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Coastal environments and their associated biota provide numerous

environmental, economic and societal services. Cockburn Sound, a temperate

embayment on the lower west coast of Western Australia, is immensely

important for the State and adjacent capital city of Perth. However,

urbanisation and associated terrestrial and marine development has the

potential to threaten this important ecosystem. This study collated published

and unpublished data to review the current state of the ecological resources of

Cockburn Sound and describe how they have changed over the past century.

Post-WWII, the embayment began undergoing pronounced anthropogenic

changes that limited oceanic water exchange, increased nutrient load,

modified benthic habitats and increased fishing pressure. The most visual

outcome of these changes was substantial eutrophication and the loss of 77%

of seagrass habitats. However, the increased primary productivity from elevated

nutrient inputs produced high commercial fishery yields of up to ~1,700 t in the

early 1990s before improved wastewater regulation and restricted fishing access

steadily reduced commercial catches to ~300 t in recent years. Despite

substantial anthropogenic-induced changes, Cockburn Sound has remained a

diverse and ecologically important area. For example, the embayment is a key

spawning area for large aggregations of Snapper, is a breeding and feeding site

for seventeen marine bird species (including Little Penguins) and, is frequented

by numerous protected species such as pinnipeds, dolphins, and White and Grey

Nurse sharks. In recent decades, numerous projects have been initiated to

restore parts of Cockburn Sound with mixed success, including seagrass
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transplantation, deployment of artificial reefs and stocking of key fish species,

mainly Snapper. Nevertheless, while still biodiverse, there are signs of

considerable ecological stress from escalating anthropogenic pressures and

the cumulative impacts of ongoing and future developments, including climate

change, which may severely impact the functioning of this important ecosystem.
KEYWORDS

anthropogenic development, biodiversity, ecosystem change, eutrophication, fisheries,
industry, management, restoration
Introduction

Coastal environments are among the most productive and

biologically valuable ecosystems (Costanza et al., 1997). They

have played crucial roles for humans for millennia with many

major and mega-cities having developed on coasts worldwide,

thereby increasing reliance of these environments for human

habitation and infrastructure, commerce and industry, and

tourism and recreation (Defeo and Elliott, 2021). However,

despite the ecosystem services they provide, coastal environments

are deteriorating through intense and increasing anthropogenic

usage (Halpern et al., 2008; Barbier et al., 2010). Three major

threats were identified in the ‘triple whammy’, i.e. increasing

urbanisation and industrialisation, increasing use of resources and

decreased resilience to climate change (Defeo and Elliott, 2021).

Many coastal cities have undergone a similar pattern of

settlement, followed by industrialisation and the rapid expansion of

trade and resource utilisation which has resulted in the severe

modification of the environment (e.g. Tinsley, 1998; Cloern and

Jassby, 2012; Banks et al., 2016). This has resulted in inputs of

nutrients, heavy metals and other contaminants (e.g. microplastics),

land reclamation, the clearing of habitats, the extraction of biota and

other natural resources and translocation of non-indigenous species

(He and Silliman, 2019). Such impacts often result in the degradation

or the collapse of coastal ecosystems and the services they provide

(Crain et al., 2009; Barbier et al., 2010). For example, globally, 29% of

seagrass habitat and 85% of oyster reefs have been lost (Waycott et al.,

2009; Beck et al., 2011). Moreover, in the Thames Estuary (UK),

sewage inputs caused anoxia in parts of the system resulting in only a

single fish species being caught between the 1920s to 1960, before

wastewater treatment was improved and fish species returned

(Tinsley, 1998; Potter et al., 2015). Increased shipping was a major

driver of 232 species being translocated into San Francisco Harbour

over 142 years (Costello et al., 2007). Given the value of coastal

ecosystems and the extent of degradation in many areas around cities,

amelioration and restoration effects are underway (Waltham et al.,

2020). The synthesis of data over decades is crucial in understanding

how coastal environments have changed and how they may in the

future with a growing global population and the increasing effects of

climate change (Cloern and Jassby, 2012).
02
Globally, ~26% of the population live within 50 km of the

coastline (Reimann et al., 2023), however, in Australia this

proportion is 87% (22 million people), which causes significant

and sustained pressures on the coastal environments (Clark et al.,

2021). In the most recent State of the Environment Report for

Australia for 2021, the condition of i) beaches and shorelines, ii)

waterways, iii) ecosystems and habitats, and iv) species were all

assessed as “poor” and, in three of the four categories, were

“deteriorating” (Clark et al., 2021). Coastal environments located

near urban centres were in the worst condition and, among the taxa

assessed, invertebrates, fish and shorebirds were undergoing the

most pronounced declines. Being an urban coastal nation,

population-driven pressures were considered to have a high or

very high impact, most notably coastal development and changing

land use (i.e. coastal squeeze). Although industrial pressures were,

overall, assessed as low impact, nutrient pollution, contamination,

and artificial structures were each considered to exert a high impact

on coastal environments. In addition, invasive species, which are

often associated with shipping, were assessed as a pervasive and

significant threat (Clark et al., 2021). Australian coastal

environments are also particularly sensitive to the effects of

climate change, which can exacerbate existing threats (He and

Silliman, 2019; Spencer et al., 2023). Extreme weather events and

erosion were both assessed to have a high impact (Clark et al., 2021).

The lower west and eastern coasts of Australia are hotspots for

marine heat waves and the frequency, intensity and duration of

which are increasing (Hobday and Pecl, 2014; Kajtar et al., 2021)

and rainfall following wildfires can result in mass mortality events

in estuaries (Silva et al., 2020).

Due to the rate of change, the Perth metropolitan region of

Western Australia (WA) has been identified as a region of high

cumulative human impact, making it at high risk of ecosystem

collapse (Halpern et al., 2019). As humans change the natural

physical and ecological processes for societal gains, its creating

complex social-ecological systems that require transdisciplinary

approaches to inform decision-making (Spencer et al., 2023). This

study integrates a variety of unpublished and published data to

determine the state of the ecological resources of Cockburn Sound

(CS), a large temperate marine embayment that is culturally,

economically and recreationally important to the people of WA,
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but which has undergone major ecological changes over the last

century due to various anthropogenic influences.

This synthesis was initiated by the proposal to develop a new

port in CS capable of handling 4.5 million twenty-foot equivalent

units (i.e. standard 6.1 m long shipping containers) annually, which

will also require a substantial dredging program to enable ultra-

large container vessels to dock (Westport, 2020). This port is in

addition to the expansion of other industrial and military facilities

around CS and increased urbanisation and human usage from

Perth ’s expanding population. This article provides a

comprehensive overview of the current status of key ecological

assets within CS, contextualized against the natural and

anthropogenic changes which have occurred since the early

1900s. The subsequent text describes how the anthropogenic

footprint on CS has developed over time and, through the lens of

ecosystem-based fisheries management, considers changing

linkages between taxa, including vulnerable habitats and

threatened species. This synthesised information is intended to

inform ongoing management of WA aquatic resources and support

the development and assessment of potential impacts of marine

development projects within CS. Finally, knowledge gaps are

identified to guide future research and monitoring programs and

support the ongoing management of an increasingly developed CS

in a rapidly changing climate.
Site description

Geography and geology

Cockburn Sound is situated at ~32°S on the lower-west coast of

WA and, in this study, is considered to include all inshore waters

from Fremantle to Rockingham, consistent with the commercial

fishery boundary (Figure 1). This region spans 25 km north-south

and up to 10 km east-west, with an area of ~200 km2. Along the

western boundary is Garden Island (GI; ~10 km long), as well as

several smaller islands, shallow limestone reefs, and a 4.2 km long

rock-filled causeway (Figure 1). Directly to the north is the entrance

to the Swan-Canning Estuary (SCE).

The southern waters of CS (Woodman Point to Rockingham)

contain a deep central basin (17–22 m) surrounded by a shallow

(<10 m) shelf (Figure 1). To the north are Parmelia and Success

Banks, which extend from the mainland to Carnac Island and

Stragglers Rocks, respectively. Deeper (~15 m) depressions lie

between and to the north of these banks, i.e. Owen Anchorage

(OA) and Gage Roads. A shipping channel, maintained to a depth

of ~15 m, extends from Gage Roads to the central basin of CS and

navigational waters in the Kwinana area and southern GI are

regularly dredged to ~12–15 m.
Climate and hydrology

Located in a Mediterranean climate region, CS experiences air

temperatures ranging from ~8°C (mean monthly minimum) during
Frontiers in Marine Science 03
July (Austral winter) to ~32°C (mean monthly maximum) in

February (BOM, 2024). Average annual rainfall is ~750 mm, of

which 80% occurs between May and October (Hallett et al., 2018).

From October to April light to moderate offshore easterly winds

typically occur in the morning with strong and consistent onshore

sea breezes (20–25 knots, south to south-westerly) in the afternoon

(Steedman and Craig, 1983; Masselink and Pattiaratchi, 2001).

During winter, strong winds are irregular and typically associated

with onshore cold fronts. Tidal range is ~0.6 m and coastal waters

are characterised by a low mean significant wave height (<2 m),

with wave conditions typically driven by sea breezes during summer

and storm activity in winter (Lemm et al., 1999).

The protected nature of CS results in a low-energy system with

limited hydrodynamic mixing of the water column, particularly in

south-eastern waters (Xiao et al., 2022). Water temperatures range

from 16°C in late-winter to 24°C in late-summer (Johnston and

Yeoh, 2021), and are strongly influenced interannually by the

poleward flowing Leeuwin Current (Feng et al., 2003). Bottom

salinity remains close to marine (35–37) throughout the year,

although freshwater influences from the SCE can reduce surface

salinity to ~30, predominately from mid-winter to spring (CSMC,

2018). Stratification is most apparent during autumn when winds

are lightest, which can reduce dissolved oxygen concentrations in

bottom waters (Xiao et al., 2022).
Physical habitats and manmade features

The substratum in the deeper waters of CS comprises

predominately mud with minimal vegetation, hard structure or

reef (Skene et al., 2005). Shallower waters (<10 m) contain coarser

substrates and seagrass meadows (Kendrick et al., 2002). Small areas

of rock and coral reef are present throughout these shallower waters

and several shipwrecks and artificial reefs exist at depths ranging

from 2–18 m (Figure 1; see Restoration and enhancement).

Sandy beaches extend along most of the mainland shoreline,

except for ~1 km of limestone cliffs in Henderson and various

manmade structures such as jetties and rock walls (Figure 1). The

shoreline from Woodman Point to Kwinana is particularly

developed with industrial and port facilities. Marinas for

recreational and commercial vessels are in Fremantle, Coogee and

Henderson and numerous swing moorings are located in Mangles

Bay (Figure 1).

Garden and Carnac Islands are relatively undeveloped apart

from naval facilities (HMAS Stirling) on GI, which is also connected

to the mainland via a causeway (Figure 1). Sandy beaches extend

along the landward sides of both islands while their seaward sides

contain predominately limestone cliffs and rocky outcrops.
Human uses

Cockburn Sound is culturally, economically and recreationally

important, supporting a vast array of human activities (Table 1).

The spatio-temporal extent of these activities, combined with their
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physical nature (e.g. extractive vs non-extractive), culminates in

their level of impact on the marine environment (see

Anthropogenic pressures). Moreover, certain activities have little

or no reliance on biodiversity (e.g. industry), while others are highly

reliant (e.g. recreational activities) and may even aim to increase

biodiversity through restoration activities.

Known as Derbal Nara, or “Estuary of the Salmon”, to the

indigenous Whadjuk Noongar people, CS has been used for fishing,

hunting and gathering resources for thousands of years (Collard

and Bracknell, 2012). With the arrival of European settlers in the

early-1800s, CS provided safe anchorage and food resources and

became an important port and trading hub (Botting et al., 2009).

Shipping has remained a major human use of CS over the past two
Frontiers in Marine Science 04
centuries, which has been accompanied by the development of

various industries and infrastructure. Fremantle Port opened in

1897, initially comprising an inner harbour at the mouth of the SCE,

and expanded in 1955 to include an outer harbour located in CS

(Tull, 1985). Today the port handles >99% of WA’s container trade,

equating to 1,500 to 1,800 ships carrying 700,000 to 800,000 twenty-

foot equivalent units (2012-2023) with a value of ~AU$37.6 billion

in 2022 (Fremantle Ports, 2022).

The Kwinana Industrial Area located on the eastern shoreline

(Figure 1) contains WA’s largest industrial and shipping complexes,

including oil, gas and alumina refineries, chemical manufacturing,

shipbuilding and bulk transport (Table 1; MacLachlan, 2013).

Production from this large-scale industry generated AU$8.5
FIGURE 1

Map of Cockburn Sound detailing the bathymetry and some geographic points mentioned in the text. Key habitats, i.e. 1 (Kendrick et al., 2002) and
2 (Hovey and Fraser, 2018), and the footprint of human uses are overlaid. Inset shows the location of Cockburn Sound within Western Australia. Note
there are no available maps of the historic extent of seagrass north of Woodman Point.
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TABLE 1 Summary of major human activities in Cockburn Sound with their spatial extent, frequency of occurrence, reliance and general impact on
marine biota.

