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Abstract 

 Larval and juvenile recruitment of two Abudefduf damselfish species at Rottnest Island vary 

both seasonally and inter-annually. Biological and oceanographic factors together support the 

conjecture that the larvae originate at the Abrolhos Islands some 300 km to the north and are 

dispersed southwards in the Leeuwin Current. There are very strong links with environmental indices, 

with enhanced recruitment when the Leeuwin Current is flowing strongly and ocean temperatures are 

elevated, which generally occurs during La Niña events. This was especially evident during the 

intense La Niña event which triggered the marine heat wave of early 2011, when the Leeuwin Current 

was at a near record strength and local water temperatures briefly reached an unprecedented 5°C 

above long-term background values. Currents along the Western Australian continental shelf 

seasonally reverse between the northward Capes Current in summer and dominantly southward flow 

during the winter months. There are, however, frequent shorter-term current reversals throughout the 

year, and current drifter tracking reveals that drifter buoys released in relatively close proximity can be 

rapidly entrained into different current systems and moved in opposite directions. This has important 

implications for commercial and recreational fisheries as the exact timing and location of pelagic 

spawning events can determine the subsequent movement and ultimate destination of the eggs and 

larvae, whether retention on the shelf or export into the open ocean and probable loss to the fishery. 

Against a backdrop of progressively rising water temperatures, the potential for a possible southward 

range extension of Abudefduf spp. to Rottnest Island in the form of establishing a breeding population 

there is explored. 

 



 
Frontispiece: Sea-surface temperature image off Western Australia derived from the Moderate 
Resolution Imaging Spectroradiometer (MODIS) on 7th May 2009. This image shows some of the 
important features of the Leeuwin Current discussed in this thesis, including the southward flow 
(shown in red/orange) along the edge of the continental shelf, carrying warm water down the coast to 
Cape Leeuwin and then eastwards towards the Great Australian Bight, and the rich meander/eddy 
structures along the length of the Current. Smaller-scale billows along the thermal periphery of the 
meanders indicate shear eddies in the current boundary, and tongues of warm water can be seen 
penetrating shorewards across the continental shelf. The dashed black line marks the 200 m isobath 
(the nominal edge of the continental shelf), and the patchy white area in the lower-left corner is cloud. 
 Image from the Western Australian Satellite Technology and Applications Consortium 
(WASTAC), processed by Helen Chedzey, Lachlan McKinna and Peter Fearns (Remote Sensing and 
Satellite Research Group, Curtin University). 
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Chapter 1: Introduction  
 
1.1 Biogeographic background 

 Many, if not most, marine organisms undergo a pelagic larval dispersal phase as part of the life 

cycle, with ocean currents transporting the early stage (and largely planktonic) larvae away from the 

spawning area. Those larvae which survive the migration phase to reach suitable settlement habitat within 

their pelagic larval duration (PLD) period can settle and metamorphose into the post-settlement juvenile 

phase, becoming new recruits to the settlement area. The vast majority of larvae, however, succomb either 

to predation or starvation en route, or fail to find suitable habitat and therefore perish. 

 Successful recruitment of invertebrate and fish larvae to a particular reef relies on both physical 

processes (largely ocean currents and water temperature) and biological factors (including adequate larval 

supply, food, predation and settlement habitat) operating simultaneously. Unless there is an adequate supply 

of healthy larvae at the source and a strong transport mechanism (together with favourable temperatures, 

food, etc), recruitment will be poor or absent. In many practical situations, including the damselfish case 

study considered here, knowledge of the physical factors is based on appropriate current and temperature 

measurements along the coast. The biological factors, on the other hand, are generally poorly known: the 

larval source (spawning region) and larval quality (growth and development rates en route) are often 

unknown, and the only available information is from catch or settlement monitoring of the late-stage larvae or 

even commercial-size adults. 

 As will be described in Chapter 2, the marine environment off Western Australia is dominated by the 

Leeuwin Current which brings tropical water (and tropical marine species) southward down the coast into 

temperate latitudes (Cresswell & Golding 1980, Woo & Pattiaratchi 2008; Figure 1.1). This is very different 

from the cool, north-flowing currents prevailing along the west coasts of southern Africa and South America, 

where wind-driven upwelling processes lead to nutrient enrichment and associated highly productive 

fisheries (Pearce 1991). Temperature differences between the Leeuwin Current and the other 2 regions are 

about 7°C (Figure 1.2).  
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Figure 1.1: Location chart showing the main coastal and offshore island sites discussed in this thesis with a 
schematic Leeuwin Current. The dotted line marks the edge of the continental shelf (nominally 200m). 
Details of the individual instrument locations are explained in Figure 4.1. 
 

 The marine flora and fauna along the Western Australian continental shelf are accordingly very 

different from those in the Humboldt and Benguela Current upwelling regions, with an array of tropical 

marine organisms being found much further south than would otherwise be the case (e.g. Maxwell & 

Cresswell 1981). Likewise, the commercial fisheries off Western Australia are dominated by demersal 

invertebrates (Lenanton et al. 1991, Caputi et al. 1996, Feng et al. 2011) instead of the highly productive 

pelagic fisheries found along the classical upwelling west coasts. 
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Figure 1.2: Mean annual temperature cycles at 28.5°S for the Humboldt Current system off Chile (blue), the 
Benguela Current system off southwestern Africa (green) and the Leeuwin Current system off Western 
Australia (the Abrolhos Islands, red). Data from the Reynolds Optimum Interpolation sea-surface 
temperature (OISST) dataset: http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=sstoi_v2 
 

 The southward penetration of tropical marine species down the west coast has long been associated 

with the warm south-flowing waters of the Leeuwin Current. In the 1890s, the marine naturalist Saville-Kent 

(1897) first noted the "very remarkable interblending of both tropical and temperate marine organisms" at the 

Houtman Abrolhos Islands (hereafter termed the Abrolhos Islands -- Figure 1.1), which he attributed to a 

warm current flowing southward along the continental shelf break, and subsequent marine surveys amply 

supported this view (e.g. Michaelsen 1908, Dakin 1919). It was only in the 1970s, however, that newly-

developed oceanographic techniques -- notably current meters (Cresswell et al. 1989), thermal satellite 

imagery (Legeckis & Cresswell 1981) and satellite-tracked drifting buoys (Cresswell 1980) enabled Cresswell 

and Golding (1980) to formally identify and name the Leeuwin Current. 

 The progressive change in species composition with latitude southwards is well illustrated by the 

series of reef fish surveys undertaken along the west coast between 1976 and 2004 by Hutchins (1994, 

1997b) who grouped the observed species into tropical, subtropical and warm-temperate categories. The 

proportion of tropical fish species fell from almost 100% at Ningaloo in the north to 5% at Cape Leeuwin in 

the south and effectively to zero along the south coast (Figure 1.3), while the proportion of southern warm-

temperate species correspondingly rose from zero at Ningaloo to 80% at the Capes and to 95% on the south 

coast. The open points on Figure 1.3 represent the offshore islands of the Abrolhos group (29°S) and 

Rottnest Island (32°S), demonstrating the higher proportion of tropical species (and correspondingly lower 

proportions of temperate species) near the edge of the continental shelf compared with the adjacent 

mainland coast. The tropical/warm-temperate species ratios at these offshore islands matched those on the 

mainland coast some 2° latitude (~220 km) further north, because of both the southward transport and the 

warmer water in the Leeuwin Current compared with the nearshore region. 
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Figure 1.3: Relative proportions of tropical (red diamonds), subtropical (green squares) and warm-temperate 
(blue triangles) reef fish species along the Western Australian coast, extracted and modified from Hutchins 
(1994) Figure 3a page 20. The sites (and nominal latitudes) are Ningaloo (22°S), Coral Bay (24°S), Shark 
Bay (26°S), Kalbarri--Port Gregory (28°S), Abrolhos Islands (29°S), Green Head--Jurien (30°S), Lancelin-
Perth (32°S), Rottnest Island (32°S), and Capes Naturaliste -- Leeuwin (34°S). For plotting convenience, the 
3 south coast sites have been coded as latitudes: Walpole/Albany (coded 35°S, actually 118°E), Recherche 
Archipelago (coded 36°S, actually 123°E), and Twilight Cove (coded 37°S, actually 127°E). The lines link the 
coastal sites, and the offshore islands (Abr and Rot) are represented by the larger open symbols, the arrows 
pointing to the corresponding coastal locations where that proportion would occur. 
 

 At a more local scale, there are also distinct variations in species composition across the continental 

shelf, including between the offshore (western) and inshore ends of Rottnest Island. For example, Wells 

(1985) found that the number of marine mollusc species and the species composition near the eastern 

(inshore) coast of the Island were almost identical with those along the adjacent mainland coast (67% 

temperate species and 18-19% tropicals) compared with ~ 55% temperate and ~ 30% tropicals at West 

Rottnest.  

 Because of this inter-mix between tropical and temperate marine species, the Western Australian 

continental shelf has been listed as one of the most biodiverse marine environments in the world (Roberts et 

al. 2002). Early regionalisation of the south-western coastline (e.g. Whitley 1932, Bennett & Pope 1953) 

recognised this progressive latitudinal change in the faunal composition by defining two broad zoo-

geographical zones, the “Damperian” (tropical) bioregion in the north and the “Flindersian” (warm temperate) 

in the south, overlapping in an ill-defined zone between Geraldton and Perth. 

 This broad regional classification of Australian waters has been refined and extended by the Interim 

Marine and Coastal Regionalisation for Australia (IMCRA), which was established to provide a regional 

framework for planning and conservation by classifying the marine environment around Australia on an 

ecosystem basis (Environment Australia 1998). Recognising the latitudinal changes in species distribution 

and composition along the Western Australian coast as a response both to the southward transport of 

tropical species by the Leeuwin Current and the favourable environmental conditions (primarily water 

temperature) required to sustain these species in more temperate latitudes, three regions relevant to this 
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thesis were distinguished off the south-western coast: the Central Western Province (Gnaraloo Bay (23° 

45'S) to Geraldton), South Western Biotone (Geraldton to Perth), and South Western Province (Perth 

southward and around the Capes). While these bioregions provide a useful basis for coastal management 

and conservation of biodiversity, the gradual change in species composition down the coast (for the fish 

fauna at least -- Figure 1.3) indicates that the regional boundaries are obviously blurred both alongshore and 

across the continental shelf. 

 The uniqueness of the continental shelf biodiversity has been acknowledged in the designation of 

recently-proclaimed Commonwealth Marine Reserves (Department of Sustainability, Environment, Water, 

Population and Communities 2012), which cover a variety of ecosystems and habitats (including "iconic 

biodiversity hotspots") around Australia. In our region, the South-west Commonwealth Marine Reserves 

Network includes 6 reserves of specific interest from the Abrolhos Islands to the South-west Corner (which 

includes the Capes region). The recently-released "Blueprint for Marine Science" (Australian Venture 

Consultants 2015) designated physical oceanography as one of the priority areas for research off Western 

Australia, identifying the need for "an enhanced understanding of regional oceanography" in relation to the 

connectivity of ecosystems (inter alia). The focus of this thesis on the oceanographic processes governing 

the transport of larvae along the south-western coast of the State will therefore be relevant to the 

conservation of regional biodiversity as well as fisheries and marine reserve management.  

 
1.2 The role of the Leeuwin Current in larval dispersal and recruitment 
 While the Leeuwin Current has long been recognised for its role in the southward extension of 

tropical species down the Western Australian coast,  it is only comparatively recently that detailed current 

measurements (aided by satellite imagery -- see the Literature Review in Chapter 2) have revealed the 

spatial and temporal variability of the flow. It is also only recently that links with larger-scale oceanographic 

and environmental processes and their relationship with recruitment to specific fisheries have been 

quantified, highlighting the crucial importance of maintaining long-term oceanographic and fisheries 

recruitment/catch monitoring. 

 Probably the two best examples of reliable long-term fisheries datasets are the annual recruitment to 

the western rock lobster fishery (e.g. Phillips 1981, Pearce & Phillips 1988, Caputi et al. 2010, Feng et al. 

2011) and the settlement of tropical reef fish larvae at Rottnest island (Hutchins 1991, Hutchins & Pearce 

1994, Pearce & Hutchins 2009). These examples in fact represent very different larval strategies. The larval 

stage of the rock lobster lasts for some 9 to 10 months and involves a large-scale migration into the south-

eastern Indian Ocean, during which the pelagic larvae (known as phyllosoma) undergo a series of moults. At 

the end of the phyllosoma phase, those larvae near the continental shelf transform to the puerulus stage 

which actively swims across the shelf to settle in the coastal reef system and develop into new recruits to the 

fishery. As first demonstrated by Pearce & Phillips (1988), the numbers of puerulus settling increases during 

La Niña periods when the Leeuwin Current is flowing strongly and water temperatures are above average, 

and vice versa in El Niño years. 

 By contrast, the reef fish larvae which recruit to Rottnest Island have a pelagic larval duration (PLD) 

of less than a month, being transported southwards along the coast by the Leeuwin Current -- the oceanic 

processes driving this migration form the basis for this thesis. Regular monitoring of two damselfish species 

Abudefduf sexfasciatus and A. vaigiensis along the southern coast of Rottnest Island over a 30-year period 

has shown the annual arrival of pulses of larvae largely (but not exclusively) during the autumn months when 
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the Leeuwin Current is strengthening (Hutchins 1991, Pearce & Hutchins 2009). Despite all the years of 

observation, no evidence of breeding activity or local recruitment of these 2 species at Rottnest Island has 

ever been detected, and the nearest known breeding grounds are at the Houtman Abrolhos Islands some 

330 km "upstream" where both species are abundant (Hutchins 1997a). As the PLD of these two species is 

about 3 weeks (Wellington and Victor 1989, Thresher et al. 1989), a net southward current speed of about 

20 cm/s would be sufficient to transport the larvae from the Abrolhos Islands to Rottnest Island -- well within 

the range of current speeds observed in the Leeuwin Current (Pearce & Hutchins 2009). Pulses of greatly 

enhanced larval recruitment have occurred during La Nina periods when the Leeuwin Current is flowing 

strongly and water temperatures have been relatively high (Pearce & Hutchins 2009), including the record 

strong Leeuwin Current and extreme temperatures which were experienced during the "marine heat wave" of 

February/March 2011 (Pearce & Feng 2013, Pearce et al. submitted). 

. 

1.3 Scope and content of this thesis 

 This thesis is based around four papers (3 published, 1 submitted) in peer-reviewed journals 

supplemented by two decades of oceanographic studies by the author on the physical oceanography of the 

Leeuwin Current and adjacent shelf waters off south-western Australia, with specific application to larval 

dispersion and recruitment. Although the results will apply generally to any marine species, the focus is on 

the recruitment/settlement of the 2 damselfish species Abudefduf sexfasciatus and A. vaigiensis at Rottnest 

Island using the comprehensive (and unique) series of larval fish observations compiled by Dr Barry 

Hutchins (hereafter BH). On the assumption that these larvae originate at the Houtman Abrolhos Islands (for 

which there is strong evidence) or (less likely) Shark Bay, the geographic range covered is between Shark 

Bay (26°S) and Cape Leeuwin (nominally 35°S – Figure 1.1) where much of the historical oceanographic 

work has been undertaken. 

 

Objectives of the study 

 The objectives of this thesis may be summarised: 

1) To describe the seasonal and inter-annual variations of the settlement of the 2 Abudefduf species at 

Rottnest Island using BH observations; 

2) To ascertain the source of the larvae arriving at Rottnest Island; 

3) To quantify the main oceanographic processes which govern the dispersion and migration of pelagic 

larvae off south-western Australia;  

4) To explore the potential for a range extension of the damselfish species to Rottnest Island. 

 

Structure of the thesis 

 The main focus of the thesis is the role that oceanographic processes off south-western Australia 

play in the dispersal and transport of marine invertebrate and fish larvae. While the particular case study 

involves tropical fish recruiting to Rottnest Island from "upstream" (in the Leeuwin Current sense), the results 

are applicable to many recreational and commercial fish species between Shark Bay and Cape Leeuwin. 

 As the published literature on the Leeuwin Current has expanded enormously over the past two 

decades, it is not feasible to present an overall review within the scope of this thesis. The Literature Review 

in Chapter 2 accordingly concentrates on the ocean current systems operating along the coast in relation to 

larval transport and examines some specific examples of the dispersal/transport/recruitment of particular 
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species. Other than the rock lobster and damselfish recruitment studies mentioned above, there have in fact 

been few papers describing the dispersal of specific marine species along the coast. Both the south-flowing 

Leeuwin Current and the seasonally reversing inshore current system contribute materially to the movement 

of planktonic larvae along and across the continental shelf at both monthly-seasonal and inter-annual time-

scales. As most larvae tend to congregate in the upper water column, deeper currents such as the Leeuwin 

Undercurrent are not relevant here. 

 The four publications, which are printed in full in Chapter 3, present the monthly and annual 

settlement of the 2 selected Abudefduf species at Rottnest Island, demonstrate the important role that the 

oceanographic environment plays in the recruitment process, highlights the exceptional levels of recruitment 

associated with the "marine heat wave" of early 2011 and its aftermath, and speculates whether a marine 

range extension to Rottnest Island could occur by the establishment of a sustainable breeding population 

there -- effectively decoupling the Rottnest Island recruitment from the necessity for regular larval supply via 

the Leeuwin Current.. The necessary co-author permissions/affidavits are contained in Appendix 1. 

 As the publications are necessarily somewhat restricted in scope, a more detailed discussion of 

some processes is contained in the "extended overview" of Chapter 4, which includes much new material 

which is unsuitable for publication in its own right and which effectively provides continuity between the 

various aspects relevant to the Rottnest Island recruitment.  

 The main conclusions from the work are summarised in Chapter 5, which also examines the broader 

application of the relevant oceanographic processes to recreational and commercial fisheries along the lower 

west coast of the State. Perceived gaps in our knowledge are highlighted as a suggested guide to further 

work in this area. 



	 8	

Chapter 2. Literature review   
 
 This chapter briefly reviews the literature on the Leeuwin Current (Section 2.1) and continental shelf 

circulation (Section 2.2) along the Western Australian coast between Shark Bay and Cape Leeuwin. As it is 

neither feasible nor appropriate to review the entire (and rapidly-growing) literature on the Leeuwin Current, 

the review focusses on the near-surface currents and water properties relevant to the dispersal and 

migration of fish and invertebrate larvae along the southwestern continental shelf between Shark Bay and 

Cape Leeuwin. As there have in fact been few investigations directly examining the role of ocean circulation 

patterns on the distribution and movements of larvae off  Western Australia (Section 2.3), three examples of 

particular species (one invertebrate and two fin-fish) involving quite different approaches have been 

selected: 

a) The well-known and well-studied annual oceanic migration of the western rock lobster Panulirus cygnus 

(Section 2.4), involving a lengthy larval drift in the open Indian Ocean; 

b) A recent detailed sampling and model study of the movements of West Australian dhufish (glaucosoma 

hebraicum) eggs and larvae in the vicinity of Geographe Bay in relation to local currents (Section 2.5); and 

c) Long-term observations of tropical damselfish (Abudefduf sexfasciatus and A. vaigiensis) recruitment at 

Rottnest Island as a result of southward transport in the Leeuwin Current (Section 2.6).  

 Because of its extreme nature and consequences for the entire Western Australian marine 

ecosystem, the 2011 marine heat wave is briefly reviewed in Section 2.7. 

 Some general conclusions in Section 2.8 highlight important findings from the three selected 

examples and perceived gaps in our knowledge. Because of the author's earlier work over 3 decades, 

relevant material from his own publications have been included and so there is inevitably some overlap 

between information in this Chapter and the General Overview of Chapter 4. 

 

2.1 The Leeuwin Current 
 In contrast with the generally cool northward current systems prevailing off the south-western coasts 

of southern Africa (the Benguela Current) and South America (the Humboldt Current), the dominant flow off 

Western Australia is the warm south-flowing Leeuwin Current (Pearce 1991, Morgan & Wells 1991). 

Associated with the typical "eastern boundary currents" found along the other 2 western coasts are major 

wind-driven upwelling systems, raising nutrient-rich water from depth onto the continental shelf and resulting 

in some of the world's largest commercial fisheries. As a result of both the northward currents and the 

upwelling, water temperatures along those coasts are about 4°C lower than those off Western Australia 

(Pearce 1991 -- an updated plot is shown in Figure 1.2 of the introductory Chapter 1) and the dominant 

fisheries are benthic invertebrates with relatively minor fin-fish stocks (Lenanton et al. 1991, 2009). 

 Since its "discovery" (and naming) by Cresswell and Golding (1980), the main characteristics and 

seasonality of the Leeuwin Current are now well established (e.g. Woo & Pattiaratchi 2008, Pattiaratchi & 

Woo 2009, Waite et al 2007). It is driven by an anomalously strong alongshore steric height gradient fed by 

the "throughflow" of equatorial Pacific Ocean water into the eastern Indian Ocean via the Indonesian 

Archipelago (Godfrey & Ridgway 1985). It traditionally (although not exclusively -- Smith et al. 1991) flows 

most strongly during the austral autumn and winter months.  

 With latitude southwards, the Leeuwin Current becomes relatively narrow and shallow (<100 km and 

< 200 m respectively -- Church et al. 1989), and so was not evident in the earlier classical hydro/reversing 
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thermometer surveys undertaken during the International Indian Ocean Expedition which tended to have 

wider station spacing and usually commenced in deeper water further offshore (Wyrtki 1962, Hamon 1965, 

1972). While monthly mean current speeds measured during the Leeuwin Current Interdisciplinary 

Experiment (LUCIE) were up to 50 cm/s (Smith et al. 1991), there was a high level of shorter-term variability 

with periods of days to weeks with southward current speeds > 60 or 70 cm/s (Boland et al. 1988) and the 

strongest current was 180 cm/s (Church et al. 1989). 

 An integral component of the Leeuwin Current system is the rich eddy field further offshore, which 

plays a major role in the exchange of water and larvae between the open ocean and the continental shelf, 

(Waite et al 2007). While the Leeuwin Current tends to flow southward along the edge of the continental 

shelf as a jet-like stream, the stream is periodically disrupted by mesoscale anticyclonic meanders which can 

transport the tropical waters up to 200 km offshore (Pearce & Griffiths 1991, Waite et al. 2007 -- see the 

Frontispiece for examples of these meanders). They start as small undulations on the Leeuwin Current and 

gradually form into larger unstable structures which "pinch off" to form a free-standing anticyclonic eddy 

(Pearce & Griffiths 1991).  

 In the fully developed meanders, both the offshore flow and the associated shoreward return flow 

can be relatively strong (with speeds frequently exceeding 50 cm/s -- Pearce & Phillips 1994, Pearce & 

Griffiths 1991), which almost certainly play a role for example in jetting pulses of late-stage rock lobster 

larvae back towards the continental shelf where they settle in the coastal reef system (Pearce & Phillips 

1988, Caputi et al. 20001, Griffin et al. 2001). The strongest eddy kinetic energy of the system is in fact 

concentrated in a region approximately 26° to 34°S and 110° to 114°E (effectively beyond the shelf break 

between Shark Bay and Cape Leeuwin) which peaks between May and October when the Leeuwin Current 

is flowing most strongly (Feng et al. 2007). Tracking warm features in the Leeuwin Current using satellite 

SST imagery revealed that the main flow tends to lie close to the shelf break when the current is flowing 

strongly in winter, but moves further offshore during the summer months (Huang & Feng 2015). Inter-

annually, the flow tends to lie closer to the shelf break during ENSO periods and moves offshore in an La 

Niña episode.  

 A collection of papers (Waite et al. 2007) address the major influence of the Leeuwin Current and the 

eddies on the distribution and movements of plankton and larval fish off Western Australia. 

 

2.2 Circulation on the continental shelf 

 Over the past 4 decades, there have been a number of ocean current studies off south-western 

Australia, mainly for industrial and municipal wastewater disposal but also including a few government-

sponsored fundamental research projects. Up until recently, the longest time-series was typically about a 

year, but overall these have established the dominant seasonal alongshore current patterns and also 

revealed the high level of natural variability in the currents over a range of temporal and spatial scales. The 

main studies have been: 

* Cresswell et al.'s (1989) pioneering current moorings near the Abrolhos Islands in the mid-1970s; 

* an early waste disposal programme off Cape Peron south of Perth (Steedman & Associates 1981); 

* the Perth Coastal Waters Study in 1984-85 (PCWS: Pattiaratchi et al. PCWS 1995, Zaker 1998; 

* the CSIRO Strategic Research Fund for the Marine Environment in 2004-05 (SRFME: Fandry et al. 2006, 

Keesing et al. 2006); 
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* a year-long Acoustic Doppler Current Profiler (ADCP) mooring off Two Rocks in 2000-2001 (Cresswell 

2009); 

* shelf moorings in conjunction with the Leeuwin Current Interdisciplinary Experiment in 1986-87 (Boland et 

al. 1988); 

* the recently established long-term current meter arrays in the Perth area associated with the Integrated 

Marine Observing System (IMOS).  

It may be pointed out that no overall synthesis of these various measurements has hitherto been undertaken; 

a partial analysis using the monthly data is presented in Chapter 4 of this thesis. 

 From the first measurements in the 1970s, the seasonally reversing nature of the alongshore current 

system was evident, largely driven by the wind regime (Cresswell et al. 1989). Mean current speeds were 10 

cm/s northward  between November to March while the average southward current speed between April and 

August was 20 cm/s. Superimposed on these seasonal mean flows were shorter-term fluctuations with peak 

speeds of up to 50 cm/s, highly correlated with local winds as well as with coastal sea level. While the 

Cresswell et al. (1989) paper focussed on the alongshore flow, Pearce & Phillips (1994) subsequently re-

analysed one of the current records (September/October 1974) to examine the strength and variability of the 

cross-shelf current components. The cross-shelf flow was of order 5 to 10 cm/s, reversing every few days 

from shorewards to offshore -- this is equivalent to about 5 or 10 km per day which could substantially affect 

the onshore/offshore movement of larvae across the continental shelf.  

 These results were largely echoed by the subsequent Point Peron measurements, again showing 

the "abrupt" seasonal transitions between the northward flow in summer and southward in winter (Steedman 

et al. 1981). Following a re-analysis of the Cape Peron monthly means by Pearce & Pattiaratchi (1999) and a 

recognition of the important role the northward summer counter-current can play in the seasonal alongshore 

transport of plankton and pelagic larvae, the Capes Current (also Gersbach et al. 1999, Hanson et al. 2005 

MFWR) was defined and named. A similar situation in fact exists along the Ningaloo Reef coast near 

Exmouth, where the summer northward counter-current (the Ningaloo Current) was identified and named by 

Taylor & Pearce (1999), the dynamics being clarified by Woo et al. (2006a, 2006b).  

 Apart from adding detail, the results from the other measuring programmes listed above largely echo 

these characteristics of the alongshore shelf current systems and so are not further discussed here. 

