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ABSTRACT: Events that occur dunnq the t r ans~ t~on  betwcrn phases In a con~plex life historv can have 
major conscquences for the demography of populations. Lifc-history theory suggests that transitions 
should be abrupt to maxlnlize survival in each life stage. We compare the transition from dispersive 
larva to settled juvenile In 3 cornnlon coral reef fishes. which wcre chosen to span a wide range of 
trophic groups, morphological forrns dnd adult ecologies: a benthic m~crocarnivorc, the goatfish Paru- 
peneus multifasciat~~s (family: Mullitiae); d planktivore, the dartfish Pterolcotris crvdcs (Microdesmi- 
dae) ;  and a largely herbivorous damselfish. Ponrdcentrus amboinen.sis (Pomacrntridae). Transitions 
from settled post-larva to juvcnile varied in coml)lexity and ranged from immcdiatc to a gradual 
process lasting 3 wk. The goatfish displayed 3 distlnct shlfls in h ~ ~ b i t a t  and associations with othrr spe- 
cies within 2 kvk of settlcmcnt brforc jolning the juven~le  populat~on, while the dar t f~sh displayed 2 
major shifts in a 3 wk pcsr~od. Thcsc habitat shifts coincided with changes in morpholoqy associated 
\hy1th metdmorphosis. In rontrasl, thc damsclflsh settled ciircctly into its adult habitat, dnd d1splayc.d n t l -  
ther sh~f ts  In habitat or species association nor a dramatic metamorphos~s. Evidence suggests that the 
magnitude and durdtion of ecologirdl shifts during thr  scttlement trdns~tion can be predicted from 
inforn>ation on the extent of n~etamorphosis. 

KEY WORDS: Complex life history Coral rref fish Settlement transition . Metamorphosis Hab~ ta t  
shift . Recruitment. Great Barr~er  Reef.  F i ~ l d  study 

INTRODUCTION 

Many organisms have complex life cycles involving 
a change between a dispersive and a relatively seden- 
tary life stage. The transition represents a major period 
of change, when organisms often undergo a metdrnor- 
phosis in body form and physiology to a mode suited to 
the new environment. This transition also involves 
marked changes in the way an organism interacts with 
its environment with respect to habitat, species associ- 
ations and resource demands. Examples are found in a 
diverse range of taxa, including insects, crustaceans, 
amphibians and fishes. Werner (1988) noted that up to 
80% of all animal species undergo a metan~orphosis 
and niche shlft during their life cycle. 

Definitions of complex life cycles always involve 
ontogenetic changes that occur abruptlv (Wilbur 1980, 

Werner 1988, Youson 1988). The change is rapid and is 
suggested to maximise survival in each environment. 
The spectacular nature of the metamorphosis that 
occurs in taxa such as insects and amphibians has led 
to a plethora of studies on the mechanics of this event 
(e.g Hensley 1993, Kikuyama et al. 1993, Newman 
1994). In demersal fishes, it is the exact same rapidness 
of transition that has lead researchers to study the dis- 
persal and growth life stages, but largely ignore the 
d~mamics of the eco-physiological transition that links 
the 2 life stages. 

Marine fishes have a dispersive larval stage, fol- 
lowed bv a rcldtively sedentary adult stage during 
which turther growth and eventually reproduction 
occur In a similar way to terrestrial research.ers, 
marine researchers have typically deflned the settle- 
ment of larvae to a juvenile population as a n  instanta- 
neous event. Recently, reef fish biologists have started 
to csamine the idiosyncrasies of 'settlement' to find it is 
best described as a 'transition phase' (Leis 1991, Kauf- 
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man et  al. 1992), since it is a gradual rather than instan- 
taneous transformation. This phase can be divided into 
2 parts, firstly, a period prior to settlement (here 
defined as a fish's first association with the reef com- 
munity once leaving the pelagic phase), when late- 
stage larvae explore the near-reef env~ronment for 
suitable settlement sites; secondly, a period after set- 
tlement as the metamorphosing fish changes to the 
juvenile form and behavioural patterns. 

By defin~tion this settlement-transition phase is a 
dynamic period. The rates of processes that are known 
to reduce population size and affect individual growth, 
such as predation and competition, are most important 
at  the early settled stages, when fish are naive to the 
idiosyncrasies of many interactions and their partici- 
pants. The few studies that have measured mortality 
schedules soon after settlement have found values of 
up  to 10% d-' for the first few days (e.g.  Doherty & Sale 
1985, Aiaenhoveri i386, Tdtiaka et  ai. i989, 200th 
1991). Information from the growth of individuals in 
dominance hierarchies suggests that, for many fish 
species, social hierarchies are established very quickly 
after se::!ement (e.g.  Booth 1995, Tupper & Boulier 
1995). Clearly, interactions that occur soon after settle- 
ment, while fish are  still undergoing structural and 
physiological changes associated with metamorphosis 
(Graf & Baker 2990, Markle et al. 1992, McCormick 
1993, Shand 1994), can have a marked influence on the 
contribution of recruits to the adult populations at  local 
and whole-reef scales. 

