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FACTORS INFLUENCING THE JUVENILE
DEMOGRAPHY OF A CORAL REEF FISH

GRAHAM E. FORRESTER
School of Biological Sciences, University of Sydney, NSW 2006, Australia

Abstract. A notable recent development in marine ecology has been the suggestion
that the size of demersal populations is limited and that patterns in demersal abundance
are determined by the settlement of pelagic larvae (recruitment). Here I examine some
factors potentially limiting and determining population density in a small coral reef fish.
An experimental study of the demography of juveniles of a small planktivorous damselfish,
the humbug Dascyllus aruanus (Pomacentridae), was done at One Tree Reef, southern
Great Barrier Reef, Australia. Recently settled fish were transplanted to replicate units of
habitat at three lagoonal sites. The interactive effects of initial recruit density, the presence
of adults, and supplemental feeding on the growth, survival, migration, and maturation of
the recruits were examined over the following 10 mo.

Migration was apparently rare and thus unimportant. Effects of the factors on the growth
and survival of recruits were complex. Survival of recruits was generally inversely related
to their density but enhanced in the presence of adults. Average survival also varied among
locations. Mean growth was generally depressed at high recruit densities and in the presence
of adults but was enhanced by supplemental feeding. Maturation was related to size and
so was influenced by effects on growth. The results suggest that regulatory interactions and
shortages of food may limit the size of adult populations via their effect on growth rates.
Effects of the factors on survival were slight. Total abundance may thus be limited primarily
by recruitment unless effects on growth are ultimately translated to effects on demersal
mortality.

As a result of the effects on survival, there was some modification of the initial pattern
of recruit abundance. The importance of these effects in determining patterns of abundance
in unmanipulated populations depends on variation in recruitment at similar scales. The
number of recruits entering the adult population under different treatments was highly
modified from the pattern of initial recruit density. The number of recruits that became
mature by the end of the experiment was totally unrelated to their initial density. In addition,
that number was reduced in the presence of adults, and was limited by the availability
of food.

The results suggest that complex effects of these factors on juvenile demography can
modify recruitment patterns at small spatial scales. They also suggest that these factors
may have different effects on the adult and total demersal populations. In general terms,
both recruitment and postrecruitment processes influence patterns in abundance.

Keywords:  coral reefs; Dascyllus aruanus; density dependence; food limitation, growth; maturation;
mortality; Pomacentridae; population dynamics; recruitment.

INTRODUCTION

Many marine organisms, including fishes, have lar-
vac that undergo a pelagic dispersive phase before set-
tling to their adult habitat. Recruitment to demersal
populations occurs by the settlement of larvae, or al-
ready metamorphosed individuals (Kingsford 1988).
Becausc of difficulties with measuring settlement, re-
cruitment is often operationally defined as the first
sighting in the adult habitat of a settled juvenile (Rich-
ards and Lindeman 1987). It may then include the
effects of early postsettlement events (Keough and
Downes 1982). The extent of variation in settlement/

' Manuscript received 30 April 1989; revised 20 December
1989; accepted 27 December 1989.

2 Present address: Department of Zoology, University of
New Hampshire, Durham, New Hampshire 03824 USA.

recruitment and its implications for the abundance and
diversity of marine organisms has received much at-
tention in recent years (Underwood and Denley 1984,
Connell 1985, Lewin 1986, Doherty and Williams 1988,
Mapstone and Fowler 1988, Underwood and Fair-
weather 1989). Variation in recruitment is an impor-
tant component of recent models of the organization
of marine communities (Menge and Sutherland 1987,
Roughgarden et al. 1987) including fish communities
on coral reefs (Sale 1977, Talbot et al. 1978, Chesson
and Warner 1981).

Severe mortality of larvae, coupled with their pre-
sumed widespread dispersal means that the magnitude
of settlement to an area of demersal habitat should be
uncorrelated to the fecundity of the resident breeding
population (Scheltema 1971). Local demersal popu-
lations may thus be viewed as open systems. The pro-
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cesses responsible for the dynamics of demersal pop-
ulations are, therefore, settlement and demersal
mortality though, for mobile organisms such as fishes,
postsettlement dispersal must also be considered.

Two models have been developed that propose a
major role for settlement in the population biology of
marine organisms. The first model pertains to the lim-
itation of population density. By definition, a factor is
limiting if population density increases or decreases as
the factor increases or decreases. A common assump-
tion of studies on marine invertebrates (e.g., Connell
1961, Dayton 1971) and early models of species co-
existence for coral reef fishes, namely the niche diver-
sification model (Smith and Tyler 1972) and the lottery
competition model (Sale 1978), was that demersal pop-
ulations were oversupplied with potential recruits.
Competition (sensu Andrewartha and Birch 1954) for
space, which resulted in density-dependent recruit-
ment and/or survival was hypothesized to limit the
density of individual species of fish (under the niche
diversification model) or the combined density of guilds
of competing species (under the lottery model). In the
carly 1980s Doherty (1981, 1982, 1983) and Victor
(1983) presented evidence suggesting that the density
of populations of reef fishes was limited by recruitment,
morc precisely the supply of larvae, rather than com-
petition. This model was termed the recruitment lim-
itation model (Doherty 1981).

The second model refers to the determination, or
control (sensu Varley et al. 1973), of spatial and tem-
poral variation in population density. For demersal
populations this will depend on the strength and rel-
ative variability of the factors affecting settlement and
postrecruitment demography. Fluctuations in settle-
ment from the plankton have been implicated in con-
trolling the abundance of a range of marine species
(Coe 1953, Yoshioka 1982, Connell 1985). Doherty
(1981) and Victor (1983) proposed that settlement to
populations of coral reef fishes is a function of the
supply of larvac and that settlement variation is the
major cause of variation in population density. This
implies that patterns in the abundance of cohorts gen-
erated at settlement are not modified by subsequent
processes. This second model has been confused with
the recruitment determination model in the reef fish
literature (Jones 1987a, Doherty and Williams 1988,
Mapstone and Fowler 1988) and so for clarity I will
refer to it as the recruitment determination model.

Here I present the results of an experimental study
that examined the simultanecous influence of two as-
pects of local density and the availability of food on
the juvenile demography of a small coral reef fish. 1
evaluated the role of these factors in limiting and de-
termining benthic density. The basic approach was to
artificially create a pattern of recruitment by trans-
planting recently settled fish to replicate units of habitat
at three local sites and to then follow the fates of the
recruits over the subsequent 10 mo. The study species,
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the humbug (Dascyllus aruanus L.), a small planktiv-
orous damselfish occurs naturally on small isolated col-
onies of certain branching corals and so is a good sub-
ject for experimental manipulations of this sort (e.g.,
Sweatman 19854, b, Jones 1987b).

