THE OCEANIC PREYFIELD AVAILABLE TO
OFFSHORE FORAGING SEABIRDS OF THE
ABROLHOS ISLANDS, WESTERN
AUSTRALIA

A thesis submitted in completion of the requirements for the degree of Bachelor of
Science (Honours) in Marine Science
November 2015

Max Malcolm Wellington
B.Sc

Supervisor: Prof. Lynnath Beckley
School of Veterinary and Life Sciences
Murdoch University, Western Australia

DECLARATION

I declare this thesis is my own account of my research and contains as its main content
work which has not been previously submitted for a degree at any tertiary education
institution

……………….…………………
Max M. Wellington
2nd November 2015

ABSTRACT
The Abrolhos Islands in the south-east Indian Ocean host large breeding colonies of
tropical seabirds such as sooty terns, wedge-tailed shearwaters and brown noddies.
These birds forage widely for epipelagic and mesopelagic prey in the waters of the
surrounding south-east Indian Ocean. In this study, an opportunistically collected set of
night-time surface plankton samples from waters off the Abrolhos Islands was
examined to ascertain the distribution and abundance of potential prey items available to
seabirds and linked to concurrently recorded oceanographic conditions. A wide
diversity of macro-zooplankton including larval and juvenile fishes, cephalopods and
phyllosoma was found in the surface plankton samples including numerous species
previously identified in the diets of the seabirds. Larvae and juveniles of oceanic mesopelagic fishes such as Myctophidae, Phosichthyidae and Gonostomatidae dominated the
samples although a range of neritic fish species were also recorded.

The warm,

southward flowing Leeuwin Current was prevalent over the study area and the
associated field of meanders, anti-cyclonic and cyclonic meso-scale eddies added
considerable oceanographic complexity.

Sea-surface temperature and fluorescence

explained some of the variation in surface fish assemblages and, likewise, delineated
oceanographic features were also found to have a moderate structuring effect on surface
fish assemblages.

Interestingly, larvae and post-larvae of the beaked salmon

Gonorynchus greyi, a neritic fish species and known preferred prey species, were
particularly abundant in an anti-cyclonic eddy located 150 km beyond the shelf-edge.
This species has a long pelagic larval duration of up to three months and the westward
trajectories of anti-cyclonic eddies may facilitate supply of this prey species to the
offshore foraging areas of some seabirds.

Use of remotely sensed sea-surface

temperature, altimetry and chlorophyll a imagery could assist in the delineation of these
oceanographic features, to aid further investigations of seabird foraging and prey
availability.

iii

A selection of images taken during 2015. Top - Abrolhos Islands (Wallabi Group);
middle left - IMOS image of oceanography during 2011; middle right - sooty tern;
middle – a beaked salmon; bottom right – squid paralarvae; and bottom left – a
lanternfish.
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1.0 INTRODUCTION
Many studies of seabird demography have reported correlations with climatic and
oceanographic variables which can drive changes in prey availability (Drent and Daan,
1980; Monaghan et al., 1989; Aebischer et al., 1990; Ballance et al., 2006; Monticelli et
al., 2007; Gremillet and Boulinier, 2009; Ainley and Hyrenbach, 2010). Analyses of
seabird diets have demonstrated the influence of changes in physical ocean conditions
on the prey taken and how this can drastically affect seabird populations (Rindorf et al.,
2000; Quillfeldt et al., 2005; Ito et al., 2009; Surman and Nicholson, 2009a; Kitaysky et
al., 2010; Ancona et al., 2012).

The response of seabirds to environmental and

ecological change has made them popular as indicators of the marine environment (Piatt
et al., 2007; Mallory et al., 2010). However, relationships between seabirds and the
environment are rarely straightforward, with different responses between seabird
species due to species-specific life history characteristics and foraging ecology
(Chambers et al., 2011; Sydeman et al., 2012; Chambers et al., 2015). In order to
unravel this complexity, it is necessary to investigate the links between seabirds, prey
and oceanographic conditions (Ballance et al., 2006; Sydeman et al., 2012; Santora et
al., 2014).
1.1 Factors influencing seabird prey availability
The availability of prey to seabirds is largely dependent on the biological characteristics
of the prey species. The majority of items consumed by surface-dipping seabirds are
epipelagic fishes (mostly larvae, post-larvae and juveniles), squid and other macrozooplankton (Seki and Harrison, 1989; Ballance and Pitman, 1999; Gaughan et al.,
2002; Surman and Wooller, 2003; Jaquemet et al., 2008; Catry et al., 2009; Dunlop,
2011). For marine fishes, in particular, planktonic early life history stages are found in
epipelagic waters for some period of time (Moser et al., 1984; Cowen and Sponaugle,
2009). The pelagic larval duration (PLD) has a significant influence on the distribution
of these planktonic organisms and how long they are available as potential prey for
seabirds (Shanks, 2009).
1

The location and abundance of fish larvae is largely determined by the adult spawning
location (e.g., continental shelf or oceanic), the timing and type of spawning, as well as
the fecundity of spawning adults, which varies between taxa (Shanks et al., 2003;
Gaughan, 2007; Cowen and Sponaugle, 2009; Holliday et al., 2012). Additionally,
larvae of fishes and invertebrates often have specialised adaptations to planktonic life
that vary significantly between species (i.e., the ability to vertically migrate in the
water-column) (Neilson and Perry, 1990; Neira et al., 1998). These specialisations can
greatly influence their availability to epipelagic feeding seabirds. For example, many
oceanic fishes such as Myctophidae (lanternfish) migrate to the surface at night after
spending the day at depth (Cornejo and Koppelmann, 2006) and become available to
seabirds that forage at night and early in the morning. In contrast, some larval fishes
move into surface waters during the day, while others are present in the surface water
throughout the day-night cycle (Leis, 1991; Espinosa-Fuentes et al., 2013). Further,
most larval fishes develop greater swimming ability with ontogeny, compared with
other

macro-zooplankton,

which

may

be

important

in

determining

their

distribution/availability at finer scales (Jones et al., 2005; Beckley et al., 2009).
The distribution and abundance of larval fishes and other macro-zooplankton are also
influenced by the oceanographic environment where they are found. Characteristics of
the water column, such as temperature, salinity, dissolved oxygen, nutrients and
chlorophyll a play a large role in determining the survival/growth of planktonic
organisms (Legendre and Rassoulzadegan, 1995; Kamykowski et al., 2002; Jahncke et
al., 2004). Variability in oceanographic conditions can affect bottom-up trophic
processes, which, in turn, can affect larval survival and the recruitment to fish and
invertebrate populations (Caputi et al., 1996; Abookire and Piatt, 2005; Bakun, 2006;
Sabatés et al., 2007). For example, upwelling along the continental shelf margins off
Namibia (Benguela Current) and Chile/Peru (Humbolt Current) support extremely high
biomasses of zooplankton and fishes, as well as large seabird populations (Skogen,
2005; Chavez and Messié, 2009).
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Ocean currents can concentrate, retain, transport or advect larvae of fish and macrozooplankton away from, or towards, potential settlement areas (Gaughan, 2007; Sabatés
et al., 2007; Cowen and Sponaugle, 2009). Oceanographic features such as eddies and
fronts, can also concentrate the abundance of planktonic prey items (Schneider, 1990;
Ballance and Pitman, 1999; Russell et al., 1999; Weimerskirch et al., 2004; Bost et al.,
2009; Jaquemet et al., 2014). Seabirds and other higher trophic level predators such as
cetaceans and large predatory fish are often found in association with these features
(Russell et al., 1999; Bost et al., 2009; Jaquemet et al., 2014).
1.2 Oceanography in the south-east Indian Ocean
In the south-east Indian Ocean, oceanographic conditions are unique because of the
anomalous, warm, low salinity, southward flowing Leeuwin Current which dominates
the waters off Western Australia (Cresswell et al., 1989; Smith et al., 1991; Feng et al.,
2003; Waite et al., 2007). This has a significant influence on the distribution of marine
organisms, and larvae of many tropical finfish and invertebrate species can be
transported south (Caputi et al., 1996; Beckley et al., 2009; Pearce et al., 2011).
Presence of warm waters and tropical ecosystems at higher latitudes has also allowed
tropical seabirds to colonise and utilise habitat in south-western Australian waters
(Wooller et al., 1991; Dunlop, 2009).
As well as alongshore southward distribution of marine biota, the Leeuwin Current is
known to induce cross-shelf mixing at recurrent locations in times of strong current
flow (Holliday et al., 2012). High current volume and velocity leads to instability
during these times and offshore meanders, as well as anti-cyclonic and cyclonic eddies
form (Feng et al., 2005; Batteen et al., 2007; Feng et al., 2007). Indeed, the Leeuwin
Current is reported to have the highest eddy kinetic energy among all the mid-latitude
eastern boundary currents (Feng et al., 2005).
The Leeuwin Current and associated meso-scale features vary in strength both
seasonally and inter-annually (Waite et al., 2007; Feng et al., 2009).

Seasonally,

greatest activity is during austral autumn/winter, when prevailing southerly winds
3

slacken, allowing the Leeuwin Current to move at higher speed and volume (Feng et al.,
2010). At the inter-annual temporal scale, the El Niño/Southern Oscillation (ENSO)
controls the majority of variation, with La Niña conditions across the equatorial Pacific
driving warm waters through the Indonesian Through-Flow and subsequently, a
stronger Leeuwin Current (Meyers, 1996; van Sebille et al., 2014). During El Niño,
however, the Leeuwin Current is not as strong off Western Australia (Feng et al., 2003).
In the south-east Indian Ocean, anti-cyclonic eddies are regularly found with higher
nutrients and primary production compared with cyclonic eddies (Fang and Morrow,
2003; Morrow et al., 2003; Gaube et al., 2013; Dufois et al., 2014). Much of this is
attributed to the tendency of anti-cyclonic eddies to incorporate and transport productive
coastal waters offshore, along with any constituent phytoplankton (Thompson et al.,
2007) and zooplankton including larval fishes (Holliday et al., 2011; Holliday et al.,
2012).
The formation of these meso-scale eddies is common at several recurrent locations
along the West Australian continental shelf, one of which is adjacent to the Abrolhos
Islands at approximately 29°S (Rennie et al., 2007; Meuleners et al., 2008; Weller et al.,
2011). This is contributed to by steering of the current off the shelf, aided by the steep
bottom topography. The ‘promontory-like’ nature of Abrolhos Islands may also cause
current diversion and complexity (Batteen and Butler, 1998; Feng et al., 2005).
Gaughan (2007) highlighted the potential off-shelf transportation of teleost eggs and
larvae by anti-cyclonic eddies, which would have extensive impacts on fish populations
in areas where these processes occur regularly.
1.3 Foraging ecology of Abrolhos seabird populations
The Houtman Abrolhos Islands are the most significant seabird site in the eastern Indian
Ocean with over one million pairs breeding there annually (Surman and Nicholson,
2009b). Large populations of tropical seabirds, including the wedge-tailed shearwater
Puffinus pacificus, sooty tern Sterna fuscata, brown noddy Anous stolidus, bridled tern
Onychoprion anaethetus and roseate tern Sterna dougalli migrate to the Abrolhos from
4