Unfortunately, data on the settlement of fish to reef 
habitats are  difficult and time consuming to collect. 
Thus, most workers measure recruitment (the first 
sighting in the adult habitat of a settled juvenile, sensu 
Richads  & Lindeman 1987) and ignore the importance 
of events that occur at and immediately after settle- 
ment. The fundamental question of the relative contri- 
bution of pre- and post-settlement events to the struc- 
ture of adult populations (Doherty 1991, Doherty & 
Fowl.er 1994) cannot be realistically addressed without 
an  understanding of this dynamic period immediately 
after settlement. 

To date, little is known of the ontogeny of resource 
use or the influence that behavioural choices made 
during the settlement-transition phase may have on 
the spatial and temporal patterns of recruitment. Evi- 
dence presently available concerning the settlement 
transition of reef fish is largely anecdotal. The present 
research deals with the events that occur after the ini- 
tial arrival at  a settlement microhabitat. A similar mag- 
nitude of behavioural and physiological change may 
occur as the late-stage larvae swim within the vicinity 
of th.e reef and select a suitable site in which to initiate 
the reef-based part of their life cycle, as illustrated by 
Kaufman et al. (1992). 

We present some of the first detailed information on 
the intricacies of the post-settlement transition phase 
in a number of tropical reef fish species. The study 
examines microhabitat selectivity by fish at settlement, 
whether preferences change ontogenetically and the 
time scales on which these changes occur. Patterns of 
species association and feeding behaviour are  exam- 
ined from settlement through to the juvenile stage. In 
doing so, this study highlights the dynamic nature of 
this life-history period for species and habitat associa- 
tions, and the potential for events that occur during this 
pre-juvenile period to influence distribution patterns 
established at settlement. 

Specifically, we focus on the post-settlement transition 
phase in 3 common coral reef fishes, which were chosen 
to span a wide range of trophic groups, morphological 
forms and adult ecologies: a benthic microcarnivore, the 
goatfish Parupeneus multifasciatus (family: Mullidae); a 
plafiktivore, the dartfish Pterdeotris errides (Micro- 
desmidae); and a largely herbivorous damselfish, Poma- 
centrus amboinensis (Pomacentridae). These taxa not 
only span a range of trophic groups, but also a wide 
range of developmental states at settlement. 

We follow Kaufman et al.'s (1992) definition of the 
'transitional phase' as the period of time at  the end of 
the larval phase when fish do not exhibit the coloura- 
tion and behavioural characteristics of well-estab- 
lished juveniles. Our f~ndings  characterise settlement 
and the transition phase as an  intricate process, involv- 
ing rapid shifts in habitat and species associations, all 
of which have ramifications for abundance patterns of 
later life stages. 

MATERIALS AND METHODS 

Study location and species. Research was conducted 
at  Lizard Island (14" 40' S. 145" 28' E), on the northern 
Great Barrier Reef, Australia. Data were collected from 
November 1989 to January 1990 (goatfish), November 
to December 1994 (dartfish), and November 1995 
(damselfish). Habitat zones where each species was 
most abundant were targeted for intensive study of 
post-settlement transition. The backreef was targeted 
for the goatfish Parupeneus multifasciatus, the reef 
front for the dartfish Pteroleotris evides, while lagoonal 
sites were used for the damselfish Pomacentrus amboi- 
nensis. Although specif~c habitats were chosen, for 
each study species, long-term casual observations by 
the senior author suggest that the patterns of post-set- 
tlement transition presented here represent species- 
specific behaviours, rather than site- or time-specific 
patterns of species and habitat associations. 

Determination of time since settlement. Individual 
fish in defined age  or developmental categories were 
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targeted for detailed sampling of their species and 
habitat assoc~ations. Parupeneus n~ultifasciatus indi- 
viduals were placed into 1 of 7 categories based on the 
pe r~od  of time since settlement (1st day, 2nd day, 4 d ,  
1 wk, 2 wk, 1 mo, 2 mo). Categorisation was based on 
changes in body size, shape and colouration which 
vary distinctively in relation to the time period elapsed 
since settlement. We validated the allocation of indi- 
viduals to these categories by collecting individuals 
from each category (n = 10) and counting the number 
of daily rings from a settlement mark on transverse 
sections of sagittal otoliths (as per Wilson & Mc- 
Cormick in press). This pilot study indicated that there 
was a 5 % probability of allocating a fish into either one 
category older or younger, for the first 4 categories (up 
to 1 wk),  and 100% correct allocation for the older 3 
settlement categories (2 wk to 2 mo). Newly settled P. 
rnultifasaatus were slender in appearance, seldom 
erecting their paired dorsal fin. 

Newly settled individuals of the dartfish Pteroleotris 
evides were placed into 1 of 5 developmental cate- 
gories based on marked changes in morphology and 
pigmentation (Fig. 1 ) .  Ages of fish in these categories 
we]-e then determined using validated daily incre- 
ments on transverse sections of the sagittal otoliths 
(Fig 1).  To place the changes that occurred during the 
post-settlement transition into perspective of the whole 
life cycle, data were also collected on juveniles and 
adults. 