Since the proposal of the niche diversification and
lottery models, a number of studies have tested for
limitation of reef fish populations by space resources.
Most of these studies have not detected it (Robertson
and Sheldon 1979, Robertson etal. 1981, Warner 1984
[cited in Doherty and Williams 1988], two exceptions
are Shulman 1984 and Hixon and Beets 1989). The
possibility that populations might be limited by the
availability of food has received less attention. There
have been some suggestions based on circumstantial
evidence that food may be limiting for some species
(Hobson and Chess 1978, Thresher 1983). Jones (1986)
found that short-term growth of another planktivorous
damselfish (Pomacentrus amboinensis) was signifi-
cantly enhanced by supplemental feeding, but there
have been no tests of the effects of food limitation on
population size. Interactions within groups of humbugs
suggest a strong potential for competition for food
amongst group members. Behaviorally dominant larg-
er fishes tend to feed farther upstream from the home
coral than smaller ones and thereby restrict the access
of smaller fishes to preferred prey items (Coates 19804,
G. E. Forrester, unpublished manuscript). For this com-
bination of reasons, I tested the hypothesis that the
availability of food did not affect the demography of
juvenile humbugs by supplemental feeding.

Following the initial association of density depen-
dence with competition (Doherty 1981), a few re-
searchers have tested for regulatory interactions
amongst coral reef fishes. These studies have produced
differing results (Doherty 1982, 1983, Jones 19874, b,
1989). I manipulated both the density of recruits and
the presence of adults at the scale of individual corals
(i.e., the scale at which individuals interact). This al-
lowed me to test for regulatory interactions both among
recruits and between adults and recruits. Interactions
between adults and recruits are of particular interest
for humbugs for two reasons: firstly because they live
in social groups containing individuals of all sizes,
within which there are strong dominance relations based
on size (Coates 1980a, G. E. Forrester, personal ob-
servation), and secondly because larvae have been
shown to settle preferentially to corals occupied by
conspecific adults (Sweatman 19855).

There has been much study of patterns and vari-
ability in recruitment since the proposal of the recruit-
ment determination hypothesis. Recruitment has been
shown to vary considerably on a number of spatial and
temporal scales for all tropical reef fishes studied to
date (reviewed by Doherty and Williams 1988). In con-
trast, studies of variability in postrecruitment demog-
raphy are few. The limited evidence available suggests
that there is often considerable intraspecific variability
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in natural mortality rates, both interannual (Alden-
hoven 1986, Eckert 1987, Mapstone 1988) and at small
spatial scales (Aldenhoven 1986, Victor 1986, Map-
stone 1988, Robertson 1988). While the abundance of
some species may be determined by recruitment (Vic-
tor 1983, 1986) the studies of postrecruitment pro-
cesses indicate that they have the potential to modify
recruitment patterns (Aldenhoven 1986, Eckert 1987,
Shulman and Ogden 1987) and have in some cases
been shown to do so (Robertson 1988, Hixon and Beets
1989).

This experiment was replicated at three local sites.
By examining the degree to which the pattern of re-
cruitment I created was modified by subsequent pro-
cesses, I could examine the degree to which the abun-
dance of the cohort was recruitment determined both
at the scale of individual corals and sites within a reef.

METHODS
Study site

This study was done at One Tree Reef (23°30'S,
152°06'E), southern Great Barrier Reef. One Tree Reef
is a platform reef (Maxwell 1968) enclosing a protected
lagoon system (see Davies et al. 1976 for a more de-
tailed description of One Tree Reef). This experiment
was done at three sites in the south eastern corner of
the largest lagoon (Fig.1). Each site was a broad expanse
of sand, 2-3 m deep at low tide, with few natural patch
reefs. Site 1 was bordered on one side and site 2 on
three sides by continuous emergent reef. The only large
reef area close to site 3 was a large patch reef =50 m
from its edge. Site 2 may experience generally lower
flow rates than the other two sites (Ludington 1979).

Construction of standard coral units (SCUs)

In order to reduce possible variation in demographic
processes due to variability in habitat characteristics
(Jones 1989), the experiments were done using ‘‘stan-
dard coral units* (SCUs; after Sweatman [1983]). These
structures provide similar replicate units of habitat of
a kind that is close to the fishes’ natural one. Structures
of a similar nature have been used successfully in pre-
vious studies by Sweatman (19854, b) and Jones
(1987b).

The construction of SCUs is shown in Fig. 2. A steel
fencing post was driven into the sand, then 2-3 pieces
of live Pocillopora damicornis were tied around the
stake with wire and/or fishing line to form a roughly
spherical colony of volume ~0.034 m3. This is slightly
larger than the mean volume of occupied P. damicornis
colonies at One Tree Reef (G. E. Forrester, personal
observation). The colony was suspended =~0.2 m above
the sand surface, as coral placed on the sand dies quick-
ly. SCUs (n = 24) were built in a haphazard array on
each of the three experimental sites during December
1986. Each SCU was situated 20-25 m from any other
experimental or natural reef.
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Fic. 1. A map of the southeastern corner of One Tree
Reef showing the experimental sites (hatched areas numbered
1-3) and their proximity to One Tree Island (solid black).

Design

A factorial design with four factors was used for this
experiment (Table 1). The levels of recruit density were
chosen to reflect the range of natural recruitment levels
to P. damicornis at One Tree Reef (Table 2). The den-
sity of adults used for the adults-present treatment is
close to the mean density on occupied P. damicornis
corals at One Tree Reef (4.4 adults/0.034 m3, G. E.
Forrester, personal observation). There are also many
unoccupied corals, so the adults-absent treatment is
also relevant to the natural situation.

Preparation of SCUs

Four adults were introduced to each of the adults-
present SCUs between 12 and 15 December 1986. In-
troduced fish were collected from social groups occu-
pying colonies of P. damicornis in another part of One
Tree Lagoon. Fish were collected by chasing them into
their home coral, surrounding the coral with a net,
anaesthetizing the fish under the net using the anaes-
thetic quinaldine and then capturing the required fish
using hand nets. The adults placed on any one SCU
were all captured from the same group because trans-
planting groups of adults with established dominance
hierarchies greatly reduces aggression and emigration
of transplanted fish. All fish introduced were >40 mm
FL (FL = fork length, which is the length from the
snout to the end of the shortest rays in the fork of the
tail).

The SCUs were left untouched until February 1987.
At this time all planktivorous fish, including humbugs,
that had settled to the SCUs from the plankton were
removed. The three recruit density treatments were
then established, and the experiment started, by col-
lecting newly settled humbugs and transplanting them
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TaBLE 1. Description of experimental factors and design.
Treatments consisted of all possible combinations of the
four factors. Two replicate standard coral units (SCUs) were
assigned at random to each treatment combination (n = 72
SCUs).

