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Abstract The degree to which behaviour, vertical move-
ment and horizontal transport, in relation to local
hydrodynamics, may facilitate secondary dispersal in the
water column was studied in post-larval Sillaginodes
punctata in Port Phillip Bay, Australia. S. punctata were
captured in shallow seagrass beds and released at the
surface in three depth zones (1.5, 3 and 7 m) off-shore at
each of two sites to mimic the re-entrainment of fish. The
behaviour, depth and position of S. punctata were
recorded through time. The direction and speed of local
currents were described using an S4 current meter and the
movement of drogues. Regardless of site, fish immedi-
ately oriented toward the bottom, and into the current
after release. In shallow water (1.5 m), 86% of fish swam
to the bottom within 2 min of release. At one site, the net
horizontal displacement of fish was largely unrelated to
the speed and direction of local currents; at a second site,
fish could not maintain their position against the current,
and the net horizontal displacement was related to the
speed and direction of currents. In the intermediate depth
zone, wide variability in depths of individual fish through
time led to an average depth reached by fish that was
between the shallow and deep zones. Based on daily
increments in the otoliths, however, this variability was
not related significantly to the time since entry of fish into
Port Phillip Bay. In the deepest depth zone, 81% of fish
remained within 1 m of the surface and their horizontal
displacement was significantly related to the direction and
speed of currents. Secondary dispersal of post-larval fish
in the water column may be facilitated by the behaviour
and vertical movements of fish, but only if fish reach
deeper water, where their displacement (direction and

distance) closely resembles local hydrodynamic regimes.
In shallow water, fish behaviour and vertical migration
actually reduce the potential for secondary dispersal.
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Introduction

By the time they settle, the individuals of most species of
marine fish have survived a pelagic phase, the search for a
settlement site, and radical transitions in morphology and
environment (Leis 1991). Settlement-stage larval pro-
cesses, including predation, disturbance, food availability
and competition, influence recruitment patterns in juve-
nile fish soon after settlement (Doherty and Williams
1988; Jones 1991; Caley et al. 1996; Hixon 1998).
Planktonic dispersal and larval supply is widely impli-
cated in shaping patterns in recruitment at the settlement
stage (Milicich et al. 1992; Jenkins et al. 1998), but, until
fairly recently, secondary dispersal in the pelagic envi-
ronment has been largely ignored. Secondary dispersal is
the process whereby settlement-stage larval fish are re-
entrained into the water column as a result of environ-
mental disturbance or behaviour, and transported to
another location by currents.

Drifting by post-settlement macrofauna is considered
to be an important dispersal mechanism (Cummings et al.
1995), and initial recruitment patterns of invertebrates can
be altered considerably by the re-entrainment and disper-
sal of post-larvae (Christy and Morgan 1998). Episodic
disturbance events are one mechanism by which settled
individuals can be re-entrained. Etherington and Eggles-
ton (2000) found that post-settlement juvenile Callinectes
sapidus were probably dispersed by storm-driven trans-
port. Secondary dispersal in the pelagic environment has
been little studied in fish, however, and whether or not it
influences settlement patterns in temperate fish larvae
will depend on how early settlement-stage fishes respond
to re-entrainment.

J. S. Hindell ()) · G. P. Jenkins
Marine and Freshwater Resources Institute,
Department of Primary Industries,
PO Box 114, 3225 Queenscliff, Victoria, Australia
e-mail: jeremy.hindell@nre.vic.gov.au
Fax: +61-3-52580270

S. M. Moran · M. J. Keough
Department of Zoology, University of Melbourne,
3010 Victoria, Australia

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595.276 785.197 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



Fish larvae have often been modelled as passive
particles when simulating dispersal patterns and recruit-
ment dynamics (Heath et al. 1998; Proctor et al. 1998;
Fowler et al. 2000; Jenkins et al. 2000), often resulting in
accurate predictions of actual dispersal. Studies in tropical
waters, however, have shown that the transport of late-
stage larval reef fish is far from passive (Leis et al. 1996;
Leis and Carson-Ewart 1999). They are competent
swimmers, able to actively modify their dispersal (Sto-
butzki and Bellwood 1997), and some tropical reef fish
larvae are capable of high swimming speeds, up to 30 cm
s-1 (Leis et al. 1996), and prolonged swimming activity
(Stobutzki and Bellwood 1997). They appear to have
taxon-specific depth preferences (Leis et al. 1996) that
can vary between locations (Leis and Carson-Ewart 2000)
and diel cycles (Leis 1986), and several species show
highly non-random orientation while swimming (Leis et
al. 1996; Leis and Carson-Ewart 1999). Attributes of
larval fish behaviour such as swimming ability are
increasingly incorporated in mathematical models to
improve the predictability of dispersal-recruitment rela-
tionships (Armsworth 2000). Much of this research has
been restricted to tropical reef fishes, although recent
work by Dudley et al. (2000) has found that several
species of reef fish in temperate New Zealand waters
were strong swimmers – individuals of Scorpis lineolatus
(Scorpidae) swam for up to 559 h (271 km). These studies
suggest that settlement-stage and small juvenile fish
should not be treated as passive particles. Conversely,
Jenkins and Welsford (2002) found that the weak
swimming ability of post-larval King George whiting
(Sillaginidae: Sillaginodes punctata, Cuvier) is, despite
some vertical migration, consistent with passive dispersal
driving early recruitment patterns (Jenkins et al. 1997,
1999). Much is still to be learnt about the potential for
behaviour and swimming ability of temperate fishes to
alter recruitment patterns.

