
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 269: 131–139, 2004 Published March 25

INTRODUCTION

Coral recruitment is a crucial precursor to recovery
of reefs damaged by disturbance events (Connell 1997,
Syms & Jones 2000). Settlement and recruitment pat-
terns can vary according to the cover of live coral in the
source populations, abundance and diversity of the
pool of coral larvae, hydrodynamic variation, grazing
pressure, light levels, and connectivity between reefs
(Sammarco 1980, Wallace 1985, Done 1992, Maida et
al. 1994, Roberts 1997, Hughes et al. 1999). Recruit-
ment has been studied after several types of distur-
bances including bleaching (Gleason 1996, Edwards et
al. 2001, Loch et al. 2002), cyclones (Connell et al.
1997), crown-of-thorns starfish (Acanthaster planci)
infestations (Wallace et al. 1986, Harriot & Fisk 1989),
ship groundings (Smith 1988), and dynamite fishing
(Nzali et al. 1998). Nzali et al. (1998) found signifi-
cantly lower recruitment at a blasted, low coral cover
site than at an unblasted, high coral cover site in Tan-

zania. However, other studies have shown that recruit-
ment can remain high in the absence of local adult
coral populations (Harriott & Fisk 1988). Sites that are
recruitment-limited may not recover naturally, so may
need additional intervention such as coral transplanta-
tion (Edwards & Clark 1998). 

Settlement tiles, onto which coral larvae attach and
can thus be examined microscopically, are useful for
determining general trends in larval availability, and
have provided insight into local and regional patterns
of recruitment (the point at which corals become visi-
ble to census; Harrison & Wallace 1990). Growth and
survival of settled spat can be influenced by a variety
of post-settlement mortality processes (Bak & Engel
1979, Babcock 1991, Connell et al. 1997, Smith 1997).
Studies of early recruitment to tiles have been
conducted primarily on the Great Barrier Reef
(Wallace 1985, Harriott & Fisk 1987, 1988, 1989, Fisk &
Harriott 1990, Baird & Hughes 1997, Dunstan & John-
son 1998, Hughes et al. 1999) and other parts of
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Australia (Harriott & Banks 1995, Har-
riott 1999), as well as in the Caribbean
(Bak & Engel 1979, Rogers et al. 1984,
Gunkel 1997), Bermuda (Smith 1992),
Hawaii (Fitzhardinge 1988, E. Brown &
S. Kolinski pers. comm.), and Florida
(Smith 1997), with fewer in east Africa
(Nzali et al. 1998) and the south-
central Pacific (Gleason 1996). Tomas-
cik et al. (1996) reported rapid coral
colonization of a lava flow in the Banda
Islands (also in eastern Indonesia),
although they did not use settlement
tiles to examine early recruitment. Few
published accounts exist that provide
larval recruitment data for the region
of highest coral biodiversity, the Indo-
west Pacific (but see Nacua & Alino
1994, Raymundo & Maypa 1997, Reyes
& Yap 2001).

The study presented here assessed
settlement and early recruitment of
coral spat in blasted and unblasted
sites as part of a larger project assess-
ing natural coral recovery and rehabil-
itation techniques in large rubble
fields created by blast fishing. Blast
fishing in Indonesia originated with
excess munitions from World War II,
and today consists of homemade
kerosene and fertilizer bombs packed
in glass or plastic bottles (Pet-Soede &
Erdmann 1998). The detonated bombs’
shockwaves not only kill fish and other
organisms within the 1 to 5 m blast
radius, but also pulverize the coral
skeletons themselves (Alcala & Gomez
1987, McManus 1997). 

The objectives of this study were (1) to provide the
first estimates of larval coral recruitment to settlement
tiles in eastern Indonesia, including seasonal and taxo-
nomic variation; (2) to determine if there were differ-
ences in settlement of coral spat between blasted, rub-
ble-dominated sites and unblasted, coral-dominated
sites, and (3) to assess settlement levels in the blasted
sites to determine if sufficient recruitment exists to
support natural recolonization of rehabilitation treat-
ments. 

