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Abstract. The possibility that resource limits constrain 
the growth of mobile epifaunal populations associated 
with Sargassum patens plants was investigated by placing 
plants and associated animals into field microcosms 
which excluded fish predators, and then comparing fau- 
nal abundance and size-structure changes in different 
microcosm treatments with field populations. Four dif- 
ferent microcosm treatments were set up: two treatments 
containing defaunated plants inoculated with caprellid 
amphipods, and two control treatments with natural 
faunas. The estimated secondary production of faunas 
enclosed in all microcosm treatments rapidly settled on 
a constant value (5 rag/day) which was similar to that 
determined in experiments conducted in Western Austra- 
lia using the same microcosms but for faunas associated 
with a seagrass rather than a macroalga. These results 
support the hypothesis that the secondary production of 
epifaunal communities associated with macrophytes is 
constrained by quantifiable food resource ceilings. 
Predation by the most common fish species in the area, 
the wrasse Halichoeres tenuispinis, did not appear to alter 
macrofaunal production in the S. patens bed; however, 
it did greatly affect the faunal size-structure by eliminat- 
ing most of the larger animals. The majority of epifaunal 
animals >_ 2.0 mm sieve-size were consumed by H. tenuis- 
pinis, while negligible numbers of 0.5-ram sieve-size ani- 
mals were captured. We postulate that food resource 
ceilings and predatory size-selectivity are widespread 
phenomena, affecting epifaunal populations at a variety 
of locations. Predation is predicted to generally increase 
rather than decrease faunal abundance because the con- 
sumption of each large invertebrate by a predator frees 
sufficient resources to feed several smaller individuals. 
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Mobile macrofaunal assemblages of peracarid crus- 
taceans, gastropods, polychaetes, platyhelminths, pyc- 
nogonids and a variety of other groups occur ubiquitous- 
ly in coastal environments. In contrast to the extensive 
literature on processes operating within megafaunal and 
sessile invertebrate communities (e.g. Dayton 1971; 
Paine 1976; Lubchenco and Menge 1978), the relative 
importance of different biotic (e.g. predation, com- 
petition, mutualism) and abiotic (e.g. disturbance, tem- 
perature, salinity, organic loading) factors in structuring 
mobile macrofaunal communities remains poorly under- 
stood. This situation needs to be remedied as a matter of 
priority in view of the trophic importance of the group; 
the majority of demersal fishes, for example, consume 
mobile epifauna rather than feeding directly on plant or 
detrital material, sessile epifauna or the large, con- 
spicuous invertebrates (Kikuchi 1966, 1980; Quast 1971 ; 
Pollard 1984; Klumpp et al. 1989). 

A major reason for the lack of field experiments in- 
volving mobile macrofauna is the difficulty in establish- 
ing a suitable experimental protocol. Exclusion and in- 
clusion cages, the most successful tools used to determine 
functional relationships within other marine com- 
munities, often produce ambiguous results when applied 
to mobile epifauna. Predation has been recognized to 
significantly affect epifaunal numbers both positively 
(e.g. Kneib and Stiven 1982; Wilson 1989) and negatively 
(e.g. Summerson and Peterson 1984; Aoki 1988) in par- 
ticular studies, but not in others (Choat and Kingett 
1982; Russo 1991; Edgar and Robertson 1992), and to 
have an effect which varies substantially between dif- 
ferent macrofaunal species (e.g. Young and Young 1978; 
Leber 1985). Caging artifacts, a frequent source of pro- 
blems even for studies of sessile faunas (Dayton and 
Oliver 1980), are particularly severe in investigations of 
mobile epifauna (Virnstein 1978) because slight changes 
in environmental conditions can lead to rapid faunal 
emigration (DeWitt and Levinton 1985). This problem is 
compounded in subtidal macrophyte beds because shad- 
ing of host macrophytes and the consequent reduction in 
primary production are impossible to avoid in cages with 
overhead panels. Another factor which can contribute to 
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the misinterpretat ion o f  caging results is that  the rate o f  
movemen t  o f  m a c r o f a u n a  and me io fauna  th rough  cage 
walls is frequently ignored,  possibly because it is assumed 
to be negligible. The turnover  o f  epifauna nevertheless 
exceeds 30% per day in m a n y  habi ta ts  (Howard  1985, 
1987; Virnstein and  Cur ran  1986; Fr id 1989; Edgar  
1992). I f  prey are no t  confined within cages in such 
habitats  then, unless preda t ion  rates are greater than 
turnover  (a si tuation which would  cause natural  popula-  
tions to crash), any loss o f  animals due to preda t ion  
should be quickly compensa ted  for  by immigrat ing in- 
dividuals, and  any difference found  between caged and 
uncaged habi ta ts  is more  likely to result f rom an experi- 
mental  art ifact  than  f rom a preda t ion  effect. I f  prey are 
confined within cages then light and water  flow are 
necessarily restricted, potent ial ly causing addit ional  arti- 
facts. 

In  the present s tudy we utilise exclusion microcosms 
coupled with field observat ions in an a t tempt  to separate 
the relative effects o f  fish predat ion  and resource limita- 
t ion on epifaunal  assemblages associated with Sar- 
gassum. We recognise tha t  predat ion  pressure is no t  the 
only envi ronmenta l  parameter  to differ inside compared  
with outside field microcosms;  however,  microcosms 
were considered more  useful than  open cages with rapid 
faunal  turnovers.  Microcosms were primari ly used to 
investigate the hypothesis  tha t  the g rowth  o f  epifaunal 
popula t ions  is principally restricted by a lack o fpe r iphy t -  
ic food  and that  resource ceilings can be quantified using 
metabol ic-ra te  based indices (see Edgar  1993); a predic- 
t ion o f  this hypothesis  is tha t  epifaunal assemblages will 
no t  show increased p roduc t ion  when released f rom fish 
predat ion,  provid ing  that  the subs t ra tum and light re- 
gime do no t  change.  The approach  used to s tudy fish 
predat ion  has been deductive ra ther  than  inductive. D a t a  
on consumpt ion  rates and prey size-selectivity for the 
mos t  c o m m o n  fish in the s tudy area, the wrasse Hali- 
choeres tenuispinis (Giinther),  have been related to prey 
abundance  so that  the impact  o f  H. tenuispinis on  epi- 
faunal  prey can be directly calculated. Other  fishes at the 
site should have a low impact  on  epifauna compared  to 
H. tenuispinis. The next two mos t  c o m m o n  fishes, the 
wrasses Pteragogusflagellifera (Valenciennes) and Pseu- 
dolabrusjaponicus (Hout tuyn) ,  occurred at only ~ 10% 
o f  the densities o f  H. tenuispinis and fed p redominan t ly  
on epi fauna associated with the foliose turfing algae 
ra ther  than Sargassum (G. Edgar  and M. Aoki  unpu-  
blished data). Diving observat ions  indicated that  H. 
tenuispinis fed within the Sargassum canopy  ra ther  than 
close to the reef  substra tum. 

Methods 

Epif aunal samplin 9 

Seasonal changes in epifaunal populations associated with Sar- 
9assum patens C. Agardh plants were monitored in a bed at 3 m 
depth off the eastern shore of Magarisaki, Tomioka Peninsula, West 
Kyushu, Japan (32~ t30~ Within this bed S. patens 
forms a canopy above a patchy mosaic of foliose turfing algae 
(primarily Gelidium sp. and Plocamium sp.). The site is the same as 

that described by Aoki (1988), Aoki and Kikuchi (1990) and Edgar 
(1991). Mean daily water temperatures recorded at the nearby 
Amakusa Marine Biological Laboratory ranged from 12.5 ~ C 
(+0.3 ~ C SD) in mid February 1988 to 20.4 ~ C (4-0.9 ~ C) in early 
June 1988. 

At monthly intervals between 12 February 1988 and 6 June 
1988, a diver detached replicate Sargassum plants from the rocky 
substratum and carefully placed the plants into individual plastic 
bags. Four replicate plants were collected on 12 February and 18 
March, five replicates on 6 May and six replicates on 13 April and 
6 June. Formalin was added to the bags within 30 min of collection. 
In the laboratory, the fauna was extracted by pouring the content 
of each bag through a nested series of eight sieves ranging in size 
from 0.5 mm to 5.6 mm (see Edgar 1990a). Each sieve was shaken 
in turn in a bucket of water to allow animals smaller than that sieve 
size to pass through, and the contents of the bucket then poured 
onto the next smallest sieve. The animals retained on each sieve were 
identified and counted under a binocular microscope. The weight 
of the macroalgal host plant was also determined after drying at 
60 ~ C for 2 days. 