Activity
Spatial
extent Frequency

Biota
reliance

Biota
impact

Recreation Boating and sailing *** *** ** ⊖

Snorkelling and diving * ** *** –

Water sports (e.g. kayaking, paddle boarding,
water skiing) ** *** **

–

Wind sports (e.g. kite and windsurfing) * ** * –

Swimming and general amenity (e.g. picnics,
beach activities, sunbathing) ** *** **

–

Coastal exercise (e.g. walking, jogging, cycling) ** *** * –

Dog and horse exercise beaches * *** * –

Bird watching * * *** –

Industry and transport Resource extraction (e.g. shellsand) ** *** – ⊖

Resource production and processing (e.g.
chemicals, alumina, lime) ** *** –

⊖

Seawater desalination * *** – ⊖

Energy production * *** – ⊖

Wastewater treatment * *** – ⊖

Ship building and maintenance ** *** – ⊖

Bulk export terminals ** *** – ⊖

Vessel anchorage and navigation *** *** – ⊖

Military Naval base *** *** – ⊖

Anchorage for military vessels *** *** – ⊖

Training area *** ** – ⊖

Fishing and aquaculture Customary *** * *** ⊖

Recreational *** *** *** ⊖

Charter fishing ** * *** ⊖

Commercial *** ** *** ⊖

Aquarium collection * * *** ⊖

Aquaculture (mussels and seaweed) ** *** * ⊖

Tourism Ecotourism (e.g. sealions, dolphins,
dive operators) ** ** ***

–

Charter boats (non-fishing) * ** * –

Caravan parks and holiday villages * ** ** –

Other tours and activities (e.g. parasailing, jet
boats, parachuting) * * *

–

Residential Coastal living (housing, apartments, marina) ** *** * –

Cafes, restaurants and shops * *** * –

Education and research School camps and tertiary education ** * *** –

Research activities ** * *** ⊕

Other education/training (e.g. surf rescue) * * * –

(Continued)
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billion in revenue in 2007 (Botting et al., 2009; MacLachlan, 2013)

and provides substantial local employment. The industrial area also

produces a major proportion of WA’s electricity and water through

power and seawater desalination plants. Historically, Perth’s

electricity was generated by an oil- and coal-fired station in

Coogee (Figure 1), which operated from the 1950s to 1985 and

used seawater for cooling (Botting et al., 2009). Currently, there are

two active gas turbine power stations in Kwinana with their

locations of strategic importance due to the proximity of

established infrastructure, natural gas supply and seawater for

cooling. The seawater desalination plant, which intakes seawater

and expels hypersaline warm water back into CS, has an annual

capacity output of 50 GL and provides ~15% of Perth’s water supply

(Clark et al., 2021).

A wastewater treatment plant at Woodman Point processes

wastewater from >500,000 people. It historically discharged

secondary treated effluent into CS until a secondary pipe was

constructed to transport wastewater further offshore. Historically,

the shoreline was also used by other industries such as meatworks

and lime kilns. The prevalence of abattoirs peaked in the 1940s, with

Robb’s Jetty Abattoir, situated near Fremantle, being the largest

(Moredoundt and Kendall, 2012). Cockburn Sound also plays a

major role for the Australian Defence Force and is the location for

the western naval fleet. The sound provided safe harbour from

submarines during WWII, with the southern and northern

entrances to the sound protected by anti-submarine scaffolding

and nets (Figure 1), which were in place from 1944 to 1964, with

some remains still being present (Carter and Anderson, 2010). A

causeway from the mainland to GI was constructed during the

1970s to facilitate development of the HMAS Stirling naval base

(commissioned in 1978). The base supports domestic and foreign

naval surface ships and submarines and contains the only

submarine escape training facility in the southern hemisphere.

Despite substantial industrialisation, CS remains a popular

recreational and tourism destination for boat and shore-based

activities. Woodman Point is WA’s most used boat ramp (Afrifa-

Yamoah et al., 2021), which along with numerous other public and

private boating facilities, support a range of activities, including

fishing, sailing, diving, water skiing and nature appreciation

(Table 1). Commercial operations in CS also facilitate wildlife

encounters, fishing charters and other leisure activities (e.g.

parasailing). Shore-based activities include swimming, snorkelling,
Frontiers in Marine Science 06
scuba diving, fishing, kite and windsurfing, walking, animal exercise

and nature appreciation. As industrial and commercial

development has reduced foreshore accessibility for recreational

use, the remaining areas have become increasingly valued by local

communities (Afrifa-Yamoah et al., 2021). Although many of the

recreational activities in CS utilise the natural environment, some

developments have sought to enhance experiences, such as

the construction of a dive trail and swimming enclosure net

in Coogee.
Anthropogenic pressures

While humans have inhabited the region for thousands of years,

CS began to be heavily modified post-WWII as industrial and urban

expansion of Perth accelerated. During the 1960s this previously

oligotrophic environment became eutrophic, as CS received

substantial domestic wastewater and industry effluent from a

wastewater treatment plant discharging west of Woodman Point

and two factories in Kwinana producing nitrogen and phosphorus

fertilisers (Chiffings, 1979). By the 1970s, ~1,820 t of nitrogen and

1,378 t of phosphorus were being discharged into CS annually,

increasing nutrient levels 25–30 times higher than previously

recorded (Chiffings, 1979). Additional nutrients entered from the

SCE (Robson et al., 2008) and other coastal industries (e.g. abattoirs

dumping waste products directly into CS; Botting et al., 2009).

Nutrient enrichment was compounded by the construction of the

GI causeway in the early 1970s, which reduced circulation and

mixing with oceanic waters (see below). Subsequent declines in

water quality, and increased epiphyte loads on seagrasses

(Cambridge et al., 1986) and phytoplankton densities (Chiffings,

1979) ultimately resulted in a 77% decline in seagrass coverage

between 1967 and 1999, with the majority occurring before 1972

(Figure 2; Kendrick et al., 2002). The increase in primary

productivity did, however, generate a major increase in fisheries

production (Marks et al., 2021), particularly of filter-feeding

invertebrates and planktivorous fish species. Various small stocks,

including mussels (Mytilidae spp.), Blue Swimmer Crab (Portunus

armatus), Scaly Mackerel (Sardinella lemuru) and Australian

Sardine (Sardinops sagax), expanded significantly during the

1970s–1990s, forming the basis for commercial fisheries and

recreational fishing activity (see Fisheries).
TABLE 1 Continued

Activity
Spatial
extent Frequency

Biota
reliance

Biota
impact

Coastal and marine rehabilitation Seagrass restoration * * – ⊕

Artificial reef deployment * * – ⊕

Stock enhancement (fish) * * *** ⊕

Erosion management and beach nourishment ** * – ⊖

Coastal revegetation * * – ⊕
Frequency refers to the frequency of occurrence of each activity relative to other areas of Western Australia. * = low, ** = moderate, *** = high. ⊖ = negative, ⊕ = positive, – = neutral or
negligible impact.
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FIGURE 2

Timeline of key urban and industrial development, fisheries management measures and main environmental responses and human interventions
within Cockburn Sound since European settlement. Note that these timelines are non-exhaustive. Additional details provided in the text.
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Improved management practices and construction of the Sepia

Depression Outlet in 1984, to redirect wastewater outside CS,

substantially reduced nutrient loads (Figure 2). By 2000, the

annual nitrogen discharge into CS was 57 t, which was reduced to

essentially zero by 2015 (BMT, 2018). Despite these significant

declines, nitrogen and phosphate levels remained elevated for

decades, as stored nutrients in sediments slowly remobilised and

contaminated groundwater continued to flow into CS (Greenwood

et al., 2016). Nevertheless, CS has returned from a system of

nitrogen excess to one of nitrogen deficit (Greenwood et al.,

2016), thereby meeting the intent outlined in 1979 of reducing

the nitrogen load to the levels that occurred pre-seagrass dieback

(DCE, 1979). These nutrient reductions have resulted in

substantially decreased primary productivity (CSMC, 2020),

which likely contributed to the reduced catches of several fishery

species including crabs and mussels.

Historical industrial discharge into CS also resulted in high

levels of heavy metals and sulphides accumulating in sediment and

biota. Plaskett and Potter (1979) reported appreciable discharge

rates of 4–24 kg day-1 for various heavy metals, including cadmium,

zinc and lead, and up to 520 kg day-1 for iron. Elevated

concentrations of metals were found in a range of invertebrates,

seagrasses and the alga Ulva lactuca, whereas levels in fish were

within human food health standards (Plaskett and Potter, 1979;

Talbot and Chegwidden, 1982). Concerns over heavy metals have

focused on the risk to human health, however, along with sulphide

pollutants in the sediment, they have been identified as a

contributing factor to the decline and lack of recovery of seagrass

within CS (Fraser and Kendrick, 2017). In recent decades,

discharges into CS were more tightly regulated. For instance, the

desalination plant which began operating in 2006 discharges

hypersaline, warm water (22-26°C), but ongoing monitoring has

determined it has had a negligible influence on dissolved oxygen

and salinity levels (Water Corporation, 2019).

The seabed and shoreline of CS have been extensively modified

over the last century to meet the needs of an expanding city

(Figures 1, 2). The most high-profile modification was the GI

solid rock-fill causeway built in the 1970s. After initial public

concern and baseline studies of CS (DCE, 1979), the causeway

was redesigned with two openings (613 and 304 m wide) to allow

seawater flow and vessel traffic to pass beneath. Nevertheless, the

causeway severely limited the mixing between CS and oceanic

waters resulting in flushing times of up to 47 days (Steedman and

Craig, 1983) and reduced water quality, especially around Mangles

Bay (Pattiaratchi et al., 1994). Annual water quality monitoring

demonstrates a steady improvement since 1977, although the

southern sites closest to the causeway have had consistently

higher nutrient and chlorophyll-a levels and lower dissolved

oxygen and light penetration (CSMC, 2018). Other impacts

included physical smothering of seagrass beds by the causeway

and deep scouring through seagrass beds from water funneling

through the bridge openings (Cambridge and McComb, 1984).

Prior to the causeway, CS had already undergone major

physical change due to the repeated deepening and widening of

channels through Parmelia and Success Banks and Kwinana Shelf to
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allow access for larger vessels. Dredging has caused localised but

dramatic habitat changes, including the removal of 400 ha of

seagrass from Parmelia Bank, and the flattening and/or burial of

hard substrates at Sulphur Rocks (Cambridge and McComb, 1984).

Dredging continues in designated areas north of Woodman Point to

supply shellsand for lime production (Figure 1; BMT, 2018).

Shipping infrastructure has resulted in the addition of hard

structures (i.e. jetties, groynes, marinas, rock walls and moorings),

particularly on the eastern shoreline of CS (Figure 1). These man-

made structures also modified coastal processes, leading to

increased shoreline erosion and accretion (DCE, 1979; BMT,

2018). Mitigation efforts have included constructing further

groynes and ongoing beach nourishment, however, both the

initial changes and mitigation efforts modify the dune and

intertidal habitats. Further coastal modifications are planned as

local government councils prepare for the impacts of climate

change and sea level rise (CSCA, 2013).

High levels of commercial and recreational vessel traffic have

induced other pressures on the marine environment. The highly-toxic

pollutant tributyltin (TBT) historically used in antifouling paints has

been detected in elevated levels in the sediment, particularly around

ship maintenance sites and jetties (CSMC, 2020), as well as in various

marine species including Little Penguins (Eudyptula minor) (Cannell

et al., 2016). TBT-induced imposex has been detected in gastropods

(BMT, 2018), albeit contaminants in the water were below

Environmental Quality Criteria guideline levels (Bourke and Chase,

2009). Commercial and naval vessels also pose a large risk to

biosecurity through the spread of non-indigenous species (Hewitt

et al., 2000; Montelli and Lewis, 2008; Montelli, 2010). Recreational

vessels pose a different set of pressures such as mooring scars in high

use areas likeMangles Bay (BMT, 2018); and vessel strikes to dolphins,

pinnipeds and penguins (Cannell, 2004).

At least 38 non-indigenous marine species have been detected

in CS and Fremantle Port waters (Supplementary Material Table 1).

The most common introduction pathway is through shipping, via

hull fouling and/or ballast water, albeit aquaculture equipment and

stock movements are also viable pathways for introduction and

translocation. Many of the species listed as non-indigenous in

baseline surveys were likely introduced decades ago, became

established and have not displayed pest-like characteristics.

However, several species have exhibited negative influences, most

notably the European Fan Worm Sabella spallanzanii, which

dominated benthic substrates in the 1990s, before populations

reportedly subsided (McDonald and Wells, 2009). The Asian

Date Mussel Arcuatula senhousia forms extensive beds in the

SCE, although its presence in CS has been sporadic (Wellington

pers. obs. 2024). Didemnum perlucidum (a colonial tunicate), which

was first reported in CS in 2011, displayed fouling behaviour and

was subsequently found to be ubiquitous in many regions of WA

(Smale and Childs, 2012; Dias et al., 2021). Finally, Didemnum

vexillum was recently detected at two port locations in CS and one

location in NSW, resulting in a nationally coordinated response for

the control and management of this species (DPIRD, 2023).