lower latitudes during spring/summer where they initiate their breeding phenology
alongside a resident species, the lesser noddy Anous tenuirostris. Many other seabirds
such as the crested tern Thalasseus bergii are also present and breed during this time of
year (Surman and Nicholson, 2009b).
Each species of seabird has a different foraging ecology, although significant overlap
exists between many tropical species (Diamond, 1983; Surman and Wooller, 2003;
Catry et al., 2009). For example, the majority of pelagic terns and noddies are solely
contact-dipping, while roseate terns, crested terns and wedge-tailed shearwaters
additionally employ plunge diving (Burger, 2001; Surman and Wooller, 2003). Many
tropical seabirds forage in association with sub-surface predators, particularly tuna,
which act to force smaller fish into surface waters (Ballance and Pitman, 1999). This
relationship is near-obligate for sooty terns in the western Indian Ocean (Jaquemet et
al., 2014) and important for both brown and lesser noddies (Jaquemet et al., 2004;
Ramos et al., 2006), while not as important for others, such as the bridled tern, which
often feeds in association with floating rafts of the algae Sargassum (Dunlop, 2011).
These seabirds also have different foraging distances and areas, with the crested and
bridled terns foraging over continental shelf waters (Dunlop, 1997; Mcleay et al., 2010)
and lesser and brown noddies foraging further offshore (< 180 km). Wedge-tailed
shearwaters may forage up to a distance of 400km from their colony and sooty terns as
far as 600km (Gaughan et al., 2002; Surman and Wooller, 2003; Surman and Nicholson,
2009a).
Seabirds at the Abrolhos Islands are known to feed on a range of marine prey items,
particularly early life stages of fishes and squid (Surman and Wooller, 2003). Dietary
analyses has demonstrated that the most common fish prey include beaked salmon
Gonorynchus greyi, black-spotted goatfish Parapeneus signatus, Hawaiian bellowfish
Macroramphosus scolopax, scaly mackerel Sardinella lemuru, Australian anchovy
Engraulis australis and lanternfish (Myctophidae) (Gaughan et al., 2002). However, a
level of resource partitioning exists between different seabird species, which is
5

somewhat reflective of their different foraging strategies (Surman and Wooller, 2003;
Cherel et al., 2008; Catry et al., 2009; Dunlop, 2011). Seabirds have a varying ability to
switch between prey, and at the Abrolhos Islands, several species (particularly lesser
and brown noddies) have been shown to be dependent on just one or two prey items,
specifically beaked salmon and black-spotted goatfish (Surman and Nicholson, 2009a).
Lesser noddies and brown noddies have shown poor reproductive performance and
delayed breeding during years when beaked salmon were found in lower volume and
number in their diets and when goatfish appeared to be taken as compensation (Surman
and Nicholson, 2009a). The ability of a seabird to forage upon a diverse range of prey
items often allows greater flexibility and adaptability in the event of declines or
unavailability of preferred prey (Furness and Camphuysen, 1997; Rindorf et al., 2000;
Ancona et al., 2012; Catry et al., 2013). Other pelagic seabirds such as sooty terns and
wedge-tailed shearwaters forage on a different/more diverse range of prey. Despite this,
they still appeared to experience poor breeding in the same seasons as the noddies and it
was suggested that a general reduction in oceanic marine productivity, induced by a
higher frequency of El Niño events was the cause (Surman and Nicholson, 2009a).
Indeed, it is evident that seabirds that forage in oceanic areas were the worst affected in
poor reproductive seasons (Surman et al., 2012), while crested and bridled terns which
forage closer inshore, were either not, or even positively, affected (Gaughan et al., 2002;
Dunlop and Surman, 2012).
Investigation of seabird diets has demonstrated that a variety of squid and fish prey
items are available in surface waters adjacent to the Abrolhos Islands (Surman and
Wooller, 2003). However, little is known about the distribution and abundance of
known epipelagic seabird prey items adjacent to the Abrolhos Islands per se. Data from
the commercial scaly mackerel fishery has indicated that low catches are linked with
poor wedge-tailed shearwater reproductive performance (Gaughan et al., 2002). Direct
investigation of larval fish distribution and abundance in the water column (0-150m)
using fine mesh nets has been conducted off the West coast (Muhling and Beckley,
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2007; Muhling et al., 2007a; Muhling et al., 2007b; Muhling et al., 2008; Holliday et al.,
2011; Holliday et al., 2012). Other studies have broadly investigated zooplankton
composition (Säwström et al., 2014) although none have specifically sampled the
surface waters where seabirds at the Abrolhos Islands forage.
1.4 Research context and aims
Seabird reproductive performance has been frequently related to oceanographic and
climatic fluctuations (Ramos et al., 2002; Durant et al., 2003; Jaquemet et al., 2007;
Kitaysky et al., 2010; Dunlop, 2011; Ancona et al., 2012; Dunlop and Surman, 2012;
Surman et al., 2012; Catry et al., 2013). However, concurrent information on prey
abundance is rarely available to link seabird reproduction performance to oceanographic
conditions (Cury et al., 2011; Sydeman et al., 2012). Several reviews of the influences
of climate and oceanography on seabirds have highlighted the need for direct
investigation of seabird prey distribution and biology (Ballance et al., 2006; Gremillet
and Boulinier, 2009; Chambers et al., 2011).
A significant body of research now suggests that the availability of prey to seabirds at
the Abrolhos Islands is influenced by ENSO induced changes in the Leeuwin Current
system (Dunlop et al., 2002; Gaughan et al., 2002; Surman and Wooller, 2003; Surman
and Nicholson, 2009a; Dunlop and Surman, 2012; Surman et al., 2012). However, the
mechanism by which this influences the delivery and distribution of seabird prey at the
Abrolhos Islands remains unclear (Gaughan et al., 2002; Surman and Nicholson,
2009a).
In 2011, a large field investigation was conducted in the south-eastern Indian Ocean, in
order to investigate the planktonic phyllosoma stage of the Western Rock Lobster
Panulirus cygnus. Numerous surface plankton samples were collected at night, using a
coarse mesh surface net and an archived sub-set of these samples was available for
analysis of items potentially available as prey for seabirds.

These samples were

collected in late August/early September, which is the pre-breeding phase of tropical
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seabirds at the Abrolhos. During this time, prey availability is known to be pivotal in
their reproductive performance (Surman and Nicholson, 2009a).
The principal aims of this study were to:
1) Examine the surface plankton samples to determine the composition, abundance
and distribution of potential prey items;
2) Examine the oceanographic conditions prevailing at the time of sampling;
3) Investigate the potential links between seabird prey species surveyed in this study
and oceanographic conditions.
Findings are discussed in the context of what is known about seabird diets and foraging
ecology at the Abrolhos Islands. This is the first study to directly investigate surface
prey assemblages for seabirds in the south-east Indian Ocean.

8

2.0 MATERIALS AND METHODS
2.1 Study area and sample collection
Samples were collected from the Australian Marine National Facility R.V. Southern
Surveyor in the south-east Indian Ocean on a single voyage from 26 August to 12
September 2011. Two latitudinal transects (29ºS and 30°S) and one transect following
the shelf edge, radiating out from the Abrolhos Islands were sampled, along with
targeted sampling in oceanographic features of interest

(Fig. 1).

Samples were

collected at 26 stations at night with a large surface net (1m2 opening, 1mm mesh). The
net with a flowmeter attached was towed at 0-2 m depth for 10 minutes at a vessel speed
of about 3.7km h-1. On recovery of the net, the reading on the flowmeter was recorded
and zooplankton samples were preserved in 5% buffered formalin solution.

Figure 1: The study area in the south-eastern Indian Ocean showing locations of the
sampling stations and the Abrolhos Islands. The 200m isobath is indicated to show the
approximate location of the shelf edge.
Oceanographic parameters were collected at stations immediately before surface
plankton sampling, using a Sea-bird SBE911 Conductivity-Temperature-Depth (CTD)
profiler fitted with a SBE43 oxygen sensor and a 24-Niskin bottle rosette sampler. The
9

CTD was also equipped with a Chelsea Aquatracker fluorometer, SeaTech
transmissometer, Biospherical Photosynthetically Active Radiation sensor and a
Satlantic ISUS nitrate sensor.
2.2 Processing of plankton samples
Total water volume sampled for each tow was calculated using the flow-meter data,
combined with area of the net opening. Samples were processed in the laboratory in
2015 and potential seabird prey items including all larval, post-larval, juvenile fish and
cephalopods, as well as phyllosoma were removed, and transferred to separate
containers with 70% ethanol solution. Settled volume of the zooplankton in each
sample was taken by pouring it into a graduated cylinder and allowing it to settle for 24
hours, as per Gibbons (1999). The volume was recorded to the nearest 5 ml. This was
divided by volume of water sampled for each tow and gave a general indication of
surface zooplankton concentration at each station.
Early life stages of fishes were identified to family level (genus and species if possible)
with appropriate texts (Moser et al., 1984; Neira et al., 1998; Leis and Carson-Ewart,
2000; Miller and Tsukamoto, 2004; Richards, 2006) and enumerated. Their
concentrations were calculated using the volumes of water sampled for each tow.
Standard lengths were measured for all fish taxa and phyllosoma larvae were staged
according to the key of Braine et al. (1979).
2.3 Biological data analyses
Initially, the concentrations of prey items were plotted using ArcGIS to describe the
potential prey field in the south-east Indian Ocean. Allocation of sampled fishes into
neritic and oceanic categories based on the distribution of the adults (and therefore
spawning location) was undertaken to examine broad dispersal patterns (Moser et al.,
1984; Neira et al., 1998; Leis and Carson-Ewart, 2000; Miller and Tsukamoto, 2004;
Richards, 2006). Analysis of settled volume concentrations, phyllosoma concentrations
and total larval fish concentrations were tested for significant differences between
offshore and shelf edge locations (Fig. 1) with one-way analysis of variance (ANOVA)
in Microsoft Excel (v14) using the add-in package ‘Analysis ToolPak’.

The null
10

hypothesis of no significant differences among groups was rejected if the significance
level (p) was < 0.05.
2.4 Analysis of oceanographic conditions and features
Oceanographic conditions were initially examined using remotely sensed satellite
altimetry, sea-surface temperature and geostrophic flow data retrieved from the IMOS
database for the study period and preceding weeks (http://oceancurrent.imos.org.au).
The Leeuwin Current was identified as warm water that originated from north of the
study area, while Sub-Tropical Surface Water was identified as the cool waters in the
south. Cyclonic and anti-cyclonic eddies were identified using the IMOS altimetry and
geostrophic flow. Cyclonic eddies rotate clockwise, have a negative sea-surface height
anomaly and generally incorporate cooler, higher salinity water that upwells from depth.
Anti-cyclonic eddies rotate in an anti-clockwise direction and have positive sea-surface
height anomalies (Feng et al., 2007).
The surface conditions were compared with in-situ CTD measurements of temperature,
salinity, oxygen and fluorescence which were plotted against depth for each station.
The mixed layer depth over which the characteristics of the water column are
homogenous (i.e., above the thermocline/halocline) was estimated separately for each
temperature and salinity cast using techniques previously adopted by Lourey et al.
(2006). Mixed layer depth was determined as the depth at which temperature was 0.4°C
less than that measured at 10 m, or the salinity was 0.03 psu greater than that measured
at 10 m (Condie and Dunn, 2006). This depth was examined on the temperaturesalinity profiles to assist in identification of water-masses and eddies and the
oceanographic processes occurring at the time of sampling. For example, a deep, warm
mixed layer indicated down-welling (anti-cyclonic eddy), while a cool, saline mixed
layer indicated the presence of Sub-Tropical Surface Water.
Leeuwin Current Water and Sub-Tropical Surface Water can be distinguished using
their temperature and salinity signatures although these vary seasonally and
geographically (Fieux et al., 2005). For example, in this region, Säwström et al. (2014)
indicated a salinity of about 35.4psu and temperature of 21.2°C for Leeuwin Current
11

Water and a salinity of 35.8psu and temperature of 18.1°C for Sub-Tropical Surface
Water during July 2010. However, heat and salinity exchanges between the Leeuwin
Current and adjacent or underlying water-masses can alter its signature (Domingues et
al., 2006). In the present study, relative differences were used to delineate Leeuwin
Current water from Sub-Tropical Surface Water.
In order to compare the influence of oceanography between sampling stations, each was
defined by its oceanographic characteristics into the grouping factor, feature. Five
features were defined, being Anti-cyclonic Eddies (AE), Cyclonic Eddies (CE),
Leeuwin Current(shelf), Leeuwin Current(offshore) and Sub-Tropical Surface Water
(STSW). This was based on IMOS altimetry, sea-surface temperature and geostrophic
flow as well as the in-situ CTD measurements taken at each station.

