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ABSTRACT: Experiments were performed on the Great Barrier Reef, at Orpheus lsland (18" 40'S, 
145" 30' E) and Lizard Island (14" 41' S, 145" 28' E), Australia, to examine allelopathic effects of soft 
corals on the larval recruitment of scleractinian corals. Ceramic tiles were used as settlement plates and 
arranged around the soft corals Sinularia flexibilis (Quoy & Gaimard) and Sarcophyton glaucurn (Quoy 
& Gaimard), serving as treatments. One control consisted of stacks of settlement plates uninfluenced by 
any organism, while a second control had settlement stacks surrounding a scleractinian coral to control 
for depletion of larvae via feeding. Coral spat recruitment was approximately 7 times higher at Lizard 
Island (7032) than at Orpheus lsland (1038). The pattern of coral recruitment and relative abundances 
of coral recruits around the controls and soft corals, however, was similar at the 2 sites. The average 
density of coral spat was always significantly less around the soft corals than the controls, indicating 
that soft corals at each experimental site inhibited scleractinian coral recruitment. Coral recruitment 
levels were very similar for the 2 control treatments. Coral spat were asymmetrically distributed around 
the soft corals, and the distribution varied significantly with respect to the distance from the soft coral 
and the direction of the prevailing current at both Orpheus and Lizard Island. There was a significant 
negative correlation between coral spat density and current direction under both soft coral treatments 
and at both sites. No such response was observed in the controls. In a second experiment, scleractinian 
coral spat were exposed to settlement plates impregnated with the extract of S. flexibilis and control 
plates. Settlement only occurred on the untreated controls. 
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INTRODUCTION 

Alcyonacean soft corals produce a range of sec- 
ondary metabolites, principally terpenoids (Tursch et 
al. 1978, Sammarco & Coll 1988, Faulkner 1991, Coll 
1992). Several ecological roles have been attributed to 
these compounds, including defense against predation 
(Coll et al. 1982b, La Barre et al. 1986b, Wylie & Paul 
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1989, see also Van Alstyne & Paul 1992, Harvell et al. 
1993), competition for space (Sammarco et al. 1983, La 
Barre et al. 1986a, Dai 1990), gamete protection and 
sperm attraction in reproduction (Bowden et al. 1985, 
Coll & Miller 1992), and antifouling (Tursch et al. 1978, 
Bakus et al. 1986, Coll et al. 1987). 

Certain species of alcyonaceans release terpenoid 
toxins (Coll et al. 1982a), which act as allelopathic 
agents in competitive interactions with nearby sclerac- 
tinian corals (Sammarco et al. 1983). Coll & Sammarco 
(1983) demonstrated experimentally that some sec- 
ondary metabolites cause tissue necrosis and mortality 
in scleractinian corals in the laboratory and field 
(Sammarco et al. 1983). To date, however, all studies 
of chemically mediated interactions between alcyona- 

0 Inter-Research 1995 
Resale of full article not perrnjtteu 



192 Mar Ecol Prog Ser 119: 191-202, 1995 

cean and scleractinian corals have focused on adult 
colonies; none have focused on allelopathic effects on 
settlement success of scleractinian corals. 

There have been numerous studies on the Great Bar- 
rier Reef on the settlement of scleractinian corals 
including spawning (Harrison et  al. 1984, Babcock et 
al. 1986, Andrews et al. 1988), larval dispersal and 
recruitment (Sammarco & Andrews 1988, 1989, Sam- 
marco 1991, 1994), spatial and temporal variability in 
settlement (Sammarco 1983, Fitzhardinge 1985, Har- 
riott 1985, Wallace 1985, Babcock 1988), postsettle- 
ment mortality and juvenile growth (Babcock & Hey- 
ward 1986, Babcock 1988, Fitzhardinge 1988), and 
microhabitat preferences for settlement by coral larvae 
(Carleton & Sammarco 1987, Harriott & Fisk 1987). For 
related work from the Caribbean, Hawaii, and the Red 
Sea, see Vine (1974), Birkeland (1977), Bak & Engel 
(1979), Rinkevich & Loya (1979), Sammarco (1980, 
1982), Hughes (1985), Hughes & Jackson (1985), 
Shlesinger & Loya (1985), Hodgson (1990) and Szmant 
(1991). Few studies have considered the possibility of 
chemical mediation in the settlement of corals (Morse 
& Morse 1993, Pawlik 1992). 

In a preliminary experiment (Maida et al. 1995), the 
soft coral Sinularia flexibilis significantly inhibited the 
recruitment of scleractinian coral spat on nearby sub- 
strata. This effect was most intense at positions down- 
current from the soft coral. This inhibition of coral set- 
tlement may have been the result of the allelopathic 
effects of S. flexibilis, or of soft coral feeding on the 
scleractinian coral larvae. Here we attempt to dis- 
tinguish between these possibilities by comparing 
recruitment on plates placed around a planktivorous 
scleractinan coral that does not produce toxic sec- 
ondary metabolites. In a second experiment, extracts 
of S. flexibilis were used to determine whether they 
inhibit scleractinian coral settlement. 