Compounding this diverse array of localised pressures are

impacts from regional climate change that have been particularly
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evident in south-western WA during recent decades (Hobday and

Pecl, 2014). Impacts on CS include warmer water, reduced rainfall

and riverine inputs, and increased frequency and severity of

extreme weather events such as marine heat waves and storms

(Andrys et al., 2017; BMT, 2018). Most notably, the 2010/11 marine

heat wave increased water temperatures 2-4°C above normal to

their highest on record (Rose et al., 2012). This produced dramatic

changes to habitats and fisheries stocks within CS, including

decreased seagrass shoot density and severely inhibited spawning

and subsequent population declines for Southern Garfish

(Hyporhamphus melanochir) and Sandy Sprat (Hyperlophus

vittatus) (Caputi et al., 2014; Smith and Grounds, 2020). The

heatwave event was also linked to range extensions for several

tropical species, some of which established self-recruiting

populations that survived successive winters (see Tropicalisation).
Fisheries

Commercial fishing history and overview

Cockburn Sound has historically been a fishing ground for a

range of species including scallops, mussels, crabs, teleosts,

elasmobranchs and mammals. Records from the 1800s describe

how whales (Southern Right (Eubalaena australis) and Humpback

(Megaptera novaeangliae)) and “seals” (likely Australian Sea Lion

(Neophoca cinerea)) were hunted and processed for their meat, oil

and bone (McIlroy, 1986; Gibbs, 2012). Populations of these taxa

declined over the next century and by the early-1900s harvesting

ceased. Commercial fishing operations targeting finfish and

invertebrates (e.g. squid) for the Perth market began in the early-

1900s, including beach seining and horse-towed trawl nets, followed

by small-scale otter trawling over the macrophyte beds from 1955 to

1962 (Botting et al., 2009). Due to concerns about trawl fishing

damaging the seagrass beds, all areas <10 m depth in CS were closed

to trawling in the mid-1960s. A further extension to the shallow

seagrass trawl closures was implemented in 1970 and encompassed

all remaining areas of CS (Penn, 1977). This closure was

implemented to prevent trawling for a newly discovered small

stock of Western King Prawn (Penaeus latisulcatus) in the

shipping lanes, as well as to protect sensitive marine habitats. The

closure also aimed to increase protection for fish stocks and allowed

the area to be used for fisheries research. A large stock of

Commercial Scallop (Pecten fumatus) was discovered by divers in

the deeper southern waters of CS (14–22 m depth) in the late 1960s.

This unusually large population of scallops was the subject of a

short and intense 12-month period of dredge fishing during 1970–

71, with ~2,000 t of catch taken. Dredge fishing continued for a

short period before the method was outlawed in WA waters in

1973 (Figure 2).

Mandatory reporting of commercial catch and effort for CS

began in 1977, at which time there were 34 licensed commercial

operators (Figure 3). Fishing activities expanded during the 1970s

and early 1980s as an open access fishery, meaning any WA

commercial fishing license holder could operate in CS (except for
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trawling and dredging). As part of a state-wide commercial fishery

management initiative in the early 1980s, entry to CS was restricted

in 1985 to only 66 fishers who had a significant history of fishing CS

(Figure 3). Although vessel and fisher numbers were limited, total

catch steadily increased until the early 1990s, peaking at ~1,700 t in

1992 (Figure 3). Targeted species in this catch included the clupeids

Australian Sardine (~1,274 t) and Scaly Mackerel (56 t), together

with Blue Swimmer Crab (92 t), mussels (54 t) and other fish and

invertebrates (177 t). Economic value (based on total landings) of

the commercial fishery also peaked throughout the 1990s at ~AU$5

mil (1997 value adjusted to 2021/22 financial year inflated value;

Figure 3). Beginning in 1985, managed fisheries for crabs, line and

pot fishing, fish netting, and purse seining were introduced

(Figure 2), which limited the number of licenses (and gear used)

in each fishery and the species they were able to retain. These

controls, adjusted to maintain sustainability, all remain in use today.

Commercial fishing effort and total fishery production (biomass

and economic value) decreased markedly during the late 2000s and

has remained relatively low since (harvested biomass <300 t and

economic value typically <AU$1 million; Figure 3), potentially

driven by decreasing primary productivity following reduced

nutrient inputs, but changing fisheries management policies,

climate variability, habitat degradation and market demands also

potential contributing factors. Current commercial fishing activities

focus on octopus and small pelagic finfish species.
Commercial invertebrate fisheries

Eleven invertebrate taxa have been recorded from commercial

catches in CS since mandatory reporting began in 1977. Five taxa

were regularly caught for several decades or more, i.e. Blue

Swimmer Crab, mussels, Western Rock Octopus (Octopus djinda,

formerly O. aff. tetricus), Southern Calamari (Sepioteuthis australis)

and cuttlefish (Sepiidae spp.), with Blue Swimmer Crabs and

mussels comprising the vast majority (~87%) of total invertebrate

landings over that time (Figure 3). Roe’s Abalone (Haliotis roei)

were also regularly caught within the CS commercial boundary

(Figure 1) but are taken from exposed reef habitats surrounding the

area, rather than in CS proper. Mussel stocks in CS, primarily

Mediterranean Mussel (Mytilus galloprovincialis), developed in the

early 1970s when CS was highly eutrophic and grew on dead

seagrass root masses. These bivalves were the main commercially

harvested invertebrate throughout the 1980s, with a peak annual

harvest of 423 t in 1987, almost exclusively taken by diving

(Figure 3). During the early 1990s mussel aquaculture began, and

wild harvest ceased in 2004 (see Aquaculture).

The commercial fishery for Blue Swimmer Crab in CS was once

the largest for this portunid in Australia, with annual landings

steadily increasing from ~50 t in the late 1970s to a peak of 360 t in

the late-1990s (Figure 3). Initially a gill net fishery, it transitioned to

baited traps in the mid-1990s to increase efficiency and minimise

bycatch. However, additional effort due to the extension of fishing

into winter inadvertently increased pressure on mated pre-

spawning females. Combined with several consecutive years of
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cooler temperatures during spawning months and an overall

reduction in productivity of CS, stocks declined significantly in

the early-2000s and the fishery was closed in 2006 (de Lestang et al.,

2010; Johnston et al., 2011). Briefly re-opening in 2009 under strict

management conditions, the fishery closed again in 2014 due to

further stock declines (Johnston et al., 2020). The stock is currently

considered to be environmentally limited, due to reduced primary

productivity (Marks et al., 2021).

In recent years, octopus has been the main invertebrate landed,

with catches from 2012 to 2021 ranging 16–51 t. The fishery was the

most economically valuable of all commercial species during that

period, representing ~40% of the total fishery value (Table 2).

Octopus fishers exclusively use shelter pots, i.e. unbaited open-

ended tubes that are highly selective (Hart et al., 2018). Southern

Calamari has been regularly caught since the 1970s, with annual

catches of 0.6–8 t and peaking in the late-1980s to early-1990s

(Yeoh et al., 2021). All licenced fishers operating are permitted to

retain Southern Calamari (and other squid or cuttlefish). Up to 22

different vessels have landed this species annually and almost

exclusively using squid jigging, a highly efficient and species-

selective fishing method (Yeoh et al., 2021).
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Commercial finfish fisheries

Since catch records began in 1977, 71 teleost and nine

elasmobranch taxa have been landed in CS (Table 2). However,

except for several small pelagic species, catches of finfish have been

relatively small by tonnage and economic value compared to those

of invertebrates (Figure 3). Scaly Mackerel and Australian Sardine

have comprised 83% of total finfish landings by weight since 1977.

Catches of Scaly Mackerel were highest during the 1970s and 1980s

with a peak catch of ~612 t in 1984, and have been relatively

consistent at ~105 t (range 57–162 t) over the last decade. The

Australian Sardines were by far the most abundant of all

commercial species in CS (invertebrates and finfish) during the

early- to mid-1990s and peaked at 1,274 t in 1992, before decreasing

to practically 0 t in 1998 which coincided with a mass mortality

event caused by pilchard herpesvirus across the southern and

western WA stocks (Gaughan et al., 2008). While stocks showed

a strong recovery, sardine catches in CS over the last decade (2012-

2021) have ranged from 0 to 113.2 t (mean 29.7). Before 2000,

several other small pelagic species were also regularly targeted by

purse seine, with annual catches of Australian Anchovy (Engraulis
FIGURE 3

Commercial fishing (A) catch and (B) effort for Cockburn Sound from 1977 to 2021. All data obtained from the Department of Primary Industries and
Regional Development Catch and Effort Statistics Database. Catch data are presented at a broader spatial scale in Newman et al. (2023). Note, robust
catch per unit effort data are not available for the majority of species targeted in CS with the exception of Blue Swimmer Crab (Johnston et al.,
2020) and Southern Calamari (Yeoh et al., 2021).
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TABLE 2 Summary of commercial fishery wild catch for Cockburn Sound from 1977 to 2021.

riod

2012-2021

Mean
(range)

Trend r
Beach
price

Annual
value

–2014 12.5 (0–60.7) ↓ -0.8
$9.51 $118,875

–2004 0 (0–0)

–2021
34.3

(15.9–51.2)
– -0.1

$11.97 $410,571

–2020 4.7 (0–8) ↓ -0.9 $25.56 $120,132

–2021 1 (0.6–1.5) – -0.2 $19.97 $19,970

–2006 0 (0) $3.97 $0

–2006 0 (0)
$5.09 $0

–2006 0 (0) $4.77 $0

–2006 0 (0)
$2.47 $0

–2006 0 (0)
$1.40 $0

–2021 29.7 (0–113.2) ↑ 0.8 $1.12 $33,264

–2021
104.5

(57.4–162.2)
↑ 0.6

$1.56 $163,020

–2021 18.1 (10–29.3) – 0.1 $2.67 $48,327

–2017 1.7 (0–5.8) ↓ -0.9
$6.63 $11,271

–2006 0 (0–0)
$5.43 $0

–2021 0.4 (0–2.7) – 0.3
$0.54 $216

(Continued)
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Common
name

Scientific
name

Family
Total

catch (t)
Annual
catch (t)

Annual
vessels

Methods Years Pe

Invertebrates

Blue
Swimmer Crab

Portunus armatus Portunidae 4169.5 115.8 15 CT, GN 36 197

Mussels Mytilidae spp. Mytilidae 3622.8 134.2 4 DV 27 197

Octopuses Octopus spp. Octopodidae 687.2 15.6 6 OP, TP 44 197

Roe’s Abalone Haliotis roei Haliotidae 281.8 9.1 6 DV 31 199

Southern Calamari Sepioteuthis australis Loliginidae 129.7 2.9 9 SJ 45 197

Elasmobranchs

Rays & Skates Rays (multiple) 63.6 2.1 3 LL 30 197

Dusky Whaler
Carcharhinus
obscurus

Carcharhinidae 20.0 0.7 3 GN, LL 29 197

Whiskery Shark Furgaleus macki Triakidae 14.7 0.5 3 GN 28 197

Sharks
Sharks

(multiple)
14.4 0.5 3 GN, LL 29 197

Spinner Shark
Carcharhinus
brevipinna

Carcharhinidae 8.1 0.7 1 LL 12 199

Teleosts

Australian Sardine Sardinops sagax Clupeidae 9120.6 240.0 6 PS 38 197

Scaly Mackerel Sardinella lemuru Clupeidae 6509.7 144.7 6 PS 45 197

Australian Herring Arripis georgianus Arripidae 899.9 20.0 7 GN 45 197

Southern Garfish
Hyporhamphus
melanochir

Hemiramphidae 495.6 12.7 3 GN 39 197

Perth Herring
Nematalosa
vlaminghi

Clupeidae 348.6 13.9 5 BS, PS 25 197

Australian
Anchovy

Engraulis australis Engraulidae 302.8 9.8 4 BS, PS 31 197
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TABLE 2 Continued

2012-2021

Mean
(range)

Trend r
Beach
price

Annual
value

3.1 (0.7–9.3) ↑ 0.5
$2.80 $8,680

0 (0–0) $6.77 $0

0.5 (0–2.1) ↑ 0.5 $10.46 $5,230

0.1 (0–0.6) – -0.2
$5.43 $543

0 (0–0.2) ↓ -0.5
$7.65 $0

0 (0–0) $1.45 $0

0 (0–0.2) ↓ -0.7 $2.66 $0

0.3 (0–3.3) – 0.4 $1.28 $384

0.1 (0–0.4) – 0.1 $5.47 $547

0.6 (0–1.1) ↑ 0.7
$6.05 $3,630

0 (0–0.2) ↑ 0.7
$16.15 $0

0.8 (0.2–1.9) – -0.1 $3.76 $3,008

0 (0–0)
$4.85 $0

0.9 (0–2.9) ↓ -0.8 $0.95 $855

Mean (range) 2012-2021

52.6 (18.3–110.9)

0

161.9 (92.8–250.6)

214.5

this period (increase ↑, decrease ↓ or stable -). For simplicity, only the top five
—Longline, LI—Line (other), NT—Nets (other), OP—Octopus Pot, PS—Purse
Regional Development Catch and Effort Statistics Database and published at a
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Common
name

Scientific
name

Family
Total

catch (t)
Annual
catch (t)

Annual
vessels

Methods Years Period

Teleosts

Yellowtail Scad
Trachurus

novaezelandiae
Carangidae 295.4 7.2 3 PS 41 1981–2021

Sandy Sprat Hyperlophus vittatus Clupeidae 202.5 6.8 5 BS, PS 30 1978–2009

Snapper Chrysophrys auratus Sparidae 161.8 3.6 4 LI, LL 45 1977–2021

General fish
Fishes

(multiple)
123.6 3.5 3 PS 35 1978–2019

Blue Sprat
Spratelloides
robustus

Clupeidae 113.6 4.9 5 BS 23 1989–2012

Yelloweye Mullet Aldrichetta forsteri Mugilidae 93.8 3.5 5 BS 27 1977–2004

Sea Mullet Mugil cephalus Mugilidae 87.8 2.4 4 BS, GN 36 1977–2013

Maray Etrumeus teres Clupeidae 45.4 9.1 2 PS 5 1992–2020

Yellowfin Whiting Sillago schomburgkii Sillaginidae 30.4 0.7 4 LI, PS 43 1977–2020

Snook
Sphyraena

novaehollandiae
Sphyraenidae 18.1 0.5 2 GN 36 1978–2021

King
George Whiting

Sillaginodes
punctatus

Sillaginidae 16.4 0.4 3 GN 37 1977–2021

Trevallies Carangidae spp. Carangidae 14.7 0.5 2 GN 32 1983–2021

Mulloway
Argyrosomus
japonicus

Sciaenidae 13.1 0.6 2 LI 23 1977–2005

Grunters Terapontidae spp. Terapontidae 11.1 1 1 GN 11 2004–2016

Totals

Taxonomic group Species Families Catch (t)

Invertebrates 11 8 8,930.20

Elasmobranchs 9 6 1,37.56

Teleosts 71 35 18,984.70

All taxa 91 49 28,052.46

The total catch, number of fishing vessels and years, and main fishing methods are given for each taxa, as well as mean annual catch and ranges for 2012–2021 and the catch trend during
invertebrates and elasmobranchs and top 20 teleost fishes are displayed (based on total catch). Fishing methods: BS—Beach Seine/Haul Net, CT—Crab Trap, DV—Diving, GN—Gillnet, LL
Seine, SJ—Squid Jigging, TP—Traps & pots (other). Beach price refers to the 2021/22 value in AUD (Newman et al., 2023). All data obtained from the Department of Primary Industries and
broader spatial scale in Newman et al. (2023).
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australis), Yellowtail Scad (Trachurus novaezelandiae), Perth

Herring (Nematalosa vlaminghi) and Maray (Etrumeus

jacksoniensis) exceeding 10 t in certain years (Table 2).