The in-situ

measurements were given precedence in the case of conflict with remotely sensed data.
2.5 Multivariate analysis and environmental correlations
After classifying stations into oceanographic features (Section 2.4), analysis of variance
(ANOVA) was performed on the biological data between features as previously done
for ‘location’ (Section 2.3). Post-hoc testing was deemed to be inappropriate due to the
low number of replicates in some features (Cyclonic eddies and Sub-Tropical Surface
Water) and pairwise t-tests were used on factors with higher level of replication.
Larval fish assemblage structure was investigated using the PRIMER v7 software
package (Clarke and Warwick, 2015). Larval abundances were square root-transformed
to reduce the influence of highly abundant taxa. This transformation was deemed the
most appropriate after examination of several shade plots to ensure homogeneity of
sample assemblage variances, using the method described by Clarke et al. (2014). The
resulting data matrix was used to create a triangular resemblance matrix based on BrayCurtis similarities between all pairs of samples.
The above resemblance matrix was subjected to non-metric multidimensional scaling
ordination (nMDS) to investigate patterns in larval assemblage composition and identify
any potential effects of two factors, namely, location (i.e., shelf or offshore) and
12

distinguishing oceanographic features

(i.e.,

Leeuwin

Current(offshore),

Leeuwin

Current(shelf), Sub-Tropical Surface Water, anti-cyclonic eddies and cyclonic eddies).
MDS provides a representation of the relationships between samples based on
similarities in their multivariate composition (Clarke and Gorley, 2015), with the
relative distance between samples providing a measure of their similarity in multivariate
space.

The level of accuracy of this arrangement at representing the Bray-Curtis

similarity matrices is defined as the level of stress, with low to moderate values of stress
(< 0.2) indicating that the data are relatively well represented by the MDS plot.
Differences in larval assemblages between locations and oceanographic features were
then examined by subjecting the Bray-Curtis similarly matrix to separate one-way
analyses of similarity (ANOSIM) tests.

The extent of any statistically significant

differences (i.e., P < 5%) was determined by the magnitude of the R-statistic, i.e., Rvalues close to 1 indicated a strong separation between groups, while an R-value of 0
indicated no differences between groups (Clarke and Warwick, 2001).

Lastly, the

similarity percentages (SIMPER) routine was applied to the fish assemblage data to
determine the characteristic and distinguishing taxa within the grouping factors of
location and oceanographic feature.
The PRIMER v7 software package was also used to investigate relationships between
the in situ environmental variables, oceanographic features and fish assemblages.
Environmental variables were included from the chlorophyll maximum (Cmax) depth,
using fluorescence as a proxy for chlorophyll, due to the strong correlation
demonstrated by Feng et al. (2007). This depth was used because vertical larval fish
distributions have been strongly correlated with the distribution of their zooplankton
prey, which is often coincident with the chlorophyll maximum depth (John et al., 2001;
Sabatés et al., 2007). Initially, nine environmental variables were included, although
oxygen(surface), oxygen(Cmax), salinity(surface), salinity(Cmax) and temperature(Cmax) were
removed from the study due to co-correlations, such that fluorescence(surface),
fluorescence(Cmax), temperature(surface) and zooplankton settled volume remained. Before
further analyses, all variables were normalised to place them on a common scale.
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The above environmental variables were subjected to Principal Component Analysis
(PCA), an ordination technique that uses Euclidian distances to ordinate samples as
points in two-dimensional space. The arrangement and proximity of samples on the
ordination indicates the level of (dis)similarity between them. Multiple linear principal
component axes were generated, representing those environmental variables that
together explained most of the variability in the data, thus identifying the environmental
variables likely to be most responsible for driving the differences (Clarke and Gorley,
2015).
Patterns in the above environmental variables were also correlated with patterns in the
fish assemblages, using the BIOENV sub-routine. This analysis determined which
combination of environmental variables had the greatest match to fish assemblages and
whether this match was statistically significant (Clarke and Gorley, 2015). Euclidian
distance subsets of each of the environmental variables were correlated with the
transformed biological assemblage matrix and the extents of the correlations for each
combination of environmental variables were ranked using Spearman correlation
coefficients (ρ). The highest ranked combinations of environmental variables have the
greatest correlation with (and are the most likely to be influencing) fish assemblage.
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3.0 RESULTS
3.1 Composition and distribution of surface macro-zooplankton
3.1.1 Settled volume of surface zooplankton
Surface waters throughout the study area were found to have a mean settled volume of
176 ml·1000m-3 (SE±18.5) of zooplankton (Fig. 2). Offshore stations S8, S9, S10 and
S16 had the highest settled volumes of zooplankton (> 300ml·1000m-3). Lowest settled
volumes were found at S3, S26, S27, S28 and S38 (< 100ml·1000m-3), three of which
were on the continental shelf edge. Grouping stations into location (shelf edge and
offshore) revealed a significantly higher mean settled volume at offshore stations (P <
0.05).

Figure 2: Zooplankton settled volume (ml∙1000m-3) at all stations in the study area (at
night) with mean indicated by the red line.
3.1.2 Phyllosoma and cephalopod distribution and stages
The greatest abundances of phyllosoma larva of Western Rock Lobster Panulirus
cygnus were found at stations S4 and S8, with concentrations of 113 and 158
inds·1000m-3 respectively, far higher than at any other stations (Fig. 3). The majority of
stations sampled beyond the shelf edge had phyllosoma larvae present, albeit in
relatively low concentrations (< 29 inds·1000m-3), while none were present at any of the
shelf edge stations (Fig. 3). In terms of developmental stage, most phyllosoma sampled
15

in surface waters were determined to be Stage VII (54%), with a moderate number of
stage VI, VIII and several stage IX (Table 2).

Figure 3: Distribution and concentrations of P. cygnus phyllosoma found in night
surface tows throughout the study area.
Table 2: Developmental stages identified using the key of Braine et al. (1979) for all
P.cygnus phyllosoma sampled from surface waters during the study.
Development
stage
Stage VI
Stage VII
Stage VIII
Stage IX
TOTAL

No.
sampled
52
136
56
6
250

Percentage
of total
21%
54%
22%
2%
100%

Like the phyllosoma, paralarvae of cephalopods were found at most of the offshore
stations, although in low concentrations (Fig. 4). Only two shelf edge samples had
cephalopod paralarvae present, albeit in very low concentrations. The highest
concentration of cephalopod paralarvae was 13 inds·1000m-3 at station S15.

All

cephalopods were in early developmental stages.
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Figure 4: Distribution and concentrations of larval cephalopods (squid) in night surface
samples throughout the study area.
3.1.3 Concentrations of larval fishes
Concentrations of larval fishes in surface waters ranged from 4 inds·1000m-3 (S9) to
333 inds·1000m-3 (S13) with an overall mean of 81 inds·1000m-3 (SE±17). Stations S4,
S13 and S16 had the highest concentrations of larval fishes with 245, 333 and 282
inds·1000m-3, respectively (Fig. 5). No significant difference in fish concentrations was
observed between offshore and shelf locations (P > 0.05).

Figure 5: Total concentration of larval fishes (inds·1000m-3) at all stations at night in
the south-east Indian Ocean study area. The red line indicates the mean concentration.
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3.1.4 Larval fish composition
In terms of fishes, 1177 larvae, post-larvae and juveniles were collected comprising at
least 57 taxa from 36 families (Table 3).

Three oceanic meso-pelagic families

dominated the samples, namely Myctophidae (27%), Phosichthyidae (24%) and
Gonostomatidae (18%) (Fig. 6). Dominant neritic families in the samples included the
pelagic Clupeidae (Sardinops sagax) (9%), leptocephalus larvae of the family
Congridae (8%) and demersal Gonorynchidae (Gonorynchus greyi) (4%). The majority
of the remaining taxa were from a diverse range of neritic families (7%) including
Labridae, Scorpaenidae, Platycephalidae, Tripterygiidae, Bramidae and Engraulidae
(Engraulis australis) which occurred in relatively low concentrations (< 10 inds·1000
m-3) (Table 3).
Other oceanic Other neritic
Gonorynchidae
Myctophidae
Congridae

Clupeidae

Gonostomatidae

Phosichthyidae

Figure 6: Percentage contributions by the dominant teleost families to the total
concentration of larval fishes in night surface tows at all stations in the study area.
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Table 3: Mean concentrations (inds∙1000m-3) with standard errors of all larval fishes at all stations and
separated based whether the station was on the shelf or offshore.
Family
Congridae

Muraenidae
Clupeidae
Engraulidae
Gonorynchidae
Bathylaginae
Gonostomatidae
Chaulidodontidae
Synodontidae
Phosichthyidae
Paralepidae
Melanostomatidae
Notosudidae
Evermannelidae
Myctophidae
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Genus/species
Conger spp.
Ariosoma spp.
Gnathophis sp.
Unidentified sp.
Sardinop sagax
Engraulis australis
Gonorynchus greyi
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified spp.
Unidentified sp. 1
Unidentified sp. 2
Unidentified sp. 1
Unidentified sp. 2
Unidentified sp.
Symbolophorus evermanni
Hygophum hygomii
Myctophum asperum
Myctophum phengodes
Symbolophorus barnardi
Centrobranchus nigroocellatus
Myctophum nitidulum
Unidentified sp. 1
Unidentified sp. 2
Unidentified sp. 3

All stations
mean ± se
4.67 ± 1.88
0.74 ± 0.38
0.79 ± 0.27
0.17 ± 0.09
6.31 ± 2.61
0.28 ± 0.20
2.16 ± 1.33
0.07 ± 0.07
16.94 ± 5.37
0.12 ± 0.12
0.26 ± 0.13
23.08 ± 7.56
0.24 ± 0.12
0.04 ± 0.04
0.08 ± 0.08
0.05 ± 0.05
0.04 ± 0.04
0.05 ± 0.05
1.08 ± 0.47
6.34 ± 1.85
1.50 ± 0.56
0.18 ± 0.10
0.20 ± 0.15
0.15 ± 0.10
0.23 ± 0.17
0.37 ± 0.18
4.90 ± 1.72
0.25 ± 0.14

Offshore
mean ± se
6.08 ± 2.37
0.96 ± 0.48
1.02 ± 0.33
0.22 ± 0.12
2.57 ± 2.33
0.13 ± 0.13
2.81 ± 1.71
0.09 ± 0.09
17.63 ± 6.53
0.16 ± 0.16
0.28 ± 0.16
28.23 ± 9.55
0.20 ± 0.11
0.06 ± 0.06
0.10 ± 0.10
0.07 ± 0.07
0.06 ± 0.06
0.07 ± 0.07
1.40 ± 0.59
8.24 ± 2.24
1.95 ± 0.70
0.23 ± 0.13
0.26 ± 0.19
0.19 ± 0.13
0.30 ± 0.22
0.38 ± 0.21
5.90 ± 2.17
0.26 ± 0.17

Shelf
mean ± se
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
18.79 ± 6.22
0.76 ± 0.76
0.00 ± 0.00
0.00 ± 0.00
14.65 ± 9.10
0.00 ± 0.00
0.20 ± 0.20
5.92 ± 2.43
0.38 ± 0.38
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.33 ± 0.33
1.56 ± 1.15
0.25 ± 0.25

Table 3 continued: Mean concentrations (inds∙1000m-3) with standard errors of all larval fishes at all stations
and separated based whether the station was on the shelf or offshore.
Family

Carapidae
Ophidiidae
Bregmacerotidae
Gobiesocidae
Scomberesocidae
Scorpaenidae
Champsodontidae
Platycephalidae
Triglidae
Serranidae
Carangidae
Bramidae
Sparidae
Labridae
Tripterygiidae
Trichiuridae
Scombridae
Nomiedae
Bothidae
Diadontidae
Unidentified

Genus/species
Unidentified sp. 4
Unidentified sp. 5
Unidentified sp.
Unidentified sp.
Bregmaceros sp.
Unidentified sp.
Unidentified sp.
Helicolenus percoides
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp. 1
Unidentified sp. 2
Pseudocaranx sp.
Unidentified spp.
Unidentified sp.
Unidentified sp. 1
Unidentified sp. 2
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified spp.

