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Executive summary

Botany Bay, or Gamay as it is called by First Nations
people of Gamay, has a long history with humans. First
Nations people have lived in the lands around Gamay
for thousands of years, and more recently it has been
the centre for industrial activity and development (past
200 years). This legacy of human influence means the
current day Gamay is significantly different from the
Gamay that First Nations people would have inhabited
prior to the arrival of European settlers. The bay still
hosts a composition of different habitats, some new

to Gamay (e.g., hard artificial structures have created
novel habitats), others highly modified (e.g., seagrass
once covered much of the bay, whereas now it is limited
to isolated patches on the northern and southern
shorelines), and some that still exist in their original
form (e.g., intertidal rocky shore at Cape Banks). Human
modification of Gamay intensified in the 1970’s and
was comprehensively documented with a series of
technical reports produced between 1978 and 1981.

Since then, the bay has, however, continued to be
modified by humans and so this review seeks to
provide an updated review of Gamay as it stands
today. Specifically, this review collates current
ecological knowledge of Gamay and its tributaries,

by systematically compiling scientific peer-reviewed
literature and knowledge from a wide range of
stakeholders to produce a comprehensive list of
published biophysical information sources. We

focus on the core areas of geology, oceanography,
chemistry, ecology and environmental threats to

the bay. Historical literature was also included in

this review as these early accounts contain some of
the only records of Gamay and First Nations people
of Gamay prior to British colonisation. In total, 577
different studies were included in this systematic
review, including 477 journal articles, 75 reports, 13
books as well as 12 additional resources of other types.
This review synthesizes this information into a succinct
document accessible to stakeholders, policy makers
and the general public. It is produced as a guide to
the current state of knowledge of Gamay and readers
are directed to references for further information.

Geological history

Gamay is part of the greater Botany Basin, originally
carved out of Hawkesbury Sandstone by three
ancient river systems; the Cooks River, Georges
River and a third, smaller ancient river. At 9,000
yBP, sea-level rose and the combined Cooks and
George paleo-rivers joined the ancient Port Hacking
channel and exited to the ocean from Bate Bay.

6 | Science of Gamay

In our review, geology was one of the scientific
disciplines with the lowest number of published
studies (2.9% of studies, 17 studies in total), with
roughly an equal number of studies discussing
the geology and geological history of Gamay

as did focus on sedimentology in the bay.

Hydrology and oceanography

Since British colonisation Gamay has undergone
significant development which has influenced the
region’s hydrology. Extensive urbanisation as well as
reclamation and dredging projects have substantially
altered the broader catchment and localised hydrology,
including rainfall-runoff patterns, hydrodynamics and
hydraulics. Many land modifications and reclamations
have resulted in complex topography around the

bay which generates several recirculating eddies
throughout the tidal cycle. Gamay is influenced by
both locally generated wind waves and remotely
generated oceanic swell waves that enter the bay
through the seaward entrance. Waters are generally
well mixed, with low stratification. Circulation in the
bay is largely barotropic due to its shallow nature

and regular tidal forcing. While freshwater inflow

into Gamay is typically low, during periods of rainfall,
freshwater inflow occurs from two highly modified
shallow rivers (the Cooks River and the Georges River).
After heavy rainfall (>50 mm per day) the surface
waters become stratified, with a buoyant freshwater
plume 1-2 m thick overlaying saline oceanic water. This
plume leaves the estuary within a few days reverting
to low — flow state within a week of dry conditions.

Oceanography was the scientific discipline with
the least number of published studies, comprising
just 1.2% of studies, or 7 studies in total.

Soft bottom and beach habitats

Gamay contains a range of soft sediment habitats,
including intertidal beaches, sandflats and mudflats as
well as extensive subtidal sediment habitats. Subtidal
soft sediments comprise the greatest extent of all
habitat types in Gamay and have changed significantly
with respect to physico-chemical characteristics as

a direct and indirect result of British colonisation

and associated land use changes. Gamay has a
predominantly sandy subtidal benthos with the muddy
areas associated with dredging near the bay’s entrance,
around port infrastructure and the airport runways.