Two other small pelagic species, Sandy Sprat and Blue Sprat

(Spratelloides robustus), are also regularly caught by beach seines.

When initiated, this fishery was focused in CS but now encompasses

the wider Perth region (Millington, 1990). Annual catches of Sandy

Sprat peaked in 1982 at 33 t (Table 2), coinciding with concerns

about the potential for increasing fishing effort (Millington, 1990).

Management changes were implemented in 1995 to prevent new

fishers and fishing methods from entering the fishery. However, in

the following decade, most fishers exited the fishery as annual

catches steadily declined to <9 t, and no catch has been landed in CS

since 2013. It is unclear what triggered the decline, although Sandy

Sprat populations are thought to be strongly driven by recruitment

variability (Newman et al., 2023), with the strength of the Leeuwin

Current thought to positively influence recruitment (Caputi et al.,

1996; Lenanton et al., 2009). However, in the last decade, there have

been several years of strong Leeuwin Current, particularly during

the 2010–2011 marine heat wave, yet this appeared to negatively

impact Sandy Sprat recruitment and catches have continued to

decline (Smith and Grounds, 2020). Based on observations from

South Australia, increased rainfall has also been linked to better

recruitment years for Sandy Sprat (Bice et al., 2015; Greenwell

et al., 2021).

Australian Herring (Arripis georgianus) and Southern Garfish

have primarily been captured using gillnets, beach hauls and garfish

nets (Table 2). In 1995, the CS Fish Net fishery was introduced to

manage these two species that accounted for 90% of the license

holder’s catch, although a further 29 species had also been landed.

During the 1990s, CS supported the largest commercial and

recreational fishery for Southern Garfish in WA (Smith et al.,

2017). However, catches declined from a peak of ~37 t in 1999 to

just 2 t in 2016, which was attributed to the combined effects of

fishing mortality and unfavourable environmental conditions, i.e.

the 2010–2011 marine heat wave (Smith et al., 2017). The stock was

closed to recreational and commercial fishing in 2017, however was

reopened to recreational fishing and limited commercial fishing in

2024. Although in lower quantities, several higher-value species

have been regularly landed in CS, including Snapper (Chrysophrys

auratus) and King George Whiting (Sillaginodes punctatus)

(Table 2). These species were primarily caught by line (including

longlines) and gillnet, respectively. Two mugilids, i.e. Sea Mullet

(Mugil cephalus) and Yelloweye Mullet (Aldrichetta forsteri),

contributed substantially to catches before the 2000s, but have

been essentially absent from catches since.

Before 2006, several fisheries operating in CS were permitted to

retain elasmobranchs and nine taxa including several species of

rays, Dusky Whaler (Carcharhinus obscurus), Whiskery Shark

(Furgaleus macki) and Spinner Shark (Carcharhinus brevipinna)

were landed, albeit in low quantities (average annual catch <0.5 to

2.1 t; Table 2), using mainly longlines and gillnets. Management

changes in 2006 prohibited the landing of elasmobranchs from CS

and the broader Perth metropolitan area and no landings have

occurred since.
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Recreational fishing

Recreational fishing is immensely popular in WA, with an

estimated 753,000 individuals fishing at least once annually, and

generates ~AU$1.1 billion to the economy (Ryan et al., 2022; Moore

et al., 2023; DPIRD, 2024). As the only sheltered embayment in the

Perth metropolitan region, CS is heavily utilised by boat- and shore-

based fishers. Between 2011 and 2016 Woodman Point had 27,000-

30,000 vessel retrievals annually and Point Peron had 12,000-

19,000, making them two of the busiest boat ramps in WA

(Afrifa-Yamoah et al., 2021). Most fishers in CS (~99%) use hook

and line, with a small proportion also operating lobster pots, crab

drop nets and diving (Sumner and Lai, 2012).

The most recent recreational boat-based catch survey specific to

CS was in 2005/06, reporting that ~16 t of Australian Herring and 9 t

of whiting (mainly King George Whiting and School Whiting Sillago

spp.) were retained (Sumner and Lai, 2012). Roving creel surveys

conducted along the CS coastline in 2023 revealed shore-based fishing

effort to be ~81,696 (64,302-99,090 95%CI) fisher hours. The total

kept number of all species retained was ~148,334 (46,740-249,928 95%

CI) which included 38 species groupings (Tate et al., 2024). Among

teleosts, Australian Herring were the most commonly retained (~30%

of total catch by numbers), with Scaly Mackerel, Yellowtail Scad,

Western Striped Grunter (Helotes octolineatus), and Western

Butterfish (Pentapodus vitta) also frequently retained (Table 3).

Blue Swimmer Crab and loliginid squid are the main

invertebrates that have been caught recreationally in CS over

time. The portunid was historically very abundant and

recreational catches of ~25 t annually were recorded during

surveys in 1996/97 and 2002-04 (south of Woodman Point only;

Bellchambers et al., 2006). However, the recreational catch for 2005/

06 was estimated to be only 4 t (Sumner and Lai, 2012), coinciding

with a significant stock decline (Figure 3). As a result, recreational

crabbing was prohibited in CS south of Woodman Pt until

December 2024, when the fishery reopened to the recreational

sector only under precautionary arrangements (bag limit of five).

More recent surveys of boat-based fishers suggest that 6–13 t of

crabs are caught annually from the northern waters of CS (Johnston

et al., 2020). The sheltered seagrass meadows of CS are popular

areas for targeting squid (mainly Southern Calamari), particularly

the Parmelia and Success banks and along the eastern margin of GI

(Coulson et al., 2016; Yeoh et al., 2021). Squid are consistently

among the most retained of all species caught by boat fishers in the

Perth metropolitan area (Ryan et al., 2022). Squid are also the third

most retained species by shore-based fishers in CS (Table 3). Other

invertebrates recreationally caught from CS in smaller numbers

include octopus, Western Rock Lobster (Panulirus cygnus),

cuttlefish, mussels and prawns, which are mainly targeted

through potting and/or diving (Ryan et al., 2022).
Aquaculture

The aquaculture industry in CS has focused on the non-

indigenous Mediterranean Mussel. A ~50 ha lease was established
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on the Southern Flats in the 1980s and 47 ha at the Kwinana Grain

Jetty during the 1990s (Figure 1). Although harvests increased from

~400 t in the early-1990s to 700 t in the early-2000s, annual harvests

over the last decade have declined and remained low at <200 t.

Although there is limited information indicating the causes of the

marked reductions in harvests, several factors have been suggested.

The most likely is the decline in nutrient levels from improved

environmental management and the reduction of flow from the

SCE, which caused a ~50% reduction in chlorophyll-a

concentrations between the 1990s and 2000s (CSMC, 2016).

Predation from Snapper during their spawning aggregations has

also been proposed as an issue (CSMC, 2022), with anecdotal

reports suggesting that, in some years, >120 t of mussels were

consumed. Other pressures include warming temperatures

(including marine heatwaves) that push the mussels to their

upper thermal temperature tolerance of 26°C (Cottingham et al.,

2023) and non-indigenous species that can smother mussels and

reduce phytoplankton quality. One producer pivoted their

production to Akoya Pearl Oysters (Pinctada imbricata) to

overcome the declines in mussel production (CSMC, 2016) and

all production ceased in 2023.

A 32-ha lease was approved in 2022 for the mariculture of 15

species of macroalgae including Asparagopis taxiformis and

Asparagopis armata. These two species are of particular interest

as a supplement for livestock feed to reduce methane production

(Roque et al., 2019, 2021).
Aquatic vegetation

Seagrasses, along with their epiphytic algae, dominate the

aquatic vegetation of CS (Cambridge et al., 1986), reflecting the

large expanses of shallow (<10 m depth), soft-sediment areas

around the periphery and limited reef habitat available for

macroalgae (Figure 1). Seagrass meadows extended across 4,200

ha in the 1950s, but reduced dramatically to 900 ha by the 1970s

(Cambridge et al., 1986). Posidonia sinuosa and Posidonia australis

are the most dominant seagrasses in CS, with Posidonia coriacea

and Amphibolis griffithii also forming extensive meadows on

Parmelia and Success Banks. In addition, the smaller Halophila

ovalis, Halophila decipiens, Heterozostera nigricaulis and

Syringodium isoetifolium can occur as understory species or in

disturbed areas (Cambridge et al., 1986).

Posidonia species form meadows with higher total biomass than

many other seagrass genera, with the average above-ground

biomass for P. sinuosa and P. australis reaching nearly 200 g DW

m-2 (Cambridge and Hocking, 1997). Although highly seasonal,

above-ground Net Primary Production (NPP) for these two species

ranges from 600–900 and 900–1,100 g m-2 yr-1, respectively, which

is similar to many other seagrasses (Cambridge and Hocking, 1997;

Strydom et al., 2023). The persistent life history characteristics of

Posidonia species lead to higher loads of epiphytic algae than many

other seagrasses (Walker et al., 1999). The two dominant seagrass

species in CS provide substrate for a highly variable but diverse

epiphytic flora (Cambridge et al., 2007) with high biomass and NPP
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(11–78 g DWm-2 and 50 to 400 g m-2 yr-1, respectively) (Cambridge

and Hocking, 1997). However, with leaf turnover rates of 1.1-1.8%

day-1, considerable biomass of both seagrass leaves and their

epiphytes are dislodged from the meadows and enter the detrital

cycle within the meadows and in other habitats.

Despite this productivity, it appears the role of seagrasses in the

food web is primarily as a substrate for epiphytic growth and as a

contributor to the pool of particulate organic matter in sediments

(Smit et al., 2006). Direct grazing by invertebrates and fishes on

temperate Australian seagrasses is limited (York et al., 2018), with

both seagrass-associated fish and invertebrates in CS appearing to

consume epiphytes, based on dietary (Smit et al., 1998) and stable

isotope studies (Smit et al., 2005, 2006). Fish assemblages within

temperate Australian seagrass meadows are typically dominated by

meso-carnivores, which derive their nutrients indirectly from

invertebrates that feed on epiphytes rather than seagrasses (York

et al., 2018). The thick wracks of seagrass that accumulate along the

sandy beaches and deeper regions of CS also appear to play a

minimal role in the food web. Instead, stable isotope studies suggest

the detrital macroalgae dislodged from nearby reefs or imported

into CS appear to be the main contributors to invertebrate

production in the shallow waters of sandy beaches with wrack

accumulates rather than seagrass and seagrass detritus (Hyndes and

Lavery, 2005). This finding is supported by other studies in the

region (Crawley et al., 2006; Crawley and Hyndes, 2007).
Benthic invertebrates

The benthic environment in CS is classified as an ecological

protection zone of ‘moderate’ to ‘high’ importance for maintaining

ecosystem integrity (EPA, 2015), with monitoring advised for

nearshore, ‘moderate’ protection areas (EPA, 2017). To date, no

systematic biotic monitoring occurs and knowledge stems from

sporadic unrelated surveys of benthic habitats and their associated

invertebrates. Spatially extensive, stratified surveys in the 1950s-70s
TABLE 3 Top 10 species retained by shore-based recreational fishers in
CS, and proportion as the percentage of total catch.