Here we  demonstrate that soft corals do affect the 
success of settlement in scleractinian corals. 

ism (or small current meter; see Maida et al. 1993) was 
placed at the centre of each grid, with stacks of settle- 
ment plates radiating from the centre. The grids were 
positioned so that each was subjected to the same 
physical (e.g. depth, current) and biological (e.g. 
planktonic, demersal, sedimentary) conditions. 

Unglazed sides of ceramic tiles (15 X 15 cm), which 
have been used in studies of coral settlement on the 
Great Barrier Reef (Harriott & Fisk 1987, Fisk & Har- 
riott 1990), served as settlement substrata. Stacks of 
5 tiles were prepared by centre-drilling, mounting 
on stainless steel bolts, and separating the unglazed 
surfaces by 12 mm plastic spacers (Fig. la) .  A gap of 
12 mm (cf. 3 mm; Harriott & Fisk 1987) reduced the 
effects of predators and grazers on the settlement sub- 
strata while permitting the free flow of water through 
the gaps and allowing light to penetrate between the 
plates (see Maida et al. 1994). 

Three of the settlement stacks, separated by 10 cm, 
were bolted to a PVC sheet (15 X 65 cm; Fig. lb) .  Eight 
PVC sheets with attached stacks were affixed to each 
of the 4 steeI grids in a radial pattern from the centre of 
the grid to the 8 main directions of the compass (i.e. N,  
NE, E, SE, S, SW, W and NW; Fig. 2). Each PVC sheet 
(with settlement stacks) was attached to its steel grid, 
5 cm from the margin of the coral, creating sample dis- 
tances of 5, 30 and 55 cm from the organism (Fig. 2). 

The settlement plates are designed only to be repli- 
cates of distance within a direction from the soft coral 
(or control). Nothing more is implied or interpreted 
from them. The settlement plates are true replicates of 
distance and direction because of the settlement 
behavior of coral larvae and their scale of perception. 
In the terms of Levins (1968), coral planulae are 
coarse-grained organisms. They do not possess focus- 
ing eyes or strong swimming apparatus, and are only 

MATERIALS AND METHODS 

Field experiments. The experiment was performed a 
at 2 sites, Orpheus Island (18" 40' S, 145" 30' E) and 
Lizard Island (14" 41' S, 145" 28' E), Great Barrier Reef, 

l o w e r  unglazed 
surfaces 

Australia. At Orpheus Island, the experiment was per- 
formed on the southern fringing reef of Pioneer Bay, Fig. Schematic diagram Of  

the settlement plate units. 
beginning in early October 1990. At Lizard Island, the (a) Settlement stack contain- 
experiment was placed on the western fringing reef of ing 3 unglazed lower sur- 
Palfrey Island during early November 1990. faces and 2 unglazed upper 

At each site, the experiment comprised a set of 4 surfaces via a ten- 
tral bolt onto a PVC base; 

square galvanised steel grids, with sides 1.8 m in ( b l  Stacks of settlement 

length, mounted 40 cm above the bottom at a mean tiles, 10 cm apart from each 
depth of 4 m on the edge of a fringing reef. An organ- other on a PVC sheet 
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Fig. 2. Schematic representation of 1 grid showing the arrays 
of settlement plates mounted radially, starting 5 cm from the 

organism at the centre of the steel grid 

500 to 1200 pm in length. This limits them to perceiv- 
ing only a small portion of their total environment, and 
they tactilely respond only to their immediate sur- 
roundings within a distance of perhaps several mm, 
being unaware of the presence of other settlement 
substrata, which may be only 10 mm away. This con- 
cept has been discussed in greater detail by Sammarco 
(1994). 

The experiment consisted of 2 tl-eatments and 2 con- 
trols at each site. Treatment 1 was an array of settle- 
ment plates which was placed around a large colony of 
the soft coral Sinularia flexibilis (Quoy & Gaimard, 
1833) positioned in the centre of a steel grid. This treat- 
ment was designed to evaluate the directional effects 
of S. flexibilis on scleractinian coral recruitment as  
observed in the previous experiment (Maida et al. 
1995). Treatment 2 was an array which was placed 
around a large colony of the soft coral Sarcophyton 
glaucum (Quoy & Gaimard, 1833), another soft coral 
observed to cause necrosis in nearby scleractinian 
corals (Coll et al. 1982a, Sammarco et al. 1983). 