Post-larvae of S. punctata enter Port Phillip Bay each
spring (Jenkins 1986). Fish range in length from 17 to
20 mm, and are between 80 and 150 days of age (Jenkins
and May 1994; Jenkins et al. 1996). We define post-larvae
as late-stage larvae with a full compliment of fin
elements, but without the darker pigmentation, gut coiling
and scale formation seen in early juvenile fish (Bruce
1995). Fish enter the bay in pulses, which are correlated
with low pressure systems and strong westerly winds
causing a net flow of oceanic water into the bay (Jenkins
and Black 1994; Jenkins et al. 1997). Fish then settle into
shallow reef/algal and seagrass habitats (Jenkins and
Wheatley 1998). At this size, compared with coral reef
fishes, post-larvae are relatively weak swimmers (Jenkins
and Welsford 2002). Sites closest to the entrance of Port
Phillip Bay initially “collect” relatively large numbers of
post-larval S. punctata. Through time, however, abun-
dances of fish decrease, until, towards the end of spring,
there are high numbers of fish well inside Port Phillip Bay
and very few at the sites closer to the heads (Jenkins et al.
1996; Jenkins and Wheatley 1998). Oceanographic mod-
elling of the bay suggests that around 70% of the

variability in the abundances of fish between sites through
time can be explained by currents and local disturbance
regimes, such as those caused by wave action as a result
of on-shore winds (Jenkins et al. 1997, 1999). Fish
abundance is best explained in the southern half of the
bay, where tidal currents dominate, but further inside the
bay, predictions are less accurate, and re-suspension of
fish during on-shore winds, followed by further dispersal,
has been suggested as a mechanism that might explain
this disparity (Jenkins et al. 1999). Secondary dispersal in
the water column may, therefore, influence recruitment
patterns of S. punctata.

For secondary dispersal to be important, fish must
actually be re-entrained, and fish behaviour must allow or
facilitate dispersal. Recent research has supported the first
requirement. During on-shore winds, the numbers of post-
larval S. punctata are relatively greater in the plankton
than in the seagrass beds, the isotopic signatures of some
fish in the plankton are consistent with seagrass as a base
for nutritional support, and 70% of fish placed in cages
within patches of seagrass are re-caught on the seaward
side of the enclosures (S. Moran, in preparation).
Alternatively, in offshore or light winds, the numbers of
fish are relatively higher in the seagrass than they are in
the plankton, no fish caught in the plankton have isotopic
signatures consistent with seagrass, and fish enclosed in
cages within patches of seagrass are evenly distributed
around the sides of the enclosures (S. Moran, in
preparation). Here, we determine whether the behaviour,
vertical movement and horizontal transport of fish in
relation to local currents facilitates the secondary disper-
sal of post-larval S. punctata.

In this study, we re-entrained post-larvae of S.
punctata in three different depth zones and followed
them on SCUBA. We measured their vertical position in
the water column through time to assess whether fish
remained on the surface or swam towards the bottom. We
also measured their net horizontal displacement (both
direction and distance), and compared this to predictions
from currents (as estimated by the movement of drogues
and predicted by a S4 current meter). This is the first
study to observe the behaviour of, and measure the
movement by, temperate post-larval fish re-entrained in
the water column, and provides an opportunity to assess
the potential for secondary dispersal to modify recruit-
ment patterns.

Materials and methods

Study sites

Our research was done at two sites on the western coast of Port
Phillip Bay: Indented Heads and Grassy Point (Fig. 1). During
spring, large numbers of post-larval Sillaginodes punctata recruit to
shallow (0.5 m below MLWS) seagrass beds that form bands
parallel to the shoreline in the vicinity of each site. Heterozostera
tasmanica (Zosteraceae) den Hartog grows over the subtidal banks,
and Zostera muelleri (Zosteraceae) Irmish ex Ascherson grows
predominantly in the intertidal. Three main depth profiles offshore
from the beds of seagrass at Grassy Point were chosen. The shallow
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and intermediate zones had depths of 1.5 and 3 m respectively
(below MLWS). The deep zone had a maximum depth of 7 m
(below MLWS). The substratum offshore at Grassy Point is
composed of a mosaic of patches of reef/macroalgae with smaller
patches of unvegetated sand. The depth of water at Indented Heads
did not exceed 3.5 m directly offshore from the beds of seagrass, so
our study was restricted to the shallow and intermediate depth
zones at this site. The substratum at Indented Heads was
unvegetated sand.

