diameter) of each spe-
cies on each reef, a total of 1980 colonies. Samples
were decalcified and dissected and the proportion of
colonies with mature (pigmented) eggs was scored for
each species and reef (see Hall and Hughes 1996). Ad-
ditional samples collected after the predicted spawning
were empty of eggs. We assume here that the fecundity
patterns (in space and time) of these three species are
broadly representative of acroporids as a whole, and
that they may be able to predict patterns of acroporid
recruitment. It is not possible to compare fecundity and
recruitment at the individual species level because of
the limited taxonomic resolution of newly-settled re-
cruits.

To assess recruitment by spawning acroporids, ten
replicate recruitment panels (11 X 11 cm) were de-
ployed each year on the reef crest at each of the four
sites per reef (a total of 1320 panels), also 10 d (=1
d) before the predicted annual mass spawning of corals
(e.g., Harrison et al. 1984, Harrison and Wallace 1990).
The panels were unglazed clay tiles attached individ-
ually by abolt drilled into the substratum. Panels were
retrieved after eight weeks (86% were recovered un-
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Map of the Great Barrier Reef region of Australia, showing the locations of five sectors (numbersin circles) and

33 midshelf reefs where adult abundance, fecundity, and recruitment were measured.

damaged), and the coral recruitswere counted and iden-
tified to family or genus. The synchronous deployment
and retrieval of panels on large numbers of midshelf
reefs (typically 30—80 km offshore) along nearly 2000
km of coastline was essential for ensuring that spatial
patterns in recruitment were not confounded with (1)
the timing of deployment and (2) the duration of ex-
posure of the panels. Based on pilot studies, most of
the recruits at the time of collection would have settled

in the previous 5-6 wk; i.e., beginning ~2 wk after
deployment of the panels and 3-5 d after the mass
spawning. This relatively short duration was long
enough to allow modest taxonomic resolution, while
minimizing losses through early mortality. Acroprid
colonies do not develop species-level morphological
features until a minimum age of 2-3 yr.

Spatial variation in adult abundance, fecundity and
recruitment were examined using hierarchical (nested)
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TaBLE 1. Nested analysis of variance of adult acroporid den-
sities (number of colonies per 10-m transect).

Percent-

age of
Source of variation  df Ms F ratio P variation
Sector 4 6.76 8.377 0.003 19
Reef (sector) 10 0.81 3.185 0.004 5
Site(sector X reef) 45 0.25 2.794 0.000 6

Residual 1126 0.09 69

Adult density (no./10 m)

Sector

Fic. 2. Patternsof adult abundance of spawning acroporid
corals on 33 reefs with five sectors of the Great Barrier Reef
(arranged from north to south; see Fig. 1). Horizontal lines
show the mean abundance for each sector. Error barsrepresent
1 se (n = 4 sites per reef). See Table 1 for analysis.

analysis of variance, with appropriate transformations
where necessary. We used nonlinear regression models
(Generalized Additive Models, Hastie and Tibshirani
1990) to examine the relationship between recruitment
by acroporids on each reef versus the abundance of
established acroporids, fecundity of each of the three
targeted Acropora species, and several other potentially
important variables (reef size, sector, and year). The
size of each reef (projected area in km?) varied by 1—
2 orders of magnitude in each sector, and was measured
from GIS data. Sector (n = 5) and year (n = 2) were
entered into the model sequentially as categorical var-
iables to examine spatial and temporal variation that
was independent of fecundity. All other variables were
continuous, and preliminary analyses reveal ed, not sur-
prisingly, that they were not linearly related to recruit-
ment. Consequently, they were entered into the model
as smoothed, nonlinear variables using spline functions
with four degrees of freedom. (One degree of freedom
would fit a straight line whereas n degrees would join
al points. Four produces ‘‘modest” smoothing, see
Hastie and Tibshirani 1990).

REsuLTs AND DiscussioN

The mean abundance of adult acroporids on all reefs
was 12.3 + 1.3 (mean * 1 sg) colonies per 10-m tran-
sect (or 20.56% = 3.7% cover, n = 33 reefs). Adult
density varied only twofold among sectors (Fig. 2),
with most of the variation occurring at much smaller
spatial scales (Table 1). A hierarchical analysis of var-
iance indicated that 19% and 5% of the variation was
attributable to sector and reef, respectively. The re-
maining 75% of the variation in adult density occurred
within reefs (i.e., among sites on the same reef, and
among adjacent transects). Similarly, 82% of the var-

Notes: Reefs are nested within sectors, and siteswithinreefs
(see Fig. 1 for locations of sectors and reefs). Data were
log(x + 1) transformed. Note that most of the variation oc-
curred at the smallest scale, among replicate transects (see
also Fig. 2).

iation in the percent cover of spawning acroporids also
occurred at very local scales, i.e., within reefs.

In contrast, fecundity showed much more substantial
large-scale variation among sectors, with different pat-
terns occurring among years (yielding a significant sec-
tor X year interaction, P = 0.012; Table 2, Fig. 3). All
three species exhibited a similar spatial and temporal
pattern (Table 2), with markedly lower fecundities at
both ends of the Great Barrier Reef in year 1, and in
the northernmost sector in year 2. For the three species
combined, the proportion of colonies containing eggs
varied spatially by six-fold among sectorsin year 1 and
by twofold in year 2. The largest difference between
years was in the far north and southern-most reefs (sec-
tors 1 and 5), where the average proportion of colonies
containing eggs was two to three times higher in year
2 (Fig. 3).

Recruitment by spawning acroporids also varied
greatly in space and time (Fig. 4, Table 3). A total of
58471 coral recruits were recorded on 1135 panels, for
both years combined. Spawning corals comprised 83%
of the recruits and brooders made up the remainder,
with 96% of the spawners being juvenile acroporids.
The mean number of acroporid recruits per panel varied
by more than 100-fold among sectors in year 1, and
by 35-fold in year 2 (Fig. 4). In year 1, fewer recruits
were found at the northernmost and southern sectors
(1, 4, and 5). In year 2, recruitment increased in all
regions of the Barrier Reef (except for sector 4, which

TABLE 2. Three-way analysis of variance of acroporid fe-
cundities, with reefs as replicates and percentage of indi-
viduals with eggs present as the response.

Source of variation df MS F ratio P
Sector 4 9376.3 4.545 0.056
Species 2 1419.7 2.272 0.165
Year 1 129525 7.714 0.050
Sector X species 8 628.9 2427 0.115
Species X year 2 834.1 3.229 0.093
Sector X year 4 1693.2 6.534 0.012
Sector X species X year 8 259.2 1415 0.206
Residual 69 183.2

Notes: Data were not transformed because the ANOVA as-
sumptions were met. See also Fig. 3.
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FiG. 3. Patternsof fecundity of spawning acroporid corals
among five sectors of the Great Barrier Reef (numbered from
north to south; see Fig. 1), and among years. Data shown are
the mean percentage of colonies containing eggs in each sec-
tor for (a) Acropora hyacinthus, (b) A. cytherea, and (c) A.
millepora. Error bars represent + 1 se (n = 3 reefs
[sector] ~t-yr—1, except for sector 4 in 1995/1996 which had
six reefs). See Table 2 for analysis.
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remained unchanged). The northernmost and southern-
most sectors (1 and 5) exhibited the most marked in-
crease, by a factor of about 10 and 100, respectively
(yielding the highly significant sector X year interac-
tion, P < 0.001; Table 3). For all sectors combined,
the total amount of recruitment by acroporid corals
along the Great Barrier Reef in year 2 was three times
higher than in year 1.

The large-scale spatial and temporal variation in re-
cruitment was clearly linked to patterns of variation in
fecundity rather than adult abundance, i.e., when and
where fecundity increased, so too did the density of
recruits (Figs. 3 and 4). Among the variables we ex-
amined, the fecundities of Acropora hyacinthus, A. mil-
lepora, and A. cytherea on each reef were the three
best predictors of recruitment by spawning acroporids,
accounting for 49%, 45%, and 36% of the variation in
recruitment among reefs, respectively (Table 4, Fig. 5).
When the fecundities of each of the three species were
entered sequentially into regression models, they col-
lectively accounted for 72% of the variation in total
recruitment by spawning acroporids (all species of re-
cruits were combined, because they cannot be identi-
fied). This very high explanatory power implies that
the fecundities of these three species are broadly rep-
resentative of the reproductive output of acroporidsin
general, and that fecundity drives recruitment. A fur-
ther 16% of the variation was attributable to the re-
maining variables (sector, 9.4%; reef area, 5.1%; adult
abundance, 1.2%; and year, 0.2%), although none of
these was statistically significant (Table 4). Only 12%

1 1995-1996
V74 1996-1997

100 A

10 -

No. recruits/panel

0.1

Sector

Fic. 4. Patterns of recruitment by spawning acroporid
corals among sectors of the Great Barrier Reef (see Fig. 1),
and among years. Data shown are the mean number of recruits
per panel in each sector. Error bars represent + 1 se (n = 3—
6 reefs:[sector] tyr1). See Table 3 for analysis.
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TaBLE 3. Two-way nested analysis of variance on density
of acroporid recruits.

Source of variation df Ms Fratio P
Year 1 69.273 5.525 0.780
Sector 4 48542 3.623 0.120
Sector X year 4 13.364 10.321 0.000
Reef (sector X year) 20 1.433 1.801 0.033
Site(sector X year X reef) 85 0.826 8.958 0.000
Residual 1018 0.092

Notes: Site is nested within reef and reef within sector (see
Fig. 1). Data were log(x + 1) transformed. Year represents
1995/1996 and 1996/1997. See also Fig. 4.

of the variation in recruitment remained unexplained
by our model.

The very high correlation between fecundity and re-
cruitment of spawning corals at the scale of individual
reefs (Table 4, Fig. 5), would seem to indicate that
many of the recruits are of local origin. However, this
conclusion is unlikely to be correct, since most of the
variation in recruitment and in fecundity occurred at
the largest spatial scale, i.e., among sectors rather than
reefs. Depending on the year, 55-57% of the variation
in recruitment was attributable to sector (see Fig. 4),
while only 0—6% occurred among adjacent reefs (nest-
ed within sector). The remaining 39-43% of the var-
iation occurred at smaller scales among sites and pan-
els. Similarly, 91% of the variation in fecundity (for
A. hyacinthus, A. cytherea, and A. millepora combined)
occurred at the sector level inyear 1, and 82% in year
2. Furthermore, regressions of fecundity in each sector
versus the mean recruitment per sector (identical to Fig.
5, but with adjacent reefs combined) were also highly
significant. We conclude therefore that the high cor-
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relation between fecundity and recruitment (Table 4)
occurs at the scale of sectors rather than adjacent reefs
(which show no significant differences in fecundity,
Table 3).