Control 1 was represented by a grid and associated 
stack array which bore no organism at its centre, to 
control for recruitment of scleractinian corals in the 
absence of neighbouring organisms which might influ- 
ence larval settlement. The current direction meter 
was positioned at the centre of this grid. Control 2 was 
represented by an array placed around a large sclerac- 
tinian coral colony, providing data on coral settlement 
around a planktivorous organism which does not pro- 
duce toxic secondary metabolites. The scleractinian 
coral used in the experiment a t  Orpheus Island was 

Porites cylindrica (Dana, 1846), and at Lizard Island 
was Ser~atopora hystrix (Dana, 1846). These corals 
were chosen because they had comparable polyp size 
and colony size, shape, and disposition to the soft 
corals used in the experiment. 

The experiments were initiated 4 wk prior to the 
annual peak of coral spawning for the respective 
regions (Harrison et al. 1984, Willis e t  al. 1985, Bab- 
cock et al. 1986). After 4 mo, 15 (of 288) settlement 
plates were analysed for settlement, and it was found 
that >95 % of recruitment at either site occurred on the 
lower unglazed surfaces (3 surfaces out of 5 per stack; 
see Fig. l a ;  see also Maida 1993, Maida et al. 1994). 
After 9 mo, all settlement stacks were collected, held In 
flow-through seawater tanks and disassembled. The 
settlement plates were placed in a perspex tray filled 
with seawater and analysed in vivo under a dissecting 
microscope. In order to facilitate visual processing of 
the settlement plates, larger pieces of branching and 
filamentous algae were removed with fine dissecting 
forceps and the plates were washed clear of sediment 
with flowing seawater. Coral spat recruits were 
assessed for density (number per plate, 225 cm2) on 
each of the lower unglazed settlement surfaces (288 
plates per site). Recruitment here is defined as  settle- 
ment followed by deposition of a recognisable skele- 
ton, irrespective of whether or not the spat were alive 
at the time of the analysis (sensu Wallace 1985). 

Laboratory experiment. Preparation of settlement 
tiles: Samples of Sinularia flexibilis were collected 
from Lizard Island, frozen at -20°C and freeze-dried. 
The freeze-dried coral tissue (236 g)  was extracted 
with dichloromethane (DCM, 10 m1 g-' dry weight of 
tissue) by soaking the ground tissue in a sealed vial for 
2 periods of 24 h and decanting the solvent from the 
sample after each extraction. The combined extract 
was evaporated to dryness using a rotary evaporator. 

Ceramic tiles were used as settlement substrata 
(7.5 X 7.5 cm). Twenty-five treatment tiles were im- 
pregnated by soaking the tiles in a solution containing 
10 g of Sinularia flexibilis extract dissolved in DCM 
(1 1). Twenty-one control tiles were soaked in DCM 
only. Four of the treatment tiles were kept for later 
extraction and estimation of the amount of extract 
incorporated. 

Recruitment choice study: Control and treatment 
tiles were placed on the bottom of 7 large plastic con- 
tainers with meshed side windows (250 I.lm mesh). The 
7 containers were placed inside 7 seawater aquaria 
with continuous water flow. The water levels of the 
aquaria were adjusted to just expose the top of the 
plastic containers, in order to permit a water flow 
through the meshed windows and to avoid overflow 
and loss of larvae. The experiment was performed 
under natural photoperiod conditions. 



194 Mar Ecol Prog Ser 

The experimental design utilized 2 aquaria contain- 
ing 6 control tiles in each, 2 aquaria with 6 treatment 
(coated with extract) tiles in each, and 3 aquaria with 
3 treatment and 3 control tiles in each. 

The experiment was carried out with coral planulae 
collected in November 1992 at Orpheus Island. Details 
of the methods of fertilization and larval rearing are 
described in Babcock & Heyward (1986). In the begin- 
ning of the experiment, approximately 500 coral larvae 
(4 d old) were transferred via pipette into each of the 
plastic tanks containing the settlement tiles. After 10 d,  
the settlement tiles were retrieved from the tanks and 
the coral spat were counted using a dissecting micro- 
scope. 

Data analyses: The field experiments followed a 
Model I 3-way factorial analysis of variance (ANOVA) 
design. The density of coral spat was assessed under 
the influence of the 3 factors: (1) type of organism at 
the center of the grid (Sinularia flexibilis, Sarcophyton 
glaucum, scleractinian coral and blank control); (2) 
directional disposition of the settlement plates relative 
to compass direction; and (3) distance of the settlement 
plates from the organisms. 

Prior to analysis, the data were tested for normality 
and homoscedasticity. When necessary, data were 
transformed to square root (y + 0.5) for purposes of nor- 
malization (see Sokal & Rohlf 1981, Zar 1984). 