The daily formation of otolith increments was vali- 
dated in Parupeneus multifasciatus and Pteroleotris 
evides by tetracycline tagging. Newly settled fish were 
caught live and brought into the laboratory where they 
were immersed in a solution of 250 mg tetracycline- 
hydrochloride 1-' (Boehringer Mannheim) for 12 h in 
the dark. This left a mark on the otolith that was fluo- 
rescent under ultraviolet light after otoliths had been 

removed from the fish and sectioned. Once fish had 
been tagged with tetracycline they were kept for 10 d 
(9 nlghts), after which they were killed by cold-shock. 
The number of days that fish were kept after tagging 
was found to closely correspond to the number of 
otolith increments between the fluorescent tag and 
outer margin of the otolith (P. multifasciatus: mean 
9.8 d ,  SD 0.4, n = 10; P. evides: mean 9.53 d ,  SD 0.68, 
n = 10). This suggests that increments in both species 
are laid down on a daily basis. 

The damselfish Pomacentrus amboinensis did not 
undergo any structural changes within 4 wk of settle- 
ment that were obvious from field observations. Fish 
could, however, be broadly categorised into 1 of 5 dif- 
ferent post-settlement duration categories, based on 
size and colouration: day of settlement, 3 d post settle- 
ment, 7 d ,  2 mo, adult. For higher resolution in quanti- 
fying ontogenetic shifts in habitat or species associa- 
tions, the movements of tagged individuals were 
followed. Individuals were tagged on the day of settle- 
ment using a fluorescent elastomer tattoo (Northwest 
Marine Technologies Inc.). Fish were captured with an 
anaesthetic (Quinaldine, Sigma Chemicals) and a 
hand net, transferred Into a plastic bag and injected 
with the dye subcutaneously. Fish were then left in the 
plastic bag at the exact site of capture for 10 min (for 
full recovery) prior to release. Upon release all fish 
returned to the site of capture and started to feed 
within 1 min. The positions of fish were noted at  inter- 
vals of 2 to 3 d for 1 to 4 wk after tagging and all tagged 
fish were re-censused 3.5 mo later. Detailed searches 
were conducted up to 50 m from where fish were 
tagged to assess the importance of migration. 

Microhabitat and species associations. Sample units 
were the size of the average home range of the species 
when first settled. Observations of individuals of 
known settlement history were made at  15 s intervals 
and their position plotted on a map. Fish were followed 
(20 to 80 min) and each individual's home range was 
approximated by the maximum polygon size derived 
from joining the outermost observations of fish position 
(Odum & Kuenzler 1955) Home range estimates were 
9 m2 for newly settled Parupeneus n?ultlfasciatus, 

m 
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Flg. 1 Pteroleotns evides. Post-settle- 
nient developmental sequence of the 
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25 m2 for transition phase Pteroleotris evides and 1 m' 
for Pomacentrus am boinensis. 

Individuals of each de\,clopmental or settlement-age 
category for each species were targeted for intensive 
sampling of species and habltat associations. When 
fish were in a school, information was recorded for 
only 1 individual per school to maintain independence 
of replicates. Point-centred quadrats of I of 3 sizes (1 X 

l m damselfish, 3 X 3 m goatfish, 5 X 5 m dartfish) were 
positioned on the middle of the home range of the tar- 
get fish as determined by a 3 min observation. Quadrat 
boundaries were visually estimated and all fish species 
within the q.uadrat were counted prior to delimiting the 
quadrat with a fibreglass tape. This was to avoid dis- 
rupting fish abundance patterns. Finally, quadrat 
depth was recorded. 

To estimate the percentage cover of benthic organ- 
isms, 1 (for damselfish), 2 (for dartfish) or 3 (for goat- 
fish) 1 X I m, non-overiappirly y~idded qiiadrais (121 
intercepts) were placed in each quadrat to obtain a 
representati.ve sample of the benthic community. Ben- 
thic substrata under the intercepts were placed into l 
ol 16 categories vhich were chosen to include all the 
major benthic growth forms: l 0  hard coral groups (Sty- 
lophora pistilla ta, Pocillopora sp., Mon fipora sp., Acro- 
pora bushy, Acropora plate, Acropora branching, other 
bushy hard coral, Fungiidae, massive hard coral, en- 
crusting hard coral); soft coral; sponge; bushy red 
algae (Amphiroa crassa); bare rock covered with fda- 
mentous algal; sand; sand and rubble. 

Maximum surface topography was quantified in the 
quadrats in 2 different ways, both of which have been 
shown to be sens~tive methods of quantifying topogra- 
phy (see McCormick 1994 for comparison and detailed 
methods). Briefly, for Parupeneus multifasciatus, topo- 
graphy was recorded, as a summation of the squared dif- 
ferences between consecutive substratum heights mea- 
sured every 10 cm from a fixed horizontal datum along 
a 3 m transect. Topography for Pteroleotris evides 
quadrats was quantified along a 5 m transect using the 
ratio of the length of a tape moulded to the surface to the 
linear distance (5 m) between its start and end point (Mc- 
Cormick 1994 for details). The same methodology was 
used for Pomacentrus amboinensis quadrats, although 
the linear length of the tape was 1 m in this case. 