Rank Common name Scientific name %

1 Australian Herring Arripis georgianus 31.93

2 Scaly Mackerel Sardinella lemuru 13.68

3 Squid Loliginidae 11.57

4 Yellowtail Scad Trachurus novaezelandiae 10.52

5 Western Striped Grunter Helotes octolineatus 6.43

6 Blue Swimmer Crab Portunus armatus 4.79

7 Western Butterfish Pentapodus vitta 4.67

8 Western Trumpeter Whiting Sillago burrus 4.44

9 School Whiting Sillago spp. 2.46

10 Tailor Pomatomus saltatrix 2.45
fron
Data specific to CS extracted from roving creel surveys of Perth metropolitan coastline 2024
(Tate et al., 2025).
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documented 379 invertebrate species from select groups of

Cnidaria, Echinodermata, and Mollusca (Devaney, 1978; Marsh,

1978a, b; Wilson et al., 1978). A later trawl survey of deep areas in

2007/08 recorded 141 relatively large (>45 mm) invertebrate taxa

from six phyla (Arthropoda, Chordata, Cnidaria, Echinodermata,

Mollusca and Porifera). Coupled with 75 fish species, diversity

increased northward from Mangles Bay to OA (Sampey et al.,

2011). Six unique communities were identified based on the

abundance of these taxa, with the portunids Blue Swimmer Crab

and Trionectes rugosus, Western King Prawn, the sea cucumbers

Colochirus quadrangularis and Cercodemas anceps, and Southern

Calamari partly distinguishing these communities (Sampey

et al., 2011).

Infaunal and epifaunal species have been collected using

sediment cores/grabs (<1.7 mm mesh) from vegetated and bare

sediments. Venerid and tellinid bivalves, deposit-feeding

polychaetes (Aricidea sp. and Capitella spp.), and errant

polychaete families (Lumbrineridae, Onuphidae and Syllidae) are

particularly abundant in Posidonia and Amphibolis meadows, with

seagrass beds supporting a greater species richness, abundance, and

biomass of invertebrates than neighbouring bare sands (Wildsmith

et al., 2005; Dapson, 2011). This is also true for seagrass wrack on

beaches of GI that can temporarily host more terrestrial

invertebrates than macroalgae wrack or sand in the same

location, likely due to its enhanced structural complexity

(Mellbrand et al., 2011). In sparsely vegetated areas, the bivalves

Donax columbel la and Donaci l la sp. , the amphipods

Phoxocephalopsidae sp. and Exoediceroides sp., and the spionid

polychaete Scolelepis carunculata occur (Wildsmith et al., 2005).

The infauna of soft sediments in the deep basin are dominated by

molluscs (e.g. Arcuatula glaberrima, Bedeva paivae, and Dosinia

incisa), polychaetes (e.g. Capitellidae sp.) and echinoderms (e.g.

Temnopleurus michaelseni), while epifauna include sea pens and sea

cucumbers (Wilson et al., 1978; Wells and Threlfall, 1980; BMT

Oceanica, 2018). Differences among these communities were related

to sediment type and the quantity of microphytobenthos present

(BMT Oceanica, 2018).

Invertebrates, including several non-indigenous species, have

colonised natural hard substrates including low-relief limestone

reefs and artificial structures such as wharves, breakwaters, channel

markers and artificial reefs (Sutton and Shaw, 2019). Twelve species

of reef-building corals attached to dead coral mounds or groynes

provide habitat for bivalves and echinoderms (Marsh, 1978b;

Wilson et al., 1978). Common hard substrate fauna include

solitary ascidians (Herdmania sp., Polycarpa viridis), stony corals

(Turbinaria peltata, Turbinaria reniformis) and encrusting coral

(Plesiastrea versipora) (Hammond et al., 2020). The limestone reefs

and associated flora may provide limited spawning grounds for

Southern Calamari, which deposit eggs near the base of

macrophytes (Coulson et al., 2016). The invertebrate fauna of CS

enhance its biodiversity and provide a key food source for crabs,

fishes, birds, and mammals (Dunlop, 1997; Platell and Potter, 2001;

Campbell et al., 2021).
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Fish

Coastal waters are crucial environments for many fish species

due to their high productivity and sheltered nature (Beck et al.,

2001). A total of 571 fish species from 142 families have been

recorded along the Perth Coast, of which 83 (15%) are endemic to

WA (Whisson and Hoschke, 2021).
Benthic/demersal fish communities

Beach seining in seagrass habitats in and near CS yielded 67 fish

species (Valesini et al., 2004). Catches mainly comprised small

pelagic atherinids such as Silverfish (Leptatherina presbyteroides)

and Common Hardyhead (Atherinomorus vaigiensis), together with

juveniles of larger-bodied fishes such as Western Striped Grunter

and Western Trumpeter Whiting (Sillago burrus; Table 4). The size

composition of these and other species, including King George

Whiting and Sea Mullet, demonstrates the nursery function these

seagrass habitats provide. In contrast, sandy habitats were less

speciose (Valesini et al., 2004), comprising schooling clupeids, i.e.

Sandy Sprat and Blue Sprat, the Flathead Sandfish (Lesueurina

platycephala), a dorsoventrally-flattened and camouflaged ambush

predator, and juveniles of various whiting species (Table 4).

Cockburn Sound and Warnbro Sound, a smaller marine

embayment directly south of CS, are well-known nursery areas

for Sandy Sprat and Blue Sprat (Valesini and Tweedley, 2015), two

important commercial species that are also a food source see

Marine birds.

Trawling in the deeper waters of CS yielded 75 fish species

(Sampey et al., 2011). Among these, the Longspine Dragonet

(Pseudocalliurichthys goodladi), Skipjack Trevally (Pseudocaranx

wrighti) and Gobbleguts (Ostorhinchus rueppellii) each

represented >10% of the catch (Table 4). A spatial gradient was

evident, with greater numbers of species recorded in OA and along

GI, with the latter region also harbouring the most fish. Community

composition also shifted on a north-south axis through CS. Sampey

et al. (2011) suggested the Western Butterfish, Longspine Dragonet

and Silverbelly (Parequula melbournensis) as indicator species, that

were easily identified in the field and good surrogates for

monitoring changes in faunal composition.

A wider range of habitats, including different sandy areas, seagrass,

limestone outcrops and man-made rock walls (both subsequently

referred to as reef), have been sampled using Baited Remote

Underwater Video (BRUV; Wakefield et al., 2013). Sandy areas

were dominated by the pelagic Clupeidae spp. and silver trevallies

Pseudocaranx spp. (Table 4). More species and individuals were

recorded over seagrass and reef habitats than sandy areas. The

predominantly herbivorous Western Striped Grunter and the

benthic invertivores Weeping Toadfish (Torquigener pleurogramma)

and leatherjackets (Acanthaluteres spp.) characterised seagrass

habitats (Table 4; Poh et al., 2018). These species are camouflaged

and directly or indirectly utilise this habitat for foraging. The reef fish
frontiersin.or
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community was largely dominated by silver trevallies and Yellowtail

Scad, which aggregate around hard structures (Florisson et al., 2018).

Despite the limited spatial extent of seagrass and reef habitats in CS

(Figure 1), given their rich and abundant fish fauna, they likely play an

important role in the fish ecology of this embayment (Wakefield

et al., 2013).

Hyndes et al. (2003) investigated the fish fauna over three types of

seagrass beds (A. griffithii, P. sinuosa and Posidonia coriacea) and

adjacent unvegetated habitats and found a greater number of species,

individuals and biomass in vegetated vs unvegetated habitats and a

different faunal composition among seagrass species (Table 4). This

suggested that fish species prefer a particular seagrass architecture.

The number of species and density of fish were greatest in P. sinuosa

beds with their uniformly dense blade-like leaves, albeit these fish

were smaller (Hyndes et al., 2003). Larger fish were able to penetrate

and occupy the A. griffithii beds, as below the leaf canopy there are

relatively open spaces between the woody stems. The patchy habitat

provided by P. coriacea showed a similar number of species and

density of fish as unvegetated habitats.

The most notable temporal shift in the demersal fish fauna

occurs between September and January, when Snapper from up to

700 km away aggregate in CS to spawn (Crisafulli et al., 2019). The

geomorphology and prevailing south-westerly winds result in a

counterclockwise gyre facilitating the retention of eggs and larvae

(Wakefield, 2010). This unique environment makes CS an

important source of recruitment for nearby adult stocks along the

lower west coast of Australia (Crisafulli et al., 2019). These seasonal

increases in adult Snapper abundance have also been linked with

increases in higher trophic-level predators such as dolphins and

sharks. A survey targeting larval Snapper in and around CS

recorded larvae of 53 fish taxa from 30 families (Breheny et al.,

2012). Larval concentrations were greater in CS than in nearby areas

including OA and Warnbro Sound, due to large concentrations of

anchovies and to a lesser extent, dragonets and leatherjackets.
Syngnathids

Twenty-three syngnathid species, i.e. 17 pipefish, three sea

dragons, two seahorses and one pipehorse, occur in waters around

Perth, with five endemic to WA (Whisson and Hoschke, 2021). This

family is listed in the Environment Protection and Biodiversity

Conservation (EPBC) Act 1999 and, therefore, protected in

Commonwealth waters; however, currently, only the Leafy

Seadragon (Phycodurus eques) and Common Seadragon

(Phyllopteryx taeniolatus) are protected in WA state waters (Table 5).

Syngnathids are weak swimmers, relying on camouflage to

avoid predation and thus often exhibit strong preferences for

structurally complex habitats. The most abundant pipefishes, i.e.

Spotted Pipefish (Stigmatopora argus) and Wide-bodied Pipefish

(Stigmatopora nigra), were recorded mainly in P. sinuosa and/or P.

coriacea beds where their green and brown colourations mimic
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seagrass leaves that they grasp with their prehensile tails (Kendrick

and Hyndes, 2003). Among the sea dragons, the Leafy Seadragon

resides mainly in Posidonia beds, whereas the Common Seadragon

preferred floating above Ecklonia-dominated reefs (Connolly et al.,

2002; Allan et al., 2022). Both seahorse species present in CS, i.e.

Short-snouted Seahorse (Hippocampus breviceps) and West

Australian Seahorse (Hippocampus subelongatus), are associated

with hard substrates, including man-made structures (Whisson and

Hoschke, 2021). Swimming enclosure nets, such as that at Coogee

Beach, can have a positive effect on seahorse populations elsewhere

(Simpson et al., 2021).

Dietary information for 12 synganthid species demonstrated

they predominantly consume small crustaceans but with a high

degree of trophic specialisation influenced by their snout

morphologies, body form and mobility (Kendrick and Hyndes,

2005). Based on their strong habitat associations and trophic

specialisation towards taxa that are associated with seagrass

(Kendrick and Hyndes, 2005), synganthid populations (especially

pipefish) have been linked to the health and extent of these crucial

habitats in CS. Declines in several pipefish species have been

correlated with the loss of seagrasses elsewhere (Adams et al.,

2022; Cowley et al., 2022) and have been a suggested flagship

group for conservation planning (Shokri et al., 2009).
Pelagic fishes

Although there has been no targeted survey of the pelagic fish

fauna of CS, information can be derived from commercial fishing.

Small to medium-bodied pelagic species recorded in commercial

catches include Scaly Mackerel, Australian Sardine, Australian

Anchovy, Maray, Blue Sprat, Sandy Sprat and Yellowtail Scad

(Table 2). In recent decades, the most abundant species by weight

is the Scaly Mackerel, a tropical species at the southern limit of its

distribution (Whitehead, 1985). Otolith chemistry suggests fish in

this stock are highly mobile and regularly enter and leave CS with

no discernible seasonality or habitat preference (Gaughan and

Mitchell, 2000). The year-round presence of larvae in the SCE

suggests protracted local spawning (Gaughan et al., 1990; Neira

et al., 1992).

Catches of Australian Sardine are greatest during autumn,

possibly due to this temperate species avoiding warming waters

on the outer continental shelf when the Leeuwin Current typically

strengthens (Feng et al., 2003). Adult Australian Anchovy are

relatively abundant in commercial catches (Table 2) and also

occur as larvae and juveniles (Breheny et al., 2012), suggesting CS

is important throughout multiple life stages of this species. Samson

Fish (Seriola hippos), a large piscivorous pelagic species targeted by

recreational fishers and of minor commercial importance, visit CS

as adults but is also known to use it as a nursery area. Demersal

trawls in the 1970s recorded 0+ juveniles (caudal fork length 8–25

cm) mainly in autumn (Penn, 1977).
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TABLE 4 Percentage contribution (%C) of the ten most abundant fish species caught in broad habitat types in Cockburn Sound using a range
of methods.