Fixed/
Factor random Levels
Initial recruit F low, medium, and high
density (2, 7, and 14 recruits per SCU,
respectively)
Presence of F present vs. absent
adults (3-4 vs. 0 adults per SCU)
Food supple- F yes vs. no
mentation (SCU supplied with extra food,
vs. natural food only)
Sites R sites 1, 2, and 3

to the cleared SCUs at the appropriate densities. Re-
cruits transplanted included individuals collected from
P. damicornis colonies in other areas of One Tree Reef
as well as those removed from the SCUs. Recruits were
allocated to SCUs at sites 1, 2, and 3 on 14, 12, and
11 February 1987, respectively.

Newly settled humbugs are 8-9 mm FL at first ap-
pearance on the reef (G. E. Forrester, personal obser-
vation). Recruits transplanted to SCUs ranged from 9
to 13 mm FL (mean = 11.4 mm FL, s> = 1.02). Most
recruits were between 3 and 12 d postsettlement at
allocation. All of the recruits allocated to any one SCU
were of the same FL. The experiment ran for 10 mo;
it was monitored during field trips centered around
May and August 1987, and terminated in December
1987.

Food supplementation

The supplemental food was fish flesh, put through a
food processor to produce plankton-sized particles. The
processed fish was frozen into cubes. From the start of
the experiment until early May 1987, all cubes fed were
of the same size. Thenceforth the size of cubes fed was
proportional to the size of the group, so that the amount
of food fed per fish was equal. The fish were fed sup-
plemental food by way of the feeding tubes attached
to the SCUs (Fig. 2). The frozen cubes were dropped

TaBLE 2. Estimates of recruitment used to choose initial
recruit densities. SCUs = standard coral units.

Mean

Source of data density Range

Recruits accumulated on 72 SCUs to 8

Feb 1987 (Forrester 1988) 5.8  0-21
Census of recruits on 73 P. damicornis in

May 1986 (G. E. Forrester, personal ob-

servations) 4.9*%  0-28
Census of recruits on 20 P. damicornis in

Feb 1984 (Jones 1987b) 4.8 0-10

* Densities of 0 not used in calculation of means as they
are irrelevant to estimates of densities that juveniles experi-
ence (Jones 1987a).
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SURFACE
OF WATER
————————————— low tide
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FEEDING TUBE
(PVC conduit, 32 mm diameter)
Lim

METAL FENCING STAKE

Pocillopora damicornis
(0.40 m diameter)

FiG. 2. A diagram showing the construction of a standard
coral unit (SCU). PVC = polyvinyl chloride plastic.

into the top of the feeding tubes from a boat. As they
defrosted, they broke up and started sinking, emerging
from the bottom of the tubes as a stream of particles
over a period of 5-12 min. In situ observations re-
vealed that the fish readily consumed this food. The
fish were fed during low tide on 78 of the 279 d the
experiment ran.

Marking of recruits

A fluorescent mark was made on growth increments
in the otoliths (ear stones) of all the recruits to be
transplanted to SCUs. Marks were made by immersing
the recruits in a solution of tetracycline at a concen-
tration of 0.8 g/L for 24 h before they were allocated
to SCUs. For details of this technique see Schmitt
(1984). These marks were used to distinguish recruits
transplanted to SCUs from other humbugs. They could
only be detected in fish that had been killed. To view
them the pair of smallest otoliths (asteriscii) was dis-
sected out, mounted on a slide in resin, and examined
under ultraviolet light.

The second marking technique used allowed the rec-
ognition of individual fish over time while the exper-
iment was running. Liquid latex (Riley 1966) or tat-
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tooing dyes (Mapstone 1988) were injected under the
fishes’ skin to produce colored marks on their sides.
Using a variety of colors and marking positions it was
possible to give a different mark to most of the fish
marked using this technique. Recruits were only marked
in this way once they reached 25 mm FL. A pilot study
indicated that dye marking does not influence the growth
of humbugs > 25 mm FL. Marks on fish smaller than
this disappeared too quickly to have been useful, and
marking caused increased mortality of very small fish
(<17 mm FL) (G. E. Forrester, personal observation).

Monitoring

During the May and August field trips, all the recruits
were collected from their SCUs and transported to the
laboratory where their fork lengths were measured, and
they were dye marked if large enough. They were all
successfully returned to their SCUs the same day (or
occasionally the next day). Thirty-seven juveniles col-
lected were deemed to have settled to the SCUs sub-
scquent to the commencement of the experiment, by
virtue of their small size, and were not returned. No
juveniles removed in this manner possessed tetracy-
cline-marked otoliths, verifying that they were subse-
quent recruits and not recruits I had transplanted. Four
adults that migrated onto adults-absent SCUs were re-
moved as they were noticed. In December 1987 all
humbugs on the SCUs were collected as before, taken
back to the laboratory and killed using rotenone. They
were measured (FL), and all dye marks were noted.
Their gonads were removed, and their otoliths checked
for tetracycline marks.

Assessment of rates of demographic processes

At the beginning and end of each field trip all natural
corals within 30 m of the experimental sites were
checked for the presence of dye-marked humbugs that
had emigrated from experimental SCUs. When the ex-
periment was terminated the humbugs were collected
from seven of these corals and their otoliths later
checked for tetracycline marks. Instances of migration,
either among SCUs or between SCUs and natural cor-
als, were inferred by way of the regular checks of the
location of dye-marked recruits during the experiment
and by the distribution of tetracycline-marked indi-
viduals at the end of the experiment. Excepting those
settlers from the plankton that were removed, humbug
recruits that immigrated to SCUs during the experi-
ment were considered part of the group from that point
on for the purposes of calculating all variables except
mortality rates.

All dye-marked recruits that disappeared and were
not subsequently found at another site were assumed
to have died. For non-dye-marked recruits, I assumed
that if numbers in a group remained constant then no
mortality had occurred and that all reductions in num-
bers were due to mortality and not migration. Survival
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rates were calculated as the proportion remaining after
a given time period.

Dye marking the recruits in May had effectively sep-
arated them into two size classes, <25 mm FL (non-
dye-marked) and >25 mm FL (dye-marked). As a crude
test for size-dependence of apparent mortality, for all
groups where there were fish in both size categories, |
calculated the proportion of recruits in each class that
disappeared before December.