Collection of fish

Fish were caught in shallow seagrass beds at Grassy Point with a
beach seine net (10 m long � 2 m high with 1 mm mesh). The net
was set parallel to the shoreline so that each of two, 10 m long
ropes attached to the sides of the net were fully extended. The net
was then hauled gently into a large bucket, and the fish were
collected and placed, alive, in a container filled with aerated
seawater.

SCUBA “follows”

Fish were followed by a single diver to avoid excessive disturbance
caused by diver movements. Each fish was released from a jar
50 cm below the surface of the water. Divers oriented in a variety of
directions to release fish to ensure that their release point was not
always in the same direction with reference to the shore-line or the
local currents. On release, the diver raised the empty jar above his
head to notify the boat crew to begin the follow period. The diver
then followed the fish at a distance of between 1.5 and 3 m,
depending on the visibility, for 10 min. Fish which showed
behaviour indicative of ill health or injury were abandoned.

Six fish were released at each of two depth zones within a site
on a particular sampling day (replicate). Releases were undertaken
on 5 different days in each depth zone at Grassy Point, and on 3
different days in each depth zone at Indented Heads. Water at
Indented Heads was too shallow to allow a depth zone equivalent to
the deep zone at Grassy Point. Fish were re-caught at the end of
each follow so that the influence of their size [standard length (SL)
in mm] and time since entering Port Phillip Bay on behaviour and
swimming ability could be assessed.

At 1-min intervals after (and including) the time of release, the
horizontal position of the diver was recorded with a GARMIN
geographical positioning system fitted with a differential beacon
(€1 m). The DGPS aerial, which was fixed to an arm extending
1.5 m off the side of the boat, was positioned over a buoy that was
attached to the diver by a 7-m-long rope. By measuring the position
of the buoy, and therefore the relative position of the diver, we were
able to minimise the effects of any boat-related disturbance to the
fish and the diver. The horizontal direction and displacement of the
fish were calculated in ArcView.

The depth (vertical) profile of each fish was logged automat-
ically with a wrist-mounted dive computer at 20-s intervals
(Mosquito, SUUNTO). The diver ensured that their wrist was at
approximately the same depth as the fish. Depths less than 1.2 m
were recorded as ‘surface’ intervals by the computer, but the diver
informed the crew of the vertical position of fish within this layer at
end of the dive.

At the beginning of the last fish-follow in each depth zone on a
particular sampling day, two drogues were released. One drogue sat
just below the surface of the water (shallow drogue); a second
drogue was set at a depth of 1.5 m (deep drogue). Drogues were
made from 2 mm galvanised wire covered with thin polythene
wrapping. Each drogue was arranged in the shape of a cross, with
four square panels (0.3�0.3 m) set at 90� to one another. Drogues
were slightly negatively buoyant, but were ’hung’ in the water
column from a small float with 1 kg monofilament fishing line. The
floats also enabled drogues to be located after deployment. An
InterOcean Systems S4-AHDW current meter (hereafter referred to
as S4) was deployed 1 m above the substratum on a stainless steel
frame in each depth zone while fish were being followed to record
current speed (cm s-1) and direction (degrees magnetic). If gross
water movement was an accurate predictor of fish movement, we
predicted that the displacement of fish would be similar to that
estimated from current directions and speed. The S4 was also the
point around which all fish were released. The predicted displace-
ment of a passive particle was calculated by multiplying the current
speed measured by the S4 with the time of a fish-follow (10 min).

Otolith analysis

In many recruits, otoliths contain a transition in microstructure,
signified by a rapid increase in increment width, that occurs at
approximately the time of entry to Port Phillip Bay (Jenkins and
May 1994). The number of days post this transition mark was
measured in fish from the intermediate depth zone to assess
whether the time spent in Port Phillip Bay influenced their
behaviour; fish from the intermediate depth zone had the most
varied swimming depths. Otoliths were dissected from fish and
examined under a compound microscope with attached video
system using the techniques described by Jenkins and May (1994).
The number of increments ’outside’ the transition was counted to
provide an estimate of the time period since the post-larvae entered
the bay. Increment counts were done twice, the second reading
blind with respect to the result of the first. Both readings were done
blind with respect to the fish. If there was a discrepancy of more
than two increments, a third reading was done. If all three readings
differed as described, the otolith was rejected; if two of the counts
were within the specified range, then the average of those two
counts was used.

