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ABSTRACT: Experiments in many parts of the world have indicated that sessile intertidal organisms 
are affected by fish preda.tion. Farming of oysters Saccoslrea commercialis (Iredale & Roughley) and 
Crassostrea gigas (Thunberg) in New South Wales, Australia, depends on their natural recruitment and 
growth on intertidal structures in estuaries. We investigated the effects of predation by fish on numbers 
of oysters recruiting to experimental panels of 3 different sizes. GVe tested effects of excluding fish of 
different slzes using different sizes of mesh (12.5 and 50 mm). Numbers of oysters were significantly 
reduced on panels open to predatory fish. Numbers of oysters per unit area and subsequent predation 
on them dld not vary, however, across 3 different sizes of panels, indicating that predation was not 
dependent on patch size. lvlortality on panels open to predation averaged 40.0% ( k 4 . 3  % SE).  Fish also 
significantly altered the distribution of sizes of oysters. The effect of predation was almost entirely 
attributable to toadfish Tetractenos spp. Previous knowledge of the hfe history of oysters and succes- 
sion in these intertidal assemblages suggests that effects of predation may not, however, have impor- 
tant long-term consequences on natural populations. 

KEY WORDS: Oysters Fish . Size-specific predation . Experimental cages - Recruitment Post-settle- 
ment mortality 

INTRODUCTION 

Predation has long been viewed as an important fac- 
tor in structuring subtidal and intertidal marine assem- 
blages (e.g. Connell 2961, Dayton 1971, Paine 1974, 
Menge & Sutherland 1976, Karlson 1978, Russ 1980, 
Creese 1982, Harris & Irons 1982, Jernakoff & 
Fairweather 1985, Menge et al. 1986, Dungan 1987, 
Petraitis 1990). Predation on bivalve mussels has been 
found to cause significant impacts in certain areas 
where mussels are considered to be the dominant com- 
petitors for space (e.g. Paine 1974, Menge & Suther- 
land 1976, Barkai & Branch 1988). Despite this, other 
experimental evidence supports alternative explana- 
tions concerning factors that affect the abundance or 
distributions of mussels (e.g. Dayton 1971, Petraitis 
1990). 

Predation has been suggested to be instrumental in 
maintaining the lower limit of th.e intertidal distnbu- 
tion of another bivalve, the American, oyster Crasso- 

strea virginica (Roegner & Mann 1990). In the north- 
west Atlantic and Gulf of Mexico, many different kinds 
of predators affect Crassostrea spp., including birds 
(Tuckwell & No1 1997), whelks and tritons (Garton 
1986, Littlewood 1989, Brown 1997), turbellarian flat- 
worms (Littlewood & Marsbe 1990), crabs (Elner & 

Hughes 1978, Bisker & Castagna 1987, Ogle & 

Beaugez 1988, Egglestone 1990, Brown & Haight 1992) 
and lobsters (Elner & Lavoie 1983). Predation by fish 
(the toadfish Opsanus tau and the ray Rhinoptera 
bomasis) on these oysters has been mentioned as a 
possibility (McDermott 1964, Krantz & Chamberlain 
1978), but we know of no quantitative experimental 
evidence to support this. 

Similarly, observations and anecdotal evidence sug- 
gest that fish eat Sydney rock oysters Saccostrea com- 
merczalis (Iredale & Roughley) and Pacific oysters 
Crassostrea gigas (Thunberg), which are widespread 
In estuaries of New South Wales, Australia (Kornnga 
1976, Wisely et al. 1979, Nell 1993). Fish named as pos- 
sible predators include bream Acanthopagrus australis 
(Owen), snapper Chrysophrys auratus (Schneider), 
toadfish Tetractenos spp., leathe jackets Monacanthus 
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chinensis (Osbeck), brown stingrays Dasyatis fluvio- large and deep-bodied shapes of fish such as bream, 
run1 Ogilby and porcupine fish Dichotylichthyspunc- snapper or leatherjackets. Thus, we also tested the 
tulatus Kaup (Korringa 1976, Wisely et al. 1979, Nell hypothesis that recruitment of oysters is affected pri- 
1993 and pers. comm.). marily by toadfish, using cages with different sizes of 