Soft bottom habitats were among some of the best
studied habitats in Gamay (11.1% of studies, 64
studies in total) and were commonly included in multi-
habitat studies (35 studies). By comparison, beach
habitats were amongst some of the most poorly
studied (1.7% of studies, 10 studies in total). Gamay’s
extensive history of industrialisation and modification
means that much of the research on soft bottom

and beach habitats examines the impacts associated
with habitat modification and contamination.

Seagrass habitats

Seagrass habitats in Gamay have been steadily
declining at around 0.75% yr* since the 1940s, and
today only cover a little over 300 hectares. The
largest historical declines in seagrass in Gamay have
occurred along the northern shoreline, possibly due
to historical contamination and more recently due to
disruptions associated with the construction of both
Port Botany and the Sydney Airport expansions.

Of all the vegetated habitats that occur in Gamay,
seagrass habitats were the most poorly studied
(8.3% of studies, 48 studies in total). Of those
studies that do exist, most were concerned with
seagrass physiology or distribution in Gamay with
few considering interactions with other organisms.

Mangrove and saltmarsh habitats

Much of Gamay’s coastal wetland habitat lies within

the Ramsar-listed Towra Point Aquatic Reserve on the
southern shore of Gamay. This extensive wetland system
is Sydney’s biggest and most diverse wetland system and
equates to ~25% of the area of Gamay. Wetland habitats
in Gamay support the aquatic ecosystem throughout
the broader bay, with saltmarshes supporting the
highest densities of zooplankton of all Gamay’s estuarine
habitats. Despite this, aerial photos show that 30% of
the endangered ecological community of saltmarsh
from the Towra Point wetland has been lost since the
1930s. Mangroves display the opposite trend, with
mangrove cover increasing in the Bay in this time.

Subtidal rocky reefs

Much of the research on subtidal reefs in Gamay has
been undertaken at Bare Island and at Cape Banks,
on the bay’s northern shore. Bay-wide subtidal reef
in Gamay has been mapped by depth only, with the
distribution and abundance of specific species within
these habitats largely unknown. There is surprisingly
little in the way of comprehensive assessments of
subtidal rocky reef fish assemblages in Gamay, with

much of the research instead focusing on macroalgae
and invertebrates. Gamay subtidal rocky reefs have,
however, been a focal point of marine microbial
research in Australia and have been the location for
pioneering research into understanding the diversity
and abundance of marine microorganisms.

Subtidal reef habitats were the second most studied
habitat type (13.7% of studies, 79 studies in total)

in Gamay and were most commonly studied in
combination with artificial substrate habitats.

Intertidal rocky shores

Approximately 30% of the shoreline in Gamay is
comprised of intertidal rocky substrata, with most
located around Gamay’s two headlands. This habitat
generally consists of gently sloping sandstone
platforms, interspaced with crevices, rock pools,
cobbles and boulders. The intertidal rocky shore area
around Cape Banks is a prominent site for research
on key ecological processes that occur within these
habitats. Excavated middens in the Gamay area suggest
shellfish collected from intertidal rocky shore habitats
were a significant part of the diet of First Nations
people of Gamay prior to European settlement.

Rocky intertidal shore habitats were the most

highly studied habitat type within Gamay. These
habitats were considered in 86 single habitat studies
(14.9% of studies), with an additional 10 studies

that considered rocky shores amongst other habitat
types. Specifically, invertebrate communities on
intertidal rocky shores were overwhelmingly the
most well studied taxa-habitat interaction, with the
majority of this research occurring at Cape Banks.