Growth rates of recruits were calculated as changes
in absolute size (FL). Two variables were considered
to examine the effects of the experimental treatments
on growth rates: the mean growth increment (GI) for
the members of each group over a given time interval
(group GI), and the growth increment of the dominant
(largest) juvenile in each group (dominant GI). Between
February and May, since all the fish started out at the
same size, group GIs were calculated as the change in
mean size over this period. For May—August and May—
December group Gls could only be estimated because
the fish were of different initial sizes and because in-
dividual GIs were not attainable for non-dye-marked
recruits. On these occasions, for each group, I first cal-
culated the individual GI of every dye-marked juvenile
that was present at the beginning and the end of the
interval. I then estimated the mean growth increment
of the non-dye-marked recruits present at the begin-
ning of the interval, as the difference between their
mean size and the mean size of the non-dye-marked
recruits present at the end. The average of all of the
increments was then taken to give an estimated group
GIL.

The state of maturity of the humbugs removed from
the SCUs in December was assessed on the basis of
the external appearance of their gonads when they were
dissected. Histological examination of a sample of these
gonads verified that this method of assessment was
accurate (Forrester 1988).

Analyses

Hypotheses about effects of the experimental factors
on demographic variables were tested using analyses
of variance (ANOVA). Prior to analysis data were tested
for heteroscedasticity using Cochran’s test (Under-
wood 1981). When variances were heterogeneous (P
< .05 for Cochran’s test) analyses were performed on
data transformed to be homoscedastic.

All analyses used the same model, where the four
experimental factors were orthogonal and SCUs con-
stituted replicates. All factors were considered fixed
except “‘sites,” which was considered random (Table
1). Since the degrees of freedom associated with each
term and the protocol for calculation of F ratios was
the same for all analyses (with one exception; see Table
5) a full ANOVA table is presented only for the first
such analysis as an example (Table 4 below). For sub-
sequent analyses only F ratios and P values judged
significant are presented. Post-hoc pooling procedures,
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Instances of confirmed migration by small (<25 mm fork length [FL]) and large (>25 mm FL) juveniles over

different time intervals during the experiment and overall (Total).

Between SCUs*

From SCUs to natural corals

From natural corals to SCUs

Time period Small Large Small Large Small Large
Feb-May 0 0 0 0 0 0
May-Aug 0 1 0 2 0 1
Aug-Dec 0 2 0 4 1? 1
Total 0 3 0 6 1 2

* Standard coral units.

as described by Winer (1971), were sometimes used to
remove nonsignificant terms from the model to allow
morc powerful tests of the remaining terms. In only
onc casc did this alter the conclusions drawn from an
analysis. A full ANOVA table is presented for this
analysis (Table 5 bclow).

RESULTS
Migration rates

Very few instances of migration were detected (Table
3). The proportion of recruits found to have migrated
during the experiment was 0.022. Confirmed move-
ments were so few that analysis of effects of the ex-
pcrimental factors on migration would not be mean-
ingful.
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FiGg. 3. Mean survival over 10 mo of recruits at three

different initial densities (h = 14, m = 7, 1 = 2 recruits per

SCU), in the presence (+ = 3-4 adults per SCU) and absence
(—) of adults. (n = 12 SCUs per point).

Mortality rates

The proportion of recruits that disappeared and were
not shown to have migrated was 0.257. Apparent mor-
tality was generally highest during the first part of the
experiment (February-May) and lowest during the
winter months (May-August) (Figs. 3 and 4). Apparent
mortality from February to May was greatest on SCUs
having high densities of recruits but no adults present
(Fig. 3), causing a significant interaction between the
density of recruits and the presence of adults (Table
4). Apparent mortality also differed significantly among
sites (Table 4), being more than twice as great at site
2 as at sites 1 and 3 (Fig. 4).

Apparent mortality data for May—August and Au-
gust—-December were very heteroscedastic (P < .0004
for Cochran’s test) and were not equalized by any of
four transformations tried (P always < .01 for Coch-
ran’s test). The results of an analysis of apparent mor-
tality over the whole experiment were not very different
from those from February-May (Table 5, Figs. 3 and
4). This suggests that any effects of the experimental
factors from May to December were either similar in
kind to those established during the initial 3 mo or, if
different, not strong enough to cancel them out. Ap-
parent mortality over the whole experiment declined
significantly with increasing recruit density (Table 3,
Fig. 3) and may have been lower in the presence of
adults (mean = se = 0.194 + 0.030) than in their
absence (0.276 = 0.039) (Table 5). Recruits at site 2
continued to suffer significantly greater apparent mor-
tality than those at the other two sites (Table 5, Fig.
4).

Apparent mortality from May to December was
strongly size dependent. Very few large recruits (>25
mm FL) disappeared during this period (proportion =
0.028). Virtually all mortality was of small (<25 mm
FL) recruits (proportion = 0.165). This difference was
statistically significant (Wilcoxon signed-ranks test, Z5,
=4.115, P=.00004).

Growth rates

Growth from February to May was very rapid, and
most recruits at least doubled in size during this time
(mean FL at allocation = 11.4 mm, mean FL in May
= 25.3 mm). There were huge differences among in-
dividual growth rates within groups and by May in-
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FiG. 4. Survival over 10 mo of recruits on 24 standard
coral units (SCUs) at each of three different locations (sites
1, 2, and 3; means * | SE).

dividuals within most groups were regularly graded in
size (e.g., Fig. 5). Where individually recognized re-
cruits were followed over time, in no instance did a
juvenile grow to overtake another group member in
size (e.g., Fig. 5). This suggests that once size hierar-
chies were established, they were maintained. Growth
over the winter months (May—August) was very slow
(mean GI = 3.14 mm, s> = 0.35), and variation in
individual growth rates was very low, reflected by the

TABLE 4. Analysis of variance on proportional survival of
recruits over the first third of the experiment (between Feb-
ruary and May 1987) (Cochran’s C' = 0.2017, P = .210).

Sum of Mean

Source squares df square F P
Density (D) 0.38024 2 0.19012 13.28 .017
Adults (A) 0.02048 1 0.02048 2979 226
Food (F) 0.00064 1 0.00064 0.049 .845
Sites (S) 0.22123 2 0.11061 6.424 .004*
D x A 0.09368 2 0.04684  9.055 .033*
D x F 0.03104 2 0.01552 1.177 .396
D xS 0.05726 4 0.01431 0.831 514
A xF 0.02048 1 0.02048 0.941 .434
A xS 0.01375 2 0.00687 0.399 .674
F xS 0.02594 2 0.01297 0.753 478
D x A xF 0.08177 2 0.04089 1.682 .295
D x A xS 0.02069 4 0.00517  0.300 .876
D x F xS 0.05272 4 0.01318 0.765 .555
A xF xS 0.04351 2 0.02175 1.263 .295
D x AxF

x S 0.09722 4 0.02431 1.412 .250
Residual 0.61990 36 0.01722

* F ratios interpreted as significant.
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TABLE 5. Analysis of variance on proportional survival of
recruits over the whole experiment (between February and
December 1987).7 Results are presented after pooling of
terms for which P was >.25 (Winer 1971).