Allelopathic responses (Williamson & Richardson 
1988) were estimated using an index which measures 
the treatment responses (T) in relation to their control 
responses (C). The index, called the Response Index 
(RI), is defined as follows: if T 2 C, then RI = 1 - (C/T);  
and if T < C, then R I  = (T /C)  - 1. To determine the 
allelopathic effect of soft corals on scleractinian coral 
recruitment, the treatment responses for the calcula- 
tion of the indices were considered to be the number 
of coral spat in a given position around the soft coral 
(i.e. at a given distance and direction). The control 
responses were considered to be the number of coral 
spat in the same relative position (i.e. distance and 
direction), but around one of the controls. Negative RI 
values indicated inhibition of scleractinian coral settle- 
ment on the plates; positive values indicated stimula- 
tion of coral settlement. Each treatment was compared 
to each control using Wilcoxon's Sign Test (Sokal & 
Rohlf 3.981). 

Local current direction data were collected using a 
small current direction meter (see Maida et  al. 1993) 
which provided data on the number of hours during 
which the local currents flowed in each of 8 compass 
directions. The current meter remained submersed for 
131 d at Orpheus Island and 160 d at Lizard Island. 

The relative effect of the current-borne allelochemi- 
cals at each position around the organisms was esti- 
mated with a simple geometric model, assisted by com- 

puter graphics. We took into consideration the sizes of 
the corals, the grid, the distance, direction and size of 
settlement stacks, and the 45" arc of a given current 
direction (e.g. for N, N * 22.5") and the time during 
which the toxins, released by the organism at the cen- 
tre of the grid, were carried to each position under the 
influence of local currents. This approach yielded sim- 
ilar values for all equivalent positions along each direc- 
tional axis because of the symmetry of the grid design. 

We will illustrate by example. Consider the settle- 
ment stacks along the north-facing axis. All 3 stacks - 
5, 30, and 55 cm from the corals -will experience the 
full effect of a current from the south. When the current 
flows from the SW, exposure of the settlement stacks 
along the north-facing axis will change. This is 
because the size of the soft coral (-60 cm) is large rela- 
tive to that of the settlement stacks (15 cm); thus, the 
current will have the same potential allelopathic effect 
on the stack 5 cm distant from the soft coral, but not the 
stacks 30 or 55 cm away. In this case, the same applies 
to a current from the SE. At a distance of 30 cm from 
the coral, a current from the SW (and SE) will only 
affect the settlement racks on the north-facing axis for 
a certain proportion of the recorded flow, namely 37 % 
of the flow derived from the SW and SE. At 55 cm, this 
value drops to 11 %. A list of the estimated relative 
effects of currents from different directions on each 
position of the steel support grid is presented in 
Table 1. 

Limits of the experimental design. The results pre- 
sented here build on those from a similar preliminary 
experiment. That experiment followed a random 
blocks design and was performed on Orpheus Island, 
one of the islands used here (Maida 1993, Maida et al. 
1995). The results from that experiment are entirely 
consistent with the results reported in this paper. We 
were unable to utilize a random blocks design here, 
due to the number of person-hours required to process 
the many settlement plates needed, which would have 
doubled or tripled the size of the experiment. As a 
result, the island sites we used in this experiment - 
Orpheus and Lizard Islands -had only 1 block of 
grids each.. Despite the fact that these islands were 
approximately 600 km apart, the results were consis- 
tent between them, with relative densities of coral set- 
tlement between treatments being the same. 

Although one could design an exper~ment to yield 
much more information, including an estimate of 
within-reef, intersite variability, this was not logisti- 
cally possible here. We feel that the robustness and 
consistency between the results of 2 similar experi- 
ments performed at the same site on 2 different occa- 
sions, and between 2 experiments performed on 
widely separated islands at the same time, allow us to 
make strong inferences from the study. 



Maida et al.: Effects of soft corals on coral recruitment 195 

Table 1. Model used for the calculation of the rank of current 
effects per position of the settlement plates (directions and 
distances). Directions in the column of current effects repre- 
sent the period during which the current was flowing in that 

direction (see tcxt) 

l 

Direction 
-- 

North 

Northeast 

East 

Southeast 

South 

Southwest 

West 

Northwest 

Distance (cm) Current effect 

RESULTS 

Field experiments 

At Orpheus Island, a total of 1038 coral recruits were 
found on the lower surfaces of 288 settlement plates. 
The total number of coral spat found was: Sinularia 
flexibilis treatment (S 1) = 226, Sarcophyton glaucum 
treatment (S2) = 168, Control 1 (Cl )  = 323 and Pontes 
cylindrica control (C2) = 321. At Lizard Island a total of 
7032 coral spat were found on the same number of set- 
tlement plates (lower surfaces) in the following num- 
bers: S,  flexibilis treatment (Sl) = 1590, S. glaucum 
treatment (S2) = 1457, Control 1 (Cl)  = 1966 and Sen- 
atopora hystrix control (C2) = 2019. 