 

2.3 Marine vertebrate and invertebrate surveys off Western Australia 

 From the very outset, the unusual distribution and mixed tropical/temperate faunal assemblages off 

Western Australia have pointed to the presence of an anomalous warm southward current flowing down the 

coast (Saville-Kent 1897). This conjecture was progressively strengthened by a series of early marine 

surveys such as those by Michaelsen (1908) and Dakin (1919) well before the definitive oceanographic 

study of Cresswell & Golding (1980) finally "discovered" and formally named the Leeuwin Current. Perhaps 

the most graphic illustration of the shift from tropical species in the north to the more temperate southerly 

zone is the set of wide-ranging fish surveys undertaken by Hutchins (1994 -- see Figure 1.3 in the 

Introduction).  

  A recent review of larval fish studies extending from the North-West Shelf to the south coast 

(Beckley et al. 2009) methodically summarised a number of ichthyoplankton surveys which, in south-western 

waters, included important commercial or recreational fisheries such as the tropical sardine Sardinella 

lemuru, the sardine Sardinops sagax and tailor Pomatomus saltatrix, generally attempting to define the 
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spatial distributions and/or spawning seasonality of the species with little or no information available about 

larval movements.  

 During the CSIRO Strategic Research Fund for the Marine Environment (SRFME) program, a careful 

examination of the larval fish assemblages across the continental shelf just north of Perth revealed a close 

association with water masses defined in terms of inshore water (distinguishing between summer and 

winter), the Capes Current, the Leeuwin Current and sub-tropical surface water, with suggestions of how the 

different current systems could affect the larval distribution (Muhling et al. 2007, 2008). By sampling the fish 

from different depth zones in conjunction with vertical current profiles, Muhling & Beckley (2007) made the 

important point that vertical shear down the water column could strongly influence the transport and 

therefore potential destinations of the larvae. By combining the observed distribution of fish larvae sampled 

down the west coast with back-tracking from a particle advection model, Holliday et al. (2012) clearly 

demonstrated connectivity between the Leeuwin Current and a developing mesoscale anticyclonic eddy, 

indicating effective cross-shelf entrainment and exchange/export of larvae from the continental shelf into 

offshore waters.  

 

2.4 The western rock lobster Panulirus cygnus 

 The first example comprises an essentially (albeit probably discontinuous) line source larval supply 

from a large segment of the Western Australian coast, a lengthy period in the currents and eddies in the 

open south-eastern Indian Ocean, and then a late-stage larval return to the continental shelf where 

settlement occurs along much of the coastline. While the strength of the larval supply is estimated from 

sampling of the breeding stock along the coast, the oceanic migration phase is not known in any detail 

although hydrodynamic modelling has been useful in identifying some characteristics of the circulation 

crucial to retaining sufficient larvae near the coast, and the strength of the final settlement is monitored 

monthly on a series of puerulus collectors. 

 After hatching along the continental shelf in summer, early stage phyllosoma larvae move offshore in 

the wind-driven surface Ekman layer and undergo a lengthy (9 to 11 months) open ocean migration (Phillips 

1981, Pearce & Phillips 1994, Caputi et al. 1996, Caputi et al. 2001). Towards the end of the migration 

phase, many late-stage larvae return towards the continental shelf where they transform to the puerulus 

phase and actively swim across the continental shelf to settle in the coast reef system and become recruits 

to the fishery. There is both a strong seasonality in the settlement/recruitment process and very high levels 

of inter-annual variability, leading to appreciably variable economic returns and sometimes requiring strict 

management controls.  

 As part of the puerulus settlement study, some simple inter-relationships between environmental 

indices off Western Australia and the annual recruitment to the fishery were identified. In an earlier analysis 

of sea level fluctuations along the Western Australian coast, Pariwono et al. (1986) found that the sea level 

anomalies were related to El Niño/Southern Oscillation (ENSO) events, interpreting them in general terms of 

the seasonal flow of the Leeuwin Current. Pearce & Phillips (1988, 1994) subsequently demonstrated highly 

correlated quantitative links between the annual Southern Oscillation Index (SOI -- a measure of the strength 

and phase of the El Niño/La Niña cycle), Fremantle sea level (FMSL, taken as a proxy for the strength of the 

Leeuwin Current -- a relationship subsequently quantified by Feng et al. 2003), and sea surface temperature 

(SST). Importantly, however, it was also found that annual settlement of the puerulus phase of the rock 

lobster (a useful predictor of the future catch of the fishery) was highly correlated with these environmental 
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variables together with the influence of westerly winds (Caputi et al. 2001) -- this appears to have been the 

first quantitatively identified direct link between the biology of a marine species and the oceanic environment 

off Western Australia. The correlations were (Pearce & Phillips 1988): 

 
  FMSL vs SOI  (19 years) 0.73 (p<0.001) 
  FMSL vs SST  (17 years) 0.73 (p<0.001) 
  Settlement vs FMSL (19 years) 0.73  (p<0.001) 

 These relationships can be interpreted in simple terms. During El Niño periods when the SOI is low, 

there is less tropical Pacific Ocean water flowing westwards through the Indonesian Archipelago into the 

Indian Ocean, resulting in a weaker meridional steric height gradient down the west coast of Australia and a 

weaker Leeuwin Current (low sea levels). In turn, this both results in a lower SST because of the reduced 

southward transport of warm tropical water (although air-sea heat exchange also plays a role: Pearce & 

Feng 2013, Feng et al. paper 2013) and also reduces the eddy activity off south-western Australia, leading to 

reduced puerulus settlement -- a process not yet fully understood. By contrast, during La Niña periods (high 

SOI), the Leeuwin Current flows strongly southward (high sea level) bringing with it more tropical water and 

increasing eddy activity, correspondingly increasing the puerulus settlement in the coastal reef system. 

  With varying degrees of success, these environmental indices have subsequently been applied to a 

number of other Western Australian commercial and recreational fisheries (Lenanton et al. 1991, 2009, 

Caputi et al. 1996) which have either sufficiently long-term larval monitoring programmes and/or consistent 

catch statistics over many years.  

 To better understand the oceanic processes involved in the migration of the lobster larvae and 

attempt to reproduce the seasonality and inter-annual variability of the final settlement along the coast,  data-

assimilating hydrodynamic models have been used (Griffin et al. 2001, Feng et al. 2011). While many of the 

observed spatial and temporal features of the settlement were successfully reproduced, the variability of the 

total annual settlement was more of a challenge. Nevertheless, it became clear (inter alia) that vertical 

migration of the larvae/particles is crucial to retention of the larvae within the modelling domain, that 

temperature-dependent growth plays a major role in larval development and subsequent survival, and that a 

Stokes drift component related to swell coming in from the Indian Ocean is essential to retaining larvae off 

the west coast. It was recommended that future model development should include oceanic production as a 

potentially key driver of larval growth and survival. 

 

2.5 West Australian dhufish (glaucosoma hebraicum) 

 The second example selected here, by contrast, involved a brief but detailed examination of a small 

area around and south of Geographe Bay to study the effect of the Leeuwin and Capes Currents on the 

transport of dhufish larvae (Strzelecki et al. 2013). These popular and long-lived fish spawn dominantly in 

mid-summer in the Geographe Bay/Capes area which is under the direct influence of the south-flowing 

offshore Leeuwin Current and the inshore counter current (Capes Current) but nothing was known about 

their post-spawning movements. A combination of field sampling, a high resolution hydrodynamic model and 

the trajectories of satellite-tracked current drifters revealed that the currents in this area are highly variable in 

both time and space, and accordingly the timing and location of spawning events is critical in determining 

whether larvae are retained on the continental shelf (supplying new recruits to the fishery) or are swept away 

by the currents and lost to the population. Although the drifters were drogued at a fixed depth, the model 
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clearly showed vertical shear effects in the water column and it was postulated that vertical larval migration 

was probably essential to the retention of larvae on the continental shelf. 

 While the modelling provided some general indications of the water movements and were used in 

real-time to guide the daily ship-based larval sampling, the current drifters showed the actual near-surface 

current patterns. In this highly dynamic area with strong horizontal shear between the Leeuwin and Capes 

Currents, pairs of drifters released in close proximity on occasion followed very different paths with obviously 

quite different outcomes for the entrained larvae. There also appeared to be a "dead water" zone just south 

of Cape Leeuwin which could trap drifters for some days as they oscillated back and forth.  

 

2.6 Damselfish (Abudefduf sexfasciatus and A. vaigiensis) recruitment at Rottnest Island 

 The third example, which is the topic of this thesis  and is therefore examined in more detail in 

Chapter 4), involves a 2 decade study of direct alongshore transport of Abudefduf species in the Leeuwin 

Current between the (presumed) larval source at the Abrolhos Islands and regular settlement monitoring at 

Rottnest Island, (Hutchins 1991, Hutchins & Pearce 1994, Pearce & Hutchins 2009). The larval fish tend to 

remain in the near-surface waters, sometimes congregating under floating rafts of Sargassum for food and 

shelter from predators (Hutchins 1995, Dempster & Kingsford 2004). While a modelling study clarified many 

aspects of the current system which are important in the dispersal and transport processes (Pearce et al. 

2011), the simple sea level proxy for the Leeuwin Current (described in Section 2.4 above) is used as an 

index of the strength of the southward flow, providing highly significant correlations with the main 

environmental variables (Pearce et al. submitted). Associated with the record current strength and elevated 

water temperatures of the 2011 "marine heat wave" (Pearce & Feng 2013), record damselfish settlement 

levels were observed at Rottnest Island. The larval/particle modelling indicated that not all larvae exported 

from the shelf into the offshore eddy domain are necessarily lost to the system, as some of the larvae which 

had been released at the Abrolhos Islands were carried almost 300 km offshore and still successfully 

reached Rottnest Island to settle within their ~3 week pelagic larval duration (Pearce et al. 2011). The fastest 

arrivals, presumably transported due southwards in the Leeuwin Current, were within 10 days after release.  

 Crucial to this study is the comparatively lengthy (2 decades, albeit with a gap) duration of the 

monitoring effort, using simple but consistent methods by a single experienced observer, enabling the 

quantitative relationships between settlement levels and the main environmental variables to be derived. 

 

2.7 The marine heat wave of early 2011 

 The extreme environmental conditions which had such far-reaching consequences during and after 

the marine heat wave in 2011 were by far the most devastating in documented history off Western Australia 

and require special mention. During one of the strongest ever recorded La Niña events, the strength of the 

Leeuwin Current was at a near record level and monthly mean water temperatures over a large area off the 

mid-west coast rose to >3° above the long-term average (Wernberg et al. 2010, Pearce & Feng 2013, Feng 

et al. 2013. In shallow coastal regions, the temperature anomalies briefly spiked at 5° above normal 

conditions (Pearce & Feng 2013). 

 The consequences for marine life were in general devastating, with major changes to the biodiversity 

of temperate seaweeds, sessile invertebrates and demersal fish (Wernberg et al. 2010) and there was a 

catastrophic mortality of Roe's abalone off Kalbarri (Pearce et al. 2011a, Caputi et al. 2014). Coral bleaching 

was wide-spread from Exmouth down to the Perth region, including Rottnest Island (Thomson et al. 2011, 
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Moore et al. 2012, Abdo et al. 2012, Smale & Wernberg 2012). There were some "positive" effects in that 

normally tropical fauna (including some iconic species such as manta rays and whale sharks, but also 

including reef fish and both commercial and recreational species) were sighted well south of their normal 

ranges. Recruitment of the two Abudefduf species used in this thesis were at record levels at Parker Point. 

(Pearce et al. submitted).  

 With forecasts that similar extreme events could occur more frequently in the future (Feng et al. 

2012) under ocean warming and climate-related conditions, there are likely to be longer-term consequences 

for Western Australian marine ecology and fisheries. 

 

2.8 Summary and Conclusions 

 Many, if not most,  marine species off south-western Australia are influenced in some way by the 

warming presence of the Leeuwin Current (Pearce & Walker 1991, Pearce 2009), including the distribution of 

larval assemblages along the south-western continental shelf and the dispersal of marine eggs and larvae. 

Much of the previous larval work has been in the form of intermittent ship-borne trawl surveys which have 

either examined the general larval fish assemblages in an area or attempted to delineate the extent of 

particular fish stocks. By the very nature of such surveys, limited by the complexity and expense of working 

from research vessels, there has usually been little continuity or longevity between surveys. Very few studies 

have attempted to address the actual larval transport process as (generally) little is known about the source 

(spawning location) of the larvae and in many cases even the subsequent post-spawning movement of the 

eggs and developing larvae. 

 Three examples of particular species (the western rock lobster, the West Australian dhufish and 

tropical damselfish) have illustrated the crucial role of both the large scale ocean circulation (south-eastern 

Indian Ocean) and smaller-scale local currents in governing the movement of larvae either in the Leeuwin 

Current or on the continental shelf. Apart from the strong alongshore transport processes, it is increasingly 

clear that cross-shelf exchange on a range of spatial scales plays an important role in governing either the 

retention of larvae on the shelf (potential recruits to the population) or dispersal into offshore waters (loss to 

the system). Even comparatively small larval movements between the inner and outer shelf can be followed 

by entrainment into the Leeuwin Current and thence into the offshore mesoscale eddy field. Both modelling 

and field measurements have shown that vertical shear in the water column combined with (often unknown) 

vertical larval migration such as on a diurnal cycle is in many cases critical to the retention of larvae on the 

continental shelf. Discrepancies between observed recruitment patterns and modelled results have 

suggested that a number of other non-physical processes may need to be identified and then accounted for 

to fully explain the observed spatial and temporal recruitment patterns -- this is especially true for the 

generally high inter-annual variability. Clearly, more needs to be known about the biology of the larvae of 

most species.  

 The three examples described here illustrate the important point that different approaches to the 

ocean circulation (ranging from a simple application of the sea level proxy to highly sophisticated data-

assimilative modelling) can be appropriate for different larval dispersal/transport studies, depending on the 

context. 

 



Chapter 3: Publications submitted as the basis for this thesis 
 

3.1 Introduction 

 This thesis is built around four publications (3 published, 1 submitted) which effectively describe and 

quantify the links between larval recruitment and oceanographic processes off south-western Australia. The 

papers are reproduced in full here, with permission from the relevant journals. For each paper, the author's 

and co-author(s) respective contributions are documented in Appendix 1.  

 The papers, in order of publication, are: 

 

Pearce, A.F. & J.B. Hutchins (2009). Oceanic processes and the recruitment of tropical fish at Rottnest 

Island (Western Australia). Journal of the Royal Society of Western Australia 92(2), 179-195. 

 

Pearce, A., D. Slawinski, M. Feng, B. Hutchins & P. Fearns (2011). Modelling the potential transport of 

tropical fish larvae in the Leeuwin Current. Continental Shelf Research 31, 2018-2040. 

 

Pearce, A.F. & M. Feng (2013). The rise and fall of the “marine heat wave” off Western Australia during the 

summer of 2010/2011. Journal of Marine Systems 111-112, 139-156. 

 

Pearce, A.F., J.B. Hutchins, A. Hoschke & P. Fearns (submitted to Regional Studies in Marine Science). 

Record high damselfish recruitment at Rottnest Island (Western Australia) and the potential for climate-

induced range extension. 
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Abstract

Transport processes relating to the observed annual “pulse” of tropical fish larvae arriving at

Rottnest Island each autumn are examined using historical current measurements in the Leeuwin

Current near the Abrolhos Islands and along the continental shelf just north of Perth. Observations

of two common damselfish between 1977 and 2002 (with enhanced detail of fish size categories

from 1994) show that the bulk of new recruits settle at Pocillopora Reef in March/April, a time

when the Leeuwin Current is strengthening and the Capes Current is waning. Very large

recruitment pulses in 1999 and 2000 were in La Nina years when the Leeuwin Current was very

strong and water temperatures were at record high levels, but a third relatively strong pulse in

1995 was during an El Nino period with a weak Leeuwin Current (albeit with elevated ocean

temperatures). Both advection and temperature therefore appear to play significant roles in

recruitment at Rottnest Island, while biological factors such as food and predation during the

pelagic stage must also be considered. The potential role of algal rafts in enhancing larval transport

and survival may be important in the recruitment process and needs further research.

Keywords: Leeuwin Current, oceanic processes, larval transport, fish recruitment

Journal of the Royal Society of Western Australia, 92:  179–195, 2009

Introduction

Many, if not most, marine fish species undergo a

pelagic larval migration phase as part of their life cycle.

This process serves to disperse the larvae away from the

spawning area, leading to potential recruitment/

colonisation at distant locations (depending on the

duration of the pelagic phase) where they settle and

complete their life cycle.

Ocean currents accordingly play a major role in the

dispersal process, and off Western Australia the Leeuwin

Current is the dominant boundary current, flowing

southward down the Western Australian coast and then

eastwards along the south coast (Cresswell & Golding

1980).

The existence of a warm offshore current had been

postulated as early as the 1890’s by Saville-Kent (1897) to

explain the presence of tropical species at the Abrolhos

Islands. The progressive southwards shift from tropical

to temperate fauna was identified by Michaelsen (1908),

who surveyed the nearshore waters from Shark Bay to

Albany in 1905, and he too felt that a warm southward

current must be responsible for the presence of Pocillopora

corals as far south as Rottnest Island. Hodgkin et al.

(1959) recognised the distinction between the

“Flindersian” (warm temperate) marine species along the

mainland coast and on some sections of Rottnest Island

against the more “Damperian” (tropical) species found

dominantly on the western end of the Island. Likewise,

the increased abundance of tropical molluscs on the

western end of the Island compared with the eastern

coast was attributed to the newly-discovered Leeuwin

Current by Wells (1985).

Rottnest Island lies some 18 km west of Fremantle

(Figure 1) near the edge of the continental shelf and is

frequently bathed by Leeuwin Current waters either

directly (when the Current is flowing along the outer

shelf) or indirectly (by cross-shelf processes when

tongues of warm Leeuwin Current water penetrate

shorewards – Pearce et al. 2006a). Clearly, the Island is in

an interesting overlap zone where both tropical and

temperate marine species are encountered, partly as a

result of the Leeuwin Current which acts both as a

conduit for the southward transport of tropical fauna and

also maintains relatively high temperatures around the

Island.

Exploratory surveys of the reef fish distribution along

the Western Australian coast (Hutchins 1977, 1994,

1997a) confirmed a progressive change from dominantly

tropical species in the north to a largely warm-temperate

component in the south. Tropical forms were found to

make up 64% of the species at the Abrolhos Islands (29°S

– Figure 1) while at Rottnest Island only 30% of the

species were of tropical origin and 53% warm-temperate

(Hutchins 1994), and there was also a marked reduction
© Royal Society of Western Australia 2009
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Figure 1. Location chart showing the main sites mentioned in the text. The dashed line marks the edge of the continental shelf.
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in tropical species between these offshore islands and the

adjacent mainland coastal waters at the same latitude

(Hutchins 1994). In a more recent study, Watson &

Harvey (2009) found tropical species made up 66% of the

fish fauna at the Abrolhos compared with only 2% at

Rottnest Island.

Observations of tropical fish in the shallow bays

around Rottnest Island over the past 25 years have

revealed the annual arrival of larval recruits each

autumn. Hutchins (1991) found that the tropical fish

fauna tend to concentrate along the southern coasts of

the Island, and in particular in the area near Pocillopora

Reef off Parker Point (Figure 2). Here, there is a

conspicuous reef of the coral species Pocillopora damicornis

which attracts newly arrived recruits and also supports

longer-term populations of tropical (and other) fish. An

influx of very small juvenile fish commences in autumn

and continues spasmodically until as late as November

in some years (Hutchins 1991), but there are large inter-

annual differences in settlement numbers.

Two common damselfish (Abudefduf sexfasciatus and

A. vaigiensis) are among the most visible and abundant

recruits at Parker Point. These 2 species have been found

on reef systems from the Dampier Archipelago (21 °S –

Hutchins 2003), at Ningaloo Reef (22 °S – Hutchins 1994),

Shark Bay (25 °S), and offshore at the Houtman Abrolhos

Islands (29 °S: Hutchins 1994; Hutchins 1997b). Rottnest

Island appears to be their southernmost habitat along the

Western Australian coast, based both on the published

literature and by personal observation by Hutchins

(hereafter denoted BH). While Hutchins (1997a, 1997b)

has observed breeding behaviour at the Abrolhos Islands,

no breeding activity has been observed at Rottnest Island

(BH) and so there is presumably no local recruitment of

these 2 species at the Island.

A survey of larval fish along a transect some 50 km

north of Rottnest Island (Muhling & Beckley 2007;

Muhling et al. 2008; Beckley et al. 2009) found that the

temporal and spatial structure of larval fish assemblages

was closely linked with the seasonally-varying current

system and water mass structure across the shelf. During

this study, three Abudefduf larvae (species not

documented) between 2.6 and 3.3 mm in length were

caught at mid-shelf in water depths of about 40 m in

early April 2004 (Muhling 2006; pers.comm.), which

coincides with the timing of new recruits at Rottnest

Island.

This paper presents the observations of larvae and

juveniles of the two Abudefduf species at Parker Point in

relation to oceanographic processes off south-western

Australia. Three stages of the life cycle (dispersal,

alongshore transport, and settlement) are examined in

some detail. In particular, mechanisms of larval transport

are explored using existing knowledge of the Leeuwin

Current and the flow on the continental shelf, and a

simple web-accessed trajectory model (Aus-Connie:

Condie et al. 2005) is used to assess connectivity between

the Abrolhos Islands and Rottnest Island.

The current system along the Western

Australian coast

Because of the importance of the alongshore and cross-

shelf advection processes in the dispersal of marine

larvae, we briefly review the seasonality and main

characteristics of the current systems off Western

Australia. Small-scale, more localised circulation patterns

near the Abrolhos and Rottnest Islands are dealt with in

the Discussion.

Sea-surface temperature images from the Advanced

Very High Resolution Radiometer (AVHRR)) on the

NOAA satellites show the Leeuwin Current flowing

strongly southwards as a jet along the shelf break and

outer shelf during the winter/spring months, often with

mesoscale meanders/eddies sporadically carrying the

Figure 2. Location chart of Rottnest Island showing the observation site at Parker Point.

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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Figure 3a & b. Sea-surface temperature (SST) satellite images from the Advanced Very High Resolution Radiometer (AVHRR) on the

NOAA series of satellites in (upper panel) October 1998 and (lower panel) August 1987. The brightness temperatures in AVHRR Band

4 are shown (not corrected for atmospheric effects). The temperature colours are different in each image because they have been

enhanced to illustrate the desired features of the flow patterns; they vary from the warmest water (in red/orange) through yellow/

green to the coolest water in blue. Images by courtesy of CSIRO Marine and Atmospheric Research and the Western Australian

Satellite Technology and Applications Consortium (WASTAC).
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Figure 3c & d. As for Figure 3a & b, but for (upper panel) March 1991 and (lower panel) December 1988.

warm waters offshore in large (~ 200 km) loops (Figures

3a,b). In summer, the Leeuwin Current weakens in

response to the strong southerly (northward) wind

forcing and the coastal Capes Current can be seen

pushing cooler water northward along the inner and

mid-shelf (Pearce & Pattiaratchi 1999; Gersbach et al.

1999; Figure 3c). On occasion, the large eddies can

temporarily distort the normal southwards flow of the

Leeuwin Current – note the 150 km diameter

anticlockwise eddy between Perth and Cape Naturaliste

in Figure 3d, causing northward flow along the shelf-

break past Rottnest Island.

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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On a more local scale, smaller (~ 10 to 20 km) tongues

of Leeuwin Current water are evident penetrating

shorewards across the continental shelf (e.g., Figure 3b),

indicating an active mechanism for the cross-shelf

exchange of water and hence planktonic larvae. In

addition, Figures 6 and 8 in Pearce et al. (2006a) show

that bands of warm Leeuwin Current water can curl in

towards Rottnest Island from the north and also wrap

around the southern shore on occasion, thus providing a

mechanism contributing directly to recruitment at the

Island itself.

There have been few moored current measurements

in the Leeuwin Current. During the 1986/87 Leeuwin

Current Interdisciplinary Experiment (LUCIE: Smith et

al. 1991; Church et al. 1989) current moorings off Dongara

(Figure 1) showed the Leeuwin Current flowing

persistently southward between February and June 1987,

with near-surface speeds of 50 cm/s to 1 m/s (Boland et

al. 1988). At other times, there were bursts of southward

flow at similar speeds punctuated by brief and much

weaker northward current reversals. Feng et al. (2003)

have shown that the Leeuwin Current transport is

greatest in winter but the mean surface current peaks in

April.

Currents along the continental shelf exhibit a strong

seasonal pattern which is largely driven by local wind

forcing. During the summer months, the Capes Current

(Pearce & Pattiaratchi 1999; Gersbach et al. 1989) flows

northward at 5–15 cm/s (Steedman & Associates 1981;

Cresswell et al. 1989; Pattiaratchi et al. 1995; Pearce et al.

2006a) although speeds of 30 cm/s can be experienced

under strong southerly wind conditions. In winter, on

the other hand, the currents are largely southwards with

speeds of between 5 and 20 cm/s (Steedman & Associates

1981; Cresswell et al. 1989; Pattiaratchi et al. 1995; Pearce

et al. 2006a). In all seasons, current reversals and shorter-

term pulses of current of up to 50 cm/s (1 knot) can occur.

Data sources and processing

Oceanography/meteorology

Because of the established link between the Leeuwin

Current and El Nino/Southern Oscillation (ENSO)

events (Pearce & Phillips 1988), monthly values of the

Southern Oscillation Index (SOI – an indicator of the

intensity and duration of ENSO phenomena, based on

the difference in atmospheric pressure between Tahiti

and Darwin) were obtained from the website http://

www.bom.gov.au/climate/current/soihtm1.shtml

(verified August 2007).

Coastal sea level can be used as an index of the

“strength” of the Leeuwin Current (Pearce & Phillips

1988; Feng et al. 2003), so monthly sea level data for

Fremantle were acquired from the National Tidal

Centre in Adelaide. Monthly anomalies were derived

by subtracting the overall mean seasonal cycle from

the individual monthly sea levels, and 3-month

moving averages were taken to smooth smaller-scale

variability and emphasise the dominant ENSO-related

fluctuations.

Monthly sea surface temperatures (SST) were obtained

on a 1-degree latitude/longitude grid (approximately 100

km) from the Reynolds global dataset (Reynolds & Smith

1994). The selected grid was for the area 31° to 32°S,

115°E to the coast, generally reflecting open-ocean

conditions immediately northwest of the island and

hence including the Leeuwin Current. Monthly

anomalies were derived and smoothed as for sea levels.

Local water temperatures at Parker Point were taken

from satellite-derived measurements between 1995 and

2001 by Pearce et al. (2006b), while the nearshore

temperature cycle at the adjacent mainland coast was

derived from temperature loggers off Marmion between

1990 and 1994 (Figure 1; Pearce et al. 1999).

Fish surveys

Visual surveys of the fish fauna in the nearshore

waters of Rottnest Island were undertaken between 1977

and 2002. While observations were made in a number of

bays along the southern and western coasts of the Island

(Hutchins & Pearce 1994), it was found that the bulk of

the recruitment occurred off Parker Point (Figure 2) and

so most of the effort from 1994 focussed on Pocillopora

Reef in Parker Point Marine Reserve. The water depth

over the reef was 1 to 2 m, with some areas being

exposed at low spring tides.

During each survey, a diver (BH) swam a grid pattern

lasting about an hour along a transect which followed

the extensive system of Pocillopera colonies and ended in

the rocky shallows near the Parker Point headland. The

survey route was always the same, giving a good

coverage of the reefs in the study area, and was planned

so that the chances of counting a fish twice was unlikely.