A sector-level correlation between fecundity and re-
cruitment implies that larvae are distributed relatively
uniformly among adjacent reefs, but do not undergo
larger-scale movements among sectors of the Great
Barrier Reef (e.g., transported by the East Australian
Current, see Wolanski 1994). Spawning acroporids are
generally capable of settling ~3-7 d after spawning,
although some may remain competent for much longer
(Babcock and Heyward 1986, Wilson and Harrison
1998). After mass spawning, coral larvae are often ag-
gregated into buoyant surface slicks that are usually
blown or washed off a reef within a day or two, after
which they dissipate (e.g., Willis and Oliver 1990, OI-
iver et al. 1992). Three-dimensional hydrodynamic
models predict that aportion of larvae could be retained
on natal reefs (e.g., 5% after 10 d; Black et al. 1991),
but most are likely to be dispersed among neighboring
reefs. Allozyme variation within and among reefs on
the Great Barrier Reef points to modest amounts of
gene-flow in spawning corals (Ayre and Hughes 2000)
that approach the levels for fishes and other organisms
with longer larval durations (e.g., Benzie 1994, Do-
herty et al. 1995). Brooding corals, in contrast, have a
shorter precompetency periods (usually 1-2 d, see re-
view by Harrison and Wallace 1990), and lower rates
of gene flow (e.g., Ayre and Dufty 1994, Benzie et al.
1995, Ayre et al. 1997). Consequently, connectivity
among reefs is likely to vary greatly among species,
depending in part on their respective reproductive strat-

TaBLE 4. (A) Analysis of the relationship between recruitment of spawning acroporids (all species combined) and fecundity
of Acropora hyacinthus, A. millepora, and A. cytherea (see Fig. 3). Fecundity of each of the three species was first examined
separately, and then entered sequentially (A. hy. + A. m. + A. ¢.) into multiple regression models. Once fecundity of each
species was independently accounted for, we used a hierarchy of regression models (B) which successively incorporate
additional explanatory variables (sector, area of each reef, cover of spawning acroporids, and year).

A.
Percentage
variation
Model Residual deviance df explained P
Null 78477 32
A. hyacinthus fecundity 39706 28 49 <0.001
A. millepora fecundity 43129 28 45 <0.01
A. cytherea fecundity 50168 28 36 <0.01
Fecundity (A. h. + A.m. + A. c) 21976 20 72 <0.001
B.
Change in
percentage
variation
Model Residual deviance df explained F P
Fecundity 21976 20
Fecundity + sector 14590 4 9.4 1.52 0.24
+ reef area 10590 4 5.1 1.03 0.43
+ adult abundance 9681 4 12 0.17 0.95
+ year 9480 1 0.2 0.13 0.73

Note: The null model assumes that none of the variation in recruitment is explained by any of the variables we examined.
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Fic. 5. Relationship between fecundity of Acropora hy-
acinthus (the percentage of colonies with eggs) and recruit-
ment by spawning acroporids (mean number of recruits per
panel = 1 sE, all species combined). Each point represents
a separate reef (n = 33) in either year 1 or 2. The fecundity
of this one species accounted for 49% of the variance in total
recruitment by acroporids. The fecundities of A. hyacinthus,
A. millepora, and A. cytherea together explained 72% of the
variance. (We cannot plot the three independent measures of
fecundity against recruitment since it would require a four-
dimensional graph; see Table 4 for additional analysis.)

egies and larval durations (e.g., Black et al. 1991, Mil-
icich 1994, Ayre and Hughes 2000).

Our results suggest that the causes of large-scale
spatial and temporal variation in fecundity of corals
are crucial to understanding subsequent patterns of re-
cruitment. This conclusion mirrors smaller-scale ex-
perimental studies that have demonstrated the effects
of gamete dilution and aggregative spawning on rates
of fertilization (Pennington 1985, Yund 1990, Levitan
1991, Babcock et al. 1992, Coma and Lasker 1997).
Of necessity, our result is based on correlating large-
scale spatial and temporal patterns, and the possibility
remains that sectors and years which had higher fe-
cundities also had higher rates of recruitment, but that
there is no causal relationship between the two. How-
ever, we cannot formulate an alternative hypothesisthat
could explain large-scale variation in recruitment, in-
dependently of variation in fecundity. Conceivably,
spatiotemporal variation in temperature could simul-
taneously enhance both egg production and reduce the
length of larval life (resulting in more recruits). How-
ever, the temperature gradient along the Great Barrier
Reef is not likely to explain lower fecundities or re-
cruitment in both northern and southern regions (Fig.
3). Similarly, year to year variation in temperature is
unlikely to have influenced the substantial temporal
patterns of fecundity and recruitment documented in
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this study, since mean monthly sea surface tempera-
tures were close to normal (<0.5°C anomalies) in both
1995/1996 and 1996/1997 (IGOSS 1998), throughout
the 8-9 mo period which encompassed the gametogenic
cycle and brief planktonic phase of spawning acro-
porids. If large-scale patterns of recruitment by spawn-
ers were primarily due to meteorological, climatic, or
hydrodynamic variation rather than fecundities, we
might expect that sectors or reefs with large numbers
of spawning recruits should also have had greater than
average recruitment of juvenile brooders. However, this
was not the case, at any spatial scale: sectors, reefs,
sites, and recruitment panels that had high numbers of
spawners did not necessarily have high numbers of
brooders (Hughes et al. 1999).

The most likely cause of spatial and temporal vari-
ation in fecundity in this study is ‘‘split-spawning’
(sensu Willis et al. 1985), i.e., some corals may have
lacked eggs when we collected them because they had
released their gametes before the major mass spawning
in early December. To test this hypothesis, we collected
monthly samples of coral tissues in 1996/1997 on a
subset of northern and southern reefs (three reefs each
in sectors 2 and 5). These data indicate that a portion
of adult corals did not release eggs at all in year 2. For
example, up to 35% of large A. cytherea in sector 5
did not spawn that summer, nor did they contain im-
mature eggs. Consequently, corals that belong to spe-
cies which participate in multispecies mass spawning
on the GBR may nonetheless miss one or more years,
or release gametes in other months (see also Wallace
1985b, Willis et al. 1985). Based on two years of fe-
cundity data on 33 reefs, we tentatively conclude that
mass spawning is more synchronized within and among
speciesin the central portions of the Great Barrier Reef
than at the extremities (Fig. 3).

Our results indicate that corals which do not partic-
ipate in mass spawning may be at a selective disad-
vantage. Our field evidence shows that as the propor-
tion of gravid colonies approaches 100%, there is a
disproportionate increase in recruitment (shown by the
upward sloping curve in Fig. 5). We postulate that this
pattern could arise if higher densities of eggs and sperm
lead to greater levels of fertilization (and hence more
larvae) after spawning (e.g., Pennington 1985), or if
high numbers of larvae lead to satiation of predators
(e.g., Westneat and Resing 1988). Both of these phe-
nomena may be instrumental in the evolution of mul-
tispecies mass spawning (Harrison and Wallace 1990,
Pearse 1990). Indeed, mass spawning of corals on the
Great Barrier Reef occurs each year during a period of
neap tides when dispersion of gametes prior to fertil-
ization should be minimized, and at night when pre-
dation on eggs and larvae should be reduced (Harrison
et al. 1984, Babcock et al. 1986).

In conclusion, this study demonstrates that repro-
ductive processes occurring in the benthic phase of
marine organisms (i.e., the production of eggs) may
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have a fundamental impact on the distribution and
abundance of recruits. The changein fecunditiesamong
years, which affected most of the Great Barrier Reef,
indicates the potential impact of large-scale phenomena
such as climate change on rates of recruitment and
replenishment of coral reefs. Natural and human per-
turbations are normally measured in terms of their ef-
fects on adult abundances and rates of mortality of
adults, while less obvious impacts on reproductive bi-
ology and regenerative processes are usually ignored
(e.g., Richmond 1993, Hughes and Connell 1999). The
linkage between benthic and larval stages, as demon-
strated here, means that apparently localized changes
that affect reproduction at one location may also have
important effects on downstream populations. More-
over, small changes in fecundity could result in dis-
proportionately larger changes in recruitment. Cur-
rently, it is often assumed that reductions in the size
of open populations due to natural events or human
impacts are readily reversible because of a virtually
inexhaustible supply of recruits (but see, e.g., Karlson
and Levitan 1990, Peterson and Summerson 1992,
Hughes and Tanner 1999). Our results indicate that
large-scale degradation of adult breeding stocks could
also impinge on their ability to recover, potentially re-
sulting in recruitment failure in areas that are in most
need of replenishment. Understanding the dynamics of
coral reefs and other open marine systems requires a
better awareness of the two-way links between plank-
tonic and benthic life history stages.
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Coral Disease
on the Great Barrier Reef

BETTE L. WiLLIS, CATHIE A. PAGE, ELIZABETH A. DINSDALE

3.1
Introduction

Coral disease is one of the most recent in a series of threats that is challenging
the resilience of coral reef communities and is of particular concern because it
may interact with and augment the impacts of other commonly recognised
threats to coral health (e.g. bleaching, over-exploitation of fish stocks, destruc-
tive fishing practices and coastal developments). Since the first report of coral
disease by Antonius in 1973, the rate of discovery of new diseases has increased
dramatically with more than 29 coral diseases now described (Green and
Bruckner 2000, Weil, this Vol.). Although coral disease is emerging as one of
the major causes of coral reef deterioration in the Caribbean (Hayes and
Goreau 1998; Harvell et al. 2002; Weil et al. 2002), at present we know very little
about the ecology or pathology of coral disease on Indo-Pacific reefs. The com-
paratively few reports of coral disease from Indo-Pacific reefs, despite the re-
gion encompassing more than 80% of reefs worldwide (Bryant et al. 1998) is in
contrast to the high proportion (>65%) of records in the Global Disease Data-
base from the Caribbean reef region, now widely considered to be a coral dis-
ease hotspot (Green and Bruckner 2000; Weil, this Vol.). Such comparisons
suggest that either disease is genuinely more prevalent in the Caribbean or
lack of studies in other reef regions is underestimating its distribution and
abundance. Distinguishing between these two alternatives represents an im-
portant step in advancing global epizootiological studies.

The rising incidence of marine diseases worldwide in the past few decades
(Harvell et al. 1999),and particularly of coral diseases in the Caribbean, under-
scores the need for assessment of the status of disease on a region-by-region
basis. Such assessments will help to identify the origins and reservoirs of
pathogens and vectors involved in disease transmission. The Great Barrier
Reef (GBR) stretches over 2000 km along the eastern coastline of Australia,
representing the largest reef tract under management worldwide. Its unique
status as one of the few reef systems under government jurisdiction for
timescales that have preceded recent increases in the prevalence of coral dis-
ease has the potential to provide important insights into factors influencing
disease occurrence and the underlying causes of escalating disease incidence.
In this chapter, we summarise the current state of knowledge of coral disease
on the Great Barrier Reef by (1) describing syndromes and diseases observed
in our studies on GBR reefs and interpreted in the light of published literature
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and (2) presenting the results of a 5-year, large-scale study in conjunction with
a regional disease prevalence study that together provide an overview of the
current status of disease occurring on reefs extending over 1200 km of the
Great Barrier Reef.

