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ABSTRACT: Larval and pelagic juvenile fish were collected along 2 transects within the central Great
Barrier Reef lagoon, Australia, using plankton nets and light traps in October, November and Decem-
ber 1989. Multivariate analyses were used to examine spatio-temporal variability in the distributions of
the fish collected with both techniques. Plankton nets revealed a relatively stable cross-lagoon pattern,
with (1) a distinctive nearshore component characterized by gobiids, callionymids, leiognathids and
teraponids; (2) a cross-lagoon group including nemipterids, carangids, platycephalids and scorpaenids;
and (3) an outer-lagoon assemblage dominated by clupeids, lutjanids, pomacentrids, and scombrids.
Significant temporal coherence in the abundance patterns of a number of families with cross-lagoon
and offshore affinities was also detected. This coherence could have been generated by either a syn-
chronous spawning event, or by hydrographic phenomena acting over synoptic scales of at least 50 km
in both alongshore and cross-shelf directions. Light trap catches were much more ephemeral than
those from the plankton nets, and were dominated by collections at a single station in October. Num-
bers of principal taxa at this station were variable on each of the 3 sampling occasions during the
month. The most numerous taxa, Pomacentrus spp., were captured in high numbers on all of the 3
nights. Lethrinus spp. and Chromis sp. were abundant on the second night, but low numbers were
taken on the first and third nights. Mullids were captured in progressively higher numbers through the
sampling period. Comparison of plankton net and light trap data suggested that multi-specific patches
of reef fish larvae were characteristic only of late-larval and pelagic juvenile stages. Patch generation
may, therefore, be due to active aggregation rather than passive accumulation of larvae. Although the
ultimate fate of late-stage larvae within this multi-specific patch was unknown, the data are consistent
with the hypothesis that major settlement events occur when occasional dense patches of larvae collide
with reef habitats.
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INTRODUCTION

Fisheries biologists have recognised since the begin-
ning of the century that the population dynamics of
many marine fish species may be driven by events oc-
curring during the larval phase of the life cycle (Hjort
1914, Houde 1987). While the larval phase is restricted
temporally to a period of weeks or months, extremely
high mortality rates and considerable dispersive abili-
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ties suggest that this stage may have a disproportion-
ate influence on the local abundance of adult popula-
tions (Roughgarden et al. 1988). Despite the potential
for larval dynamics to influence population structure,
the early life history of tropical marine fishes has only
recently attracted attention (Leis 1991a).

Almost all studies of larval fish distributions within
tropical environments have focused on broadscale
surveys (reviewed by Leis 1991a). These reports have
provided valuable information on the larval habitat re-
quirements of a number of tropical fishes, but with
either limited spatial or temporal resolution. The few
investigations that have been conducted on smaller
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spatial scales have addressed specific questions
regarding vertical distributions (Leis 1991b}, or near-
reef distribution patterns (Kobayashi 1989, Lyczkow-
ski-Shultz et al. 1990, Boehlert et al. 1992, Williams &
English 1992). While such studies are a necessary pre-
requisite to any understanding of larval biology, little
remains known of the processes influencing larvae
over 'meso’ spatial and temporal scales (days—-weeks
and 1-10's of km). Paradoxically, it is variability over
these scales that may be critical to larval survival and
recruitment (Peterman & Bradford 1987, Davis et al.
1991, Maillet & Checkley 1991).

The reliance on towed-net technology for sampling
larval and pelagic juvenile fish has also restricted the
size range collected by larval surveys. While plankton
nets sample small larval fish effectively, the activity
associated with towing nets through the water column
apparently leads to detection and avoidance of the net
by agile nekton (Barkley 1964, Choat et al. 1993).
Larger nets devised to counter active avoidance have
met with limited success (Clarke 1983, Munk 1988).
This presents real problems in the tropics. Many coral
reef fish have a pelagic juvenile stage with consider-
able sensory and locomotory abilities (Leis & Rennis
1983, McCormick & Shand 1992) which is not ade-
quately sampled by plankton nets or mid-water trawls
(Choat et al. 1993).

Sampling of the motile component of planktonic
assemblages has recently improved with the develop-
ment of light traps, an alternative methodology that
targets the late-larval and pelagic juvenile stages of
coral reef fishes (Doherty 1987a). Initially applied to
monitor larval supply to reef habitats (Milicich &
Doherty 1994), light traps have also proved useful for
collecting larval and juvenile fishes in open waters
(Thorrold 1992a). While the traps are effective collec-
tors of large planktonic individuals, they appear to
under-sample the smaller stages that are collected in
plankton nets (Choat et al. 1993). This suggests that a
sampling strategy combining both plankton nets and
light traps would result in a more complete description
of the distribution and abundance patterns of pre-
settlement fishes than either technique in isolation.
Despite petitions for multi-gear sampling strategies
from several authors (Omori & Hamner 1982, Kings-
ford 1990), such programs have rarely been under-
taken (Gregory & Powles 1988).

This study was designed to examine variability in
larval and juvenile fish distributions over a range of
spatial and temporal scales utilising a multi-gear sam-
pling strategy. Our objective was to describe meso-
scale spatial (10's of m to 10's of km) and temporal
(days to months) variability in larval and pelagic juve-
nile fish assemblages. By using both towed nets and
light traps we hoped to obtain a more complete

description of distribution patterns of larval and juve-
nile fishes than could have been achieved by a single-
gear study. We hypothesized that the scales over which
larval fish assemblages varied would also identify the
critical spatio-temporal scales of physical and biologi-
cal processes that generated the observed patterns.