Although the number of coral spat that settled at 
Lizard Island was approximately 7 times higher than 
the number found at Orpheus Island, the overall pat- 
tern of coral recruitment around the different treat- 
ments (soft corals and controls) was similar at the 2 
sites. 

Settlement density 

At both sites, the average density of coral spat varied 
significantly between soft corals and controls (p < 
0.001 for both Orpheus and Lizard Islands, 3-way 
ANOVA). That is, both soft corals at both experimental 
sites inhibited scleractinian coral recruitment (Fig. 3a, 
b).  Settlement plates under the influence of Sarcophy- 
ton glaucum had the lowest level of scleractinian coral 
recruitment. 

Tukey's a posteriori Multiple Comparison of Means 
Test (Sokal & Rohlf 1981) indicated that the levels of 
recruitment in the blank control (Control 1) were not 
significantly different from the levels associated with 
the scleractinian coral (Porites cylindrica at Orpheus 
Island, Seriatopora hystnx at Lizard Island, Control 2). 
Coral settlement was suppressed to comparable ex- 
tents by Sinularia flexibilis or Sarcophyton glaucum 
(Table 2). 

Conml l Pol i ts  Sinularia Sarcophymn 

Treatments 

. . 

Control l Seriatopora S inu la r ia  Sarcophyton 

Treatments 

Fig. 3. (a) Overall density of scleractinian coral spat per treat- 
ment at Orpheus Island. Significant inhiblt~on of coral recruit- 
ment on the settlement plates around both soft corals (Sinu- 
lana flexibilis and Sarcophyton glaucum), when comparared 
with the settlement plates around the controls (Control 1 and 
Porites cylindrica) (3-way ANOVA, p < 0.001). (b) Overall 
density of scleractinian coral spat per treatment at  Lizard 
Island. Significant inhibition of coral recruitment on the set- 
tlement plates around soft corals (S. flexibilis and S. glaucum) 
compared with controls (Control 1 and Seriatopora hystrix, 3- 
way ANOVA, p < 0.001). Data were square-root transformed 
(y + 0.5) for purposes of normalization. Error bars represent 1 
SE. Honzontal lines represent similarity between treatments 

given by Tukey's Test. N = 72 in each case 
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Table 2. Results of 3-way ANOVA for experiments at Orpheus Island and Lizard Island. "Highly significant, 'significant, ns: not 
significant. Treatments: presence of Sinularja flexibilis, presence of Sarcophyton glaucum, presence of scleractinian coral 
(Ser~atopera hystrix or Porites cylindrica, respectively), and absence of corals. Distances: 5, 30, 55 cm from the corals. 

Directions: N. NE, E, SE, S. SW, W, NW 

Source df p-value 

Orpheus Island 
Treatments 
Distances 
Directions 
Treatment X Distances 
Treatment x Directions 
Distances X Directions 
Treat. X Dist. X Dir. 
Resldual 

Lizard Island 
Treatments 
Distances 
Directions 
Treatment X Distances 
Treatment X Directions 
Distances X Directions 
Treat. X Dist. X Dir. 
Residual 

Allelopathic response index 

The allelopathic response index (RI) illustrated 
the results well, indicating that both soft corals 
inhibit coral recruitment relative to the blank con- 
trol (Sinularia flexibilis/Control 1, p < 0.001, 
Wilcoxon Sign Test; Sarcophyton glaucum/Con- 
trol l ,  p < 0.0001). The same was true with respect 
to recruitment under the influence of the sclerac- 
tinian coral (S. flexibilis /Porites cylindrica, p < 
0.001; S. glaucum/P cylindrjca, p < 0.0001). The 
scleractinian coral P. cylindrica was not found to 
inhibit coral recruitment (P.  cvlindrical Control 1, 

. / INDEX S I C  1 p = 0.000 1 2  

. 1 INDEX S2C I p = 0 0000000 I 

~, 

9 > 0.5, Fig. 4) .  1 
D c - 

0 

Fig. 4. ALlelopathic Response Index for Orpheus Island g 
data, calculated from the number of coral spat on each g - 1  

settlement plate around each soft coral (Sl ,  Sinularia 
flexibilis; S2, Sarcophyton giaucurn] and control (Cl,  
blank control; C2, Porites cylindrica). For example, the 
first column of the graph marked SlCl  was calculated 
using the number of coral spat on settlement plate num- 
ber 1 of the northerly set, occurring 5 cm from the soft 
coral S. flexibilis, and the number of coral spat on settle- 
ment plate number 1 of the same direction and distance 
from Control 1. See 'Materials and methods' for details of 
calculation. Data analyzed by the Binomlal Slgn Test, 
indicating whether the distribution of number of nega- 
tive (inhibition) and positive (stimulation) recruitment 
response indices was random. Probabilities presented in 
each graph. Both soft corals s~gnificantly inhibited coral 
recruitment, while the scleractinian coral P. cylindrica 