There has been no experimental examination or esti- mesh to exclude different sizes (and shapes) of fish. 
mation of the possible effects of predation in these sys- 
tems. This is surprising because commercial farming 
of oysters depends entirely on the natural recruit- MATERIALS AND METHODS 
ment and growth of oysters. Oyster farmers construct 
wooden intertidal structures for purposes of catching The experiment was done in Salamander Bay, 
larval oysters and growing them to a marketable size, Port Stephens estuary, New South Wales, Australia 
which takes approximately 2 to 3 yr. There are nearly (32"42'S, 152"001E). We used existing intertidal struc- 
3500 commercial oyster farms in 30 estuaries in tures used for oyster farming at the site for the experi- 
New South Wales, covering a total area of close to ment. Such structures were described in detail in Nell 
4700 hectares (New South Wales Fisheries 1996). Oys- (1993) and Underwood & Anderson (1994). The base of 
ter farms thus form an important habitat and a con- the structures generally consists of 2 horizontal parallel 
spicuous proportion of the intertidal landscape. They beams, about 1 m apart, supported by posts driven into 
contribute much of the available area for larval settle- the sand, so that the beams are level with a tidal mark 
ment of benthic species in estuaries. of ca 0.5 m above Spring Low Water. Recruitment of 

Oysters are known to have important long-term oysters was measured using panels made of marine 
effects on the structure of these estuarine assemblages plywood (9 mm thick) measuring 5 cm X 5 cm, 10 cm X 

as competitive dominants, due to their ability to over- 10 cm or 20 cm X 20 cm. Two panels of a single size 
grow other species and one another (Anderson & were attached with self-tapping stainless steel screws 
Underwood 1994, Underwood & Anderson 1994). to a wooden tar-covered stick (1.8 m long), as are usu- 
Thus, if predators are affecting oysters, this may have ally used for oyster farming (Nell 1993). The sticks 
important consequences, not just for the oysters, but were attached perpendicularly across the parallel 
also for other species occurring on hard substrata in beams, using non-slip plastic ties, with settlement sur- 
these habitats (Anderson 1999). In addition, it was faces facing downwards in the water column (Fig. 1). 
observed in a previous study on effects of patch size on The experimental design included full cages to 
colonisation that teeth marks, apparently due to fish, exclude fish, partial cages to control for potential cage 
occurred at the edges but not centres of wooden settle- artifacts and surfaces open to predation (Fig. 1). Al- 
ment surfaces (Anderson 1998). This suggested that though partial cages do not entirely control for all 
predation may vary with size and shape of patches possible artifacts due to cages, the design of partial 
because the perimeter-to-area ratio changes with the cages was made in consideration of potential known 
size and shape of patches. 

From the anecdotal evidence and these observa- 
tions, we proposed the following models: (1) predation 
by fish affects recruitment of oysters; and (2) the inten- 
sity of predation varies with the size of the substratum. 

In most previous studies of predation, cages have 
been used to exclude fish from the substratum (e.g. 
Russ 1980, Choat 1982, Keough & Downes 1982, Ken- 
nelly 1991). Yet, in most studies, because fish are very (" 

mobile, the identity of particular species responsible 
for any predatory effects could only be guessed or 
inferred from observations (but see Ayling 1981). In 
intertidal areas of outer bays in estuaries of New South 
Wales, where oyster spat are 'caught' on structures 
built on commercial oyster leases (Nell 1993), toadfish 
appear to be especially abundant (authors' pers. obs.). + supporting post 

In addition, ovster shells have been found in the aut  . '  ., 
contents of toadfish (D, J, ~~~~h unpubl. data), one Fig. 1. Schematic diagram of the treatments in the experiment 

on the structure of an intertidal oyster farm: (a) open panels; way that toadfish are from the other (b) panels protected by a full cage and (c) panels open to 
potentia1 predators is that have predation but subject to caqinq artifacts from a partial caqe. 
elongate bodies. This contrasts with the relatively -SLW: ~ p h n g ~ o w  Water 
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artifacts in these situations, such as changes in light, 
water flow or sedimentation (e.g. Schmidt & Warner 
1984, Kennelly 1991, Connell 1997, Fig. l c ) .  