All stations
mean ± se
3.40 ± 1.55
0.88 ± 0.51
0.15 ± 0.15
0.04 ± 0.04
0.19 ± 0.10
0.12 ± 0.09
0.15 ± 0.11
0.19 ± 0.14
0.68 ± 0.37
0.23 ± 0.11
0.05 ± 0.05
0.10 ± 0.07
0.34 ± 0.21
0.09 ± 0.09
0.07 ± 0.07
0.53 ± 0.18
0.05 ± 0.05
0.94 ± 0.46
0.54 ± 0.33
0.26 ± 0.21
0.04 ± 0.04
0.13 ± 0.09
0.08 ± 0.08
0.29 ± 0.15
0.15 ± 0.15
0.45 ± 0.45

Offshore
mean ± se
4.53 ± 2.02
1.03 ± 0.65
0.20 ± 0.20
0.06 ± 0.06
0.25 ± 0.13
0.16 ± 0.11
0.20 ± 0.14
0.27 ± 0.19
0.59 ± 0.40
0.14 ± 0.10
0.00 ± 0.00
0.07 ± 0.07
0.13 ± 0.13
0.00 ± 0.00
0.00 ± 0.00
0.59 ± 0.21
0.00 ± 0.00
0.34 ± 0.34
0.07 ± 0.07
0.27 ± 0.27
0.06 ± 0.06
0.00 ± 0.00
0.10 ± 0.10
0.32 ± 0.19
0.20 ± 0.20
0.47 ± 0.47

Shelf
mean ± se
0.38 ± 0.38
0.40 ± 0.40
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.98 ± 0.98
0.52 ± 0.33
0.20 ± 0.20
0.20 ± 0.20
1.05 ± 0.76
0.38 ± 0.38
0.35 ± 0.32
0.33 ± 0.33
0.20 ± 0.20
2.96 ± 1.46
2.13 ± 1.27
1.50 ± 0.46
0.00 ± 0.00
0.57 ± 0.37
0.00 ± 0.00
0.20 ± 0.20
0.00 ± 0.00
0.38 ± 0.38

20

3.1.5 Length composition of larval fishes
The mean standard length of all fish specimens was 12.9mm (SE±0.5mm).

The

majority of fishes caught in surface tows were < 20mm (Fig. 7) and high mean standard
lengths of fishes at two stations (S12, S19) were caused by high proportions of long eel
leptocephali (Conger sp., Ariosoma sp. and Gnathophis spp.) in those samples.

Figure 7: Mean standard lengths and 95% confidence intervals of all fishes in night
surface tows at all stations in the study area.
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3.1.6 Distribution of fish taxa by location
Larval fish assemblages at shelf edge sites were distinct from those further offshore,
largely because of the dominance of neritic taxa at shelf stations and the dominance of
oceanic taxa offshore (Fig. 8). Surprisingly, however, the highest number of neritic taxa
(10) was found beyond the shelf edge at S23. Most other offshore stations had some
neritic taxa present, although not in such abundance or diversity.
Although oceanic taxa dominated the study area by abundance, their diversity at the
family level was limited and a greater diversity of larval fishes belonging to neritic
families was present throughout the study area (21 neritic families and 13 oceanic
families).

Figure 8: Proportion of neritic and oceanic fishes found in night surface tows in the
study area.
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The highest total concentrations of fish at S4, S13 and S16 were attributed to oceanic
taxa. A gradual progression of higher concentrations of myctophids offshore and lower
concentrations on, and in proximity to, the shelf edge was observed across the study
area (Fig. 9). The greatest concentration of myctophids was 86 inds·1000m-3 at S4.
Myctophids were also in relatively high concentrations at S8 (56 inds·1000m-3) and S13
(60 inds·1000m-3). However, at the latter, Gonostomatidae (Fig. 10) and Phosichthyidae
(Fig. 11) contributed a greater proportion of the sample with concentrations of 105
inds·1000m-3 and 158 inds·1000m-3, respectively. The high total fish concentration at
S16 was similarly driven by the oceanic families Phosichthyidae (112 inds·1000m-3),
Gonostomatidae (87 inds·1000m-3) and Myctophidae (29 inds·1000m-3) (Fig. 9, 10, 11).
Despite their oceanic origins, Gonostomatidae were present in moderate concentrations
and Myctophidae and Phosichthyidae were present in low concentrations at most shelf
edge stations.

Figure 9: Distribution and concentrations of all Myctophidae (lanternfish) in night
surface samples throughout the study area.
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Figure 10: Distribution and concentrations of all Gonostomatidae in night surface
samples throughout the study area.

Figure 11: Distribution and concentrations of all Phosichthyidae in night surface
samples throughout the study area.
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Although neritic fish were largely concentrated at shelf edge sites, many were also
present offshore and their distributions appeared to vary between taxa. Concentrations
of Sardinops sagax (Clupeidae) ranged between 3 and 47 inds·1000m-3 (Fig. 12). They
were found primarily along the shelf edge although stations beyond the shelf also had
this species present in surface waters (S18, S21 and S23). Stations S18 and S23 were
adjacent to the shelf edge in oceanic waters but S21 was 150 km beyond the continental
shelf. Surprisingly, an off-shelf station (S23) had the highest concentration of S. sagax
out of all the sampled sites (Fig. 12). Other neritic families sampled at this station were
Labridae,

Serranidae,

Bothidae,

Engraulidae,

Tripterygiidae,

Synodontidae,

Champsodontidae, Triglidae and Gonorynchidae.

Figure 12: Distribution and concentrations of the clupeid Sardinops sagax in night
surface samples throughout the study area.
Gonorynchus greyi (Gonorynchidae) were found at several stations and concentrations
were mostly below 10 inds·1000m-3, although at one station (S4) there were 33
inds·1000m-3 (Fig. 13). In a distribution contradictory to that expected for a shelf
dwelling fish, no larvae of this species were found in samples from shelf waters, rather,
they were found in surface waters adjacent to the shelf and beyond it. Indeed, the
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station with the highest concentration (S4) was 150 km offshore of the shelf edge (Fig.
13).

Figure 13: Distribution and concentrations of Gonorynchus greyi (beaked salmon) in
night surface samples throughout the study area.
Eel leptocephali, the pelagic larval phase of Congridae, were found entirely at offshore
stations in a distribution pattern almost opposite to that found for most neritic families
(Fig. 14). A similar distribution was found for the less abundant Muraenidae eel
leptocephali. Excluding leptocephali, the furthest that neritic fishes were observed
offshore was at station S8, 300 kilometres beyond the 200m depth contour (shelf edge)
and included Bramidae, Scorpaenidae (Helicolenus percoides), Bregmacerotidae
(Bregmaceros sp.) and Gobiesocidae. Despite this, the sample was dominated
numerically by the oceanic families Phosichthyidae, Myctophidae and Gonostomatidae.
Although neritic fish family diversity was greater than oceanic family diversity,
concentrations of each neritic family were comparatively low.
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Figure 14: Distribution and concentrations of all Congridae leptocephali in night
surface samples throughout the study area.
3.1.7 Multivariate analysis of larval fish assemblages by location
Ordination of fish assemblages at all stations gave greater insight into the relative
distinction between the offshore and shelf locations and the 2-D MDS plot was found to
be a reasonably good reflection of the Bray-Curtis similarities (stress = 0.14) (Fig. 15).
The tighter grouping of shelf stations indicates the relative similarity of larval fish
assemblages on the shelf, in comparison to the more dispersed offshore stations. Larval
fish assemblages between offshore and shelf locations were significantly different
(ANOSIM pairwise R = 0.435, p = 0.003).

Offshore station S23, which was

geographically adjacent to the shelf, was grouped closely with shelf stations in the
ordination (Fig. 15).
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Figure 15: Multi-dimensional ordination of larval fish assemblages based on BrayCurtis similarity of stations classified according to shelf or offshore location
SIMPER analysis of location (i.e., offshore vs. shelf) determined the taxa and their
relative abundances that were driving the difference determined by the ANOSIM and
ordination plots (Table 4).

As expected, this was predominantly driven by the

dominance of neritic taxa such as Clupeidae (Sardinops sagax) and Labridae on the
shelf edge and oceanic taxa such as Phosichthyidae, Gonostomatidae and several
species of Myctophidae in offshore regions.
Table 4: Results of similarity percentage (SIMPER) analysis of offshore and shelf fish
assemblages, showing the taxa that drove most of the dissimilarity and their mean
concentrations at each location.
Average dissimilarity =85.53
Taxa
Contribution to
dissimilarity (%)
Sardinops sagax
14.17
Phosichthyidae
9.92
Gonostomatidae
9.63
Hygophum hygomii
7.24
Myctophidae sp.2
4.60
Congridae
4.56
Labridae sp.1
4.22
Myctophidae sp.4
3.57
Labridae sp.2
3.01

Offshore
mean inds·1000m-3
0.07
3.99
3.00
2.35
1.60
1.63
0.14
1.38
0.00

Shelf
mean inds·1000m-3
4.04
1.92
2.60
0.00
0.70
0.00
1.32
0.25
0.98
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3.2 Oceanography of the study area
3.2.1 Surface oceanographic conditions from remote sensing
During the sampling period, the oceanography across the study area was extremely
complex and dynamic. The strong Leeuwin Current was flowing southwards along the
edge of the continental shelf and the presence of several meso-scale oceanographic
features including large meanders and cyclonic and anti-cyclonic eddies introduced
great complexity in the surface waters (Fig. 16). Generally, at the surface, warm water
(>20°C) dominated the area, while cooler water (<19°C) was present in the south of the
study area (Fig. 16). In the very south of the study area at approximately 33°S (stations
34 and 38) Sub-Tropical Surface Water dominated two sampling sites with the lowest
temperatures (16.5-17.5°C) (Fig. 16D)
North of the sampled stations a large, warm, anti-cyclonic eddy was present and
directed warm water strongly eastward towards the shelf and the Abrolhos Islands,
influencing all of the stations along the 29°S transect (stations 14, 15, 16, 17 and 18)
(Fig. 16B). This flow merged with warm, southward flowing water, which moved over
the continental shelf and all stations on the shelf transect (stations 24, 26, 27, 28, 29,
and 30) (Fig. 16D). Along the 30°S transect, warm Leeuwin Current water was present
flowing in a westward direction along the northern periphery of an anti-cyclonic eddy
(AE1) at the time of sampling (Fig. 16C). This westward flowing water had originated
predominantly from the shelf at approximately 29°S, 114.5°E some weeks prior and the
westwards movement of AE1 over the course of sampling was evident (Fig. 16).
A large eddy field was present throughout the study area, including two anti-cyclonic
eddies (AE1, AE2) and three cyclonic eddies (CE1, CE2, CE3) which were confirmed
by in-situ measurements of salinity and temperature at depth (Section 3.2.2). Stations
S4 and S10 were located within AE1 which had formed adjacent to the continental shelf
at approximately 31°S (Fig. 16A, B). Station S8 was also located within an anticyclonic eddy (AE2), which formed adjacent to Perth (32°S) during May 2011 and
disconnected from the shelf in mid-June, after which it slowly moved west (Fig. 16).
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CE3

CE2
AE2
AE1
CE1

Figure 16: Composite images of sea surface height, sea surface temperature (colours)
and current velocities (arrows) representative of the oceanography at four times during
the sampling period (http://oceancurrent.imos.org.au); (A) 26-30 August; (B) 31
August- 3 September; (C) 4-7 September and; (D) 8-11 September. The sampling
stations corresponding with the various time periods are overlayed. AE – Anti-cyclonic
Eddies, CE – Cyclonic Eddies.
Stations S3 and S9 were in CE1, which was persistent throughout the duration of the
sampling period (18 days), with surface temperature clearly lower at its centre,
presumably due to upwelling of cooler water (Fig. 16A). The youngest of the cyclonic
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eddies, CE2 (stations S7 and S12), formed in late June and was influenced by Leeuwin
Current water, with moderate temperatures (19-20°C) (Fig. 16). Satellite images from
several months before sampling at S13 (CE3) showed that this cyclonic eddy had been
generated several hundred kilometres north of the study site (Fig. 16B).
3.2.2 Vertical profiles
Inspection of profiles of temperature and salinity with depth gave insight into the extent
of the complexity of the oceanography and the dominance of the Leeuwin Current in
surface waters during the study period. Typically, Leeuwin Current Water was easily
identified due to its higher temperature and lower salinity and its presence in the upper
layers of the water column. All stations apart from S34 and S38 (STSW) and both S3
and S9 (CE1) appeared to have a Leeuwin Current signature (Fig. 17A). The presence
of anti-cyclonic eddies at stations S4, S10 (AE1) and S10 (AE2) was confirmed through
the deep mixed layer and strong Leeuwin Current signature (Fig. 17B). Two eddies
(CE2 and CE3), despite being cyclonic in nature, exhibited a cap of warm Leeuwin
Current water extending to 50 m depth (Fig. 17C). Cooler, more saline Sub-Tropical
Surface Water was only found at four stations (Fig. 17D).
In-situ measurements illustrated a continuum of temperature and salinity values in
surface waters throughout the study area (Fig. 18A). Most stations exhibited warmer,
low salinity Leeuwin Current signatures and those cooler, higher salinity stations
reflected the presence of Sub-Tropical Surface Water.