Behaviour over the transition period. Instantaneous 
behavioural observations were made of target individ- 
uals of Parupeneus multifasciatus at 30 s intervals for 
each settlement-interval category. Behaviours were 
placed into 7 easily identifiable categories (aggression, 
chased, benthic feeding, feeding in water column, 
stationary in water column, swimming) We recorded 
substratum type directly beneath the fish, or substra- 
tum to which feeding was directed, along with the 
height of the fish above the substratum. 

For the other 2 target species, height above substra- 
tum, substratum type and nearest neighbouring fish spe- 
cies were recorded for each target individual. For Poma- 
centrus amboinensis, the distance from release point of 
each tagged recruit was recorded at each census. 

Analyses. Multivariate analysis of variance (MAN- 
OVA. Tabachnick & Fidell 1989) was used to test the 
hypothesis of no difference between microhabitat and 
species associations among age or developmental 
classes for each of the 3 species. Quadrat depth, rnaxi- 
mum topography, fish species and benthic categories 
were included in the same analysis. The number of 
variables in the analysis was reduced Ln 2 ways: firstly, 
all rare benthic groups and fish species (present in less 
than 25% of quadrats) were dropped; variables with 
the highest scores on the last component of a principal 
component analysis were also dropped. Canonical dis- 
criminant analysis (CDA) was used to identify and dis- 
play the nature of the significant differences among 
age or developmental classes found by MANOVA. 
CDA identifies a number of trends in the data- 
set (canonical variates) that maximally discriminate 
among the identified groups [in this case age or devel- 
opmental classes) and sequentially explain less of the 
variance in the dataset. Trends in the original variables 
are represented as vectors given by correlations 
of these variables with the canonical variates. The 
strength or importance of each of the original variables 
in discriminating among groups was displayed graphi- 
cally as the length of these vectors. 

RESULTS 

Goatfish 

Parupeneus multifasciatus showed a marked change 
in microhabitat and species associations over the first 
3 wk of settled life. The hypothesis of no difference 
between m~crohabitat and species associations among 
groups of fish of each estimated post-settlement dura- 
tion was rejected (MANOVA, Pillai's Trace = 2.02, F = 

2.13, df = 70,220, p < 0.0001). The differences among 
groups of settled fish are displayed by a CDA (Fig. 2) 
Ftg. 2 shotvs that P. multifasciatus settled Into shoals 
of planktivorous damselfish (Pomacentrus coelestis, 
Acanthochromis polyacanthus, Chromis vindus and 
Neopomacentrus sp.) on the top of small reef pro- 
montories, which is displayed as a trend in high topo- 
graphic complexity. Approximately 4 d after settle- 
ment, fish moved off the promontories and were 
closely associated with groups of juvenile parrotfish 
(Scarus sp.) that foraged over the large sand and 
rubble flats at the back of the reef Approximately 3 d 
later, the fish joined schools of recently settled 
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Fig. 2. Parupeneus mult~fasciatus. Post-settlement transition 
of the goatfish. Results of a canonical discriminant analysis 
(CDA) displaying the differences in habitat. and species asso- 
ciations among 6 groups of goatfish categorized on the basis 
of the number of days slnce settlement. Group 95% confi- 
dence clouds are plotted together with the direction and 
importance (as indicated by vector length) of trends in habitat 
features and fish species. Habitat variable abbreviations: 
BARE, bare rock with filamentous algae; DEPTH, depth (m); 
SOFT, soft corals; SR, sand and rubble. Species abbreviations 
for damselfishes are: Acantho., Acanthochromis polyacan- 
thus; C. rol., Chrysiptera rollandi; Neopomacentrus., Neopo- 
macentrus sp.; P. mol., Pomacentrus moluccensis. Numbers 
of independent observations for each post-settlement group 

(1st day to 1 mo) are 14, 16, 14, 14, 18, and 21 

conspecifics and a week later, schools of juvenile con- 
specifics. These conspecific schools occur in deeper 
water on the reef slope (7 to 12  m). Associated with this 
habitat near the bottom of the back reef are the dam- 
selfishes Chryslptera  I-ollandi and Pomacentrus a m -  
boinensis. Data suggest that P. multifasciatus reaches 
a relatively stable repertoire of habitat and species 
associations about 2 wk after settlement onto the reef. 

Home range size was 3 m2 at settlement, indicating 
strong site attachment (Fig. 3).  This home range size 
increased abruptly at about 4 d post-settlement to a 
mean of 60 m2 at 7 d,  from which point it slowly 
increased to a mean of 245 m' at 2 mo. 