Full cages were constructed as cylinders of zinc- 
coated mesh (900 mm long X 300 mm diameter) around 
each stick. Round plastic bucket lids at each end pro- 
vided support for the mesh and attachment to the stick. 
Cages were constructed with 2 sizes of mesh: a large 
mesh (50 mm), which would enable toadfish to enter, 
but would exclude relatively large and deep-bodied 
fishes, and a small mesh (12.5 mm) which excluded vir- 
tually all predatory fish. These mesh sizes were chosen 
after preliminary seining at the site and consideration 
of the distribution of girths of toadfish caught (mean 
girth = 18.7 mm, range = l l to 26 mm, n = 20). 

Partial cages were constructed as open half-cylinders 
of mesh, the same dimension and design as the full 
cages, essentially forming a roof over the panels on an 
individual stick (Fig. lc).  Partial cages were also con- 
structed using each of the 2 mesh sizes. 

For each of the sizes of panels, there were 3 sticks 
containing n = 2 panels in each treatment. There were 
5 experimental treatments: full cages with either small 
or large mesh (FS or FL, respectively), open panels (0) 
and partial cages with either small or large mesh (PS or 
PL, respectively). Thus, altogether there were 90 pan- 
els examined as part of this experiment (5 treatments X 

3 sticks X 2 panels X 3 sizes). 
The experimental sticks of all treatments were 

attached to the bases of 2 structures in an oyster farm 
in Salamander Bay, Port Stephens, on 1 October 1997. 
Sticks of different treatments were attached to the 
beams in a haphazard array. Panels were brought back 
to the lab for analysis on 17 January, 1998 (-3 mo 
later). Panels were placed under a dissecting micro- 
scope and the numbers of oysters and other taxa on 
each panel were recorded. For panels of sizes 5 cm X 5 
cm or 10 cm X 10 cm, percentage cover of oysters and 
other organisms was estimated by counting the num- 
ber of times each taxon occurred under 25 uniformly 
placed points in a grid and multiplying by 4 .  For panels 
measuring 20 cm X 20 cm, percentage cover of organ- 
isms was estimated by counting the number of times a 
taxon occurred under 100 uniformly placed points. 
Results of multivariate analyses concerning the com- 
plete assemblage of organisms are presented else- 
where (Connell & Anderson 1999). Densities of oysters 
were standardised per 100 cm2. 

Pacific oysters Crassostrea gigas commonly settle 
relatively early in the Australian summer season 
(November to December), whereas Sydney rock oys- 
ters Saccostrea commercialis commonly settle from 
about January to April (e.g. Anderson 1996). It is virtu- 
ally impossible to distinguish the 2 species when they 
are very young (ca < l 0  mm). In addition to counts, the 

size of each oyster from the tip of the umbo to its fur- 
thest growing edge, was measured with vernier 
calipers to the nearest 0.1 mm. 

A unique aspect of these organisms is that when they 
die or are removed by predators, the bottom valve of 
the oyster shell is left on the surface of the panel as a 
'scar,' indicating that an oyster was once present. It is 
therefore possible to count scars as a measure of loss of 
oysters from panels. We estimated the total number of 
oysters recruiting over the period of the investigation 
in each treatment by adding the number of live oysters 
to the number of scars on each panel. Further, mor- 
tality was estimated as a proportion: the number of 
scars divided by the total number of recruits (= live 
oysters plus scars). Estimates of sizes of scars were 
obtained in the same way as for live oysters. 

RESULTS 

To test for caging artifacts, we first compared partial 
cages with small mesh versus partial cages with large 
mesh versus open panels (factor = Cage, 3 levels, 
fixed). If there was no statistical evidence of artifacts 
due to cages, we then tested for effects of predation. 
Here, we compared full cages with small mesh versus 
full cages with large mesh versus open panels (factor = 

Predation, 3 levels, fixed). Each of these analyses was 
done separately, with Size of panel as a second factor 
(fixed, with 3 levels). 

Preliminary analyses demonstrated that there were 
no apparent artifacts of cages. There was no difference 
in the numbers, percentage cover or mortality of oys- 
ters on panels protected by a partial cage compared 
with open panels (Table 1, Fig. 2). Although there was 
a significant effect of the factor Cage in the prelimi- 
nary analysis of numbers of oysters per unit area, Stu- 
dent-Newman-Keuls (SNK) tests did not find a consis- 
tent pattern of differences among the 3 treatments 
(Table la) .  