20 fish species were identified and counted (Hutchins &

Pearce 1994), but in our analysis here only the

damselfishes Abudefduf sexfasciatus (Scissortail Sergeant)

and A. vaigiensis (Indo-Pacific Sergeant) were used as

they were readily identifiable and they also remained in

the open after settling (unlike those fish that tended to

hide after settlement – Hutchins 1991; Hutchins & Pearce

1994). These tropical reef-dwelling fish are not endemic

to Western Australia (Hutchins 1994) but are widely

distributed in the Indo-Pacific region. Choat (1991) has

classed them as omnivores, feeding largely on

zooplankton and benthic algae. They have been recorded

as both juveniles and adults at Rottnest Island but not at

the adjacent mainland coast (Hutchins 1991). The

Scissortail Sergeant can grow to a length of some 16 to 22

cm (Allen & Swainston 1988; www.fishbase.org;

w w w . a m o n l i n e . n e t . a u / F I S H E S / f i s h f a c t s / f i s h /

asexfasc.htm), while the Indo-Pacific Sergeant reaches a

maximum length of 20 to 22 cm (Allen & Swainston 1988;

www.fishbase.org; www.amonline.net.au/FISHES/

fishfacts/fish/avaigiensis.htm).

In the earlier years from 1977, visual counts were

made of the total numbers of selected species observed

and the first observation of new recruits noted, but since

1994 the various stages of growth were visually classified

into 6 categories, ranging from just after arrival (when

they still retained their planktonic morphology) up to the

sub-adult stage, are shown below:
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Class/description Standard Total

Length Length

SL mm TL mm

a = minute juvenile with pelagic 11–17 15–23

colouration/features

b = very small juvenile 19–26 25–36

c = small juvenile 30–40 40–55

d = juvenile 45–57 65–77

e = large juvenile 60–72 80–100

f = sub-adult (i.e., about to mature) 75 + 110 +

The change from one category to the next was

somewhat subjective. The estimates for the Standard

Length (SL, which does not include the tail) and the

Total Length TL (including the tail) were based on

measurements of a selection of the sampled fish. As

Abudefduf sexfasciatus and A. vaigiensis have similar

maximum lengths and there do not seem to be any

obvious size differences in the early growth stages, we

believe these categories are adequate for both species.

Category “a” is the pelagic larval phase of the life cycle

and “b” represents the first post-settlement juvenile

stage, these 2 phases being the main focus of this paper.

The smallest and largest individuals in the pelagic

category “a” observed at Rottnest Island were about 17

mm and 23 mm TL respectively; the 15 mm TL fish

(estimated age of about two weeks) was collected from

floating Sargassum to the north of Rottnest. Most new

recruits of the two Abudefduf species arriving at Rottnest

had a transparent silvery colour, but they quickly

developed dark bars on the body after settling.

However, those that had spent some time under rafts of

floating Sargassum could arrive at the island with the

full juvenile colouration. Larvae that survived from the

commencement of settlement in March or April usually

reached the sub-adult stage by the end of the year. As

no breeding activity was ever observed during any of

the surveys at Rottnest Island (BH), we believe there

was no recruitment from local populations and all new

recruits must therefore have arrived from a northern

source.

It was found that Abudefduf recruitment always

occurred in the same locations (shallow areas with good

protection from wave action) and the larvae preferred to

settle in reef areas just below the water’s surface: small

juveniles were rarely found on reefs with depths of more

than 1 m (at high water). The first recruits always arrived

in the shallow protected reefs behind Parker Point

headland and in many years that was the only location

where recruits were found. The more exposed reefs in

the study area only received recruits during periods of

heavy settlement (such as 1995, 1999 and 2000 – see

Results below), suggesting that the more favourable areas

had become overcrowded. It appears therefore that the

more exposed areas were less favourable to recruitment

as in low settlement years new recruits were rarely found

there, and certainly these areas had the greatest mortality

during winter storms. The larger juveniles tended to

move from their initial settlement sites in the reefs behind

the headland to more exposed areas closer to the edge of

the lagoon to feed as the flow of water (and presumably

plankton) into the lagoon was greater there.

The number of sampling days at Parker Point was

somewhat sporadic (Table 1), especially the period 1986

Table 1

Number of fish surveys per month at Parker Point Marine Reserve. Bolded-underlined entries are the months when new recruits were

first sighted.

Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

1977 2 1 1

1978 1 1 1 1 1 2 1

1979 1 1 2 1 1 1

1980 2 1 1 1 1 1

1981 1 1

1982 2 1 1 1

1983 2 1 1 1 1 1 1 1 1 2 1

1984 1 2 1 1 2 1 1 1 1 1 2

1985 1 1 2 2 1 1 1 1 1

1986

1987

1988 1

1989 1 1

1990 1 2

1991 1 3 1 1 1

1992 1 1 1 2 1 1 1 1 1 1

1993 1 1 1 1 1 1 1

1994 1 4 2 3 1 1 1 1 1

1995 2 1 2 1 1 2 1 1 1 2 1 1

1996 1 1 1 1 1 1 1 1 1 1

1997 1 1 1 1 2 2 1 1 1 1

1998 1 1 1 1 2 1 2 1 1 1 1 1

1999 1 1 4 2 2 1 3 1 1 1 2 1

2000 1 2 1 2 1 2 1 1 1 2 1

2001 1 1 2 4 1 2 1 2 2 2

2002 1 1 2 2 1 2

2003 1

Totals 16 12 28 30 24 22 16 17 13 18 20 16

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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Figure 4. Numbers of all size classes of the two Abudefduf species (combined) at Parker Point from 1977 to 2002.

Figure 5. Numbers of category “a” and “b” larvae of the two Abudefduf species for the enhanced observational period 1994 to 2002,

signifying the arrival of new recruits. Note that many of the monthly counts were very low (often <10 – see Figure 6) and are therefore

indistinguishable from zero on this scale. Missing observations have been left blank.

to 1990, due to diver availability, weather conditions, etc.,

a total of 232 days of observations were undertaken.

Because of the irregular nature of the sampling, short-

term (e.g., daily) variability in larval abundance is not

known but we believe that the observed larval and

juvenile counts realistically reflect the general monthly

abundance of the fish – this is borne out by the extended

period (weeks to months) of the larval peaks shown

below in Figure 5. These peaks in recruitment of the two

Abudefduf species at Parker Point were matched by the

arrival of large numbers of other tropical fish larvae both

at that site and many other sites around the Island (BH

personal observations); Abudefdufs were nearly always

the first arrivals at any site. The most noticeable short-

A. sexfasciatus A. vaigiensis
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term changes occurred after winter storms when

numbers were always considerably reduced.

A consistent monthly time-series was derived by

taking the maximum number of category “a” and “b”

fish observed during all surveys in each month to

facilitate further analysis against the monthly

environmental data.

Results

Larval fish abundance at Parker Point

Abudefduf numbers at Parker Point were highly

variable since the observations commenced in 1977. The

fish were found there throughout the year (Figure 4), but

two features dominated: a dramatic rise in numbers from

1995 onwards, and three major peaks of progressively

increasing abundance in 1995, 1999 and 2000. Although

the surveys effectively ended in 2002, anecdotal

information from other observers indicated that these

high recruitment levels have not been repeated since

2000. It is planned that regular observations will

recommence during 2009 (BH).

The enhanced observations after 1994, which

distinguished between the two Abudefduf species and also

separated out the various size classes, showed that

juveniles of A. sexfasciatus generally outnumbered A.

vaigiensis and were by far the main contributors to the

recruitment peaks (Figure 5). A. vaigiensis really only

contributed materially to the 1999 peak, and small pulses

of vaigiensis in 1994 and 1998 were not matched by

sexfasciatus. The largest classes were assumed to be

survivors from the previous year’s recruitment based on

their growth over the intervening year. These sub-adults

and adults were observed to be very mobile, moving

from reef to reef, and so could be difficult to locate from

one survey to the next; as a result, the abundance of the

later stages could vary tremendously between surveys

and may have had little to do with survivorship.

Recruitment of category “a” and “b” juveniles clearly

peaked between March and June, tailing off through

winter and into spring (Figure 6). The monthly mean

abundance (Figure 7c) shows that A. sexfasciatus tended

to reach peak abundance earlier (March/April) than A.

vaigiensis (May), although in 1998 the first sexfasciatus

recruits were not spotted until July. Dramatic losses of

fish could occur during the winter and spring months,

such as between late June and mid-August 2000 when

over 400 individuals disappeared in the northern reefs,

probably as a result of storms.

The months when the first category “a” larvae of A.

sexfasciatus and A. vaigiensis were observed in each year

(when there were sufficient autumn observations) were:

Month Year

January 2000

February 1996

March 1980, 1985, 1995, 1997, 1999, 2001, 2002

April 1978, 1982, 1983, 1984, 1991, 1992, 1994, 1998

May 1979, 1993

Figure 6. Numbers of the two Abudefduf species at Parker Point for the period 1994 to 2002 collapsed into a single calendar year (for

plotting convenience divided into 30-day months). Small dots are the total counts (all size classes), while the larger open symbols are

for category “a” and “b” larvae only: A.sexfasciatus triangles, A.vaigiensis squares. Note the log scale.

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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Figure 7. Annual cycles of (a) Fremantle sea level (representing the strength of the Leeuwin Current); (b) water temperature in the 1-

degree square north of Rottnest Island (diamonds), at Parker Point (squares) and at Marmion (triangles); and (c) the abundance of

categories “a” and “b” of Abudefduf sexfasciatus and A.vaigiensis.

A. sexf(a) A. vaig(a)A. sexf(b) A. vaig(b)

a)

b)

c)
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Oceanography

Monthly mean values of Fremantle sea level (an

index of the strength of the Leeuwin Current – Pearce &

Phillips 1988) and water temperatures along the south-

western Australian coast reflect both the influence of

the Leeuwin Current offshore and the annual heat flux

cycle in nearshore waters – Pearce et al. (2006a). The

arrival of new tropical fish recruits at Rottnest Island

(Figure 7c) coincided with the seasonal strengthening of

the Leeuwin Current in March/April/May (Figure 7a)

maintaining relatively high monthly-averaged

temperatures of about 23 °C along the outer shelf,

including Rottnest Island, well into May (Figure 7b). On

average, the temperature dropped to 19 °C in September

– an annual range of only 3 °C. By contrast, the

nearshore water temperature peaks at 22.5 °C in

February and then cools as a result of heat loss to the

atmosphere, so by August the monthly average

temperatures are down to about 16 °C (Pearce et al.

1999), representing a mean annual range of 6.5 °C.

Individual temperatures can be as low as 13 °C during

the winter months (ibid.), almost certainly too low for

survival of tropical fish (BH).

At inter-annual scales, previous studies (e.g., Pearce &

Phillips 1988) have demonstrated that there is a generally

close relationship between the monthly Southern

Oscillation Index (SOI), Fremantle sea level (FMSL) and

sea surface temperature (SST). Over the 26-year period

1977 to 2002, the correlation between the SOI and FMSL

anomaly was 0.719 (312 observations), while that

between the FMSL and SST anomalies (252 months from

1982 to 2002) was also 0.719 – these are both highly

significant at the 99% level (Snedecor & Cochran 1980).

During ENSO periods with a low SOI, sea levels were

low (implying a weak Leeuwin Current – Feng et al.

2003) and the sea surface temperatures were

correspondingly lower than average, while La Ninas were

associated with high sea levels (stronger Leeuwin

Current) and warmer water.

As seen in Figure 8, the period of enhanced fish

observations from 1994 was preceded by an extended

ENSO event (or series of events), and there was also an

intense episode in 1997/1998 and a weaker one in 2002/

2003. 1996 and 1999/2000 were both very strong La Nina

periods with high sea levels and record high

temperatures. There was an anomalous period in 1994/

early 1995 when sea level and SST were opposed: the

water was comparatively warm even though the

Leeuwin Current was weak (low sea level), and there

was also a similar but less pronounced event in late 1997.

Figure 8. Monthly values of Fremantle sea level anomaly FMSL (see text) and the Reynolds sea-surface temperature anomaly SST

(scaled by a factor of 10) from 1990 to 2003. A 3-month moving average filter has been applied to reduce small-scale variability. The

solid bars represent ENSO periods.

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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Discussion

The duration of the pelagic phase is obviously crucial

to the distance the larvae can travel before settling.

Wellington & Victor (1989) used otolith daily growth

increments to estimate the pelagic larval duration of A.

sexfasciatus as 17.3 days (range 16 to 18 days) and 18.3

days (17 to 20) for A. vaigiensis. These are slightly shorter

than Thresher et al.’s (1989) estimates of 19 to 27 days for

vaigiensis, but a number of environmental factors can

alter the larval growth and duration (Bergenius et al.

2005) so we will use 20 days in this paper.

Although many biological and oceanographic

processes will play a role in successful recruitment of

larval fish, we here focus on the role of the current

system on the transport of Abudefduf larvae to Rottnest

Island. To this end, three distinct stages of the life cycle

are examined:

a) hatching and dispersal from the Abrolhos Islands;

b) southward transport in the Leeuwin Current and/

or continental shelf currents;

c) settlement and recruitment at Rottnest Island.

The historical current measurements presented earlier

are used to quantify the alongshore advective phase (b);

while they were not co-incident with the significant

larval settlement events found at Rottnest, they are used

to provide an estimate of the likely transport rates of the

larvae. In applying these results, we will use the

convenient “rule-of-thumb” that 1 cm/s ~ 1 km/day – this

is accurate to about 15%.

There is little information on the specific life histories

of Abudefduf sexfasciatus and A. vaigiensis in the literature,

so we have made use of whatever published information

is available on damselfishes generally together with BH’s

local observations.

a) Dispersal from the Abrolhos Islands

Hutchins (1997a) defined a breeding population as one

with a reasonable number of individuals representing

most size classes. He found breeding populations of the

two Abudefduf species at Shark Bay during a survey in

May 1995 and at the Abrolhos Islands in February and

May 1994, but no evidence of breeding at Rottnest Island.

Nest-guarding behaviour was very evident at the

Abrolhos Islands during the February survey (BH) and

probably contributed to some local recruitment.

Nevertheless, Hutchins (1997a) has suggested that the

Abrolhos populations may also be maintained by

transport via the Leeuwin Current from source regions

further north such as Shark Bay (25°S) and perhaps even

Ningaloo (22°S).

Hutchins’ (1994) surveys at the Abrolhos Islands were

centred on the Wallabi and Easter groups; Abudefduf

sexfasciatus is listed as one of the 10 most abundant

species there. The most diverse fish faunas were found

on relatively sheltered reefs bordering the passages

between the island groups and hence subject to the

currents flowing between the islands.

As early stage Abudefduf larvae can be found off

Rottnest Island for much of the year (Figure 6), spawning

at the Abrolhos must also be spread over the seasons.

However, the major pulse of new recruits arriving at

Rottnest in March/April of most years suggests that a

major spawning event may occur at the Abrolhos in

February/March and that both environmental factors and

food/predation must be particularly favourable for

survival at this time of year.

The eggs are laid in patches on reef substrate and

embryonic development occurs over 3 to 6 days

(Wellington & Victor 1989). The eggs are buoyant and

when they break free from the reef they rise into the

water column; after a few days the larvae hatch and

undergo the pelagic migration phase (see (b) below).

These early larvae have limited swimming ability and

are therefore largely planktonic, being at the mercy of

ocean currents for dispersal away from the Islands.

Cross-shelf currents of 5 to 10 cm/s (Cresswell et al.

1989; Pearce & Phillips 1994) could move the larvae

either offshore into the Leeuwin Current or shorewards

into the seasonally-reversing current system on the

continental shelf. Because, however, the summer wind

regime at the Abrolhos Islands is strongly from the south

(with a diurnally-varying sea breeze component – Pearce

1997; Gaughan & Mitchell 2000) resulting in a net

offshore Ekman drift of the near-surface waters, it is in

fact most likely that the larvae are carried offshore into

the Leeuwin Current regime.

Larvae have been observed using floating objects and

Sargassum rafts (Dempster & Kingsford 2004) both as a

shelter and a source of food. Both larval and juvenile

Abudefduf saxatilis, for example, have been observed

under Sargassum weed in the North Atlantic Ocean

(South Atlantic Fishery Management Council 2002).

Hutchins (1994) reported that large areas around the

Abrolhos Islands are covered with macroalgae, so any

detached floating algal masses would also follow the

wind-driven transport, possibly “collecting” larvae en

route and hence assisting the dispersal process.

Water temperature can play an important role in all

phases of the life cycle of fish, including their

development, growth, swimming ability, reproductive

performance and behaviour, and it is the early larval

stages that are most sensitive to temperature changes

(Munday et al. 2007). Warmer waters result in shorter

incubation periods, increased growth rates, shorter

planktonic durations and higher swimming abilities

(ibid.). The annual mean temperature cycle at Rat Island

in the Houtman Abrolhos group ranges from a summer

peak of 23.7 °C in March down to 20 °C in August/

September (Pearce 1997), so the presumed Abudefduf

breeding and dispersal period is effectively at the time of

peak temperature. It is worth noting that nearshore

temperatures at Dongara on the adjacent mainland coast

(Figure 1) peak at 24 °C in January/February and drop to

17.5 °C in July/August (Pearce et al. 1999), substantially

cooler than those at the offshore islands during the

winter months (as originally observed by Saville-Kent

1897).

b) Alongshore transport by the current system

The alongshore transport of fish larvae must be

accomplished by the Leeuwin Current and/or the

seasonally-reversing current system on the continental

shelf. Although the mid- to later-stage larvae have a

strong swimming ability, we will view them as passive
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drifters until they are within striking range of Rottnest

Island when their swimming ability becomes important

(section (c) below).

As shown earlier, the Leeuwin Current transports

tropical waters southwards along the outer continental

shelf and upper slope, most strongly during late autumn

to early spring. Historical current measurements,

however, indicate that the currents can be highly variable

between months and years and do not always follow the

traditional seasonal pattern. Southward current speeds

in the Leeuwin Current itself can average between 40

and 60 cm/s over a month during the period of highest

flow rate, with peak short-term speeds of double that.

Any larvae which become entrained into the offshore

eddy field (e.g., Figure 3) are unlikely to return to the

coast within the 3 week larval period and will probably

perish, although under favourable circumstances those

that are ejected near the shelf-break may survive to cross

the shelf and settle at the Island (Holliday pers.comm.).

Mean current speeds on the continental shelf are more

like 5 to 20 cm/s with a pronounced seasonal change

between southwards flow in winter and a fairly

consistent northward tendency (the Capes Current) in

summer, with high levels of variability in both speed and

direction in all seasons. Larvae originating at the

Abrolhos Islands in February/March would probably

encounter the Capes Current and so be carried

northwards; later in the year the flow would more likely

be southward and so aid migration towards Rottnest

Island.

The speed/time relationship in Figure 9 shows the

time required to reach Rottnest Island from the Abrolhos

Islands, Shark Bay and Ningaloo Reef at different mean

current speeds. Using the typical current speeds

summarised above and assuming direct southward

transport, the larvae would probably travel at speeds of 5

to 15 cm/s (i.e., < 15 km/day) and they would not reach

Rottnest Island within the pelagic larval duration of

about 3 weeks. In the Leeuwin Current, however, where

mean southward speeds are likely to be at least 20 to 30

cm/s, Abrolhos-derived larvae could easily reach

Rottnest, while at net speeds of 50 cm/s Shark Bay and

perhaps even Ningaloo emerge as possible larval sources.

Clearly, the observed variability in alongshore current

speeds can greatly affect the likelihood of larval

migration from the three possible sources up the west

coast and hence the recruitment at Rottnest.

A more quantitative indication of the probability of

passive larvae spawned at the Abrolhos Islands reaching

the vicinity of Rottnest Island has been assessed using

the web-based larval transport model Aus-Connie

(Australian Connectivity Interface; Condie et al. 2005 –

http://www.per.marine.csiro.au/aus-connie, verified

February 2008). The model simulates larval trajectories

from a specific source region using satellite-derived sea

level data (and derived near-surface currents) with

modelled wind fields over the period 1995 to 1999 to

examine the connectivity between the source and sink

regions. The output is the probability distribution of

planktonic larvae in 0.5 degree latitude/longitude squares

over an assumed larval lifetime (in our case, the 30-day

option in the model is the most appropriate for Abudefduf

larvae of those available).

Defining the source region as the 1-degree block 28.5°

to 29°S, 113.5° to 114.5°E centred on the Abrolhos Islands,

we summed the probabilities of all squares south of

31.5°S and within about 1 degree of Rottnest Island on

the (perhaps naive) assumption that this would

encompass all the larvae that have reached or passed

within 100 km of the Island within the larval lifetime. We

Figure 9. Speed/time relationship showing the time taken for planktonic larvae to reach Rottnest Island from the Abrolhos Islands

(solid line), Shark Bay (dashed) and Ningaloo (dotted) at different mean current speeds. The pelagic larval duration of Abudefduf larvae

has been set at 20 days (horizontal black line).

Pearce & Hutchins: Oceanic processes and the recruitment of tropical fish at Rottnest Island
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also noted the furthest southward travel of larvae in the

30-day period as an approximate indicator of the strength

of the Leeuwin Current.

The results (not graphed here) clearly confirm that

larvae could be carried well south of Rottnest Island by

the Leeuwin Current – in some cases particles rounded

Cape Leeuwin and were heading eastwards towards the

Great Australian Bight within the month-long drift

period. The results also indicate that larvae were widely

dispersed offshore by the meander/eddy system and only

a relatively small proportion of the original particles in

fact passed anywhere near Rottnest Island. Adding to

this the (unknown) larval mortality suggests that the

likelihood of any particular larva dispersing from the

Abrolhos Islands and recruiting at Rottnest is extremely

small. Even though the Aus-Connie period 1995 to 1999

includes two of the peak recruitment years, the model

did not reproduce the observed inter-annual abundances

at Rottnest Island very well. This is almost certainly

because of limitations of the simple processes

incorporated into Aus-Connie (Condie et al. 2005) and

also because of gaps in our knowledge of the biological

attributes of the fish such as spawning strength, food

availability and mortality.

Despite these limitations, modelling can provide a

useful tool for comparing likely particle trajectories and

hence the potential abundance of larval recruits at

Rottnest Island over time. A finer resolution model with

more flexible larval options (including swimming ability)

is under development (Pearce et al. in prep.) and

preliminary results confirm that larvae can be passively

advected from the Abrolhos to Rottnest Island within 10

days (as suggested in Figure 9); many other larvae,

however, will not arrive within their larval duration and

so presumably perish. Even particles (larvae) released

over successive 5-day intervals reveal a high level of

variability in arrival times and abundance in the vicinity

of Rottnest.

c) Cross-stream transport to the Island and local

nearshore processes

Following their southward transport in the Leeuwin

Current, the pelagic larvae are typically somewhere west

of the continental shelf and need to reach the coastal

waters of Rottnest Island by a combination of cross-shelf

current/mixing processes, wind-driven surface currents

(especially if the larvae are travelling under an algal raft),

and active swimming. On finding suitable habitat, the

larvae metamorphose to the juvenile stage and “settle” in

the coastal reefs where they grow through the juvenile

stage into adulthood, subject to suitable environmental

conditions, adequate food, and predation.

Few current measurements have been made in the

vicinity of Rottnest Island. Some early current

observations (Cresswell et al. 1989) showed highly

variable current patterns near Rottnest Island with

occasional strong (20 to 30 cm/s) currents, while

nearshore currents were generally much weaker: some

measurements in Longreach Bay on the northern coast of

the Island (Byrne 2001; Hopkin 2001) showed mean

current speeds of < 5 cm/s with a peak of 17 cm/s. During

each fish survey, the general flow of water in the vicinity

of Pocillopora Reef was noted, showing that under

typical southwesterly wind conditions warm offshore

water flooded over the reef bringing in the new recruits,

while with easterly winds cooler water from Porpoise

Bay (to the northeast) displaced the warm water. It may

be noted that, because of the micro-tidal range off the

Perth coast, tidal currents in this area are negligible

(Pearce et al. 2006a).

The wind regime off Rottnest Island in late summer

(when the major Abudefduf recruitment tends to occur) is

dominated by southerly winds modulated by the strong

diurnal sea breezes (Masselink & Pattiaratchi 2001;

Pearce et al. 2006a). These strong southerlies can result in

an offshore near-surface Ekman transport of order 30 cm/s,

overlying a weaker onshore current component (Muhling

& Beckley 2007), so the vertical distribution of the larvae

in the water column may govern whether they encounter

onshore or offshore transport (Leis 2006), thus either

assisting or hindering recruitment to the nearshore

waters around Rottnest Island.

The wind would also directly affect drifting rafts of

floating Sargassum, which can be packed with tiny fish

(Hutchins 1995). These include both pre-settlement

recruits as well as older larvae which have undergone

metamorphosis and achieved full juvenile colouration

under the raft. Some Sargassum rafts have been seen well

west of Rottnest Island in the Leeuwin Current and can

be quite extensive – on one occasion, a raft some 2 m

wide and over a km long was seen 20 km west of

Rottnest travelling south at 2 to 3 knots (BH). During the

1999 recruitment in particular, many large rafts of

Sargassum washed into the bays along the south side of

Rottnest and these were populated with small juveniles

of tropical reef fish, including a number of category “b”

Abudefduf’s. Over the years, many smaller patches of

floating sargassum sampled near the south coast of

Rottnest (Hutchins 1995) have in fact contained few or no

Abudefduf spp., so most of the Abudefduf recruits to Parker

Point probably arrived as free swimming planktonic

larvae.

There is little published information on the

abundance, extent or seasonality of these algal rafts off

the Western Australian coast. The possibility of marine

larvae being transported down the coast under algal mats

in the Leeuwin Current was suggested by Walker (1991),

Dunlop (1997) and Dunlop & Rippey (1998) have

reported Bridled Terns foraging over drift weed in

coastal waters during late summer and early autumn.

Fishers have also reported that such rafts or pontoons

attract predatory fish (de Bruin 2007). The potential of

drifting algal rafts to contribute to the dispersal of larval

fish should be further investigated, both by direct

observation/sampling and (for larger patches) using

satellite remote sensing (Gower et al. 2006).

In addition to these oceanographic/meteorological

processes which would passively transport planktonic

larvae, late pre-settlement larvae are very competent

swimmers. There is little direct information on the

swimming capacity of our two Abudefduf species. Leis et

al. (1996) directly observed the swimming behaviour of a

number of coral reef larval fish (including one A.

sexfasciatus and a second A. species), and suggested that

“the faster fishes” were swimming at 20 to 30 cm/s, with

the Pomacentrids being among the more competent

swimmers. Experiments by Fisher et al. (2000) on

Pomacentrus ambionensis confirmed that swimming ability
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increased with age/size, and was over 25 cm/s from an

age of just 5 days after hatching. From an age of about 2

weeks, the larvae could swim 20 to 40 km over a period

of up to 100 hours (ibid.). The growth rate and swimming

endurance (and hence distance swum) of fish larvae can

be greatly increased by active feeding during the swim

(Leis & Clark 2005) so the food availability and type can

be very important. While larval fish have been shown to

swim directionally rather than at random (possibly

following auditory and/or olfactory cues associated with

the reef system – e.g., Leis 2005), it is unclear whether

they actively swim towards reef systems from some

distance away or whether they passively encounter the

reefs and then at close range seek out suitable settling

habitat.