A clear negative linear

relationship was evident between salinity and temperature (Fig. 18A). At 50m depth,
most stations remained relatively similar to surface waters, although temperatures were
generally cooler and salinities were higher (Fig. 18B). At 100m depth, the influence of
the Leeuwin Current was greatly reduced at sites that were located in two cyclonic
eddies (CE2 = S7, S12, S19; CE3 = S13), revealing the capping effect of the Leeuwin
Current on these features during the sampling period, with salinities exceeding 35.6psu
as well as relatively lower temperatures (Fig. 18C).

Stations where the Leeuwin

Current was not as influential at 100m depth were also revealed (S16, S17). In addition,
the deep mixed layer in warm anti-cyclonic eddies AE1 (S4, S10) and AE2 (S8),
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observed in the vertical profiles (Fig. 17C) is confirmed. These stations had the highest
temperature and lowest salinity at 100m depth (Fig. 18C).

A

B

C

D

Figure 17: Temperature (red) and salinity (blue) with depth profiles of the upper 500m
of the water column for; (A) S18- Leeuwin Current; (B) S4- AE; (C) S12- capped CE;
and (D) S38-Subtropical Surface Water. Full set of profiles in Appendix 1.
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A

B

C

Figure 18: Salinity and temperature values for all stations obtained from the CTD
profiles. Values are shown for; (A) - surface waters; (B) - 50m depth; and (C) - 100m
depth.
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3.2.3 Summary of oceanography and feature classification
Oceanographic conditions were highly variable with the Leeuwin Current dominating
the surface waters of the study area and many meso-scale features were present. It was
hypothesised that features would differentially influence potential seabird prey (fish)
assemblages.

However, the amount of mixing present made delineation of

oceanographic features problematic. This was particularly in the case of two cyclonic
eddies, due to the ‘capping’ of CE2 (S7, S12) and CE3 (S13) by Leeuwin Current
Water. Thus, features were grouped into Sub-Tropical Surface Water and Leeuwin
Current based on the temperature and salinity characteristics of surface water at each
station. This resulted in stations S7, S12 (CE2) and S13 (CE3) being reallocated as
Leeuwin Current (offshore), despite surface flow indicating cyclonic circulation (Table
5).
Table 5: Table of all stations categorised into groups based on their location
(shelf/offshore), surface water-mass (identified from surface temperature and salinity
values), eddy circulation (based on geostrophic flow around station) and surface feature
(determined by SST, geostrophic flow and vertical depth profiles of temperature and
salinity).

STATION
S3
S4
S7
S8
S9
S10
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S26
S27
S28
S29
S30
S34
S38

Location
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
offshore
shelf
shelf
shelf
shelf
shelf
shelf
offshore
offshore

Surface
watermass
STSW
LCW
LCW
LCW
STSW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
LCW
STSW
STSW

Meso-scale
flow from
altimetry
CE
AE
CE
AE
CE
AE
CE
CE

-

Surface
feature
CE
AE
LCoffshore
AE
CE
AE
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCoffshore
LCshelf
LCshelf
LCshelf
LCshelf
LCshelf
LCshelf
STSW
STSW
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3.2.4 Environmental variables
Principal Components Analysis (PCA) of all sampled stations using a suite of
environmental variables was conducted. Nine environmental variables were initially
examined, however oxygen(surface), oxygen(mixed layer) salinity(surface), salinity(mixed layer) and
temperature(mixed

layer)

were removed from the study due to correlations between one

another and with fluorescence(surface), fluorescence(Cmax), temperature(surface) and
zooplankton settled volume. All environmental data are given in Appendix 2. Four
Principal component axes (PCs) were generated to explain 100% of the variation and
PC1 and PC2 together explain approximately 69% (Table 6).

Table 6: Eigenvalues and percentage of variation explained by PCA ordination of all
stations based on a set of four environmental variables collected at each station.
PC Eigenvalue % variation Cumulative %
explained
variation
1.47
36.7
36.7
1
1.28
32.1
68.9
2
0.828
20.7
89.6
3
0.418
10.4
100
4

The greatest variability was explained by PC1 (37%) which was defined by surface
temperature and surface fluorescence (Table 7). Most Leeuwin Current stations were
located towards the positive end of the PC1 axis, while offshore stations, particularly
those in the south of the study area and dominated by Sub-Tropical Surface Water (S3,
S9, S34, S38) were found along the negative PC1 axis (Fig. 19). Settled volume
defined the majority of the positive variation along the PC2 axis.
Similarity within oceanographic features was low, with plots spatially dissociated.
However, anti-cyclonic eddy stations were spatially proximate and were characterised
by high settled volume (207-377 ml/1000m3) and high temperatures (20.3-21.3°C) (Fig.
19).
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Table 7: Eigenvectors for each of the environmental variables the four Principal
component axes generated in the PCA.
Variable
Fluorescence (Cmax)
Fluorescence (surface)
Temperature
Settled volume

PC1
-0.314
0.562
0.743
0.183

PC2
-0.574
-0.533
0.007
0.621

Figure 19: PCA ordination plot of all stations structured by four environmental
variables with vectors of each indicating their influence. Stations are coded by feature:
CE - Cyclonic Eddies; AE - Anti-cyclonic Eddies; LC(offshore) - Leeuwin Current beyond
the continental shelf; LC(shelf) - Leeuwin Current on the continental shelf; STSW - SubTropical Surface Water. Cmax - fluorescence at the chlorophyll maximum depth.
3.3 Linking prey to oceanography and environmental variables
3.2.5 Relating environmental variables to larval fish assemblages
The BIOENV sub-routine was utilised to correlate larval fish assemblages with the four
environmental variables used in the PC Analyses. All stations were analysed and it was
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found that a combination of fluorescence (at the surface), fluorescence (at the
chlorophyll maximum depth) and surface temperature explained the greatest structuring
effect (ρ=0.468, p=0.001). Surface fluorescence and temperature were also found to
describe a moderate proportion of assemblage variation (Table 9).

However, the

majority of the variance in larval fish assemblages was not accounted for by the
environmental variables included in the analyses.
Table 9: Results of BIOENV analyses performed for larval fish assemblages listing the
combinations of environmental variables with the highest correlation (ρ).
Global Test (ρ=0.468, p=0.001)
Best result for each number of variables
No.
variables
ρ
Variables
1

0.266

Fluorescence (Cmax)

2

0.418

Fluorescence (surface), Temperature (surface)

3

0.468

Fluorescence (Cmax), Fluorescence (surface), Temperature (surface)

3.2.6 Exploration of surface prey assemblages based on oceanographic features
This section identifies links between the previously described distributions and
concentrations of potential seabird prey (sections 3.1.1 – 3.1.6) and the complex
oceanography present during the time of sampling using the predefined grouping factor
of feature (Table 5).
Using one-way ANOVA, it was found that although mean settled volumes were
variable, they were significantly different between features (P < 0.05). Mean settled
volume (Fig. 2) in AEs was higher than both Leeuwin Current (shelf) (P < 0.01) and
Leeuwin Current (offshore) (P < 0.01), while pairwise tests could not be performed with
confidence on CEs and STSW due to low sample replication within these factors.
Leeuwin Current offshore and CEs had very low concentrations of phyllosoma, while
Leeuwin Current (shelf) and STSW had none present. Highest phyllosoma
concentrations were both in anti-cyclonic eddies (AE1 and AE2) which were
significantly higher than at any other stations (P < 0.05) (Fig. 3), while cephalopods did
not appear to be affected by oceanographic features (Fig. 4).
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The three stations with the highest total larval fish concentrations were in anti-cyclonic
eddy AE1 (S4), a Leeuwin Current (offshore) station (S16) and cyclonic eddy CE3
(S13) (Fig. 5). No differences were evident between features in terms of total fish
concentrations (P > 0.05), or mean fish lengths (P > 0.05). Neritic fish were found
across the study area except at one station (S3) in cyclonic eddy CE1. They were
however found in significantly higher concentrations in Leeuwin Current(shelf) water.
The highest diversity coincided with high concentrations of neritic fishes at station S23,
which was attributed to strong off-shelf surface flow preceding and during sampling
(Fig. 16). The presence of neritic larvae in surface waters up to 300 km beyond the
continental shelf edge reflects the strong transport of surface waters in the region (Fig.
8).

Surprisingly, the pivotal prey item in several seabird diets at the Abrolhos

(Gonorynchus greyi) was found solely in surface waters beyond the continental shelf,
despite having a neritic (and demersal) distribution as an adult.

The highest

concentration of G. greyi was within the most recently formed anti-cyclonic eddy AE1
(Fig. 13). Although concentrations were highly variable between taxa, anti-cyclonic
eddies generally had a high abundance of potential prey items.
3.2.7 Multivariate analysis of fish assemblages by feature
Ordination of larval fish assemblages according to the grouping factor, feature (Table 5,
section 3.2.3), showed spatial separation of Leeuwin Current(shelf), Leeuwin
Current(offshore) and anti-cyclonic eddy sites (Fig. 20). Shelf stations were reasonably
separated from other stations, although one Leeuwin Current station (S23 - in an area of
high off-shelf flow) was grouped with the shelf stations. Leeuwin Current (offshore)
assemblages showed some separation (dissimilarity) between stations, yet within a
definite cluster, illustrating the variability expected over the large geographical area
covered. Anti-cyclonic eddy assemblages were highly similar, reflected by low spatial
separation in the MDS, while their proximity to Leeuwin Current (offshore) stations
indicates similarity to these assemblages. Sub-Tropical Surface Water stations were
strongly separated in the MDS, however interpretation of this is limited due to a low
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number of stations, and very low numbers of larval fishes recorded. Cyclonic eddy
assemblages were also notably dissimilar (Fig. 20).

Figure 20: Multi-dimensional scaling representation of larval fish assemblages
classified according to oceanographic feature. Stations are coded by ‘feature’: CEcyclonic eddies; AE - Anti-cyclonic Eddies; LC(offshore) - Leeuwin Current beyond the
continental shelf; LC(shelf) - Leeuwin Current on the continental shelf; STSW = SubTropical Surface Water.
There was an overall significant difference between features (ANOSIM Global R =
0.505, P < 0.001). Leeuwin Current(offshore) was found to be moderately different to
Leeuwin Current(shelf) water (Table 10). Cyclonic eddies and anti-cyclonic eddies were
both significantly different from Leeuwin Current(shelf) water.

Low sample size,

combined with high variability between fish assemblages limited the interpretation of
pairwise test results between features (cyclonic eddies, Sub-Tropical Surface Water).
For example, the greatest dissimilarity in larval fish assemblages was found between
Leeuwin Current (offshore) and Sub-Tropical Surface Water (R=0.846 p=0.013)
however, lack of replicate stations and high variability of the latter feature (Fig. 20)
invalidates this test. It is likely that a large amount of the difference between surface
fish assemblages explained by feature was contributed to by differences between shelf
and offshore locations.
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Table 10: Global and pairwise Analyses of Similarity (ANOSIM) of larval fish
assemblages between features (*indicates P<0.05, **P<0.005).
Global Test
Sample statistic (R): 0.534
Significance level of sample statistic: 0.01%
Pairwise tests
R Statistic
Significance level %
CE, AE
0.5
10
(offshore)
CE, LC
0.476
6.7
CE, LC(shelf)*
0.833
3.6
CE, STSW
-0.25
100
(offshore)
AE, LC
-0.06
54.6
(shelf)
AE, LC
*
0.704
1.2
AE, STSW
0.5
10
(offshore)
(shelf)
LC
, LC
**
0.564
0.04
(offshore)
LC
, STSW*
0.846
1.9
(shelf)
LC
, STSW
0.625
7.1

Low average similarity values within features indicated the high variability within
Leeuwin Current(shelf), Leeuwin Current(offshore), Sub-Tropical Surface Water and
cyclonic eddies (Table 11). Anti-cyclonic eddy assemblages showed the highest within
feature similarity. Shelf stations were characterised predominantly by the presence of
the clupeid Sardinops sagax which was also the dominant driver of dissimilarity
between shelf and other features. Delineation of other features was driven largely by
differences in average concentration of the dominant Myctophidae, Phosichthyidae and
Gonostomatidae. H. hygomii distinguished Leeuwin Current Water, Phosichthyidae
were present at greater mean concentrations in anti-cyclonic eddies than other features,
while cyclonic eddies had a very low within group similarity and Sub-Tropical Surface
Water shared no common species between the two samples (Table 11).