MATERIALS AND METHODS

Sample collection. Field work was conducted in
coastal waters of the central Great Barrier Reef (GBR),
at each of 4 stations approximately 16 km apart, along
2 cross-shelf transects (LR and CB) during October-
December 1989 (Fig. 1). One transect could be com-
pleted in a single night of sampling, and each transect
was sampled at least once, and up to 3 times, in each of
the 3 months depending on weather conditions. All
sampling was conducted within a 10 d window around
the new moon. Sampling equipment consisted of a
0.5 m diameter plankton net fitted with 0.505 mm mesh
and a General Oceanics digital flowmeter, and light
traps as described in Thorrold (1993a). At each station
6 light traps were deployed, 200 to 300 m apart and
approximately 1 m below the sea surface, and fished
for 1 h. The traps were allowed to drift with the pre-
vailing currents rather than being moored to the bot-
tom. While this reduced the amount of water the trap
sampled, it also reduced the possibility of variable cur-
rent flows across the traps confounding differences
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Fig. 1. Locality map showing positions of stations (o) on the LR
and CB transects in the central Great Barrier Reef lagoon
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among stations and across sampling occasions. Three
plankton tows, each of 10 min duration, were made in
the immediate vicinity of the traps during the period
that the light traps were fishing. The 0.5 m net was set
to fish between 1 and 2 m below the surface, and
towed at between 0.5 and 1 ms™".

Samples were immediately preserved in 80-90%
ethanol for subsequent identification and enumeration.
Larvae collected in the plankton net were identified to
family level, following Leis & Rennis (1983) and Leis &
Trnski (1989). Fish collected in the light traps were
identified to the lowest possible taxon. However, for all
statistical analyses the light trap identifications were
truncated at the same taxonomic level as that obtained
in the net tows. Numbers of larvae collected in net
samples were converted to concentrations (numbers
100 m~?) using the volumes of water sampled calcu-
lated from the flowmeter data, while samples from the
light traps were expressed as numbers of fish per light-
trap-hour.

Data analysis. We conducted multivariate analyses
of the distribution patterns of fish collected with both
plankton nets and light traps. A Bray-Curtis dissimilar-
ity matrix was generated from the family/sample data
set. The dissimilarity matrix was then used as the basis
for a flexible unweighted (UPGMA) clustering strat-
egy. The family/sample matrix was also transposed
and families clustered using a flexible UPGMA. In this
case, the dissimilarity matrix was again generated
using the Bray-Curtis algorithm after the data had first
been standardized by expressing each value as a pro-
portion of the maximum value recorded for that family.
This standardization is commonly used when attrib-
utes (in this case families) rather than objects (i.e. the
individual samples) are clustered (Belbin 1988). Bub-
ble plots were used to display the associations of sam-
ples between transects, and among months and sta-
tions. These plots were generated by calculating the
percentage of samples from a given month, transect
and station within the sample group under considera-
tion. Results of clustering by samples and families were
plotted using 2-way table summaries (Smith et al.
1989). The 'bubbles’ in the resulting 2-way summary
plots represent the percentages of the species groups
upon summing the mean proportions of each family
group across columns or down rows. The directions in
which these summations were calculated are shown by
arrows on the appropriate plots.

The above techniques are powerful methods for dis-
playing patterns of association in multivariate data
sets. However they are unable to test specific hypothe-
ses concerning the spatial and temporal variability in
taxonomic composition or abundance. Both plankton
net and light trap data consisted of a multivariate fam-
ily/sample matrix with nights nested within transects,

and transect, month and station as main factors in a 3-
way, mixed model ANOVA design. A number of diffi-
culties arise if multivariate ANOVA is used to analyse
the data sets, including the non-normality typical of
plankton data (Mackas et al. 1985). Assumptions
underlying parametric MANOVA include normal dis-
tributions of individual taxa and equal variance-covari-
ance matrices. To overcome these problems, Mantel
(Mantel 1967) and partial Mantel tests (Smouse et al.
1986) were used instead. These tests use a non-para-
metric, permutation method to determine statistical
significance and therefore are not invalidated by non-
normality.

The Bray-Curtis dissimilarity matrices used in the
preceding cluster analyses formed the data matrix for
the Mantel and partial Mantel tests, with each alterna-
tive hypothesis of the analysis of variance (i.e. no effect
of station, transect and time on ichthyoplankton associ-
ations) cast into a model matrix. For instance the model
matrix expressing the alternative hypothesis that there
were differences among stations contained 1's in the
within-station regions of the matrix, and 0's elsewhere.
Similarly, the model matrix that represented differ-
ences among times contained 1's in the cells compar-
ing the same times, and 0's in the among-time cells. An
empirical null distribution was derived from randomly
permuting one of the matrices 500 times, and the prob-
ability of obtaining a value of r at least as extreme as
the observed r by chance alone was computed. All
tests were 2-tailed, with an « value of 0.05. The test for
interactions between main effects followed that
described by Smouse et al. (1986). Mantel and partial
Mantel tests were run using 'the R package for multi-
variate data analysis’ of Legendre and Vaudor,
referred to in Legendre & Fortin (1989).