Based on the above, late stage Abudefduf larvae would

have a likely swimming speed of about 10 to 20 cm/s,

comparable with the ambient shelf currents which could

therefore materially affect larvae either actively seeking

or passively encountering the Island.

Water temperatures in February/March are at their

summer peak of about 23 °C both offshore at Rottnest

Island and near the coast at Marmion (Figure 1). These

temperatures are maintained at Rottnest Island until

about May (Figure 7b), before falling to about 19 °C in

winter – these appear to be sufficient for the survival of

newly-arrived Abudefduf larvae and juveniles, whereas

any larvae near the coast would be unlikely to survive

the nearshore winter temperatures of only 16 °C.

d) Inter-annual variability

The 2 major peaks in total Abudefduf abundance

during the strong La Nina years 1999 and 2000 (Figure

5) were closely linked with the record high coastal sea

levels and (larger-scale) surface temperatures in those

years, and hence with an unusually strong Leeuwin

Current (Figure 8). By contrast, the 1995 pulse in Figure

5 was at a time of relatively low sea level but this was

also an anomalous year when the SST was high (Figure

8), suggesting that water temperature (rather than

strong southward transport) may have contributed to

the good recruitment that year by aiding rapid growth

and survival. The lesser recruitment peak in 2001

(Figure 5) was during the fading stages of the 2000 La

Nina when sea level was still elevated (Figure 8), but

here the water temperature was marginally below

average. Clearly, other (biological) factors also play an

important role in recruitment, so successful recruitment

requires both good larval supply and favourable

environmental conditions.

Water temperature measurements in the continental

shelf waters off south-western Australia have revealed a

warming of about 1 °C over the past 5 decades (Pearce &

Feng 2007). It is uncertain how this may directly affect

recruitment at Rottnest Island, but there could well be a

progressive southward range extension of tropical fish

down the Western Australian coast. If water

temperatures at Rottnest Island (present winter-to-

summer range 19 to 23 °C – Figure 7b) were to approach

those presently prevailing at the Abrolhos Islands (20 to

23.7 °C; Pearce 1997), it is possible that Abudefduf

breeding populations could perhaps be sustained at the

southerly location in the future.

Summary and Conclusions

Three decades of larval fish observations at Rottnest

Island have shown the annual arrival of pulses of tropical

fish larvae (two Abudefduf species have been examined

here), most intensely in early autumn when water

temperatures are still high and the Leeuwin Current is

strengthening. The source of these larvae is almost

certainly the Abrolhos Islands, and historical current

measurements indicate that the Leeuwin Current is a

more likely transport vector than the slower and more

variable shelf currents. Recruitment is also possible from

Shark Bay on occasion, and even (albeit rarely) Ningaloo

Reef.

It is clear that both oceanographic and biological

processes play very important roles in governing the

seasonal and inter-annual levels of settlement. While we

have shown that reasonable estimates of the ocean

currents and their variability based on historical

observations support the concept of southward inter-

island transport, explaining the observed inter-annual

fluctuations in settlement requires better knowledge of

biological factors such as the larval abundance at the

source (or spawning strength), and both mortality rates

and food availability en route. Recent developments in

hydrodynamic modelling of the current system are being

undertaken to examine the dispersal/transport process in

more detail, and the potential role of drifting rafts of

Sargassum in the transport process also requires further

investigation.
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Abstract 

Three-decades of observations of tropical fish recruitment on the south coast of Rottnest Island, 

Western Australia (WA), have indicated that settlement of two tropical damselfish (Abudefduf 

sexfasciatus and A. vaigiensis) peaks each autumn with the seasonal strengthening of the Leeuwin 

Current (LC). Historically these fish have not bred at Rottnest Island or at other adjacent coastal 

locations although an active breeding population exists at the Houtman Abrolhos Islands some 330 

km to the north. Record levels of recruitment in early 2011 followed extremely strong southward 

advection in the LC accompanied by unprecedented high water temperatures associated with a 

marine heat wave. Settlement numbers the following year were almost as high, again associated 

with a very strong LC and high water temperatures, while 2013 saw lower but still above average 

recruitment. Against a background of gradual ocean warming along the WA coast, one of the 

world’s 30 hotspots for increasing ocean temperature, the potential for these species to establish a 

breeding population at Rottnest Island is explored by comparing the water temperatures during the 

presumed spawning period at the Abrolhos Islands with those at Rottnest Island together with 

winter temperatures and the abundance of what are believed to be mature Abudefduf successfully 

over-wintering at Rottnest Island. The results raise the question as to why a breeding population 

does not already exist at Rottnest Island where the settlement habitat appears very similar to that 

at the Abrolhos Islands.  
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Abudefduf, tropical fish, settlement, marine heat wave, Leeuwin Current, Houtman Abrolhos 
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Introduction 

The southward penetration of tropical marine species down the west coast of Australia has long 

been associated with the warm tropical waters of the Leeuwin Current. Early biological surveys 

noted the mixed tropical/temperate species distribution along the coast (Saville-Kent 1897, 

Michaelsen 1908, Dakin 1919, Maxwell & Cresswell 1981) but it was only in the 1970s that newly-

developed oceanographic techniques such as current meters (Cresswell et al. 1989), thermal 

satellite imagery (Legeckis & Cresswell 1981) and satellite-tracked drifting buoys (Cresswell 1980) 

enabled Cresswell and Golding (1980) to formally identify and name the Leeuwin Current (LC). 

Both the LC and the coastal summer counter-current, the Capes Current (Pearce & Pattiaratchi 

1999, Gersbach et al. 1999), play a major role in the transport and distribution of pelagic marine 

larvae (Muhling & Beckley 2007, Muhling et al. 2008), with distinctive seasonal and cross-shelf 

variations in the larval fish assemblages along the south-western continental shelf.  

 

As a direct result of the LC, tropical fish and invertebrates are transported southwards into 

temperate latitudes, including a number of tropical reef fish species which have been monitored 

over the past three decades at Rottnest Island (Figure 1) by surveys that represent one of the 

longest-running quantitative marine biological observations undertaken off Western Australia. In 

particular, the larval/juvenile phases of two damselfish species (Abudefduf sexfasciatus, the 

Scissor-tail Sergeant, and A. vaigiensis, the Indo-Pacific Sergeant) have been observed to arrive at 

Rottnest Island each austral autumn at the time the LC traditionally strengthens (Hutchins 1991, 

1994, Hutchins & Pearce 1994, Pearce & Hutchins 2009).  
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Figure 1. Map of Western Australia showing the locations mentioned in the text and locations of in 
situ temperature measurements (open circles): RAT = Rat Island, DON = Dongara, PAR = Parker 
Point, WAR = Warnbro Sound. 	
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The progressive change in species composition with latitude southwards is well illustrated by the 

series of reef fish surveys undertaken along the west coast between 1976 and 1993 by Hutchins 

(1994; also see update in Hutchins 1997a). He grouped the observed species into tropical, 

subtropical and warm-temperate categories, some being endemic to the west coast. The 

proportion of tropical fish species fell from almost 100% at Ningaloo in the north to 5% at Cape 

Leeuwin in the south and to virtually zero on the south coast (Figure 2), while the proportion of 

southern warm-temperate species correspondingly rose from zero at Ningaloo to 80% at the 

Capes and to 95% on the south coast. Subtropical species which comprise the majority of the 

State's endemics (Hutchins 1994) were most abundant between Kalbarri and the Capes, 

contributing to the recognition of the west coast as a global "centre of endemism" (Roberts et al. 

2002). The open points on Figure 2 represent the offshore islands of the Abrolhos group (29°S) 

and Rottnest Island (32°S), clearly demonstrating the higher proportion of tropical species (and 

correspondingly lower proportions of temperate species) nearer to the edge of the continental shelf 

compared with the adjacent mainland coast. The tropical/warm-temperate species ratios at these 

offshore islands match those at the mainland coast some 2° latitude (~220 km) further north, 

because of both the southward transport and the warmer water out in the LC compared with the 

nearshore region. This is particularly true during the winter months when the current is flowing 

most strongly and the nearshore waters are cooling as a result of heat loss to the atmosphere 

(Pearce et al. 2006a, Zaker et al. 2007). 
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Figure 2: Relative proportions of tropical (diamonds, solid line), warm-temperate (triangles, dotted 
line) and subtropical (squares, dashed line) reef fish species along the Western Australian coast 
between Ningaloo at ~22°S and Cape Leeuwin at ~34°S, and continuing east along the south 
coast to 127°E (modified from Hutchins 1994). For plotting convenience, the three south coast 
sites have been coded as latitudes 35°S, 36°S and 37°S. The lines link the coastal sites, and the 
offshore islands (Abrolhos at 29°S and Rottnest at 32°S) are represented by the larger open 
symbols, the arrows pointing to the mainland latitude where the same species proportion occurs. 

  

 

This paper examines the ocean currents and water temperatures associated with record high 

recruitment pulses of both A. sexfasciatus and A.vaigiensis  which occurred during the "marine 

heat waves" experienced off south-western Australia in 2011, 2012 and to a lesser extent 2013 

(Pearce et al. 2011b, Pearce & Feng 2013, Caputi et al. 2014). The term "recruitment" is used here 

in relation to the arrival and settlement of late-stage larvae or recently metamorphosed juveniles of 

both species at Rottnest Island. During the unprecedented summer 2011 heat wave event, which 

was associated with an intense La Niña event, the LC was flowing strongly (and seasonally early) 

in conjunction with record high water temperatures (Pearce & Feng 2013, Feng et al. 2013). The 

high recruitment levels were followed by unusually large numbers of adults above the assumed 

length at maturity successfully over-wintering, raising the question of a potential southward range 

extension of the two damselfish species to establish a breeding population at Rottnest some 500 

km to the south of the nearest known breeding location.   
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Materials and Methods 

Rottnest Island is located in the Southern Indian Ocean 18 km offshore from Fremantle on 

the lower west coast of WA (Figure 1). It is an A-class Marine Reserve due to its significant 

heritage and biodiversity values and is a popular recreational destination for nearby Perth. 

Parker Point (Figure 3), on the south-east coast, is a major headland that is protected from 

north west and westerly storm events, that itself shelters the shallow beds of Pocillopora 

coral from the prevailing south westerly swells. Other off-shore reefs extending off Parker 

Point add further protection from ocean swells.  
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Figure 3: The Sanctuary Zone and Northern Sector survey zones east of Parker Point showing the 
approximate track swum by the observer during the fish surveys; the shaded shallow area is 
Pocillopora Reef.   

 

 

 

 

Fish observations  

Observations of fish have been made in the coastal waters of Rottnest Island since 1977 (Hutchins 

1977), with some gaps due to diver availability and weather (Table 1). Because of their relatively 

large numbers and easy identification, two damselfish species, i.e. Abudefduf sexfasciatus and A. 

vaigiensis, have received particular attention and are the focus of this paper. As early surveys 

around Rottnest Island had indicated that the settlement of tropical fishes was best observed at 
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Parker Point, more comprehensive observations were undertaken in that area from 1995, 

comprising both more frequent surveys and a broader scope of observation.  

 

During these surveys, Abudefduf were counted and visually grouped by length. Recently arrived 

pelagic recruits of both species are silverly but quickly develop dark bars after settlement while 

individuals that are transported below rafts of Sargassam can arrive with the darker colouration 

(Pearce & Hutchins 2009). The two smallest length groups were categorised as (a) very small fish 

with pelagic colouration (TL 11-17mm) (hereafter termed “larvae” to represent newly-arriving pre-

settlement fish), and (b) very small recently-arrived and metamorphosed “juveniles” (TL 18-26mm) 

(Pearce & Hutchins 2009). These two smallest length classes represent new recruits arriving at the 

Island, equivalent to the "Class 1" fish used by Russell et al. (1977). Length-age relationships 

derived for A. vaigiensis (David Booth, unpublished data) suggest that the ages of the “larvae” 

ranged from about 10 to 26 days, the latter approximating the pelagic larval duration (PLD) for the 

species (Wellington & Victor 1989, Thresher et al. 1989) while those for the “juveniles” were up to 

about 50 days.  

 

During each survey, a diver (BH) swam a single preset pattern covering Pocillopora Reef in the 

Sanctuary Zone (SZ) east of Parker Point (Figure 3), visually counting the number of fish in each 

size category for a range of selected species (Hutchins & Pearce 1994). A total of 208 surveys 

were conducted between January 1995 and December 2013 at nominally monthly intervals (Table 

1) and extra observations were made during the peak autumn recruitment periods. Complementary 

surveys were often carried out in the adjacent "Northern Sector" (NS) immediately to the north of 

Pocillopora Reef (Figure 3). Because of the extreme range between the highest and lowest (zero) 

counts, the square root of the counts was used in some of the plots.  

 

 



	 82	

Table 1: List of enhanced fish surveys (n=208) in the Sanctuary Zone off Parker Point per month 
since 1995, updated from Pearce & Hutchins (2009). Surveys in the Northern Sectors were less 
regular. 

 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 

1995   2   2   3   1   1   3   1   1   1   2   1   1 

1996   1   1   2   1   2   1      1      2   1   1 

1997      1   3   2   2   2   1   1   1      1    

1998   1   1   3   2   2   2   2   1   1      1   1 

1999   1   1   3   2   2   1   3   1   1   1   2   1 

2000   1   2   1   2   1   2      1   1   1   2   1 

2001   1   1   3   4   1   2   1   2      2   1    

2002   1   1   2      2           1      1    

________________________________________________________________________________ 

2008         1      1   1      1   1      1   1 

2009   1   2   3   3   2   1   2      1   1   2   1 

2010   2   1   2      2   1      1   1         1 

2011   2   2   3   1   3   1   1   2   2   1   1   1 

2012   2   2   3   2   1   1   1   1   1   1   1   1 

2013   1   1   2   1   1   1    2    1    1 

 

 

To derive a consistent monthly time-series for direct comparison with the monthly oceanographic 

variables, the maximum number of fish in two smallest length classes observed in each calendar 

month in the SZ were calculated as described in Pearce and Hutchins (2009); observations from 

the NS were not included in the monthly series as they were less regular and so would have 

biased the totals. While these visual methods may not have the technological sophistication of 

more modern video-based techniques such as Baited Remote Underwater Videos (BRUVs, e.g. 

Watson et al. 2010), the smaller post-settlement juvenile sizes which can be counted visually are 
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not visible in the video imagery. Thus, these visual methods have provided a relatively simple way 

of obtaining a comprehensive and consistent survey of selected species using a single 

experienced diver over a long period, and have been widely used in similar fish studies off the east 

coast of Australia (Booth et al. 2007; Figuera & Booth 2010).  

 

 

Oceanographic measurements 

Three environmental variables which have traditionally been used as indices of the main 

oceanographic processes along the Western Australian continental shelf (Pearce & Phillips 1988) 

are: 

a) the Southern Oscillation Index (SOI, a measure of the strength and phase of El Niño/Southern 

Oscillation (ENSO) events). Monthly values of the SOI from 1980 to 2013 were obtained from the 

Australian Bureau of Meteorology (http://www.bom.gov.au/climate/current/soihtm1.shtm, accessed 

February 2014). 

b) monthly-averaged sea levels for Fremantle (FMSL) have been used as a convenient index of 

the "strength" of the LC (Pearce & Phillips 1988, Feng et al. 2003). Monthly sea levels for 1984 to 

mid-2013 were downloaded from ftp://ilikai.soest.hawaii.edu/woce/m175.dat. Following the closure 

of this site in late 2013, daily data for the remaining months of 2013 were downloaded from 

http://uhslc.soest.hawaii.edu/data/download/fd (accessed January 2016) and the monthly means 

calculated, and pre-1984 monthly averaged sea levels were obtained by the author in the 1990s 

directly from the original National Tidal Centre at Flinders University in Adelaide. 

c) satellite-derived sea surface temperature (SST) obtained from the Reynolds OISST dataset 

(Reynolds & Smith 1994:	

http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=sstoi_v2) which commenced in 

1982. The monthly temperatures are on a 1 degree latitude/longitude grid (equivalent to a 
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nominally 100 km block), and have been extracted for the Abrolhos Islands region and Rottnest 

Island. 

 

To avoid bias from the extreme conditions experienced in 2011 and 2012 (and to a lesser extent 

2013), the long-term seasonal sea level and temperature cycles were derived for the period 1980 

to 2010, and monthly sea level and temperature anomalies were then calculated by subtracting 

these mean annual cycles (and in the case of sea level, the long-term rising sea level trend) from 

the monthly values. For a longer-term perspective, HadISST1 monthly temperatures for the 

Abrolhos Islands and Rottnest Island from 1990 to 2013 were obtained from 

http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=hadisst1 (accessed Jan 2016). 

The finer-scale local variability embedded within the monthly ~100 km averages is derived from 

hourly water temperatures measured using in situ temperature loggers. Onset TidBit Model TBI32-

05+37 loggers and/or Hobo Model UA-001-64 loggers have been used at Rat Island in the 

Abrolhos Islands group, Dongara on the adjacent mainland coast, Parker Point on the south coast 

of Rottnest Island and Warnbro Sound on the mainland coast adjacent to the island. Three of these 

loggers commenced in 2002 while the Parker Point logger was installed in early 2010. Daily- and 

monthly-averaged temperatures were derived from the hourly values.  

 

Results & Discussion 

Abudefduf settlement at Rottnest Island 

Recruitment of both Abudefduf species between 1995 and 2013 followed a strong seasonal pattern 

as well as showing high inter-annual variability (Figure 4 and 5). There was consistency in the 

generally progressive increase and then fall in settlement over successive surveys (rather than 

isolated "spikes"), increasing confidence in the survey data and indicating that the recruitment 

pulses extended over weeks rather than days. On the occasions that observations were made in 

the NS, the abundance of both size categories there (Figure 4b) was overall much lower than in 
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the smaller SZ area (Figure 4a) except for the heavy settlement periods when the population in the 

NS rose sharply. 

 

Figure 4: Numbers of both length categories of small juveniles for both Abudefduf species 
combined in (a) the Sanctuary Zone and (b) the Northern Sector between 1995 and 2013. Note the 
square root scale used on the y-axis. There were no observations between 2003 and 2007.  
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Figure 5: Square root of the total counts of small juvenile Abudefduf in the Sanctuary Zone from 
1995 to 2010 (open symbols, dashed lines) and the 3 year period: 2011 (filled diamonds), 2012 
(filled triangles) and 2013 (filled squares). The vertical lines represent 30-day "months".  

 

 

 

The seasonal cycle was strongly defined: from virtually zero in mid-summer (January), settlement 

generally rose sharply in March/April to reach a peak in April/May (Pearce et al. 2011a) before 

falling away again over the remainder of the year (Figure 5). Juvenile abundances were particularly 

high in 1995, 1999, 2000 and the marine heat wave period 2011 to 2013 and were generally 

associated with a strong Leeuwin Current and anomalously high water temperatures during strong 

La Niña events. 

 

The earliest recruits were usually sighted in March in most years, notably for A. sexfasciatus, 

(Table 2a,b), however, in 2000 and between 2011 and 2013 the first recruits arrived as early as 

January or early February. Settlement in summer 2011 was the highest observed, commencing in 

early February and peaking relatively late through May and into early June, and relatively high 

numbers of juveniles continued to arrive and settle until the end of the year (Figure 5). Numbers 

were also high (and early) the following summer of 2012 but matched previous "good" years, and 
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by 2013 the settlement was subsiding back towards more "normal" levels. Apart from the early 

arrivals between 2011 and 2013, it is noteworthy that the settlement in those years remained 

relatively high for the rest of the year until December.  

 

Table 2a: Dates of first observations of each category of each species in either the Sanctuary 
Zone or the Northern Sectors at Parker Point. January/February arrivals have been bolded. 

____________________________________________________________________________ 

 Year  Abudefduf sexfasciatus  Abudefduf vaigiensis 

   larvae           juveniles   larvae          juveniles 

____________________________________________________________________________ 

 1995  11 Mar  21 Mar   21 Mar  27 Mar 

 1996  29 Feb    9 Apr     9 Apr    9 Mar 

 1997  24 Mar  24 Mar   17 Apr  15 Apr 

 1998  29 Mar  14 Apr   14 Apr  14 Apr 

 1999    7 Mar    7 Mar   12 Mar  12 Mar 

 2000  18 Jan  18 Jan   12 Feb  14 Mar 

 2001    6 Mar  13 Mar   17 Apr  12 Apr 

 2002  20 Mar  16 May   28 Mar  16 May 

 (gap) 

 2008  30 Mar  30 Mar          7 May 

 2009    6 Mar  25 Mar     6 Apr  15 May 

 2010    9 Mar    9 Mar   20 Jun  20 Jun 

 2011    9 Feb  23 Feb     9 Feb  23 Feb 

 2012    8 Feb    8 Feb   21 Feb  17 Mar 

 2013  31 Jan    7 Mar   14 Feb      

____________________________________________________________________________ 
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Table 2b: Number of years with the first observed arrivals in each calendar month. Note the peak 
month of A. sexfasciatus recruitment in March (bolded) and (for A.vagiensis) February to April.  

____________________________________________________________________________ 

 Month  Abudefduf sexfasciatus  Abudefduf vaigiensis 

         larvae    juveniles         larvae    juveniles 
____________________________________________________________________________ 

 Jan   2 1    0 0 

 Feb   3 2    4 1 

 Mar   9 8    3 5 

 Apr   0 2    5 3 

 May   0 1    0 3 

 Jun   0 0    1 1 

	

 

 

Oceanographic processes 

The historically close relationship between the strength of the LC, sea surface temperature and El 

Niño/La Niña events (Pearce & Phillips 1988, Feng et al. 2003) is demonstrated by the annual 

mean values of the Southern Oscillation Index (SOI), the linearly de-trended Fremantle sea level 

(FMSL) and the Reynolds OISST anomaly over the past three decades (Figure 6a). Between 1980 

and 2013, there were a number of strong ENSO events defined by low SOIs (1982, 1987, a 

lengthy episode 1991-1994, and 1997) and equally intense La Niña events with high SOIs 

(1988/89, 1996, 1999/2000, 2008 and the record 2010/11 episode). The La Niña periods were 

generally associated with high sea levels, implying relatively strong LC flow and correspondingly 

warmer tropical water transported southwards. The correlation between the annual FMSL anomaly 

and the SOI over the 34 year period was 0.734 (p < 0.001) and between the annual FMSL and 

SST anomalies was 0.768 (p < 0.001).  
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The annual settlement of the two Abudefduf species in the Sanctuary Zone at Rottnest Island also 

revealed high levels of inter-annual variability (Figure 6b), with greatly enhanced recruitment during 

the La Niña years 1999/2000 and the period when the marine heat wave developed in 2010/2011. 

The enhanced recruitment in 1995 preceded the La Niña of 1996 (the SSTs were however 

relatively high in 1995 despite average sea levels), and 2008 saw only moderate recruitment 

(number of observations were somewhat low in early 2008 compared with most years, Table 1), 

despite relatively high sea levels and SST. Embedded within each year, however, were some 

significant shorter-term environmental variations which are explored using the monthly 

oceanographic indices and the associated recruitment between 2008 and 2013, particularly 

comparing the three years prior to the heat wave of 2011 with the settlement during and 

immediately after the marine heat wave.  
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Figure 6: (a) Annual mean values of the Southern Oscillation Index (left axis: SOI, solid line, open 
squares), de-trended Fremantle sea level anomaly (left axis: FMSLdtre, hatched line, filled 
diamonds) and the Reynolds OISST anomaly for the block covering Rottnest Island (right axis: 
SSTanom, dotted line, open triangles) over the past three decades. The open squares at the figure 
base were the El Niño years (defined here as SOI <-5) and the filled squares La Niña years (SOI 
>5). (b) Total annual counts of small juvenile A. sexfasciatus (dark grey) and A. vaigiensis (light 
grey) in the Sanctuary Zone, derived from the monthly time-series for 1995 to 2013 (see text). Note 
the square root scale on the y-axis. 

 

 

 

 

 

 



	 91	

Overall, the LC followed the traditional pattern of flowing most strongly during the late autumn and 

winter months of 2008, 2009, 2010 and 2013 (Figure 7a), but in 2011 the strongest southward 

current was in summer and in 2012 the flow again strengthened as early as January and persisted 

until June. These were both periods with extremely strong La Niñas (Figure 7b) and resulted 

directly in the record high SSTs of early 2011 and 2012 which reached unprecedented levels of 

almost 25°C off Rottnest Island in February/March 2011 and were above 23°C in the following two 

summers (Figure 7a). The monthly SST anomaly reached 2.7°C above the long-term summer 

average in February 2011 and was well above 1.5°C the following January/February before 

returning towards more normal levels in summer 2013. Further north at the Abrolhos Islands, the 

SST was > 26.5°C in February/March 2011 for these monthly-averaged SSTs and anomalies over 

an area of 100 x 100 km; in shallower nearshore waters, hourly temperature logger measurements 

yielded daily mean temperatures of over 26°C off Rottnest Island and 29°C at the Abrolhos 

Islands, corresponding to anomalies from the long-term mean of ~3°C near Rottnest Island and 

5°C at the Abrolhos Islands (Pearce & Feng 2013). These high surface temperatures were driven 

both by strong southward advection of warm tropical water in the LC combined with high air-sea 

heat flux (Pearce & Feng 2013, Feng et al. 2013) partly associated with conditions much further 

north which were subsequently defined by Feng et al. (2013) as "Ningaloo Niño" events.   
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Figure 7: (a) Monthly mean Fremantle sea level (left axis: solid line, open squares) and the 
Reynolds OISST for the 1 degree block at Rottnest Island (right axis: hatched line, filled diamonds) 
for 2008 to 2013. The symbols along the bottom represent the monthly counts of category small 
juvenile Abudefduf in the Sanctuary Zone: open circles < 100 fish, grey filled circles > 100 fish. (b) 
Monthly SOI (smoothed with a 3-month moving average to minimise clutter, solid line, open 
squares) and monthly anomalies of Fremantle sea level (unsmoothed; hatched line, solid 
diamonds) and OISST (unsmoothed; dotted line, filled triangles). 
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The exceptionally strong and warm southward flow in the early months of 2011 to 2013 was 

believed to be largely responsible for the enhanced Abudefduf settlement at the time (Figure 7a). 

In addition to the recruitment at Rottnest Island, the 2011 marine heat wave had other 

repercussions for the marine life along the south-western Australian continental shelf. There were 

fish kills involving invertebrate and finfish species along the mid-west coast as well as unusual 

sightings of tropical marine species in temperate southern waters and even along the southern 

coast of WA (Pearce et al. 2011b, Smale & Wernberg 2012, Wernberg et al. 2012, Moore et al. 