3.2

Overview of Diseases Infecting Great Barrier Reef
and Indo-Pacific Corals

Until recently, it has been tacitly assumed that disease has had little impact on
the population dynamics or community structure of coral assemblages on the
Great Barrier Reef (GBR). However, there have been only two detailed studies of
coral diseases on the GBR, both at Lizard Island in the northern sector: one on
black band disease (BBD; Dinsdale 2002) and the other on skeletal eroding band
(SEB; Antonius 1999; Antonius and Lipscomb 2001). A few additional sightings
of coral diseases have been reported in anecdotal notes, i.e. BBD (Miller 1996)
and white band disease (WBD; Baird 2000), although the report of WBD must be
viewed with caution since a number of diseases are now known to produce white
band-like symptoms (e.g. WBDI, WBDII, white plague I and II). Fungal patho-
gens have also been reported in gorgonians (Morrison-Gardiner 2001) and tu-
mours in scleractinian corals (Loya et al. 1984). However, in general, there have
been few studies specifically targeting coral disease, a factor likely to have con-
tributed to the current paradigm of apparently low occurrence of coral disease
on the GBR.

Elsewhere in the Indo-Pacific, in addition to BBD, SEB and WBD (Antonius
1985), there are isolated reports of diseases generally not yet described from
the Caribbean. For example, yellow band disease (YBD) affected ten species
primarily from the families Acroporidae and Poritidae in the Arabian Gulf
(Korrubel and Riegl 1998); the encysting stage of a trematode has infected
Porites compressa in Hawaii causing enlarged pink polyps (Aeby 1991); and
Porites ulcerative white spot disease (PUWSD) infected more than 20% of
Porites colonies on 8 out of 10 reefs surveyed in the Philippines (Raymundo et
al. 2003). In addition, fungal-algal associations have affected Porites lobata in
French Polynesia (Le Champion-Alsumard et al. 1995), cyanobacteria have af-
fected Porites luta- in the Indian Ocean (Ravindran and Raghukumar 2002),
and a bacterial pathogen has infected coralline algae [coralline lethal orange
disease (CLOD)] throughout a large part of the South Pacific (Cook Islands,
Fiji, Solomon Islands and Papua New Guinea, GBR; Littler and Littler 1995; C.
Page, pers. observ.). Thus, despite the paucity of studies of coral disease in the
Indo-Pacific region, the occurrence of the more common and infectious Carib-
bean diseases, in combination with reports of diseases unique to the region,
suggest that infectious pathogens are a common component of Indo-Pacific
reef communities and that disease may have a greater role in structuring coral
communities in the region than previously thought.
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3.2.1
Black Band Disease on the Great Barrier Reef

Black-band disease was first observed on GBR reefs in 1994 (Dinsdale 1994),
more than two decades after the first Caribbean record (Antonius 1973) and a
decade after the first Indo-Pacific record (Antonius 1985). Initial Indo-Pacific re-
cords were for two massive faviid species, Goniastrea pectinata and Platygyra
lamellina, from the Philippines and a further seven massive faviids from the Red
Sea (ibid), but BBD has subsequently been recorded on 21 species in five families
from Lizard Island, GBR (Dinsdale 2002). Unlike in the Caribbean, where BBD
primarily infects massive species (Kuta and Richardson 1996), branching pocil-
loporid and acroporid corals are important host species on the GBR (6.0 and
3.6% of corals in the families Pocilloporidae and Acroporidae, compared to 3.0
and 2.1% in the primarily massive families Faviidae and Poritidae; Dinsdale
2002; Fig. 3.1a,b). Dinsdale (2002) found a mean prevalence of 2.8% (and range
of 1.3-4.9%) on Lizard Island reefs in the summer of 1994, which is comparable
to the prevalence of BBD on most Caribbean reefs (Green and Bruckner 2000,
Weil 2003). Seasonal increases in the prevalence of BBD on reefs in the Carib-
bean region are related to high summer seawater temperatures, but may also be
related to water depth, coral diversity, population density and elevated nutrients
(Kuta and Richardson 1996, 2002; Bruckner and Bruckner 1997; Bruckner et al.
1997). However, there are no studies of factors associated with the prevalence of
BBD on GBR reefs, so the global generality of these patterns, particularly the as-
sociations between high temperatures and nutrients and increased abundance
of BBD, remains unclear.

BBD isolated from Caribbean corals was originally described as a consor-
tium of microorganisms dominated by Phormidium corallyticum,a gliding fil-
amentous cyanobacteria, but including heterotrophic bacteria, marine fungus,
sulphide-oxidising bacteria (Beggiatoa) and sulphate-reducing bacteria (De-
sulfovibrio; Ducklow and Mitchell 1979; Richardson 1996). However, recent
molecular studies have identified anomalies in the identification of the cyano-
bacteria suspected to be the causative agent and a range of additional microor-
ganisms associated with BBD mats of corals from St Croix, US Virgin Islands,
Curacao, Netherlands Antilles and New Britain, Papua New Guinea (Cooney et
al. 2002; Frias-Lopez et al. 2002,2003). rDNA sequence analysis of microorgan-
isms isolated from BBD mats have revealed the presence of up to three uniden-
tified taxa of cyanobacteria, whereas P. corallyticum, the previously identified
causative agent, was not detected (Cooney et al. 2002; Frias-Lopez et al. 2002,
2003). The lack of concordance in the cyanobacterial species associated with
BBD mats between these and earlier studies and the differences in cyanobacte-
rial taxa between Caribbean and Indo-Pacific (PNG) corals (Frias-Lopez et al.
2003) raise questions about the causative agent. They also highlight the need
for further microbial and molecular studies of BBD from different coral spe-
cies and from different reef regions. There have been no studies of microor-
ganisms associated with BBD mats on GBR corals and it is possible that cyano-
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Fig. 3.1A-H. Field appearance of diseases and syndromes infecting corals and gorgonians on
the Great Barrier Reef: a black band disease (BBD) on Acropora intermedia, b cyanobacterial mat,
responsible for the black colouration of BBD, ¢ unknown cyanobacteria forming a mat at tis-
sue-skeleton interface, d unknown red-brown cyanobacteria forming BBD-like mat, e skeletal
eroding band (SEB) on A. intermedia showing speckled appearance of band near tissue interface,
f clusters of the ciliate, Halofolliculina corallasia, on live coral tissue ahead of the main SEB front,
g white syndrome (WS) on Acropora hyacinthus in the Capricorn Bunker sector (photo AIMS
LTMP), h WS on Acropora clathrata in the Lizard Is./Cooktown sector (photo AIMS LTMP)
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[ Fig.3.11-P.ibrown band (BrB) on A. muricata, j clusters of the ciliates that cause the distinc-
tive colouration of BrB, k black necrosing syndrome (BNS) on the gorgonian, Isis sp., 1 skeletal
axis of Isis sp. exposed by BNS, m coral-algal interactions, n detail of filamentous algae overgrow-
ing live coral tissue, o pink pigmented spots (PS) on massive Porites sp., p coral tumours on
Acropora (photo L. Vail). All photographs were taken on Lizard Is. reefs by authors unless other-
wise indicated
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bacteria associated with GBR infections may differ from those isolated from
Caribbean and even PNG corals. During our regional disease prevalence sur-
veys (see Sects. 3.3.1.2, 3.3.3), we identified more than one type of cyano-
bacteria associated with coral disease states that resembled BBD (Fig. 3.1c, d).
Therefore, in our analysis we have included unidentified cyanobacterial syn-
dromes in the BBD category.

3.2.2
Skeletal Eroding Band : an Indo-Pacific Coral Disease?

Skeletal eroding band (SEB) is the only disease condition other than BBD for
which there are more than anecdotal reports on the Great Barrier Reef. SEB is
caused by the protozoan, Halofolliculina corallasia (Fig. 3.1e, f), which erodes
the tissue and skeleton of corals as it produces a black lorica or test (Antonius
1999). Tissue damage occurs when the ciliates mechanically disrupt and lyse
coral tissues through spinning and secretion of chemicals in the process of em-
bedding their loricae within the coral skeletal matrix. Clusters of ciliates along
the tissue-skeleton interface produce a black band (Fig. 3.1e) similar in ap-
pearance to black band disease, but the skeleton behind the advancing SEB is
speckled with the remains of empty black loricae (Antonius and Lipscomb
2001), unlike the uniformly white skeleton exposed as BBD advances. Antonius
and Libscomb (2001) report that the progression of SEB can be relatively slow,
approximately 1 mm per week, further distinguishing it from BBD, but that it
may also advance at rates up to 1 mm per day, comparable to BBD.

SEB affects at least 24 species of corals on reefs throughout the Indo-Pacific,
but despite searching, there are no records from the Caribbean or the Atlantic
Ocean (Antonius and Lipscomb 2001). A qualitative, 6-point scale was used to
measure the prevalence of SEB on Indo-Pacific reefs, scoring the abundance of
disease from rare (1-3 cases of SEB/30-min swim) to catastrophic (>100 cases
per 30-min swim) (ibid). Prevalence of SEB increased in all reef regions revis-
ited; from rare to moderate (4-12 cases/30-min swim) in the 10 years between
visits to Lizard Island, GBR (1988-1998), and from rare to frequent (13-25
cases) in the 8 years between visits to Mauritius (1990-1998) and in the 3 years
between visits to the Sinai (1994-1997) (ibid). Apart from these records at Liz-
ard Island in the northern sector, the geographic extent of SEB on the GBR is
currently unknown (but see Sect. 3.3.3).

3.2.3
White Syndrome - a Collective Term for Conditions Producing White
Symptoms on the Great Barrier Reef

A proliferation of names for coral diseases that produce white symptoms in
Caribbean corals presents challenges for relating Indo-Pacific white syn-
dromes to the Caribbean white diseases based on macroscopic field characters.
Rather than attempt to identify features such as the variable zone of bleached
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tissue that distinguishes white band IT (WBII) from white band I (WBI), or dif-
ferences in the rates of movement that distinguish the faster moving white
plague II (WPII) from white plague I (WPI; reviewed in Richardson 1998), we
have chosen to use the collective term white syndrome (WS) to describe condi-
tions resulting in white bands of tissue and/or skeleton on GBR corals
(Fig. 3.1g,h). In addition to WBI/II and WPI/II, white syndrome could poten-
tially encompass white pox (Patterson et al. 2002), patchy necrosis (Bruckner
and Bruckner 1997; Rodriguez-Martinez et al. 2001), and even shut down reac-
tion (Antonius 1977). However, WS is distinguished from feeding scars by the
narrow width of the zone of recently exposed, white skeleton and the relatively
regular appearance of the tissue front. These features are in contrast to the wide
zone of white skeleton commonly exposed following Acanthaster planci preda-
tion and the scalloped or irregular tissue front produced by Drupella spp.