(a) Beach seine over shallow sandy substrate (b) Beach seine over seagrass

Species D %C Species D %C

Sandy Sprat Hyperlophus vittatus 19.03 25.21 Silverfish Leptatherina presbyteroides 20.98 22.80

Southern School Whiting Sillago bassensis 17.01 22.53 Western Striped Grunter Helotes octolineatus 20.14 21.90

Blue Sprat Spratelloides robustus 15.42 20.43
Western
Trumpeter Whiting

Sillago burrus 10.74 11.70

Flathead Sandfish Lesueurina platycephala 5.34 7.07 Common Hardyhead Atherinomorus vaigiensis 8.00 8.70

Common Hardyhead Atherinomorus vaigiensis 4.08 5.40 Southern Longfin Goby Favonigobius lateralis 6.44 7.00

Weeping Toadfish Torquigener pleurogramma 3.59 4.76 Western School Whiting Sillago vittata 6.26 6.80

Yelloweye Mullet Aldrichetta forsteri 1.67 2.21 Weeping Toadfish Torquigener pleurogramma 3.84 4.20

Western School Whiting Sillago vittata 1.10 1.46 Western Gobbleguts Ostorhinchus rueppellii 3.68 4.00

Western Trumpeter Whiting Sillago burrus 0.97 1.29 Sea Mullet Mugil cephalus 2.26 2.50

Spotted Hardyhead Craterocephalus mugiloides 0.76 1.01 King George Whiting Sillaginodes punctata 1.58 1.70

(c) Otter trawl over deeper muddy substrate (d) Baited remote underwater video over sandy substrate

Species M %C Species MaxN %C

Longspine Dragonet
Pseudocalliurichthys
goodladi 68.67 37.20 Herring/Sprat

Clupeidae sp. 36.52 85.96

Skipjack Trevally Pseudocaranx wrighti 22.92 12.42 Silver trevallies Pseudocaranx spp. 4.16 9.80

Western Gobbleguts Ostorhinchus rueppellii 21.91 11.87 Weeping Toadfish Torquigener pleurogramma 0.75 1.77

Spiny Gurnard Lepidotrigla papilio 15.22 8.25 Western Butterfish Pentapodus vitta 0.34 0.81

Silverbelly Parequula melbournensis 8.59 4.65 Western Smooth Boxfish Anoplocapros amygdaloides 0.22 0.53

Western Trumpeter Whiting Sillago burrus 7.90 4.28 Snapper Chrysophrys auratus 0.10 0.24

Snapper Chrysophrys auratus 5.91 3.20 School Whiting Sillago sp. 0.10 0.23

Western Butterfish Pentapodus vitta 3.23 1.75 Smooth Stingray Bathytoshia brevicaudata 0.08 0.18

Toothbrush Leatherjacket Acanthaluteres vittiger 2.91 1.58 Southern Eagle Ray Myliobatis australis 0.06 0.14

Midget Flathead Onigocia spinosa 2.78 1.50 Sixspine Leatherjacket Meuschenia freycineti 0.04 0.10

(e) Baited remote underwater video over seagrass (f) Baited remote underwater video over rocky habitats

Species MaxN %C Species MaxN %C

Western Striped Grunter Helotes octolineatus 15.83 30.25 Silver trevallies Pseudocaranx spp. 23.47 43.04

Weeping Toadfish Torquigener pleurogramma 14.33 27.39 Yellowtail Scad Trachurus novaezelandiae 11.54 21.16

Leatherjackets Acanthaluteres spp. 8.61 16.45 Striped Barracuda Sphyraena obtusata 7.14 13.10

Southern Garfish Hyporhamphus melanochir 2.56 4.88 Western Gobbleguts Ostorhinchus rueppellii 4.67 8.56

Sixspine Leatherjacket Meuschenia freycineti 2.11 4.03 Snapper Chrysophrys auratus 1.69 3.10

Western Gobbleguts Ostorhinchus rueppellii 1.67 3.18 Western Butterfish Pentapodus vitta 1.52 2.79

Blue Weed-whiting Haletta semifasciata 1.61 3.08 Brownspotted Wrasse Notolabrus parilus 0.75 1.37

Silver trevallies Pseudocaranx spp. 1.44 2.76 Silverbelly Parequula melbournensis 0.71 1.31

Western Butterfish Pentapodus vitta 1.00 1.91 Western King Wrasse Coris auricularis 0.44 0.80

Australian Herring Arripis georgianus 0.72 1.38 Magpie Morwong Cheilodactylus gibbosus 0.33 0.61

(Continued)
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Elasmobranchs

Several shark and ray species use CS for at least part of their life

cycle, from mesopredators such as Southern Eagle Ray (Myliobatis

tenuicaudatus), andWhiskery (Furgaleus macki) and Dusky sharks to

apex predators includingWhite Shark (Carcharodon carcharias). The

degree of residency within CS varies among species, with smaller

elasmobranchs such as the Southern Eagle Ray spending more time

in CS than larger more oceanic species such as White Shark

(Wakefield et al., 2009; McAuley et al., 2017), therefore exerting

different ecological pressures.

Large predatory sharks (>3 m total length) such as the EPBC-

listed White, Grey Nurse (Carcharias taurus; Table 5) and Copper

(Carcharias brachyurus) sharks have mostly been detected in CS

during October-December, attracted by the seasonal aggregations of

Snapper (Jakobs and Braccini, 2019). In turn, some of these species

can increase predation rates on marine mammals and seabirds

(King, 2014). These sharks leave CS to then return the following

spawning aggregation season. The smaller elasmobranch species,

which tend to spend more time in CS, prey on small demersal

teleosts and benthic invertebrates (Simpfendorfer et al., 2001;

Sommerville et al., 2011). Finally, in addition to being an

important source of prey for a range of shark and ray species, CS

may be a nursing ground for Spinner Shark (Carcharias

brevipinna), with an aggregation of neonate and small juveniles

identified (M. Braccini, unpublished data).
Tropicalisation

The west coast of Australia represents a transition zone between

tropical and temperate environments (Saville-Kent, 1897;
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Fairclough, 2021). The southward-flowing Leeuwin Current is

strongest during autumn and winter and disperses the early life

history stages of tropical fishes into normally temperate regions,

including CS. South-western WA is a global hotspot for marine

warming and, in recent decades, has experienced periodic extreme

events, such as marine heat waves (Pearce and Feng, 2007; Hobday

et al., 2018). As a result, 89 of the 571 fish species recorded in

marine waters off Perth are considered possible range extensions of

tropical species (Whisson and Hoschke, 2021). While many of the

larvae transported on the Leeuwin Current do not survive to

maturity, either due to their temperature tolerance or a lack of

specific resource needs (e.g. habitat and food), the combination of

gradual warming and heatwaves has resulted in the survival of some

tropical species in temperate regions of this coast, including CS

(Pearce et al., 2016; Lenanton et al., 2017).

An extreme marine heatwave in the summer of 2010/11,

followed by two years of above-average water temperatures,

allowed survival to sexual maturity, reproduction and recruitment

of the tropical Black Rabbitfish (Siganus fuscescens) in seagrass

habitats throughout CS (Zarco-Perello et al., 2022). This species was

subsequently recorded for several years in commercial catches and

faunal surveys (Daviot, 2017; Red Map Australia, 2023). Various

other tropical species have also been recorded during warmer years,

such as Whale Shark (Rhincodon typus), Reef Manta Ray (Mobula

alfredi) and tropical carangids (Whisson and Hoschke, 2021).

While a wide range of tropical species have periodically been

observed only a limited number have become abundant (e.g.,

Western Butterfish; (Daviot, 2017), demonstrating that this

embayment still primarily comprises a temperate fish fauna. This

is influenced by the fact that in between warming events, CS also

experiences cool anomalies, limiting the long-term survival of warm

water-adapted species (Fairclough, 2021). Albeit, several cooler-
TABLE 4 Continued

(g) Beam trawl over sandy substrates adjacent to
seagrass beds (h) Beam trawl over seagrass

Species # %C Species # %C

Weeping Toadfish Torquigener pleurogramma 40 14.65 Soldier Gymnapistes marmoratus 1204 25.13

Silverbelly Parequula melbournensis 29 10.62 Western Gobbleguts Ostorhinchus rueppellii 499 10.42

Southern School Whiting Sillago bassensis 17 6.23 Toothbrush Leatherjacket Acanthaluteres vittiger 375 7.83

Tasselsnout Flathead Thysanophrys cirronasus 13 4.76 Rough Leatherjacket Scobinichthys granulatus 349 7.28

Rough Leatherjacket Scobinichthys granulatus 12 4.40 Bridled Leatherjacket
Acanthaluteres
spilomelanurus

258 5.39

Bluestriped Goatfish Upeneichthys lineatus 12 4.40 Little Gurnard Perch Maxillicosta scabriceps 257 5.36

Little Gurnard Perch Maxillicosta scabriceps 10 3.66 Western Striped Grunter Helotes octolineatus 215 4.49

Southern
Pygmy Leatherjacket

Brachaluteres jacksonianus 9 3.30 Longray Weed Whiting Siphonognathus radiatus 173 3.61

Longray Weed Whiting Siphonognathus radiatus 8 2.93 Weeping Toadfish Torquigener pleurogramma 133 2.78

Elongate Flounder Ammotretis elongatus 8 2.93 Spotted Pipefish Stigmatopora argus 126 2.63
front
D = average density fish per 100m2; M = mean catch per 5 min trawl; MaxN = Average MaxN and # = total catch. Data sourced from Hyndes et al. (2003); Valesini et al. (2004); Sampey et al.
(2011); Wakefield et al. (2013); Valesini and Tweedley (2015).
iersin.org
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water species have undergone population declines, e.g. Southern

Garfish and Sandy Sprat.
Fish kills

An average of 25 mass mortality events of fish and invertebrates

have been recorded annually in WA since 2000, with most

occurring in estuaries and marine embayments adjacent to

developed areas in south-western WA (DPIRD, unpublished

data). These events are typically the result of natural ‘biological’

(e.g. life-cycle related) or ‘environmental’ (e.g. weather-related)

events with, based on the limited records available, 30%

attributed to algal blooms and hypoxia (often related to elevated

riverine flows following storm events), while 30% were unknown

and 10% were related to chemical spills or contaminated water.

Twenty-seven fish kills were recorded in CS and Warnbro

Sound between 2001-2023. Although the location of the carcasses

is not necessarily where the mortalities occurred, most have been

reported on the eastern shoreline of CS including Coogee Beach,

Woodman Point, Challenger Beach, and around the Kwinana Grain

Jetty. The fish kill that attracted the most public attention occurred

in November 2015 and involved Snapper, Southern Calamari,

Cobbler and the Weeping Toadfish and others such as Parma spp

(reef-associated species). This event was linked with a

phytoplankton bloom of the diatom Chaetoceros spp. possibly

caused by increased nutrients, higher-than-normal water

temperatures, and reduced flushing conditions. However, most

events (71%) have involved invertebrates such as sea stars, sea

hares and Blue Swimmer Crabs.
Reptiles

Juvenile turtles, typically Loggerhead (Caretta caretta) and

Green (Chelonia mydas) and occasionally Leatherback

(Dermochelys coriacea), become translocated and stranded in CS

due to the Leeuwin Current and/or midwinter westerly storm

systems (Prince, 2004; Young, 2022). Larger adult turtles have

also been observed (D. Yeoh, pers. obs.). All three turtle species

are listed as either vulnerable or endangered under the EPBC Act

and by the IUCN (Table 5). Stranded turtles are often rehabilitated

and released near Exmouth, Karratha and Broome (Robson

et al., 2017).

Sea snakes are not normally present in WA south of Shark Bay,

however, six species have been observed in CS, usually washed-up

on beaches (Storr and Johnstone, 1983). The most common are the

Yellow-bellied (Hydrophis platurus) and Olive-headed (Hydrophis

major), which are likely waif populations. Strandings of the former

species, which is not a strong swimmer, typically occur between

May and October, with 70% in July/August (Hecht et al., 1974)

coinciding with the strongest southward flow of the Leeuwin

Current (Cresswell, 1991).

Terrestrial Tiger Snakes (Notechis scutatus) are found naturally

on GI although there is some debate whether the Carnac Island
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TABLE 5 List of species that have been frequently observed within
Cockburn Sound and have state, national or international
protected status.

Species Protection status

International National State

Reef Manta Ray
(Mobula alfredi)

IUCN – VU BCA – SP

White Shark
(Carcharodon carcharias)

IUCN – VU EPBC – VU BCA – VU:
FRMR – TP

Grey Nurse Shark
(Carcharias taurus)

EPBC – VU BCA – VU

Whale Shark
(Rhincodon typus)

IUCN – EN EPBC – VU BCA – SP:
FRMR – TP

Whitespotted Guitarfish
(Rhynchobatus australiae)

IUCN – VU

Southern Bluefin Tuna
(Thunnus macromiid)

IUCN – EN EPBC – CD

Family Syngnathidae EPBC

Common Seadragon
(Phyllopteryx taeniolatus)

FRMR – TP

Leafy Seadragon
(Phycodurus eques)

FRMR – TP

Family Hydrophiidae
(sea-snakes)

EPBC

Family Laticaudidae
(sea-snakes)

EPBC

Family Cheloniidae
(marine turtles)

EPBC

Loggerhead Turtle
(Caretta caretta)

IUCN – VU EPBC – EN BCA – EN

Green Turtle
(Chelonia mydas)

IUCN – EN EPBC – VU BCA – VU

Leatherback Turtle
(Dermochelys coriacea)

IUCN – VU EPBC – EN BCA – VU

Class Aves (birds) EPBC

Wedge-tailed Shearwater
(Ardenna pacifica)

BCA – SP

Flesh-footed Shearwater
(Ardenna carneipes)

IUCN – NT BCA – VU

Grey Plover
(Pluvialis squatarola)

EPBC – VU BCA – SP

Greater Sand Plover
(Charadrius leschenaultia)

EPBC – VU BCA – VU

Bar-tailed Godwit
(Limosa lapponica)

IUCN – NT
EPBC – EN BCA – SP

Ruddy Turnstone
(Arenaria interpres)

EPBC – VU BCA – SP

Great Knot
(Calidris tenuirostris)

IUCN – EN
EPBC – CR BCA – CR

Red-necked Stint
(Calidris ruficollis)

IUCN – NT
BCA – SP

(Continued)
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population are a remnant or the result of a translocation in the

1930s (Ladyman et al., 2020; Lettoof et al., 2024). Carnac supports

~20 adult snakes ha-1, with the high density attributed to their diet

of nesting seabird chicks (Bonnet et al., 2002). Remarkably, these

snakes can survive, grow and reproduce successfully even after

being blinded by birds defending their nests (Aubret et al., 2005)

and such is their reliance on avian prey that in less than 90 years

individuals have developed modified jaws capable of swallowing

chicks whole (Ammresh et al., 2023). GI also supports a population

of the threatened Carpet Python (Morelia imbricata) (Pearson

et al., 2005).
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Marine birds

As a sheltered environment with diverse habitats, CS is an

attractive point of convergence for seabirds, waterbirds and

shorebirds. At least 17 bird species breed regularly on the islands,

rocks and/or mainland adjoining CS, while many more non-

breeding visitors utilise its waters or shorelines for foraging

(Table 6). Resident species, including the Little Penguin and

Australian Pied Oystercatcher (Haemotopus longstriosis), are

present year-round and breed on GI. During spring and summer,

species such as the Bridled Tern (Onychoprion anaethetus), White-

faced Storm-petrel (Pelagodroma marina) and Wedge-tailed

Shearwater (Ardenna pacificus) return to the region to breed but

are rarely seen outside of these seasons (Table 6). Careening Bay is a

key area for Little Penguins and provides access to their nesting

areas on the island. The sand spit on Parkin Point (south-eastern

GI; Figure 4) is particularly important for migratory shorebirds,

terns, and Red-capped Plovers (Charadrius ruficapillus) (BirdLife

Australia, 2023). Leading up to the breeding season (spring), the

spit is a major night roost for the Australian Fairy Tern (Sternula

nereis nereis) (Dunlop and Greenwell, 2021). Carnac Island and

nearby rocks and islets (Figure 4) remain an important breeding

and roosting site for various gulls, terns and cormorants. The area

also represents the southernmost breeding extent of the Wedge-

tailed Shearwater and northernmost breeding extent of the Little

Penguin. However, Little Penguins have not been recorded breeding

on the island since 1980 and recent surveys indicate a significant

decline in the breeding population of Silver Gull (Chroicocephalus

novaehollandiae) (Dunlop and Storr, 1981; E. Clitheroe,

unpublished data).