MATERIALS AND METHODS 

Study site. Komodo National Park (KNP), in eastern
Indonesia between the major islands of Sumbawa and
Flores (08° 29–38’ S, 119° 33–43’ E, Fig. 1), is biologi-

cally diverse with many different reef types and many
rare species (Best & Boekschoten 1988). The Snellius-II
expedition in 1984 recorded 225 species from NE
Komodo (Best et al. 1989), and a Rapid Ecological
Assessment (REA) conducted in 1995 estimated ~260
species of reef-building corals and ~1000 fish species
in KNP (Holthus 1995); G. Allen has collected 736 fish
species from Komodo (Tomascik et al. 1997). The REA
also estimated that more than 50% of the coral reefs
inside the park had suffered damage from destructive
fishing practices, primarily blast fishing, which has
occurred at varying levels in KNP since the early 1950s
(Holthus 1995). 

Plots ~30 × 10 m were established 6 to 10 m deep
within 9 rubble fields created by chronic blast fishing.
Sites selected from previously identified rubble fields
500 to 3000 m2 in size (Fox et al. 2001) spanned the NE
quadrant of the park, and represented a variety of cur-
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Fig. 1. Komodo National Park showing locations of blasted (##) and unblasted
(r) sites. The key for the 2-letter codes is shown; paired sites are connected by
dashes. Sites in the key marked with * were not used in the mixed-model 

ANOVA. Park boundaries are marked with dashed lines
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rent strengths (Fig. 1). Relative current strength was
measured using dissolving plaster-of-Paris blocks
(~45 g initial weight, 3 hemispherical blocks per site at
each of 3 separate 24 h time periods) (Jokiel & Morris-
sey 1993). Numbers of visible juveniles in the rubble
fields (~1 cm and larger diameter) were assessed every
6 mo over 3 yr (1998 to 2000) by surveying location,
number, size, life form and taxon (if known) of hard
coral recruits within 10 randomly selected 1 × 1 m
quadrats per site (Fox et al. 2003). Plots ~30 × 10 m
were also established near 6 of the rubble fields
(within ~0.5 to 6.5 km) on reefs that were relatively
undamaged by blasting and also had varied current
strengths (Fig. 1). These ‘unblasted’ sites were not nec-
essarily unimpacted, as it is impossible to know the
past history of most sites in KNP, and there are few, if
any, locations that have been free from all anthro-
pogenic impact. However, these sites did have much
higher live coral coverage and much lower abundance
of rubble: unblasted sites had an average of 59% live
coral and 7% rubble compared to blasted sites, which
had an average of 5% live coral and 82% rubble (Fox
2002; assessed using line-intercept transects, English
et al. 1997). 

Settlement tiles. Settlement tiles were deployed in
the rubble fields and in adjacent paired high coral
cover sites. The settlement tiles were 10 × 20 × 0.7 cm
in size with a terra cotta front (‘glazed’) and unfinished
back surface (‘unglazed’). Pairs of tiles were sand-
wiched around a narrow wooden plank (~30 × 2.5 ×
1.5 cm) to create a gap of approximately 1 to 2 cm be-
tween the tiles (Fig. 2). The gap provided a protected
environment favorable to coral settlement (Harriott &
Fisk 1987, 1988). One glazed and 1 unglazed surface
from each tile faced into the gap for a total of 4 face
surfaces: glazed gap, unglazed gap, glazed outer,
unglazed outer. Five pairs (10 tiles per site) were in-
stalled in 9 blasted and 6 unblasted sites, 1 at each cor-
ner of the 30 × 10 m plot and the fifth in the center. 