Further univanate analyses were conducted on the
families contributing most to the station-time groups
in cluster analyses, as determined by examining
Cramer values derived from the cluster analysis {Bel-
bin 1988). The top 5 taxa contributing most to the
cluster groupings from both light traps and net tows
were selected for further univariate analyses. ANOVA
was used to examine variability at each of the spatial
and temporal scales sampled. Although the experi-
mental design called for both transects to be sampled
3 times in each month, bad weather in December
meant that only ! night of sampling could be com-
pleted on each transect. Therefore, nights were
pooled within months in October and November.
After pooling, a 3-factor, orthogonal ANOVA was
used to test for differences between months, transects
and statlons. As there was uneven replication (3
nights of sampling from October and November for a
total of 9 replicates, 1 night for a total of 3 replicates
from December), type Il sums of squares were used
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Table 1. Frequency and percent frequency by famuly of larval fishes collected in plankton nets from October to December 1989

Family Freq. Y% freq. Family
Gobiidae 5681 40.6 Blenniidae
Apogonidae 1117 7.9 Mugilidae
Clupeidae 1048 7.5 Sphyraenidae
Lutjanidae 983 7.0 Polynemidae
Carangidae 672 4.8 Serranidae
Nemipteridae 559 4.0 Syngnathidae
Teraponidae 351 2.5 Myctophidae
Pomacentridae 290 2.1 Engraulidae
Monacanthidae 288 2.1 Cynoglossidae
Bregmacerotide 282 2.0 | Holocentridae
Leiognathidae 256 1.8 Scaridae
Scombridae 251 1.8 Opistognathidae
Callionymidae 230 1.6 Diodontidae
Platycephalidae 182 1.3 Acanthuridae
Bothidae 134 1.0 Exocoetidae
Mullidae 131 0.9 Haemulidae
Priacanthidae 124 0.9 Mugiloididae
Scorpaenidae 102 0.7 Belonidae
Labndae 80 0.6 Lophiiformes
Schindleriidae 73 0.5 Gerriidae
Lethrimdae 73 0.5 Trichonotidae
Tetraodontidae 72 0.5 Leptocephali
Synodontidae 63 0.4 Triacanthidae
Microdesmidae 55 0.4 Chaetodontidae
Sciaenidae 54 0.4 Dactylopteridae

Freq. “wfreq. | Family Freq. % freq.
53 0.4 Paralicthyidae 5 -
49 0.4 Balistidae 4 -
48 0.3 Letobramidae 4
36 0.3 Pomacanthidae 4
33 02 Psettodidae 4 -
33 0.2 Sillaginidae 4 -
30 0.2 Trichiuridae 4 -
28 0.2 Ammodytidae 3 -
24 0.2 Fistulariidae 3 -
23 0.2 Pleuronectidae 3 -
23 0.2 Pseudochromide 3 -
20 0.1 Scatophagidae 3 -
16 0.1 Carapidae 2 -
13 0.1 Hemiramphidae 2 -
12 0.1 Istiophoridae 2 -
11 0.1 Kyphosidae 2
10 0.1 ‘ Ostraciidae 2 -
9 0.1 Soleidae 2
9 0.1 Tripterygiidae 2 -
8 0.1 Cepolidae 1 -
8 0.1 ‘ Gemphylidae 1
7 0.1 Nomeidae 1 -
7 0.1 | Siganidae 1 -
5 - Unidentified 242 1.7
5 - Total 13998 100

for all ANOVA analyses. All variables were tested for
heterogeneity of variances and normality of residuals
using residual analysis (Winer 1971).

RESULTS

A total of 13988 larvae were captured in 168 plank-
ton tows, while the light traps collected 3781 fish from
a total of 419 light-trap-hours. Catches from plankton
nets and light traps showed distinctive taxonomic com-

positions. In the net tows, 75 families were collected,
while the light traps captured 36 families. Plankton net
samples were dominated by gobiids, with apogonids,
clupeids, lutjanids and carangids making up the 5 most
abundant taxa (Table 1). Numerically, these 5 taxa
accounted for 68% of the total number of larvae col-
lected. Pomacentrids were the most abundant family
captured in the light traps, representing almost 50 % of
the entire catch (Table 2). Lethrinids, clupeids and
mullids were the only other taxa that accounted for
more than 1% of the total catch.

Table 2. Frequency and percent frequency by family of late-stage larval and pelagic juvenile fishes captured in light traps from
October to December 1989

Family Freq. Y% freq. = Famly
Pomacentridae 1814 48.0 Carangidae
Lethrinidae 962 254 Siganidae
Clupeidae 346 9.8 Monacanthidae
Mullidae 218 5.8 Syngnathidae
Dactylopteridae 70 1.9 Priacanthidae
Blenniidae 69 1.9 Tripterygiidae
Engraulidae 44 1.2 Gerreidae
Atherinidae 35 0.9 Gobiidae
Apogonidae 30 0.8 Labridae
Scombridae 21 0.6 Synodontidae
Tetraodontidae 19 0.5 Chaetodontidae
Scorpaenidae 18 0.5 Holocentridae

Freq. % freq. = Family Freq. % freq.
16 0.4 Diodontidae 4 0.1
16 0.4 Plesiopidae 3 0.1
13 0.3 Bregmacerotidae 2 0.1
13 0.3 Fistularidae 1 -
10 0.3 Lutjanidae 1 -
10 0.3 Myctophidae 1 -