Determining the relationship(s) between the Caribbean white diseases and
WS and applying the appropriate name(s) will not be possible until pathogens
infecting GBR corals are isolated and compared to those producing white
symptoms in Caribbean corals. It is thus difficult to determine the accuracy of
records of white band disease on the GBR (Baird 2000; Antonius and Lipscomb
2001) and of records of WBD infecting 20 coral species in the Philippines
(Antonius 1985). However, since white band disease and white plague have
caused major changes to coral communities in the Caribbean region (Aronson
et al. 1998; Green and Bruckner 2000; Aronson and Precht 2001), the potential
for their presence and impact on coral communities on the GBR should be
viewed with concern (see Sect. 3.3.2 for current distribution and abundance of
WS on the GBR).

3.24
Brown Band: a New Syndrome on the Great Barrier Reef

Brown band (BrB) is a new syndrome that we have recorded for the first time
infecting corals on surveys in the northern and southern sectors of the GBR
(see Sect. 3.3.3). The distinctive macroscopic field symptom of corals infected
with BrB is a brown zone of variable width, flanked by healthy tissue at the ad-
vancing front and exposed white skeleton at the trailing edge as the band pro-
gresses over the surface of the colony (Fig. 3.1i). There is often a white zone be-
tween the healthy tissue and brown band, which may comprise bleached tissue
and/or denuded skeleton. Dense populations of ciliates, packed with zooxan-
thellae from engulfed coral tissue, cause the brown coloration of the band
(Fig. 3.1j). As densities of ciliates decrease, the zone becomes lighter and may
appear white at very low ciliate densities. In these latter cases, the condition
would be assigned to the WS category based solely on field observations. It is
possible that BrB is caused by the ciliate, Helicostoma nonatum, which is
thought to produce a brown jelly-like condition on corals grown in aquaria
(Borneman 2001), but to our knowledge, this ciliate infestation has not been
reported previously from in situ corals. Note that an earlier report of a brown
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band on a colony of Acropora formosa (Dinsdale 1994) referred to a different,
but unknown syndrome, and has subsequently been mistakenly quoted as af-
fecting 20 coral species on the GBR (Santavy and Peters 1997; Borneman 2001).
While it is possible that the unknown syndrome was caused by a cyanobacteri-
um similar to the one causing red-band disease in the Caribbean, as suggested
by Santavy and Peters (1997), in the absence of the specimen it is not useful to
speculate further about this isolated observation; it is not to be considered a re-
cord of BrB as described here.

3.2.5
Gorgonian Infections on the Great Barrier Reef: Black Necrosing
Syndrome

Gorgonians are highly susceptible to disease in the Caribbean, where the fungal
disease Aspergillosis has infected 12-90% of gorgonians on reefs in 13 coun-
tries (Nagelkerken et al. 1997a, b; Smith 2003) and black band disease has in-
fected 13.8% of some species in the Florida Keys (Fengold 1988). However, little
is known about gorgonian diseases on the GBR. The only study of GBR gorgoni-
ans to date reports that 10% of populations of Isis hippuris on Davies Reef were
infected with a fungal disease that manifested as black necrotic areas and led to
loss of both tissues and skeleton (Morrison-Gardiner 2001). Although two spe-
cies of Penicillium isolated from infected gorgonians were able to infect healthy
colonies of I. hippuris and Pinnigorgia sp.,and could be re-isolated, they did not
produce the typical symptoms of the disease (Morrison-Gardiner 2001). We
have also observed black necrotic patches on many gorgonians at Lizard Island
during our regional disease prevalence surveys (see Sect. 3.3.3) and will refer to
the disease state as black necrosing syndrome (BNS; Fig. 3.1k, 1). Whether
gorgonian species on the GBR produce antifungal compounds similar to those
produced by Caribbean gorgonians (Kim et al. 2000a, b), or vary in their suscep-
tibility to fungal infections (Nagelkerken et al. 1997a) is unknown, but merits
further study.

3.2.6
Coral-Algal Interactions: Algal Infections?

The impacts of coral-algal interactions may be positive, neutral or negative for
the coral (reviewed in McCook et al. 2001), with negative interactions generally
being discussed in the context of competition. However, when interactions that
negatively affect corals (1) result in net positive benefits for algae and (2) im-
pede the functioning and growth of coral polyps (e.g. through direct over-
growth and/or invasion of coral tissue), they take on the character of a disease.
On reefs in the central GBR, examples that appear to cross the boundary be-
tween a competitive interaction and disease include overgrowth of coral by (1)
the filamentous algae, Coralliophila hurysmansii causing tissue swelling, and (2)
by Anotrichium tenue, which traps mucus, sediments and possibly microbes
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damaging the underlying tissues (McCook et al. 2001). We also found filamen-
tous algae overgrowing live coral tissue in both the southern and northern GBR
(Fig. 3.1m, n). What is unclear at this stage is whether some other stress or
pathogen had previously weakened the corals’ resistance allowing algae to in-
vade their tissues. Therefore, rather than attribute coral mortality solely to algal
overgrowth in our disease prevalence surveys (Sect. 3.3.3), we assigned such
cases to an unidentified syndrome category. However, reports of a coralline red
alga, Pneophyllum conicum, overgrowing and killing up to 100% of colonies of
nearly all coral species present on a patch of reef in Mauritius (Antonius and
Afonso-Carillo 2001) suggest that algal overgrowth can reach epizootic status.
Controlled experimental studies on the ability of algal species to infect healthy
coral tissues will clarify the pathogenic nature these coral-algae interactions.

3.2.7
Pigmentation Response in Porites: A symptom with a variety of causes?

The reef coral, Porites, appears to respond to a variety of competitive, invasive
and parasitic challenges by producing pink or purple pigmentation in polyps
adjacent to interaction sites (Fig.3.10). Hence pink lines, rings or spots are of-
ten visible in coral tissue bordering the margins of competing or boring organ-
isms. The pigmentation appears to be a symptom of a response mounted by
the coral to contain invading or competing organisms such as cyanobacteria
(Ravindran and Raghukumar 2002), polychaetes, molluscs, and the intermedi-
ate metacercariae stage of the digenetic trematode, Podocotyloides stenometra
(Aeby 1991,1998). The trematode has been reported to encyst in tissues of the
massive coral, Porites compressa, on Hawaiian reefs causing coral polyps to ap-
pear swollen and pink in colour (Aeby 1998). Infected polyps are unable to re-
tract, reducing their function and increasing their vulnerability to predation
by butterflyfish, the final host for the trematode. On Hawaiian reefs, the pink
spots represent a parasitic infection, which reduces growth of heavily infected
colonies by up to 50% (Aeby 1991). When the cysts were removed (through fish
predation), healthy coral polyps were regenerated. We recorded the presence
of pigmented spots (PS) on Porites colonies as a potential indicator of a para-
sitic infection in our GBR disease prevalence studies (see section 3.3.3). The
pigmented spots appeared as small raised pink areas surrounded by healthy
tissue, however the presence of trematodes has not been confirmed. Their lo-
cation in the midst of healthy tissue is more consistent with a parasitic infec-
tion than a competitive interaction, unlike a variety of pink lines or rings that
were commonly seen bordering dead patches and could generally be inter-
preted as a response to competitive interactions.
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3.2.8
Coral Tumours

Coral tumours, manifesting as raised roughly spherical masses projecting
about 4.5 cm above the surface of the colony, were reported to affect 18-24% of
populations of Platygyra pini and P. sinensis on Magnetic Island, central GBR
(Loya et al. 1984). Tumours were associated with increased growth rates of pol-
yps and a general proliferation of all cell types, some atrophied and others nor-
mal, but in all cases macroscopic polyp structures were discernible and tissues
remained pigmented (Loya et al. 1984). This type of abnormal growth has been
termed a hyperplasia, in contrast to the bleached neoplasms that have been
classified as calicoblastic epitheliomas. The latter appear as white, globular
masses of skeleton raised above the surface of the colony and have few discern-
ible polyp structures (reviewed in Peters et al. 1986). Tumours identified in our
disease prevalence surveys were similar to the latter bleached neoplasms
(Fig. 3.1p; see Sect. 3.3.3). Such tumours tend to be largest and most concen-
trated in the centre of colonies of table acroporids in the Gulf of Oman, whereas
they tend to be similar in size along the length of branches in arborescent spe-
cies (Coles and Seapy 1998). In high densities, tumours may reduce UV absorp-
tion rates (Coles and Seapy 1998), lipid storage capacity (Yamashiro et al. 2001)
and linear growth rates of colonies (Bak 1983). Bleached neoplasms occur
mainly on corals in the family Acroporidae and have been reported from
throughout the Indo-Pacific, i.e. from Guam and Enewetak (Cheney 1975),
French Polynesia (Le Champion-Alsumard et al. 1995), Japan (Yamashiro et al.
2001) and the Gulf of Oman (Coles and Seapy 1998).

3.3
Coral Disease Surveys on the Great Barrier Reef

The diversity of diseases and syndromes infecting GBR corals as described
above highlights the need for targeted surveys of coral disease in the region.
Here, we present the results of two types of studies designed to redress this
need: (1) a large-scale study comprising rapid annual surveys of coral disease
abundance (# cases per site) on 48 reefs as part of the Australian Institute of
Marine Science (AIMS) long-term monitoring program (LTMP; Sweatman et
al.2001), and (2) a regional study comprising belt transect surveys to estimate
disease prevalence (i.e. the total number of cases of disease expressed as a pro-
portion of the total number of colonies examined per reef, site, family/order or
disease category as appropriate) at selected sites in the northern and southern
GBR. The large-scale AIMS LTMP surveys provide a broad overview of the
abundance of two coral diseases (WS and BBD) on reefs throughout the Great
Barrier Reef and follow changes in the number of cases of each disease over the
last 5 years. The regional disease prevalence surveys are designed to detect all
diseases and syndromes present at selected GBR sites, to determine their prev-
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alence with respect to species and family groups, and to determine changes in
prevalence associated with season, coral cover and wave exposure.