2012, Pearce & Feng 2013, Caputi et al. 2014). Included in these unusual visitors were new 

recruits of a further two Abudefduf species;  A. bengalensis and A. sordidus sighted at Rottnest 

Island, and a single A. sordidus adult was spotted near Parker Point in mid-2013 (BH unpublished 

observations). More noteworthy, however, was the first-ever sighting of an A. sexfasciatus larva at 

the Underwater Observatory at Busselton jetty (Figure 1) some 200 km south of Rottnest Island 

(Pearce et al. 2011b). The ~3 cm fish was first spotted in late March 2011 and remained in situ 

until a storm passed through in early May. The following March 2012, again with a strong Leeuwin 

Current, saw the arrival of two individuals between 2-3 cm in length, the latter growing to about 5 

cm when it was last seen in June 2012 (http://www.busseltonjetty.com.au/wp-

content/uploads/2014/03/Unusual-UWO-visitors.pdf, accessed December 2015; and Busselton 

Jetty unpublished records, courtesy Sophie Teede). 

 

Implications for potential range extension to Rottnest Island 

Abudefduf species are widely distributed along the WA coast, being more abundant, both in 

species diversity and numerically, in more northern waters and tailing off towards the south in line 

with most tropical species (Figure 2). In his wide-ranging series of coastal fish surveys undertaken 

between 1975 and 1993, Hutchins (1994) listed the ten most abundant fish species at 12 locations 

between Ningaloo (~22°S) and the south coast. Along the mainland coast, A. sexfasciatus was 

abundant as far south as Shark Bay (Figure 1) and A. bengalensis was relatively common as far 

south as the Kalbarri-Geraldton region (Figure 1). At the Abrolhos Islands, however, Hutchins' 
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(1997a) more detailed review of the fish communities showed that four species were present at the 

three southern island groups (Wallabi, Easter and Pelsaert) with A. sexfasciatus being classed as 

"abundant" (in fact, the 6th most common species in the archipelago), A. vaigiensis "frequent", A. 

bengalensis "occasional" and A. sordidus "rare". 

 

Hutchins' results are largely echoed in the unpublished listings from the more recent Reef Life 

Survey online dataset (http://reeflifesurvey.imas.utas.edu.au/portal/home, accessed July 2015). A. 

bengalensis was commonly sighted along the mainland coast as far south as Shark Bay with 

stragglers at the Abrolhos Islands, whereas A. sexfasciatus and A. vaigiensis were common both 

at the Abrolhos Islands and Rottnest Island. Neither of these species were reported from the 

mainland coast south of Shark Bay. 

 

While there have been very few observations of Abudefduf breeding activity in WA, Hutchins 

(1997b) documented breeding populations of A. sexfasciatus and A. vaigiensis at Shark Bay and 

the Abrolhos Islands. It appears that the only location where active nesting behaviour has been 

directly observed (and filmed) has been in Exmouth Gulf by Whisson & Hoschke (2013, and 

unpublished observations) during brief visits in June 2008 and November 2011. Over the three 

decades of fish surveys at Rottnest Island, no Abudefduf breeding activity has ever been 

witnessed nor have egg nests or nest guarding behaviour been sighted.  

 

The progressive rise in water temperatures off south-western Australia, an area that has been 

identified as one of 30 global ocean hotspots of increasing temperature (Figure 8; Pearce & Feng 

2007; Hobday and Pecl 2014; Hobday et al 2016) and the greatly enhanced settlement levels at 

Rottnest Island since 2011 raise the question whether a breeding population could become 

established there. That question is addressed here as three sub-questions:  

a) What are the temperature thresholds for Abudefduf spawning and survival? 
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b) How do the water temperatures at Rottnest Island compare with those at the Abrolhos Islands?  

c) Do sufficient adult Abudefduf survive the winter temperatures at Rottnest Island to provide 

potential breeding stock?    

 

Figure 8: Annual mean HadISST1 sea-surface temperatures at the Abrolhos Islands (upper graph) 
and Rottnest Island (lower graph) between 1900 and 2013. The long-term trend lines are shown, 
with equal slopes of 0.10°C/decade. 

 

 

 

 

 

Temperature thresholds for Abudefduf spawning and survival 

Before examining the temperature records for the Abrolhos Islands and Rottnest Island, it is 

necessary to establish the temperature limits within which the species spawn and the over-

wintering survival threshold. This information was derived from the literature and from temperature 

measurements available at the (few) spawning observations off WA and from the assumed 

spawning events at the Abrolhos Islands. 
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No information about the spawning environment for A.sexfasciatus or A.vaigiensis is available in 

the literature, so studies of the closely-related Caribbean sergeant major A. saxatilis (Allen 1978) 

were used as a proxy. With A. saxatilis, spawning can occur at any time of year (Prappas et 

al.1991), with spawning events lasting for a few days every 2 to 3 weeks (Foster 1987). The eggs 

hatch after 4-5 days (according to Foster 1987; Fishelson 1970) although Shaw (1955) found 6-7 

days at an ambient temperature of 24°C.  

 

Local observations of breeding populations of Abudefduf spp. have been made at a few locations 

off south-western Australia. At the time of breeding at the Abrolhos Islands in February and May 

1994 (Hutchins 1997b), monthly-averaged water temperatures derived from hourly  temperature 

loggers were 23.0°C and 23.8°C respectively (Department of Fisheries unpublished data); during 

the May 1995 survey in Shark Bay (Hutchins 1997a), water temperatures ranged from 22.7° to 

25.8°C. Both spawning behaviour and egg nests were observed in north-western Exmouth Gulf in 

June 2008 and November 2011, and small (~2 cm) fish were sighted in October 2008 and June 

2009 (implying very recent spawning, Hoschke & Whisson unpublished data): measured water 

temperatures were respectively 23.3°C, 25.7°C, 23.4°C and 22.5°C (Hoschke & Whisson 

unpublished data). 

 

As new recruits of A. sexfasciatus and A. vaigiensis arrive at Parker Point virtually throughout the 

year, it may be assumed that spawning must have occurred at the Abrolhos Islands 3-4 weeks 

earlier, based on a week or so for the eggs to hatch and then the ~3 week PLD for the larvae to be 

transported to Rottnest Island. Back-calculation of the previous month's temperatures at the 

Abrolhos Islands for each observed arrival at Rottnest Island (Figure 9) yields water temperatures 

ranging from 19° to 27°C for each of the two species with high levels of recruitment associated with 

water temperatures above 23°C. These match the water temperatures during Hutchins' (1997a) 
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surveys in 1994/1995 listed above, as well as the direct breeding observations at Exmouth 

between 2008 and 2011. 

Figure 9: Scatter-plot of the monthly recruitment (square root) of small juvenile A. sexfasciatus 
(solid diamonds) and A. vaigiensis (open diamonds) in the Sanctuary Zone at Parker Point 
between 1995 and 2013 against the monthly-averaged temperature logger measurements at the 
Abrolhos Islands from the previous month.  

 

 

 

 

 

The over-wintering survival of Abudefduf at Rottnest Island will depend on a number of factors, 

including water temperature. In field studies off the east coast of Australia, Figuera et al. (2009) 

and Figuera & Booth (2010) found there was almost complete mortality of A. vaigiensis at 

temperatures below about 17°C (although laboratory fish could survive down to 15°C -- Booth et 

al., 2011), and there were no survivors of A. sexfasciatus below 18 °C. A lower limit of 18°C is 

therefore assumed as the survival threshold here for Rottnest Island.  
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Water temperatures at Rottnest Island and the Abrolhos Islands 

Long-term SSTs indicate that the overall mean water temperature at Rottnest Island is ~1.5°C 

cooler than that at the Abrolhos Islands (Figure 8) although there has been a high level of matching 

inter-annual variability at the two locations. Periods of relatively lower temperatures have been 

followed by periods of accelerated warming, explaining why studies of the rate of temperature rise 

using different time-periods have sometimes conflicting results. Using the overall long-term trend of 

~0.1°C/decade, it would take about 150 years for Rottnest Island to have a similar temperature 

regime to that presently at the Abrolhos Islands. 

 

A more reliable assessment of the suitability of Rottnest Island for both survival and reproduction of 

Abudefduf species can be gained from local hourly temperature logger measurements. Over the 12 

years of available measurements, monthly mean temperatures at Rat Island in the Abrolhos group 

never fell below the 19°C spawning threshold (Figure 10a). There were fewer measurements at 

Parker Point (Figure 10b) but the summer and winter temperatures there are supported  by seven 

years of satellite-derived SSTs (validated using temperature loggers) which also showed a mean 

winter trough of about 19°C (Pearce et al. 2006b) which is the spawning temperature threshold. At 

the adjacent mainland coastal locations of Dongara and Warnbro Sound (Figure 1), however, 

winter temperatures were generally substantially lower than at the offshore island sites, and at 

Warnbro Sound in fact fell well below the 18°C winter survival threshold, likely explaining the 

general absence of Abudefduf spp. along the mainland coast near Perth.  
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Figure 10: Monthly mean temperatures from temperature logger measurements at (a) Rat Island 
(solid) and Dongara (dashed), and (b) Parker Point (solid) and Warnbro Sound (dashed). The 
straight lines at 18°C and 19°C represent the assumed minimum temperature thresholds for 
survival and spawning respectively.  

 

 

 

The monthly temperatures mask the shorter-term variability which is displayed in the daily mean 

temperatures. At Rat Island, the daily temperature was always above the assumed Abudefduf 

survival threshold (Figure 11a), but at Parker Point there were a few days between June and 

September (during 2010) when the water was below 18°C (Figure 11b) although the level of 

resulting mortality is unknown.  
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Figure 11: Daily mean temperatures from temperature logger measurements at (a) Rat Island 
(2002 – 2014) and (b) Parker Point (2010 – 2014). The straight lines at 18°C represent the 
assumed minimum temperature thresholds for survival. For convenience, the x-axis has been 
divided into 30 day "months". 

 

 

 

 

 

Overwintering survival of potential spawners at Rottnest Island 

Prior to the summer 2011 marine heat wave, the numbers of larger fish greater than 75 mm (TL) 

observed during the surveys were comparatively small while following the event there was a 
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marked surge in their abundance (Figure 12). This higher level of abundance was sustained 

through the following two winters during which the water temperature at Parker Point was above 

the 18°C survival threshold.  

  

Figure 12: Numbers of larger fish > 75 mm (TL) for both Abudefduf species combined in (a) the 
Sanctuary Zone and (b) the Northern Sector between 1995 and 2013. Note the square root scale 
used on the y-axis because of the extreme range in settlement numbers. There were no 
observations between 2003 and 2007.  
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On this basis, with adequate survivorship of sexually mature fish over 2 years and water 

temperatures at Parker Point above the spawning threshold for most of the year, it would appear 

that local Abudefduf breeding activity could take place at Rottnest Island and if ongoing represent a 

southward range extension from the present larval source at the Abrolhos Islands. However, as 

pointed out by Feary et al. (2014), some species do not appear to extend their range for a variety 

of (often unknown) environmental factors and life history traits, despite climatic conditions 

apparently becoming more favourable for such a shift. While the oceanographic conditions at 

Rottnest Island (primarily water temperature) appear favourable for Abudefduf spawning and 

survival and the benthic habitat appear to be equally so, biological factors such as suitable and 

abundant food (affecting the numbers and condition of the potentially spawning adults), growth 

rates, predation and habitat competition (Feary et al., 2014) can still play an important role in 

whether spawning will occur and can therefore be defined as a range extension. A related study of 

the fate of three nearshore, and two inshore tropical species that were transported south during the 

marine heat wave, and settled into the coastal marine habitats of the waters off metropolitan Perth 

has revealed that juveniles of all five species were able to successfully overwinter. However, only 

individuals of the two inshore species were able to survive until maturity and breed. It is suspected 

that in addition to suitable SST, the availability of extensive preferred habitat at these southerly 

locations contributed to this success (Lenanton et al, in prep.)  

 

Possible courtship activity of A. sexfasciatus was recently observed near Wallace Island (east of 

Parker Point) in March 2015 by Tropiano (2015). This took the form of male breeding colouration 

and repeated dives into a crevice in the reef where the nest may have been concealed -- similar 

colouration changes and "signal jumps" were described for A. saxatilis by Albrecht (1969). Three 

months later, a 1.5 cm A. vaigiensis juvenile was sighted (and photographed) at the Busselton 

Jetty Underwater Observatory where it survived for three weeks before disappearing during a 

storm (Sophie Teede, unpublished observation). This fish may have originated at the Abrolhos 

Islands.  Modelling studies (Pearce et al 2011a) showed that larvae from the Abrolhos Islands 
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could extend as far south as Busselton within the PLD, but its small size suggests that it may have 

originated from Rottnest Island. 

 

Conclusions 

The record high temperatures associated with the exceptionally strong (and early) LC during the 

strong La Niña event in early 2011 resulted in record recruitment of A. sexfasciatus and A. 

vaigiensis at Rottnest Island. Recruitment in the summer of 2012 was also very high (again in 

response to a seasonally early and strong LC) but by 2013 conditions were returning to more 

typical levels. This study re-iterates the value of having long-term monitoring of both biological and 

oceanographic observations to enable (unpredictable) extreme events to be investigated and put in 

perspective. 

 

A trend of progressive temperature rise associated with global warming together with increasing 

pulses of high recruitment, generally during La Niña periods when regional water temperatures 

were above average, and the over-wintering survival of larger fish suggests the possibility of a 

southward range extension of these two species to Rottnest Island. As the fish are rarely sighted 

along the mainland coast south of the Abrolhos Islands in contrast with the well observed 

abundances at the Islands and at Rottnest Island, this would represent a quantum southward 

advance of some 300 km. It would also separate the Rottnest Island recruitment from the present 

larval supply at the Abrolhos Islands and effectively de-couple the LC transport link. 

 

Although a range of other normally tropical species were sighted well south of their typical ranges  

during the summer 2011 heat wave (Pearce et al. 2011b) including first observations of a number 

of tropical fish at Rottnest Island (Caputi et al. 2014), such vagrant sightings were not viewed as 

"genuine" range extensions. Prior to the recent marine heat wave, mud crab (Scylla serrata) which 

is widespread in the tropics was known to have established populations in the southwest following 
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a major recruitment event during the 1999/2000 La Niña (Gopurenko et al. 2003), however whether 

these were self-sustaining breeding populations was not determined. However new evidence from 

studies initiated since the recent  marine heat wave suggest that in addition to the Abudefduf 

species discussed in this paper, the heat wave may also have facilitated range extensions in 

inshore tropical species Psammoperca sp. and Siganus sp. (Lenanton et al, In prep.). 
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Chapter 4. Extended overview of publications 
 
4.1 Introduction 

 This Chapter comprises an overview of the four papers printed in Chapter 3, highlighting the main 

results and their contribution to the overall understanding of larval transport along the Western Australian 

coast. In addition, supplementary information (largely on the currents, water temperatures and winds) is 

introduced to supplement the published information and provide a more complete and coherent account of 

the overall physical processes involved. Because many of the concepts and results in these papers follow on 

from the author's previous work (included in the review in Chapter 2), it is difficult to completely isolate them 

from the earlier work so some (minor) duplication is necessary.  

 For convenience, the papers are referred to by the abbreviations P1 to P4 in the text below: 

P1) Pearce, A.F. & J.B. Hutchins (2009). Oceanic processes and the recruitment of tropical fish at Rottnest 

Island (Western Australia). Journal of the Royal Society of Western Australia 92(2), 179-195. 

P2) Pearce, A.F., D. Slawinski, M. Feng, B. Hutchins & P. Fearns (2011). Modelling the potential transport of 

tropical fish larvae in the Leeuwin Current. Continental Shelf Research 31, 2018-2040.  

P3) Pearce, A.F. & M. Feng (2013). The rise and fall of the “marine heat wave” off Western Australia during 

the summer of 2010/2011. Journal of Marine Systems 111-112, 139-156.  

P4) Pearce, A.F., J.B. Hutchins, A. Hoschke & P. Fearns (submitted). Record high damselfish recruitment at 

Rottnest Island (Western Australia) and the potential for climate-induced range extension. 

 These papers address the previously little studied processes of larval dispersion and transport of a 

particular species along the south-western continental shelf, focussing on the recruitment of two conspicuous 

damselfish (Abudefduf spp.) at Rottnest Island. The results can also be applied more broadly to the transport 

of eggs and larvae of commercial fish and invertebrate species in the coastal region between Shark Bay and 

Cape Leeuwin (Figure 4.1).  
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Figure 4.1: Location chart showing the main coastal and offshore island sites discussed in this Chapter. The 
dotted line marks the edge of the continental shelf (nominally 200m here, but see Figures 4.2 and 4.13 for 
the "true" shelf-break). The temperature logger sites (discussed in Section 4.5.2) are RAT = Rat Island in 
the Houtman Abrolhos Islands, DON = Dongara, PAR = Parker Point on the south coast of Rottnest Island -- 
Figure 4.3, WAR = Warnbro Sound, BUS = Busselton and MEN = Cape Mentelle. Figure kindly prepared by 
Alex Hoschke. 
 
 
 The chapter commences with the observed settlement of the 2 Abudefduf species at Parker Point on 

the south coast of Rottnest Island between 1995 and 2013 (Section 4.2), together with some general 

relationships between the settlement numbers and the marine environment as well as relevant biology of the 

2 species. Pulses of pelagic larvae arrive at Rottnest Island each autumn, and as no breeding has ever been 

observed there over the 3 decades of observations, local recruitment can be dismissed as the larval source.  

 Two questions are then addressed: 

(1) Where do these larvae originate? 

(2) How do they get to Rottnest Island? 

 It has previously been assumed (inter alia Hutchins 1991, Hutchins & Pearce 1994, P1 and P2) that 

the larvae arriving annually at Rottnest Island originate at the Houtman Abrolhos Islands some 300 km to the 

north ("upstream" in the Leeuwin Current sense). This assumption is now examined in Section 4.3 based on 

the observed (albeit incomplete) seasonal distribution of Abudefduf observations along the West Australian 
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coast and offshore island groups as well as on the transport vector(s) between the Abrolhos Islands and 

Rottnest Island.  

 After being transported southwards in the Leeuwin Current, late-stage larvae must move onto the 

continental shelf prior to arrival and settlement at Rottnest Island. As described in Section 4.4, .this final 

stage of the migration is accomplished via local circulation patterns in the vicinity of the Island but greatly 

supplemented by the swimming capability of the larvae. 

 In the light of a warming ocean and El Niño-related variations in the flow of the Leeuwin Current, the 

potential for a future climate change-induced range extension of the species by the establishment of a 

breeding community at Rottnest Island is addressed in Section 4.5. It becomes clear that oceanographic 

processes (mainly ocean currents and water temperatures) as well as biological factors (such as larval 

supply, predation, swimming ability and homing cues) are all involved in the successful arrival and settlement 

of new larval recruits at Rottnest Island. A brief discussion of vertical shear down the water column and its 

implications for the transport and recruitment of other fish and invertebrate species off Western Australia is 

given in Section 4.6. 

 

4.2 Larval recruitment at Rottnest Island 

 Rottnest Island lies along the outer continental shelf some 20 km west of Fremantle, with a shallow 

limestone reef system and a small but distinctive coral habitat (Hutchins 1999). Off Mullaloo just to the north, 

the seabed is shallow and almost flat out to 36 km from the coast (dashed line in Figure 4.2), the edge of the 

continental shelf being very clearly marked by a sharp break at ~40 m depth after which the seabed falls 

away through a weak terrace-like structure to a steep descent below 200 m depth. Through Rottnest Island 

itself (solid line in Figure 4.2), a similar structure is evident but without the sharply-defined shelf break. 

Viewing the relatively shallow and well-defined nature of the shelf break just upstream of Rottnest Island as a 

topographic constraint to the Leeuwin Current, it may be assumed (supported by thermal satellite imagery -- 

e.g. P1) that the Leeuwin Current is frequently located within some 10 km of the western end of the island. 
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Figure 4.2: Bathymetric transects extending westward from Fremantle and through Rottnest Island (solid 
line) and off Mullaloo some 20 km to the north (dashed line) digitised from the Bathymetric Map Series 
1:250,000 at 10 m depth intervals. The large triangle marks the nominal position of the IMOS Rottnest 
Reference Station NRSROT mooring due west of Rottnest Island, and the horizontal dashed line denotes the 
traditional depth of the continental shelf break.  
 

4.2.1 Fish surveys at Rottnest Island 

 Observations of the reef fish communities at Rottnest Island commenced in the 1970s (Hutchins 

1977) and have only recently been suspended due to the unfortunate illness of the observer Barry Hutchins 

(hereafter BH) -- these almost certainly represent the longest-running and most consistent set of larval fish 

surveys in Western Australia. Following the recognition that a pulse of tropical fish larvae arrived at the 

island each autumn and appeared to be associated with southward transport by the Leeuwin Current, the 

scope of the surveys was expanded in 1995 to include both more frequent sampling at Parker Point (where 

the greatest accumulation of new recruits seemed to occur) and separation of the fish into a range of size 

categories (P1 and P4).  

 Recruitment has been defined as "the general replacement of fish to a stock or population" (Cushing 

1977, cited by Harden-Jones 1994). For present purposes, recruitment is viewed as the arrival and 

subsequent settlement of new late-stage larvae or recently-transformed juvenile fish in the coastal reefs at 

Rottnest Island. 

 Between 1995 and mid 2014, 213 field surveys at Parker Point were completed at approximately 

monthly intervals, although in most years there were more frequent observations during the late 

summer/autumnal recruitment pulse (Table 4.1; P1). There was a major gap between 2003 and 2007, and 

only sparse observations in early 2008. The surveys consistently followed a set swimming pattern over the 

extensive bed of Pocillopora damicornis coral stretching northeast-wards from Parker Point in the Sanctuary 

Zone (Figure 4.3; P1, P4); on occasion, the surveys extended into the Northern Sector particularly during 

periods of heavy recruitment when there was an "overflow" of larvae from the Sanctuary Zone.  
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Figure 4.3: The Sanctuary Zone and Northern Sector survey areas east of Parker Point showing the 
approximate track swum by the observer BH during the fish surveys; the shaded shallow area is Pocillopora 
Reef. Chart courtesy of Barry Hutchins and Alex Hoschke. Reproduced from P4.   
 

Table 4.1: Numbers of enhanced fish surveys at Parker Point per month since 1995 (P4).   

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
 
1995   2   2   3   1   1   3   1   1   1   2   1   1 
1996   1   1   2   1   2   1   0   1   0   2   1   1 
1997   0   1   3   2   2   2   1   1   1   0   1   0 
1998   1   1   3   2   2   2   2   1   1   0   1   1 
1999   1   1   3   2   2   1   3   1   1   1   2   1 
2000   1   2   1   2   1   2   0   1   1   1   2   1 
2001   1   1   3   4   1   2   1   2   0   2   1   0 
2002   1   1   2   0   2   0   0   0   1   0   1   0 
gap 
2008   0   0   1   0   1   1   0   1   1   0   1   1 
2009   1   2   3   3   2   1   2   0   1   1   2   1 
2010   2   1   2   0   2   1   0   1   1   0   0   1 
2011   2   2   3   1   3   1   1   2   2   1   1   1 
2012   2   2   3   2   1   1   1   1   1   1   1   1 
2013   1   1   2   1   1    1   0   2   0   1   0   1 
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 During the surveys, the fish were visually grouped by size (see P1). The two smallest categories 

identified were (a) very small fish with pelagic colouration/features (TL 11-17mm) and will hereafter be 

termed “larvae” to represent newly-arriving presettlement fish, and (b) very small recently-arrived and 

metamorphosed “juveniles” (TL 19-26mm), so the counts for these two very small size categories have been 

combined in this thesis as "new recruits"-- these are represented by the 2nd specimen from the top in each 

column of Figure 4.4.  

 

Figure 4.4: Preserved specimens of larval and juvenile Abudefduf sexfasciatus (left) and A. vaigiensis 
(right). While the colours, shapes and sizes may have been affected by the preservation process, the early 
development of the vertical identifying bars is evident. The approximate total lengths of the A. sexfasciatus 
specimens (top to bottom) were 14, 25, 38, 52 and 70 mm, while the lengths of the A. vaigiensis specimens 
were 13, 20, 33, 50 and 75 mm. Images by courtesy Barry Hutchins.  
 

 The PLD for Abudefduf spp. is between 3 and 4 weeks (Wellington & Victor 1989, Thresher & 

Brothers 1989), although Shulman & Bermingham (1998) quote unpublished observations by E. Brothers 

that larvae can be in the pelagic domain for up to 55 days under drift algae. Locally, Hutchins (1995, and 

unpublished observations) reported finding high numbers of both larval and juvenile fish under rafts of drifting 

sargassum near Rottnest Island, with the result that some of the recruitment at the Island is in fact from post-

settlement juveniles that had already transformed under the algal rafts prior to arrival at the island (P1). 

 The approximate ages of the new recruits at Rottnest Island can be estimated from life history 

studies relating fish size and age. At hatching, laboratory-reared A. saxatilis larvae (a closely related species 

-- Allen et al. (1978)) are only 2-3 mm long (Figure 4.5, filled diamonds and open squares). The subsequent 

growth rate gradually increases over the first 3 weeks although the larval development is almost certainly 

both temperature- and food-dependent (Munday et al. 2009). At the PLD for Abudefduf spp. of 3-4 weeks, 

the A. saxatilis larvae were 10-20 mm long (Figure 4.5). Unpublished records provided by David Booth 

(pers. comm.) suggest that A. vaigiensis larvae from the east coast of Australia were approximately similar in 

size to the saxatilis larvae at 3-4 weeks age (Figure 4.5, open triangles), effectively matching Hutchins' size 
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range for recent and new settlers. 
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Figure 4.5: Length-age relationships for A. saxatilis listed by Alshuth et al. (1998: filled diamonds) and by 
scaling from Figure 7 in Wittenrich et al. (2012: open squares). Two unpublished sets of length 
measurements for A. vaigiensis were kindly provided by David Booth (University of Technology Sydney).  
 

 There was a huge variation in the annual numbers of new recruits arriving at Parker Point between 

1995 and 2014, with A. sexfasciatus heavily outnumbering A. vaigiensis in most of the surveys (Figure 4.6; 

P1) -- these peaks are in fact highly correlated with a number of environmental factors examined in Section 

4.2.2. It is also evident that there was also a strong seasonal signal with settlement peaking in late summer 

and early autumn in most years. 
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Figure 4.6: Annual settlement of Abudefduf sexfasciatus (solid diamonds) and A. vaigiensis (open squares) 
recruits at (a) Parker Point Sanctuary and (b) Northern Sector (see Figure 4.3) between 1995 and 2013. 
There were no observations between 2003 and 2007. Note the square root scale. Reproduced from P4.   
 
4.2.2 Annual settlement and El Niño/Southern Oscillation relationships    

 Previously, Pearce & Phillips (1988, 1994) had demonstrated the close relationship existing between 

recruitment of the western rock lobster and annual values of key environmental variables: coastal sea level 

at Fremantle (FMSL, a proxy for the strength of the Leeuwin Current), sea-surface temperatures (SSTs), and 

the Southern Oscillation Index (SOI -- an index of the strength and phase of the El Niño/Southern Oscillation 

(ENSO) cycle). As mentioned in the Literature review, the high correlations between the environmental 

variables and settlement of the puerulus phase of the lobster appear to have been the first quantified direct 

link between a biological/fisheries recruitment index and environmental factors off Western Australia. In La 

Niña years when the SOI is high, the Leeuwin Current is stronger, water temperatures tend to be higher, and 

puerulus settlement is greater. Conversely, low values of the SOI in El Niño periods generally coincide with a 

weaker Leeuwin Current, lower water temperatures and poorer puerulus recruitment. 
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"Strength" of the Leeuwin Current 
 It is worth commenting here that the term "strength" of the Leeuwin Current requires some 

qualification. While the expression was originally proposed as an approximate index of the current strength in 

terms of the sea level gradient across the shelf and continental slope (Pearce & Phillips 1988, following 

Pariwono et al. 1986), Feng et al. (2003) quantified the relationship by deriving a linear regression between 

coastal sea level and the geostrophic volume transport between 110°E and the coast in the upper 300 m 

depth layer. 