did not 
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1 1 INDEX C 2 C l  p = 0.550097 

l 
1 

INDEX S 1C2 p = 0.0028074 

l INDEX S2C2 p = 0 0000000 19 I 

Fig. 5. Allelopathic Response Index for Lizard Island. See 
Fig. 4 for details. Probabilities of Binomial Sign Test pre- 
sented in each graph. Both soft corals significantly inhibited 
coral recruitment, while the scleractinian coral Seriatopora 

hystnx did not 

At Lizard Island, the index indicated that both soft 
corals inhibited scleractinian coral recruitment when 
compared with either Control 1 or Control 2: Sinularia 
flexibilis/Control 1, p < 0.001, Wilcoxon Sign Test; 
Sarcophyton glaucum /Control 1, p < 0.001; S. flexi- 
bilislseriatopora hystrix, p < 0.01; S. glaucum / S. hys- 
trix, p 0,0001). The S. hystrix control (Control 2) 
had no significant effect on coral recruitment (S. hys- 
trix/Control 1, p > 0.5, Fig. 5 ). 

Directional and distance effects on coral recruitment 

Orpheus Island. Coral settlement was significantly 
different between distances (p < 0.01, 3-way ANOVA) 
and between directions (p < 0.001) for the Orpheus 
Island experiment (Table 2). No significant higher- 
order interactions were found between any of the fac- 
tors examined here (p > 0.1). 

When the mean number of recruits per direction is 
compared between treatments and controls (Fig. 6), it 
may be seen that the presence of soft corals suppresses 
success of coral settlement. This was particularly evi- 
dent in the W and NW sectors around both soft corals 
(Sinularia flexibilis and Sarcophyton glaucum, Fig. 6). 

The current data indicated that during the 131 d 
period of data collection, currents flowed towards the 
SW, W and NW for 58.5 % of the time at Orpheus Island 
(Fig. 6). The lowest level of coral recruitment was thus 
observed downcurrent from both soft corals. 

A plot of treatments versus distances clearly indi- 
cated that coral recruitment was greatly inhibited on 
the settlement plates 5 cm from the soft coral Sarcophy- 
ton glaucum. This was not observed in Sinularja flexi- 

Sarcophyton : 1 

N N E  E SE S SW W N W  

Di rec t i ons  

Fig. 6. Average density of coral spat by direction for the set- 
tlement plates around both treatments (Sinularia fleslbilis 
and Sarcophyton glaucurn) and controls (Control 1 and 
Pontes cylindrica) a t  Orpheus Island. Significantly lower den-  
sities of scleractinian coral spat were observed on settlement 
plates downcurrent from the soft corals. Error bars represent 
SE; N = 9 for each case. Current data derived from directional 
measurements at  the study site over 131 d during the course 

of the experiment 
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1 control 1 , 1 Sinularia 

1 Sarcophyton 
I 

5 25 50 5 25 50 

D l s t a n c e  o f  t n e  s e t t l e m e n t  p l a t e s  from t h e  t r e a t m e n t s  ( c m )  

Fig. 7. Average density of coral spat by distance from the soft 
coral or treatment at Orpheus Island. Settlement plates 5 cm 
away from the soft coral Sarcophyton glaucum yielded the 
lowest level of coral recruitment. Error bars represent SE; 

N = 24 In each case 

bilis (Fig. 7 ) .  It is possible that recruitment variability 
was sufficiently high to mask this distance effect. 

Lizard Island. There were significant differences in 
coral recruitment with respect to distances (p < 0.001, 
3-way ANOVA) and directions (p  < 0.001) at  Lizard 
Island. There were significant higher-order inter- 
actions between treatments and distances (p  < 0.001), 
treatment and directions (p  < 0.05), and treatments, 
distances and directions (p  < 0.05) (Table 2). A plot of 
the mean number of coral recruits for the interaction 
between treatments and directions (Fig. 8) revealed 
that coral recruitment density was dependent upon the 
presence or absence of soft corals. The lowest densities 
of scleractinian coral spat were observed on the north 
sides of the soft corals. 

The current data from Lizard Island showed that, 
during the measurement period (160 d) ,  currents 
flowed towards N and NE for 50% of the time (Fig. 8). 
Currents at the study site appeared to be driven pri- 
marily by the predominant S-SE winds in the region. 

Regarding distance effects, a plot of means of coral 
recruits for the interaction between treatments and 
distances clearly indicated that coral recruitment was 
strongly inhibited 5 cm from the soft coral Sinularia 
flexibilis, and to a lesser extent, from Sarcophyton 
glaucum (Fig. 9). There were no obvious distance 
effects on coral recruitment around the controls (Con- 
trol 1 and Seriatopora hystnx).  