Marine birds in CS utilise different foraging habitats, and feed at

various spatial scales (10s to 1,000s kms) and trophic levels, but can

generally be classified into three main guilds (Table 6). These guilds

are i) pelagic seabirds that primarily feed offshore and spend their

entire lives at sea, only returning to land to breed; ii) coastal

foraging seabirds that feed in nearshore waters, and except for the

Little Penguin, typically return to shore when they are not foraging;

and iii) resident and migratory shorebirds that utilise shorelines,

salt lakes and/or intertidal areas for foraging. The diets of several

species have been examined from marine waters adjacent to CS,

which highlight the importance of inshore spawning fishes as a prey

source (Dunlop, 1997; Murray et al., 2011; Stockwell et al., 2021).

For example, the Australian Fairy Tern and Little Penguin feed

predominantly on small, schooling fishes, such as Blue Sprat, Sandy

Sprat, and Southern Garfish, although their relative dietary

contributions are likely to vary among years, depending on prey

abundance (Cannell, 2018; Greenwell et al., 2021). Cockburn Sound

also serves as a core foraging habitat for penguins from the GI and

nearby Penguin Island (~5 km south) colonies, and the prevalence

of foraging fish within CS likely plays a crucial role in sustaining

these colonies (Cannell, 2018; Sutton, 2022).

Through their nesting activities marine birds can also

significantly alter habitats and impact ecosystem functioning
TABLE 5 Continued

Species Protection status

International National State

Sanderling (Calidris alba) BCA – SP

Common Sandpiper
(Actitis hypoleucos)

BCA – SP

Bridled Tern
(Onychoprion anaethetus)

BCA – SP

Australian Fairy Tern
(Sternula nereis nereis)

IUCN – VU
EPBC – VU BCA – VU

Caspian Tern
(Hydroprogne caspia)

BCA – SP

Greater Crested Tern
(Thalasseus bergii)

BCA – SP

Roseate Tern
(Sterna dougallii)

BCA – SP

Arctic Jaeger
(Stercorarius parasiticus)

BCA – SP

Family Otariidae
(eared seals)

EPBC

Australian Sea-Lion
(Neophoca cinerea)

IUCN – EN EPBC – EN BCA – EN

Family Phocidae
(“true” seals)

EPBC

New Zealand Fur Seal
(Arctocephalus forsteri)

BCA – SP

Humpback Whale
(Megaptera novaeangliae)

ICRW BCA – SP

Southern Right Whale
(Eubaleana australis)

ICRW EPBC – EN BCA – VU

Indo-Pacific Bottlenose
Dolphin
(Tursiops aduncus)

IUCN – NT BCA – SP
Legislation relates to the: International Union for Conservation of Nature Red List (IUCN),
International Convention for the Regulation of Whaling 1946 (ICRW), Environment
Protection and Biodiversity Conservation Act 1999 (EPBC), Biodiversity Conservation Act
2016 (BCA) and Fish Resources Management Regulations 1995 (FRMR). The protection
levels vary by legislation, with shorthand codes indicating: NT – Near Threatened, VU –

Vulnerable, EN – Endangered, CR – Critically Endangered, CD – Conservation Dependent,
SP – Specially protected species and TP – Totally protected. Bolding denotes species that are
regularly present in CS for extended periods.
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(McKechnie, 2006; Grant et al., 2022). The Great Pied Cormorant

(Phalocrocorax varius) is a major producer of guano within CS, with

large colonies potentially generating several tonnes each year

(Rippey, 2015). The increased abundance of this species has

intensified mechanical and chemical stress on island habitats,

resulting in significant vegetation damage on Carnac Island and

adjacent islands, leading to the possible displacement of other

seabirds (Rippey et al., 2002). Marine birds inhabiting CS face a

range of persistent and diverse pressures in both their marine and

terrestrial habitats, including climate change, severe weather events,

introduced predators, human disturbances, coastal development

activities, recreational and commercial fishing operations, and

eutrophication (Cannell et al., 2016; Greenwell and Dunlop, 2023).
Marine mammals

Pinnipeds

The Australian Sea Lion and New Zealand Fur Seal

(Arctocephalus forsteri) are regularly sighted in CS. The former

species is endemic, ranging from the Abrolhos Islands (WA) to the

Pages in South Australia, and listed as endangered and protected

under Commonwealth and State legislation (Table 5). Individuals

typically occur in relatively small and widely distributed breeding

island colonies, many of which are genetically distinct with females

displaying high natal site fidelity. The biological characteristics of

Australian Sea Lions, together with an estimated >60% decline in

the overall population over the last 40 years (Goldsworthy et al.,

2021), makes this species vulnerable to local and population-wide

extinction. Cockburn Sound falls within the ‘Houtman Abrolhos to

Rottnest Shelf Waters’ Important Marine Mammal Area (IUCN,

2020). This designated area includes WA’s sea lion breeding

colonies and associated important haul out sites and foraging

habitats, with the nearest breeding colony to CS being Jurien Bay

(~300 km north). Male sea lions haul out at Carnac Island year-

round and utilise other metropolitan island beaches and GI

regularly (Figure 4). Peak numbers at Carnac Island occur outside

of breeding periods. Recent counts indicate ≥75 sea lions may haul

out on metropolitan islands at any one time (Salgado Kent and

D’cruz, 2021), however, the number that use CS is unknown. As

Australian Sea Lions spend ~40-60% of their time foraging at sea

(Costa and Gales, 2003; Fowler et al., 2006), the numbers using the

region are likely to be significantly greater than those counted at

haul-out sites. They are benthic foragers and consume a diverse

range of prey including cephalopods (i.e. octopus, squid and

cuttlefish), teleosts (i.e. leatherjackets, wrasse, flatheads, mullets

and whiting) and crustaceans (i.e. crabs, prawns, and rock

lobsters) (Goldsworthy, 2018).

New Zealand Fur Seals have a broader distribution including

Australia, New Zealand and some subantarctic islands, with 17

breeding colonies recorded in WA, of which Rottnest Island is the
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most northern (Campbell et al., 2014). Fur seals regularly haul out

at a range of locations in CS and share haul-out islands with

Australian Sea Lions. In contrast to Australian Sea Lions, many

New Zealand Fur Seal breeding sites have grown rapidly since the

1990s, with the WA population estimated to be ~17,200 in 2010/

2011 and near carrying capacity (Campbell et al., 2014).

Threats to pinnipeds in the region include interactions and

mortalities with fishing gear (mainly rock lobster pots), boat strikes

and human disturbance/harassment at haul-out and breeding sites

(Mawson and Coughran, 1999; Cannell, 2004). Although regular

sea lion haul-out islands are recognised for their importance and fall

within marine parks and/or are classed as nature reserves (Figure 4),

sea lions experience significant levels of disturbance when resting

from people on land, paddlers, vessels (including tour operators)

and jet skis which can alter their behaviour (Osterrieder

et al., 2016).
Dolphins

The Indo-Pacific Bottlenose Dolphin (Tursiops aduncus) shows

a high degree of site fidelity to local areas and appears to reside in

relatively small communities within CS and its adjacent waters

(Chabanne et al., 2012, 2017a; Nicholson et al., 2021). As apex

predators, dolphins are ecologically important in the food web,

while also having conservation status as an iconic species that is

socially and culturally valued and popular for marine tourism. The

species is listed by the IUCN as near-threatened and is protected in

WA under Commonwealth and State legislation (Table 5).

Based on photo-identification studies spanning 1993-2015, a

resident community of ~75 juvenile and adult dolphins was initially

described by Finn (2005), with subsequent studies indicating that

the community remained relatively stable (Ham, 2009; Chabanne

et al., 2017b). Chabanne et al. (2017a) identified two additional

dolphin communities in OA and the SCE. Although the three

communities were described as socially and spatially discrete,

limited inter-population movements occurred, including with

those identified in nearby Shoalwater Bay and Warnbro Sound

(Nicholson et al., 2021). However, there has been limited evidence

of individual permanent movement, with the SCE community not

increasing beyond 23 adults and juveniles over the last two decades.

The OA community is thought to be smaller than that of CS (~43

juvenile/adult dolphins; Chabanne et al., 2017a). Despite being

limited or temporary, those movements have allowed for

continuous gene flow among the communities that were each

characterised by highly related individuals (Chabanne et al., 2021).

In addition to OA, the Kwinana Shelf was described as an

important foraging and nursery area for dolphins in CS (Figure 4;

Finn, 2005). This significance is supported by observations of large

feeding aggregations of dolphins and seabirds across the Kwinana

Shelf from autumn to spring, alongside seasonal schools of fish

(Finn and Calver, 2008). The shallow, productive, and sheltered
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TABLE 6 Common marine birds of Cockburn Sound and/or those for which Cockburn Sound or adjacent waters are identified as a Biologically
Important Area (BIA), i.e. where species of regional significance aggregate for breeding, feeding, resting or migration.

Species Seasonality
Foraging
habitat

Main prey groups Foraging behaviour

Wedge-tailed
Shearwater *+P

Ardenna pacifica Oct-May
Shelf, slope,
occasionally inshore

Fish, squid
Contact dipping, pursuit-plunging,
surface seizing

Flesh-footed
Shearwater P

Ardenna carneipes Aug-May
Shelf, slope,
occasionally inshore

Fish, squid
Pursuit-plunging, surface seizing,
contact dipping

Little Shearwater *+P Puffinus assimilis Mar-Nov
Shelf, slope,
occasionally inshore

Fish, squid, crustaceans
Pursuit-diving/plunging, surface-
diving/seizing

White-faced Storm-
petrel *P

Pelagodroma marina Aug-Mar
Shelf, slope,
occasionally inshore

Zooplankton Surface seizing

Little Penguin *+C Eudyptula minor Resident Nearshore waters Fish Pursuit diving

Eastern Reef Egret S Egretta sacra Year-round Nearshore waters Generalist Active feeding – range of techniques

Australasian Darter C
Anhinga
novaehollandiae

Year-round Nearshore waters Mainly fish Underwater stalking and spearing

Little Pied
Cormorant C

Microcarbo
melanoleucos

Resident Nearshore waters
Fish, crustaceans,
aquatic insects

Pursuit diving

Little Black
Cormorant *C

Phalacrocorax
sulcirostris

Resident Nearshore waters Fish, crustaceans Pursuit diving

Australian Pied
Cormorant *C

Phalacrocorax varius Resident Nearshore waters Fish Pursuit diving

Australasian Gannet P Morus serrator Year-round
Shelf, slope,
occasionally inshore

Fish Plunge diving

Australian Pelican *C Pelecanus conspicillatus Resident Nearshore waters Fish, generalist Surface seizing

Australian
Pied Oystercatcher*S

Haematopus
longirostris

Resident
Sandy
shorelines, intertidal

Bivalves,
gastropods, polychaetes

Hammering, prising,
probing, stabbing

Sooty
Oystercatcher *S

Haematopus
fuliginosus

Resident
Sandy,
rocky shorelines

Bivalves,
gastropods, polychaetes

Hammering, prising,
probing, stabbing

Grey Plover *S Pluvialis squatarola Sep-Mar
Sandy
shorelines, intertidal

Bivalves, polychaetes Run-and-peck, probing

Red-capped Plover *S Charadrius ruficapillus Resident Sandy shorelines, spits
Annelids, molluscs,
crustaceans, insects

Run-and-peck, probing

Greater Sand Plover S
Charadrius
leschenaultii

Sep-Mar Sandy shorelines
Beetles, molluscs,
polychaetes, crustaceans

Run-and-peck, probing

Bar-tailed Godwit S Limosa lapponica Sep-Mar
Sandy
shorelines, intertidal

Molluscs, crustaceans, insects Pecking, probing

Ruddy Turnstone S Arenaria interpres Sep-Mar
Sandy,
rocky shorelines

Molluscs, crustaceans, insects,
carrion, eggs

Probing, jabbing, flipping, scavenging

Great Knot S Calidris tenuirostris Sep-Mar
Sandy
shorelines, intertidal

Bivalves, gastropods,
crustaceans, annelids

Pecking, probing, gleaning

Red-necked Stint S Calidris ruficollis Sep-Mar
Sandy
shorelines, intertidal

Polychaetes, crustaceans,
insects, molluscs

Pecking, probing

Sanderling S Calidris alba Sep-Mar
Sandy, high-
energy shorelines

Crustaceans, annelids,
molluscs, insects

Pecking, probing

Common Sandpiper S Actitis hypoleucos Sep-Mar Rocky shorelines
Insects, annelids,
molluscs, crustaceans

Pecking, stabbing, stalking

Silver Gull *SC
Chroicocephalus
novaehollandiae

Resident
Nearshore
waters, shorelines

Marine invertebrates,
fish, carrion

Hawking, scavenging,
kleptoparasitism, foot paddling

Pacific Gull *+C Larus pacificus Year-round
Nearshore
waters, shorelines

Fish, squid,
intertidal invertebrates

Plunge-diving, picking

(Continued)
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waters of CS offer unique ecosystem features for dolphins not

available elsewhere along the south-western coastline.
Whales

Humpback and Southern Right whales are regularly sighted in

Perth coastal waters, including CS. Humpback whale populations

have recovered strongly since the cessation of whaling (Bejder et al.,

2016), with an estimated population of >30,000 in 2008, and an

increase of ~10-13% per annum (Salgado Kent et al., 2012).