 By definition, the transport is the depth- and width-integrated alongshore flow (including the Leeuwin 

Current) but does not directly represent the actual velocity at any instant (which is highly time-, position- and 

depth-dependent) governing the movement of larvae. The Leeuwin Current is relatively narrow, and 

meanders towards and away from the coast (usually with the formation of both cyclonic and anticyclonic 

meanders and eddies -- Legeckis & Cresswell 1981, Pearce & Griffiths 1991, inter alia). It varies in width and 

probably in depth; there can be strong cross-stream velocity gradients (particularly towards the outer "edge" 

of the Current -- itself a loosely defined term) and vertical shear down the water column. It is hardly 

surprising, therefore, that direct current measurements using current moorings reveal a rich spectrum of 

speeds and directions varying over temporal-spatial scales of minutes-metres through days-km to months-

100s of km that are not necessarily directly related to the sea level-derived "strength" of the Current. 

Nevertheless, the strength of the flow, in transport terms, is highly correlated with annual recruitment and 

catch indices of a number of commercial fisheries including the western rock lobster Panulirus cygnus 

(Pearce & Phillips 1988, Caputi et al. 2001) and a mix of other commercial finfish and invertebrate fisheries 

(Lenanton 1991, 2009), and so is a useful tool in the fisheries management armoury.  

 

 To facilitate comparison with the monthly oceanographic variables, the temporally irregular larval fish 

observations in the Sanctuary Zone were converted to a regular monthly time series using the maximum 

number of new recruits observed in each calendar month (as used in P1). The resulting monthly abundances 

were then square-root transformed because of the wide range between the lowest (zero) and highest counts. 

The Northern Sector observations were not included in the monthly series because of the lower number of 

surveys there. 

 Monthly values of the SOI for 1980 to 2013 were obtained from the website 

http://www.bom.gov.au/climate/current/soihtm1.shtml, and monthly values of Fremantle sea level from 

ftp://ilikai.soest.hawaii.edu/woce/m175.dat and from http://uhslc.soest.hawaii.edu/data/download/fd. The 

gradually rising sea levels were linearly detrended and monthly sea level anomalies then derived by 

subtracting the long-term mean seasonal cycle. Monthly sea surface temperatures for the Abrolhos Islands 

and Rottnest Island from 1982 to 2013 were obtained from the Reynolds OISST website: 

http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=sstoi_v2, and monthly anomalies and 

annual averages derived. Annual values of the SOI, FMSL and SST were calculated from the monthly time 

series. 

 In La Niña years when the SOI was relatively high (such as 1988-89, 1996, 1999-2000, 2008 and 

2011-2012 -- Figure 4.7a), high sea levels signified a strong Leeuwin Current which generally (but not 

universally) led to elevated water temperatures, whereas in ENSO years with a low SOI (notably 1982, 1987, 

1991-1994 and 1998), the Leeuwin Current was weaker and water temperatures tended to be lower. Total 

annual settlement of the 2 species in the Sanctuary Zone showed large year-to-year variations (Figure 
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4.7b), with A. sexfasciatus heavily outnumbering A. vaigiensis throughout. Over the 2 decades of sampling, 

the years with highest recruitment were 1995, 1999-2000, and 2011-2013, largely matching the La Niña 

years with high sea levels and relatively high SSTs. During the extreme "heat wave" of 2011, when the 

Leeuwin Current was flowing at record strength and water temperatures reached unprecedented levels some 

3 to 5 °C above the long-term monthly means (during an intense La Niña period -- P3, Feng et al. 2013, 

2014), there were record levels of Abudefduf recruitment at Parker Point (Figure 4.7b). In the following 2 

years, the SOI had fallen back to more normal levels, nevertheless there was still above average recruitment 

under relatively strong Leeuwin Current flow, albeit not as extreme as in 2011. These relationships between 

settlement and the environmental variables are reflected in the highly significant correlations for the physical 

variables (p< 0.001) in Table 4.2. The correlations were not as high for the larval settlement but these were 

nevertheless significant at the p< 0.10 level (Table 4.2).  
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Figure 4.7: (a) Annual mean values of the Southern Oscillation Index (SOI, black; left axis), detrended 
Fremantle sea level (FMSLdetr, blue; left axis) and the SST anomaly for the block off Rottnest Island 
(SSTanom, red; right axis) between 1980 and 2013. Along the base of the graph, La Niña years (defined 
here as annual SOI>5) are marked as black filled squares and ENSO years (SOI<-5) as open squares. 
(b) Annual total abundances (square-root transformed) of A. sexfasciatus (red) and A. vaigiensis (blue) 
juveniles in the Sanctuary Zone -- there were no observations between 2003 and early 2008. The vertical 
lines mark off 5-year intervals. 
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Table 4.2: Correlation between annual values of the Southern Oscillation Index SOI, detrended Fremantle 
sea level FMSL, and sea-surface temperature off Rottnest Island between 1980 and 2013, and (b) 
Abudefduf recruits at Parker Point 1995 to 2013. The number of years is in brackets. Bolded correlations 
represent p < 0.001 and underlined values p < 0.01. Correlations between settlement and the SOI were very 
low so have not been listed.  
--------------------------------------------------------------------------------------------------------------------------------- 
Variable  FMSLdetr  SST  A. sexf.  A.vaig.  Both spp. 
SOI   0.836 (34) 0.712 (32) 
FMSLdetr  1.000  0.836 (32) 0.702 (14) 0.354 (14) 0.676 (14) 
SST     1.000  0.608 (14) 0.470 (14) 0.613 (14) 
 

4.2.3 Monthly/seasonal settlement patterns 

 After detrending the monthly sea levels and removal of the (long-term) seasonal sea level and 

temperature cycles to yield the monthly anomalies, the monthly environmental variables were still highly 

correlated, with high sea levels and (generally, but not universally) warmer water being associated with high 

SOI representing La Niña conditions (Figure 4.8a). Particularly noteworthy were the extreme SST anomalies 

and strong Leeuwin Current conditions in 1999 and mid-2000, and the record high values in early 2011 and 

2012 -- these periods were also associated with very high Abudefduf settlement at Parker Point (Figure 

4.8b). The high settlement in 1995 did not correspond with a strong Leeuwin Current, but as pointed out by 

P1 the SST was in fact elevated that year.  

 Embedded within the annual variability in recruitment were strong seasonal patterns in the levels of 

settlement at Parker Point, with the number of arriving settlers peaking in the autumn months of March to 

May (P1) at the time when the Leeuwin Current was seasonally strengthening (P1). However, as shown by 

P1, lower levels of settlement occurred virtually throughout the year, indicating that year-round spawning 

was taking place in the source region.  

 The correlations between the (smoothed) monthly environmental variables were again significant 

(Table 4.3) although at a lower level than the annual correlations (Table 4.2). Lag correlations (not shown) 

indicated that the monthly SSTs were effectively in phase with fluctuations in the FMSL anomaly, suggesting 

that temperature was largely governed by the southward advection of warm tropical water by the Leeuwin 

Current. FMSL tended to lag the SOI by a month or two, with the peak correlations being for lags of 0-2 

months, probably associated with the Indonesian Throughflow which connects the eastern tropical Indian 

Ocean with events in the equatorial Pacific Ocean (Godfrey & Ridgway 1985), varying the volume of water 

flowing into the Indian Ocean and effectively driving the Leeuwin Current. Correlation between the monthly 

larval settlement and the environmental variables was understandably lower (Table 4.3), bearing in mind the 

strongly seasonal nature of the settlement compared with the environmental anomalies which had had the 

seasonal cycles removed. 
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Table 4.3: Correlation between monthly values of the detrended Fremantle sea level FMSL, the Southern 
Oscillation Index SOI, and sea-surface temperature anomaly (relative to the long-term monthly mean) off 
Rottnest Island between 1980 and 2013, and Abudefduf counts at Parker Point 1995 to 2013. The monthly 
values have been smoothed by a 3-month moving average to reduce small-scale variability. The number of 
years or months is in brackets. Bolded correlations represent p < 0.001 and underlined values p < 0.01. 
Correlations between settlement and the SOI were very low so have not been listed. 
--------------------------------------------------------------------------------------------------------------------------------- 
 
Variable  FMSLanom  SSTanom A. sexf.  A.vaig.   Both spp. 
SOI   0.712 (408) 0.442 (384) 
FMSLanom  1.000  0.741 (384) 0.322 (164) 0.169 (164) 0.308 (164) 
SSTanom    1.000  0.322 (164) 0.273 (164) 0.328 (164) 
 

 Results from a hydrodynamic particle-tracking model showed a very similar pattern (P2). Seeding 

equal numbers of particles (representing newly-hatched larvae) at the Abrolhos Islands at weekly intervals 

over the period 1993 to 2004 and counting the proportion of particles which arrived within a 20 km "arrival 

box" around Rottnest Island within a 3-4 week period after release (corresponding to the PLD of Abudefduf 

larvae) matched (within a month) the strong seasonal peak in the observed settlement at Rottnest Island as 

well as the ongoing (albeit weaker) settlement persisting over the following months (P2). This effectively 

confirmed the dominant role of the seasonal flow in the Leeuwin Current as governing the dispersion and 

southward transport of larvae between the 2 island groups. 
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Figure 4.8: (a) Monthly mean values of the Southern Oscillation Index (SOI, black; left axis), Fremantle sea 
level anomaly (FMSLanom, blue; left axis) and the SST anomaly for the block off Rottnest Island (SSTanom, 
red; right axis) between 1995 and 2013. The values have been smoothed using a 3-month moving average 
to reduce small-scale variability. Along the base of the graph, La Niña periods (defined here as monthly 
SOI>10) are marked as filled squares. (b) Monthly abundances (square-root transformed) of A. sexfasciatus 
(red) and A. vaigiensis (blue) recruits in the Sanctuary Zone. The vertical lines mark off 2-year intervals. 
 

 Focussing now in more detail on the recent period 2010 to 2013, which included the unprecedented 

"marine heat wave" of early 2011 (P3, Feng et al. 2013), the monthly relationships between the 3 

environmental variables and larval arrivals can be seen more clearly (Figure 4.9) despite the higher 

variability of the unsmoothed values. The high SOIs during the spring and summer of 2010/2011 were 

associated with the near-record La Niña event that was occurring at the time, and the SOI was again 

elevated briefly at the end of 2011 (black line in Figure 4.9a). Both events led to the unseasonally strong 

Leeuwin Current (blue line in Figure 4.9a) and the record high SSTs (red line, these monthly averages 

exceeding >2°C) in early 2011 and slightly lower in 2012; and even in early 2013 (when the SOI was back to 

neutral levels) the sea level and SST anomalies were still relatively high. In all 3 years, the Leeuwin Current 

was anomalously strong and early (February 2011, January 2012 and January/February 2013) and was 

associated with southward advection of high water temperatures. These unseasonal conditions of a strong 

surge in the SOI accompanied by an early and unusually strong Leeuwin Current (e.g. 2000, 2008 and 2011 
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to 2013 -- Figures 4.8a and 4.9a) were subsequently identified by Feng et al. (2013) as part of a regional 

pattern which they dubbed "Ningaloo Nina".  

 The anomalous environmental conditions led to the early and hugely enhanced Abudefduf 

recruitment observed at Parker Point (Figure 4.9b), particularly for A. sexfasciatus (red bars). Whereas 

settlement in 2010 was relatively poor and concentrated in the autumn/winter months, large numbers of new 

recruits arrived in February 2011 and 2012 and there were also some January arrivals in 2013. The record 

peak recruitment was in May 2011, followed by April 2012 and March 2013. The patterns for the far lower 

numbers of A. vaigiensis (blue bars) were somewhat different but still mostly peaked in autumn except for 

2013 when the bulk of the species settled in June.  

 

 
 

Figure 4.9: (a) Monthly mean values of the Southern Oscillation Index (SOI, black; left axis), Fremantle sea 
level anomaly (FMSLanom, blue; left axis) and the SST anomaly for the block off Rottnest Island (SSTanom, 
red; right axis) between 2010 and 2013. The values have not been smoothed with the 3-month moving 
average to show the individual monthly peaks. (b) Monthly abundances (square-root transformed) of A. 
sexfasciatus (red) and A. vaigiensis (blue) arrivals in the Sanctuary Zone.  
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 There were large variations in the dates when the first new arrivals were observed, even allowing for 

the irregular timing and nature of the surveys. In most years, the first small Abudefduf larvae were sighted in 

March/April (Tables 4.4, 4.5), but during many of the La Niña periods when the Leeuwin Current was flowing 

strongly, the first arrivals were as early as January or February (Figure 4.10).  

 

Table 4.4: Dates of first observations of new Abudefduf recruits of both species at either Parker Point or the 
Northern Sectors. Years when the first observed arrivals were as early as January and February are bolded. 
(P4). 
----------------------------------------------------------------------------------------------------------------------------------------------- 
 Year  A.sexfasciatus  A.vaigiensis 
       
 1995  11 Mar   21 Mar 
 1996  29 Feb      9 Mar 
 1997  24 Mar   15 Apr 
 1998  29 Mar   14 Apr 
 1999    7 Mar   12 Mar 
 2000  18 Jan   12 Feb 
 2001    6 Mar   12 Apr 
 2002  20 Mar   28 Mar 
  gap 
 2008  30 Mar     7 May 
 2009    6 Mar     6 Apr 
 2010    9 Mar    20 Jun 
 2011    9 Feb     9 Feb 
 2012    8 Feb   21 Feb 
 2013  31 Jan   14 Feb 
 
Table 4.5: Months when the first new recruits were sighted (includes earlier results from P1). In other years, 
there were insufficient surveys to be able to unambiguously define the month of first arrival.  
------------------------------------------------------------------------------------------------------------------------------------- 
 Month  Years 
 January  2000, 2013 
 February 1996, 2011, 2012 
 March  1980, 1985, 1995, 1997, 1998, 1999, 2001, 2002, 2008, 2009, 2010 
 April  1978, 1982, 1983, 1984, 1991, 1992, 1994 
 May  1979, 1993 
 Jun   
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Figure 4.10: Scatterplot of the months (vertical axis, January to June) when the first new Abudefduf recruits 
were observed at Parker Point against the 3-month smoothed detrended Fremantle sea level anomaly for 
that month. The linear trend is shown; the correlation coefficient for the 22 data points is 0.702 (p<0.001). 
 

 Combining all observations from the individual surveys between 1995 and 2013 into a single 

seasonal plot (Figure 4.11) clearly illustrates the record high recruitment of 2011 to 2013 compared with the 

long-term seasonal settlement levels as well as the varying phases of first settlement and peak settlement. In 

all years, settlement had commenced by March and (as shown in Tables 4.4 and 4.5) in most La Niña 

periods (as well as 1996 when the SOI was only moderately elevated) recruitment had occurred in February 

and even January. Following the peak recruitment which varied between April and May, settlement levels 

extended virtually through the year albeit weakening after the autumn peaks. Bearing in mind the 3-4 week 

PLD for the species, this implies that spawning must occur throughout the year at the larval source (most 

likely the Abrolhos Islands -- Section 4.3). 

 

  

Figure 4.11: Square root of the total counts of newly-arrived settlers for both species combined in the SZ 
from 1995 to 2010 (open circles, dashed lines) and the last 3 years: 2011 (filled diamonds), 2012 (filled 
triangles) and 2013 (filled squares). The vertical lines denote 30-day "months". Reproduced from P4. 
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 Associated with the record 2011 settlement at Rottnest Island was the first ever documented 

observation of Abudefduf species south of the Perth metropolitan region: a very small A. sexfasciatus larva 

was sighted at the Underwater Observatory at Busselton jetty (Figure 4.1) in early 2011, and in the following 

March 2012 (another strong Leeuwin Current year -- Figure 4.9b), 2 individuals were observed for a few 

weeks around the Observatory (http://www.busseltonjetty.com.au/wp-content/uploads/2014/03/Unusual-

UWO-visitors.pdf, accessed April 2014; and Busselton Jetty unpublished records, courtesy Sophie Teede).  

 

4.3 The larval source: Abudefduf spp. distribution and southward transport off Western Australia 

 Evidence for the Abrolhos islands as being the source of the Abudefduf larvae and juveniles 

recruiting to Rottnest Island is sought using field surveys of coastal fish undertaken by a variety of 

researchers and organisations over the years (including any direct observations of breeding activity), 

together with the larval transport processes between the 2 Island groups. 

 

4.3.1 Distribution of Abudefduf spp. along the coast and offshore islands 

 Field surveys of the fish communities along the lower west coast of Western Australia over the past 

few decades have shown the general distribution of tropical and temperate fish species. In particular, the 

progressive shift in the relative proportions of tropical to temperate fish species down the west coast was 

originally described by Hutchins (1994-- see Chapter 1). However, more recent work has provided greater 

detail of the seasonal and geographic distribution of (largely sub-adult and adult) Abudefduf spp. in the 

region -- there have been very few studies of the larval and juvenile stages.  

 The only two geographically extensive fish surveys have been those undertaken by Hutchins (1994, 

2001) and the more recent and ongoing Reef Life Survey network (http://reeflifesurvey.com/, accessed 

August 2014; Edgar et al., 2014). More localised fish surveys have included occasional observations at 

Exmouth between 2008 and 2011 (Whisson & Hoschke, 2013, and unpublished observations), at the 

Abrolhos Islands from 2006 to 2008 (Watson et al. 2008, Shedrawi 2008, and unpublished observations), 

seasonal surveys at Jurien between 2005 and 2007 (Fairclough, unpublished observations) and systematic 

twice-daily fish observations at the Busselton Jetty Underwater Observatory since 2006 (Teede, unpublished 

observations). The presence or absence of A. sexfasciatus and A. vaigiensis were extracted from these 

surveys and arranged by month and latitude (Figure 4.12). Because of the differing observing methods and 

reporting formats used, it has been necessary to regionally combine the results of some local surveys (e.g. 

at groups of adjacent reefs), and observations of just a couple of individuals have been ignored as 

representing occasional vagrants rather than residents. 

 Despite the temporal and spatial "patchiness" of the surveys, the presence of Abudefduf spp. at the 

offshore island groups (Abrolhos Islands between 28°-29°S and Rottnest Island at 32°S -- the filled triangles 

in Figure 4.12) virtually throughout the year contrast with the more northerly distribution along the mainland 

coast, clearly suggesting the southwards penetration of these tropical species down the outer shelf in the 

warm waters of the Leeuwin Current originally postulated by Saville-Kent (1896). The southernmost coastal 

locations that adults of the 2 species have been reported are Port Gregory (in January) and Dongara (in 

June) indicated by the filled diamonds at 28.2°S and 29.2°S respectively in Figure 4.12) -- no Abudefdufs 

were reported in the coastal waters south of 30°S prior to the summer 2011 heat wave (Pearce et al. 2011a).  
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Figure 4.12: Alongshore/monthly distribution of the presence (filled symbols) or absence (open symbols) of 
adult Abudefduf species along the Western Australian coast based on historical and recent fish surveys. The 
main coastal locations (shown by diamonds) are Ningaloo Reef (22.1°S), Shark Bay (26.1°S), Port Gregory 
(28.2°S), Dongara (29.2°S), Jurien (30.3°S), Lancelin (31.0°S), the Perth Metropolitan waters (31.8° to 
32.2°S), Geographe Bay (33.5°S) and the Capes region (33.4 to 34.3°S), while the offshore islands 
(triangles, offset slightly in time to avoid overlap) are the Abrolhos Islands between 28.3° and 29.0°S and 
Rottnest Island at 32.0°S. Sightings of a single or a couple of fish have been excluded as not representative 
of a resident population.   
 
 The damselfish are especially prolific at the Houtman Abrolhos Islands, an archipelago comprising 

four main island groups along the outer continental shelf some 60 km offshore Geraldton: north to south, 

these are North Island, the Wallabi group, the Easter group and the Pelsaert group. The geological history 

and the geomorphology of the islands have been summarised by Hatcher (1991), Wells (1997) and Nardi et 

al. (1998). They comprise the southernmost major coral reefs in the eastern Indian Ocean (Dakin 1919, 

Wells 1997) because of the warm waters of the Leeuwin Current, providing suitable benthic habitat for a 

variety of tropical reef fish and invertebrates (e.g. Hutchins 1997b). 

 The continental shelf in the vicinity of the Abrolhos Islands is relatively shallow (Figure 4.13), the 

seabed falling to 30 m depth within about 5 km of the coast and thereafter being almost flat at 40 m depth 

out to the islands some 55 km offshore. Just beyond the islands, the continental shelf break is strongly 

marked at the relatively shallow depth of 50 m by a sudden steep drop down the continental slope. A little 

further south off Dongara, the general shape is very similar (without the islands) with the shelf break at 60 m 

depth 70 km offshore (Figure 4.13). This well-defined and shallow shelf break clearly provides a topographic 

constraint for the Leeuwin Current -- although surface water from the Current overlaps and can penetrate 

across the continental shelf, the strong "core" of the flow is effectively constrained by this topographic 

boundary (see Section 4.4 below). 
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Figure 4.13: Bathymetric transects from the coast heading 240° (~WSW) through the Wallabi group in the 
Abrolhos Islands (solid profile) and off Dongara (dashed profile) -- the filled triangles mark the locations of 
the LUCIE moorings D1 (nominally 50 m depth), D2 (~100 m) and D3 (~300 m) off Dongara. Digitised from 
the National Bathymetric Map Series 1:250,000 at 10 m depth intervals.  
 

 Hutchins' (1997b) review of the fish communities in the archipelago showed that 4 Abudefduf 

species were present at the 3 southern island groups (Wallabi, Easter and Pelsaert) with A. sexfasciatus 

being classed as "abundant", A. vaigiensis "frequent", A. bengalensis "occasional" and A. sordidus "rare", 

the first-named being listed among the most abundant species there (Hutchins 1997b). Detailed results from 

more recent unpublished surveys undertaken by other researchers in the autumn months of March to June 

(the period of peak recruitment at Rottnest Island, see Section 4.2.3) showed that 3 species (A. 

bengalensis, A. sexfasciatus and A. vaigiensis -- Table 4.6) were widely (albeit patchily) dispersed through 

the islands, with A. sexfasciatus almost universally outnumbering the other 2 species. Matching surveys in 

"shallow" and "deep" water at 144 locations in May 2007 demonstrated the clear preference for the former, 

with totals of 1902 individuals in 1-4 m depths compared with only 70 in the 9-12 m depth range (Shedrawi, 

unpublished data). 

 South of the Abrolhos Islands, only Rottnest Island has consistent populations of the species through 

most of the year (P1, P2) -- the Island is their southernmost location in Western Australia (P1). Following the 

extremely strong Leeuwin Current flow experienced during the summer 2011 heat wave (P3), three small A. 

sexfasciatus larvae were recorded at Busselton Jetty in Geographe Bay (~33.5°S), but these would be 

viewed as vagrants as they did not survive to adulthood. Other than occasional individuals, no Abudefdufs 

have been sighted at any of the surveys along the mainland coast south of 30°S. 
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Table 4.6: Numbers of the 3 main Abudefduf species at the Abrolhos Islands from unpublished observations 
between 2006 and 2008. The island sub-groups from north to south are: North Island, the Wallabi group, the 
Easter group and the Pelsaert group. Note that the number of individual locations surveyed by each 
contributor were very different. The data sources are detailed in the text.  
Ab = A. bengalensis, As = A. sexfasciatus, Av = A. vaigiensis.    
---------------------------------------------------------------------------------------------------------------------------------------------- 
Month-Year North  Wallabi  Easter  Pelsaert  Data source 
  Ab  As  Av Ab  As  Av Ab  As  Av Ab  As  Av 
 
Jun 2006 0     0     0  4    16    0 12    7      0    0      0    0  Mclean 
May 2007 3     3     0  0     7     0   5    4      0    0      0    7  Mclean 
Jun 2007 1 796   40 61 501  60   6 223   30 109 144    1  Shedrawi 
Mar 2008     9   92    0   0    2      0    0      7    0  Reef Life Survey 
Mar 2008     9 276    0   7    7      7    0  109    0  Edgar 
May 2008 1     1     1   2   13  12   3    2      2    0      0    0  Mclean 
 
4.3.2 Known spawning locations off Western Australia 

 Aspects of the spawning behaviour and reproduction of A. sexfasciatus and A. vaigiensis have been 

reported in the literature, but can be supplemented by information from the closely-related (Allen 1991, 

Randall & Earle 1999) Caribbean sergeant major A. saxatilis.  

 The fish generally inhabit coral, rocky and weedy reefs in shallow water (Allen 2009, Albrecht 1969). 

Spawning events take place over pre-prepared nests on suitable hard substrate such as vertical or horizontal 

coral surfaces (Prappas et al. 1991, Alshuth et al. 1998), generally during the morning (Foster 1987). The 

females lay clusters of up to 20,000 red-purple eggs (Thresher 1980); the eggs are elliptical in shape and ~2-

3 mm in size (Shadrin & Emel'yanova 2007). The eggs are then fertilised by the male in a series of vertical 

"signal jumps" (Albrecht 1969, Thresher 1980, Prappas et al. 1991) and subsequently guarded (often 

aggressively -- Thresher 1980) against predators by the attendant males (Shadrin & Emel'yanova 2007). 

While there appear to be some differences in the seasonality of spawning in these species in the literature 

(possibly because of differing geographical locations and water temperatures), spawning has been observed 

for most months of the year in A. saxatilis (Munro et al. 1973) and in A. abdominalis (Walsh 1987). Hatching 

can occur within 2 to 7 days (Shaw 1955, Alshuth et al. 1998). 

 There have been very few observations of Abudefduf breeding activity in Western Australia, and it is 

noteworthy that, prior to 2015 (see Section 4.5), no evidence of any breeding behaviour or the presence of 

egg nests had ever been recorded at Rottnest Island. During Hutchins' (1997a) surveys at the Abrolhos 

Islands, A. sexfasciatus "courtship activity" was evident in February 1994, and in May that year nest-

guarding was observed along the west side of the Pelsaert group at the Abrolhos Islands (Hutchins 

unpublished data). He also reported evidence of similar breeding activity at Shark Bay in May 1995. It 

appears that the only location where active nesting behaviour has been directly observed (and filmed) has 

been in Exmouth Gulf by Hoschke and Whisson (unpublished observations) during brief visits in June 2008 

and November 2011 (Figure 4.14). Both the size of the nests and the spawning and next-guarding 

behaviour are very conspicuous.  

 The observations of actual spawning activity as well as the abundance of Abudefduf spp. at the 

Abrolhos Islands support the plausible hypothesis that this represents the most likely source of the new 

larval recruits that arrive at Rottnest Island. However, the actual current transport system must now be 

examined. 
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Figure 4.14: A. vaigiensis nests near the Navy Jetty in Exmouth Gulf on 8-9 November 2010. Courtesy Alex 
Hoschke. 
 