40

Table 11: Results of SIMPER analysis of larval fish assemblages by feature. The feature in brackets (shelf-LCshelf, off-LCoffshore,
AE-anti-cyclonic eddy, CE-cyclonic eddy, STSW-Sub-Tropical Surface Water) denotes the greater concentration of the given
characterising species.
Leeuwin Current (Shelf)

Leeuwin Current
(offshore)

Sub-Tropical Surface
Water

Anti-cyclonic eddy

Cyclonic eddy
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Leeuwin
Current
(Shelf)

Average similarity: 33.61%

Leeuwin
Current
(offshore)

Average dissimilarity = 80.68

Average similarity: 38.27%

Clupeidae (shelf)
Hygophum hygomii (off)
Gonostomatidae (off)
Phosichthyidae (off)
Congridae (off)

Hygophum hygomii
Gonostomatidae
Phosichthyidae
Congridae

SubTropical
Surface
Water

Average dissimilarity = 88.42

Average dissimilarity = 91.14

Average similarity: 0.00%

Clupeidae (shelf)
Gonostomatidae (shelf)
Phosichthyidae (shelf)
Labridae sp.1 (shelf)
Bothidae (STSW)

Hygophum hygomii (off)
Phosichthyidae (off)
Gonostomatidae (off)
Congridae (off)
Labridae sp.1 (STSW)

No similar species

Anticyclonic
eddy

Average dissimilarity = 83.09

Average dissimilarity = 62.77

Average dissimilarity = 90.58

Average similarity: 54.10%

Phosichthyidae (AE)
Clupeidae (shelf)
Myctophidae sp.2 (AE)
Gonostomatidae (AE)
Myctophum asperum (AE)

Phosichthyidae (AE)
Myctophidae sp.2 (AE)
Hygophum hygomii (off)
Gonostomatidae (AE)
Myctophum asperum (AE)

Phosichthyidae (AE)
Myctophidae sp.2 (AE)
Myctophum asperum (AE)
Gonostomatidae (AE)
Myctophidae (AE)

Phosichthyidae
Gonostomatidae
Myctophidae sp.2
Myctophum asperum

Cyclonic
eddy

Average dissimilarity = 90.04

Average dissimilarity = 75.89

Average dissimilarity = 90.33

Average dissimilarity = 75.57

Average similarity: 8.33%

Clupeidae (shelf)
Gonostomatidae (CE)
Phosichthyidae (CE)
Myctophidae sp.4 (CE)
Labridae sp.1 (shelf)

Phosichthyidae (CE)
Gonostomatidae (off)
Hygophum hygomii (off)
Congridae (off)
Myctophidae sp.4 (CE)

Gonostomatidae (CE)
Phosichthyidae (CE)
Labridae sp.1 (STSW)
Myctophidae sp.4 (CE)
Bothidae (STSW)

Phosichthyidae (AE)
Myctophidae sp.2 (AE)
Gonostomatidae (AE)
Myctophum asperum (AE)
Myctophidae sp.4 (AE)

Congridae
Symbolophorus evermanni
Gonostomatidae
Phosichthyidae

Clupeidae
Gonostomatidae
Phosichthyidae

4.0 DISCUSSION
As far as can be established, this study represents the first attempt to investigate the
surface waters of the south-east Indian Ocean for potential prey items for populations of
seabirds breeding at the Abrolhos Islands. However, it must be acknowledged that
these samples were opportunistically obtained from a night time, surface sampling
programme designed to investigate larval phyllosoma of Western Rock Lobster
(Panulirus cygnus) (Wang et al., 2014). The implications of this are addressed in the
relevant sections.
In this discussion, the concentrations and location (offshore vs. shelf) of potential prey
items recorded from surface waters are examined in the context of the known foraging
ecology of tropical seabirds, specifically in terms of prey type/size selectivity and
foraging range. The influence of physical/growth characteristics of prey items is also
explored (Section 4.1).

Further, oceanographic conditions during the study are

discussed in terms of the normal temporal variability of the regional and meso-scale
oceanography (Section 4.2).

Links between oceanography and seabird prey are

examined, attempting to account for the plethora of factors that influence surface
macro-zooplankton distribution and subsequent availability to seabirds at the Abrolhos
Islands (Section 4.3). Lastly, findings are briefly considered in terms of the potential
broader implications for seabirds and future directions are suggested (Section 4.4).
4.1 Prey-field for seabirds
A range of potential prey items was found in surface water samples including
invertebrates such as squid and phyllosoma, as well as a diversity of larval and juvenile
fishes. Overall, concentrations of macro-zooplankton and potential prey items were low
in comparison to other areas (Sabatés et al., 2007) although this was likely contributed
to by the unique sampling methods employed in our study.

Total larval fish

concentrations in this study were generally much lower than those found in other studies
in the south-east Indian Ocean (Sampey et al., 2004; Muhling and Beckley, 2007;
Muhling et al., 2007a; Muhling et al., 2007b; Holliday et al., 2011; Holliday et al.,
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2012), as well as in other studies globally (Barange et al., 1999; Olivar et al., 2010).
However, these studies used finer mesh nets (≤ 500µm) and also sampled wider depth
ranges than the coarse mesh (1mm) net used in this study, which was biased toward
fewer but larger fishes, which should be more representative of those available to
seabirds. Tropical seabirds have a range of prey size preferences, which varies between
species, colonies and even seasons (Gaughan et al., 2002; Dunlop and Surman, 2012;
Catry et al., 2013; Santora et al., 2014). Many of the terns and noddies at the Abrolhos
Islands feed on larval fishes within the size range sampled in this study although several
species such as the crested tern and wedge-tailed shearwater preferentially select larger
items (Surman and Wooller, 2003).
The distribution of potential prey items was found to vary between taxa and prey type.
Panulirus cygnus phyllosoma and larval cephalopods (mostly squid) were found almost
entirely beyond the shelf in offshore surface waters. This was expected for P.cygnus,
which is known to utilise environmental factors that facilitate offshore transport (Caputi
and Brown, 1993). Although phyllosoma have only been previously recorded in very
low numbers in seabird diets at the Abrolhos Islands (Surman and Wooller, 2003),
elsewhere, decapods have been recorded in high numbers in the diets of contact-dipping
pelagic seabirds when the availability of their preferred prey is low (Quillfeldt et al.,
2010). In contrast, squid comprise a large component of the diet of many tropical
seabirds, particularly those that forage long distances from their colonies, such as sooty
terns, wedge-tailed shearwaters and brown noddies (Gaughan et al., 2002; Surman and
Wooller, 2003; Catry et al., 2009; Dunlop, 2011). Interestingly, seabirds that forage
close to, or inshore of, the Abrolhos Islands such as roseate terns and crested terns, have
been found to have no squid present in their diets, and are reliant largely on neritic
fishes such as scaly mackerel, parrotfish and sprats (Surman and Wooller, 2003), that
were not sampled in this study.
Fish assemblages were composed of a wide range of species in terms of the known
distributions and spawning locations of the adults. The spawning location of fish
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species largely drove the significant difference found in assemblages between shelf
edge and offshore stations. The dominance of meso-pelagic families Phosichthyidae,
Gonostomatidae and the Myctophidae at offshore stations reflected the oceanic habitat
of the adult fishes (Moser et al., 1984). The presence of these families over the shelf
edge is indicative of onshore mixing from offshore to shelf, a process previously
documented for meso-pelagic families in this region (Holliday et al., 2012).
Myctophids are well known as prey for pelagic seabirds, especially for the far foraging
sooty terns, although also for brown noddies and wedge-tailed shearwaters (Surman and
Wooller, 2003).

However, other meso-pelagic taxa have not been documented in

seabird diets. Many studies report a proportion of unidentified larval fishes in the gut
contents of offshore foraging seabirds (Surman and Wooller, 2003; Jaquemet et al.,
2008; Catry et al., 2009), which could be accounted for by other meso-pelagic families,
particularly considering the dominance of these fishes as larvae in oceanic surface
waters here and globally (Richards, 2006).
The diversity of neritic fishes was accounted for by a mix of pelagic species such as
sardines (Sardinops sagax) and anchovies (Engraulis australis) as well as a variety of
demersal species, including beaked salmon (Gonorynchus greyi), Platycephalidae,
Labridae and Tripterygiidae. Most of these families were found over the continental
shelf, reflecting their adult spawning location, although many were also sampled
>200km west of the shelf edge. In theory, the availability of these fish to seabirds is
dependent on the length of time that they are present, or able to survive, in surface
plankton. For demersal families, maturing into juveniles involves migrating to benthic
habitats (Shanks et al., 2003), while pelagic families remain in the water-column after
metamorphosis into juveniles (Leis et al., 1996). Consequently, pelagic families are
available as potential prey for surface-feeding seabirds for longer than demersal species
that are only available during their larval or planktonic stages. Pelagic larval duration
(PLD) is the length of time that a fish spends in the plankton during its larval phase, and
it varies significantly between taxa and is influenced by environmental conditions such
as temperature (Cowen and Sponaugle, 2009). Fish with long PLDs often have greater
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potential dispersal distances (Shanks, 2009).