Statistical analysis

All data used in one- and two-factor analyses of variance
(ANOVA) were checked for normality and homogeneity of
variances using box plots and plots of residuals. Data used in
analysis of covariance (ANCOVA) were tested to ensure homoge-
neity of slopes. Data that failed to meet these criteria were
transformed and reassessed. Tukey’s tests were used to assess
where differences between main effects existed. In all analyses of

Fig. 1 Location of study sites in Port Phillip Bay. Inset location of
Port Phillip Bay in Australia
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variance, replicates are at the level of day, and follows of fish
within a day are averaged.

The variation in vertical position (depth profile) of S. punctata
between depth zones at Grassy Point was initially analysed with a
two-factor repeated measures ANOVA. Depth (of release) and time
(minutes after release) were treated as fixed factors. In a second
analysis, site (random factor) was included in our model, but depth
was restricted to shallow and intermediate because deep water
releases could not be done at the second site. Probabilities
associated with the within-subjects terms had the Greenhouse-
Geisser correction applied to reduce the likelihood of a type 1 error,
the rate of which increases if the assumption of sphericity is not
met. A third analysis, regression of average depth attained by S.
punctata versus the time (days) since entering Port Phillip Bay, was
done to tease-out the contribution of the time that S. punctata had
been in Port Phillip Bay to the variability in average depths at
which fish swam. This analysis was restricted to fish recaptured in
the intermediate depth zone, because this was the depth zone in
which fish showed the greatest variability in swimming depths.

Variability in the net distance moved by fish was analysed using
analyses of covariance. Depth zone and site were treated as fixed
factors. The distances moved by the shallow and deep drogues, and
that predicted by the S4, were treated as covariates in separate
ANCOVAs.

We considered that fish would move in a mean direction that
was influenced by local currents and their directions could be non-
random. We therefore used a V-test (Zar 1974) to assess whether
the direction moved by fish was (1) oriented in a particular
direction, and (2) different to the directions of currents (measured
by the S4) and of the deep and shallow drogues.

Results

A total of 132 fish was followed during the study, 109 of
which were recaptured, and there was little difference in
the standard lengths of fish among sites or depth zones
(Table 1).

Fish behaviour

Fish actively swam throughout each follow. Immediately
after release, fish oriented and began swimming towards
the bottom. Fish which swam to the bottom, swam
approximately 30 cm above the substratum until they
reached small (»10–20 cm in diameter) patches of
unvegetated sand or rubble. Within these patches, fish
’held’ their position within the boundary layer by
swimming continuously into a current, which, close to
the substratum, appeared to be reduced by the arborescent
macroalgae, larger rocks and sponges surrounding the
patch of sand. At Indented Heads, where there was very
little vertical relief, fish moved to the bottom soon after
release, particularly at the shallow location. They contin-
ued to swim with a great deal of effort into the prevailing
current, but after a few minutes, not having found any
type of shelter in the form of algae or rocks, all fish
returned to the surface, once more orienting into the
current, but reducing their swimming activity.

Regardless of the site or the depth of water into which
they were released, fish oriented into the current within 3–
5 s of release. Fish continued to swim into the current for
the duration of each follow. During the only period of our
study when tidal streaming was reduced (during a period
of tidal-change), fish did not appear to orient in any
particular direction, and certainly not into any current that
was discernible to the diver. In deep water, where the
diver could not see the bottom, the direction of the current
could be determined from the largely passive movement
of the diver and support boat relative to fixed landmarks.
The bottom in the shallow and intermediate depth zones
was always visible to the diver, albeit not always clearly

Table 1 The mean (€SE)
length of fish (SL) in each depth
zone at each site, the mean
direction in which fish moved
(Fish), the mean direction of the
currents (S4), and the mean
directions moved by the Shal-
low and Deep drogues during
each set of follows in each
depth zone at each site. All
directions are given with re-
spect to true north

Site Depth zone SL Follow Fish S4 Drogue

Shallow Deep

Grassy Point Deep 19.8 (€0.2) 1 121� * 117� ** 124� ** 100� **
2 314� * 306� ** 342� ** 333� **
3 304� * 293� ** 303� ** 305� **
4 148� * 112� ** 121� ** 119� **
5 100� * 185� ns 106� ** 86� **

Intermediate 19.9 (€0.4) 1 111� * 109� ** 54� ns 66� **
2 59� * 158� ns 37� ** 42� **
3 112� ns 111� ns 107� ns 56� ns

4 339� * 348� ** 72� ns 40� ns

5 342� ns 272� ns 0� ** 358� **
Shallow 19.3 (€0.3) 1 148� ns 306� ns 317� ns 318� ns