Effect of currents on coral recruitment 

When the amount of time during which current 
flowed in a given direction is compared with direc- 

1 Seriatopora 

Sarcophyton 
30 

N NE E SE S SW W N'A' 

D i r e c t i o n s  

Fig. 8. Average density of coral spat on settlement plates by 
direction around the soft corals (Sinularra flexibilis and Sarco- 
phyton glaucum) and around the controls (blank control and 
Seriatopora hystriu) at Lizard Island. Lowest densities of scle- 
ractinian coral spat were observed down-current from the soft 
corals (predominant current was north). Error bars represent 
SE; N = 9 in each case. Current data derived from directional 
measurements at the study site over 160 d during the course 

of the experiment 

tional coral recruitment at  Orpheus Island, significant 
negative correlations become evident for both Sinu- 
laria flexibi1is ( r  = -0.509, p < 0 01, Spearman Rank 
Correlation Test) and Sarcophyton glaucum (r = 

-0.604, p < 0.01). That is, the number of coral recruits 
at a given position around either soft coral decreased 
with the increased time during which current flowed 
towards that position. Similar analyses on the blank 
control data (Control l ) ,  and the scleractinian coral 
control (Porites cylindrica, Control 2 )  revealed no such 
correlation (r = 0.230, p > 0.1, and r = 0.395, p > 0.05, 
respectively; Fig. 10). 

Similar effects were observed at Lizard Island. There 
were significant negative correlations between coral 
spat density and the time during w h ~ c h  current flowed 
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Fig. 9. Average density of coral spat in treatments by distance 
at Lizard Island. Settlement plates 5 cm from Sinularia flexi- 
bilis yielded lowest coral recruitment. Error bars represent 

SE; N = 24 in each case 
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Fig. 10. Scattergram of coral spat around a treatment versus 
time during which current was flowing towards that position, 
at Orpheus Island. Significant negative correlation in the 
cases of Sinularia flexibilis (r = -0.509. p < 0.01, Spearman 
Rank Correlation Analysis) and Sarcophyton glaucum (r = 
-0.604, p c 0.01). No such correlation for Control 1 (r = 0.230, 
p > 0.1) and Control 2 (Porites cylindrica, r = 0.395, p > 0.05). 

"Highly significant; ns: not significant 
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Fig. 11. Scattergram of coral spat around a treatment versus 
time during which current was flowing towards that position, 
at Lizard Island. Significant negative correlation in the cases 
of Sinulal-~a flexibilis (r = -0.416, p < 0.05) and Sarcophytum 
glauculn (r = -0 455, p < 0.05, Spearman Correlation Coeffi- 
cient). No such correlation was observed for Control 1 (r = 
-0.343, p > 0.1) or Control 2 (Seriatopora hystrix, r = -0.136, 

p > 0 5). 'Significant; ns: not significant 

in a given direction in Sinularia flexibilis (r = -0.416, 
p < 0.05, Spearman Rank Correlation Test) and Sarco- 
phytum glaucum (r = -0.455, p < 0.05). No such corre- 
lation was found in either the blank (Control 1) or the 
scleractinian coral control (Seriatopora hystrjx, Control 
2) (r = -0.343, p > 0.1, and r = -0.139, p > 0.5, respec- 
tively; Fig. 11). 

Laboratory experiments: settlement inhibition 

Extraction of the 4 treatment tiles revealed the 
adsorption of approximately 28 mg (* 0.75 SE) of crude 
extract on each tile (497 pg cm-2). 

Only 18  out of 3500 coral planulae settled on the 
plates. Of these 18, all settled on the control plates; 
none were found on the plates treated with the Sinu- 
laria flexibilis extract. The success of coral settlement 
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on control tiles versus extract tiles was not a random 
event (Wllcoxon Sign Test, p < 0.001). 

DISCUSSION 

The fact that the density of coral spat was lower at 
Orpheus Island than at Lizard Island is consistent with 
the general pattern observed for inshore and mid-shelf 
reefs (Sammarco 1983, 1985, 1987, 1991; see also 
Wallace 1985). Sammarco (1991) noted that lower 
levels of coral recruitment on inshore reefs appear to 
be a result of geographically specific selection factors. 
This included environmental characteristics associated 
with the inshore environment, such as higher sedimen- 
tation and more variable salinity, which suppress suc- 
cess of coral settlement. 

The levels of coral recruitment at Orpheus Island 
observed in this experiment were similar to those 
observed in the preliminary experiment (Maida et al. 
1995). At Lizard Island, however, overall recruitment 
densities were higher than those at Orpheus Island 
and those previously reported for Lizard Island (Har- 
riott 1985). Recruitment occurred exclusively on the 
lower surfaces of the settlement plates at each site, as 
noted elsewhere (Maida et al. 1994; see also Sammarco 
1983, 1987, Carleton & Sammarco 1987). 