There was no significant difference in total recruit- 
ment (number of live oysters plus scars per unit area) 
among different sizes of panels (factor = Size, = 

0.53, p > 0.59) or among treatments (factor = Predation, 
F2,18 = 2.44, p > 0.10). 

There were significantly greater numbers of oysters 
on panels inside cages protected by small mesh than 
on other panels (Table 2a, Fig. 2a). Numbers of oysters 
did not differ significantly on panels protected by large 
mesh from those on panels left open to predation 
(Table 2a, Fig. 2a). These results were consistent for all 
sizes of panels (non-significant Predator X Size inter- 
action, Table 2a). In addition, numbers of oysters per 
unit area did not differ significantly on different sizes 
of panels (Table 2a, Fig. 2a). 
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Table 1. Analyses of variance testing for effects of cage arti.facts. Analyses 
compared panels in partial cages made with large mesh versus small mesh 
versus open panels (factor = Cage, 3 levels, fixed) and size of panel (factor = 
Size, 3 levels, fixed) for (a) mean number of oysters per 100 cm2, (b) percent- 
age cover of oysters and (c) mortality of oysters, calculated as the number of 
scars divided by the total number of live oysters plus scars on panels. There 
were n = 2 panels on each of 2 sticks in each combination of treatments. Per- 
centage cover data were transformed to y' = sin-'(G). Variances were homo- 

geneous by Cochran's test for all analyses (p > 0.05) 

Source df (a) Density (b) Cover (c) Mortality 
F P F P F P 

Cage 2 5.04 <0.02 0.39 >0.68 0.71 >OS0 
Size 2 3.20 >0.06 0.99 >0.39 0.88 >0.43 
Cage X Size 4 0.78 >OS5 0.73 >OS8 1.33 >0.29 
Sticks (Cage X Size) 18 0.91 >OS7 2.33 <0.03 0.66 20.82 

Residual 27 

Total 53 

SNK tests small > open 
large = open 
small = large 

The mean percentage cover of oysters was also 
greater on panels protected by small mesh (ca 20%) 
than on other panels (ca 5%,  Fig. 2b). Although the 
predation treatments differed significantly in the 
analysis of variance, multiple comparisons were not 
consistent (SNK tests, Table 2b). In treatments pro- 
tected by cages with large mesh, panels measuring 
5 cm X 5 cm had apparently greater percentage cover 
of oysters than did larger sized panels (Fig. 2b), but 
there was no significant interaction of treatments with 
size of panel (Table 2b). 

In addition, mortality of oysters did not differ from 
one size of panel to another (Table 2c). There was, 

however, a decreasing gradient of mor- 
tality with decreasing size of panel 
(Fig. 2c). Significantly greater mortality 
occurred on open panels than on panels 
protected by large mesh, which in turn 
had greater mortality than on panels 
protected by small mesh (Table 2c, SNK 
test, Fig. 2c). Thus, although numbers of 
oysters and total numbers of recruits 
were not statistically significantly differ- 
ent on panels protected with large mesh 
compared with open panels (Table 2a, 
Fig. 2a), there was some additional 
source of mortality on open panels 
(Fig. 2c). This was shown by a difference 
between these 2 treatments in the ratio 
of live oysters to scars (compare FL with 
0, Fig. 3). There was virtually no morta- 
lity on panels inside cages made of small 
mesh (Figs. 2c & 3). Mortality on panels 
open to predation averaged 40.0% 
(+4.3% SE). 

Distributions of size frequencies of live oysters in 
different predation treatments were plotted and 
analysed using multiple Komolgorov-Srnirnov 2-sarn- 
ple tests (Sokal & Rohlf 1981). Sizes of scars ranged 
from 1 to 30 mm, but live oysters ranged from 1 to 
54 mm (Fig. 4). The smallest panels did not have 
enough oysters to estimate distributions of sizes. 
Panels protected by cages with small mesh had long 
broad right-hand tails to their distributions, consisting 
of larger oysters (ca >8 mm shell length, Fig. 4a.b). In 
contrast, virtually all of the oysters on panels pro- 
tected by large mesh cages or left open were quite 
small (ca <8 mm, Fig. 4c to f). 