2 359� ns 341� ns 321� ns 315� ns

3 238� ns 236� ns 124� ns 131� ns

4 275� ns 323� ns 330� ns 315� ns

5 72� ns 34� ns 316� ns 313� ns

Indented Heads Intermediate 20.4 (€0.3) 1 181� ns 217� ns 174� ** 181� **
2 71� ns 309� ns 90� ns 50� ns

3 1� * 16� ** 21� ** 15� **
Shallow 19.9 (€0.3) 1 169� * 201� ** 186� ** 200� **

2 142� * 236� ns 162� ** 95� ns

3 167� * 330� ns 70� ns 35� ns

* Mean bearing of fish significantly different from random (P<0.05)
** Bearing statistically similar to that of the fish (P<0.05) ns not significant
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in the intermediate zone, but the bottom was never visible
to the diver in the deep depth zone.

Fish that remained in the water column appeared to be
attracted to a variety of inanimate floating objects, but
generally only stayed close to seagrass fronds that were
hanging vertically in the water column as they drifted
with the currents. They rarely stayed with these for more
than 2 min. Fish did not aggregate with other S. punctata
post-larvae that happened to swim through the diver’s
field of view.

Vertical movement

At least some fish at all sites went to the bottom, while
others stayed at the surface (see the example profiles in
Fig. 2). Those fish that swam to the bottom generally did
so within the first minute after release, although several
fish approached the bottom only during the last 2 min.
Several fish also approached the bottom (especially at the
unvegetated site) and then returned to the surface. This
pattern was most common in the intermediate depth zone.

At Grassy Point, the average depth chosen by fish varied
negatively with the maximum depth of the zone in which
fish were released, and there were large differences among
depths (F2,13=14.278, P=0.001; Fig. 3). The average depth
of fish in the deep depth zone was significantly less than the
average in either the intermediate (P=0.031) or shallow
zones (P<0.001), but there was no difference in the average
depth of fish between the intermediate and shallow zones
(P=0.090). The vertical positions of fish through the
observation periods were independent of depth (time �
depth interaction, Greenhouse-Geisser Epsilon=0.1888,

F18,117=0.906, adjusted P=0.465), but their time-averaged
positions were very different (Greenhouse-Geisser Epsi-
lon=0.1888, F9,117=4.013, adjusted P=0.038). In the shallow
zone, 86% of fish swam directly to the bottom within 2 min,
where they stayed for the remainder of the follow. Fish
released over water of intermediate depth moved through-
out the water column, although individuals spent most
(>60%) of their time in one particular depth zone. Similar
numbers of fish moved to the surface, in mid water and
close to the bottom. In deep water, where divers could not
see the bottom from the surface, 81% of fish stayed within
the top 1.2 m of water. Diver observations indicated that
within this surface layer, however, fish actually remained
within 10 cm of the surface.

To determine whether patterns were consistent be-
tween sites, we excluded the deep zone from Grassy
Point, and compared patterns in the other two zones at
both sites. In this combined analysis, the vertical move-
ment of fish through time was independent of both site
(time � site interaction: Greenhouse-Geisser Epsi-
lon=0.2252, F9,72=0.775, adjusted P=0.479) and depth
zone (time � depth-zone interaction: Greenhouse-Geisser
Epsilon=0.2252, F9,72=0.683, adjusted P=0.521), as was
the overall depth (F1,8=1.155, P=0.314; Fig. 3) and site
(F1,8=1.015, P=0.343; Fig. 3).

Fig. 2 Three example vertical profiles of post-larval Sillaginodes
punctata in each depth zone at Grassy Point

Fig. 3 Mean (€SE) vertical position of S. punctata in each depth
zone through time at each study site. * No data

Fig. 4 Relationship between the mean depth (m) attained by fish
during follows done in the intermediate depth zone, and the time
(days) since they entered Port Phillip Bay (based on the number of
daily increments in the otoliths post a ‘transition’ mark)
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The fish from the intermediate depth zone at Grassy
Point showed the most marked variation in vertical
movements, but very little of the variability in average
depths chosen by the fish in this zone could be explained
by the time (days) since the fish had entered Port Phillip
Bay (df1,14, F=0.016, P=0.903, R2=0.001, Fig. 4). One of
the data points had considerable leverage (0.466), but re-
analysis without this data point (df1,13, F=0.003, P=0.958,
R2<0.001) made no difference to the conclusion that the
depth attained by fish was largely unrelated to the time
(days) since fish had entered Port Phillip Bay.