4.3.3 Larval transport to Rottnest Island 

 For larvae spawned at the Abrolhos Islands to reach Rottnest Island within the 3-4 week PLD for the 

species, a mean current speed of >20 cm/s  is required (P1), and the modelling study (P2) mentioned above 

indicated that some particles could in fact arrive at Rottnest Island as early as about 10 days after release. At 

a mean speed of >40 cm/s, larvae could even be transported down from as far north as Shark Bay (P1) 

although newly-hatched larvae inside the Bay could take some time to reach the Leeuwin Current bearing in 

mind its semi-enclosed nature and the low tidal range reducing the cross-shelf exchange process). This 

southward dispersion could be accomplished either via the Leeuwin Current running down the shelf break 
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and/or the current system on the continental shelf, bearing in mind both the seasonality and mean current 

speeds of each system.  

 Surface currents derived from satellite altimetric surface topography show the seasonality and some 

characteristics of the offshore Leeuwin Current to supplement the moored current meters which provide 

detail on the shelf circulation system. The net southward flow is largely accomplished through jet-like 

segments of the Leeuwin Current running along or near the edge of the continental shelf (as at 24°S, 27°S, 

31°S and 34°S; Figure 4.15), although this is periodically disrupted by mesoscale anticyclonic meanders 

which carry the tropical waters (and larvae) over 200 km offshore (for example at 26°S and 29°S) before 

looping back towards the coast and resuming the southward transport. Small-scale "cusps" in the shear zone 

bordering the meanders are evident in higher resolution SST images (e.g. Pearce & Griffiths 1991), 

illustrating the often strong offshore and onshore flow in the northern and southern segments of the meander 

respectively and potentially providing an active mechanism for the exchange of water (and therefore 

planktonic larvae) between the continental shelf and offshore waters (as suggested by Pearce & Phillips 

1988 regarding the return of western rock lobster larvae after their oceanic migration).  
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Figure 4.15: Surface current chart off Western Australia in May 2012, showing the current field derived from 
satellite radar altimeters (black arrows). The thin white contours are the surface topography contours, and 
the thin black line demarcates the edge of the continental shelf. The colours represent the satellite-derived 
sea surface temperature according to the temperature scale shown on the land -- red is warmest, blue 
coolest. The two black horizontal lines are the  positions of the current transects through the Abrolhos 
Islands at 28.6°S and Rottnest Island at 32.0°S.  Image courtesy CSIRO/IMOS. 
 

 The spatial and temporal variability of the Leeuwin Current over the period 2010 to 2014, covering 

the recent period of record Rottnest Abudefduf recruitment, is illustrated by the zonal and meridional surface 

current components extracted for transects extending offshore at 28.6 °S (through the Abrolhos Islands) and 

32 °S (Rottnest Island) (Figure 4.15) bearing in mind the 3-4 week PLD of Abudefduf larvae, monthly mean 

currents are the most appropriate time-scale to represent the net transport rate. 

 Cross-stream profiles of the alongshore currents over the recent period of high recruitment (2010-

2014) show that the peak southward flow tends to lie consistently within 3 grid-points (~60 km) of the shelf 

break both off the Abrolhos Islands (Figure 4.16) and Rottnest Island (Figure 4.17). There is accordingly a 

comparatively short distance for larvae spawned at the Abrolhos Islands to move offshore into the Leeuwin 
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Current, and equivalently a short distance for the developing juveniles in the Leeuwin Current to migrate 

inshore to Rottnest Island. Peak monthly current speeds off the Abrolhos Islands (averaged over the 5 years, 

or ~150 daily values in each calendar month) were largely between 25 and 35 cm/s and 25 to 45 cm/s off 

Rottnest, with little seasonal variation evident because of the anomalously high southward flow during the 

summers of 2011 to 2013 which obscured the "traditional" seasonal cycle in the Leeuwin Current.  
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Figure 4.16: Overall monthly mean alongshore surface geostrophic current profiles at latitude 28.6°S from 
113° to the coast derived from the IMOS daily surface current data based on satellite altimeter and coastal 
sea level observations for the period 2010 and 2014. The grid spacing is ~19 km. To avoid overlap, the 
profiles are progressively offset by 10 cm/s, with January at the top (offset +120 cm/s) down to December 
(offset 10 cm/s) at the bottom; the symbols are listed in the Legend. The large triangle at the base marks the 
approximate edge of the continental shelf. (Data from the Integrated Marine Observing System (IMOS) 
http://thredds.aodn.org.au/thredds/catalog/IMOS/OceanCurrent/GSLA/DMOO/catalog.html, courtesy of Dirk 
Slawinski, CSIRO). 
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Figure 4.17: As for Figure 4.16 but at 32°S.  
 
 Embedded within the overall monthly means, however, was a high level of both spatial and temporal 

variability in the alongshore flow; nevertheless the current was almost universally southward (solid line and 

symbols in Figure 4.18). Some of the variability was due to the meandering behaviour of the Leeuwin 

Current (e.g. Frontispiece; Huang & Feng 2015).  In 2010, 2012, 2013 and 2014 the flow generally followed 

the traditional seasonal cycle, peaking during the winter months at 20 to 50 cm/s off the Abrolhos Islands 

and 20 to 70 cm/s west of Rottnest Island -- well above the threshold of 20 cm/s derived in P1 for larvae to 

be transported from the Abrolhos Islands to Rottnest Island within the Abudefduf larval PLD. During the 

"marine heat wave" in the summer of early 2011, however, exceptionally strong (and unseasonal) southward 

currents were experienced in January and February (P3, P4) coinciding with the record Abudefduf settlement 

at Rottnest Island. In particular, the southward current speed off the Abrolhos Islands in January and 

February 2011 was ~50 cm/s, by far the strongest current over the past 5 summers.  
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Figure 4.18: Monthly mean alongshore current components off (a) 28.6°S (off the Abrolhos Islands) and (b) 
32°S (off Rottnest Island), derived from altimeter topography provided by CSIRO/IMOS. At 28.6°S, the solid 
line (filled diamonds) is the average alongshore component between 113.0° and 113.4°E (representing the 
Leeuwin Current) while the open diamonds are for 114.2°E on the continental shelf inshore of the Abrolhos 
Islands. At 32°S, the filled diamonds are averaged between 114.6° and 115.0° and the open diamonds are 
for 115.4°E on the shelf west of Rottnest Island. The dashed line with +s is for the IMOS NRSROT reference 
station at 115.4°E.  Data courtesy of Dirk Slawinski (CSIRO). 
 
 While the altimetric currents are reasonably valid estimates of the surface circulation in deeper water 

beyond the continental shelf, the estimates on the shelf itself are less reliable (Griffin et al. 2001) -- this is  

amply illustrated by the differences between the daily altimetric currents west of Rottnest Island and those 

actually measured at the Reference Station NRSROT (Figure 4.18b).  

 A more reliable representation of the current system on the continental shelf and upper slope is from 

direct current measurements using current meters. Over the past 4 decades, current moorings have been 

installed for periods of weeks to months at a variety of locations off south-western Australia, largely for ocean 

outfall or industrial studies. For present purposes of describing the seasonally-varying alongshore currents 
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between the shallow coastal waters and the Leeuwin Current, the current measurements have been divided 

into water depth categories of <20 m (representing the inner shelf), 20 to 100 m (mid- to outer shelf) and 

>100 m (beyond the shelf break), and only those measurements within the upper half of the water column 

have been selected. The nominal boundary of 100 m has been chosen because of the relatively shallow and 

clearly-defined shelf break (illustrated in Figures 4.2 and 4.13) along much of the south-western continental 

shelf.  

 Most of the offshore current measurements have been made along the upper continental slope, a 

highly dynamic region of strong horizontal shear between the southward (and meandering) Leeuwin Current 

and the shelf current system (Figures 4.16 and 4.17). The monthly mean alongshore flow is accordingly very 

variable (Figures 4.18, 19c), fluctuating irregularly during the year between northward and southward. There 

is weak evidence of a seasonal pattern, with the northward currents tending to be stronger and more 

frequent between spring and autumn and southward flow stronger in autumn and winter.  

  By contrast, the currents on the continental shelf exhibit a very strong seasonally-reversing regime 

(Figure 4.19a, b), in line with previous work summarised in the Literature Review. Nearshore, the monthly 

mean flow is exclusively northward at <10 cm/s between October and March (Figure 4.19a -- the Capes 

Current; Pearce & Pattiaratchi 1999; Gersbach et al. 1999) in response to the persistently southerly winds 

which prevail during the summer months (Pearce 1997, Pearce et al. 2015). During the winter months, the 

monthly mean currents are almost entirely southward at up to 10 cm/s as the alongshore pressure gradient 

overcomes the more variable wind regime (e.g. Steedman & Associates 1981; Cresswell et al. 1989; 

Pattiaratchi et al. 1995, Pearce et al. 2006a). The seasonal transitions between the two flow directions 

typically commence in about April and August/September. Further out on the shelf, the seasonal pattern is 

equally consistent (Figure 4.19b) although the monthly mean current speeds are up to ± 30 cm/s. 

 At the time of peak larval recruitment at Rottnest Island in March/April (P1 and Figure 4.11), the 

currents along the continental shelf are still dominantly northward prior to the seasonal transition to 

southward flow, rarely attaining the 3-4 week mean southward speed of 20 cm/s required to transport larvae 

from the Abrolhos Islands to Rottnest Island within the Abudefduf PVD (P1). The Leeuwin Current, on the 

other hand, is typically strengthening in early autumn with speeds frequently > 20 cm/s (Figure 4.19c). 

 It is most likely, therefore, that the southward larval movement (at least at the time of peak 

recruitment at Rottnest Island in autumn) is accomplished by the Leeuwin Current whereas later during the 

winter months the seasonally stronger southward outer shelf currents could contribute to the transport 

process. As pointed out in P1 and P2, it is feasible that even larvae spawned in Shark Bay could reach 

Rottnest Island under favourable current conditions.  
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Figure 4.19: Monthly mean alongshore current components derived from hourly current measurements 
along the Western Australian coast since the 1970s (modified and updated from P2): (a) the nearshore 
region in water depths of <20 m, (b) the mid- and outer-shelf region (20 to 100 m), and (c) the offshore 
Leeuwin Current (>100 m). Only measurements in the upper half of the water column (with a maximum 50 m 
below the surface) have been used, and months with <360 hours data have been omitted. For multi-
instrument moorings (including ADCPs), only the shallowest measuring level has been used.  
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 As has been described in the Literature Review (Section 2.2) and is also further discussed in 

Section 4.4.3 below, superimposed on the monthly mean currents are highly variable hourly to daily 

fluctuations partly driven by the wind regime. While these are very evident in the moored current meter 

records and can be described in a statistical sense (significant correlations, for example), their true nature 

and potential effects on larval movements are most clearly illustrated in the trajectories of current--tracking 

drifting buoys. As part of a program operated by the Department of Fisheries, a number of such buoys were 

released along the Western Australian continental shelf between 2008 and 2013 and selected trajectories 

(Figure 4.20) reveal important features of the current system -- all were summer releases and so were under 

the influence of the Capes Current to a greater or lesser extent. 

 Two drifters released near the shelf break at ~30°S in December 2012 initially moved northward 

along the shelf, with intermittent southward reversals (Figure 4.20a,b -- although not clear in the Figure, the 

meandering northward drift of #3670 is separate from the small eddy which appears to intersect it at 

29.3°S/114.1°E). Off Shark Bay, both drifters were diverted offshore. #3670 (Figure 4.20b) swung 

southward in the Leeuwin Current for a few days before making 3 circuits of a 100-200 km anticyclonic eddy 

and then continued further offshore. #5170, on the other hand, became entrained into a large and complex 

eddy group just beyond the shelf break before swinging back onto the shelf almost exactly from where it had 

departed, and then ran aground at Shark Bay -- a clear demonstration of the export and import of shelf 

waters (and potentially larvae) and offshore waters.  

 Figures 4.20c, d equally graphically illustrate how two drifters released comparatively close together 

can quite rapidly become entrained into different water masses and current features and then permanently 

separate. The 2 drifters in Figure 4.20c were released almost simultaneously 10 and 20 km off Mandurah 

just south of Perth. The "inner" drifter #9450 (open symbols) followed the Capes Current northward for a few 

days, reversed sharply under a wind change then moved out to the shelf break where transmission 

unfortunately ceased. It's partner #9440 (solid symbols) meandered steadily northward to the shelf break 

after which it headed almost due west into the open ocean, eventually ceasing transmission at 87°E in the 

South Equatorial Current. Drifters #0680 and #9660 were also released almost together just north of Perth 

(Figure 4.20d). The inner drifter (solid symbols) moved directly northward along the inner shelf and ran 

aground near Geraldton, while its offshore partner #9660 (open symbols) was carried westward to the shelf 

break where it became entrained into the Leeuwin Current and was rapidly transported southward virtually 

along the shelf break, around Cape Leeuwin and continued along the south coast, washing ashore at 136°E 

near Spencer Gulf in South Australia. In this way, groups of larvae spawned at different locations across the 

continental shelf (even as little as 10 km apart) can separate early and then be caught up in completely 

different current systems with different outcomes, often representing ultimate mortality of the larvae.  
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Figure 4.20: Trajectories of selected current drifter released along the Western Australian continental shelf 
by the Department of Fisheries (unpublished data, courtesy of the Department of Fisheries). In all cases, the 
hourly or 3-hourly positions are the lines joining the symbols which represent the (midnight) fixes to delineate 
the days. The solid line is the coast and the dashed line the 200 m isobath; the larger open circles are the 
release points. (a, b) Drifters #5170 and #3670 released near the shelf break off Leeman on 21 December 
2012. (c) Drifters #9450 (dashed track) and #9440 (solid track) released 10 and 20 km respectively off 
Mandurah on 12 November 2008. (d) Drifters #0680 (solid track) and #9660 (dashed track) released north of 
Perth on 29 January 2013. 
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4.3.4 Summary of evidence 

 On the basis of the wide abundance of Abudefduf species at the Abrolhos Islands, the observed 

spawning activity there, the sparser and far more northerly distribution of the fish along the mainland coast 

and the seasonal characteristics of both the Leeuwin Current and the shelf current system, it may be 

concluded that the Abrolhos Islands are the most likely source of the juveniles recruiting at Rottnest Island.  

 
4.4 Factors governing arrival and settlement at Rottnest Island 

 The final stage of larval transport from the offshore Leeuwin Current towards (or away from) the 

island is largely governed by the near-surface current regime along the outer continental shelf transitioning 

into potentially important nearshore processes which operate at relatively small spatial (km) and temporal 

(hourly) scales along the south coast. These include short-term variability of the shelf current system and 

any sea and swell patterns induced by diurnal (day-night) land/seabreeze cycles. The circulation is probably 

highly variable because of the complex bathymetry around the island and the interaction between the largely 

wind-driven shelf current system and the adjacent (albeit meandering) Leeuwin Current. 

 Because of the high variability of the local circulation and uncertainties about the larval swimming 

process (both swimming speed and direction-finding ability: see Section 4.4.5)), modelling of the arrival and 

subsequent recruitment of the larvae assumed that all particles/larvae arriving at the boundary of a box 20 

km around Rottnest Island (termed the "arrival box" in P2) were deemed to be potential settlers. This section 

examines processes operating within this 20 km box, focussing on the role of the current system in the 

cross-shelf transport of fish at seasonal, daily and diurnal time-scales. 

 Bearing in mind the ecological importance of the marine environment around Rottnest Island and its 

proximity to the heavily-used Perth metropolitan waters, there have been surprisingly few direct current 

measurements in the immediate vicinity of the island. By far the most comprehensive current measurements 

are from the recently-established IMOS Acoustic Doppler Current Profiler (ADCP) mooring NRSROT at the 

ex-CSIRO monitoring station just west of Rottnest Island, which provides profile measurements of the 

currents showing the vertical shear down the water column. The mooring is some 33 km offshore in about 50 

m nominal water depth on the upper continental slope (Figure 4.2). 

 

4.4.1 Nearshore processes within the "arrival box" at Rottnest Island 

 Hourly alongshore (northward) and cross-shelf (onshore) current components have been derived 

from the original 5-minute and 10-minute records between July 2011 and December 2014, and the daily and 

monthly averages calculated for the ADCP 5 m depth bins centred on 15 m (the shallowest depth with valid 

data), 20 m, etc. down to 45 m near the seabed. For this analysis of larval transport where the larvae are 

presumed to be in the near-surface layer, the focus is on the 15 m depth bin. There were occasional gaps of 

a few days at times of mooring change-overs. Both the seasonal cycle and daily-averaged currents are 

examined in relation to the Abudefduf larval settlement for 2012 and 2013 when there were almost complete 

ADCP current measurements as well as settlement observations. Although there were few surveys in 2014 

(Table 4.3), the NRSROT currents for that year are included here to provide as comprehensive a description 

of the current variability near Rottnest Island as possible.  
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4.4.2 Monthly/seasonal currents 

 In line with previous studies elsewhere along the coast (see Literature Review), the monthly-

averaged near-surface currents just west of Rottnest Island are effectively parallel to the coast, being 

dominantly northward (the Capes Current) in the summer months and southward (Leeuwin Current) in winter 

(Figure 4.19, 4.21), and there is a high level of inter-annual variability underlying the basic seasonal pattern 

(Figure 4.22a). The seasonal transitions generally occur in March/April and between September and 

November (Figure 4.19a,b), monthly mean current speeds often being higher (up to 40 cm/s) and more 

variable in summer than in winter (largely <20 cm/s). At the time of peak recruitment at Rottnest Island in 

early autumn (Figures 4.6, 4.11), the alongshore currents off the Island are in transition between the wind-

driven northward Capes Current and the winter southward flow, and so are relatively weak at the monthly 

scale.  

 By contrast with the alongshore flow which has been comparatively well studied in the literature (see 

Chapter 2 and Section 4.3 above), little attention has previously been paid to the cross-shelf water 

movements. At the ADCP mooring site, the near-surface cross-shelf components (Figure 4.22b) are largely 

(and weakly -- <5 cm/s) onshore much of the time, at least at monthly scales, although periods of offshore 

flow can occur (as in early 2014). There is little evidence of any marked seasonal pattern.  

 

 
 

Figure 4.21: Scatter-plot of monthly mean northward vs eastward current components (15m depth layer) at 
the IMOS Rottnest Reference Station 2011 to 2014. Solid symbols represent winter (June to August) and 
open symbols summer (December to February).  
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Figure 4.22: Monthly mean (a) northward and (b) eastward near-surface current components at the IMOS 
Rottnest Reference Station 2011 to 2014. Gaps represent (generally brief) periods between mooring 
change-overs. 
 

4.4.3 Daily currents 

 Embedded within the monthly mean currents is a high level of variability at daily time-scales 

(Figures 4.19), although still essentially coast-parallel (Figures 4.23, 4.24). In summer, the stronger currents 

are northward at 50-60 cm/s (Figure 4.25a,f, the directions centring on about 10° east of north) and 

marginally stronger southward in winter (Figure 4.25c,d, centring just west of south). Onshore and offshore 

flow centred on 90° and 270° respectively is relatively infrequent and weak. The seasonal pattern is 

nevertheless discernible: while at low current speeds (<10 cm/s) the proportions of northward and southward 

flow are approximately equal in summer and winter (Figure 4.26a, c), stronger currents are dominantly 

northward in the summer months and southward in winter. Peak daily current speeds in summer can exceed 

60 cm/s northward, while the strongest southward currents during the winter months can reach 70 cm/s. 

 The daily cross-shelf components are weaker, largely varying between ± 20 cm/s through the year 

(Figure 4.24b) with an approximately equal onshore-offshore balance (Figure 4.26b, d) and no clear 

seasonal pattern is evident. In terms of larval transport, pelagic juveniles in the near-surface layers can be 

conveyed 20 km shorewards (the dimension of the "arrival box") within a day or two. Equivalently, of course, 

coastal larvae could be transported from the shelf out into the Leeuwin Current where they would 

presumably be carried southward and eventually perish without finding suitable settlement habitat. 
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Figure 4.23: Scatter-plot of daily northward vs eastward current components (15m depth layer) at the IMOS 
Rottnest Reference Station 2011 to 2014. Solid symbols represent winter (April to September) and open 
symbols summer (October to March). 
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Figure 4.24: Daily alongshore (a; upper panel) and cross-shelf (b; lower panel) current components at 15 m 
depth at the IMOS Rottnest Reference Station 2011 to 2014; the large joined symbols are the overall 
monthly means.  
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Figure 4.25: Daily mean current speeds vs. directions at 15 m depth for every second month at the IMOS 
Rottnest Reference Station 2011 to 2014. Northward-parallel flow is to 0° and south-parallel is to 180°. 
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Figure 4.26: Seasonal histograms of the alongshore (a, summer and c, winter) and cross-shelf (b, summer 
and d, winter) current components at 15 m depth at the IMOS Rottnest Reference Station 2011 to 2014. 
Summer is defined as December to February and winter as June to August. The frequencies have been split 
to represent frequencies of the northward flow (positive) separately from the southward flow (negative 
frequencies). 
 

 While it is beyond the scope of this thesis to investigate the detailed dynamics of the current system, 

some basic relationships between the daily currents and the wind field are briefly addressed here. The 

alongshore current reversals occur at variable few-day intervals throughout the year, largely in response to 

the alongshore wind component (Figures 4.27, 4.29). This results in an oscillating alongshore transport 

which can carry larvae both northwards and southwards, sometimes with little net movement over periods of 

days, as shown previously by the current drifters (Figure 4.20). While there can occasionally be periods of 

extended northward flow in summer (e.g. late January 2013 when the flow was persistently towards the north 

at over 40 cm/s, Figure 4.29a), current reversals tend to occur at much shorter intervals, responding to 

fluctuations in the alongshore wind within a day (note the highly significant correlations in Table 4.5) -- 

indeed, often within just a few hours (Cresswell et al 1989).  

 The cross-shelf current components, although generally weaker than the alongshore flow, similarly 

oscillate between onshore and offshore every few days in tune with the alongshore winds (Figures 4.28, 

4.30). Few-day oscillations are evident near the seabed with periodic offshore flow events (often relatively 

strong ~ 30 cm/s) occurring -- the seasonality of this offshore cascading of high density nearshore water 

along the seabed is briefly discussed in Section 4.6.  
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Table 4.5: Correlation of the daily alongshore current components at 15 m depth with the daily alongshore 
wind from the Rottnest Island weather station in summer (Jan-Feb-Mar) and winter (Jul-Aug-Sep), at 
leads/lags of up to ±4 days -- positive lags represent current lagging wind. There were about 300 daily values 
in 2011-2014 in each season -- bolded values indicate correlations significant at p<0.001. 
 --------------------------------------------------------------------------------------------------------------------------------------- 
  Lag (days) Summer  Winter 
 
 -4   -0.031     0.013  
 -3   -0.158    -0.014  
 -2   -0.080    -0.093  
 -1    0.177     0.017  
  0    0.535     0.527  
  1    0.672     0.552  
  2    0.395     0.129  
  3    0.063    -0.101  
  4   -0.100    -0.045  
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Figure 4.27: Daily averaged alongshore current components at the IMOS NRSROT Rottnest station mooring 
west of Rottnest Island in 2012. The 15 m (near-surface) current is shown in red, the 45 m (near-bottom) in 
blue, and the alongshore wind component from the Rottnest Island Automatic Weather Station in black, 
scaled by the "rule-of-thumb" factor of 3% to "match" the current speed values. The vertical bars are the 
square-root of Abudefduf counts for new recruits of both species combined; axis scale 0 to 40 (not shown). 
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Figure 4.28: As in Figure 4.27 but for the cross-shelf current components in 2012. the 15 m (near-surface) 
current is shown in red, the 45 m (near-bottom) in blue, and the alongshore wind component from the 
Rottnest island Automatic Weather Station in black, scaled by the "rule-of-thumb" factor of 3% to "match" the 
current speed values. 
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Figure 4.29: As in Figure 4.27 but for 2013. 
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Figure 4.30: As in Figure 4.28 but for 2013. 
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 The progressive rise in recruitment at Parker Point and subsequent fall later in the year are evident 

in Figures 4.27 to 4.30.  On almost all occasions when new arrivals were sighted in 2012 and 2013 

(represented by the vertical bars in the Figures), there had been an onshore current component at the 

NRSROT mooring site over the previous few days. The quasi "particle-following" PVDs of Figure 4.31 and 

4.32 (which more clearly depict the actual water movements) show a variety of current patterns over the few 

days leading up to the settlement observations. On most occasions, there was a net onshore transport over 

the few days immediately prior to the settlement survey, and the current was also frequently from the south, 

implying that the juveniles had crossed onto the shelf south of Rottnest Island and then been carried 

northwards along the shelf towards Parker Point by the Capes Current. Directly relating the settlement to the 

daily currents is, however, inconclusive because:  

* the natural temporal and spatial (both horizontal and vertical) variability in the complex flow regime 

immediately around Rottnest Island including nearshore flow along the south coast of the island; 

* the days-weeks intervals between the fish surveys at Parker Point (Table 4.1);  

* how long any new settlers had actually been there before they were sighted and counted; 

* the contribution of the juvenile swimming capacity in seeking settlement habitat, including directional cues 

which may be aural, olfactory, or unknown (see Section 4.4.5 below). 
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Figure 4.31: Progressive Vector Diagrams (PVDs) for the daily currents at 15 m depth over the 10 days prior 
to the dates (larger black squares) when new recruits were observed at Rottnest Island in 2012, starting at 
the circle (coordinates 0, 0).  
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Figure 4.32: Progressive Vector Diagrams (PVDs) for the daily currents at 15 m depth over the 10 days prior 
to the dates (larger black squares) when new recruits were observed at Rottnest Island in 2013, starting at 
the circle (coordinates 0, 0). Where possible, the x- and y-axis scale lengths were maintained constant at 
100 and 150 km respectively but the January, February, April and October PVDs had larger particle 
excursions and therefore required different axis scales 
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4.4.4 Diurnal variability  

 The daily-averaged currents (Section 4.4.3) can carry the arriving juveniles 20 to 40 km alongshore 

and perhaps half that distance across the shelf within a day, but there are also smaller-scale current 

fluctuations which can occur on say hourly time-scales and can on occasion be appreciable as part of a 

diurnal signal. The current measurements show, however, that there is no consistent diurnal pattern in either 

summer (represented as an example by January 2012, the solid lines in Figure 4.33a-c) or winter (July 

2012, Figure 4.33d-f). While the variability is often fairly small  (e.g. 8th to 10th and 26th to 28th January in 

Figure 4.33a,c and 16th to 18th July in Figure 4.33e in which case the daily averages are reasonably 

representative of the water movements on those days), large changes of up to 40 cm/s can occur during a 

day -- note the sudden and brief offshore surge overnight on 4th/5th January (Figure 4.33a) and the complete 

offshore-to-onshore reversals of similar magnitude on 6th January (Figure 4.33a) and 4th July (Figure 4.33d). 

There is no evidence of any regular tidal current component because of the low ("micro") tidal regime along 

the lower Western Australian coast (Masselink 1996). 