While Mundy (2000) suggested that it is preferable to
deploy settlement plates attached directly to the reef
surface, this was not practical in this case, because the
rubble field did not form a solid substrate (nor did the
standing, branching coral at many locations in the
unblasted sites). Furthermore, the rubble shifts signifi-
cantly over the course of days and months (Fox et al.
2003), which would bury plates deployed at substrate-
level. Therefore, each tile pair was attached to rebar
posts driven into the substrate so that the tiles were
approximately 25 cm (± 5 cm) above the substrate and
were vertically oriented (Fig. 2). This orientation was
selected to reduce sedimentation (Fisk & Harriott 1990)
and enhance settlement (Babcock & Mundy 1996).
Tiles were collected and replaced approximately every
6 mo, starting in April 1998 for 3 rubble sites (BZ, NK,

NP) and October 1998 for the remaining 6 rubble sites.
Tiles for the 6 unblasted sites were first deployed in
April 1999. The final collection for all tiles was in Octo-
ber 2000. ‘SE monsoon’ seasons were April to October,
and ‘NW monsoon’ seasons were October to April. 

Collected tiles were bleached in a dilute chlorine
solution, sun-dried, and each face of the tile was exam-
ined with a dissection microscope (100 to 500×). The
tile edges were not examined. Cartesian locations on
the tile face (to the nearest cm), size (measured with a
micrometer in the microscope ocular), and, where pos-
sible, family of the coral spat, were identified. Using
the Cartesian locations, the tile faces were divided into
an outer border 2 cm in width (104 cm2) and the
remaining central area (96 cm2) to compare settlement
on borders vs the central area (Fig. 2). Standardized
recruitment rates were calculated (number of spat in
blasted or unblasted sites m–2 yr–1, Smith 1992). 

Statistical analysis. Data were transformed as ln
(x+1) to homogenize variances. Homogeneity of vari-
ances was tested with Cochran’s C (Winer et al. 1991).
For analysis of differences in settlement between
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Fig. 2. Left: top view of settlement tile pair with planks (gray
rectangle) in between the gap. Tiles are 20 cm wide by 10 cm
high. The dark shading represents the glazed side of the tile,
so that 1 glazed and 1 unglazed surface face into the gap (1 to
2 cm wide). Right: Photograph of settlement tile pair deployed
in a rubble field. Bottom: schematic showing the center and

border areas of each tile face
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blasted and unblasted sites and between seasons, a
mixed model ANOVA was constructed with site loca-
tions as a random block factor and blasted/not blasted
and season as fixed factors. Normality of residuals was
assessed using the Shapiro-Wilk test. Lost or broken
tiles were not used in the analysis. The paired sites
BP/LP (Back of Papagarang and Little Papagarang)
were eliminated from the mixed model ANOVA since
there were only 2 tiles (of 10 deployed) collected at the
unblasted site of Little Papagarang in October 1999,
although counts were included in the settlement totals
(Table 2). Wilcoxon signed rank tests were used to com-

pare settlement to glazed vs unglazed
and gap vs outer surfaces (since
assumptions of normality were not met
when data were split by family).
Kruskal-Wallis 1-way ANOVAs were
used to compare family differences in
settlement preferences and size of
spat.

RESULTS

Recruitment patterns

Recruitment to tiles was highly
variable across sites and seasons, and
was not correlated with current
strength (Table 1, Fig. 3, p > 0.05,
Pearson correlations, based on per-
cent dissolution of plaster blocks).
Most sites had an average of 3 to 20
spat per tile, for a total of 6530 scler-
actinian corals recruited to 527 tiles
of the 580 tiles deployed (400 at
blasted sites, 180 at unblasted sites).
Most of the 53 lost, broken, or miss-
ing tiles had been deployed at the
unblasted sites; perhaps more were
lost due to the greater fishing activity
at those sites (author’s pers. obs.).
The dominant families settling were
Pocilloporidae (44.7%), Acroporidae
(27.1%), and Poritidae (12%). The
remaining spat were unidentified
(16.3%). Acroporids settled primarily
in the NW monsoon months, while
pocilloporids and poritids did not dis-
play similar seasonal differences
(Table 1), though the NW monsoon of
2000 was a peak recruitment season
across families (Fig. 4). Overall, a
total of 62.2% of all spat settled in
the NW monsoon months, and 37.8%

settled in SE monsoon months. 
More recruitment occurred inside the gap between

tiles than on the outer tile faces (Fig. 5). This differ-
ence between the 2 surfaces varied by season, and
was driven by preferred settlement of pocilloporids
onto surfaces in the gap (Fig. 5; Kruskal-Wallis
ANOVA F = 15.6, p < 0.001). Acroporids settled more
commonly on the outer tile faces. Approximately
equal numbers settled towards the center and the
border (96 vs 104 cm2 in surface area) of the outer
faces, while 2 to 3 times as many spat settled towards
the border rather than in the center of the faces in the
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Source df MS Adjusted F p-value