Horizontal movement

Distance

The distances moved by fish varied significantly between
depth zones at Grassy Point (F2,13=14.830, P<0.001;
Fig. 5); distances moved by fish in the deep zone were
significantly greater than those moved in the shallow zone
(P<0.001), but not the intermediate depth zone (P=0.142).
Fish moved further in the intermediate zone than they did
in the shallow zone (P=0.017; Fig. 5). The variation in
distance moved was not clearly related to the three
possible predictor variables. For the S4 data, the covariate
effect varied significantly with depth (F2,11=4.793,

P=0.032). In the deep zone, there was a significant and
positive relationship between the distances moved by fish
and those predicted from the S4 (F1,4=11.053, P=0.029,
R2=0.734; Fig. 6). In the intermediate zone, only 38% of
the variability in distances moved by fish could be
explained by the relationship with the distance predicted
from the S4, and this was not significantly different from
0 (F1,3=1.802, P=0. 270; Fig. 6). In the shallow zone, little
of the variability in distances moved by fish could be
explained by the relationship with the distance predicted
from the S4 (F1,3=0.006, P=0.0.942, R2=0.002; Fig. 6).
The shallow drogue was a slightly more consistent
predictor (depth � covariate interaction F2,12=3.656,
P=0.061), but explained only 6% of the variability in
distance moved by fish (F1,14=0.925, P=0.352). Little of
the variability in the distance moved by fish could be
explained by the distance moved by the deep drogue
(F1,12=0.404, P=0.537).

When both sites were included in the model and depth
zones were restricted to shallow and intermediate zones,
fish moved significantly greater distances at Indented
Heads than Grassy Point (F1,8=8.117, P=0.022), and in
the intermediate rather than shallow depth zones
(F1,8=8.016, P=0.022; Fig. 5). None of the covariates
interacted significantly with either depth zone or site
(P>0.05), nor explained a significant amount of the
variability in the distance moved by fish; shallow drogue
(F1,7=0.371, P=0.562), deep drogue (F1,7=0.038, P=0.854),
distance predicted from the S4 (F1,7=0.810, P=0.398).

Direction

The directions moved by fish at each site depended on
whether they remained in the water column or swam to
the bottom, which in turn depended on the depth of the
water into which they were released. In deep water, fish
moved in a non-random direction, and on most occasions,
there was little difference between the direction moved by
fish and that moved by the shallow/deep drogues, or given
by the S4 (Table 1). In the shallow depth zone, and on
most occasions in the intermediate depth zone, however,
fish moved in random directions, which were little related
to the movement of the drogues or currents (Table 1).

In the deep zone at Grassy Point, fish moved in
directions significantly different from random on five out
of six sampling occasions (Rayleigh’s z-test, df=6,
P<0.01; Table 1). In each set of follows, the mean
direction moved by fish was significantly related to the
direction moved by the shallow and deep drogues during
the last follow (Rayleigh’s R-test, df=6, P<0.05; Table 1).
The mean direction moved by fish in deep water was
similar to that measured by the S4 on all but one occasion
(Rayleigh’s R-test, df=6, P<0.05; Table 1), when the
mean bearing measured by the S4 was 185º, while fish
moved at a bearing of 100�. In the intermediate depth
zone, fish moved in random directions on two out of five
sampling occasions (Rayleigh’s z-test, df=6, P>0.1;
Table 1); fish moved in directions significantly different

Fig. 5 Mean (€SE) horizontal displacement of fish, the shallow and
deep drogue, and that predicted from measures of current speed by
the S4 in each depth zone at each study site. * No data

Fig. 6 Variability in the distance (m) moved by fish with the
distance (m) predicted from currents measured by the S4 in each
depth zone at Grassy Point
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from random on 3 occasions (Rayleigh’s z-test, df=6,
P<0.01; Table 1). When fish moved in directions different
from random, the directions moved by the shallow and
deep drogues were similar on the first and second
sampling occasions (Rayleigh’s R-test, df=6, P<0.05;
Table 1). Non-random directional movements by fish
were similar to the mean bearing recorded by the S4 on
the first and third sampling occasions. On these occasions
where the direction of fish displacement was significantly
related to the direction of the shallow or deep drogues, or
the predictions from the S4, fish were less than 1 m from
the surface for most of the 10 min follow. In the
shallowest depth zone, fish direction was highly signif-
icantly random on four out of five sampling occasions
(Rayleigh’s z-test, df=6, P>0.2; Table 1) and less
significantly random on the fifth (Rayleigh’s z-test,
df=6, P>0.05; Table 1). At no time was the bearing of
the shallow or deep drogues, or the S4 similar to the
bearing of the fish (Rayleigh’s R-test, df=6, P>0.05;
Table 1).

At Indented Heads, fish moved in non-random direc-
tions only once in the intermediate zone, but on all three
occasions in shallow water (Table 1). There did not
appear to be any consistent pattern, however, in whether
the direction moved by fish, if non-random, varied with
currents (Table 1).