Humpback whales migrate annually along the WA coast from

high-latitude summer feeding areas in the Southern Ocean to

low-latitude winter breeding grounds (Chittleborough, 1965;

Jenner et al., 2001). This migratory corridor, including waters off

the Perth metropolitan region, is recognised as an Important

Marine Mammal Area (IUCN, 2020), particularly during the

southern migration (~August-November) when mothers are

travelling with their dependent calves.

Southern Right Whales also experienced near extinction from

whaling and are listed as endangered (Table 5). There are two

recognised Australian sub-populations, with those recorded off the

Perth metropolitan area considered part of the western sub-

population comprising ~3,164 whales with a recovery rate

estimated at ~6% per annum (Smith et al., 2021). Calving and

mating occur in this region between April and September, with

mother-calf pairs remaining for at least two months until the calves

are strong enough to travel to feeding grounds in the Southern

Ocean (Salgado Kent et al., 2022). Although the population remains

below its historic size, there is increasing evidence of an expansion

in calving grounds and connecting habitats off Australia’s coast,

including increased sightings off Perth.
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Restoration and enhancement

Recognition of the biological and social importance of CS, and

its history of environmental perturbation, has led to numerous

attempts to restore and enhance habitats and increase fish stocks.

Most notably, for over 30 years various projects have attempted to

restore the seagrass meadows that were lost within CS. Initially

these projects used manual transplanting of seedlings, sprigs and

plugs, however, despite being successful elsewhere in the world

these projects had limited success (Kendrick et al., 2025). Further

development of mechanical transplanting equipment allowed large

sods to be harvested from areas designated for dredging and

transplanted elsewhere, and while a range of trials improved the

survival of the transplanted seagrasses and some were considered

successful, costs were prohibitive (Sinclair et al., 2013). Recent

efforts have instead focused on the collection and delivery of

seeds to the substrate using community members, i.e. Seeds for

Snapper (Sinclair et al., 2021; Kendrick et al., 2025). Floating fruits

collected by boaters and divers are taken to an aquaculture facility

where dehiscence occurs, after which the negatively buoyant seeds

are scattered over restoration areas. Initial results showed seedling

establishment was up 10% and the surviving seedlings aggregated,

produced multiple shoots, and demonstrated some coalescence

after three years (Sinclair et al., 2021). Cost-benefit analysis

indicated that seeding 1 ha is 5.6 and 3.7 times cheaper than

transplanting using professional and volunteer-based labour,

respectively, and that the costs would be recovered in 7 and 11

years, respectively (Rogers et al., 2019). Successful seagrass

restoration would likely have other benefits to CS such as increase

fish diversity and abundance (Hardinson et al., 2023; Sievers et al.,

2024), however, while long term seagrass monitoring efforts have
TABLE 6 Continued

Species Seasonality
Foraging
habitat

Main prey groups Foraging behaviour

Bridled Tern *+P
Onychoprion
anaethetus

Sep-Apr
Shelf, slope,
occasionally inshore

Fish, squid,
crustaceans, insects

Contact dipping

Australian Fairy Tern
*+C

Sternula nereis Sep-Mar
Nearshore
waters, shorelines

Fish, squid Plunge diving

Caspian Tern *+C Hydroprogne caspia Resident
Nearshore
waters, shorelines

Fish, squid Plunge diving

Greater Crested
Tern *C

Thalasseus bergii Resident
Nearshore
waters, shorelines

Fish, squid Plunge diving

Roseate Tern *C Sterna dougallii Spring, Autumn
Nearshore
waters, shorelines

Fish, squid Plunge diving

Arctic Jaeger P Stercorarius parasiticus Mar-Apr
Shelf, slope,
occasionally inshore

Fish, squid Kleptoparasitism
Symbols indicate the species breeds locally (*); Cockburn Sound is a BIA (+), Foraging Guild (P = pelagic, C = coastal, S = shoreline). Grey shading denotes a trans-equatorial migratory species.
Seasonality denotes the period of peak usage. Marchant and Higgins (1990); Higgins and Davies (1996); BirdLife Australia (2023); Cornell Lab of Ornithology (2023).
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been undertaken, little emphasis has been placed on determining

the effectiveness of restoration on associated faunal communities.

Artificial reefs have been used around the world to enhance

benthic habitats, either accidentally (e.g. shipwrecks) or deliberately

(Ramm et al., 2021). There are three purpose-built artificial reefs

within CS and two notable shipwrecks, the D9 Dredge ex Parmelia

and the Omeo (Figure 1). The D9 Dredge was a 51 m steel-hulled

suction dredge that foundered in CS in 1962 and was towed and

sunk on the edge of the Kwinana Shelf. The wreck is a particularly
Frontiers in Marine Science 24
popular recreational fishing location. Omeo was a 65 m long, 789 t

clinker-built iron barque that was swept ashore in 1905 after

breaking its mooring during a storm (Green, 2006). Although the

wreck has deteriorated substantially, its sheltered location ~30 m

from shore, makes it a popular tourist snorkelling spot. A variety of

different concrete modules were deployed close to Omeo to create

the Coogee Maritime Trail, which aimed to provide suitable habitat

for rocky reef-associated species. Monitoring of the 70 modules

showed they were initially colonised by brown foliose algae that

declined over time, during which solitary ascidians established

(Hammond et al., 2020). However, while reef-associated fish

species were recorded, the modules have not increased species

richness or abundance. Another reef was deployed 100 m offshore

from C.Y. O’Connor Beach in 2022 consisting of 135,2 m high

concrete modules. The primary purpose of this reef, however, is to

attenuate wave energy, reduce coastal erosion and minimise the

need for sand replenishment (Geldard et al., 2021). The artificial

structures within CS are all relatively small. The conventional

wisdom is that small artificial reefs primarily act as fish attractors,

and a reef volume of 4,000 m3 has been suggested as a minimum

size in order to increase fish production (Pickering and Whitmarsh,

1997). It is therefore unlikely that the artificial structures currently

in place in CS are causing any meaningful change on fish

populations, beyond acting as a focal point for fishing and diving.

Stocking, i.e. the release of hatchery-reared juveniles, is strongly

supported by recreational fishers in WA due to their beliefs that

such management interventions will lead to increased catches and

in the case of Snapper, contribute to recovery of depleted stocks

(Obregón et al., 2020; Tweedley et al., 2023). A stocking program for

Snapper (‘Snapper Guardians’) was initiated in 2014, where rather

than collecting and holding broodstock in a hatchery, this program

collects fertilised eggs from wild spawning aggregations in CS,

which are cultured for up to 80 days before being released at ~50

mm in length (Partridge et al., 2017). No differences in genetic

diversity (i.e. allelic richness and heterozygosity) were detected

between wild and hatchery-reared individuals. Annual stocking

has occurred since 2016, with >300,000 juveniles released to date.

The otoliths of these fish were stained using alizarin complexone to

allow the effectiveness of the releases to be assessed in the future

(Partridge et al., 2017), although no specific field surveys to evaluate

stocking effectiveness were developed. Of the 1,980 juvenile Snapper

captured between 2014 and 2023 during Blue Swimmer Crab

surveys in CS, only four were hatchery-reared and none have

been collected through annual monitoring of adult stocks of

Snapper (Fairclough et al., 2025). Releasing hatchery-reared fish

can be a successful way to increase the abundance of fish in wild

stocks, but it can also fail without clear objectives, field trials and

monitoring programs (Molony et al., 2003). For the Atlantic Cod

(Gadus morhua), over 100 years of releasing larvae and juveniles

failed to have the desired effects on stocks and was deemed

uneconomical (Svåsand et al., 2000). Successes are usually most

noticeable in closed/semi-closed systems such as lakes and estuaries

or in situations where stocks are depleted. In the case of an over-
FIGURE 4

Areas within Cockburn Sound that authors have identified as
important for key species.
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exploited sparid Acanthopagrus butcheri in Blackwood Estuary,

hatchery-reared fish dominated subsequent commercial catches

and were still present after 16 years (Cottingham et al., 2020).

Stocking was also suggested by Johnston et al. (2011) as a potential

intervention if stocks of Blue Swimmer Crab did not fully recover

following revised management measures, however, only

experimental-scale releases have occurred to date and improved

hatchery methods are required to increase survival prior to any

commercial-scale releases (Jenkins et al., 2017).
Summary

The last hundred years of heavy utilisation mean CS has been

substantially modified compared to pre-European settlement.

Nevertheless, its environment remains diverse and ‘productive’

(e.g. social amenity, fisheries, aquaculture), despite some major

and concerning ecological changes in recent decades (e.g. reduced

productivity of the crab fishery, penguin population decline, fish

kills and the appearance of invasive species). Management

responses to these recent issues have included stricter fisheries

controls, greater protection for threatened species, and increased

research and monitoring. Detecting a regime shift within a system

can take years (deYoung et al., 2008), however, considering how

slow the crab fishery has been to recover during the most recent

closure, the patchy success of seagrass replanting and seeding, and
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early signs of tropicalisation, there are a range of early signs. The

research synthesized in this review is summarized into a conceptual

model of the different environmental and anthropogenic pressures

operating on the environment within CS (Figure 5). While

capturing some of the key species across different trophic levels,

this figure does not attempt to capture the full food web, but rather

highlights some of the key pressures and responses, and how they

are currently known to impact the system.

Given the significant commercial, recreational, industrial and

governmental interests in CS, it is likely that the management of CS

will continue to provide significant challenges for regulatory bodies.

This is further complicated by government policies that are

administered by multiple departments without a holistic

framework. Western Australia is not unique in this regard, with

similar issues identified (and in part addressed) for other highly

utilized coastal areas such as Sydney Harbour (Banks et al., 2016),

San Francisco Bay (Cloern and Jassby, 2012) and Thames Estuary

(Scarr, 2024). Even with a joined-up approach to management, the

range of interacting pressures in CS (Figure 5), that may have

cumulative effects on the environment require ever increasingly

complex models for effective management (Elliott et al., 2017).

Previous large developments within CS, such as the

construction of the causeway, shellsand dredging and the

development of a desalination plant, have undertaken extensive

monitoring. However, the cumulative impact of the multitude of

interacting pressures, highlighted in Figure 5, remains poorly
FIGURE 5

Conceptual model of Cockburn Sound, including the human uses and pressures impacting the food web, and the management responses that have
been discussed in the current review.
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understood. The proposed large-scale port development in CS will

have a range of potential immediate impacts during port

construction, and longer-term impacts once the port is

operational. While some of the impacts are foreseeable, such as

the loss of habitat under the immediate footprint of the port, others

may be less expected. For example, declining abundance and

productivity of some species may be symptoms of a chronically-

stressed system which has less resilience to further change.

However, it is impossible to predict whether CS could be

approaching a tipping point of ecological change, or whether the

current communities will continue to display high tolerance.

Much of the data reviewed here were collected as part of one-off

projects, with only a limited number of long-term monitoring

programs being undertaken (e.g. summer water quality, some

fishery stocks, and penguin populations). Adequately managing

the environment of CS in the coming decades will likely require an

expansion of fisheries-independent monitoring efforts, and a focus

on a broader community of species and habitats than has

historically been the case. Initial stages of the port development

have included an extensive AU$13.5 million research program

overseen by the Western Australian Marine Science Institution, to

provide data for an environmental impact assessment. The collation

of data across this program may address many knowledge gaps

identified by the scientific community and stakeholders. However, it

is also likely to raise new questions that will require future

monitoring to answer, particularly in the context of cumulative

anthropogenic and climatic pressures, ecosystem resilience and

tipping points.
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