Table 2. Analyses of variance testing for effects of predation. Analyses compared panels in full cages made with large mesh 
versus small mesh versus open panels (factor = Predation, 3 levels, fixed) and size of panel (factor = Size, 3 levels, fixed) for 
(a) mean number of oysters per 100 cm2, (b) percentage cover of oysters and (c) mortality of oysters, calculated as the number of 
scars divided by the total number of live oysters plus scars on panels. There were n = 2 panels on each of 2 sticks in each combi- 
nation of treatments. Percentage cover data were transformed to y' = sin-'(&), but variances were still heterogeneous (Cochran's 

test, p < 0.05). Variances were homogeneous for the other 2 variables by Cochran's test (p > 0.05) 

Source df (a) Density (b) Cover (c) Mortality 
F P F P F P 

Predation 2 23.45 <0.001 6.23 <0.01 30.16 ~ 0 . 0 0 1  
Size 2 0.78 >0.47 1 .OO >0.38 0.4 l >0.66 
Predation X Size 4 1.31 >0.30 0.93 >0.46 1.32 >0.30 
Sticks (Predation X Size) 18 1.10 >0.40 2.02 <0.05 1.21 >0.32 

Residual 27 

Total 53 

SNK tests small > open open * large S small 
large = open 
small = large 

- 

sm.all S large = open 
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Fig. 2. Mean (* 1 SE) (a) number of hve oysters, (b) percentage 
cover of oysters and (c) mortality of oysters in each of the 
treatments of the experiment: F = full cages, P = partial cages, 
L = large mesh, S = small mesh, 0 = open panels; n = 6 

(2 panels on each of 3 sticks) 

Sizes of oysters on 20 cm X 20 cm panels in cages 
with small mesh differed significantly from those on 
panels in cages with large mesh and from those on 
open panels; the latter 2, however, did not differ 
(Komolgorov-Smirnov tests, Table 3).  A similar result 
was obtained for panels measuring 10 cm X 10 cm, but 
there was also a significant difference between open 
panels and panels protected by large mesh (Table 3). 

FS FL 0 FS FL 0 FS FL 0 

Scars Live oysters Total 

Fig. 3. Mean (*l SE) per unit area of numbers of scars, num- 
bers of live oysters and total numbers of scars plus oysters on 
panels protected by small mesh (FS), large mesh (FL) and 
open panels (0). There were n = 18 replicate panels per treat- 
ment, after p o o h g  across sticks (3 levels) and sizes of panels 

(3 levels) 

DISCUSSION 

Numbers of oysters and mortality 

There was significant mortality of oysters due to pre- 
dation by fish which did not vary with sizes of panels, 
indicating that effects were not scale dependent (e.g. 
Aronson 1994), at least for the range of sizes investi- 
gated here. Decreases in numbers of oysters can be 
attributed to predation by toadfish Tetractenos spp. 
None of the other potential predators (e.g. bream, 
snapper, stingray) could have eaten oysters on panels 
protected with large mesh; toadfish were the only 
known possible predators that could. The average 
numbers of oysters on open panels exposed to preda- 
tion did not differ significantly from the average num- 
ber on panels accessible only to toadfish (protected 
with cages of large mesh). 

Consideration of mortality suggests, however, that 
the processes affecting abundances of oysters may be 

Table 3. Results of pair-wise 2-sample Kolmogorov-Smirnov 
tests comparing size-frequency distributions of oysters on 
panels protected from predation with small mesh and with 
large mesh and those on open panels. Note. n, and n2 indicate 
sample sizes of the 2 groups being compared. No correction 

has been made for multiple comparisons 

D n I 

20 cm X 20 cm 
Small vs Open 0.268 470 
Small vs Large 0.151 470 
Large vs Open 0.092 323 
10 cmx 10 cm 
Small vs Open 0291 157 
Small vs Large 0.194 157 
Large vs Open 0.295 89 
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a. Small mesh. 20cm X 2Ocm. n= 470 b. Small mesh. 10cm n IOcm. n =  157 with larae mesh in terms of effects on 
d 

oysters, yet mortality differed in these 
2 treatments. 