Discussion

Secondary planktonic dispersal is considered to be an
important process structuring assemblages of some
invertebrates soon after settlement (Cummings et al.
1995; Christy and Morgan 1998; Etherington and Eg-
gleston 2000), but it has been little studied with respect to
how it may alter initial settlement patterns in fish. In our
study, there appeared to be a degree of plasticity in the
vertical positions “chosen” by fish amongst different
depth zones. In shallow water, Sillaginodes punctata
commonly swam directly to the bottom. This type of
vertical movement has also been found in species of
pomacentrids, lethrinids and serranids (Leis et al. 1996).
Conversely, in the deepest depth zone (7 m), fish would
orient and begin swimming toward the bottom directly
after release, but cease descent at a depth of around 1.5 m
and return to within 30 cm of the surface. This is in
contrast to work by Leis and Carson-Ewart (2000), who
found differences in vertical distribution between a
lagoon and an atoll in four species of coral reef fish,
three of which swam deeper in the ocean (a deep site)
than in the lagoon (shallower water). At present, we have
no way of knowing why fish did not swim to the bottom
at deeper sites, and what depth (if ever) they could
actually sense the bottom at. Fish use a variety of senses
to determine their position in the water column and larvae
are thought to be able to sense coral reefs up to the scale
of km’s, possibly by hearing, smell or chemical cues (Leis
et al. 1996). Perhaps they can sense the bottom in deep
water, but avoid it because there is likely to be a greater

risk of mortality. Hindell et al. (2002) have found that
post-larval S. punctata are more abundant in areas without
predatory fish, and the few post-larvae that moved to the
bottom in deep water were pursued by predatory odacids
(J. Hindell, personal observation). Conversely, perhaps
because fish were collected from a demersal environment,
they were in some way habituated to the bottom and fish
simply swim down for a fixed time and, if they don’t hit
the bottom, turn around. This is purely speculative,
however, and further research is needed to explain the
behavioural observations. Regardless of the mechanism/s
generating this behaviour, there is a significant degree of
plasticity in their response, and this has important
implications as to the likelihood of secondary dispersal.

Several species of invertebrate have coastal planktonic
phases that enter estuaries to settle by ’riding’ on flood
tides; during ebb tides the animals vary their position in
the water so that their movement out of the estuary is
minimised (Christy and Morgan 1998; Etherington and
Eggleston 2000). This type of movement has been termed
saltatory recruitment (Christy and Morgan 1998), short
periods of settlement punctuated by episodic dispersal of
the post-larvae. In these studies, re-entrainment is via
behaviourally driven vertical migration, but it is possible
that disturbance events, particularly wave action, may
also play a significant role in the re-entrainment of post-
larval fishes. Episodic disturbance by wave action in
shallow seagrass beds is known to translocate post-larval
S. punctata offshore after re-entraining them into the
water column; during conditions of off-shore winds and
little wave action (calm conditions), S. punctata post-
larvae are less susceptible to offshore movement (S.
Moran et al., unpublished data). The depth profiles of fish
in our study show that whether or not these fish are then
dispersed to other regions depends strongly on their
vertical behaviour and how far they are transported
offshore. The vertical positions ’chosen’ by fish in our
study facilitated dispersal in the deep zone but prevented
dispersal in the shallow zone. All but two fish in the
deepest zone remained within 1 m of the surface and were
displaced over much greater distances than those in the
shallowest depth zone, which swam directly to the
bottom, oriented into a current that was greatly reduced
by vertical relief from the reef, and remained in approx-
imately one position. Unless a disturbance event, in our
case wave action, can transport fish into deeper regions,
fish are able to resist further dispersal. If translocated into
deeper water, however, they can be dispersed large
distances by currents in what appears to be a largely
passive manner.

Over the past decade, tropical and temperate reef fish
larvae have been shown to be far from passive. They have
swimming speeds which allow directional motion and
control over their vertical position in the water column
(Kingsford 1988; Leis 1991). The direction and magni-
tude of horizontal displacement of post-larvae in relation
to that of the currents in our study suggested that dispersal
was passive. The directions moved by drogues, and the
direction predicted from the S4 current meter, were not
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significantly different from the directions moved by fish
in the deepest depth zone, where fish moved the greatest
distances. On several occasions, however, the magnitude
of displacement of fish was significantly less than that
predicted by the drogues or S4 current meter, even though
the directions moved by each were similar. Our results
suggest that the net movement of fish was the product of
currents and swimming.