3.3.1
Survey Protocols

3.3.1.1
Large-scale Australian Institute of Marine Science Long-Term Monitoring
Program Surveys

Forty-eight reefs spanning 1200 km of the Great Barrier Reef were surveyed
for coral disease annually between 1998 and 2003 (Sweatman et al. 2001). Reefs
were partitioned into six latitudinal sectors (i.e. Cooktown/Lizard Is., Cairns,
Townsville, Whitsundays, Swains and Capricorn Bunkers sectors; Fig. 3.2) and
three cross-shelf locations (inner, mid and outer-shelf). Within each sector,
generally three reefs were surveyed in each of the three cross-shelf locations
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Fig.3.2. Map of the Great Barrier Reef showing (1) the six sectors, and (2) the inner-, mid- and
outer-shelf reefs in the Cooktown/Lizard Island sector and the outer-shelf reefs in the Capricorn
Bunker sector that were surveyed as part of the Australian Institute of Marine Science Long Term
Monitoring Program (AIMS LTMP), and (3) sites for the detailed surveys at Lizard Island and No
Name Reef in the Cooktown/Lizard Is. sector and Heron Island in the Capricorn Bunker sector
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(full methods in Sweatman et al. 2001). In total, there were 15 cross-shelf/sector
combinations, which we will refer to as regions. Five 50-m transects were sur-
veyed at each of three sites on the northeast flank of each reef. Transects were
permanently marked and followed depth contours on the reef slope at 6-9 m.
Surveys in the first 2 years (1998/1999, 1999/2000) were spread over the
warmer months (September-May), whereas in the last 3 years, surveys in some
sectors included the austral winter months of July and August. Changes in the
timing of the surveys are discussed further in the context of their impact on
disease prevalence in Section 3.3.2.2.

Coral mortality attributable to disease (BBD, WS), predation (Acanthaster
planci, Drupella) and unknown sources was recorded in visual censuses (as per
Bass and Miller 1996) of 2-m belts along each 50-m transect; thus an area of
1500 m2 was surveyed on each reef. Diseases were identified from macroscopic
field symptoms as outlined in Sections 3.2.1 for BBD and 3.2.3 for WS. Counts of
the number of coral colonies manifesting symptoms of the two disease states on
each transect are hereafter referred to as the number of cases of BBD or WS. It is
likely that some cases of skeletal eroding band (SEB) and brown band (BrB) are
included in the WS category because both can appear as white zones when ciliate
densities are low (discussed in Sect. 3.2.4). Mortality was attributed to A. planci
or Drupella when white zones were consistent with the appearance of feeding
scars (see Sect. 3.2.3) and/or these predators were visible in the vicinity of white
zones adjacent to healthy coral tissue. If coral mortality could not be clearly at-
tributable to disease or predation, it was recorded in the unknown category. Per-
cent cover estimates of benthic groups were determined from video transects
(further details in Page et al. 2001).

3.3.1.2
Regional Disease Prevalence Surveys

To determine the prevalence of coral disease in summer, we surveyed eight sites
in January 2003 in the northern and southern sectors of the GBR, where the
AIMS LTMP found the highest number of cases of disease (see Sect. 3.3.2.2). The
eight sites comprised: four mid-shelf sites at Lizard Island [two exposed (Bird Is.,
Lizard Head) and two sheltered (Vicki’s and Horseshoe Reefs)] and two
outer-shelf sites at No Name Reef (the exposed NE front and sheltered NW back
reef) in the northernmost sector; and two sites [one exposed (Coral Gardens)
and one sheltered (Little Bay)] at Heron Island in the southernmost sector of the
GBR (Fig. 3.2). The two sheltered Lizard Island sites were also surveyed in winter
(July 2002) to initiate seasonal comparisons of disease prevalence. At each site,
three random 20x2 m belt transects were surveyed along depth contours at
3-6 m and all hard corals, soft corals and gorgonians were identified to the low-
est taxonomic level recognised or morphological group as appropriate. Each col-
ony was then categorised as healthy, bleached, or assigned to one of eight disease
categories: BBD (including BBD-like mats associated with a number of different
cyanobacteria), SEB, WS, BrB, tumour, BNS, PS (pigmented spots on Porites), or
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to an unidentified syndrome category. The unidentified syndrome category in-
cluded filamentous algae overgrowing live coral tissue and unidentified syn-
dromes causing deterioration in soft corals. Samples of diseased colonies were
collected and examined microscopically to identify associated microorganisms
and verify field identifications of disease states. To enable comparisons of dis-
ease prevalence with coral cover, we used line intercept surveys to record percent
cover of the major benthic categories along the first 10 m of each transect.

3.3.1.3
Statistical Analysis

Differences in the abundance of WS detected in the AIMS LTMP surveys
among shelf positions, sectors and years were tested using split-plot ANOVA.
The total number of diseased colonies were summed over transects on each
reef. Data were log transformed [log (X+0.1)] to satisfy assumptions of nor-
mality and homogeneity of variances. Where significant changes in disease
abundance over time among sectors and shelf positions were identified, avail-
able degrees of freedom were partitioned into single degree of freedom con-
trasts to determine the specific years in which changes occurred within each
sector by shelf combination. The abundances of BBD were too low to allow for-
mal analysis of change.

Differences in distribution of WS among shelf positions, sectors and years
were also examined by comparing changes in the proportion of transects on
which WS was recorded using split-plot ANOVA. The number of transects with
disease present was summed on each reef and divided by the number of
transects sampled. The data were square root transformed to satisfy assump-
tions of normality and homogeneity of variances. As for WS abundance above,
when significant changes over time in the proportion of transects with disease
were identified among sectors and shelf positions, contrasts were used to de-
termine the specific years in which changes occurred.

The relationships between WS abundance and (1) hard coral cover and (2)
Drupella spp. abundance were examined by including hard coral cover and
abundance of Drupella as covariates in a split-plot ANOVA model. Interaction
terms in the model were used to estimate how consistent differences in rela-
tionships with WS abundance were among sectors and shelf positions. The
abundances of WS and Drupella were log (X+0.1) transformed for analysis as
described above. Similarly, single degree of freedom contrasts were used to de-
termine when the relationship between disease abundance and coral cover or
Drupella abundances differed among sectors and shelf positions.

The relationship between change in percent hard coral cover and change in
WS abundance was also examined by including the change in cover of hard
corals between years as a covariate in an additional split-plot ANOVA model.

Variations in disease prevalence detected in the regional disease prevalence
surveys were compared among reefs (Lizard Is., No Name, Heron Is.) and
among seasons (winter vs. summer) and exposures (sheltered vs. exposed) on
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Lizard Is. reefs using separate 1-way ANOVAs. When Levene’s test determined
that variances were heterogeneous, data were arcsine transformed. Differences
in the distribution of the number of diseased vs. healthy colonies, pooled for
the two sheltered and two exposed sites at Lizard Is., among the five sclerac-
tinian families in summer 2003 were tested using a 2 homogeneity test.

3.3.2
Results of Large-Scale AIMS LTMP Surveys

3.3.2.1
Patterns in the Distribution and Abundance of Black Band Disease

BBD is widespread throughout the GBR, occurring in all six sectors and all three
cross-shelf locations. There were only three regions (mid-shelf Cooktown/Liz-
ard Is., inner-shelf Cairns, and outer-shelf Townsville), of the 15 surveyed, in
which BBD was not detected in any of the surveys. However, in any one year, BBD
was recorded on a maximum of 2.5% of transects (n=720) from a maximum of
47% of regions (n=15).

The abundances of BBD were too low to allow formal analysis of change, how-
ever, the number of colonies infected by BBD did not appear to change mark-
edly between 1998 and 2003 (Fig. 3.3), infections occurring on 0.04-0.47 colo-
nies per reef in any given year. The highest occurrence of BBD was a total of 22
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Fig. 3.3. Mean abundance (+SE) of black band disease (BBD) in survey years between 1998
and 2003. Histograms represent the mean of the total number of cases of BBD (£SE) in the
1500-m? area surveyed on each of the #=48 reefs per survey season
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cases across all reefs in 2002/2003. Thus, despite its widespread distribution,
the general abundance of BBD has been very low and stable, for the last 5 years.

3.3.2.2
Patterns in the Distribution and Abundance of White Syndrome

Abundance of WS

In contrast to the stable abundance of BBD over the past 5 years, white syn-
drome has increased 20-fold (Fyear=52.12, df=4, P<0.001), from a mean of
1.7£0.58 cases in 1998 to 47.7+12.60 cases in 2002/2003 (Fig. 3.4). Mean occur-
rence of WS has increased at all three cross-shelf locations (Fig. 3.5), with sig-
nificantly greater increases occurring on outer-shelf reefs, where there was a
mean of 85£29.5 cases per reef in 2002/2003 (Fshelf=13.28, df=2, P<0.001).
Overall, there is a pattern of increasing occurrence of WS with increasing dis-
tance from the coast over the 5 years (Fyear x shelf=1.36, df=28,P=0.221), a pat-
tern that is particularly pronounced in the last two survey years (Fig. 3.5).
However, the pattern breaks down when variances due to the sector level are
factored in (Fyear x shelf x sector=1.91, df=28,P=0.008) because of the compar-
atively constant abundance of WS on all cross-shelf transects (within each
year) in the Townsville, Whitsundays and Swains sectors and the higher abun-
dance of WS on transects on the mid-shelf reefs in the Cairns sector in
2002/2003.
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Fig. 3.4. Mean abundance (£SE) of white syndrome (WS) in survey years between 1998 and
2003. Histograms represent the mean (+SE) of the total number of cases of WS in the 1500-m?2
area surveyed on each of the reefs (n=48) per survey year
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Fig. 3.5. Comparison of patterns in the mean (+SE) number of white syndrome (WS) cases
per reef throughout the 5-year study period among reefs in three cross-shelf locations [i.e. in-
ner-shelf (n=12 reefs), mid-shelf (n=18 reefs), and outer-shelf (n=18 reefs)]

The increase in WS abundance through time occurred in every sector except
Townsville, where it has remained at low levels (<11 cases per reef) since
1998/1999 (Fig. 3.6). Increases were first detected on outer-shelf reefs in the
northernmost Cooktown/Lizard Is. sector in 2001/2002, when a more than
20-fold increase in the number of cases was recorded (an increase from a mean
of 3 to 67 cases per reef). Smaller increases were also detected on both mid-
and outer-shelf reefs from the central Whitsundays sector south to the south-
ernmost sector (i.e. on outer-shelf reefs in the Whitsundays, mid-shelf reefs in
the Swains and outer-shelf reefs in the Capricorn Bunker sectors). A dramatic,
30-fold increase in WS to a mean of 304 cases per reef occurred in the following
year (2002/2003) on outer-shelf reefs in the southernmost Capricorn Bunker
sector. The greatest increases in WS also occurred this year in regions repre-
senting all cross-shelf locations and all sectors except Townsville (i.e. on in-
ner-shelf reefs of Cooktown/Lizard Is., mid-shelf reefs of Cairns, inner- and
mid-shelf reefs of the Whitsundays, and mid- and outer-shelf reefs of the
Swains sectors; Fig. 3.6). In summary, mean occurrence of WS has either in-
creased (9 regions) or remained constant (6 regions) in all regions surveyed
(n=15) on the GBR between 1998 and 2003 (Fyear x sector x shelf =1.92, df=28,
P=0.008).