Previous workers have highlighted 
the difficulties in interpreting effects of 
predation using cages (e.g. Choat 
1982, Keough & Downes 1982, Connell 
1985, Fairweather 1988, Gosselin & 
Qian 1997. Hunt & Scheibling 1997). In 

h 

2 C. Large mesh, 2Ocm X 2Ocm. n 323 d Large mesh, lOcni S IOcm. n= 89 particular, it is generally not possible to 

! ::L,, , ; ,  , _ ; ; ; , , ,  I.1 ., , , , ; M 

separate effects of differential recruit- 
ment versus differential post-settle- 

g 80 ment mortality among treatments (e.g. 
2, 60 Choat 1982, Hunt & Scheibling 1997). 
6 40 

d 10 ; 
For example, cages may enhance re- 

g 20 r !  cruitment (an experimental artifact), 
0 

0 4 8 I2 16 20 24 28 32 36 40 0 4 8 I2 16 20 24 28 32 36 
which may be erroneously interpreted 
as a reduction in post-settlement mor- 

e Open. 20cm X 20cm. n=  268 f Open. I O C ~  X 1 0 c m . n = 4 1  tality due to the elimination of pre- ::L,,,;;;; ;lh;;;;;;;;;;;,,;;, dators (Keough & Downes 1982). 
The results obtained for mortality 

suggest that the intensity of predation 

60 on oysters was proportional to the 
40 degree of protection of the panels in 
20 terms of mesh size. Thus, additional 

0 sources of mortality on open panels 
0 4 8 12 16 20 24 28 32 36 40 0 4 S 12 16 20 23 28 32 36 

exist. This suggests alternative models 
Size of oyster (shell length in  mm) of fish predation in this system: (1) 

Fig. 4. Size frequency distributions of oysters on panels (a,b) in full cages with extra for Oysters 
small mesh, (c,d) full cages with large mesh or (e,f)  on open panels. Note the dif- on open panels may be due to preda- 
ference in the scale of the y-axis for 20 cm X 20 cm panels (a,c,e) versus tion by other, larger fishes or (2) there 

10 cm X 10 cm panels (b,d,f) is greater intensity of predation by 
toadfish on open panels than on panels 

more complex. Here, there was apparently a gradient protected by large mesh, perhaps because open panels 
in the effect of predation: a decrease in mortality with are  more accessible. Further experiments are required 
increases in the degree of protection (i.e. small mesh 4 to investigate these alternatives. 
large mesh <. open). This might seem puzzling in the Nevertheless, the potential productivity of oyster farms 
light of results obtained for numbers of oysters, where is significantly reduced by the loss of oysters to predators 
open panels and those protected by large mesh did on intertidal surfaces. The racks commonly used by oys- 
not differ (i.e. small mesh > large mesh = open). What ter farmers are stacked on structures at locations in outer 
differs in the measure of mortality (which is equal to bays where oysters recruit naturally. These racks pro- 
the number of scars divided by the number of surviv- vide a complex structure of interstices where many fish 
ing oysters plus scars) when compared to the simple cannot enter, thus providing some protection from 
measure of the number of surviving oysters is the con- predation (e.g. Nell 1993). The greatest recruitment of 
sideration of the number of scars on panels. oysters, however, occurs on the undersurfaces of the 

In this experiment, oysters provided us with a unique racks, which are  open to fish predation. Eventually, 
opportunity to measure mortality as distinct from re- farmers generally need to 'thin' the densities of oysters 
cruitment, due  to the fact that oysters leave a scar that recruit, giving them room to grow without smother- 
(their bottom valve) on a surface after being eaten ing one another. Although predators can play some 
or dying from other causes. By 'recruitment' here, we immediate role in this 'thinning' process, the overall bio- 
mean oysters arriving and settling on a surface long mass of oysters produced would be greater if the farmers 
enough to have their shells grow to a countable size. could catch and maintain as many juveniles as possible 
Without information on numbers of scars in addition to in the absence of predation. With the decrease in num- 
numbers of live oysters, we would not have found a dif- bers of juveniles on the order of 40 %, farmers would do 
ference between the open panels and panels protected well to protect their farms from fish predation. 
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Effects of predation on sizes of oysters 