8 0.2 Nemipteridae 1 -
8 0.2 Ostraciidae 1 -
7 0.2 Scaridae 1 -
6 0.2 Serranidae 1 -
5 0.1 Sphyraenidae 1 -
5 0.1 Teraponidae 1 -
Total 3781 100
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Plankton nets

Cluster analysis of the plankton net data using the
Bray-Curtis dissimilarity matrix and an UPGMA clus-
tering strategy detected 4 main sample groups (Fig 2}.
The first split (group 1) identified samples collected
principally from October and November, on both tran-
sects, and almost exclusively from the 0 km station.
Group 2 showed similar temporal affinities to group 1,
but was spread almost evenly across the 3 offshore sta-
tions, again on both transects. Group 3 was collected
almost exclusively in November, from the 16 km and
32 km stations on both transects. Finally, samples from
group 4 came from December, and largely from the 3
offshore stations.

Clustering by families revealed 3 major taxonomic
groupings (Fig. 3). Family group 1 included apogonids,
callionymids, gobilids, leiognathids and teraponids.
This group showed highest affinity with sample group
1 from the station-time cluster, which was in turn
restricted to inshore stations. Family group 2 consisted
of bothids, bregmacerotids, monacanthids, nemi-
pterids, platycephalids, priacanthids and scorpaenids.
This group was assoclated with sample groups 1 and 4,
and from stations spanning the entire lagoon. Family

Dissimilarity

B
e 0
°
o

CB

0 km .

16 km . ) o °
32 km . ® o o
48 km . [ [}

Fig. 2. Summary of UPGMA cluster analysis for net tow data,
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group 3 included carangids, clupeids, lutjanids, mul-
lids, pomacentrids and scombrids. This family group
was largely restricted to sample group 4, at stations 16
to 48 km from the coast.

Mantel's and partial Mantel's tests were used to
more rigorously assess variability in the data over the
range of spatio-temporal scales considered. Significant
variability was found over almost all spatio-temporal
scales examined (Table 3). All main factors, except
transect, were significant. The matrix containing sta-
tion effects showed the highest correlation with the
data matrix (r = 0.251). Night and month showed simi-
lar correlations (r = 0.103 and r = 0.094 respectively),
with transects not significantly correlated (r = 0.023).



22 Mar Ecol Prog Ser 145: 17-31, 1996

Table 3. Results of Mantel and partial Mantel tests against
temporal and spatial models of variability in the numbers of
fish captured in plankton nets, where r = Mantel's test statis-
tic of matrix correspondence, ST is the number of times that
the re-calculated test statistic, after the model matrix is ran-
domly permuted, is smaller than the original r value, EQ is the
number of times this value is equal to r, and GT 1s the number
of times that this value is greater than r. Prob(t} is the proba-
bility of the null hypothesis being true. ns: not significant at

o =0.05

r ST EQ GT Prob()
Temporal
Night 0.103 500 1 0 0.002
Month 0.094 500 1 0 0.002
Spatial
Transect 0.023 493 1 7 0.016™
Station 0.251 500 1 0 0.002
Interactions
Month x station 0.101 500 1 0 0.002
Station x month 0.254 500 1 0 0.002
Month x transect 0.094 500 1 0 0.002
Transect x month 0.027 494 1 6 0.014™
Transect x station 0.026 498 1 2 0.006
Station x transect 0.259 500 1 0 0.002

Not surprisingly most first order interactions were also
significant. The only non-significant interaction was
the transect x month term. Again the interaction terms
emphasized variability at the station, and then month,
level of the data set.

Examination of Cramer values suggested that 5 taxa
contributed most to sample groupings found in the
UPGMA clustering. These taxa were, in descending
order of Cramer values, gobiids, lutjanids, apogonids,
clupeids and nemipterids. After residual analysis
revealed that variances of these taxa could be consid-
ered homogeneous, a 3-factor ANOVA, with month,
station and transect as main effects, was used to iden-
tify spatio-temporal scales over which these individual
taxa were varying (Table 4).

Significant effects of month and station were
detected in the family Gobiidae, although significant
first order interactions of month x station, and transect
x station, suggested that the distribution patterns were
complex. These differences can be seen by examina-
tion of 3-dimensional graphs of mean gobiid concen-
trations (i.e. ‘cell means’) plotted against station and
month. The CB transect showed a consistent pattern in
all 3 months of sampling (Fig 4). Gobiid larvae were
found in high numbers at the inshore station, and in
typically low numbers at all stations further offshore.
Gobiid distributions on the LR transect were much
more variable. In October, numbers were highest at
the inshore station, very low at the 16 km station, and
intermediate at the 32 and 48 km stations. In Novem-

Table 4. Summary table of 3-factor ANOVA for 5 families of
larval fishes collected in plankton tows from the central Great
Barrier Reef lagoon. ns: not significant with o = 0.05

Source MS F-value Prob.
Gobiidae

Month 682610 7.7 0.001
Transect 29446 0.3 0.57™
Station 264853 29.8 0.001
Month x transect 58618 0.7 0.52™
Month x station 400074 4.5 0.001
Transect x station 259602 2.9 0.04
Month x transect x station 115221 1.3 0.26M™
Lutjanidae