The estimated biomass of the fauna in each sample was cal- 
culated using the number of animals in each sieve size-class and 
sieve size/mean biomass values listed separately for caprellids and 
general fauna in Table III of Edgar (1990a). Secondary produc- 
tivities of samples were estimated using water temperatures, the 
numbers and biomass of animals in each sieve size-class and the 
general equation P = 0.0049 �9 B~176 ~ (Edgar 1990a). 

The density of Sargassum patens plants was estimated by throw- 
ing 15 quadrats (1 m 2) into the study area on 9 May 1988, and 
counting the number of plants within each quadrat. 

Microcosm (fish exclusion) experiment 

Microcosms used to study changes in population numbers of epi- 
faunal species in the absence of fish predators were the same as used 
in previous experiments in Western Australia (Edgar 1990b); they 
consisted of 300-ram-long 160-mm-diameter perspex tubes with the 
ends covered by 300 gm Nytal mesh which was held in place by 
stainless steel hose clamps. Sargassum plants with associated faunas 
were enclosed within the microcosms underwater, the microcosms 
being arranged in groups of six on perforated plastic trays 
(520x310x 70 mm). Each group of six microcosms was held 
together by placing a tray on the top as well as the bottom of tubes, 
and then attaching rubber straps between the two trays to draw the 
trays with the tubes between together. After the groups of six 
microcosms were placed between trays, they were slowly dragged 
behind a boat to scallop culture lines set 1 km south-east of the 
study site, where they were suspended below securely anchored 
culture ropes at 3 m water depth. Microcosms could not be set up 
at the study site because wave action made it impossible to securely 
anchor the microcosms above the rocky substratum there. The 
scallop culture lines were exposed to a greater fetch but were over 
deeper water (8 m) than the collection site, so the total wave energy 
striking the microcosms was slightly less at the former site. Seawater 
flowed into and out of the microcosms, albeit in a restricted manner, 
throughout the study. The sides and bases of the trays were per- 
forated with large gaps, and the 300 gm Nytal mesh was cleaned by 
scrubbing every 2 weeks and replaced after 2 months. 

Two microcosm treatments were set up on 12 February 1988: 
"control-l" microcosms, which contained Sargassum plants de- 
tached from the reef with natural associated faunas, and "defau- 
nated-1" microcosms, which contained Sargassum plants which had 
been defaunated and then inoculated with a multispecific assemb- 
lage of 20 adult caprellids. Plants were defaunated by being placed 
for 30 min into deoxygenated seawater which had been previously 
boiled, cooled and then aerated with CO2. The caprellids were 
collected from the S. patens bed and also a Sargassum horneri C. 
Agardh bed adjacent to the study site where they were more abun- 
dant (Imada and Kikuchi 1984). The relative abundances of dif- 
ferent caprellid species placed into defaunated microcosms was 
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estimated from a sample of 101 caprellids that were collected as 
inoculants but not used. 

The epifauna and host plants within four replicate microcosms 
of each treatment were collected after 1 month, and six replicates 
after 2 month and 4 month, on the same days as field samples (with 
the same number of replicates) were collected�9 The faunas within 
each microcosm were extracted and counted using the same meth- 
ods as for field samples. 

On 13 April 1988, an additional experiment was commenced 
with two treatments: "control-2" microcosms, which contained 
Sargassum plants detached from the reef with natural associated 
faunas, and "defaunated-2" microcosms, which contained defau- 
nated Sargassum plants inoculated with 10 mature individuals of 
Caprella monoeeros Mayer�9 The methods used for setting up this 
experiment were the same as used for the longer running experi- 
ment. Six replicates of each treatment were collected on 6 June 1988. 
Individual microcosms for the various treatments were randomly 
intermingled on trays. 

At the start of the experiments, microcosms for all treatments 
were sub-divided equally into two sets: one set of microcosms 
contained a nitrogen addition (slowly dissolving granules of 
NH4NO3 enclosed in perforated plastic capsules) and the other 
lacked this nitrogen source. This additional treatment was set up to 
test the hypothesis that the senescence of plants within the Sar- 
9assum patens bed in May was caused by a deficiency in accessible 
nitrogen in the natural environment�9 A rapid spring decline in 
dissolved nitrate concentrations from ~ 3 to ~ 0.4 BM occurs annu- 
ally off Tomioka (Amakusa Marine Biological Laboratory, unpu- 
blished data). No significant differences in plant biomass or epifaun- 
al population parameters within microcosms were found between 
the nitrogen addition and control treatments, so this experiment has 
not been discussed further�9 

Predation 

The wrasse Haliehoeres tenuispinis was visually censused on 18 
February, 8 March, 19 April and 27 May 1988 using a belt transect 
method. A diver swam up and down a 100-m-long transect line 
which was permanently placed through the study area, and record- 
ed the number of fishes sighted within 2 m of the line during each 
pass. Three censuses were made on each survey date, between 11.30 
and 12.00 a.m., 1.30 and 2.00 p.m. and 3.30 and 4.00 p.m. The area 
censused thus totalled 3 x 400 m 2 during each sampling day. 

Fish were collected for dietary analysis on 9 May 1988 during 
five half-hour periods between 6 a.m. and 9 a.m., and at 11 a.m. and 
3 p.m. Approximately 12 specimens of  tI. tenuispinis were collected 
in each sample�9 Halichoeres tenuispinis were concealed in nocturnal 
refuges under sand by 6 p.m., so could not be captured at this time. 
Specimens were collected by a diver herding fishes into a set gillnet 
constructed with two mesh sizes, 7 and 45 ram. Fish were preserved 
using buffered formalin after underwater removal from the net. 

In the laboratory, the sex and total length of each fish were 
recorded. The gut contents were removed and the identity and 
abundance of each prey item determined under a dissecting micro- 
scope. For two abundant prey species which remained well-pre- 
served in the gut for relatively long periods, the caprellid amphipod 
Caprella monoceros and gammarid amphipod Pereionotus thomsoni, 
the size-frequency distributions of intact consumed prey were also 
determined. The length of  head capsules of 174 C�9 monoceros and 
the total length of 68 P. thomsoni were recorded using a graticule 
in the eyepiece of the microscope; these measurements were related 
to the corresPonding measurements for animals in different sieve 
size-classes, as recorded from monthly samples of Sargassum epi- 
fauna, thus allowing the prey to be allocated to sieve size-classes. 

When observed underwater from distances > 2 m, H. tenuispinis 
did not appear to be disturbed by the diver. This wrasse could be 
seen to peck at individual prey items in the Sargassum canopy; 
consequently the mean number of prey consumed by H. tenuispinis 
per day was deduced by multiplying the total daily number of pecks 
which fish made at prey with the proportion of pecks which success- 

fully resulted in prey capture. The success of pecks was determined 
by relating the mean number of prey in guts during the early 
morning, i.e. before any prey had been egested, with the mean 
cumulative number of pecks made by fish up to that time. 

The number of pecks made at hourly intervals through the day 
was determined by divers watching individual fish underwater on 
9 May 1988, and recording the number of pecks made at Sargassum 
plants during 15-min intervals�9 Rather than chasing fish, single fish 
were watched for pecking activity until they disappeared from view, 
and then another fish was immediately selected as the target of 
observations. Between two and seven (ff = 4) 15-rain counts were 
undertaken during each hour interval from 6 a.m. to 6 p.m. Sunrise 
and sunset occurred at 5:26 a.m. and 7:08 p.m., respectively. 

In order to calculate the impact of H. tenuispinis on differ- 
ent size-classes within the epifaunal community, an estimate of the 
growth rates as well as the standing stock of epifauna was necessary�9 
This was done using the general relationship P=0.0049. B ~176 
T ~ where P is secondary production, B body mass and T tem- 
perature (Edgar 1990a), as a logistic equation to determine the 
growth of a generalized invertebrate at 20 ~ C. An animal of 15.68 
gg body mass, the minimum size of animals retained by the 0.5-mm 
sieve (Edgar 1990a), is calculated using this equation to have a daily 
production of 0.64 pg at 20 ~ C, and will thus have a mass of 16.32 
gg after 1 day. Continuing with this calculation of daily increments, 
the animal will be 40.0 Bg after 24 days, and thus have just reached 
the minimum size to be collected by the 0.71-mm sieve (39.6 pg). 
(The periods which this generalized animal takes to grow through 
the different sieve size-ranges have been included in Table 5 as the 
turnover rate.) 

Results 

Microcosm (fish exclusion) experiment 

Sargassum patens plants were found on 9 May 1988 to 
occur in densities (+ SE) of 51 (4-3) m -2. This density 
value has been assumed in plant biomass and faunal 
abundance calculations to have remained constant 
during the study. By using a constant value, fluctuations 
between months in plant density data which were due to 
sampling error were not incorporated into calculations 
of faunal density; the general annual decline in plant 
density from February to May (~15% for the years 
1986-1988; M. Aoki, unpublished data) was often less 
than the measured variation between neighbouring 
months. 