Sum of Mean

Source squares df  square F P
Density (D) 0.05587 2 0.02794 7.403 <.005*
Adults (A) 0.01262 1 0.01262 3.344 .07
Sites (S) 0.03390 2 0.01670 4.425 <.025*
D x A xS 0.02537 4 0.00634 1.682 >.1
A x Food

xS 0.01450 2 0.00725 1.923 >.]
Residual 0.02340 62 0.00377

* F ratios interpreted as significant.

+ Data were heteroscedastic (Cochran’s C = 0.3506, P =
.005), so the analysis was performed on data transformed to
log,o(x + 1) (Cochran’s C = 0.2797, P = .035).

low variance around the mean. Growth rates rose again
from August-December (mean GI = 7.08 mm, s> =
1.99). Variation within groups in the final sizes reached
by recruits was much greater at high densities; this was
because the fastest growing recruits grew to roughly
similar sizes at all densities, but at high densities many
of the recruits grew very slowly (e.g., Fig. 5).

The size dependence of apparent mortality probably
introduced some bias in the estimated mean growth
increments (group Gls). All else being equal, these es-
timates will tend to be biased upwards on SCUs where
there was mortality of non-dye-marked juveniles. From
August to December most of the juveniles were marked
so the potential for the bias to affect the estimate was
quite small. The potential bias was greater from May
to August because a greater proportion of the juveniles
were not dye marked, but growth was so slight and
showed so little variation among individuals that any
bias was probably not important.

Effects of the experimental factors on growth were
very complex. From February to May all four factors
were involved in interactive effects on group Gls (Table
6A). The comparisons of means (Table 6B) were in-
terpreted as follows. The presence of adults reduced
growth, but this effect was less at site 2 than at sites 1
and 3. Supplemental feeding generally increased growth
rates. The effect of feeding did not occur in the presence
of adults and was reduced at site 2 compared to the
other two sites. Growth rates increased as density de-
creased, and the effect of adults to reduce growth in-
creased as density decreased. The enhancement of
growth by feeding became greater at lower densities.
In terms of the magnitudes of the differences between
the means, the effects involving adults and sites seem
to be smaller than those involving food and density
(Table 6B).

Feeding had no effect on growth between May and
August (Table 6A). There was a general tendency for
group GIs to decrease as recruit density increased (Ta-
ble 6B). This trend was modified in two specific in-
stances, resulting in a significant interaction term in
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(=7), and low (=2) numbers of recruits per SCU. but were otherwise subject to the same experimental treatments. The SCUs
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over time.

the ANOVA (Table 6A). These instances were both at
medium density, first at site 1 where adults were pres-
ent and secondly at site 2 in the absence of adults (Table
6B). The absolute differences between means are very
small compared to those observed from February to
May, reflecting the generally slow growth over this pe-
riod.

From August to December recruits again grew sig-
nificantly faster at lower densities (Table 6A). Mean
(£sE) group Gls were 6.47 (+0.24) at high density,
6.89 (£0.28) at medium density and 7.89 (£0.28) at
low density. Mean growth was also significantly en-
hanced by supplemental feeding (Table 6). The mean
(£sE) group GI with supplemental feeding was 7.85
(+0.21) and the mean GI without feeding was 6.31
(£0.19).

During the first two-thirds of the experiment the
experimental factors had effects on the growth of the
dominant juveniie (dominant GI) broadly similar to
those on mean growth of the group. From February to
May there were complex interactive effects involving
all of the experimental factors, resulting in a significant
four-way interaction term in the ANOVA (F = 2.749,
P=.043). From May to August there was an interactive
cffect of recruit density, presence of adults and sites
similar to that for the group GI (F' = 2.963, P = .033).

From August to December group GIs declined with
increasing recruit density. In contrast dominant GIs
were greater at high density (mean = S = 8.31 + 0.42)
than at medium and low densities (6.94 + 0.40 and
7.19 + 0.33, respectively) (F = 18.04, P =.010). Group
GIs did not differ significantly in the presence and ab-
sence of adults. Dominant Gls, however, were signif-
icantly lower on SCUs where adults were present (mean

+ S = 6.15 £+ 0.14) than on those where they were
absent (8.81 = 0.25) (&' = 172.9, P = .006).

Modification of recruitment patterns

The factors influencing the number of recruits pres-
ent on SCUs in December were the same as those
influencing apparent mortality (Table 7). There were
significantly fewer recruits present on SCUs at site 2
than at sites 1 and 3, where numbers were not signif-
icantly different (Fig. 6A). There was a tendency for
more recruits to be present on SCUs with adults pres-
ent. This tendency increased with increasing initial re-
cruit density (Fig. 6C). The three levels of recruit den-
sity set up in February still remained distinct in
December, though the absolute differences between the
three treatments did decrease (Fig. 6C).

The mean size of the recruits remaining at the end
of the experiment reflects the influence of differences
in growth plus the effect of size-dependent mortality.
Apparent mortality and growth were affected by dif-
ferent factors in different ways, and perhaps for this
reason the influence of the experimental factors on this
variable was very complex. The analysis of variance
(Table 7) suggests that there were effects of density and
adults that interacted with each other, and also inter-
acted separately with effects of feeding and sites. Mul-
tiple comparison tests indicated that generally mean
size was reduced in the presence of adults and at in-
creasing recruit densities and was increased by supple-
mental feeding, but that these effects were modified in
several ways. In terms of the magnitude of differences
among means those effects involving density were gen-
erally the greatest (Table 8).
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TaBLE 6. Summary of results of analyses of variance on the effects of the experimental factors on mean growth increments.
For February-May 1987 Cochran’s C = 0.2564, P = .057; for May-August 1987 Cochran’s C = 0.1149, P = 1.000; for
August—-December 1987 Cochran’s C = 0.1730, P = .407.

A) Fratios and P values. * indicates F ratios interpreted as significant.

Feb—May May-Aug Aug-Dec
Source F P F P F P
Density 2587 .000 39.62 .002 0.872 .001*
Adults 13.38 .067 0.551 .535 9.888 .088
Food 15.65 .058 5.266 .149 20.683 .000*
Sites 2918 .067 0.518 .600 0.872 427
D x A 9.083 .033* 0.521 .629 2.974 162
D x F 9.521 .030* 0.089 916 1.760 .283
D xS 0.090 985 0.623 .649 0.343 .847
A x F 12.10 .074* 3.363 .208 4.369 172
A xS 4.364 .020* 1.133 333 2.373 .108
F xS 4.450 .019* 0.332 .720 0.003 997
Dx A xF 1.242 .381 0.424 .680 1.757 283
Dx A xS 1.418 .248 2.963 .033* 2.009 114
D x F xS 0.835 512 1.148 .350 1.645 .184
A x F xS 0.806 .454 0.209 812 0.544 .585
DxAxFxS 1.057 .392 1.877 136 1.857 139

B) Comparison of mean growth increments for significant interactions using SNK tests. Means sharing a common underline
are not significantly different at P < .05.