Given that prevalence of coral diseases like BBD and white pox increase with
high summer temperatures (Rodriguez-Martinez et al. 2001; Kuta and Richard-
son 2002), changes in the timing of survey seasons from warmer to cooler
months in the Cooktown/Lizard Is and Capricorn Bunker sectors in 2000/2001
would be predicted to have underestimated the potential magnitude of changes



3. Coral Disease on the Great Barrier Reef 85

Inner-shelf  Mid-shelf  Outer-shelf

Cooktown/Lizard Is.
I

* *
60 | - -
20 | |

Cairns

.]:i:l.!.mmm—_-_._—__-h&:h—

Mean # WS cases per reef
=]

Swains *

*
| |
. o |
|
2
cﬁi«;@ AN
Capricorn Bunkers 300 / m
o I |
SN’
Survey year

Fig. 3.6. Mean (SE) of the total number of white syndrome (WS) cases per 1500-m? area sur-
veyed on each reef compared among the 15 regions (i.e. combinations of the 6 sectors and 3
cross-shelf locations). Significant change from previous year is denoted by *

—

* %

1



86  BETTE L. WiLLIS, CATHIE A. PAGE, ELIZABETH A. DINSDALE

in the distribution and abundance patterns for WS. Thus, despite the striking 22-
and 150-fold increases in the abundance of WS in outer-shelf reefs in these two
sectors over the five years (Fig. 3.6), their magnitude might have been even
greater if reefs in these sectors had been surveyed during summer in the last
3 years. In contrast, despite surveying the Cairns and Townsville sectors in the
warmer months from 2000/2001 onwards, there was no increase in the abun-
dance of WS.In addition, since WS was erected as a category representing a new
source of mortality 6 years after the AIMS LTMP began, it is conceivable that re-
searchers were changing the categorisation of colonies from unknown to WS.
However, despite the continuously increasing abundance of WS, records in the
unknown category remained relatively constant, suggesting that the rise in WS
abundance is not accounted for by a decrease in the unknown category (data not
shown).

Distribution of WS

In addition to WS becoming more abundant, infections have increased in dis-
tribution over the 5 years. In 1998, WS was distributed across approximately
75% of regions (11 of 15 regions) and 45% of reefs (22 of 48 reefs). However, by
2002/2003, WS had spread to all regions and 89% of reefs. Furthermore, the
number of transects with WS increased more than ten-fold, from 3% of
transects in 1998/1999 to 39% of transects in 2002/2003 (Fyear=57.05, df=4,
P<0.001). Patterns of increasing distribution of WS across sectors and regions
are similar to those described above for abundance. In particular, we found the
same pattern of consistently increasing occurrence of WS through time on
transects in all cross-shelf locations (Fshelf=12.07, df=2, P<0.001; Fshelf x
year=1.83, df=8, P=0.077), but patterns of occurrence through time differed
among sectors (Fsector x year=3.57, df=20,P<0.001) and regions (Fsector x shelf
x year=2.47, df=28,P<0.001). In summary, the number of transects with WS in-
creased with increasing distance of cross-shelf location from the coast (when
transects at each shelf location were combined across sectors), from lows of
<1-5% of transects in 1998/1999 in all cross-shelf locations to maxima which
differed with cross-shelf location in 2002/2003 (i.e. from 17% of transects on
inner-shelf reefs to 45% of transects on mid- and 51% of transects on outer-
shelf reefs). However, this pattern broke down because there were six regions
spread across all shelf locations in which the percent of transects with WS did
not increase in at least 1 year.

3.3.2.3
Relationship Between Percent Coral Cover and Abundance
of White Syndrome

Given the profound increases of WS on reefs in some sectors of the GBR (up to
150-fold on outer-shelf reefs in the Capricorn Bunker sector, Fig. 3.6), we ana-
lysed WS abundance in relation to both percent coral cover and abundance of
Drupella spp. to (1) provide insights into factors promoting the spread of WS
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and (2) evaluate the possible effects of WS on coral abundance. We found a sig-
nificant relationship between mean percent cover of scleractinian corals and
abundance of white syndrome (F_gy0,=14.55, df=1, P<0.001), which was con-
sistent among shelf locations (Fcover x shelf=2.11, df=2, P=0.127) and regions
(Fcover x sector x shelf=1.70, df=7, P=0.117), and only marginally inconsistent
between sectors (Fcover x sector=2.38, df=5, P=0.044). However, single degree
of freedom contrasts revealed that, although there were positive trends be-
tween percent coral cover and WS abundance in all sectors but Cairns, the rela-
tionship was only significant on reefs within the Capricorn Bunkers sector
(P=0.012). After accounting for the association between percent cover of hard
corals and WS abundance, we found no relationship between the abundance of
Drupella spp.and WS (F=2.45, df=1, P=0.121). In summary, there is a general
trend for abundance of WS to be greatest on reefs with the highest percent hard
coral cover that was most pronounced in the Capricorn Bunkers sector.

Mean percent cover of scleractinian corals has fluctuated between about
20-40% in the past decade in all, except four of the regions surveyed (see
Sweatman et al. 2001). On outer-shelf reefs in the Cooktown/Lizard Is. and
Capricorn Bunker sectors, percent hard coral cover has increased continuously
between 1995 and 1998 to approximately 60%, but this pattern altered in 1998,
with percent coral cover remaining about the same or declining slightly during
the last 5 years (Fig. 3.7). This decline in the rate of change of coral cover coin-
cides roughly with the rising incidence of WS (Fig. 3.7a, b), which reached its
highest abundances on outer-shelf reefs in these two sectors (Fig. 3.6). Thus, in
the northern Cooktown/Lizard Is. sector, the mean number of WS cases has
been highest for the last 2 years on Carter and No Name Reefs, where there is a
declining, but non-significant, trend in coral cover (Fig. 3.7a). In the southern
Capricorn Bunker Sector, there has been no change in coral cover in the past
5 years since percent cover has stabilised, but WS infections have only risen
dramatically in the last year (Fig. 3.7b).

Given that large increases in WS appeared to have occurred concurrently
with increases in hard coral cover on some reefs, we examined the relationship
between changes in hard coral cover and changes in WS abundance between
survey years. Thus we asked: “Does an increase or decrease in hard coral cover
correlate with a corresponding increase or decrease in WS?”. We found that
change in hard coral cover did not always coincide with a similar change in WS
abundance (FAcover x AWS=5.50, df=1, P=0.022); in particular, it was variable
across cross-shelf positions (FAcover x AWS x shelf=3.49, df=2, P=0.035). Single
degree of freedom contrasts indicated that there was a significant association
between changes in WS abundance and changes in coral cover only on outer-
shelf reefs (P=0.025).



88  BETTE L. WiLLIS, CATHIE A. PAGE, ELIZABETH A. DINSDALE

a) Cooktown/Lizard Is. outer-shelf region

" —— Carter [
80 - i No Name . 80
—w- Yonge
|- TO ;]
5 :
s 60 e
E 2
L] 50 1 IE
E %
2 a0 -
# i
g 30 =
E
20 -
10 -
]
b) Capricorn Bunker outer-shelf region
- —3—— Broomfield . - 160
------- W Lady Musgrave Is [
4 —=—SpF-—= One Tree |s. . 140
—--—- Wreckls.
- ] - 120
@
8 | 8
2 100 4 - 100
e id
] I
B 80 - 80 E
2w o0 §
o :
-]
2 40 - 40
20 - 20
—
u -I'r L] ] T T " u

FIFLELSTS S
& o o W T
Survey year

Fig. 3.7. Comparison of the mean percent hard coral cover (n=15 transects per reef) com-
pared to mean (+SE) number of WS cases (n=15 transects per reef) in a Cooktown/Lizard Is.
outer-shelf region, and b Capricorn Bunker outer-shelf region
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3.3.3
Results of Regional Disease Prevalence Surveys

3.3.3.1
Comparison of Disease Prevalence Between the Northern and Southern
Sectors of the Great Barrier Reef

Overall, symptoms of disease were detected in 8.97+0.79% of colonies
(n=27,842) examined in the northern Cooktown/Lizard Is. and southern Cap-
ricorn Bunker sectors in summer 2003. Combining records for all scleracti-
nians, alcyonaceans and gorgonians, mean disease prevalence was similar on
the northern Lizard Is. (9.4+0.53%) and southern Heron Is. (10.4%2.07%)
reefs, but marginally lower on the northern outer-shelf No Name reef
(7.2+1.13%; Fig. 3.8). Patterns in overall mean prevalence of disease were
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Fig. 3.8. Mean (£SE) prevalence of disease per reef for all taxonomic groups (hard and soft
corals and gorgonians) combined compared to mean (+SE) prevalence of disease in hard corals,
soft corals, gorgonians and bleached colonies (from all groups) at Lizard Is. (n=4 sites x 3
transects), No Name Reef (n=2 sites x 3 transects), and Heron Is. (n=2 sites x 3 transects). Dis-
ease prevalence (per taxonomic group) is calculated relative to the total number of colonies ex-
amined in each group, at each reef, as shown above the appropriate histogram
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driven by patterns of disease prevalence in hard corals, which dominate cni-
darian communities on these reefs (Fig. 3.8). Disease prevalence in hard corals
ranged from a minimum of 7.2+1.06% at No Name reef to a maximum of
10.7£0.76% on Lizard Is. reefs, both in the northern sector. Gorgonian assem-
blages on Lizard Is. reefs were most affected by disease, with a mean of
16.6£4.50% of colonies infected on these reefs (Fig. 3.8). Disease was least
prevalent amongst soft coral assemblages. Bleaching affected less than 1.7% of
colonies from all three cnidarian groups.

3.3.3.2
Patterns in Prevalence of Disease Categories Among Sectors
and Coral Families

The prevalence of four (SEB, BBD, BNS and PS) of the seven major disease cate-
gories was greatest at Lizard Is. in the northern sector, whereas WS was most
prevalent at Heron Is. in the southern sector (Fig. 3.9). BrB and tumours were
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Fig. 3.9. Prevalence of each disease category at Lizard Is., No Name Reef and Heron Island in
summer 2003, based on surveys of two sites per reef. Prevalence (per disease category) is calculated
relative to the number of hard coral colonies examined at each reef for all disease categories except
BNS (calculated relative to total number of gorgonian colonies) and unidentified syndromes (cal-
culated relative to number of scleractinian and alcyonacean colonies combined). Total number of
cases of each disease category recorded at each reef is shown above the appropriate histogram
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uncommon on all reefs, although twice as many cases of BrB were recorded at
Heron Is. in the southern sector compared to the two reefs in the northern sec-
tor. Among disease states, black necrosing syndrome (BNS) had the highest
prevalence, but the syndrome was restricted to gorgonians, which represent
only a minor component of the community. Among hard corals, white syn-
drome (WS) attained the highest prevalence of any of the disease categories at
Heron Is., where 424 cases were recorded (survey area = 240 m?; Fig. 3.9). Al-
though WS was the most prevalent hard coral disease on Heron Is. reefs, skele-
tal eroding band (SEB) was the most prevalent on Lizard Is. reefs. Overall, WS
and SEB were the two most common diseases on all reefs. Black band disease
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Fig. 3.10. Prevalence of seven disease categories in scleractinian families at a Lizard Is. (n=4
sites x 3 transects), b No Name reef (n=2 sites x 3 transects) and ¢ Heron Is. (n=2 sites x 3
transects) in summer 2003. Prevalence (per family) is calculated relative to the total number of
colonies examined in the respective family at each site
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(BBD), which was grouped with unidentified cyanobacterial syndromes,
tended to be the third most common disease and was present on all three reefs,
although it affected only a very low proportion of colonies on Heron Is. reefs.
Brown band (BrB) was also present on all three reefs, but generally with lower
prevalence than BBD, although the pattern was reversed on Heron Is. reefs. In
summary, five of the seven disease categories were present on reefs in all three
locations (i.e. WS, SEB, BBD, BrB, and tumours), the exceptions being pig-
mented spots on Porites (PS) and black necrosing syndrome (BNS), which
were not recorded from southern sector reefs (Fig. 3.9).