The mean biomass of sampled plants doubled be- 
tween February and early June (Fig. 1), but then declined 
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Fig. 1. Monthly mean changes (4- SE) in plant biomass (solid dots 
and line) and faunal abundance (open dots, dashed line) during the 
period of study 



Table 1. Mean (4- SD) abundance, biomass and estimated produc- 
tion of epifaunal assemblages within four experimental microcosm 
treatments set up in Japan and two microcosm treatments set up in 
Western Australia (Edgar 1990b) 

Abundance Biomass Production 
(mg) (mg/day) 

Japan 
Control-1 20004-904 3084- 151 6.654-3.34 
Control-2 11274-327 2764- 49 5.114-0.89 
Defaunated-1 1930:t:489 221 4- 96 5.304-2.05 
Defaunated-2 14574-481 2124- 60 4.744- 1.28 

Western Australia 
Control 9954-402 3204- 64 4.60• 
Defaunated 8694- 105 235+ 20 3.954-0.23 

Field Field Control-1 Control-1 Conlrol-2 Defaunated-1 Defaunated-2 
April June April June June June June 

Fig. 2. Densities per plant of the most common species in the field 
in April and June and in various microcosm treatments. SE bars for 
total abundance are shown above columns. Densities of animals in 
defaunated-1 microcosms in April have not been shown as they 
were very low (2= 115• 14) animals 

to negligible (<20  g/m 2) levels at the end of June 
(M. Aoki and G. Edgar unpublished data). Much of the 
S. patens population detached and floated away from the 
study site during June, with the remaining plants senesc- 
ing in situ. 

The density of epifauna associated with Sargassum 
increased an order of  magnitude between February and 

125 

June (Fig. 1). Approximately half of this increase oc- 
curred during the first month. The decline in faunal 
abundance between March and April shown in Fig. 1 was 
probably an artifact of sample variability, being caused 
by the low biomass of sampled plants in April rather than 
indicating a real population decline in that month. 

A number of epifaunal species infiltrated through the 
300-gin mesh of the microcosm tubes. At the conclusion 
of the experiment, the number of species in defaunated 
tubes was only slightly (but significantly) lower than the 
number in control tubes. A mean (+ SD) of 28 4- 4 species 
were collected in both defaunated-1 and defaunated-2 
microcosms on 6 June, compared with 38 4- 4 and 35 4- 5 
in the control-1 and control-2 microcosms, respectively. 
Despite this entry of species into microcosms, and total 
population numbers in control tubes being comparable 
to total numbers in defaunated tubes at the conclusion 
of the experiment (Table 1, Fig. 2), the abundances of 
different species varied consistently between microcosm 
treatments. A number of species which were common in 
the control tubes, e.g. the mollusc Alcyna ocellata and 
anemone Boloceroides mcmurrichi, were rarely if ever 
present in defaunated tubes. On the other hand, the 
amphipod Aoroides columbiae, the most abundant spe- 
cies in microcosms, was much more abundant in defau- 
nated than control treatments (two-way ANOVA, 
month of commencement x defaunation treatment, 
df= 1/20, F =  28.5, P <  0.001). Thus, higher population 
sizes of infiltrating species in defaunated microcosms ap- 
proximately counterbalanced the abundances of species 
present only in control microcosms. There was, however, 
a slight difference between the total abundances of ani- 
mals in different treatments on 6 June (Table 2), with 
lowest numbers in the control-2 microcosms. No signifi- 
cant differences were found between the estimated faunal 
biomass or estimated secondary production of the assem- 
blages in different treatments (Tables 1 and 2). Total 
faunal biomass and secondary production each rose 
within microcosms to constant levels, independently of 
which species were numerically dominant (Fig. 3). These 
levels were similar to those found using the same micro- 
cosms but different faunas and plant substrata in experi- 
ments conducted in Western Australia (Tables 1 and 2). 
Total epifaunal abundances in microcosms, on the other 
hand, differed significantly between the experiments con- 
ducted in Australia and in Japan. 

Population increases within microcosms were much 
more rapid during the warmer April to June period than 

Table 2. Mean-square values (treatments/residuals) from ANOVAs 
comparing the abundance, estimated biomass and estimated sec- 
ondary productivity of faunas in Control-1, Control-2, Defaunated-1 

and Defaunated-2 microcosms in Japan on 6 June 1988, and control 
and defaunated microcosms placed in the field for 2 mo in Australia 
(Edgar 1990b) 

Experiment Abundance Faunal biomass Productivity 

Japan study 3 / 2 0  0.395/0.123" 0.165/0.133 0.076/0.124 
Western Australian study 1 / 1 0  0.023/0.064 0.256/0.030* 0.057/0.022 
Combined studies 5 / 3 0  0.664/0.103"** 0.177/0.099 0.177/0.090 

Data were log transformed to remove heteroscedasticity 
* 0.05>P>0.01; *** P<0.001 
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Fig, 4, Month ly  mean  changes in the abundance  o f  Caprella mon- 
oceros in the field and in the various microcosm treatments ,  SE bars 
are shown 

Table 3. Mean  abundances  of  various caprellid species in Control-  1 
microcosms placed in the field on 12 February  1988 and retrieved 
on 9 March,  12 April  and 6 June 1988 

Species 9 March  12 April  6 June 

C. danilevskii Czerniavski 11.8+ 16.3 2.5:t: 3.6 0 
C. tsugarensis Ut inomi  3.0 + 5.4 9.0 :t: 11.3 0 
C. okadai Arimoto  0 .5 •  1.0 0 0 
C. monoceros Mayer  6 .8•  12.2 174 :k 149 47.7+34.9  
C. korninatoensis Takeuchi  0 .3~  0.5 38.0~ 62.1 0 
C. penantisLeach 0 .3 •  0.5 3.8:~ 3.8 7 .0•  5.4 
C. decipiens Mayer  14.3•  67 .0~ 49.2 13,3:t:23.7 
C. subinermis Mayer  1.5•  1.7 0.3:~ 0.4 0 
C. seaura Temple ton  1.3~: 1.5 3.0~: 4.9 0 ,9•  1.0 
C. verrueosa Boeck 0 .5•  0.6 5.5:t: 4.7 0 

combined, the total abundance (N), estimated biomass 
(B; mg) and estimated production (P; gg/day) of animals 
within microcosms were all significantly correlated with 
the dry weight of plant material (W; g) contained within 
tubes (n=24; N=722+159  W, r2=0.64, P<0.001;  
B=  139+ 19.1 W, r2 = 0.39, P<0.001 ; P =  2537+ 499 W, 
r2 = 0.58, P<0.001). 

The number of caprellids in microcosms differed 
greatly between replicates, as is indicated by the high 
standard deviation in numbers in control-1 microcosms 
(Table 3). Abundances of species after 2 month tended 
to be either extremely low (0, 1 or 2), with no recruitment 
presumably having occurred, or high (26-363). Numbers 
within any microcosm therefore probably depended on 
the survival abilities of different caprellid species and 
whether sufficient individuals of a species had been ini- 
tially introduced for that species to reproduce. The only 
caprellid consistently found to enter microcosms was 
Caprella penantis; other caprellids were absent t?om 
many tubes. 

A number of caprellid species, notably Caprella dan- 
ilevskii, C. tsugarensis, C. okadai and C. kominatoensis, 
had poor survival rates m microcosms (Table 3). 
C. monoeeros and C. decipiens, on the other hand, 
showed rapid increases in population numbers (Table 3, 
Fig. 4). In the microcosms in which they were repro- 
ducing, C. monoceros increased two orders of magnitude 
in abundance within 2 months. The numbers then 
declined, so that at the conclusion of the experiment C. 
monoceros was significantly less abundant in the longest- 
running (i.e. control-l) treatment than in other treat- 
ments (Fig. 4; 1-way ANOVA, df=3/20, F=5.25, 
0.01 >P>0.001 ; SNK test, ~=0.05). 

The size-distributions of epifaunal species within mi- 
crocosms generally differed from the population size- 
distributions in the field. All of the abundant amphipod 
and isopod species in the field, including the four most 
common and widespread species shown in Fig. 5, had 
field size-distributions heavily skewed to small body size. 
A number of non-peracarid species, including the com- 
mon anemone Boloceroides mcmurrichi (Fig. 5), had size- 
frequency modes in the intermediate sieve size range 
rather than being skewed to small body size. 