Feburary—-May

Density high high medium medium low low
Feeding unfed fed unfed fed unfed fed
Mean 11.04 12.15 12.31 13.63 15.65 18.71
Density high high medium medium low low
Adults present absent present absent present absent
Mean 11.26 11.93 12.40 13.54 15.56 18.79
Adults present present present absent absent absent
Sites 3 1 2 2 3 1
Mean 12.82 13.19 13.22 13.98 14.97 15.31
Feeding unfed unfed unfed fed fed fed
Sites 3 1 2 2 3 1
Mean 12.92 12.97 13.11 14.09 14.87 15.53
Adults present asent present absent
Feeding unfed unfed fed fed
Mean 12.50 13.50 13.65 16.01

May-August
Site 1
Density medium high high medium low low
Adults present absent present absent present absent
Mean 2.39 2.73 2.85 3.17 3.62 3.69
Site 2
Density high medium high medium low low
Adults present absent absent present absent present
Mean 2.67 2.80 2.99 3.40 3.63 3.75
Site 3
Density high high medium medium low low
Adults present absent absent present absent present
Mean 2.28 3.06 3.10 3.12 3.44 3.75

The size-frequency distributions of mature and im-
mature recruits removed from the SCUs in December
are displayed in Fig. 7. There was a strong correlation
between size and reproductive status. No recruits <36.5
mm FL became mature. The mean number of recruits
that became mature was significantly increased under
supplemental feeding (Table 7, Fig. 6B). There was also

a reduction in numbers maturing in the presence of
adults (Table 7, Fig. 6C). There may have been an effect
of density (Table 7), but the differences in numbers
between the three levels were tiny compared to the
differences in the number of recruits allocated in Feb-
ruary. The number of recruits becoming mature was
largely unrelated to the initial density (Fig. 6C). There
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were no differences among the three sites in the number
of recruits becoming mature (Table 7, Fig. 6A).

DiscussION
Demography of juvenile humbugs

Migration. —The contribution of postsettlement dis-
persal 10 changes in abundance has usually not been
measured for coral reef fishes (Doherty 1982, 1983,
Jones 1987a, b, 1989). In this experiment migration
was apparently too infrequent to influence abundance.
This may have been because of the large distance (20
m) separating SCUs since Jones (1987b) and I (personal
observation) have inferred substantial movement of
humbugs among Pocillopora corals separated by 10 m

and 4-11 m, respectively. Migration may also be more
important on other coral species. Sparsely branching
Acropora corals support large populations of adult
humbugs at One Tree Reef, but I have never observed
recruitment to these corals, possibly because the
branches are too widely spaced to provide adequate
shelter for recruits. This population is presumably
maintained entirely by immigration of individuals that
originally settled elsewhere. Migration thus warrants
further attention, especially in species that are less hab-
itat specific and more mobile than humbugs. Robert-
son (1988), for example, found migration to be im-
portant in redistributing recruits of three such species
of surgeonfish.

Survival. —Humbugs are the only species of coral-

TaBLE 7. Results of analyses of variance on the effects of the experimental factors on the number of recruits present on
SCUs in December, their mean size (FL) and the number that had become mature. For number present Cochran’s C =
0.2286. P = .112, for mean size Cochran’s C = 0.1728, P = .410, for number mature Cochran’s C = 0.257, P = .056.

Number present Mean size Number mature
Source F P F P F P

Density 193.2 .000 151.1 .000 6.200 .059*

Adults 36.57 .026 23.83 .039 12.79 .070*

Food 0.108 774 84.94 012 25.00 .038*

Sites 7.086 .003* 1.592 217 1.629 .210

D x A 9.700 .029* 10.70 .025* 1.727 .288

D x F 1.872 267 1.741 .286 0.392 .699

D xS 1.985 118 2.993 .031 0.429 787

A X F 0.750 478 3.483 .203 0.510 .549

A xS 0.400 673 4412 .019 1.629 .210

F xS 2.114 135 2.228 122 1.400 .260

Dx A xF 0.740 533 5.468 .072 2.714 .180

Dx A xS 1.000 .420 1.734 .164 0.943 .450

D xF xS 0.786 .542 3.858 .010* 2.257 .082

A xF xS 0.686 510 6.623 .004* 1.400 .260

DxAXxFxS 2.143 .095 1.443 .240 0.200 .937

* F ratios interpreted as significant.
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TABLE8. Mean sizes of recruits on standard coral units (SCUs)
at the end of the experiment under different experimental
treatments. Initial densities of recruits were 2 (= Low), 7
(= Medium), and 14 (= High). Adults were present (= Pres.)
or absent (= Abs.). SCUs were or were not supplied with
supplemental food.

Initial recruit density

Supple- High Medium Low
mental
feeding? Site  Pres. Abs.  Pres. Abs. Pres. Abs.
Yes 1 327 345 342 383 40.3 458
Yes 2 330 31.8 350 360 40.0 449
Yes 3 328 346 348 39.7 38.0 47.1
No 1 31.7 32.1 30.4 334 38.1 394
No 2 31.7  31.2 33.1 345 359 39.0
No 3 290 30.7 334 334 38.6 396

reef fish for which density-dependent mortality has
been consistently detected. Jones (1987h, 1989) found,
as I did, that the apparent mortality of juveniles was
positively related to their density. Apparent mortality
of the two other damselfish species tested to date, Po-
macentrus amboinensis (Jones 1987a) and P. wardi
(Doherty 1982, 1983) was affected very slightly, or not
at all, by density.

In contrast to the negative intracohort effect, the
presence of adults tended to enhance the survival of
recruits (see also Jones 19875). This effect would seem
not to be resource related because of the negative effect
of adults on growth and their restriction of juveniles
access 1o certain prey types (Coates 1980a, G. E.
Forrester, unpublished manuscript). Members of hum-
bug social groups retreat simultaneously into their home
coral when threatened. Adults swim farther from the
home coral and cover larger areas than juveniles (Coates
1980a. G. E. Forrester, unpublished manuscript). They
may thereby increase group vigilance (Bertram 1978)
and reduce the susceptibility of juveniles to predation
(Pulliam and Caraco 1984, Pitcher 1986). Adults are
also highly aggressive towards potentially predatory
species (Coates 1980b) and might reduce predation on
juveniles by driving potential predators away.