Month 374548 239 0.0001
Transect 376 02 0.62™
Station 55724 35.7 0.0001
Month x transect 731 0.5 0.63"™
Month x station 22755 14.6 0.0001
Transect x station 128752 82.4 0.0001
Month x transect x station 65777 421 0.0001
Apogonidae

Month 38581 20.2 0.0001
Transect 3148 1.6 0.20™
Station 3451 1.8 0.15™
Month x transect 1548 0.8 0.45™
Month x station 6813 3.6 0.01
Transect x station 21719 114 0.0001

Month x transect x station 8324.8 4.4 0.001

Clupeidae

Month 174034 68.5 0.0001
Transect 32587 12.8 0.001
Station 14505 5.7 0.001
Month X transect 46300 18.2 0.0001
Month x station 14908 59 0.0001
Transect x station 48154 19 0.0001
Month x transect x station 19258 7.6 0.0001
Nemipteridae

Month 50380 115 0.0001
Transect 122 0.3 0.60™
Station 12083 27.7 0.0001
Month x transect 1760 4.0 0.02
Month x station 5040 11.5 0.0001
Transect x station 20104 46 0.0001
Month x transect x station 13387 30.7 0.0001

ber, gobiid larvae were concentrated at the inshore
station while in December maximum numbers were
recorded at the 16 km station.

Lutjanids exhibited significant effects of month
and station, with a non-significant effect of transect
(Table 4). All first order, and the single second order,
interactions were also highly significant. Lutjanidae
larvae were much more abundant in December than in
either October or November (Fig. 4). Larvae were cap-
tured across the lagoon, although they were more
prevalent at the offshore stations on both transects. In
October and November, larvae were largely restricted
to the 32 km and 48 km stations.



Thorrold & Williams: Presettlement fish distributions in the GBR 23

o
(e}

n
o

Mean no. of larvae 100 m™3
IS )
o o

Fig. 4. Mean concentration (x standard
error) of larvae from net tows at stations
across the central Great Barrier Reef on the
LR transect (solid bars}) and CB transect
(shaded bars), October to December 1989,
for the families Gobiidae, Lutjanidae, Apo-
gonidae, Clupeidae and Nemipteridae
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The only significant main effect for the family
Apogonidae was that of month. The presence of 2 sig-
nificant first order interactions (month x station and
transect x station) and a significant second order inter-
action meant, however, that this effect could not be
interpreted in isolation. Apogonid larvae were, in fact,
distributed relatively homogeneously across months,
stations and transects (Fig. 4). A single peak in abun-
dance at the 0 km station in November on the CB tran-
sect appeared to account for a considerable amount of
the variance.

Larval concentrations of clupeids were, in contrast to
the apogonids, extremely patchy. The 3 main effects
and all interaction terms in the ANOVA were highly
significant. Larvae were relatively abundant in
December on the CB transect but, unlike the lutjanids,
this trend was not apparent on the LR transect in this
month (Fig 4). The 16 km station contributed the low-

Gobiidae

Nemipteridae

est numbers in all months on the LR transect. Again,
however, this pattern was not seen on the CB transect.

All main effects and interaction terms were signifi-
cant for nemipterid larvae, with the exception of the
effect of transect. Numbers were dominated by sam-
ples taken at several stations in December, on both
transects (Fig. 4). On the CB transect, numbers were
highest inshore, while on the LR transect numbers
peaked at the 16 and 32 km stations. Concentrations
were reasonably similar across all stations in October
and November, although they were slightly higher at
the 2 inshore stations on the CB transect.

Light traps

Light trap data were subjected to the same multivari-
ate analyses as those outlined above for the net tow
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samples. Cluster analysis of the Bray-Curtis dissimilar-
ity matrix generated from the family/sample data
matrix revealed 4 distinct groupings (Fig. 5). Groups 1
and 2 consisted of samples from October and Novem-
ber respectively, almost equally on both transects, and
spread relatively evenly across all stations. Group 3
represented samples from the 16 km station on the LR
transect in October, along with 3 samples from the
same station in November. Finally, samples from group
4 were taken in December, on both transects, and from
the 3 offshore stations.

Clustering across families revealed 4 major group-
ings (Fig. 6). The first family grouping consisted of
apogonids, clupeids, engraulids and scombrids. The
group was largely confined to groups 1 and 2 in the
sample cluster, which were distributed ubiquitously
across stations and transects. The second family group
consisted of a single family, the Blenniidae, and con-
tributed mainly to sample group 1 Family group 3 was
also a single taxonomic grouping, the family Dacty-
lopteridae, and was restricted to the 16, 32 and 48 km
stations in December. Finally, family group 4 was
made up of atherinids, lethrinids, pomacentrids and
mullids. This group was found almost exclusively
within sample group 3, from the 16 km station on the
LR transect in October.

Mantel's and partial Mantel's tests were used to
examine spatio-temporal variability in light trap
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Fig. 5. Summary of UPGMA cluster analysis for light trap
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family groups for light trap data. Legend as for Fig. 2

catches in more detail. Models incorporating the 4
main effects were all significant (Table 5), although
correlations were higher with the temporal models (r =
0.130 for the night effect, and r = 0.196 for the month
effect) than spatial models (r = 0.067 effect of transect,
and r=0.100 for effects of station). All first order inter-
actions were also significant. Again, however, models
including the month effect were more highly corre-
lated than models with only the spatial components of
transect and station.