The size-distributions of species within microcosm 
were not greatly affected by treatment (Fig. 5). The larger 
size-classes of crustaceans were several times less abun- 
dant in the field than within all types of microcosm. By 
contrast, field populations of non-crustacean species of- 
ten had similar size-distributions to microcosm popula- 
tions. 

Predation 

from February to April; only 450 animals were collected 
per defaunated microcosm after the 2-month period from 
February to April, whereas 4,800 animals were collected 
after the 2-month period from April to June. When data 
for the four microcosm treatments sampled in June are 

The labrid Halichoeres tenuispinis was not observed in 
the study area on 18 February, and increased in abun- 
dance from March to April, occurring in densities ( i SD) 
of 0.23+0.06 m -z, 0.724-0.15 m -2 and 0.634-0.44 m -2 
on 8 March, 19 April and 27 May, respectively. A total 
of 90 H. tenuispinis was collected for dietary analysis on 
9 May. No consistent differences in either the number or 
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Fig. 5. The relative abundance in different size-classes of six epifau- 
hal species in the field and in four microcosm treatments on 6 June 
1988. The four amphipod species were the most common species 
collected in all replicate samples, while the mollusc Alcyna ocellata 
and anemone Boloceroides mcmurrichi were the most common non- 
crustacean species collected. The two non-crustacean species were 
very rare in the defaunated treatments (2 < 1 per microcosm), so 
these treatments were not shown 

species of prey consumed by H. tenuispinis could be 
detected for fish of different sizes or sexes within the 
size-range examined (53 to 100 mm total length); conse- 
quently, the diets of H. tenuispinis have not been 
separated by size or sex in analyses. 

The abundance of different prey in the gut of 
H. tenuispinis was significantly correlated with the field 
abundances of species associated with S. patens plants 
(n = 24, rs = 0.70, P <  0.001 ; Table 4), indicating that the 
wrasse was not highly selective as a predator for par- 
ticular species. However, while gut contents generally 

reflected prey availability, substantial variation was 
found between relative abundances in the field versus in 
the gut for particular taxa (Table 4). Wrasses predomi- 
nantly fed on crustaceans, molluscs and, to a lesser ex- 
tent, polynoid polychaetes, with negligible numbers of 
platyhelminths, anemones and polychaetes (except poly- 
noids) being consumed. 

Halichoeres tenuispinis was extremely size-selective as 
a predator, consuming disproportionately high numbers 
of large sieve-size prey. While only the consumption of 
Caprella monoceros and Pereionotus thomsoni by 
H. tenuispinis has been quantified, the results shown in 
Fig. 6 were typical of the size-distributions of prey con- 
sumed by fish (G. Edgar personal observations). Al- 
though the size-frequency distributions of C. monoceros 
and P. thomsoni shown in Fig. 6 differ, they indicate 
similar underlying patterns of selectivity for prey of par- 
ticular body mass. The ingestion of C. monoceros at 0.5 
and 0.71 mm body size was probably incidental to the 
selected prey; juvenile C. monoceros remain attached to 
the maternal parent for up to 18 days after liberation 
from the brood pouch (Aoki and Kikuchi 1991), hence 
the small caprellids ingested by H. tenuispinis were prob- 
ably eaten along with the parent. Moreover, caprellids at 
5.6 mm sieve-size have similar mean biomasses to gam- 
maridean amphipods at 2.8 mm sieve-size (both 2.3 rag, 
Edgar 1990a), so if relative abundance had been plotted 
against biomass rather than sieve size, then the maximum 
size of P. thomsoni consumed would have been only 
slightly less than for C. rnonoceros. 

The number of prey in the guts of H. tenuispinis was 
zero just before dawn but rapidly rose throughout the 
morning (Fig. 7). Prey numbers in the gut gradually 
declined during the afternoon due to fewer animals being 
ingested than egested. Ingested prey passed through to 
the end of the gut by 10 a.m., and would have first been 
egested about this time. Halichoeres tenuispinis fed most 
actively early in the morning. The maximum number of 
pecks at prey were observed to occur around 8 a.m., with 
a gradual decrease in pecking activity during the rest of 
the day, apart from a slight, non-significant, increase at 
3 p.m. (Fig. 7). Fish were estimated to peck an average 
of 362 times per day. The number of prey consumed at 
any time in the morning was almost identical to the mean 
number of pecks made by fishes up to that time multi- 
plied by a factor of 0.35 (Fig. 7). Therefore, for every 100 
pecks made by fishes, ~35 resulted in the successful 
capture of prey. Assuming that this success rate did not 
change during the afternoon, a mean of 127 
(= 362 x 0.35) prey were consumed per fish per day. 

Calculations of the estimated predatory impact of 
H. tenuispinis on different size-classes of epifauna asso- 
ciated with Sargassum patens are shown in Table 5. The 
size preference of H. tenuispinis for C. monoceros (Fig. 6) 
is assumed in these calculations to apply also to other 
caprellids, and the size preference for Pereionotus thom- 
soni to apply to all other taxa. 

While the calculations shown in Table 5 may include 
considerable error, it is clear that Halichoeres tenuispinis 
has a negligible impact on the smallest epifaunal size- 
class examined (0.5 mm) but is the major source of 
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Table 4. Densities (per g dry weight of 
algae; • SE) of common taxa associated 
with Sargassum patens on 6 May 1988, 
with relative abundances (%) shown in pa- 
rentheses 

Taxon Field densities Relative abundance 
(g- 1) in fish guts (%) 

Ericthonius pugnax (Dana) 
Gammaropsis japonica (Nagata) 
Isehyrocerus sp. 
Ampithoe ?kava Myers 
Tethygeneia rostrata (Gurjanova) 
Podocerus ineonspicuus (Stebbing) 
Paradexamine micronesica Ledoyer 
Aoroides columbiae Walker 
Pereionotus thomsoni (Stebbing) 
Other gammaroidean amphipods 
Caprella monoceros 
C. deeipiens 
Other caprellid amphipods 
Other crustaceans 
Hiloa megastoma (Pilsbry) 
Cantharidus eallichroa (Phillipi) 
Alcyna ocellata Adams 
Other molluscs 
Platynereis dumerillii 

(Audouin & Milne-Edwards) 
Other polychaetes 
Ctenoplana sp. 
Platyhelminth sp. 1 
Boloeeroides memurrichi (Kwertniewski) 
Other taxa 

0.94-0.5 (2.0) 7.24-1.6 
1.34-0.6 (2.8) 1.84-0.6 
1.44-0.9 (3.0) 13.04-2.0 
1.24-0.4 (2.7) 2.74-0.8 
0.94-0.3 (2.0) 1.84-0.5 
1.24-0.4 (2.6) 4.04-1.2 
3.4~1.3 (7.4) 3.24-1.0 
2.44-0.9 (5.1) 0.34-0.3 
4.04-1.0 (8.7) 7.24-2.0 
1.74-0.4 (3.7) 4.94-1.7 
6.74-1.8(14.5) 41.24-3.6 
0.74-0.4 (1 .5 )  0.84-0.6 
1.34-0.6 (2.7) 1.14-0.4 
1.24-0.6 (2.6) 0.84-0.1 
2.6• (5.6) 1.5• 
2.9• (6.3) 0.9• 
3.2• (6.9) 4.3• 
1.0• (2.1) 0.4• 
2.8• (6.1) 0 

1.14:0.4 (2.4) 2.64-0.8 
2.4+ 1.5 (5.2) 0 

10.74-0.2 (1.4) 0 
1.14-0.2 (2.3) 0 
0.14-0.1 (0.2) 0.24-0.1 

Mean relative abundances (%) of taxa in the guts of Halichoeres tenuispinis (4-SE), as 
calculated from the total abundances of animals in the different sampling periods, are also 
shown 
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S ieve  size (mm) 
Fig. 6. The relative abundances in different sieve size-classes of the 
amphipods Pereionotus thomsoni and Caprella monoceros in the 
guts of Halichoeres tenuispinis on 9 May 1988 (grey columns) and 
in the field on 6 May 1988 (solid dots and line) 

mortal i ty  to animals > 2.0 m m  sieve size. Very few crus- 
taceans > 1.4 m m  sieve size would  escape being con- 
sumed by fish; mos t  animals no t  eaten by fish in any of  
the larger size-classes would  no t  die f rom other  causes 
but  progress to the next size-class and then be captured  
by fish. 
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Fig. 7. Diel variation in the mean pecking rate of Halichoeres 
tenuispinis, as observed by divers during 15-rain intervals (solid dots 
and line), the cumulative number of feeding pecks made by 
H. tenuispinis during the first 6 h of the day (diamonds, dot-and-dash 
line), and diel changes in the number of prey found in fish guts 
(open symbols, dashed line). SE bars are shown 