All spat
Season (fixed) 2 9.46 17.21 p < 0.0025
Blasted/not (fixed) 1 0.15 0.00 ns
Paired sites (random) 4 7.53 17.32 p < 0.00005
Season × Blast 2 1.86 1.13 ns
Season × Paired sites 8 0.55 1.26 ns
Blast × Paired sites 4 32.14 73.94 p < 0.00005
Season × Blast × Paired sites 8 1.64 3.78 p < 0.00005
Error 245 0.43
Total 274

Acroporids
Season (fixed) 2 58.63 120.93 p < 0.0005
Blasted/not (fixed) 1 0.25 0.13 ns
Paired sites (random) 4 1.41 3.95 p < 0.005
Season × Blast 2 2.19 5.96 p < 0.05
Season × Paired sites 8 0.48 1.36 ns
Blast × Paired sites 4 1.97 5.53 p < 0.0005
Season × Blast × Paired sites 8 0.37 1.03 ns
Error 245 0.36
Total 274

Pocilloporids
Season (fixed) 2 1.77 2.76 ns
Blasted/not (fixed) 1 0.19 0.00 ns
Paired sites (random) 4 13.85 39.11 p < 0.00005
Season × Blast 2 2.70 1.47 ns
Season × Paired sites 8 0.64 1.81 ns
Blast × Paired sites 4 39.78 112.29 p < 0.00005
Season × Blast × Paired sites 8 1.84 5.19 p < 0.00005
Error 245 0.35
Total 274

Poritids
Season (fixed) 2 1.69 2.22 ns
Blasted/not (fixed) 1 8.23 3.66 ns
Paired sites (random) 4 6.34 20.35 p < 0.00005
Season × Blast 2 0.04 0.07 ns
Season × Paired sites 8 0.76 2.44 p < 0.05
Blast × Paired sites 4 2.25 7.23 p < 0.00005
Season × Blast × Paired sites 8 0.63 2.02 p < 0.05
Error 245 0.31
Total 274

Table 1. Mixed-model ANOVA of the effect of season, blast history, and paired
sites on numbers of scleractinian coral recruits to tiles (see Fig. 1 for site
pairings). From top: all corals, acroporids, pocilloporids, and poritids. Counts 
of spat numbers (+1) were ln-transformed. p-values are shown, unless not

signifficant (ns)
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gap (Table 2). No preference was evident for settle-
ment on the glazed terra cotta surface of the tile vs
the unglazed surface (Wilcoxon Signed Rank test,
p > 0.05). Pocilloporid recruits were largest, follow-
ed by acroporids and poritids/unidenti-
fied (Kruskal-Wallis ANOVA, F = 443.2,
p < 0.005), with a wide range for all families
(Table 3). Corals settling to the gap surfaces
were larger than those facing outward
(Wilcoxon signed rank test, p < 0.0001). 

Blasted vs. unblasted sites

Higher local coral cover did not necessarily
result in increased local settlement. No signif-
icant difference was found between settlement
to tiles at paired blasted vs unblasted sites for
either total coral counts (Tukey’s HSD post-hoc
tests for each season, p > 0.05, Fig. 6), or when
split by coral family (Table 1). Standardized
recruitment rates for Komodo National Park
averaged from 285 to 772 spat m–2 yr–1 at
blasted sites (pooled) and 337 to 570 spat m–2

yr–1 at unblasted sites (pooled, Site SB omit-
ted). An examination of the patterns of settle-
ment at the 5 deployment locations within

each 300 m2 site did not reveal any clear
differences, suggesting consistent
levels of settlement within 10 to 30 m.