Cramer values from the UPGMA clustering were
examined to identify the 5 individual families con-
tributing most variance to the data matrix. These fami-
lies were, in order of decreasing Cramer values, Poma-
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Table 5. Results of Mantel and partial Mantel tests against

temporal and spatial models of variability in the patterns of

late larval and juvenile fish distributions from light trap sam-
ples. Legend as for Table 3

r ST EQ GT  Prob{t)
Temporal
Night 0.130 500 1 0 0.002
Month 0.193 500 1 0 0.002
Spatial
Transect 0.067 500 1 0 0.002
Station 0.100 500 1 0 0.002
Interactions
Month x station 0.196 500 1 0 0.002
Station x month 0.101 500 1 0 0.002
Month x transect 0.196 500 1 0 0.002
Transect x month  0.066 500 1 0 0.002
Transect x station  0.057 500 1 0 0.002
Station x transect  0.101 500 1 0 0.002
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Fig. 7. Mean numbers (+ standard error) of
larvae captured by light traps at stations
across the central Great Barrier Reef on the
LR transect (solid bars) and CB transect
(shaded bars), October to December 1989,
for the families Pomacentridae, Lethrinidae,
Mullidae, Dactylopteridae and Clupeidae

Mean no. of fish light-trap-hr'

-1

Dactylopteridae

Mean no. of fish light-trap-hr

Pomacentridae ‘

centridae, Lethrinidae, Mullidae, Dactylopteridae, and
Clupeidae. Variances of all families were intractably
heterogeneous after a number of possible transforma-
tions, and hence the 3-factor ANOVAs used for the
coincident net tow samples could not be employed.
Interpretation of these results was based instead on 3
dimensional ‘cell mean' graphs plotting light trap
numbers versus month and station, for each transect
(Fig. 7). These plots were identical to those produced
for the net tow data in the preceding section.
Pomacentrids were numerically dominant in the
light trap catch. They were, however, captured in high
numbers only in October on the LR transect, at the
16 km station (Fig. 7). Pomacentrids were virtually
absent from the CB transect throughout the sampling
period. Lethrinids showed an almost identical pattern,
with extremely high numbers at the 16 km station on
the LR transect in October. Very few were captured on
any other sampling occasion. Mullids also peaked at

80 -
Lethrinidae

Clupeidae
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Fig. 8. Mean numbers (+ standard errors} of the 4 most abun-

dant taxa captured by light traps at the 16 km station on the

LR transect during 3 nights of sampling over the new moon of

October 1989: Sep 25 (solid bars), Oct 3 (hatched bars), and
Oct 5 (open bars}

this same place in time, although smaller numbers
were captured over all 3 months, and across most sta-
tions. Dactylopterids were restricted temporally to
samples from December. Unlike the preceding taxa,
however, they were not concentrated at any particular
station. Numbers were relatively high across the 3 off-
shore stations on the LR transect, and across all stations
on the CB transect. Clupeids were captured across all
stations, although numbers were dominated by sam-
ples at the 0 km station on the LR transect in October,

Several taxa were captured in high numbers at the
16 km station on the LR transect in October. Indeed the
total of 2277 fish from this single station in October
represented 60% of the total light trap catch; in the
case of the family Lethrinidae, this figure was greater

Table 6. Total number of fish by taxon collected at the 16 km
station on the LR transect in October 1989

Taxon Total Taxon Total
Apogonidae 4 Pomacentridae (cont.)
Athennidae 9 Dischistodus sp. 1
Blenniidae 1 Neopomacentrus spp. 4
Bregmacerotidae 2 Plectroglyphidodon 9
Carangidae 10 Pomacentrus spp. 940
Chaetodontidae 3 Pristotis jerdoni 11
Clupeidae 5 Scombndae
Engraulidae 2 Scomberomorus sp. 1
Gerreidae 5 Scorpaemdae 14
Lethrinidae Siganidae 4
Lethrinus spp. 838 Syngnathidae 9
Monacanthidae 6 Synodontidae 4
Mullidae 134 Syphraenidae 1
Pomacentridae Tetraodontidae 7
Chromus sp. 253 Total 2277

than 90%. Numbers of the principal taxa were vari-
able, however, on each of the 3 nights within October
(Fig. 8). Pomacentrus spp. were the most numerous
taxa, and were captured in high numbers on all 3
nights. Lethrinids were abundant on the second night,
with much lower numbers collected on nights 1 and 3.
Chromis sp. showed a similar pattern to the lethrinids,
with highest abundance on night 2. Mullids, however,
were captured in progressively higher numbers
through the sampling period. While these 4 taxa domi-
nated numbers numerically, a number of rare taxa
were also taken at the 16 km station during October
(Table 6). Chaetodontids, gerreids and monacanthids
were all represented in samples from this time.