The percentage of time spent feeding on planktonic 
items decreased rapidly from 69 % on the day of settle- 

Days post-settlement 

Fig 3 Parupeneus mult~fasciatus Increase in mean home range 
slze with time after settlement for the goatf~sh (n = 5 to 10) 

Benthic 
foraging 

Height above 
substratum 

Plankton 
foraging 

0 10 20 30 40 50 60 
Days post-settlement 

Fig. 4.  Parupeneus rnultifasciatus. Change after settlement in 
the occurrence of foraging directed to benthic or planktonic 
food items for the goatfish. The mean height of fishes 
above the substratum during planktonic feeding is given 
together with the standard error (n = S1 to 723 independent 

observations) 

ment to 12.3 % after 2 wk on the reef (Fig. 4). Foraging 
on benthos with the sensory barbel and striking at ben- 
thic prey items showed the reverse trend, with only 
1 4 %  of time spent on benthic foraging on the day of 
settlement rising rapidly to an asymptote of 66% after 
1 mo. These trends resulted in a rapid decrease in the 
mean height of the fish above substratum, from 33 cm 
on the day of settlement to 16 cm after 7 d (Fig. 4 ) .  

Dartfish 

Similarly to the goatfish, the dartfish Pteroleotris 
evides exhibited a dramatic shift in habitat and species 
associations soon after settlement. The 5 post-settle- 
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ment developmental categories differed significantly 
In their associations with habitat attributes and prox- 
imity to other fish species (MANOVA, Pillai's Trace = 

0.70, df = 56,496, F=  1.89, p c 0.0002). A CDA showed 
the nature of these differences among groups (Fig 5). 
Newly settled fish (Category A) were found in tight 
schools of 15 to 30 individuals. Associated with these 
schools of dartfish were recently settled individuals of 
at least 3 different species: another dartfish species, 
Aiolops sp.;  cardinalfish (family Apogonidae); and the 
damselfish Chromis lepidolepis. These multi-species 
schools of newly settled fish occurred about 2 to 3 m 
below the reef crest, in depressions or small caves that 
lacked coral (Fig. 5) .  Fishes from the later develop- 
mental stages (B to D) occurred on the edge of the reef 
crest where they were strongly associated with other 
plankt~vores, such as  juveniles of the wrasse Thalas- 
soma arnblycephalum, the damselfish Neopomacen- 
trus azysron, and fusiliers Caesio sp. Counts of daily 
otolith increments suggest that this shift in species and 
mlcrohabitat associations between stages A and B only 
takes 1 d (Fig 1).  Stage C individuals associated w ~ t h  
local areas of the crest with higher surface topography 
and high densities of planktivorous fish, while still 
occurring in the same diffuse school as stages R ,  D and 
E (Fig. 5) .  

When Pteroleotns evides first moves onto the crest 
(stage B) ,  it moves into the bottom and crest-most 

Fig. 5. Pteroleotris evides. Post-settlement 
transition of the dartfish. Results of a CDA 
displaying the differences in habitat and 
species associations among 5 develop- 
mental groups of dartflsh (~llustrated in  
Fig. 1). Group 95% confidence clouds are  
plotted together with the direction and 
importance (as indicated by vector length) 
of trends in habitat features and fish 
s p e r i e ~  Hahltat variable abbreviations as 
In Fig 2. Species abbrev~at~ons for damsel- 
fishes C. lepidolepis, Chromis lepidolepis; 
Acantho.. Acanthochromis polyacanthus; 
and for wrasse: T amblycephalum, Tha- 
lassoma arnblycephalum. Numbers of in- 
dependent observations for each develop- 
mental group (A to E)  are 46,  30, 16, 12,  

and 35 

edge of schools of later-stage conspecifics (B to E 
stages). The mean height above the substratum in- 
creases with development through to Stage D (59, 72, 
92, 94 cm, A to D respectively). Stage E individuals, 
which have begun to look like true juveniles (Fig. l ) ,  
a re  lower in the water column at  79 cm above the 
substratum. Otolith analysis suggests that these 
changes in habitat usage while on the crest take just 
over 2 wk (Fig. 1). 

When juveniles and adults are added to the analysis, 
the shifts In habitat and species association that occur 
soon after settlement can be put into perspective of 
changes that occur over the whole demersal life stage. 
Fig. 6 suggests a major habitat shift that occurs for 
Pteroleotris evides between the E stage fish and adults. 
This shift has an intermediate step, wherein fishes shift 
from the crest to mid-way down the reef slope to a soli- 
tary existence, frequenting holes in large coral heads. 
From here fishes eventually move to colonies on rubble 
patches at the base of the reef slope, where they co- 
occur with the damselfishes Pomacentrus amboinensis, 
Dascyllus reticulatus and Dascyllus aruanus. This s h ~ f t  
between the late transitional stage and adult is greater 
in magnitude than the shift that occurs over the settle- 
ment transition phase (A to E ) ,  with respect to depth 
ra.nge, substratu.m type and species associations. How- 
ever, the shift to the adult habit is gradual, occurring 
over an  estimated 8 to 12 mo. 
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Fig. 6. Pteroleotris evides. Post-settlement ontogenetic shifts 
in habitat and species association of the dartfish. Juveniles 
(n = 7) and adults (n = 25) included with transition phase fish to 
illustrate magnitude of the transition shift. Differences among 
the 7 developmental categories was significant (MANOVA, 
testing among developmental groups, Pillai's Trace = 1.34, F= 
3 46, df = 78,942, p < 0.0001). Genera of fishes: Chrysiptera, 