Rehabilitation potential

Results indicate that blasted sites
are unlikely to be recruitment-limited,
as ample settlement occurred, ranging
from 270 to 900 recruits m–2 yr–1 at the
9 sites. The lowest and highest settle-
ment levels were in unblasted sites:
the lowest settlement was observed at
North Siaba (overall mean of 2.87 (±
0.77 SEM) spat per tile; standardized
recruitment rate of 135 m–2 yr–1), and
the highest settlement occurred at
Sabita Bay (59.44 (± 12.49 SEM) spat
per tile; standardized recruitment rate
of 2663 m–2 yr–1). Sabita Bay was the
only site to have consistently high
recruitment; at other sites, recruitment
varied across seasons as much as
across locations. 

Settlement to tiles at blasted sites (a
rough proxy for available coral source
larvae) was not correlated with the

numbers of visible coral juveniles found from survey-
ing the rubble substrate at each of those sites, suggest-
ing differential post-settlement survival of spat (Fig. 3,
p > 0.05, Pearson correlations). 
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DISCUSSION

Recruitment patterns

Although considerable variation existed across sites,
significant differences in coral settlement densities
between blasted and unblasted sites were not found,
suggesting that blasted sites are not recruitment-
limited. The average levels of scleractinian coral
recruitment to tiles in Komodo are comparable to rates
found for the Great Barrier Reef and higher than most
rates reported for Bermuda, the Caribbean, and other
parts of the Pacific (standardized recruitment for a
number of studies with tiles deployed from 3 to 12 mo,
as reported in Smith 1992).

Results indicate that source populations of corals
existed within the range for larval dispersal by cur-
rents. Currents in Komodo National Park are very
strong at some sites (Holthus 1995), which would lead
to considerable mixing and transport of larvae with the

ebb and flood tides. The minimum time it takes for
planulae to become competent to settle is 1 to 4 d for
many corals (Babcock & Heyward 1986). The maxi-
mum time larvae from brooders are predicted to
remain competent is at least 100 d (Richmond 1988,
Harii et al. 2002), and larvae of various species of
broadcast spawners have been found to remain com-
petent from 26 to 91 d (Harrison et al. 1984, Wilson &
Harrison 1998). Such competency periods would
enable considerable long-distance dispersal through-
out the Komodo region, although small-scale currents
also play a key role in settlement (Koehl et al. 1998).
The relative level of brooding vs broadcast-spawning
corals in KNP is unknown, although acroporids are pri-
marily spawners, pocilloporids are primarily brooders,
and poritids are mixed (Harrison & Wallace 1990).

Family differences drive the overall seasonal differ-
ences in settlement. Harriott & Fisk (1988) found that
pocilloporids recruited year-round in the northern
GBR; Gleason (1996) found this to be true for both
pocilloporids and poritids in Moorea, French Polyne-
sia. As in other studies (Harriott & Fisk 1988, Fisk &
Harriott 1990), acroporids in Komodo had a seasonal
peak in October through April, suggesting that their
spawning season occurs during this period. Synchro-
nized coral spawning in eastern Indonesia has not yet
been reported, although mass spawning was reported
in the central Java Sea during October and November
1995 (Tomascik et al. 1997).

The taxonomic difference in settlement to the tile
gap may be due to the different light intensity between
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Fig. 5. Mean difference (and SEM) in number of coral spat of
the main family groups, unidentified spat, and all spat,
between the gap and outer faces (200 cm2 each). Shared
letters are not statistically different. Dots above the zero line
settled preferentially in the gap; dots below the line settled

preferentially on outer tile surfaces

Sites Habitat No. m–2 spat center (tot. no.) No. m–2 spat border (tot. no.) Totals

Blasted sites; 381 tiles Gap 138.3 (506) 398.5 (1579) 273.6 (2085)
Outer 299.1 (1094) 247.3 (980) 272.2 (2074)

Unblasted sites; 146 tiles Gap 341.8 (479) 705.3 (1071) 530.8 (1550)
Outer 297.5 (417) 266.1 (404) 281.2 (821)

Totals 246.7 (2496) 368.0 (4034) 309.8 (6530)

Table 2. Distribution of numbers of coral spat per m2 (total numbers in parentheses) settling on the border vs. center areas 
of the tile faces (see Fig. 2) for both gap and outer faces in blasted and unblasted sites

Family Mean diameter Range Statistical 
mm SEM mm sig.