Although the 2 sites differed in overall coral spat 
abundance, the ratios of coral spat densities between 
treatments and controls were generally the same. This 
indicated that soft corals are indeed capable of inhibit- 
ing scleractinian coral settlement on nearby substrates. 

At both sites, the results indicated that the presence 
of the scleractinian corals (Porites cylindrica at 
Orpheus Island, Seriatopora hystrix at Lizard Island) 
did not influence coral recruitment. That is, coral 
recruitment density around the planktivorous sclerac- 
tinian corals (Control 2) was not different from that in 
the absence of a planktivorous sessile organism (Con- 
trol 1). This was observed at both study sites. These 
results suggest that the observed reduction of coral 
recruitment on the settlement plates around the soft 
corals was not caused by soft corals feeding upon scle- 
ractinian coral larvae. 

The soft corals used here - Sinularia flexibilis and 
Sarcophyton glaucum -are known to contain toxic 
secondary metabolites (Coll et al. 1982b), to release 
them (Coll et al. 1982a), and cause mortality in sclerac- 
tinian corals (Coll & Sammarco 1983, Sammarco et al. 
1983). The lower number of coral recruits observed 
around these soft corals thus appears to be the result of 
inhibition through allelopathic interference. Analyses 
using the allelopathic response index proposed by 
Williamson & Richardson (1988) also supported this 
assumption. 

The laboratory-based settlement inhibition study 
demonstrated that extracts containing secondary 
metabolites from Sinularia flexibilis inhibit recruitment 
of scleractinian coral spat (see also Maida 1993). The 
inhibition of recruitment of coral larvae on plates 
impregnated with an extract of S. flexibilis is consistent 
with our finding of inhibition of coral recruitment 
around soft corals in the field. We believe this is attnb- 
utable to the allelopathic effects of toxic secondary 
metabolites from the soft coral. 

The low settlement rate of coral larvae (18/3500) 
observed in the laboratory experiment may have been 
due to the use of primary (unseasoned) settlement sub- 
strata. It is known that for some marine larvae, a new 
settlement substratum requires a period of preparation 
(initial benthic community succession) before settlement 
of certain marine larvae will occur. This frequently 
includes the formation of a primary bacterial surface 
film, followed by diatom colonization, and then the 
settlement of invertebrate larvae and other microalgae 
(Wahl 1989). Unfortunately, because the treated settle- 
ment plates were impregnated with soft coral extract, 
it was not possible to precondition any of the plates. 

In the field experiments, inhibition of coral recruit- 
ment had a directional component which was corre- 
lated with the direction of the prevailing currents. The 
currents at Orpheus Island flowed predominantly 
towards the west, and at Lizard Island, towards the 
north. At both sites, the lowest levels of coral recruit- 
ment occurred on the plates downcurrrent from the 
soft corals. Hydrodynamic theory regarding particle 
entrainment would predict concentration of larvae in 
the lee of an obstruction to the flow (Mullineaux & 
Butman 1991, Mullineaux & Garland 1993; see also 
Black & Gay 1987, Andrews et al. 1988, Sammarco & 
Andrews 1988, 1989, Gay & Andrews 1994), the oppo- 
site of what was observed here. Inhibition of coral 
recruitment was generally stronger on substrata closer 
to the soft corals. 

Three explanatory hypotheses have been offered to 
explain the significant negative correlation observed 
between coral spat density and current flow: (1) that 
the larvae may sense the presence of the soft coral 
chemicals and avoid the area (sensu Gauthier & 
Aubert 1981); (2) that the larvae sense allelochemicals 
adsorbed onto the substratum and exercise a negative 
preference, re-entering the water column; or (3) that 
the larvae settle and die, due to the allelochemicals, 
prior to the secretion of a calcium carbonate skeleton, 
leaving no trace of their presence. It is still not known 
which of these mechanisms is operating. Additional 
laboratory experiments are needed to distinguish 
amongst these hypotheses. 

It is certainly possible that the lower density of coral 
recruits around the soft corals may have been caused 



Maida et al.: Effects of soft corals on coral recruitment 20 1 

by a n  avoidance response in the coral larvae (sensu 
Keough & Downes 1982; see also Pawlik 1992). Detec- 
tion of the presence of a soft coral is possible for coral 
planulae, since most coelenterate larvae have special- 
ized chemical sensory apparatus that could detect alle- 
lochemicals in the water (see Chia & Bickell 1978). As 
the coral larvae enter the vicinity of the soft coral, they 
may sense the soft coral allelochemicals either in the 
water column or on the substratum, avoid the area,  and 
resume their search for a suitable settlement site. This 
remains to be confirmed. 

The results reported here confirm the findings of an  
earlier experiment (Maida et al. 1995) and provide new 
evidence that alcyonacean soft corals can influence the 
recruitment of scleractinian corals on nearby substrata 
through allelopathic interference. 
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