Larval displacement in the water column results from
the interactive effects of hydrodynamics and larval
swimming (Metaxas 2001), but few of the coral reef
studies of fish behaviour have attempted to tease-out the
contribution of current direction on fish movement in-
situ, although Leis and Carson-Ewart (2000) have mea-
sured the current speed (based on the drifting velocity of a
diver) in relation to the swimming speed of fish. The net
movement observed in coral reef fish larvae in-situ is
commonly attributed to active swimming, but in our
study, the net movement of fish was a product of the
current versus swimming, the directions of which were
diametrically opposed. Diver observations in the deepest
depth zone showed that fish actively swam through the
water column, but this had little influence on the direction
they moved because they swam directly into a current
whose velocity was larger than that generated by the
swimming of fish. Given the similarity in the depth of the
shallow drogue and that at which fish swam in the deep
zone, the shallow drogue should have been the best
predictor of distance moved. But that the average net
distance moved by fish was less than that moved by the
shallow drogue on four of the five sampling occasions, is
consistent with diver observations that fish swam into the
current, and did not simply drift along as passive
particles. While Leis and colleagues have shown that
fish orient in directions relative to potential settlement
sites (Leis et al. 1996; Leis and Carson-Ewart 1999),
orientation in our fish was driven by local currents. How
fish determine which direction the current is flowing in,
or why they swim into it are unknown. Leis et al. (1996,
and references therein) have speculated at length about
the various cues and senses that fish might be using to
detect movement of the water column, and clearly, this is
an area of great uncertainty. More work like that of Leis
and his colleagues (Leis et al. 2002), who are attempting
to separate the relative contributions of visual, olfactory
and auditory cues in shaping the movement and behaviour
of settlement-stage larval fish, is needed to better
understand how fish can determine their relative orienta-
tion with respect to currents.

The recruitment of S. punctata into patches of shallow
seagrass around the periphery of Port Phillip Bay has been
modelled by Jenkins and his colleagues (Jenkins and
Black 1994; Jenkins et al. 1999). In these models, fish
have been treated as largely passive particles, although
scenarios of vertical migration and weak tidal migration
were also considered. Although correlations with ob-
served larval distributions were high, there were patterns
in the field that could not be explained by the model
(Jenkins et al. 1999). Modelling of larval dispersal into

Port Phillip Bay was unable to produce the observed
recruitment pattern deep within the Geelong Arm (Jenkins
et al. 1997, 1999). If, however, Grassy Point was
designated as the larval source, a very good correlation
between model predictions and actual recruitment within
the Geelong Arm was observed (Jenkins et al. 1999). This
study shows that S. punctata post-larvae in seagrass, if re-
entrained into the pelagic environment by on-shore
weather conditions and increased disturbance, can possi-
bly be dispersed further into Port Phillip Bay. Re-
entrainment of post-larvae from seagrass to the water
column may also explain the higher than expected
numbers of settlement-stage larvae near to the western-
side of the Bay (Jenkins et al. 1999). The entrainment of
post-larvae into the water column would create a diffusive
gradient offshore from the seagrass.

An important assumption of this type of study is that
the behaviour of fish is not altered by the SCUBA diver
(for review of tropical fish studies see Leis and
McCormick 2002). In our study, several lines of evidence
support this assumption. Firstly, during the SCUBA
follows, fish swam at speeds much less than their
maximum. Only when the diver attempted to catch the
fish at the end of the SCUBA follow did the fish alter
their behaviour by swimming erratically and quickly
away from the diver. Secondly, on several occasions,
divers observed S. punctata post-larvae that were in the
area without the diver putting them there. These ’natural’
fish behaved in much the same ways as the fish that were
released. Thirdly, fish were frequently observed to be
feeding, and they often changed their behaviour to suit
different situations (e.g. swimming toward blades of
seagrass floating in the water column and staying with it
for short periods of time). We would not have expected to
observe these subtle behaviours if the fish were reacting
to SCUBA divers rather than their immediate environ-
ment.

Conclusions

Dispersal is often modelled with larvae acting as passive
particles, but our study has shown that, depending on the
depth of the water into which they are released, this is
likely to be problematic for two reasons. Firstly, in
shallow water, S. punctata have strong vertical move-
ments towards the bottom, where they can reduce their
horizontal displacement by staying out of the current.
Secondly, even where S. punctata remain in the water
column, they swim continuously against the direction of
water movement, and the displacement of drogues (or that
predicted from currents) sometimes overestimates the
actual displacement of fish. Alternatively, in spite of their
swimming ability, when fish stay at the surface, the
horizontal direction in which they move is usually similar
to the directions moved by drogues and currents, and is
thus more consistent with their treatment as passive
particles. Episodic disturbance events can re-entrain post-
larval fish in the water column, and, depending on how
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quickly fish are translocated into regions of deep water,
secondary dispersal in the pelagic environment is poten-
tially an important source of variability in initial recruit-
ment patterns.
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