Discussion 

Resource limitation and competition 

The mos t  interesting result o f  our  mic rocosm experiment 
was that  the total est imated secondary  p roduc t ion  o f  
faunas within microcosms all rose quickly to a cons tant  
level which was independent  o f  treatment,  and that  this 
level was similar to the level deduced for  different faunas 
in exper iments  conduc ted  in Western Austral ia  (Tables 1 
and 2). We consider that,  ra ther  than resulting f rom 
chance, assemblages within tubes p robab ly  reached a 
resource ceiling which was p ropor t iona l  to total faunal  



Table 5. Estimated rates of consumption by Halichoeres tenuispinis 
of epifauna in different sieve size-classes 

Sieve size (ram) 

0.5 0.71 1.0 1.4 2.0 2.8 

Turnover rate (day) 
Caprellids 18 20 22 27 
Other taxa 24 30 35 44 

Field densities of prey (m -z) 
Caprella monoceros 928 908 632 266 
Total caprellids 1184 1174 970 418 
Pereionotus thomsoni 429 960 666 72 
Non-caprellid epifauna 8434 5384 1590 806 

Number of prey consumed (m-2d - 1) 

Caprella monoceros 4.6 3.7 1.2 
Total caprellids 4.9 3.9 1.3 
Pereionotus thomsoni 0 1.9 1.7 
Non-caprellid epifauna 0 20.6 18.5 

Proportion of epifauna consumed (%) 
Caprella monoceros 8 8 4 61 
Total caprellids 7 7 3 41 
Pereionotus thomsoni 0 6 9 58 
Non-caprellid epifauna 0 11 40 39 
All epifauna 2 10 26 40 

29 35 
50 64 

234 133 
306 173 

12 0 
102 20 

6.1 7.4 4.3 
6.4 7.8 4.5 
0.7 0.1 0 
7.2 1.0 0 

91 113 
74 91 
38 
49 
68 82 

Turnover rate is the mean period which a macrofaunal species will 
take to grow through each sieve size-class at 20~ as calculated 
from the general equation of Edgar (1990a). Field densities of prey 
are densities of macrofauna associated with Sargassum plants 
(51 plants m-2) on 6 May 1988, with the exception of Pereionotus 
thomsoni for which data from 13 April, 6 May and 6 June have been 
amalgamated because of small sample size in the larger size-classes. 
Number of prey consumed of type i (T~)= 127 x0.63 x dlxplj 
where di is the abundance of prey i in fish guts relative to the total 
consumed (Table 4) and Pij is the proportion of prey type i which 
was consumed for each sieve size-classj (see Fig. 6). This calculation 
assumes that the density of fish was 0.63 m -z, with each fish con- 
suming 127 prey per day. The relative numbers of Caprella mon- 
oceros in different sieve size-classes consumed by H. tenuispinis were 
used in calculations of the rate of consumption of total caprellids, 
and the relative numbers of Pereionotus thomsoni used for all other 
epifauna. Proportion of epifauna consumed is the estimated 
proportion of animals in each size class which was consumed by H. 
tenuispinis (= number of prey consumed x turnover rate/field den- 
sities) 

production (see Edgar 1993). Experimental evidence to 
support  this hypothesis is that: (i) the ANOVA used had 
reasonable power, as shown by the highly significant 
difference in animal abundance between all treatments 
[animal abundance had a low coefficient of  variation 
(=  0.3) similar to production], and would be expected to 
detect minor differences between treatments if estimated 
production of  faunas in different treatments were not 
converging on similar values, (ii) no single species was 
dominant  in terms of  biomass or production within any 
treatment, so the results were not caused by individual 
species reaching specific resource ceilings, and (iii) popu- 
lation numbers of  species capable of  passing through the 
microcosm mesh were negatively affected by the abun- 
dances of  prexisting species within the microcosms. The 
most common species in microcosms, Aoroides colum- 
biae, for example, occurred in twice the numbers in de- 
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faunated compared to control microcosms, although it 
presumably entered all types of  microcosms in similar 
numbers. Even more pronounced differences in par- 
ticular species between panially defaunated and control 
microcosms were documented in the Western Australian 
experiments (Edgar 1990b). 

Only one measured parameter, biomass of  host algae, 
was found to be highly correlated with faunal production 
within microcosms. Although our experiment did not 
address the possibility that epifaunal assemblages are 
limited by restricted physical space, and no data are 
available on the levels of  autotrophic production within 
microcosms, we consider that food limitation is the most 
parsimonious explanation for the convergence of  epi- 
faunal production estimates and the correlation of  
production with quantity of  host substrata. It  is difficult 
to conceive of  any other potentially limiting resource 
which is proportional  to the biomass of  plant material 
and is utilised in a manner approximately proportional  
to the sum of  body masses raised to the power 0.8 (Edgar 
1993) by species as divergent in life-histories as am- 
phipods, gastropods and polychaetes. Space is unlikely 
to have limited total production if processes occurring in 
the Japanese experiments were similar to those in West- 
ern Australia because epifaunal production was found 
to be much lower in shaded compared to unshaded mi- 
crocosms in Western Australia even when the biomass of  
host substrata was kept constant (Edgar 1990b). 

Moreover,  if space was limited in microcosms then, 
because antagonistic interactions associated with inter- 
ference competition occur on much shorter time-scales 
than interactions associated with exploitative com- 
petition, particular highly-competitive species would be 
expected to rapidly eliminate others from the micro- 
cosms. Only one species, the benthic ctenophore Cteno- 
plana sp., could have been eliminated from microcosms 
by direct competition; all of  the other species recorded 
in the field from February to June survived in micro- 
cosms for 4 month. A number of  species, most notably 
the amphipod Caprella monoceros,  declined in density 
within microcosms in the last 2 months of  the experi- 
ment, the period when competition for food would 
presumably have been most intense. While we suggest 
that exploitative competition was more important  than 
interference competition in microcosms, we cannot rule 
out the possibility that interference competition affected 
the composition of  the faunal assemblage. Caprella mon- 
oceros or C. decipiens, for example, may have actively 
prevented other caprellids which were common in adja- 
cent habitats from settling amongst S. patens  in the field, 
and may also have been directly responsible for the poor  
survival rates of  C. danilevskii, C. tsugarensis, C. okadai  
and C. kominatoensis  in microcosms. Caprella rnonoceros 
has been reported to act belligerently towards other ca- 
prellids (Aoki and Kikuchi 1991). 

The theoretical reasons for total secondary produc- 
tion of  epifauna being proport ional  to primary produc- 
tion and being largely independent of  the particular spe- 
cies present are presented in an associated paper (Edgar 
1993). Briefly, total community production is postulated 
to be proportional  to total community ingestion which, 
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when many species are present and virtually all food is 
utilized, is also approximately proportional to primary 
production. Consequently, manipulating the faunal com- 
position should not cause great changes to overall sec- 
ondary production or consumption, providing that the 
assemblage has sufficient species to utilise almost all of 
the food produced and that the physical aspects of the 
environment remain unchanged. By way of contrast, 
animal abundance and biomass would not be expected 
to remain constant in microcosms with different faunas 
because these parameters depend partly on the size-struc- 
ture of the species present, i.e., whether secondary 
production is partitioned amongst a few large animals or 
many small animals. 

If this "production ceiling hypothesis ~' is correct then 
the lack of a significant difference between the estimated 
faunal biomass of assemblages in the various microcosm 
treatments was largely due to the close relationship be- 
tween faunal biomass and productivity (P~zB~176 
Faunal abundance shows a much lower correlation with 
secondary productivity, thereby providing an explana- 
tion for the significant differences in animal abundance 
between treatments (Table 2). If assemblage "a" has 
animals equal in abundance but double the body dimen- 
sion of animals in assemblage "b", then the estimated 
biomass of assemblage "a" is approximately 8 times, 
and the estimated productivity 5 times, that of assem- 
blage "b". 

The production ceiling hypothesis involves several 
assumptions. It applies only to species-rich communities 
which have not been recently subjected to catastrophic 
disturbance, and secondary production is not predicted 
to be constant, for example, amongst assemblages with 
differing light levels or water temperatures. Fortuitously, 
the experiments conducted in Western Australia and 
Japan were concluded in seasons with similar water tem- 
peratures (20 ~ C) and microcosms were placed at similar 
depths (2-3 m). 