 There is also no consistent hourly alongshore wind cycle (dashed lines in Figure 4.33) in either 

January or July, although an intermittent signal is discernible between (for example) 9th and 14th January 

(Figure 4.33a,b), 4th and 6th July (Figure 4.33d) and 18th and 21st July (Figure 4.33e,f). The diurnal cross-

shelf cycle (dotted curve in Figure 4.33) is more distinctive through most of January and (weakly) on some 

days in July, indicating the expected offshore tendency in the mornings and an onshore pulse after mid-day.  

 By averaging the hourly wind components on each day and night hour to produce the monthly mean 

diurnal cycles for 2012 (see caption to Figure 4.34), well-defined northward and eastward (onshore) pulsing 

in the winds emerge as the winds switch around mid-day between the morning westward land-breeze and 

the eastward sea-breeze, and then swing back again during the night hours. The range (twice-amplitude) of 

the diurnal cycle is about 5 m/s for both components in summer and about half that in winter. This cycling is 

strongest between about October and March, but partly dissipates in winter. The Perth sea breeze system is 

described in detail by Masselink & Pattiaratchi (2001). 
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Figure 4.33 (a to c): Hourly cross-shelf current components at 15m depth at the IMOS NRSROT reference 
station (solid line; cm/s), and the hourly alongshore (dashed) and cross-shelf (dotted) wind components 
(m/s) from the Automatic Weather Station at Rottnest Island for each day in January 2012. 
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Figure 4.33(d to f): Hourly cross-shelf current components at 15m depth at the IMOS NRSROT reference 
station (solid line; cm/s), and the hourly alongshore (dashed) and cross-shelf (dotted) wind components 
(m/s) from the Automatic Weather Station at Rottnest Island for each day in July 2012. 
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Figure 4.34: Monthly mean alongshore (dashed: northward positive) and cross-shelf (dotted: onshore 
positive) wind components from the Automatic Weather Station at Rottnest Island for each month in 2012, 
derived by averaging all the monthly values at 1am, 2am, 3am etc. in each month. Each vertical line 
demarcates the 24 hours of January, February, etc to December. Wind data courtesy of the Australian 
Bureau of Meteorology. 
 

 This strong diurnal cycling in the winds is reflected in wave measurements undertaken by the 

Western Australian Department of Transport at a wave-measuring buoy located on the outer continental 

shelf south-west of Rottnest Island. The wave field comprises both long period swell coming in from the 

Southern Ocean and short period "sea" locally generated by the wind field, the threshold between sea and 

swell being defined as a wave period of 8 seconds -- both sea and swell are potential contributors to the 

suggested nearshore current running along the southern coast of Rottnest Island. The wave height and 

period characteristics in mid-summer and mid-winter 2012 are presented here as examples of the wave 

regime operating offshore from the Island, with a broader description following.  

 During the summer months represented by January (Figure 4.35a), the short-period sea waves 

largely come in from 180° to 240° (although clearly centred from the south-west at 225°) but sometimes 

moving across from the coast towards the open ocean as weather systems pass through the area. In winter 

(Figure 4.35c), the sea can run from any direction sector although dominantly from 225° to 270° (southwest 

to west). Hourly sea heights are generally between 0.5 and 2 m. By contrast, the longer-period swell is 

always in a much narrower band -- entirely from 225° to 270° (i.e. from the south-west to west throughout the 

year (Figure 4.35b, d). Swell heights are generally <2.5 m in summer (Figure 4.35d), but can approach 4 m 

in winter (Figure 4.35d).  

 Averaging the hourly sea and swell heights for each month (as for the winds -- Figure 4.34) monthly-

averaged sea heights over the full year show a clear diurnal pattern between October and March with a 

range (twice-amplitude) of ~50 cm from a mid-day trough to peak after nightfall or the afternoon (Figure 
4.36a), driven by the sea-breeze wind cycle. In winter, on the other hand, the diurnal cycle is weak and 

effectively non-existent. Sea directions oscillate diurnally around the south-westerly direction (~225°, Figure 

4.36b) being more evident in some months than in others. Similarly, the monthly mean swell heights (Figure 

4.36c) do not show any consistent pattern other than peaking in late winter; swell direction is almost constant 
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throughout the year (Figure 4.36d).  

 Despite their variability, both diurnally and seasonally, these local wind-driven sea and swell 

conditions appear to play a role in conditions affecting settlement at Parker Point. Combined with the diurnal 

sea-breeze cycle, the longer-period swell rolling in from the Southern Ocean would set up a diurnally-varying 

shorewards surface transport approaching Rottnest Island from the west- to south-west sectors, particularly 

during summer afternoons when the sea-breeze cycle is strongest. This wave-induced transport would force 

an eastward flow along the south coast of the island, very likely contributing to the transport of newly-arriving 

recruits along the south coast of the island -- in a modelling study of the western rock lobster, Feng et al. 

(2011) found that wave-driven Stokes drift was an essential factor in retaining sufficient lobster larvae near 

the coast prior to settlement. Further, the stream of oceanic water (possibly accumulating plankton during its 

passage from the west along the coast) would support BH's (pers.comm.) observations that the incoming 

plankton provides some of the food for the fish communities at Parker Point. 

 

 
 
Figure 4.35: Hourly sea (left panels) and swell (right panels) heights plotted against wave direction at the 
Wave-Rider buoy in 48 m water depth south-west of Rottnest Island for (a, b) January and (c, d) July 2012. 
Data courtesy Western Australian Department of Transport. 
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Figure 4.36: Monthly mean diurnal cycles of (a) sea height, (b) sea direction, (c) swell height and (d) swell 
direction for 2012 at the Wave-Rider buoy south-west of Rottnest Island. Each vertical segment represents a 
calendar month January to December, and each line segment within the month represents the 24-hours of 
height or direction. Note the different y-axis scales in (a) and (c). Data courtesy Western Australian 
Department of Transport.  
 

4.4.5 Swimming capacity of late-stage larvae 

 It is assumed here that many of the arriving juveniles at Rottnest Island may be viewed as late-stage 

presettlement larvae which are highly competent swimmers, able to seek and find suitable settlement habitat 

and to avoid predation during these highly vulnerable pre- and post-settlement phases at the end of the 

pelagic larval migration (Fisher et al. 2005). However, as pointed out by Leis & Carson-Ewart (2002), field 

observations of larval fish showed that their behaviour is in fact highly variable even in close proximity to a 

reef system, with different behaviour patterns between species. Water temperature can also be an important 

factor in swimming ability because of its effect on the physiology of the larvae (von Herbing 2002). The ability 

of late-stage larvae to "home in" on a reef system may well be aided by a variety of guiding  "cues" which 

can include auditory, olfactory or chemical abilities (Wright et al. 2005, Parmentier et al. 2010, Radford et al. 

2011). 

 As one example, a sample of larval A. vaigiensis (total length 17.4 mm) were found in laboratory 

experiments to have a critical swimming speed (maximum swimming speed) of 46 cm/s (Fisher et al. 2005) 

although this was unlikely to be achieved in normal sustained swimming modes in the field -- indeed, Hogan 

& Mora (2005) express caution in the use of many published estimates of swimming speed as larvae can 

modify their behaviour to suit the particular environment they are in at the time. 

 Considering all these factors, it is unnecessary for present purposes to attempt to further quote 

specific swimming speeds likely to be achieved by Abudefduf juveniles in their final movement across the 

continental shelf and quest for appropriate settlement habitat at Parker Point. Suffice to say that many 
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quoted swimming speeds are of similar magnitude to currents measured along the Western Australian 

continental shelf and should therefore provide no effective hindrance to the newly-arriving fish.  

 
4.5 Potential for a southward range extension of the species 

 Against a backdrop of progressively rising ocean temperatures off Western Australia (Pearce & Feng 

2007, Caputi et al. 2009, Feng et al. 2012), illustrated by the ~1°C increase over the past century or so (P4) 

effectively implying a southward shift in the temperature regime (Lough 2008), the question may be raised 

about whether a southward range extension of the species from the Abrolhos Islands to Rottnest Island 

could take place. Breeding has been observed at the Abrolhos Islands but not at Rottnest Island (with a 

possible recent exception outlined below), and the establishment of a breeding population at the Island could 

be viewed as a potential range extension. The observed population of Abudefduf spp. at Rottnest Island is 

presently maintained by regular southward advection of pulses of new recruits from the Abrolhos Islands (or 

possibly even Shark Bay -- P1) by the Leeuwin Current, peaking each autumn (Figure 4.11). A local 

breeding population at Rottnest Island may be able to sustain an Abudefduf community there, albeit 

continuing to be enhanced by pulses of new recruits from the north, and thus to some extent de-couple the 

Rottnest Island population from the essential role the Leeuwin Current presently plays. 

 While many factors are involved in whether a species does undergo a shift in range (e.g. Feary et al. 

2014), temperature is an important component and will be examined here by comparing the seasonal 

temperature regimes at the Abrolhos Islands and Rottnest Island to ascertain whether the latter are 

"marginal" in the sense of being at either the spawning or over-wintering survival thresholds. 

 

4.5.1 Threshold temperatures for Abudefduf spawning and over-wintering survival 

 Water temperature plays a major role in the development and survival of marine fish (Munday et al. 

2009), with warmer conditions having both positive and negative effects on factors such as reproduction, 

larval growth and development inter alia.  

 Using (1) local water temperature measurements (Pearce et al. 1999, and recent unpublished data), 

(2) the few literature references to Abudefduf spawning temperatures and (3) indirect estimates of the 

spawning temperature range for the local Abudefduf species by back-tracking from the observed recruitment 

events at Rottnest Island to the assumed spawning about a month earlier at the Abrolhos Islands (based on 

a week between spawning and hatching (Shaw 1955) followed by a ~3 week pelagic transport period to 

Rottnest Island), P4 concluded that an appropriate spawning temperature range was ~19° to 27°C (Figure 

4.36)  

 The over-wintering survival of maturing Abudefdufs at Rottnest Island would be equally highly 

temperature-dependent. In field studies off the east coast of Australia, Figuera et al. (2009) and Figueira & 

Booth (2010) found there was almost complete mortality of A. vaigiensis at temperatures below about 17°C 

(although laboratory fish could survive down to 15°C -- Booth et al. 2011), and there were no survivors of A. 

sexfasciatus below 18 °C. A survival threshold of 17°C will be assumed here. 
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Figure 4.37: Scatter-plot of recruitment of A.sexfasciatus (solid diamonds) and A. vaigiensis (open 
diamonds) recruits in the Sanctuary Zone at Parker Point against monthly-averaged temperature logger 
measurements at Rat Island in the previous month. Note the square root scale. Reproduced from P4.   
 

4.5.2 Local temperature measurements 

 The suggested temperature ranges for Abudefduf spawning and over-wintering off Western Australia 

can be compared with local water temperature measurements at the Abrolhos Islands, Rottnest Island and 

also Cape Mentelle (Figure 4.1) -- due to the proximity of the Leeuwin Current to the coast in the last-named 

area, conditions there are more "oceanic" than coastal and could be suitable for a further (future) range 

extension. 

 P4 found that monthly mean temperatures at the Abrolhos Islands peaked at ~24°C in 

February/March and dropped to a winter minimum of ~20°C in September (Figure 4.38a). During the marine 

heat wave of early 2011 (P3, P4) reached record levels including a brief spike in daily temperatures to 28°C 

at Rat Island at the end of February. Such warm conditions may well have contributed to stronger larval 

supply and better larval condition, and consequently (with the very strong Leeuwin Current operating at the 

time) contributed to the record Abudefduf recruitment at Rottnest Island in early 2011. 

 A similar seasonal cycle exists some 300+ km further south at Rottnest Island (Figure 4.38b). 

Regular temperature logger measurements have only been made at Parker Point on the south coast of 

Rottnest Island since 2010 and this 4 year record was almost certainly biased by the record high 

temperatures during the recent summer heat waves. However, better estimates of the true seasonal cycle 

can be obtained from earlier satellite-derived monthly temperatures over a 7-year period at Parker Point 

(Pearce et al. 2006b). The annual temperature cycle ranged from ~23°C in April to a winter trough of ~19°C 

between August and October. During the winter months, the monthly temperatures at Parker Point fell to the 

19°C Abudefduf spawning threshold and daily temperatures (Figure 4.39b) indicated that on many days 

between June and October the water was in fact probably too cool for spawning (P4). However, at no time 

did the temperature at Parker Point drop below the assumed mortality threshold of 17°C. 

 It appears therefore that the temperature regime at Rottnest Island is suitable for spawning for much 

of the year, and there are only brief periods when it fell below the survival threshold of 17°C. Although the 

winter water temperatures at Parker Point were always above the survival threshold, the number of mature 
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adult fish surviving in most years prior to the heat wave was relatively small (open symbols in Figure 4.11). 

However, the record Abudefduf recruitment at Parker Point associated with the sequence of extreme events 

between 2011 and 2013 saw record large numbers of mature fish of both species surviving through 2012 

and 2013 (filled symbols in Figure 4.11). 

 

 
 

Figure 4.38: Monthly mean temperatures from temperature logger measurements at (a) Rat Island (offshore, 
solid) and Dongara (coastal, dashed), (b) Parker Point (Rottnest Island -- offshore, solid) and Warnbro 
Sound (coastal, dashed), and (c) Cape Mentelle (solid) and Busselton (dashed). The straight lines at 17° 
(dashed) and 19°C (solid) represent the assumed minimum temperature thresholds for survival and 
spawning respectively.  
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Figure 4.39: Daily mean temperatures from temperature logger measurements between 2002 and 2014 at 
(a) Rat Island, (b) Parker Point (Rottnest Island and (c) Cape Mentelle (solid) and Busselton. The straight 
lines at 17° (dashed) and 19°C (solid) represent the assumed minimum temperature thresholds for survival 
and spawning respectively.  
 

 While the Abrolhos Islands and Rottnest Island are the two main offshore island groups between 

Shark Bay and Cape Leeuwin (Figure 4.1), very unusual and interesting oceanographic conditions prevail 

further south at the Capes coastline immediately north of Cape Leeuwin. During the winter months, the warm 

Leeuwin Current flows southward relatively close inshore in that region, then in summer it weakens and 

moves further offshore to be replaced by the wind-driven northward and cooler Capes Current (Pearce & 

Pattiaratchi 1999, Gersbach et al. 1999). At Cape Mentelle on the Capes coast (Figure 4.1), monthly mean 
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temperatures peak at 21.6°C in March and the winter trough of 17.8°C is in September, whereas in the more 

sheltered shallow waters at Busselton, the summer peak of 22.3°C occurs in February and the winter trough 

of 15.0°C is in July (Figure 4.38c). This contrast between the 2 coastal locations at approximately the same 

latitude is very reminiscent of that at the offshore island groups further north and the mainland coast. Bearing 

in mind that modelling (P2) has indicated that particles/larvae from the Abrolhos Islands could easily reach 

Cape Leeuwin within the 3-week Abudefduf larval phase, it may be speculated whether the species could be 

found along that poorly studied Capes coast in the future. Even the winter temperatures at Cape Mentelle 

are above the over-wintering survival threshold of 17°C although some individual days fall well below this 

limit (P4; Figure 4.39c) which may be lethal for the species. Should a breeding population become 

established at Rottnest Island as suggested above as a possibility, this could conceivably seed a further 

southward migration of Abudefduf larvae to the Capes region in strong Leeuwin Current years. It is 

noteworthy that isolated individuals of A. sexfasciatus larvae were sighted for the first time at Busselton Jetty 

during the extremely strong Leeuwin Current in early 2011 and then again in 2012 although they didn't 

survive the winter. 

 As large areas of reef habitat around Rottnest Island appear to be suitable for spawning and nesting 

(BH pers.comm.) and therefore potentially for building a breeding population, the combination of favourable 

water temperatures and abundance of sexually mature fish over-wintering at the Island in recent years 

perhaps raises the question as to why a breeding population has not yet become established (even 

temporarily -- Feary et al. 2014) at the Island as a southward range extension of Abudefduf species.  

 The one instance of possible courtship activity of A. sexfasciatus was a recent observation just east 

of Parker Point in March 2015 by Tropiano (2015). There were breeding colouration changes and repeated 

dives into a crevice in the reef where the nest may have been concealed (similar to those described for A. 

saxatilis by Albrecht 1969). Three months later, a 1.5 cm A. vaigiensis larva was sighted (and photographed) 

at the Busselton Jetty Underwater Observatory where it survived for 3 weeks before disappearing during a 

storm (Sophie Teede, unpublished observation). Its small size suggests that the origin could have been 

Rottnest Island although it may equally have come from the Abrolhos Islands -- modelling studies (P2) 

showed that larvae from the Abrolhos Islands could extend as far south as Busselton within the PLD. 

 

4.6 Vertical structure of the flow along and across the continental shelf 
 The environmental conditions discussed above have focussed specifically on the near-surface ocean 

currents and local water temperatures relevant to the transport and observed recruitment of new Abudefduf 

juveniles at Rottnest Island. In this section, current profile measurements are briefly described as vertical 

current shear has a potential role in the subsurface transport of fish and invertebrate species -- pelagic eggs 

and larvae at different depths below the sea surface may be subject to very different current conditions.  

 Monthly mean alongshore and cross-shelf components from the IMOS NRSROT current mooring 

west of Rottnest Island, which has over 3 years of near-continuous records, show the strong seasonal signal 

in both component directions (with some inter-annual variability -- Figure 4.40), as does the overall 3.5 year 

mean flow (Figure 4.41).  

 The alongshore flow, in fact, exhibits very little vertical shear during the winter months, although in 

summer the northward currents decrease steadily down the water column from almost 20 cm/s near the 

surface to < 5 cm/s near the seabed, the seasonal transitions (as seen previously) occurring in about 

April/May and September/October (Figure 4.40a).  
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 The cross-shelf flow, on the other hand, has appreciable vertical shear in both summer and winter 

(Figures 4.40b, 4.41b). Every summer there is an onshore flow of bottom water towards the coast, 

presumably the normal upwelling-like response of the water column to the persistent northwards wind stress. 

During the winter months, largely between April and October, there is an increasingly strong flow cascade 

offshore along the seabed resulting from differences in water density between the nearshore and offshore 

waters (Pearce et al. 2006a, termed a Dense Shelf Water Cascade by Pattiaratchi et al. 2011). This provides 

a seasonally active cross-shelf exchange mechanism exporting dense nearshore water offshore. At the 

current mooring, the monthly mean cascade flow peaks at ~15 cm/s in June, matching other studies (e.g. 

Pattiaratchi et al. 2011 quote 10 to 20 cm/s).  

 

 

 

 
 
Figure 4.40: Monthly mean (a) alongshore and (b) cross-shelf current components at the IMOS NRSROT 
reference station mooring in ~50 m water depth off Rottnest Island between August 2011 and December 
2014. The colours represent 5 m depth bins centred at 15 m (brown), 20 m (red), 25 m (yellow), 30 m (light 
green), 35 m (dark green), 40 m (pale blue) and 45 m (dark blue). 
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Figure 4.41: Overall monthly mean (a) alongshore and (b) cross-shelf current components at the IMOS 
NRSROT reference station mooring in ~50 m water depth off Rottnest Island between August 2011 and 
December 2014. The colours are as in Figure 4.40. 
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Chapter 5: Summary and Conclusions  

 The objectives of this thesis as stated in the Introduction have effectively been met and are 

addressed individually here, followed by more general comments. There has been some inevitable degree of 

speculation because of insufficient information to fully resolve a few of the aspects which have been 

addressed.  

 

5.1 Seasonal and inter-annual variations of Abudefduf recruitment at Rottnest Island 

 While previous research (using many less observations) had shown that recruitment at Rottnest 

Island peaks in autumn, when the Leeuwin Current is traditionally strengthening, and that there is a high 

level of inter-annual variability, new updated results presented here have clarified the seasonal cycle, 

showing a strong and consistent rise during summer followed by a peak in autumn (generally between March 

and May), after which recruitment tails off steadily until the end of the year. This points to a regular larval 

supply from the source area and implies that spawning must be taking place through most of the year there, 

bearing in mind the approximately week long hatching period and the 3 week PLD (pelagic larval duration), 

after which the larvae must either find suitable habitat to settle or presumably perish. A modelling study, 

during which equal numbers of particles/larvae were released weekly at the Abrolhos islands, yielded a 

strong seasonal peak in settlement at Rottnest Island within a month of the observed peak, pointing to the 

role of the current system in the transport process (Section 5.2).  

 In common with most fish recruitment studies, there is also a high level of inter-annual variability, 

with large fluctuations from year to year, with exceptional record settlement levels between 2011 and 2013 

during and after the marine heat wave of early 2011. The value of such consistent long-term larval 

monitoring cannot be too strongly emphasised. 

 

5.2 The source of the larvae 

 Again, previous work had speculated that the larval source is probably the Abrolhos Islands some 

300 km to the north, where the fish are both prolific and breeding activity has been observed, whereas no 

such behaviour had ever been sighted at Rottnest Island nor along the adjacent mainland coast. A new 

compilation of the island and coastal sightings of Abudefduf spp. over recent years has shown that no 

resident populations appear to exist on the mainland coast south of Jurien Bay, and even there the sightings 

have been at best sporadic. Further, an analysis of the alongshore currents on the continental shelf has 

indicated that, at least at the time of peak recruitment, the seasonally-reversing shelf currents are unlikely to 

transport larvae to Rottnest island within the pelagic larval duration for the species whereas the Leeuwin is in 

fact strengthening at that time. 

 This supports the case that the Abrolhos Islands almost certainly provide the bulk of the larval supply 

for Rottnest Island, although Shark Bay cannot be discounted as a possible but less likely alternative. 
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5.3 The main oceanographic processes governing the larval migration 

 As outlined above, the most likely transport mechanism is the Leeuwin Current, flowing southward 

along the south-western shelf break, albeit with periodic offshore anticyclonic meanders which divert the 

warm water in large (~200 km) loops. Modelling work has nevertheless suggested that although larvae 

released at the Abrolhos Islands can be carried well offshore in these meanders, they can still return towards 

the coast and arrive successfully at Rottnest Island within the PLD for the species. The modelling also 

indicated that particles/larvae released at the Abrolhos Islands can, under the most favourable 

circumstances, reach Rottnest Island within about 10 days and many are carried southward as far as the 

Cape Naturaliste/Cape Leeuwin region within the PLD. 

 For this study, the simple sea level proxy has been used for the strength of the Leeuwin Current, and 

has shown highly significant correlations with El Niño/Southern Oscillation (ENSO) events and sea surface 

temperatures as well as with Abudefduf recruitment levels at Rottnest Island (Section 5.1). In particular, 

during La Niña periods when the Southern Oscillation Index is high, high sea levels indicate a strong 

Leeuwin Current (bringing down more larvae from the Abrolhos Islands) and higher water temperatures, 

whereas the opposite tends to be the case during El Niño events. This was especially evident during the 

unprecedented marine heat wave in early 2011 when the Leeuwin Current was at near-record strength and 

water temperatures were regionally 5°C above normal long-term averages. 

 The seasonally-reversing currents along the mid- to inner continental shelf are generally much 

weaker than those in the Leeuwin Current. During summer, the Capes Current is driven northwards along 

the inner shelf by the strong and persistent southerly wind stress, while in winter the flow tends to be 

southwards, the seasonal transitions taking place in about April and October. Throughout the year, however, 

current reversals occur within days and even hours, and local current speeds can briefly exceed 50 cm/s 

both alongshore and across the continental shelf -- providing an active exchange of water (and larvae) 

between the nearshore and offshore waters.   

 Attempts to relate individual settlement events to the local currents proved inconclusive, largely 

because of the intermittent nature (weekly to monthly) of the larval monitoring and because of the high 

temporal and spatial variability of the shelf current system. This was well illustrated by the current drifter 

studies, where drifters released in relatively close proximity often moved in opposite directions -- in one 

instance, a nearshore drifter moved northwards in the Capes Current while its offshore neighbour was 

rapidly entrained into the Leeuwin Current and transported southwards along the shelf break. Such small-

scale variability presents a challenge to modellers.  

 While the dispersing larvae in this study are believed to remain in the near-surface water layer, a 

brief analysis of the vertical shear down the water column revealed the pronounced offshore cascade which 

occurs during the winter months resulting from density differences between the nearshore and offshore 

waters. This has important implications for larvae at different depths below the surface, those near the 

seabed potentially being rapidly exported from the shelf as pulses of downwelling/cascading can occur on 

time scales of days.  
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5.4 The potential for a range extension of the damselfish species to Rottnest Island 

 With progressively rising water temperatures at both the Abrolhos Islands and Rottnest Island (~1°C 

over the past century), future temperatures at Rottnest Island will likely become more like those presently 

prevailing at the Abrolhos Islands. The recent huge recruitment pulses at Rottnest Island following the 2011 

heat wave have resulted in strong over-wintering survival of mature fish, leading to speculation whether a 

range extension of the species to Rottnest Island is possible, defined here as the establishment of a 

breeding population at the Island. For this to be a possibility, it would be necessary (admittedly among many 

other factors) for both a minimum spawning temperature threshold and a winter survival threshold for the 

species to be demonstrated  

 A spawning range of 19° to 27°C has been derived for local Abudefduf species based on the little 

literature information available for A. saxatilis (a closely related Atlantic species) and by back-tracking 

Rottnest recruitment observations to presumed spawning events at the Abrolhos Islands about a month 

earlier. A minimum (over-wintering) survival threshold of 17°C is based on information from the Australian 

east coast. Local water temperature measurements at Rottnest Island indicate that these thresholds are 

largely met at Rottnest Island except in mid-winter, so it appears that temperature conditions alone are 

suitable for both over-wintering survival of mature fish and for spawning for much of the year. Spawning-like 

activity has in fact been recently observed at Rottnest Island for the first time but the wider implications of 

this are unclear. 

5.5 Some final comments and suggestions for future research 

 There is no doubt that the statistically quantitative relationships between recruitment levels at 

Rottnest Island and the main environmental variables have only been possible because of the relatively long-

term nature of the monitoring effort. This is more difficult for biological indicators, such as settlement or catch 

rates largely because of personnel availability and effort and because ship-based sampling is so expensive, 

than for physical variables which can be automatically recorded for extended periods.  

 For the Abudefduf study in particular, two gaps stand out. Despite their abundance at the Abrolhos 

Islands, very little is known about where spawning takes place there, any seasonality (although recruitment 

patterns at Rottnest Island may be a guide) or inter-annual variability. The suggestion that spawning may in 

fact have recently been observed at Rottnest Island would also be worth following up by a more dedicated 

exploration for nesting sites and/or nest-guarding behaviour at the Island. 

 While in an overall sense, the sea level proxy for the strength of the Leeuwin Current is appropriate 

for many studies, for many species with pelagic spawning behaviour the location of the spawning may 

depend crucially on the location and seasonal timing of those events. Spawning along the inner shelf may 

favour retention of the eggs and larvae within the limits of the fishery compared with spawning near the edge 

of the continental shelf where entrainment into the Leeuwin Current can lead to rapid offshore dispersal and 

loss to the system. Similarly, larvae near the water surface may move in a different direction to larvae much 

deeper in the water column, particularly for winter spawners. This points to the need for more extensive 

knowledge of the spawning habits (seasonality, location, depth in the water column) of many of the 

commercial and recreational fish species off Western Australia. 
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