The larger scale differences among sites in apparent
mortality of recruits were independent of the within-
group effects of adults and density. Again one can only
speculate as to the reason for these differences. Site 2,
where apparent mortality was highest, was surrounded
by more contiguous reef than the other two sites. Large
piscivorous species are more common on such reefs.
The difference may thus be due to differences in pre-
dation pressure. Differences in mortality rates at sim-
ilar scales have been detected for other reef fishes (Al-
denhoven 1986, Robertson 1988).

It has been argued that studies on small patches of
habitat such as this are not representative of events
occurring on larger reefs (Ogden and Ebersole 1981).
This criticism does not apply strongly to humbugs since
small isolated corals are their primary natural habitat.
In addition, apparent mortality rates of recruits on
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mature recruits present on standard coral units (SCUs) at the
end of the experiment.

SCUs are in accord with the limited data available on
disappearance rates on natural corals (Sale and Ferrell
1988), suggesting that any artifacts associated with the
use of SCUs were not extreme. Examining effects of
density at the scale of individual corals is appropriate
since this is the scale at which individuals directly ex-
perience density. Density dependence at this scale may
not be detected by studies averaging across sites (Has-
sell 1986).

Growth.— A notable feature of the effects of the ex-
perimental factors on growth rates was their complex-
ity. Most effects were interactive and also changed dur-
ing the course of the experiment. Another notable
feature was that the factors influencing growth were
often different to those influencing apparent mortality.
Though there were differences in apparent mortality,
there were no consistent differences among sites in
growth rates of recruits. Supplemental feeding had
complex but always positive effects on growth rates,
but no measured effect on survival. The reduction in
mean growth of recruits by adults during the first third
of the experiment stands in contrast to their positive
effect on recruit survival.

Strong regulatory effects on growth rates have been
a consistent finding of recent studies of fishes on trop-
ical (Doherty 1982, Jones 19874, 1989) and temperate
reefs (Jones 1984, Ochi 1986) and are widespread
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among fish populations (Backiel and LeCren 1973).
The only studies on coral reefs not detecting regulatory
cffects on growth are Jones’ (1987b, 1989) experiments
on humbugs. He reported mean size attained by ju-
veniles to be independent of both their own and adult
density. This difference in results may reflect intraspe-
cific variation in regulatory effects or differences in
experimental procedure.

Fishes show very plastic growth. It therefore seems
likely that the first response to crowding would be a
reduction in growth, rather than outright mortality.
The nature of the effects of adults and density was
qualitatively similar to those observed in many plant
populations. Shading by adults restricts the growth of
juveniles of many tree species (Brokaw 1985) and giant
kelp (Dean and Jacobsen 1984). Where there are no
adults and seedlings are planted at different densities,
the first response to crowding is a decrease in mean
size with increasing density (e.g., Donald 1951). As
well as an increase in the mean, there was also an
increase in the variance of mean size of recruits during
this experiment. This is known as growth depensation
(Magnuson 1962). The increase in variance was greater
at higher densities. Again, similar size hierarchies where
size-frequency distributions become positively skewed
over time and the degree of skewing increases with
increasing density form in even-aged stands of some
plants (e.g., Obeid et al. 1967).

The complexity of the effects on growth raises the
question of the mechanisms responsible for these ef-
fects, and in particular whether the interactions among
recruits and between recruits and adults are related to
a shortage of food or to direct effects of crowding. Aug-
mentation of natural food resources has revealed food
limitation of various animal populations (e.g., Wise
1975, Jansson et al. 1981, Taitt 1981). It should be
noted, however, that in the absence of knowledge of
natural resource levels or consumption rates, failure to
detect a response is an ambiguous result. It may arise
either because food was not limiting or because the
amount fed was simply not enough to cause a response.
I am, therefore, restricted to concluding that food lim-
itation was detected during the first and final thirds of
the experiment.

Shortages of food may be relative or absolute (=com-
petitive, sensu Andrewartha and Birch 1954). During
the first third of the experiment the enhancement of
the growth of recruits under supplemental feeding was
conditional on both their density and the presence of
adults. The increase in the degree of enhancement as
recruit density decreased suggests within-group com-
petition among recruits (Underwood 1979). This re-
sult, however, may also be an artefact of the feeding
method since during this time the same amount of food
was supplied to groups, so smaller groups would have
received more food per individual. Over the same pe-
riod, the release of growth of recruits with feeding did
not occur in the presence of adults. This is likely due
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to competition with adults. Unquantified observations
during feeding sessions indicated that adults were tak-
ing up position close to the source of the supplemental
food, and may have reduced the juveniles’ access to it
by keeping them farther away. Similar interactions oc-
cur between adults and juveniles feeding on natural
food (Coates 1980a, G. E. Forrester, unpublished
manuscript). The enhancement of growth by feeding
during the final third of the experiment was indepen-
dent of other factors and so presumably reflects a short-
age in the supply to groups. This shortage was either
relative or due to competition at larger scales, for ex-
ample, by reduction in the supply of food by plankti-
vores feeding in upstream areas (Bray 1981).

Direct social inhibition of growth at high densities
when food is in excess has been demonstrated in fish
(Abbott and Dill 1989) and other aquatic vertebrates
(Rose and Rose 1965, Licht 1967). At least some of
the effects of density and adult presence on the growth
of recruits seem likely to be the result of hierarchical
interactions within groups. The lack of overtaking in
size and the selective retardation of the growth of the
largest juveniles towards the end of the experiment in
the presence of adults are consistent with this inter-
pretation.

In plant populations, inhibition of juvenile growth
by adults and the formation of the type of size hierarchy
observed in juvenile humbugs are usually attributed to
asymmetric competition for light (Weiner and Thomas
1986). Asymmetric competition for food within groups
may explain their occurrence in this experiment, al-
though direct inhibition of growth as a product of dom-
inance interactions is also likely to have contributed.

Limitation of population size

There have been some conceptual differences in the
reef fish literature regarding the definition of the re-
cruitment limitation model (Warner and Hughes, in
press). Recruitment limitation is usually defined as the
absence of resource limitation or competitive effects
on population size (Sale et al. 1984, Victor 1986). In
addition, some authors have specified that there should
be no density-dependent effects on processes that affect
abundance (Doherty 1982, 1983, Doherty and Wil-
liams 1988, Mapstone and Fowler 1988). Since density
dependence may result from other factors such as pre-
dation (Holling 1959) and parasitism (Anderson 1979)
as well as competition, it may occur in a recruitment-
limited population. I would therefore suggest dropping
the criterion of density dependence as necessary and
sufficient evidence against recruitment limitation.