Given that epifaunal production in microcosms is 
restrained by resource ceilings, it remains to be shown 
whether these ceilings also apply in the field or whether 
other factors (e.g. predation, disturbance) prevent po- 
pulation numbers from attaining such high levels. The 
production of epifauna associated with field plants of 
average size (~  10 g dry weight) in June (2.4 mg.day-1) 
was approximately half the level recorded in microcosms 
(5.6 rag.day-1). This discrepancy is expected, providing 
that the majority of animals graze on diatoms and other 
periphyton rather than on the host Sargassum plant, 
because the surface area available to periphyton on the 
microcosm surface (1910 cm 2) was approximately equal 
to that on the enclosed plant (2 ~2000 cm z, as calculated 
from the geometric dimensions and component shapes). 
Periphyton would therefore have been as abundant on 
the mesh and perspex surfaces of microcosm tubes as on 
the plant substrata, with the microcosm and macroalgal 
surfaces each supporting epifaunal productivities of 
~1 pg.cm-2.day -1. Extrapolation to the y-axis of the 
regression relating plant biomass to faunal production 
indicates that epifaunal production of 2.5 rag.day- 1 oc- 
curs when no plant material is present in microcosms. 
The assumption that the epifaunal assemblage consisted 

largely of periphyton grazers is based on almost all of the 
common species associated with S. patens being abun- 
dant on artificial substrata where periphyton is the only 
major food source available (Edgar 1991), and on other 
studies where epifaunal amphipods and molluscs have 
been shown to feed predominantly on surficial microal- 
gae and detritus and small epiphytic algae (e.g. Nagle 
1968; Zimmerman et al. 1979; Caine 1980; Van Mont- 
frans et al. 1982; Norton and Benson 1983 ; Kitting 1984; 
Brawley and Fei 1987). Of the 18 species listed in Table 4, 
only Ampithoe ?kava, Pereionotus thomsoni and Caprella 
deeipiens were not commonly found in association with 
artificial habitats placed in the S. patens bed (Edgar 
1991). Ampithoe ?kava belongs to a family of amphipods 
with many Sargassum-consuming members (Hay et al. 
1990; Duffy 1990), so may differ from most other col- 
lected species in feeding predominantly on the host plant. 

The prediction that epifaunal production is ap- 
proximately constant for plants with similar morphol- 
ogy, providing that water temperature and levels of illu- 
mination do not vary greatly, can be tested by investigat- 
ing temporal changes in the Sargassum patens-associated 
assemblage. Faunal production did not significantly vary 
between months during the period from March to June 
if an increase in water temperature is not incorporated 
into production calculations [i.e. the parameter P2o 
(Edgar 1993) is used, one-way ANOVA, dr=3~17, 
F= 3.1, P > 0.05]. The justification for testing the produc- 
tion ceiling hypothesis with temperature not incor- 
porated into production calculations is that faunal popu- 
lation structure remains steady as temperature rises be- 
cause the increased growth rates of animals in different 
size-classes are compensated for by corresponding in- 
creases in primary production (Edgar 1993). 

The prediction that the faunal productivities of Sar- 
gassum plants at other sites are similar to the levels 
estimated at Magarisaki during the latter stages of the 
annual Sargassum growth cycle (i.e. ~240 gg.g-1.day-1 
for plants at 20 ~ C) has been examined in Australia with 
the results given in the associated paper (Edgar 1993). 
Estimated faunal production of Sargassum plants at four 
Australian sites did not differ significantly from 240 
~tg.g-l.day -1, whereas at a further four sites faunal 
productivities were significantly less than this value, 
possibly due to host plants being in early growth stages 
at these locations. 

Large seasonal fluctuations in epifaunal abundances 
have been reported in macrophyte beds throughout the 
world. At all sites exhibiting such fluctuations, apart 
from the Cliff Head site in Western Australia where 
abundance decreased during a period of high water tur- 
bidity (Edgar 1990b), cycles in total animal abundance 
approximately corresponded with seasonal fluctuations 
in the biomass or surface area of plant substrata (e.g. 
Hagerman 1966; Mukai 1971; Nelson 1979b; Edgar 
1983; Norton and Benson 1983 ; Scheibling and Johnson 
1987). For most of these assemblages, epifaunal density 
minima occurred during the winter months, and there 
was a lag of 2 or 3 months following the start of plant 
biomass recovery before epifaunal populations rebound- 
ed. This lag may be caused by the relatively slow growth 
rates of animals during the cooler months when plant 
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biomass is low, or by fish predators which can best 
control the numbers of epifauna when prey are present 
in low densities, Fish predators selectively remove the 
larger reproductive invertebrates (see below), so would 
most inhibit the growth of epifaunal populations when 
the number of mature animals is already low. A more 
likely explanation for the lag is that young, rapidly grow- 
ing plants produce large quantities of polyphenolics and 
other inhibitory compounds which curtail the productiv- 
ity of periphytic food resources. The population sizes of 
bacteria, diatoms and protozoans are all known to be 
reduced by toxic secondary metabolites-released by mac- 
rophytes (Hornsey and Hide 1974; Langlois 1975; A1- 
Ogilby and Knight-Jones 1977; Harrison 1982; Harrison 
and Durance 1985). These secondary compounds are 
concentrated and have greatest antibiotic activity in 
young, actively-growing tissue of Sargassurn plants 
(Sieburth and Conover 1965; Sieburth 1968; Ryland 
1974). 

Predation 

While food resource limits were inferred to be the major 
determinant controlling the production of the epifaunal 
assemblage associated with Sargassum, fish predation 
appears to have had a considerable influence on in- 
dividual species. Our results consistently indicated that 
the major effect of predation was to channel secondary 
production towards the smaller size-classes: (i) calcula- 
tions of fish consumption rates showed that most animals 
in sieve size-classes >2.0 mm would be consumed by 
fishes, whereas few small ( < 1.0 mm) animals would meet 
a similar fate before reaching the larger size-classes, (ii) 
the size-distributions of common peracarid crustacean 
species were similar to each other in the field, with most 
individuals in the smallest two sieve size-classes and very 
low proportions of larger individuals, (iii) the size-distri- 
butions of crustacean species within microcosms (i.e. in 
the absence of fish predators) differed considerably be- 
tween species, but all had much higher proportions of 
large animals than in the field, and (iv) the size-distribu- 
tions of species not consumed by fishes (e.g. the anemone 
Boloceroides mcmurrichi) differed little between micro- 
cosms and the field. 

A number of speculative predictions can be made if 
the size-selective predation and production ceiling 
hypotheses are combined. As fish predation increases: (1) 
the size-structure of the epifaunal assemblage should 
shift towards the smaller size-classes, (2) species not eaten 
by fishes due to unpalatability, crypsis or small size 
should become proportionately more abundant, and (3) 
total epifaunal abundance should increase because, with 
the removal of each large invertebrate by a predator, 
sufficient food resources become available to feed several 
smaller animals. The results of our study support these 
predictions. 

The first prediction is consistent with the differences 
in epifaunal size-distributions between field and micro- 
cosm (Fig. 5). The level of predation also differed be- 
tween months in the field, as did the size-frequency distri- 
butions of most epifaunal species. Predation pressure 

exerted by fishes at Magarisaki was low in February and 
March, the period when Halichoeres tenuispinis was ab- 
sent or occurred in low densities within the study area, 
and increased to high levels by mid-April. The relative 
abundance of large-sized epifauna reflected this seasonal 
change in predation pressure; ~20% of the fauna was 
> 1.0-mm sieve size between February and April, but 
only 6% of the fauna grew to this size in May or June. 
Moreover, a high proportion of the large-sized fauna in 
May and June but not February, March or April consist- 
ed of species not consumed by fish. Individual species 
which grew to a large size and were preferred prey of 
fishes showed very pronounced changes in population 
size-structures during the study. The proportion of Ca- 
prella monoceros in the field which was > 1.0 mm sieve 
size was 59 % in March, 49 % in April, 22 % in May and 
7% in June. C. rnonoceros in microcosms were primarily 
> 1.0-mm sieve size in June. 

Epifaunal species not captured by fishes increased in 
numbers very rapidly during the spring period of intense 
predation pressure. The populations of Platynereis 
dumerillii, Ctenoplana sp., Boloceroides mcmurrichi and 
Platyhelminth sp. 1 all increased by approximately an 
order of magnitude between April and June, while the 
population numbers of common crustacean species re- 
mained relatively constant. The only crustacean amongst 
the species listed in Table 4 to show a rapid population 
increase was Aoroides columbiae, the smallest of the com- 
mon amphipods. A. columbiae matured at 0.5 mm sieve 
size and did not grow above 1.0 mm sieve size, even when 
protected from predators in microcosms (Fig. 5). An 
additional amphipod species, Ceinina japonica Stephen- 
sen, which was not listed in Table 4 because of its rarity 
in May, also showed a huge increase in population num- 
bers between April (25 m -2) and June (1850 m-Z). 
C. japonica bores through the axes of Sargassum plants 
(Stephensen 1933), so would rarely if ever be captured by 
fishes. There was a significant negative correlation 
overall between fish selectivity for prey (defined as the 
proportional abundance of the various species in fish 
guts divided by the proportional abundance of animals 
associated with Sargassum, both as shown in Table 4) 
and the magnitude of the change in population density 
between April and June (Spearman rank correlation 
rs=0.50, n= 15, P=0.02; molluscs were excluded from 
this analysis because they have pelagic larval stages and 
breed discretely rather than continuously, so for life- 
history reasons particular molluscs may not have been 
able to increase in numbers). 