Comparison of towed net and light trap distributions

Comparison of distribution patterns of larval and
juvenile fish collected by towed nets and light traps
were hampered by 2 factors. Taxonomic differences
between techniques meant that only 3 families (poma-
centrids, clupeids and mullids) were captured in suffi-
cient numbers (a total of at least 100 individuals taken
by each method) for any meaningful comparison to be
made. Intractably heterogeneous variances from the
light trap data also invalidated the ANOVA model that
was used to quantify spatio-temporal variability from
the towed net samples. Therefore comparisons were
based on the 3-dimensional plots of cell means (Fig. 9).
Pomacentrid, clupeid and mullid larvae were largely
restricted to the outer 3 stations on both transects in all
3 months, although significant numbers of all 3 families
were taken in the inshore station on the CB transect in
December. In contrast, light trap catches of these fami-
lies were dominated by samples from a single station
on the LR transect in October. Net-tow collections
showed that small pomacentrid and mullid larvae were
almost absent at this station. Clupeids similarly
showed no relationship between catch rates of the net
tows and those in the light traps (Fig. 9). Small larvae
collected in net tows were found in high numbers at
outer-lagoon stations on the LR transect, and across all
stations in December. Light trap catches were domi-
nated by catches at the inshore station on the LR tran-
sect in October. We conclude that there is little correla-
tion between the distribution patterns of the families as
revealed by net tows and light traps.

DISCUSSION

Larval distributions determined from the plankton
net tows revealed a comparatively stable spatial pat-
tern, with a distinctive inshore ichthyoplankton assem-
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Fig. 9. Mean numbers (+
standard error) of larvae
captured by plankton nets
(left axes, solid bars) and
light traps (right axes,
hatched bars) at stations
across the central Great Bar-
rier Reef on the LR and CB
transects, October to Dec-
ember 1989, for the families
Pomacentridae, Clupeidae
and Mullidae

Plankton nets. Mean no. of larvae 100 m

blage captured at the inshore station, a cross-lagoonal
assemblage found across all stations, and an outer-
lagoon assemblage represented at the 3 offshore loca-
tions. Milward & Hartwick (1986) also noted the pres-
ence of 3 distinct family groupings across the central
GBR lagoon, corresponding to nearshore, cross-lagoon
and outer-lagoon communities. That study was based
solely on presence/absence data, but the present study
largely confirms their results. While the nearshore lar-
val fish community was restricted to the 0 km station in
1989, the distribution patterns of total fish larvae from

CB TRANSECT

Pomacentridae

—~—

Light traps: Mean no. of fish light-trap-hr’

Light traps. Mean no of fish light-trap-hr'!

Mullidae

Light traps: Mean no. of fish light-trap-hr!

1988 suggests that this community may have been pre-
sent at the 8 km station also (Thorrold 1992b). Milward
& Hartwick (1986) suggested that the demarcation
between inshore and offshore family groups occurred
at approximately 10 km off the coast.

Several potential mechanisms may act to maintain
larval assemblages within the different water masses.
The simplest explanation is that, in the absence of
significant cross-lagoon water exchange, the assem-
blages reflect the distribution of spawning adults
across the shelf. Zooplankton distributions provide a
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test for the degree of cross-lagoon water movements as
they are often closely linked to current regimes
(Mackas & Sefton 1982), and may be useful as
lagrangian tracers of water movement (Thomas 1992).
Sammarco & Crenshaw (1984) found considerable
cross-lagoon movement of the inshore zooplankton
assemblage in the central GBR lagoon. However they
also noted comnsiderable inter-annual variability in this
movement, with significant cross-lagoon movement
being associated with large amounts of riverine input
into near-coastal waters. McKinnon & Thorrold (1993)
argued that zooplankton distributions were even more
dynamic than suggested by Sammarco & Crenshaw's
(1984) study. Zooplankton assemblages across the cen-
tral GBR lagoon were coupled with the position and
strength of a shear zone across the lagoon caused by
interactions between the East Australian Current, pre-
vailing wind conditions, and frictional effects due to
bathymetry (King & Wolanski 1992). Inshore plankton
assemblages are trapped along the coast by the coastal
boundary layer when alongshore current velocities are
sluggish, but are located up to 24 km from the coast
when alongshore velocities are high in either direction.
Larval fish assemblages did not show this same pat-
tern, as inshore assemblages were only rarely found at
the 16 km station. Both the inshore and outer-lagoon
assemblages appeared more tightly linked to turbidity
gradients, apparently driven by bottom re-suspension,
than by the position of the shear zone (Thorrold
1993b). Assuming that zooplankton are better tracers
of water mass movements than larval fish, it would
appear that hydrodynamic separation cannot explain
maintenance of distinctive larval fish assemblages
across the inner GBR lagoon.

While hydrographic separation does not appear to
account for the larval fish assemblages across the inner
lagoon, several biological processes may be maintain-
ing these patterns. Differential mortality, due to either
high turbidity (in the inshore water mass) or food levels
(low in the offshore water mass) may act to selectively
remove fish larvae from either water mass type. Alter-
natively, larvae may actively avoid moving between
the different water masses. While both hypotheses are
plausible, we are unlikely to be able to test either with-
out a greater understanding of larval taxonomy as sur-
vival rates in each of the water masses will need to be
measured to test these ideas. Larval fish mortality is
notoriously difficult to quantify under optimal condi-
tions, and indeed there are no survivorship estimates
for any coral reef fish larvae (Leis 1991a). It may prove
more practical to examine early life history scans of
otoliths using electron or laser microprobes to deter-
mine if larvae are indeed making significant cross-
lagoon excursions (Radtke 1988, Thorrold et al. in
press).