Eel leptocephali of Congridae and

Muraenidae have long larval phases of 2-10 months (Miller and Tsukamoto, 2004) and
exhibited the greatest size of all fishes sampled (up to 104mm SLs). Beaked salmon (G.
greyi) grow up to 75mm before they settle to the substrate and also have a long larval
duration of three months (Bruce, 1998; Smith, 2000). Although none were found in
samples, goatfish (Mullidae) are also known for their protracted pelagic juvenile stages
(up to 57mm) (McCormick and Milicich, 1993; Leis and Carson-Ewart, 2000).
Together with beaked salmon, they have been found to be dominant in the diets of
several offshore foraging tropical seabirds, and pivotal in brown noddy reproductive
performance (Surman and Wooller, 2003; Surman and Nicholson, 2009a). The oceanic
distribution of these taxa is enabled by their long pelagic durations and their relatively
large size reached in the pelagic realm may increase their availability/suitability as prey
to offshore foraging seabirds.
A diverse range of strategies for life in the plankton is employed by larval fishes (Leis,
1991; Neira et al., 1998; Leis and Carson-Ewart, 2000). For example, many oceanic
larval fishes (i.e., Myctophidae) and macro-zooplanktonic organisms including P.
cygnus phyllosoma undertake diurnal migrations, moving vertically from greater depth
into surface waters at night (Rimmer and Phillips, 1979; Neilson and Perry, 1990;
Olivar et al., 2012) and thus would not be available for contact-dipping seabirds during
the day. In contrast, some larval fishes move to the surface during the day and to depth
at night (Leis, 1991; Muhling and Beckley, 2007). Intriguingly, Smith (2000) found
that small larvae of beaked salmon concentrate at the surface during the day, while
larger individuals remain at the surface throughout the day-night cycle.
As samples in this study were solely taken at night, it was biased toward those that are
present in surface waters nocturnally and excluded fishes that are not present during this
time. This may partially explain the absence of some known common seabird prey
items, such as goatfish. Prey items that exhibit diel nocturnal migration to the surface
would only be available to seabirds foraging at night, although they can be driven to the
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surface during the day by sub-surface predators (Thiebot and Weimerskirch, 2013).
Sooty terns and wedge-tailed shearwaters are two of only three species of tropical
seabird globally that have been directly observed to forage nocturnally, although it is
inferred from the presence of diurnally migrating taxa in their diets that other species
also practice this behaviour (Ballance and Pitman, 1999).
4.2 Oceanographic conditions
Ocean conditions in the study area were highly complex at the time of sampling. The
dominance of warm, low salinity water in the area reflected an extremely energetic
Leeuwin Current which formed an expansive offshore field of meanders, anti-cyclonic
and cyclonic eddies. Typically, the Leeuwin Current is defined as a warm, low salinity,
oligotrophic current that flows southwards along the edge of the continental shelf,
(Cresswell and Golding, 1980; Weller et al., 2011). However, during the study period,
its presence in surface waters extended west, hundreds of kilometres beyond the shelf
edge into the Indian Ocean basin. During times of high velocity, instability results in
the formation of these large offshore meanders and westwards geostrophic flow (Pearce
and Griffiths, 1991; Batteen et al., 2007; Waite et al., 2007). Inter-annual fluctuations
in the Leeuwin Current are driven by the El Niño Southern Oscillation (ENSO), with
increased strength during La Niña (Pearce and Feng, 2007; Feng et al., 2011; van
Sebille et al., 2014). The exceptionally strong Leeuwin Current activity during the
sampling period was largely attributed to the intense La Niña event that occurred in
2010-2011, which resulted in unprecedented sea-surface temperature (SST) anomalies
(Feng et al., 2013). The Southern Oscillation Index (SOI), an indicator of conditions
across the Pacific, averaged approximately +20 between July 2010 and April 2011,
which classifies this period as the second-strongest La Niña event of the past century
(Feng et al., 2013). The resultant abnormally high temperatures had extensive and
severe ecological implications in the region around the Abrolhos Islands (Smale and
Wernberg, 2012; Wernberg et al., 2012).
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This event was also associated with an anomalously high level of meso-scale eddy
activity, evident in surface geostrophic flow and sea-surface temperature imagery. The
formation of anti-cyclonic and cyclonic eddies in this area is well-documented during
the autumn/winter due to a seasonal increase in Leeuwin Current strength (Feng et al.,
2005; Batteen et al., 2007; Waite et al., 2007; Gaube et al., 2013). The high amount of
eddy activity late in the year (late winter/spring) was likely due to the La Niña event and
consequently strong Leeuwin Current.

Meanders and eddies induced a significant

amount of mixing in waters throughout and surrounding the study area. Cross-shelf
exchange of shelf and offshore waters was high and at one location adjacent to the
Abrolhos Islands, a significant amount of shelf water appeared to be incorporated into
an anti-cyclonic eddy (AE1). This process has been previously described by studies of
coastal nutrients, chlorophyll a, phytoplankton in surface waters of offshore anticyclonic eddies (Crawford et al., 2005; Feng et al., 2007; Moore et al., 2007; Thompson
et al., 2007; Dietze et al., 2009; Paterson et al., 2013). The formation of these anticyclonic eddies and subsequent off-shelf transport of water occurs recurrently in the
immediate vicinity of the Abrolhos Islands due to a number of factors, including the
steep and complex bottom topography in this area (Batteen and Butler, 1998; Fang and
Morrow, 2003; Morrow et al., 2003; Feng et al., 2005; Rennie et al., 2007; Meuleners et
al., 2008).
Anti-cyclonic eddies had a significant impact on the vertical structure of the water
column, evident from the deep, uniform mixed layer of warm, low salinity water. Deep
mixing is induced by anti-cyclonic eddies due to down-welling, while cyclonic eddies
are typically upwelling, which promotes enhanced primary production (Falkowski and
Ziemann, 1991; Mordasova et al., 2002; Greenwood et al., 2007; Dufois et al., 2014).
Vertical temperature/salinity profiles of one cyclonic eddy sampled (CE1) reflected this
cool, saline water upwelling to the surface, however, the other sampled cyclonic eddies
were capped in the upper 50m with Leeuwin Current Water, that supressed this
upwelling signature. Other studies examining cyclonic eddies formed in the Leeuwin
Current system have recorded a similar capping effect (Feng et al., 2007; Muhling et al.,
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2007b; Waite et al., 2007), which may be typical for these eddies in Western Australian
waters (Domingues et al., 2007).
Sub-Tropical Surface Water was sampled at the surface at the southern-most sites, as
well as in one cyclonic eddy that lifted this cooler water from below. However, most
stations in the study had warm, low salinity waters present in the upper layers of the
water column above these cooler, more saline waters.

This vertical stratification

represents the Leeuwin Current water, as a lower density layer, ‘smearing’ over the
cooler Indian Ocean waters (Domingues et al., 2007; Woo and Pattiaratchi, 2008).
In terms of environmental variables, no clear distinctions were found between most
oceanographic features, however, within each feature, variability existed based on the
temperatures, fluorescence levels and settled volumes (zooplankton). This variability
could be explained by the meandering of the Leeuwin Current between continental shelf
and oceanic regions, combined with vertical exchanges with the underlying Indian
Ocean Water. In a period of strong Leeuwin Current activity, Holliday et al. (2011) also
reported high variability in the physical and biological conditions, within what was
termed ‘modified Leeuwin Current water’. Sub-Tropical Surface Water and cyclonic
eddy features were uniformly low in temperature at the surface, although they were
highly variable in terms of zooplankton settled volume and maximum fluorescence.
Relatively low values for fluorescence suggest that chlorophyll a and subsequent
primary production would be similarly low (Moore et al., 2007; Gaube et al., 2013).
However in this study, relatively high settled volumes were found in an uncapped
cyclonic eddy and in Sub-Tropical Surface Water. This indicated elevated productivity,
contrasting with what is expected in these features (Dufois et al., 2014). It should be
noted that low replication at the factor level for Sub-Tropical Surface Waters and
cyclonic eddies limits interpretation of these results. Anti-cyclonic eddies were much
more uniform in terms of ambient environmental properties, as found by Holliday
(2009) with generally constant higher temperatures and productivity.
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4.3 Potential prey distribution in relation to oceanography
Oceanographic conditions are known to have an important influence on the structure of
larval fish assemblages (Olivar and Beckley, 1994; Muhling et al., 2007a; Holliday et
al., 2012). The following section discusses the distributions of potential prey sampled
in relation to the prevailing oceanographic conditions and how this may impact seabirds
at the Abrolhos Islands.

In section 4.1, moderate differences between larval fish

assemblages at shelf and offshore locations were attributed to adult spawning habitat
(neritic vs. oceanic) however, approximately 50% of the variation was left unexplained.
Oceanographic features also had a moderate influence on larval fish assemblage
structure, although there was a low level of replication for some factors. Cross-shelf
structuring of larval fish assemblages has been shown in this area previously although
during periods of high Leeuwin Current strength, this structuring effect was broken
down due to meso-scale mixing processes (Muhling and Beckley, 2007; Holliday,
2009).
The essentially ubiquitous distributions of larvae of several highly abundant oceanic
meso-pelagic species which were associated with the majority of offshore stations in the
study area would have limited the predictive ability of oceanographic features on the
structuring of the assemblages. Due to night sampling, it is possible that meso-pelagic
fishes, many of which undertake dial vertical migration, had originated from the cooler
water-mass below the layer of Leeuwin Current water (Cornejo and Koppelmann,
2006). Thus, their distributions may not be a reflection of the characteristics of surface
oceanographic conditions.
Investigation of fish assemblages in relation to environmental and physical parameters
showed a significant and moderately strong correlation with sea-surface temperature
(SST) and surface fluorescence (as a proxy for chlorophyll concentration). These
parameters have been identified as indicators of larval fish assemblages in this region
before (Muhling and Beckley, 2007; Holliday, 2009) as well as many other shelfoffshore regions (Grioche et al., 1999; Bakun, 2006; Sabatés et al., 2007; Espinosa-
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Fuentes et al., 2013). Trends in sea-surface temperature around Australia, often in
association with El Niño, have been linked to changes in the diets of seabirds
(Chambers et al., 2011). Broad scale changes in chlorophyll concentrations have also
been suggested to influence seabird prey availability (Monticelli et al., 2007). However,
changes in both of these variables can be driven by processes operating at smaller
regional, meso and local-scales (Frederiksen et al., 2004; Hanson et al., 2005; Gremillet
and Boulinier, 2009; Santora et al., 2014). For example, eddies and fronts, which can
significantly influence sea-surface temperature and chlorophyll concentration, have
been suggested to increase or decrease the predictability of forage fish availability to
seabirds (Weimerskirch et al., 2010; Weeks et al., 2013). As oceanic waters have low
prey predictability (Fauchald et al., 2000; Weimerskirch, 2007), these features could be
important for offshore foraging seabirds at the Abrolhos Islands. Although sea surface
temperature may not necessarily be the dominant driver of fish assemblages per se, it is
potentially a useful indicator, given the accessibility of remotely sensed sea-surface
temperature data. Likewise, remotely sensed chlorophyll a concentration could be a
useful indicator of the surface fish assemblages (Monticelli et al., 2007). Both seasurface temperature and chlorophyll a concentration observed by satellite have
previously been utilised successfully in identification of meso-scale oceanographic
features (Crawford et al., 2005; Paterson et al., 2008; Gaube et al., 2013).
The high level of horizontal mixing in surface waters at the time of sampling indicated
that variability in constituent biological communities was likely a product of the
temporal and spatial history of the ocean feature. The regional dominance of the
Leeuwin Current, with incursions off and onto the shelf, gives potential for the
incorporation of a diversity of planktonic fish and invertebrate communities from a
variety of habitats (Muhling et al., 2007a; Beckley et al., 2009; Holliday et al., 2012;
Säwström et al., 2014). Indeed, at most stations a relatively high diversity of macrozooplankton items was sampled, although each taxon was generally in low
concentrations, with the exception of a few ‘patches’ of high abundance. Cephalopod
larvae were widely distributed offshore and had relatively uniform concentrations.
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Similar patterns were observed for phyllosoma and settled zooplankton volume, with
the exception of anti-cyclonic eddies, where they were both found in higher abundance.
The high concentrations of zooplankton may reflect the higher productivity in the anticyclonic eddy waters due to elevated levels of coastally entrained nutrients and
phytoplankton (Thompson et al., 2007; Dietze et al., 2009). Fishes were also found in
higher concentrations in anti-cyclonic eddies and two offshore Leeuwin Current
stations. The highest concentration of fishes was in an offshore cyclonic eddy that was
capped significantly with Leeuwin Current water (CE3) and three oceanic fish families
(Phosichthyidae, Gonostomatidae and Myctophidae) dominated the assemblage. The
same families drove the high overall concentration of fishes at an offshore Leeuwin
Current station (S16). Aside from these exceptions, the majority of locations were
remarkably uniform in terms of both potential prey concentrations and diversity.
Relationships between oceanographic features and surface prey distributions varied
between potential prey items, with neritic taxa generally found over the shelf and
oceanic taxa offshore. However, the larvae of some neritic fishes were sampled >300
km offshore. Strong Leeuwin Current and meso-scale eddy activity are dominant forces
in reducing the retention of shelf waters and plankton off the West Australian coast
(Feng et al., 2010). The presence of neritic fishes at almost every offshore station is
probably explained by the dramatic mixing and dominance of the Leeuwin Current
apparent during and prior to sampling, due to an extreme La Niña event, in an area
which has the highest eddy kinetic energy of any mid-latitude eastern boundary currents
(Feng et al., 2005; Wernberg et al., 2012; Feng et al., 2013). This breaking down of
onshore-offshore larval fish assemblage boundaries has also been reported off southeastern Australia, due to meso-scale perturbations of the East Australian Current (Gray
and Miskiewicz, 2000; Syahailatua et al., 2011).
Many potential recruits of neritic fishes are lost off the Western Australian shelf during
times of eddy activity (Gaughan, 2007; Muhling et al., 2008; Feng et al., 2010), as
found in Japan (Kasai et al., 2002) and the North-Pacific (Mackas and Galbraith, 2002).
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In the current study, high concentrations of neritic species with long pelagic larval
durations (PLDs) were found alongside meso-pelagic oceanic species within an anticyclonic eddy, 150 km beyond the continental shelf. Oceanic fishes probably colonise
the eddy once it is offshore (Muhling et al., 2007b) and the presence of neritic fishes is a
product of their off-shelf transportation and incorporation into eddy waters (Holliday et
al., 2011). The short pelagic larval duration (< 1 month) of most neritic fishes (Leis,
1991; Holliday et al., 2012) determines that as these anti-cyclonic eddies propagate
offshore, a large proportion of demersal neritic fishes are lost from surface waters as
they attempt to settle to the benthos. This is probably why a high diversity of demersal
neritic fishes was found at station S23, between an anti-cyclonic eddy and the shelf
break, rather than in the eddy further offshore. However, neritic fishes with longer
PLDs (> 1 month) such as beaked salmon (PLD ≈ 3month) and goatfish, and those that
occupy pelagic rather than demersal habitats (e.g., Sardinops sagax, Engraulis
australis) remained in the eddies from this study, as was also found by Holliday et al.
(2011). Older anti-cyclonic eddies from this study contained a higher proportion of
oceanic fishes and only neritic fishes with the longest PLDs, such as eel leptocephali
(PLD up to 1 year) remained (Miller and Tsukamoto, 2004; Muhling et al., 2007b).
Thus, locations of off-shelf flow and anti-cyclonic eddies could increase the offshore
availability of some prey (Fig. 21). This could explain the surprising dominance of
neritic beaked salmon and goatfish in the diets of seabirds that forage predominantly in
the oceanic environment.
The ability of seabirds to utilise these potential offshore prey sources is dependent on
their foraging ranges and strategies, which vary between species (Surman and Wooller,
2003; Catry et al., 2009). Seabirds that undertake long foraging trips, such as sooty
terns, brown noddies and lesser noddies, may be reliant on the offshore availability of
neritic fish species with long PLDs, as they can experience inter-specific competition
with seabirds that forage inshore of the shelf break (Furness and Birkhead, 1984). Only
anti-cyclonic eddies that had recently been generated could be utilised by brown and
lesser noddies, due to their 100 - 180 km and < 100 km respective ranges. In addition,
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older anti-cyclonic eddies could provide high prey concentrations for sooty terns with
their greater foraging range (up to 600 km), long after separation from the shelf
(Surman et al., 2012). The presence of beaked salmon offshore would also be limited to
anti-cyclonic eddies that had separated from the shelf less than three months before,
which may explain their dominance in the diets of the range limited brown and lesser
noddies. Sooty terns have beaked salmon present in their diets, but also had a diversity
of other items, which could be related to their greater foraging range (up to 600 km)
(Surman and Wooller, 2003). These offshore prey sources are not likely available to the
bridled and crested terns, which forage inshore of the shelf break, on a different range of
prey items (Dunlop, 1997; Surman and Wooller, 2003; McLeay et al., 2010; Dunlop and
Surman, 2012).