Disease prevalence varied among scleractinian families (y2=130.460, df=4,
P<0.001), being greatest in the Pocilloporidae and Acroporidae at all three reefs
(Fig. 3.10). When all disease categories were combined, disease prevalence in the
northern sector was greatest (16.8%) in the family Pocilloporidae, but in the
southern sector, it was greatest (7.8%) in the family Acroporidae. Otherwise, pat-
terns of disease prevalence were consistent at all three reefs, decreasing in the
Poritidae and further still in the Faviidae to a minimum prevalence of 0.8% in
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Fig. 3.11. Mean prevalence (+SE) of all diseases in scleractinian families at Lizard Island in
winter 2002 vs. summer 2003 (n=2 sites x 3 transects) compared to mean (+SE) percent cover of
each family in summer 2003 (n=2 sites x 3 transects). Prevalence (per family) is calculated rela-
tive to the total number of colonies examined in the respective family in each season
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faviids on Heron Is. reefs. Interestingly, the high prevalence of disease in the
pocilloporids on Lizard Is. reefs was despite the mean percent cover of this fam-
ily being the lowest of the five family groups on these reefs (Fig. 3.11).

The major families (Pocilloporidae, Acroporidae, Poritidae and Faviidae)
were each host to four to five diseases, with WS, SEB and BBD infecting corals
in all four families (Fig. 3.10). SEB and WS were generally the most common
diseases affecting pocilloporids and acroporids in both sectors, followed by
BBD and BrB. The high prevalence of WS on Heron Is. sites (Fig. 3.9) is mostly
explained by its high prevalence in acroporids; the proportion of colonies af-
fected by WS being two times greater in acroporids than in pocilloporids at
these sites. SEB was the dominant disease affecting pocilloporids and acro-
porids on Lizard Is.and No Name reefs. BBD showed highest prevalence at Liz-
ard Is., where it disproportionately affected faviid corals. BrB affected a low
proportion of corals (<0.31%) on all three reefs, targeting particularly acro-
porids, but also pocilloporids and faviids. Poritids were host to WS, SEB, BBD
and PS on both Lizard Is. and No Name reefs in the northern sector, but were
only affected by SEB on Heron Is. in the southern sector. In the northern sector,
pink pigmented spots (PS) were found on 0.97% of poritids on Lizard Is. reefs
and 0.17% on No Name Reef, the only syndrome other than tumours (in this
study) that was restricted to one family. Tumours were found only on acro-
porids, and only on a low proportion (<0.13%) of colonies on each reef.

Within the Acroporidae and Pocilloporidae, WS affected at least 9 and 4 spe-
cies respectively,and SEB at least 18 and 5 species respectively (Table 3.1). Colo-
nies of other scleractinian families were also observed to be diseased, notably
SEB affected fungid and merulinid colonies and BBD and unidentified cyano-
bacterial syndromes affected pectinid, mussid, dendrophylliid and siderastreid
colonies (Table 3.1).

Table 3.1. Species and growth forms or taxonomic groups (if species not identified) of cni-
darians displaying symptoms of seven potential disease states during regional prevalence sur-
veys on Lizard Is. (L), No Name (N) and Heron Is. (H) reefs in January 2003. Total number of 1)
scleractinian families or alcyonarian orders and 2) minimum number of species affected by each
of the potential disease states are shown

Disease state
Family or order Species/ growth WS SEB BrB BNS BBD Tumour Uniden-

form tified
Acroporidae Acropora NL NH HNL - L - HL

hyacinthus

A. cytherea - HL L - - - H

A. nasuta - L - - L - _

A. millepora - L - - L - L

A. subulata - - H - - - _

A. tenuis - - - - - - H

A. latistella L - - - L - L
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Disease state

Family or order Species/ growth WS SEB BrB BNS BBD Tumour Uniden-
form tified
A. cerealis - - N - -
A. valida - H H H H
A. secale - - N - -
A. humilis - N - N -
A. gemmifera - NL - L -
A. monticulosa - L N - L
A. elseyi - - - L -
A. microphthalma - HL - L -
A. loripes - L - L -
A. austera - H - - H
A. yongei - L L L -
A. muricata - HNL HNL HL HL
A. grandis - L L - -
A. florida - - L -
A. intermedia - HL HL - H
A. palifera - H L - H
A. cuneata - - - N -
A. cuneata/palifera - - - - N
A. brueggemanni - - - - L
Tabular Acropora  NL NL NL NL N
Staghorn Acropora  HNLHNL NL L HL
Corymbose HNLHNL HN L HNL
Acropora
Digitate Acropora HNL HNL N NL NL
Bottlebrush HL HNL - HL NL
Acropora
Bushy Acropora NL NL - L L
Isoporan Acropora HN HNL H NL HNL
Astreopora spp. L HL - L L
Montipora spp. L HNL H HN HL
L
Pocilloporidae Pocillopora - N N - -
meandrina/verrucosa
P. verrucosa - L - L -
P. eydouxi - NL - L N
P. damicornis HNLHNL L NL HNL
Seriatopora hystrix - L - L -
Seriatopora spp. HN HL - NL L
Stylophora pistillata HN  HNL - NL NL
Other pocilloporids NL HNL N NL HNL
Poritidae Porites spp. NL NL - NL NL
Fungiidae - H - - -
Pectiniidae - - - L L
Mussidae - - - L NL
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Disease state
Family or order Species/ growth WS SEB BrB BNS BBD Tumour Uniden-

form tified
Merulinidae Hydnophora rigida - L - - - - L
H. microconos - - - - - - L
Faviidae Favia, Favites or HNLL - - L - HNL
montastrea spp.
Favia stelligera N - - - - - -
Goniastrea or NL L - - L - HNL
Platygyra spp.
Echinopora sp. - L L - L - -
E. horrida - L - - - - -
E. mammiformis L - - - - -
E. lamellosa - L - - - - L
Other faviids NL L L - L - NL
Dendrophylliidae ~ Turbinaria sp. - - - - L - L
Siderastreidae Psammocora - - - - L - -
digitata
O: Alcyonacea Sinularia sp. - - - - H - -
Lobophytum sp. - - - - L - -
Other alcyonaceans - - - - L - NHL
O: Gorgonacea Isis sp. - - - NL - - L
O:Hydrocoral- Millepora sp. - - - - L - L
lina
Number of families/ 4 6 3 1 10 1 11

orders affected

Minimum number 17 31 16 1 32 4 30
of species affected

3.3.3.3
Seasonal and Habitat (Wave Exposure) Patterns in Disease Prevalence

Disease prevalence was higher in summer than in winter on sheltered Lizard Is.
reefs (F=78.13,df=1,P<0.001; Fig. 3.11).In particular, mean disease prevalence
in summer (January 2003) was more than 15-fold greater in acroporids, more
than 12-fold greater in faviids and approximately doubled in pocilloporids
compared to the preceding austral winter (July 2002). Seasonal patterns of in-
creased disease prevalence in summer in most coral families corresponded to
striking increases in the number of cases of disease in all categories except tu-
mours and pigmented spots on Porites (Fig. 3.12). In particular, disease inci-
dence was high for WS (increased from 0 to 81 cases), SEB (~20-fold increase to
342 cases), BBD and unidentified cyanobacterial syndromes (~8-fold increase
to 95 cases), but moderate for BrB (increase from 1 to 12 cases) (Fig. 3.12). In
addition, the number of cases of BNS on gorgonians and unidentified syn-
dromes increased in summer (the latter 14-fold).
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Fig.3.12. Prevalence of seven disease categories of hard corals at Lizard Island in winter 2002
compared to summer 2003, based on surveys of two sites. Prevalence (per disease category) cal-
culated as in Fig. 3.9. Total number of cases of each disease category is shown above the appropri-
ate histogram

Among hard corals, disease prevalence was greater on sheltered than exposed
sites at Lizard Is. (F=298.23, df=1, P=0.003). This pattern was largely the result of
the more than two-fold greater disease prevalence on acroporids at sheltered
compared to exposed sites (F=31.22, df=1, P=0.031). Disease prevalence did not
differ significantly between the two exposure habitats for the three other major
families (Pocilloporidae, Poritidae, Faviidae).

3.3.34
Relationship Between Percent Coral Cover and Disease Prevalence

There was no correlation between mean disease prevalence and mean percent
cover of all groups (scleractinian, alcyonaceans and gorgonians combined) at
the eight sites surveyed (Fig. 3.13). There was more than a two-fold range in
both mean disease prevalence (varying between 5.2+0.98% on the reef front at
No Name Reef in the northern sector to 12.8+3.02% at Little Bay, Heron Is. in
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Fig. 3.13. Geographic patterns in mean disease prevalence (+SE) in all groups (hard corals, soft
corals and gorgonians combined) compared to mean percent cover (£SE) of all groups at each reef
in summer (January) 2003 (n=3 transects per site). Prevalence (per site) is calculated relative to the
total number of scleractinian, gorgonian and alcyonacean colonies examined at each site

the southern sector) and mean percent cover (varying between 36.0+6.84% at
Lizard Head to 70.2+3.05% at Little Bay) over the eight sites. However, despite
mean disease prevalence being highest where mean percent cover was highest,
it was also lowest where mean percent cover was second highest.

3.3.4
Discussion and Conclusions

Our review of disease records to date reveals the presence of at least eight dis-
ease states on the Great Barrier Reef (GBR) and at least another four elsewhere
in the Indo-Pacific. Although this approximates to only half of the 22 diseases
so far recorded from the Caribbean, the global coral disease hot spot (Green
and Bruckner 2000; Weil, this Vol.), most of these records are from the last
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10 years and as a result of comparatively minimal research effort. Given that
the first record of coral disease in the Caribbean was 30 years ago (Antonius
1973) and that observations have been escalating ever since (Harvell et al.
1999), the rate of discovery of new syndromes and diseases may accelerate in
the Indo-Pacific as research becomes more focused and reefs come under in-
creasing pressure from a plethora of environmental issues. In particular, with
more than 80% of reefs in SE Asia under medium to high threat from activities
like over-exploitation of resources and coastal developments (Bryant et al.
1998) and with predicted increased sea temperatures associated with global
climate change (IPCC 2002) likely to augment pathogen virulence (Harvell et
al.2002; Rosenberg and Ben-Haim 2002), environmental conditions in the next
few decades are poised to foster increasing incidence and spread of disease on
Indo-Pacific reefs. The presence of a number of pathogens on the Great Barrier
Reef that have had major impacts on the structure of Caribbean coral commu-
nities, such as black band disease and potentially one or more of the white
band or plague diseases within the white syndrome category (Gladfelter 1982;
Bruckner and Bruckner 1997; Richardson 1998; Richardson and Aronson
2002), emphasises the gravity of the threat posed by predicted environmental
changes for coral reefs in this region.