Pomacentrus and Thalassoma 
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Visual censuses found that none of the newly settled 
Pomacentrus amboinensis that were tagged moved 
more than 0.5 m from the tagging site within the first 
week after settlement. Furthermore, the 15 fish that 
had been tagged upon settlement (out of 295 tagged) 
and re-identified ca 3.5 mo later h.ad not moved more 
than 5 m from their initial site of capture (mean 0.63 m, 
SD = 1.39, n = 15). Additional information suggests that 
the low recovery of tagged fish was due to a 27 % tag 
loss within the first month after settlement and a very 
high mortality rate of P. amboinensis recruits at Lizard 
Island (McCormick unpubl. data). There was no signif- 
icant difference in the species or habitat associations 
among any of the 5 post-settlement age categories (i.e. 

Fig. 7. Pomacentrus amboinensis. (a) Post-settlement transi- 
tion of the damselfish. Results of a CDA displaying the differ- 
ences in habitat and species associations among 5 groups of 
damselfish categorized on the bass  of the number of days 
since settlement. Group 95% confidence clouds are plotted. 
(b) Vector diagram for (a) displaying the direction and impor- 
tance (as indicated by vector length) of trends in habitat fea- 
tures and fish species. Habitat variables: DEPTH, depth (m); 
SR, sand and rubble; POC., hard coral Pocillopora. Fish gen- 
era: Pornacentrus and Thalassoma. Numbers of independent 
observations for each group (1  d to adult) are 29, 15, 16, 15, 

and 26 

newly settled fish, 3 d post-settled, 1 wk post settled, 
2 n ~ o  or adult fish) (MANOVA, Pillai's Trace = 0.4 1, F = 
0.77, df = 52,348, p = 0.874). A CDA shows considerable 
overlap in habitat and species associations for all age 
categories (Fig. 7). All post-settlement categories were 
found in areas of coral rubble with patches of sand, and 
ranged from 2 to 20 m depth (maximum sampled). 

Fish were found to be closely associated with the 
substratum for at least the first week after settlement, 
averaging 7 cm from the substratum. By 2 mo, fish 
were 5 to 60 cm above the substratum. 
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DISCUSSION 

Transition phase-a dramatic niche shift 

Most of the literature on recruitment in reef fishes 
has suggested that the shift between complex life- 
history stages is an abrupt, often overnight event (Sale 
1980, Sweatman 1985, 1988, Doherty & Williams 1988, 
McCormick 1993). This conceptual model of the settle- 
ment of reef fish was largely born out of the concentra- 
tion of resea.rch on fish that settle to patch reefs or 
experimental habitat units such as  damselfish, which, 
as  evidenced by the present study, recruit directly into 
the adult habitat (Sale 1971, 1980, Sale et al. 1984, for 
exception see Lirman 1994). A number of authors have 
noted that the change from being a pelagic larva to 
demersal juvenile is a gradual rather than ~nstanta- 
neous process (Randall 1961, Marliave 1986, Breitburg 
1989, 1991, Leis 1991, Kautman et al. 19Y2). However, 
there is a paucity of detailed information on what this 
transition actually involves with respect to the ecologi- 
cal changes that allow a fish to function as a dernersal 
juvenile. T h i s  is desp i i e  the laci that dccumuiated 
observations in the literature suggest that having an 
eco-physiological transition period immediately after 
settlement may be the norm, rather than an idiosyn- 
crasy of a few restricted genera. 

The 2 non-damselfish species studied demonstrate a 
gradual transition to the juvenile form, behaviour and 
habitat associations lasting a 2 to 3 wk period. When 
put in the context of other post-settlement habitat 
shifts that occur in these species, the transition from 
immediate post-settlement to juvenile is of far greater 
magnitude than that of juvenile to adult. In Paru- 
peneus multifasciatus, adults forage in diffuse schools 
over the whole reef, with a propensity for the lower 
reef slope (McCormick unpubl. data). These schools 
include large juveniles which have extended their 
home ranges from the upper reef slope. For Ptero- 
leotris evides, the transition from juvenile to adult sim- 
ply represents a shift from mid-way down the slope to 
join a colony of individuals on rubble at the base of the 
reef (Fig. 6). For both species, these later ontogenetic 
shifts represent home range extensions, with slight 
behavioural modifications linked to joining the breed- 
ing population. 