Previous studies investigating predation on bivalves 
of different sizes have focused on the foraging behav- 
iour of predators and energy trade-offs in choosing 
prey of different sizes (e.g. Elner & Hughes 1978, Gar- 
ton 1986, Bisker & Castagna 1987, Egglestone 1990, 
Brown & Haight 1992, Barbeau & Scheibling 1994, 
Brown 1997). In addition, studies of oysters as prey 
have generally found greatest predation on the small- 
est size classes, or increasing predation with decreas- 
ing size of prey, suggesting a size refuge from preda- 
tion is obtained with growth (Bisker & Castagna 1987, 
Egglestone 1990, Brown & Haight 1992, Brown 1997, 
Pascual 1997). 

In contrast, in this study, the smallest oysters (ca 
<8 mm) were apparently not eaten by fish. This could 
have been because fish did not encounter small oysters, 
did not choose to eat small prey, or because there had 
not been enough time since settlement of oysters for 
fish to make any differences in their numbers. This 
suggests a possible refuge from predation for small 
oysters. 

In addition, fish did not apparently consume oysters 
larger than 30 mm (the size of the largest scar), even 
though live oysters present on panels open to preda- 
tion measured up to 54 mm. Thus, there also may be a 
refuge from predation for large in addition to small 
oysters, with predation being most intense on juveniles 
of intermediate size. Although no specific tests of this 
hypothesis have been done, predation on juveniles 
during a specific post-settlement period could provide 
an important bottleneck in the life history of oysters. 

Effects of predation on succession 

In this study, predation by fish was found to decrease 
numbers of juvenile oysters, on average, by 40% 
(Fig. 2c). It is known that oysters are competitive dom- 
inants at outer bays (including Salamander Bay) in 
the estuaries of New South Wales, due to their rapid 
growth and ability to overgrow other organisms (Under- 
wood & Anderson 1994, Anderson 1996). Yet, all previ- 
ous studies of succession in these assemblages were 
done in similar circumstances (i.e. on artificial panels 
attached to oyster leases), but without any protection 
from predation by fish. So predation cannot be consid- 
ered to prevent dominance by oysters. It is known that, 
even where numbers of early recruits vary, similar 
numbers of oysters per unit area are achieved on sur- 
faces after longer periods, up to 12 mo (Anderson & 
Underwood 1994, Anderson 1996). Thus, even with 
mortality rates of 40% or greater over the period of 
juvenile recruitment and growth on hard substrata (as 

estimated from the present study), oysters eventually 
dominate available space. 

By contrast, removal of gastropod herbivores caused 
an important shift in the structure of assemblages, from 
being dominated by oysters, to being dominated by 
barnacles and algae (Anderson & Underwood 1997). 
Grazers, by removing algae, indirectly enhance re- 
cruitment of oysters (Anderson 1999). Even though 
predation by fish on oysters has not been explicitly 
measured for longer periods than in this study, it is 
clear from long-term studies of open panels that 
natural levels of predation do not prevent oysters 
from eventually dominating (Anderson 1996). There- 
fore, grazing by gastropods may be more important in 
shaping assemblages and succession in these systems 
than is predation by fish. 

These results differ importantly from results of inter- 
tidal studies where predation plays a key role in regu- 
lating distributions of some mussels (e.g. Paine 1974, 
Menge & Sutherland 1976), or dominance by mussels 
may be prevented by other mechanisms such as the 
lack of appropriate sites for settlement (Petraitis 1990) 
or physical disturbance (Dayton 1971). 

Predation by fish on oysters, although greatly reduc- 
ing numbers of juvenile recruits, is not extensive 
enough to counteract the consistent recruitment of 
oysters and indirect positive effects of grazers on re- 
cruitment of oysters. Fish predation may, however, 
negatively affect abundances of grazers (Underwood & 
Barrett 1990, Connell & Anderson 1999). Also, preda- 
tion on juvenile oysters may create temporary patches 
of open space for other organisms (such as ephemeral 
algae, bryozoans or spirorbids, Connell & Anderson 
1999). Further study, including manipulation of grazers 
and fish in an examination of simultaneous effects, is 
required over longer periods and at  various sites to 
determine the ultimate role of predation, if any, on suc- 
cession of oysters and other organisms in these assem- 
blages. 
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