One of the greatest causes for concern is the 22- to 150-fold increases in the
abundance of white syndrome on outer-shelf reefs in the northern and southern
sectors of the GBR that have been detected over the last 5 years by the Australian
Institute of Marine Science Long Term Monitoring Program (AIMS LTMP). The
occurrence of these striking increases on reefs separated by 1200 km indicates
that conditions promoting the spread of the syndrome are widespread and ex-
tend from the northern to southern sectors of the GBR. The lack of association
between the abundance of Drupella spp. and the abundance of WS suggests that
GBR Drupella species are not major vectors in the transmission of WS, in con-
trast to previous positive correlations between D. cornus and abundance of
white diseases found in the Red Sea (Antonius and Riegl 1997, 1998). Curiously,
patterns of increasing abundance of WS are correlated with increasing distance
of reefs from the coast and are associated with high mean percent cover of hard
corals. Furthermore, the significant and positive relationship between changes
in percent coral cover and changes in WS abundance on outer-shelf reefs, where
the greatest increases in WS abundance have been recorded, further implicates
increases in coral cover as playing a role in the spread of WS. The pattern of
greatest occurrence of WS on outer-shelf reefs, where anthropogenic impacts
are least, indicates that WS abundance is unlikely to be directly caused by human
activities or terrestrial sources of pollution. The increasing abundance of WS
with increasing percent coral cover could reflect either increased pathogen
transmission or host vulnerability as coral assemblages become more crowded
and approach carrying capacity, or it could reflect increased pathogen suscepti-
bility as colonies age.

In the absence of other identifiable disturbances, the association between ris-
ing WS abundance and declining rates of increase or negative trends in percent
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coral cover on some reefs, suggests high WS abundance may be contributing to
the lower than predicted (from rates of change prior to the rise of WS) percent
covers attained on these reefs. Given that we found the prevalence of WS to be
higher on two of the three reefs surveyed in the regional disease prevalence
surveys (5.44% on Heron Is. Reef and 2.11% on No Name Reef) than prevalen-
ces recorded for most of the white band (WB) and white plague (WP) diseases
that have been so destructive in the Caribbean [range: 0.01-1.85%, except for
3.62% prevalence of WPI in Florida (Dustan 1977); reviewed in Weil, this Vol.],
establishing the causative agent(s) of white syndrome on the GBR must be con-
sidered an urgent priority.

The regional disease prevalence surveys revealed equally disturbing patterns
in disease occurrence on the GBR. The overall mean disease prevalence of 8.97
+0.79% at eight sites in the northern and southern sectors of the GBR in sum-
mer 2003 is higher than the 5.38+1.2% mean disease prevalence that has been
recorded in comparable surveys of 28 Caribbean sites in the past 4 years (Weil,
this Vol.). Although we surveyed sites in regions identified as having the high-
est abundance of WS in the large-scale surveys, nevertheless the Caribbean
surveys included some of the most impacted sites within the biogeographic
reef region, for example Jamaica, which had a mean disease prevalence of
16.21%£1.55% in 1999, and Mexico, which had mean prevalence of 10.91+1.57%
in 2002 (Weil, this Vol.). The lowest mean prevalence on GBR sites (5.16+0.98%
at the reef front site at No Name Reef, an outer-shelf reef in the northern sec-
tor) was similar to the overall mean prevalence of the Caribbean sites, although
the highest GBR disease prevalence (12.89+3.02% at the Little Bay site on
Heron Is. in the southern sector) was somewhat less than the highest Carib-
bean prevalence (16.21£1.55% in Jamaica; Weil, this Vol.). The lower disease
prevalence at No Name than at Lizard Is. sites is contrary to the patterns of WS
abundance recorded on the same reefs in the large-scale AIMS LTMP surveys,
but may reflect the shallower depth of transects and, hence, the higher wave
energy habitats that were surveyed in the disease prevalence study. The lower
disease prevalence found on the shallower transects accords with the pattern
of lower disease prevalence on exposed sites found for hard corals on Lizard Is.
reefs, particularly for the family Acroporidae. Overall, the increasing abun-
dance of WS recorded by the AIMS LTMP surveys in all GBR sectors but one
(Townsville sector) and in all cross-shelf locations (inner-, mid- and outer-
shelf) in the past 5 years highlights the need for a co-ordinated, large-scale
program to establish baseline levels of disease prevalence at key sites through-
out the GBR, against which to judge whether disease incidence is increasing.

Until more is known about the etiology of GBR and Indo-Pacific coral dis-
eases, it is difficult to compare prevalence of specific diseases reported here with
those in the Caribbean. Black band disease (BBD) is the only disease that is com-
mon to the two reef regions, although it appears that there are further
cyanobacterial species associated with BBD-type infections in both the GBR
and the Caribbean (see Sect. 3.2.1). Assuming that BBD records in both regions
may encompass a variety of cyanobacterial agents and are thus comparable,



100  BETTE L. WiLLIS, CATHIE A. PAGE, ELIZABETH A. DINSDALE

the BBD prevalence we found on Lizard Is. reefs (1.7%) is similar to BBD preva-
lence on Caribbean reefs (0.2-6.0%; reviewed in Weil, this Vol.), however, BBD
prevalence was lower on the two outer-shelf GBR reefs (0.01% at Heron Is.,
0.51% at No Name Reef) than was generally found on Caribbean reefs. The
very low and stable abundance of BBD throughout the past 5 years in the AIMS
large-scale survey program, in combination with the higher prevalence found
a decade ago at the Lizard Is. study sites (Dinsdale 2002), suggests that BBD is a
common component of pathogenic assemblages on GBR corals but, as in the
Caribbean, it rarely reaches outbreak proportions.

Prevalences of other diseases on the GBR were generally low (<1%), with the
exception of skeletal eroding band (SEB) on hard corals and black necrosing
syndrome (BNS) on gorgonians. The occurrence of SEB at all sites in the south-
ern and northern sectors (1.4-5.7% prevalence) and the range of hosts (at least
32 species in 6 scleractinian families) suggest that it is a widespread, generalist
pathogen. Although direct comparisons of the prevalence of SEB found in our
surveys at Lizard Is. (5.7%) with previous records of SEB at the same reef in
1998 (season unknown) are not possible given the semi-quantitative nature of
the latter surveys (Antonius and Lipscomb 2001), it is likely that the 344 SEB
cases in 240 m? represents, if anything, an increase in abundance over the
13-25 cases/30-min swim recorded in the previous study. However, the nearly
eight-fold increase in prevalence of SEB that we found between winter and
summer on Lizard Is. reefs suggests that comparisons are only valid if reefs are
surveyed in the same season. Prevalence of BNS also increased in summer on
Lizard Is. reefs, infecting more than 25% of gorgonian populations compared
to 13% in winter. The year-round high prevalence of BNS suggests that it may
have a major impact on gorgonian populations on Lizard Is. reefs.

Patterns in disease prevalence among families suggest the faster growing cor-
als in the families Acroporidae and Pocilloporidae are disproportionately tar-
geted by pathogenic microorganisms, including cyanobacteria and protozoans.
Although acroporids dominated coral benthic cover at Lizard Is. sites (and at all
other sites), the pattern of very low percent cover of pocilloporids despite high
disease prevalence in both winter and summer, indicates that pathogens are not
necessarily keying into the most abundant or spatially dominant corals. In con-
trast, disease prevalence in the two slow-growing massive families, Poritidae and
Faviidae, was less than half that of pocilloporids, despite their 2.5-7.5 times
greater percent cover. It is possible that corals with fast growth have less well-de-
veloped disease resistance strategies as a consequence of life histories that chan-
nel resources into growth for space monopolisation rather than into mainte-
nance activities, whereas massive corals that tend to be more committed to
confrontational strategies (Jackson 1979), may have evolved greater disease re-
sistance. The tendency for WBD epizootics in the Caribbean to disproportion-
ately affect acroporids (e.g. Gladfelter 1982) supports the hypothesis that faster
growing corals may have decreased disease resistance. However, more extensive
testing of patterns in host susceptibility among coral families is required before
life history patterns in disease resistance can be identified.
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3.3.5
Some Unresolved Questions and Future Research

There are a myriad of unresolved questions that should be tackled with some ur-
gency to begin to address questions concerning the impact of coral disease on
the Great Barrier Reef and the wider Indo-Pacific. Foremost, surveys of disease
prevalence on reefs representative of the major habitats and community types
throughout the region are required to better document the full range of patho-
gens and establish a baseline against which to judge whether disease incidence is
increasing. Although rapid surveys of the number of cases of disease identify
general trends, more detailed disease prevalence surveys are preferred to accu-
rately estimate the impact of disease on coral populations and assemblages. A
key objective will be to determine rates of mortality caused by disease and to put
them into context with mortality caused by other disturbance agents on Indo-
Pacific reefs, such as bleaching events, cyclones and Acanthaster planci out-
breaks.

The modular nature of corals raises another set of issues regarding the im-
pact of disease on coral populations that should be addressed concurrently.
Whereas disease impacts the whole animal in unitary organisms, modular or-
ganisms may suffer partial mortality, which compromises colony fecundity,
but does not reduce population size. Thus, in addition to establishing disease
prevalence and rates of mortality attributable to disease within populations, it
will be equally important to determine rates of disease spread and tissue loss
within colonies and their associated impacts on colony fecundity and growth,
to fully understand the impact of diseases on coral populations. The limited
nature of current knowledge of the etiology of Indo-Pacific coral diseases is a
major impediment to determining reservoirs and vectors involved in disease
transmission, both of which are keys to the management of potential epizoot-
ics. Therefore, another critical focus for future research is molecular and mi-
crobiological studies to characterise and identify pathogens associated with
currently uncharacterised disease states, particularly white syndrome. There
is some urgency to initiate research in each of these areas given that impacts of
global climate change are likely to include decreased resistance and increased
susceptibility of coral hosts, potentially in combination with increased viru-
lence of pathogens. In conclusion, without a concerted effort to characterise
the impacts of coral disease on GBR coral communities as well as the patho-
gens associated with coral diseases, including their patterns of spread, origins,
reservoirs and vectors, our ability to develop effective strategies to manage
disease on the Great Barrier Reef is limited.
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