The non-damselfish species studied settle into multi- 
species groups containing fish of similar body mor- 
phology and trophic group. Dartfish settled into groups 
of new recruits whlch were cryptically located, occur- 
ring below the reef crest in underhangs or small caves, 
whilst the goatfi.sh settled into groups of adult plankti- 
vores on promontories. Settling into a cryptic site and 
schooling may function to reduce predation immedi- 
ately after settlement when fish are naive to predator 

attack strategies (Hixon 1991). By settling into schools 
of adult planktivores, goatfish may capitalise on the 
experience in predator detection and avoidance that 
the adult planktivores have acquired. Many tropical 
fish species appear to form schools at, or immediately 
after, settlement. Kaufman et al. (1992) noted that 30 of 
the 68 species of newly settled fish studied schooled 
upon settlement, although it was unclear to what 
extent this represented transitional behaviour or a 
juvenile feature. Transitional schooling behaviour over 
shallow reefs has also been documented for temperate 
blennoids, eleotrids, gobiescocids, tripterygiids, go- 
biids (Marliave 1986, Breitburg 1989, 1991, Kingsford 
& Choat 1989). The widespread nature of schooling at 
settlement suggests survival or growth advantages, 
however, these advantages are yet to be demonstrated 
for this life stage. 

Most fishes are strongly site-attached for the first 
few flays after tneir initiai setiiement, regaraiess of 
whether or not the later developmental stages have 
wide home ranges. All species examined in this study 
had small home ranges (c4 m2) when first settled. It 
has been suggested that the ability to learn the physi- 
cal characteristics of a home range increases the 
chances of survival in luvenile fish.es (e.g. Symons 
1974). 

For the goatfish, this home range size rapidly 
increased during the flrst 7 d concomitant with a 
change in feeding behaviour and species association. 
This shift appears to have been driven by the require- 
ment to obtain access to demersal micro-invertebrate 
food items that are widely dispersed. By joining 
schools of juvenile parrotfishes soon after settlement, 
the goatfish could increase both time spent foraging on 
the bottom and access to unforaged substrata, while 
still avoiding predators. Goatfish at thls stage swim 
directly under the juvenile scarids, mirroring course 
alterations, thereby maximising access to the substra- 
tum while minimising the probability of detection by 
predators. This roaming habitat may also maximise 
food intake during a period of high growth. 

Although few detailed studies of the post-settlement 
transition phase of demersal fish have been under- 
taken, scattered observations demonstrate the diverse 
ways which have evolved to soften the change 
between pelagic larva and demersal juvenile. Hoelzer 
(1988) briefly described the trans~tion of Californian 
rockfish Sebastes carnatus, which settles into the 
canopy of the giant kelp Macrocystis pyrifera, where it 
stays for 1 to 2 mo. Fish then move to the dense vege- 
tation at the base of the kelp holdfast and join the dem- 
ersal juvenile population McFarland & Kotchian 
(1982) found recently settled French grunts Haemulon 
flat~olineaturn often formed daytime schools with my- 
sids over sea urchins or finger corals. Individuals later 
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migrate to join diurnal schools of juveniles and adults 
elsewhere on the reef (Ogden & Ehrlich 1977, Brothers 
& McFarland 1981). Similarly, Finn & Kingsford (1996) 
found that 2 species of cardinalfish settled to sand- 
rubble habitats and later moved to join the juveniles 
and adults on the continuous reef. Green (1993) found 
newly settled stages of 59 species of wrasse and at 
least 4 parrotfish species, in the filamentous algal gar- 
dens of herbivorous damselfishes on the Great Barrier 
Reef. For some species this represented a permanent 
juvenile habitat, while for most it represented a tran- 
sient habitat association lasting only a few weeks 
(Green 1994). The ubiquity of some form of transi- 
tional-phase immediately after settlement emphasises 
the dynamic nature of this period in a fish's life cycle, 
and the potential of events that occur during it to influ- 
ence subsequent population dynamics. 

Metamorphosis and the transition phase 

Our results support the expectation of a strong link 
between the magnitude and duration of metamorpho- 
sis and the duration of the transition period. The spe- 
cies in this study span the range of developmental 
states in which reef fish settle. The dartfish Pteroleotl-is 
evides is an example of a species that settles with typi- 
cally larval characteristics and then undergoes exten- 
sive morphological modification after settlement. The 
goatfish Parupeneus multifasciatus is large and well 
developed when it settles, but must undergo major 
modifications to its sensory system to make the transi- 
tion from a specialised neustonic planktivore to a ben- 
thic microcarnivore (McCormick 1993, McCormick & 
Shand 1993, Shand 1993,1994). On the other hand, the 
damselfish Pomacentrus amboinensis settles with its 
juvenile body plan largely complete, but is likely to 
undergo a rapid (i.e. over 1 2  h) change in pelvic spine 
length and snout length characteristic of its congeners 
(Makey & McCormick unpubl. data). Thus, evidence 
presented in this study supports a link between the 
magnitude of metamorphosis and transition phase, 
where species with substantial metamorphosis to the 
juvenile form have a longer transition period than spe- 
cies that are  well developed at settlement. 