The third prediction, that faunal abundance increases 
with increasing predation pressure, is counter-intuitive 
but agrees with our finding that faunal abundance rose 
during the period from March to June when predation 
levels increased and faunal biomass remained constant. 
Analogous findings have been made in studies of soft- 
bottom habitats, where decreases in total macrofaunal 
numbers and shifts in faunal size-distributions towards 
larger sizes occurred after the exclusion of predators 
(Reise 1978; Kent and Day 1983; Wilson 1989). 

Similarities between our results and those of other 
studies in seagrass, macroalgal and soft-sediment hab- 
itats suggest that the size-selective predation and produc- 
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tion ceiling hypotheses may have wide generality for 
benthic communities. Theoretical considerations 
(Schoener 1971 ; Pyke et al. 1977; Hughes 1980) and field 
studies (e.g. Wallerstein and Brusca 1982) both indicate 
that large marine predators, particularly fishes, decapod 
crustaceans and cephalopods, select the largest accessible 
prey which can be conveniently handled. Because these 
predators are abundant throughout the world, they 
would be expected to skew faunal size-distributions to- 
wards small sizes in a wide variety of habitats. This is not 
to suggest that individual predators are not constrained 
by maximum prey sizes, as they clearly are (e.g. Elner and 
Hughes 1978; Griffiths and Seiderer 1980; Joyce and 
Weisberg 1986); however, the total predatory impact on 
a macrofaunal community will rarely depend on a single 
predatory species but on a variety of predators with 
overlapping prey size ranges which encompass the largest 
individual in the community. 

Although a number of exceptions exist, size-selective 
aspects of predation are often ignored in studies of mo- 
bile benthos. Along with artifactual problems, this lack 
of interest in size-selectivity is possibly a major reason for 
conflicting conclusions reached by different workers re- 
garding the importance of fish predation to mobile ben- 
thos. In many studies, particularly single-species studies 
in which comparatively large prey are investigated, 
predation has been shown to have a major controlling 
influence on prey numbers (e.g. Van Dolah 1978; Jensen 
and Jensen 1975; Kneib 1985). In another set of studies, 
much lower densities of benthic invertebrates have been 
found in predator exclusion treatments when compared 
with open treatments (Nelson 1981; Kneib and Stiven 
1982; Virnstein et al. 1983; Wilson 1989). These some- 
what contradictory results have been traditionally recon- 
ciled by invoking the "intermediate predator hypoth- 
esis", which postulates that cages exclude large predators 
which are capable of controlling the numbers of smaller 
invertebrate predators such as shrimps, crabs, and nereid 
and nephtyid polychaetes, and, because these small 
predators become abundant in cages, the densities of the 
majority of macrofaunal species which are prey to the 
small predators decline. Our production ceiling/size- 
selective predation hypothesis provides an alternative 
explanation by postulating that the consumption of food 
resources by larger animals rather than direct predation 
is the proximate cause of the decline in small animals in 
cages. The two hypotheses are not, however, mutually 
exclusive, and it is likely that neither provides a com- 
prehensive explanation for patterns of faunal abundance 
within cages. Until appropriate tests have been made 
which evaluate the accuracy of conflicting predictions 
arising from the two hypotheses, we suggests that both 
the intermediate predator and production ceiling/size- 
selective predation hypotheses be considered equally 
plausible before interpreting caging results. 

Acknowledgements. We would like to thank Dr S. Nojima for his 
advice and considerable field assistance, and Prof. T. Kikuchi for 
his generosity while sponsoring GJE at the Amakusa Marine Bio- 
logical Laboratory. The manuscript was improved by the comments 
of Dr S.F. Rainer and Dr M.J. Keough. The study was supported 
by an Australian Academy of Science/Japan Society for the Promo- 
tion of Science Fellowship. 

References 

A1-Ogilby SM, Knight-Jones EW (1977) Anti-fouling role of anti- 
biotics produced by marine algae and bryozoans. Nature 
265 : 728-729 

Aoki M (1988) Factors affecting population fluctuations of caprell- 
id amphipods inhabiting Sargassurn patens bed (preliminary 
report). Benthos Res (Bull Jpn Assoc Benthol) 32:42~49 

Aoki M, Kikuchi T (1990) Habitat adaptations of caprellid am- 
phipods and the importance of epiphytic secondary habitats in 
a Sargassum patens bed in Amakusa, southern Japan. Publ 
Amakusa Mar Biol Lab 10:123-133 

Aoki M, Kikuchi T (199i) Two types of maternaI care for juveniles 
observed in Caprella monoeeros Mayer, 1890, and Caprella 
deeipiens Mayer, 1890 (Amphipoda: Caprellidae). Hydrobiolo- 
gia 223 : 229-237 

Brawley SH, Fei XG (1987) Studies of mesoherbivory in aquaria 
and in an unbarricaded mariculture farm on the Chinese coast. 
J Phycol 23:614-623 

Caine EA (1980) Ecology of two littoral species of caprellid am- 
phipods from Washington U.S.A. Mar Biol 56:327-335 

Choat JH, Kingett PD (1982) The influence of fish predation on the 
abundance cycles of an algal turf invertebrate fauna. Oecologia 
54: 88-95 

Choy SC (1986) Natural diet and feeding habits of the crabs Lioear- 
einuspuber and L. holsatus (Decapoda, Brachyura, Portunidae). 
Mar Ecol Prog Ser 31 : 87 79 

Dayton PK (1971) Competition, disturbance and community or- 
ganization: the provision and subsequent utilization of space in 
a rocky intertidal community. Ecol Monogr 41 : 351-389 

Dayton PK, Oliver JS (1980) An evaluation of experimental analy- 
ses of population and community patterns in benthic marine 
environments In: Tenore KR, Coull BC (eds) Marine benthic 
dynamics. University of South Carolina Press, Columbia, USA 
pp 93-120 

DeWitt TH, Levinton JS (1985) Disturbance, emigration and refu- 
gia: how the mud snail, Ilyanassa obsoleta (Say), affects the 
habitat distribution of an epifaunal amphipod, Microdeutopus 
oryllotalpa (Costa). J Exp Mar Biol Ecol 92:97-113 

Duffy JE (1990) Amphipods on seaweeds: partners or pests. Oe- 
cologia 83 : 267-276 

Edgar GJ (1983) The ecology of south-east Tasmanian phytal ani- 
mal communities. II. Seasonal change in plant and animal po- 
pulations. J Exp Mar Biol Ecol 70:159-179 

Edgar GJ (1990a) The use of the size-structure of benthic macro- 
faunal communities to estimate faunal biomass and secondary 
production J Exp Mar Biol Ecol 137:195-214 

Edgar GJ (1990b) Population regulation, population dynamics and 
competition amongst mobile epifauna associated with seagrass. 
J Exp Mar Biol Ecol 144:205-234 

Edgar GJ (1991) Artificial algae as habitats for mobile epifauna: 
factors affecting colonization in a Japanese Sargassum bed. 
Hydrobiologia 226: 111-118 

Edgar GJ (1992) Patterns of colonization of mobile epifauna in a 
Western Australian seagrass bed. J Exp Mar Biol Ecol 
157:225-246 

Edgar GJ (1993) Measurement of the carrying capacity of benthic 
habitats using a metabolic-rate based index. Oecologia 
95:115-121 

Edgar G J, Robertson AI (1992) The influence of seagrass structure 
on the distribution and abundance of mobile epifauna: pattern 
and process in a Western Australian Amphibolis bed. J Exp Mar 
Biol Ecol 160:13-31 

Elner RW, Hughes RN (1978) Energy maximization in the diet of 
the shore crab, Careinus maenas. J Anim Ecol 47:103-116 

Frid CLJ (1989) The role of recolonization processes in benthic 
communities, with special reference to the interpretation of 
predator-induced effects. J Exp Mar Biol Ecol 126:163-171 

Griffiths CL, Seiderer JL (1980) Rock-lobsters and mussels - limita- 
tions and preferences in a predator-prey interaction. J Exp Mar 
BioI Ecol 44:95-109 

Hagerman L (1966) The macro and microfauna associated with 
Fucus serratus L. with some ecological remarks. Ophelia 3 : 1-43 