Figure 21: The influence of the length of time fishes spend in the plankton (pelagic
larval duration - PLD) on the relative distance they are likely to be found offshore in
ocean currents and anti-cyclonic eddies during periods of strong Leeuwin Current.
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Sooty terns, brown noddies and lesser noddies have an important commensal
relationship with high trophic level, sub-surface predators such as tuna which drive
smaller fishes to the surface and are also attracted to meso-scale features (Bakun, 2006;
Dunlop, 2011; Jaquemet et al., 2014). In the western Indian Ocean, pelagic seabirds
including sooty terns have been observed to preferentially forage in and around mesoscale oceanic features, particularly eddies, which were associated with high levels of
production, zooplankton and tuna schools (Jaquemet et al., 2007; Jaquemet et al., 2008).
The association of seabirds with specific oceanographic features such as zones of
upwelling, fronts and eddies is not uncommon (Haney, 1986; Weimerskirch et al., 2004;
Bost et al., 2009; Thiebot and Weimerskirch, 2013). This is potentially related to the
increased levels of nutrients and increased sub-surface predator activity also associated
with these features (Ballance and Pitman, 1999).
The uniformly high settled volume found in anti-cyclonic eddies in this study is
indicative of higher productivity (Säwström et al., 2014). At the islands south of the
Abrolhos, stable isotope analysis has previously shown that brown noddies and sooty
terns forage over waters with higher inorganic nitrogen and productivity in comparison
to bridled terns (Dunlop, 2011). The enriched δ15N and δ13C signatures found for
beaked salmon in brown noddy diets (Dunlop, 2011) could be accounted for by higher
nutrient, coastally derived water that can be incorporated into anti-cyclonic eddies and
transported offshore (Moore et al., 2007; Paterson et al., 2008).
4.4 Implications and future directions
This study was conducted over a three week period during the pre-breeding phase of
many seabirds at the Abrolhos Islands. The availability of key prey items to seabirds
during this time, especially beaked salmon to brown and lesser noddies, is known to be
important in determining their breeding performance (Surman and Nicholson, 2009a).
Anti-cyclonic eddies could therefore provide an important mechanism for increasing the
availability of prey to these pelagic foraging seabirds, during times when Leeuwin
Current activity is sufficient to generate meso-scale eddies. Although speculative, this

54

could explain the low proportion of these key prey items in brown and lesser noddy
diets during strong El Niño events (Surman and Nicholson, 2009a), when Leeuwin
Current and meso-scale activity is low (Feng et al., 2003). It is acknowledged that the
temporal scale at which this study was conducted could not assess this.
A number of prey items commonly found in seabird diets at the Abrolhos were not
found in surface samples during the study period. A portion of this may be explained
by some of these species migrating to deeper waters at night, when samples were taken.
However, it is also possible that some of these species, such as black-spotted goatfish,
were not found because their spawning period is at another time of year. Significantly
higher numbers of black-spotted goatfish have been found in the diets of seabirds at the
Abrolhos later in the breeding season (January/February) which could indicate a more
summer spawning for this species (Gaughan et al., 2002). Further studies on prey
availability to seabirds at the Abrolhos Islands to investigate temporal variability are
recommended. In particular, an examination of surface waters during El Niño would
provide a useful comparison to the data collected in this study.
In the past, investigation of the movements and activity of meso-scale eddies and areas
of off-shelf flow, has been successfully conducted using satellite derived sea-surface
temperature, altimetry and chlorophyll a (Crawford et al., 2005; Gaube et al., 2013;
Dufois et al., 2014). The potential utilisation of these features by oceanic foraging
seabirds could be assessed using satellite derived surface ocean conditions in
conjunction with GPS tracking of brown noddies, lesser noddies and sooty terns.
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5.0 CONCLUSIONS
This exploratory and opportunistic study has examined surface waters for potential prey
items available to tropical pelagic foraging seabirds breeding at the Abrolhos Islands. A
high diversity of potential prey was found in the south-eastern Indian Ocean, some of
which overlapped with the known composition of seabird diets. Larvae and juveniles of
meso-pelagic oceanic fishes dominated the surface fish assemblages (70%) but some of
the most numerous (Phosichthyidae and Gonostomatidae) have not, to date, been
recorded in the diets of seabirds from the Abrolhos Islands (although possibly
contributing to the proportion of unidentified fishes in those studies). The location of
adult spawning habitat (neritic vs. oceanic) had a moderate influence on surface fish
distributions (shelf vs. offshore), which is generally reflected by the presence of oceanic
fishes in long distance foraging sooty tern diets and neritic fishes in near-shore foraging
crested and roseate tern diets.
The oceanography in the study area appeared to be particularly energetic during the
study period and was probably linked to the 2010/2011 anomalous marine warming
event, driven by one of the strongest La Niña periods on record. The Leeuwin Current
dominated surface waters in the area, generating a geographically large field of
meanders and anti-cyclonic and cyclonic meso-scale eddies, with resultant strong crossshelf water movement.

Several cyclonic eddies were capped by Leeuwin Current

Waters, which supports the findings of other studies in the area.
Sea-surface temperature and fluorescence explained a moderate amount of variation in
surface fish assemblages.

Oceanographic features were also found to have some

structuring effect on fish assemblages although there was high variability within most
features. This may reflect the regional dominance and mixing of the Leeuwin Current.
Recently generated anti-cyclonic eddies were identified as regions of higher prey
concentrations, due to their tendency to transport larvae of neritic fishes offshore. In
particular, neritic fishes with long pelagic larval durations such as the beaked salmon
Gonorynchus greyi were found in these eddies.

This could explain the known
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dominance and importance of beaked salmon in the diets of offshore foraging seabirds
such as brown and lesser noddy, as well as the sooty tern, to a lesser extent.
It is evident that the prey available for seabirds is influenced by a broad suite of factors.
Further temporally based investigation of this might be best integrated with tracking of
seabird foraging excursions and concurrent remote sensing of altimetry, sea surface
temperature and chlorophyll.
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7.0 APPENDICES
Appendix 1: Temperature (red) and salinity (blue) with depth profiles of the upper
500m of the water column for all stations.
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Appendix 1 continued: Temperature (red) and salinity (blue) with depth profiles of the
upper 500m of the water column for all stations.
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Appendix 1 continued: Temperature (red) and salinity (blue) with depth profiles of the
upper 500m of the water column for all stations.
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Appendix 1 continued: Temperature (red) and salinity (blue) with depth profiles of the
upper 500m of the water column for all stations.
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Appendix 1 continued: Temperature (red) and salinity (blue) with depth profiles of the
upper 500m of the water column for all stations.
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Appendix 1 continued: Temperature (red) and salinity (blue) with depth profiles of the
upper 500m of the water column for all stations.
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Appendix 2: Environmental variables at all stations used in PCA and BIOENV analyses.

Station
3
4
7
8
9
10
12
13
14
15
16
17
18
19
20
21
22
23
24
26
27
28
29
30
34
38

Fluorescence
(Cmax)
(RFU)
27.48
23.93
26.91
25.11
28.87
26.68
27.00
25.33
26.31
27.85
25.29
26.54
25.55
27.25
23.15
25.21
24.99
25.49
27.22
29.31
24.49
24.95
27.04
23.40
24.56
29.79

Oxygen
(surface)
(ml.l-1)
240.49
230.38
233.54
230.26
239.68
225.39
233.20
233.85
228.58
226.13
231.82
227.78
227.21
231.09
226.94
233.90
230.03
229.08
229.49
231.12
231.97
234.26
232.41
235.05
246.20
245.63

Fluorescence
(surface)
(RFU)
16.99
20.75
17.22
18.74
16.46
19.26
15.95
15.81
20.54
26.14
18.32
17.16
19.28
19.02
20.10
20.02
23.79
22.26
24.52
27.78
17.85
19.20
22.93
18.42
19.23
16.80

Salinity
(surface)
(psu)
35.57
35.13
35.33
35.22
35.53
34.94
35.30
35.47
35.16
35.23
35.27
34.98
35.01
35.26
34.97
35.20
35.17
34.95
35.04
35.00
35.08
35.25
35.12
35.24
35.65
35.65

Temperature
(surface)
(°C)
18.10
20.32
19.57
20.11
18.41
21.32
19.71
19.64
20.54
20.74
19.81
21.08
20.88
20.00
20.83
19.80
20.15
20.93
20.51
20.59
20.33
19.54
19.81
19.34
17.34
17.16

Distance from
Abrolhos
(km)
291
212
206
341
291
217
193
373
224
177
129
82
42
225
190
161
145
144
159
46
127
186
279
336
415
412

Settled
volume
(ml.1000m-3)
80.81
206.94
174.27
342.34
326.99
377.35
178.42
155.56
124.21
155.93
321.37
162.57
213.18
137.26
276.83
203.57
102.57
106.73
219.22
66.12
52.45
61.04
147.96
107.40
251.85
40.12

Salinity
(Cmax)
(psu)
35.66
35.14
35.55
35.22
35.60
35.06
35.54
35.65
35.34
35.26
35.41
35.29
35.39
35.58
35.13
35.26
35.17
35.13
35.28
35.08
35.33
35.39
35.12
35.43
35.63
35.64

Temperature
(Cmax)
(°C)
17.56
20.29
18.96
20.02
18.12
20.66
19.34
19.47
20.04
20.57
19.61
20.25
19.74
19.01
20.28
19.76
20.15
20.62
20.25
20.32
19.72
19.40
19.75
19.07
16.73
16.93
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