Although spatial variability dominated the net tow
data, there was also a significant temporal effect. In
December, for instance, a number of taxa, including
lutjanids, nemipterids, pomacentrids and mullids,
showed large increases at offshore stations on both
transects. The coherence of taxa argues that the
processes generating this pattern were acting over
synoptic scales at least 50 km in both cross-lagoon and
alongshore directions. It is possible that events in the
planktonic environment enhanced larval survival of all
the families. Increased primary productivity over simi-
lar scales has been documented due to an intrusion of
cold, nutrient-rich water from the Coral Sea (Furnas &
Mitchell 1987). Enhanced primary production during
these intrusions causes increased secondary produc-
tivity (McKinnon & Thorrold 1993), which may also
lead to lower mortality rates of larval fish due to
reduced starvation or increased growth. The other
major source of nutrient-rich water in the central GBR
lagoon comes from occasional large freshwater dis-
charge events (Wolanski & Jones 1981) Flow records
from the Burdekin River, which is the largest source of
freshwater into the central GBR lagoon (Sammarco &
Crenshaw 1984), showed no significant freshwater dis-
charge at this time. It is perhaps more likely that this
effect was the result of spawning activities over these
spatial scales, although there is surprisingly little
known about the spawning habits of shorefishes in this
region.

Distribution patterns of small fishes captured in the
light traps were much more transitory than those of the
plankton nets. Catches were dominated by late-stage
larval reef fish taken at a single station in October In
the previous year, Thorrold (1992a) also detected a sin-
gle 'patch’ of reef fish larvae while sampling over the
same months across the inner half of the central GBR
lagoon. In that year the patch was located in the mid-
dle of the lagoon on the CB transect over 4 d in Decem-
ber. Pomacentrids of the genus Pomacentrus also dom-
inated catches in the earlier year, although lethrinids
were rare throughout sampling in the earlier year. The
fact that only one 'patch’ was detected in each of the
years suggests such patches are a relatively rare occur-
rence, albeit numerically extremely important. Indeed
the light trap data in this study appear similar in some
respects to those from moored light traps around
Lizard Island (Milicich 1992). Milicich noted an ex-
tremely large pulse of settlement-stage larvae in 1988
that was not repeated in 3 subsequent years of moni-
toring. Taken together, these data appear consistent
with the hypothesis that major settlement events occur
when occasional dense patches of larvae collide with
reef habitats (Victor 1984, Williams 1986).

Meso-scale multi-specific patches of reef fish larvae
may be formed by several mechanisms. Victor (1984)
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suggested that the arrival of a patch of bluehead
wrasse Thalassoma bifasciatum larvae generated a
settlement pulse that was synchronous over a number
of reefs separated by as much as 50 km. He argued that
since the newly settled juveniles had variable plank-
tonic durations, a single spawning event (e.g. Canino
et al. 1991, Davis et al. 1991) was unlikely to have gen-
erated the observed settlement pattern. We found that
the extremely patchy distribution patterns of late-
larval and pelagic juvenile pomacentrids and mullids
collected by the light traps were not reflecting the dis-
tributions of smaller pomacentrid and mullid larvae
taken in plankton nets. This also suggests that a syn-
chronous spawning event is unlikely to have played a
significant role in patch formation of reef fish larvae in
the study area. Williams & English (1992) hypothesized
that the presence of a cold-core eddy may have led to
anomalously high concentrations of larval fish in the
vicinity of Myrmidon Reef, on the outer shelf of the
central GBR. Meso-scale eddies have been shown to
aggregate pelagic (Thomson et al. 1992) and meso-
pelagic fishes (Olson & Backus 1985), and the conver-
gence associated with eddies and coastal fronts may
entrain fish larvae due to passive aggregation (Kings-
ford 1990). We found that the stations with high light
trap catches were, in both the present study and that of
the previous year (Thorrold 1993a), associated with
low numbers of larval fishes collected in plankton nets.
If patches were formed by passive aggregation at a
physical discontinuity we would also expect large
numbers of small larvae to be found along with the
larger larvae and juveniles. Small larvae are indeed
more likely to be susceptible to entrainment by
oceanographic features such as convergence zones
due to limited locomotory abilities. It is possible that
ontogenetic changes in behaviour make late-stage lar-
vae more likely to be passively accumulated in fea-
tures such as frontal zones. Alternatively, these larvae
may be actively aggregating at physical oceano-
graphic features to take advantage of higher produc-
tivity in these features (LeFevre 1986). A higher reso-
lution sampling design, measuring physical and
biological variables, will be needed to distinguish
between these hypotheses.

Unfortunately logistic constraints meant that the spa-
tial dimensions of the patches determined from the
light trap data could not be mapped quasi-synoptically
(e.g. Incze et al. 1989). Patch sizes of reef fish larvae
have been inferred from settlement studies to be
approximately 30 to 50 km (Victor 1984, Williams 1986,
Doherty 1987b). Only one study has provided a direct
measurement of the patch dimensions of coral reef fish
larvae from ichthyoplankton tows. Williams & English
(1992) concluded that a patch of larvae sampled in net
tows near Myrmidon Reef, off the coast near Towns-

ville, was at least 7 km wide. In the present study, the
one patch found was confined to the 16 km station on
the LR transect, so we can only say with confidence
that patch dimensions were less than 32 km in the
cross-shelf direction. Cross-shelf dimension of such
patches may be relatively small, as Parslow & Gabric
(1989) found in a modelling study that parcels of neu-
trally buoyant particles in this area tended to form
‘streaks’ that aligned parallel to the long-shore cur-
rents. Synoptic mapping of patch dimensions using
light trap arrays would appear to be the only way to
determine patch size in a definitive manner.
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