133 

Harrison PG (1982) Control of microbial growth and of amphipod 
grazing by water-soluble compounds from leaves of Zostera 
marina. Mar Biol 67:225-230 

Harrison PG, Durance CD (1985) Reductions in photosynthetic 
carbon uptake in epiphytic diatoms by water-soluble extracts 
from leaves of Zostera marina. Mar Biol 90:117-119 

Hay ME, Duffy JE, Fenical W (1990) Host-plant specialization 
decreases predation on a marine amphipod: an herbivore in 
plant's clothing. Ecology 71:733-743 

Hornsey IS, Hide D (1974) The production of antimicrobial com- 
pounds by British marine algae. I. Antibiotic-producing marine 
algae. Brit J Phycol 9:353-361 

Howard RK (1985) Measurements of short-term turnover of epi- 
fauna within seagrass beds using an in situ staining method. Mar 
Ecol Prog Ser 22:163-168 

Howard RK (1987) Diel variation in the abundance of epifauna 
associated with seagrasses of the Indian River, Florida, USA. 
Mar Biol 96:137-142 

Hughes RN (1980) Optimal foraging theory in the marine context. 
Oceanogr Mar Biol Annu Rev 8:423-481 

Imada K, Kikuchi T (1984) Studies of the reproductive traits of 
three caprellids (Crustacea: Amphipoda) and their seasonal 
fluctuations in the Sargassum bed. Publ Amakusa Mar Biol Lab 
7:151-172 

Jensen KT, Jensen JN (1985) The importance of some epibenthic 
predators on the density of juvenile benthic macrofauna in the 
Danish Wadden Sea. J Exp Mar Biol Ecol 89:157-174 

Johnson SC, Scheibling RE (1987) Structure and dynamics of epi- 
faunal assemblages on intertidal macroalgae Ascophyllum nod- 
osum and Fucus vesiculosus in Nova Scotia, Canada. Mar Ecol 
Prog Ser 37 : 209-227 

Joyce AA, Weisberg SB (1986) The effects of predation by the 
mummichog, Fundulus heteroclitus (L.), on the abundance and 
distribution of the salt marsh snail, Melampus bidentatus (Say). 
J Exp Mar Biol Ecol 100:29%306 

Kent AC, Day RW (1983) Population dynamics of an infaunal 
polychaete: the effect of predators and an adult- recruit interac- 
tion. J Exp Mar Biol Ecol 73:185-203 

Kikuchi T (1966) An ecological study on animal communities of the 
Zostera marina belt in Tomioka Bay, Amakusa, Kyushu. Publ 
Amakusa Mar Biol Lab 1 : 1-106 

Kikuchi T (1980) Faunal relationships in temperate seagrass beds. 
In : Phillips RC, McRoy CP (eds) Handbook of seagrass biol- 
ogy: an ecosystem perspective. Garland STPM, New York, 
pp 153-173 

Kitting CL (1984) Selectivity by dense populations of small in- 
vertebrates foraging among seagrass blade surfaces. Estuaries 
7A: 276-288 

Klumpp DW, Howard RK, Pollard DA (1989) Trophodynamics 
and nutritional ecology of seagrass communities. In: Larkum 
AWD, McComb A J, Shepherd SA (eds) Biology of seagrasses: 
a treatise on the biology of seagrasses with special reference to 
the Australian region. Elsevier, Amsterdam, pp 394~57 

Kneib RT (1985) Predation and disturbance by the grass shrimp, 
Palaemonetes pugio Holthuis, in soft substratum benthic in- 
vertebrate assemblages. J Exp Mar Biol Ecol 93:91-102 

Kneib RT, Stiven AE (1982) Benthic invertebrate responses to size 
and density manipulations of the common mummichog, Fun- 
dulus heteroclitus, in an intertidal salt marsh. Ecology 
63:1518-1532 

Langlois GA (1975) Effect of algal exudates on substratum selection 
by motile telotrochs of the marine peritrich ciliate Vorticella 
marina. J Protozool 22:115-123 

Leber KM (1985) The influence of predatory decapods, refuge, and 
microhabitat selection on seagrass communities. Ecology 
66:1951-1964 

Lubchenco J, Menge BA (1978) Community development and per- 
sistence in a low rocky intertidal zone. Ecol Monogr 48:6294 

Mukai H (1971) The phytal animals on the thalli of Sargassum 
serratifolium in the Sargassum region, with reference to their 
seasonal fluctuations. Mar Biol 8:170-182 

Nagle JS (1968) Distribution of the epibiota of macroepibenthic 
plants. Contrib Mar Sci Univ Texas 13:105 144 

Nelson WG (1979) An analysis of structural pattern in an eelgrass 
(Zostera marina L.) amphipod community. J Exp Mar Biol Ecol 
39: 231-264 

Nelson WG (1981) Experimental studies of decapod and fish preda- 
tion on seagrass macrobenthos. Mar Ecol Prog Ser 5:141-149 

Norton TA, Benson MR (1983) Ecological interactions between the 
brown seaweed Sargassum muticum and its associated fauna. 
Mar Biol 75:169-177 

Paine RT (1976) Size-limited predation: an observational and ex- 
perimental approach with the Mytilus-Pisaster interaction. Ec- 
ology 57:858-873 

Pollard DA (1984) A review of ecological studies on seagrass-fish 
communities, with particular reference to recent studies in Aus- 
tralia. Aquat Bot 18:3-42 

Pyke GH, Pulliam HR, Charnov EL (1977) Optimal foraging: a 
selective review of theory and tests. Q Rev Biol 52:137-154 

Quast JC (1971) Observations on the food of kelp fishes. In: North 
WJ (ed) Biology of kelp beds (Macrocystis pyrifera) in Califor- 
nia. Beih Nova Hedwigia 32, pp 541 579 

Reise K (1978) Experiments on epibenthic predation in the Wadden 
Sea. Helgol Wiss Meeresiinters 31 : 55-101 

Russo AR (1991) Do predatory fishes affect the structure of an 
epiphytal amphipod assemblage on a protected algal reef in 
Hawaii ? Hydrobiologia 224: 185-192 

Ryland JS (1974) Observations on some epibionts of gulf-weed 
Sargassum natans (L.) Meyen. J Exp Mar Biol Ecol 14:17-25 

Schoener TW (1971) Theory of feeding strategies. Annu Rev Ecol 
Syst 2:369-404 

Sieburth JM (1968) The influence of algal antibiosis on the ecology 
of marine organisms. Adv Microbiol Sea 1 : 63-94 

Sieburth JM, Conover JT (1965) Sargassum tannin, an antibiotic 
which retards fouling. Nature 208 : 52 53 

Stephensen K (1933) Ceininajaponiea (n. gen., n. sp.), a new aber- 
rant species of the amphipodan family Talitridae from Japan. 
Trans Sapporo Nat Hist Soc 13:63-68 

Summerson HC, Peterson CH (1984) Role of predation in organiz- 
ing benthic communities of a temperate-zone seagrass bed. Mar 
Ecol Prog Ser 15:63-77 

Van Dolah RF (1978) Factors regulating the distribution and popu- 
lation dynamics of the amphipod Gammarus palustris in an 
intertidal salt marsh community. Ecol Monogr 48:191-217 

Van Montfrans J, Orth RJ, Vay SA (1982) Preliminary studies of 
grazing by Bittium varium on eelgrass periphyton. Aquat Bot 
14:7%89 

Virnstein RW (1978) Predator caging experiments in soft sedi- 
ments: caution advised. In: Wiley ML (ed) Estuarine interac- 
tions. Academic Press, New York, pp 261-273 

Virnstein RW, Curran MC (1986) Colonization of artificial seagrass 
versus time and distance from source. Mar Ecol Prog Ser 
29: 279-288 

Virnstein RW, Mikkelson PS, Cairns KD, Capone MA (1983) 
Seagrass beds versus sand bottoms: the trophic importance of 
their associated benthic invertebrates. Fla Sci 46:363-381 

Wallerstein BW, Brusca RC (1982) Fish predation: a preliminary 
study of its role in the zoogeography and evolution of shallow- 
water idoteid isopods (Crustacea: Isopoda: Idoteidae). 
J Biogeogr 9:135-150 

Wilson WH (1989) Predation and the mediation of intraspecific 
competition in an infaunal community in the Bay of Fundy. 
J Exp Mar Biol Ecol 132:221-245 

Young DK, Young MW (1978) Regulation of species densities of 
seagrass-associated macrobenthos: Evidence from field experi- 
ments in the Indian River estuary, Florida. J Mar Res 
36:569-593 

Zimmerman R, Gibson R, Harrington J (1979) Herbivory and 
detritivory among gammaridean amphipods from a Florida 
seagrass community. Mar Biol 54:41-47 