Population studies on coral reef fishes may be di-
vided into those that have focused on making predic-
tions about all reef-associated individuals (=total pop-
ulation) (Doherty 1981, 1982, 1983, Doherty and
Williams 1988) or only those reef-associated individ-
uals that are sexually mature (=adult population) (Vic-
tor 1983, 1986, Jones 19874, Shulman and Ogden 1987,
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Robertson 1988). I see no reason for preferring one of
these definitions over the other. Here I will consider
both total and adult populations because appreciation
of how factors influencing demography change with
ontogeny should lead to a better understanding of reef
fish populations.

The results suggest that total population size is not
food limited since supplemental feeding had no mea-
surable influence on the abundance of the recruits. This
conclusion is made cautiously, however, since if the
experiment had continued for longer the limitation of
growth rates by food availability might have been
translated into a reduction in survival because of the
increased mortality rate of smaller juveniles. The re-
sults suggest different conclusions about the limitation
of adult density. The number of recruits becoming ma-
ture by the end of the experiment was limited by the
presence of adults and food availability rather than
initial recruit density. This limitation was probably a
result of a combination of reduced growth due to a
shortage of planktonic food and direct hierarchical in-
hibition of growth and maturation. One can envision
a scenario, equivalent to that in some tree populations
(Brokaw 1985), where individuals may recruit into the
population and persist as suppressed juveniles for long
periods, whereas adult density is strongly limited.

This model may apply to P. amboinensis, another
planktivorous damselfish that lives in groups (Jones
1986, 1987a), but need not apply to all species. Indeed,
given the tremendous range of habits of coral reef fish-
es, it is almost to be expected that different factors will
limit populations of different species. A constructive
approach in future would be to attempt more restricted
generalizations about limiting factors. For example, are
all schooling planktivores likely to be food limited?
Are territorial species more likely to be limited by space?

A more pluralistic approach may also be fruitful for
studies of single species. Barnacles (Roughgarden 1986)
and giant kelp (Nisbet and Bence 1989) are suggested
to be both resource limited and recruitment limited in
different areas. Settlement is low at One Tree Reef
relative to many other areas on the Great Barrier Reef
(Sale et al. 1984, Doherty and Williams 1988). The
significance of this observation for the limitation of
population size in these areas has not yet been estab-
lished. Limiting factors can be difficult to isolate using
descriptive studies (Warner and Hughes, in press) and
are best identified by experiments where the postulated
limiting factors are manipulated (Krebs 1985). Induc-
tive gencralizations about larger scale patterns in the
operation of different limiting factors must await fur-
ther experimental studies on a range of species in dif-
ferent locations.

Determination of population size

The role of settlement and postsettlement demo-
graphic processes in determining abundance depends
on the balance of their relative variability. This ex-
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periment does not deal with these processes in un-
manipulated populations so I am limited to making
suggestions as to the potential role of the experimental
factors in controlling abundance.

At the scale of individual corals the negative effect
of recruit density and the positive effect of adults on
apparent mortality modified the pattern of initial re-
cruit density to some extent. Contrary to prior sugges-
tions (Connell 1985, Victor 1986, Doherty and Wil-
liams 1988), the effect of demersal mortality on
abundance does not necessarily hinge on whether it is
density dependent or density independent. Because
losses were slight relative to the differences in recruit
density I set up, and to those occurring naturally (Table
1), there was little potential for extreme modification
of the recruitment pattern that I set up, and it was
largely intact at the end of the experiment. This result
is supportive of the recruitment determination model
for total population size, but caution is again necessary
because this experiment only considered the fate of one
cohort for 1 yr. Consideration of a series of annual
recruitment events might result in greater modification
of cohort strength because if, as the results suggest,
juveniles cannot grow to overtake each other in size,
the rate at which a recruit can grow will be limited by
the size and growth of the fish above it in the group.
Where small juveniles (perhaps slow-growing recruits
of previous years) are already present, the growth of
new recruits may be socially restricted almost imme-
diately. In this situation, density dependence of recruit
survival may be more severe because of the increased
mortality rate of small juveniles. At a larger scale the
differences among the sites in mortality rates of recruits
resulted in a lower abundance of recruits at site 2 by
the end of the experiment. Thus, at both the scale of
individual corals and local sites, the size of the total
population will not be entirely recruitment determined.

If attention is focused on the adult population, the
results suggest a much greater modification of recruit-
ment patterns. At the scale of individual corals the
proportional reduction in numbers maturing in the
presence of adults was pronounced, suggesting a po-
tentially important internal regulation of adult density.
Likewise, the number of recruits reaching maturity was
more than doubled by supplemental feeding. Interpre-
tation of the size of this effect, however, is not possible
because of the nature of the test for food limitation
(see Discussion: Limitation of population size above).
The number of recruits that became mature under the
different initial density treatments was very low, and
constant relative to the numbers of recruits allocated,
and the level of artificial recruitment had almost no
influence on entry to the adult population after a year.
If, however, juveniles do persist in the population for
long periods after a period of high settlement the long-
term influence on adult density may be difficult to pre-
dict.

The relative contribution or importance (sensu Wel-
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don and Slauson 1986) of settlement and postsettle-
ment processes may be measured by descriptive studies
measuring one or both in conjunction with variation
in abundance (for a good example see Yoshioka 1982).
Experiments such as this one are good for identifying
the effects of specific factors on demographic processes
at different stages in the life cycle. There may be some
difficulty in assessing the importance of these factors
in determining abundance. One of the notable features
of this study was that the effects of different factors
were not additive. The influence of a new factor being
measured, say predation on juveniles, may depend on
other factors such as food shortages and the presence
of conspecific adults. Consideration of a range of fac-
tors is thus more complicated than adding on the effect
of each new factor measured. Comparing the size of
effects measured in different experiments, such as the
actual differences between means and components of
variance explained, are not meaningful if the design of
the experiments is different. Also, procedures for mea-
suring the size effects are not well established (Map-
stone 1988).

Mortality of coral reef fishes in the first few days
following settlement is often high (Doherty and Sale
1986, Sale and Ferrell 1988). While the transplanted
recruits in this experiment were more recently settled
than those used in previous studies of this kind (Doh-
erty 1982, 1983, Jones 1986, 19874, b, 1989), there is
still an urgent need to examine the correlation between
settlement and recruitment, measured sometime later.
The correlation between the two is not always good in
other marine species (e.g., Osman et al. 1989). Low
juvenile mortality and the high (78%) persistence of
adults transplanted to SCUs suggests that humbugs,
and other reef fishes (Munro and Williams 1985, Map-
stone 1988), are long lived. There is very little infor-
mation on demographic processes occurring after the
first 1 or 2 yr of reef-associated life. The extrapolation
of effects measured at one stage, for example on ju-
venile mortality, to the abundance of the population
as a whole (e.g., Weinberg et al. 1986) requires a back-
ground of descriptive data that is not yet available for
coral reef fishes.
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