The gradual transition from feeding on planktonic 
items to benthic invertebrates shown by the goatfish 
may be driven by the necessity to learn to use the sen- 
sory barbels for the detection of benthic prey items, 
together with the avoidance of predators as discussed 
above. The tropical goatfish Upeneus tragula has been 
found to undergo a dramatic metamorphosis in the 
visual and barbel sensory systems within 12 h of settle- 
ment. The dorsal retina of the eye loses one layer of 
sensory cones, while the barbels increase in length and 

taste-bud cells proliferate (McCormick 1993, Mc- 
Cormick & Shand 1993, Shand 1993, 1994). It is likely 
that Parupeneus multifasciatus undergoes a similar 
sensory metamorphosis. If the fish settle at night, 
which the authors' observations suggest, then the 
visual and gustatory system should be fully trans- 
formed to the demersal mode of life by mid-morning of 
the first day after settlement. The finding that fish 
spend between 42 and 70% of their time feeding on 
plankton for the first 4 d after settlement suggests that 
they must learn to use their barbels to detect prey. 
Alternatively, though not exclusive of other hypothe- 
ses, the physiology of the digestive system may con- 
strain feeding to planktonic food items during early 
settled life. 

Clearly, there is a need for detailed studies of meta- 
morphosis in reef fishes. For all but a few species it is 
unknown what physiological and structural changes 
occur during metamorphosis, as is the relative mag- 
nitude of these changes against the background of 
ontogenetic development. In the terminology of 
Balon (1985), metamorphosis represents an  important 
'threshold' between 2 periods of ontogeny (larva and 
juvenile). During these periods there is a 'prolonged 
accumulation and canalizati.on of complex structure 
developing at various rates, that render the next rapid 
change possible' Important questions to be  addressed 
include: How do late-larval-stage fish prepare them- 
selves (morphologically and physiologically) for the 
benthic transition, while still maintaining specialisa- 
tions that maximise survival in the pelagic environ- 
ment? When is metamorphosis initiated? How does this 
differ among taxa? and How does the duration of meta- 
morphosis relate to other life history attributes (e.g 
dynamics of the transition phase, post-settlement mor- 
tality schedules)? It is only by understanding the phys- 
iological and structural changes that occur at metamor- 
phosis and how these influence the way an organism 
interacts with its environment that we will begin to 
understand the complex process of settlement and the 
associated transition phase. 

Transition period and adult abundance 

At present, no data are  available on the importance 
of density dependent and  independent growth and 
mortality during the transition phase on the patterns of 
abundance and growth of later life stages. Estimates of 
mortality are derived for species that settle to small 
patch reefs, many of which lack a conspicuous transi- 
tion phase (e.g. Doherty & Sale 1985, Meekan 1988, 
Booth 1991, 1995, Carr & Hixon 1995). Doherty & Sale 
(1985) determined mortality schedules for 17 species at 
One Tree Lagoon, but did not obtain good estimates for 
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'species with relatively secretive juveniles'. Post-settle- 
m e n t  estimates of mortality start,  a t  best ,  24 h after set-  
t lement  (e.g. Car r  & Hixon 1995), thereby missing the  
period of greatest  morphological a n d  behavioural tran- 
sition, w h e n  mortality is likely to b e  highest .  This is 
b rought  about  by  t h e  practical constraints of estimat- 
i n g  mortality during a n d  immediately after settlement. 
N e w  techniques that  allow the  cap ture  of large num-  
bers  of fish a t  set t lement  (e.g. light t raps a n d  crest nets)  
a n d  batch tagging of small fish (e .g .  microtags, Beuk- 
e r s  e t  al.  1995; tetracycline or ahzarin, Tsukamoto 
1985, Tsukamoto e t  al.  1989) n o w  enable  experimental  
analysis of early post-settlement mortality. T h e  cou- 
pling of information o n  m o d e s  of set t lement  transition 
with est imates  of mortality will e n h a n c e  our  under -  
s tand ing  of the  relative benefits of each  life history 
m o d e .  

This study h a s  gone  some way to illustrate the  strik- 
ing diversity i n  m o d e s  of post-settlement transition in  
reef fishes. In general ,  details of t h e  transition a r e  
likely to b e  species-specific, with unique ramifications 
for t h e  g rowth ,  survival a n d  a b u n d a n c e  pat terns of 
la ter  life s tages.  Ciearly there is much  resea ich  to  b e  
done o n  metamorphosis in  reef fishes a n d  its temporal  
link with the  set t lement  event .  Since pat terns of 
recrui tment  can  directly affect pat terns of distribution 
a n d  a b u n d a n c e  (Doherty & Williams 1988, Doherty & 
Fowler 1994), a n  understanding of factors that  con- 
tribute to recruitment variation is critical to the com- 
prehension of t h e  dynamics of demersal  fish popula-  
tions. T h e  mortality a n d  re-distribution that occurs 
immediately after set t lement  is incorporated into the  
variability that  is often attributed to  even ts  that  occur 
in the  larval phase .  Events occurring immediately post 
set t lement  a r e  likely to  b e  most important  (and  hardes t  
to quantify) in fishes with extensive transitional 
phases,  as illustrated by the non-pomacentrid species 
s tudied here .  
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