Acroporidae 1.67 (0.04) 0.5–22 A
Pocilloporidae 2.15 (0.04) 0.6–24 B
Poritidae 1.40 (0.05) 0.4–12 C
Unidentified 1.16 (0.02) 0.3–90 C

Table 3. Mean sizes (SEM) and range of colony diameters for
the main identified families. Rows which share letters are not
statistically different (Kruskal-Wallis ANOVA). Tiles were 

in place for approximately 6 mo
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the protected and exposed surfaces (Maida et al. 1994)
or the effect of current flow across the settlement plate
edges (Mullineaux & Butman 1991). Acroporids have
been shown to prefer high light intensity when settling
(Mundy & Babcock 1998), consistent with the findings
of increased acroporid settlement on outer tile surfaces
in this study. Larval preference for different light
regimes and/or habitats (crevices vs exposed) suggests
the presence of strong selective pressure on early
recruitment (Maida et al. 1994, Mundy & Babcock
1998). Spat that settled inside the gap were more likely
to do so on the outer border (Table 2), perhaps due to
the favorable light regime at the edges or simply
because the larvae reached the borders first. Maida et
al. (1994) also found far higher settlement at tile edges,
although they used horizontally stacked tiles rather
than the vertical arrangement used here.

In Komodo, corals inside the gap environment were
on average larger than those on outer surfaces, and
growth rates in general also appeared to be higher
than average for other regions. The growth rates of
coral spat seen here (Table 3; colonies reaching sizes
>20 mm in 6 mo) are much higher than those typically
reported (colonies rarely growing ~10 mm in the first
year, Harrison & Wallace 1990). 

Blasted vs. unblasted sites

Differences between mean numbers of spat in
blasted and unblasted sites in Komodo National Park
were not significant; there was no correlation between

local coral cover and recruitment to tiles (Fig. 3). This
result is in contrast to the blasted vs unblasted site
comparison in Tanzania reported in Nzali et al. (1998),
although in that study only 1 site of each type was
examined (at the northern and southern ends of Taa
reef, separated by ~2 km), so different current patterns
may have supplied different levels of source larvae. In
Komodo, settlement rates often varied considerably
between sites <2 km apart. The significant variation in
settlement across sites could have important implica-
tions for long-term recovery from blast fishing. Gain-
ing a better understanding of source populations and
connectivity patterns among reefs in Komodo National
Park would be an important next step in attempting to
understand this variation.

Rehabilitation potential

The results from this study are encouraging in the
context of reef rehabilitation potential for Komodo
National Park. Overall, recruitment levels are high,
and blasted sites show comparable levels of settlement
to unblasted sites, indicating that rubble fields are
unlikely to be recruitment-limited. High settlement on
tiles, however, does not translate to high numbers of
juveniles in the rubble fields. While the varying cur-
rent patterns at the different sites in the park probably
contribute to site differences in recruitment, there was
no direct relationship between current strength and
recruitment to tiles (Fig. 3). In contrast, it has been
shown that increased current strength led to decreased
survival of small corals that had recruited to rubble
fields (Fox et al. 2003). Most likely, current-induced
abrasion and rubble burial causes disproportionate
mortality in the period between initial settlement and
when the coral spat have grown large enough to be
detected during field surveys on the rubble. This set-
tlement study was conducted in the context of design-
ing effective rehabilitation methods to reduce post-
settlement mortality by creating stable structures (Fox
& Pet 2001, Fox et al. in press). With stable surfaces to
settle on, coral recruitment observed in restored areas
would likely be more comparable to that observed on
settlement tiles.
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