Oyster reefs

First Nations people of Gamay have used oysters

as an important food source for over 6000 years.
Gamay'’s oyster reefs were also a valued resource to
European settlers who ultimately exploited these to
near extinction. Anecdotal evidence from early British
settlers suggests clear evidence of shellfish farming

by First Nations men of Gamay, a practice that was
later adopted by British settlers when natural reefs
had been depleted. Oyster production in Gamay has,
however, been plagued with issues, from pollution and
contamination through to disease. As a result, much
of the research on oyster reefs in Gamay has been
associated with the impacts from these threats, most
notably this research has focused on the development
of disease resistant oyster lines for aquaculture.
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Open water and pelagic systems

Open water and pelagic habitats are amongst the
most well studied habitats in Gamay, for both single
(11.1% of studies, 64 studies in total) and multi-habitat
studies (33 studies). In Gamay, planktonic processes
generate a highly productive tidal discharge plume
and associated front throughout the daily tidal cycle.
Within the bay, these habitats support a range of fish
species, whilst directly off Gamay’s headlands whales,
dolphins and turtles are commonly seen. Comparatively
less is known about microbial communities of
Gamay’s open water habitats, although potentially
harmful taxa with the potential to poison seafood or
cause fish and invertebrate mortalities (e.g., harmful
algal blooms) have been detected in the bay.

Artificial substrates

Recent estimates suggest around 40% of Gamay’s
shoreline now consist of hardened artificial substrate.
Of the 18 studies published (3.1% of studies), most
studies on artificial habitats in Gamay have focused
on fish assemblages and how artificial reefs and/or
breakwaters have influenced those. These studies often
make comparisons to assemblages on nearby subtidal
rocky reefs and have produced mixed results. Artificial
reef balls have been deployed in Gamay to enhance
rocky substrate and recreational fishing opportunities.
The additional habitat they provide represents a
~16% increase in the area of rocky reef habitat in
Gamay and supports a predominantly plankton-
feeding fish assemblage. There are no published
studies on fish assemblages associated with artificial
substrates in either the Georges or Cooks Rivers.

Freshwater habitats

Freshwater habitats represent the most poorly studied
habitats in Gamay, with only four studies published on
these habitats (0.7% of studies). They were studied more
frequently in multi-habitat studies (16 studies), where
they were most commonly investigated in combination
with pelagic habitats. Little is known about the flora and
faunal communities of Gamay’s freshwater habitats.

Threats and challenges

Gamay'’s long history of exploitation and
modification in conjunction with the enormous
changes within the catchment since European
settlement has left little of the Gamay ecosystem
untouched by anthropogenic influence.

8 | Science of Gamay

The contamination status of Gamay has been well
documented. Sediments in Gamay and Georges River
are contaminated with heavy metals, polyaromatic
hydrocarbons and phosphates that often exceed levels
in other Australian estuaries. Contaminants have

been detected in fish and invertebrates in Gamay. The
impervious nature of the Gamay catchment means
that stormwater runs quickly and directly into the main
river channel and eventually into the bay, bringing with
it all the common pollutants and nutrients. Rainfall
induced urban runoff produces periodic stressors to
planktonic communities, influencing phytoplankton
and bacterial composition which may cause cascading
impacts to the pelagic foodweb. Storm events often
result in microbial communities associated with human
waste entering coastal waterways with legacy impacts
on Gamay’s marine sediments. Blooms of the paralytic
shellfish toxin (PST) producing species Alexandrium
pacificum (as A. catenella) occur regularly in Gamay.

Dredging and land reclamation have had detrimental
impacts on communities and habitats in Gamay.
Configuration dredging at the entrance to the bay
from 1980 to 1990 led to increased wave-action
along the exposed Southern shoreline of the bay,
negatively impacting seagrasses around Towra

Point. Dredging has changed the depth of subtidal
sediments, as well as the grain sizes, shifting once
sandy sediments to muddy sediments and driving
reductions in biodiversity and abundances of infaunal
communities. Dredging can resuspend sediments in
the pelagic environment of Gamay, some of which
contain high levels of contaminants, which in turn
impact filter feeding invertebrates. Dredging has
also led to massive alterations to natural flushing in
Gamay, negatively affecting water quality in the bay.

Gamay currently meets the NSW Office of Environment
and Heritage condition thresholds for good ecosystem
quality for coastal estuary/embayments for both
chlorophyll a (Chl-a; annual average of 1.9 mg/L) and
turbidity (annual average of 1.3 ntu). Although for Chl-a
the current value sits exactly on the threshold, indicating
the system is at best close to transitioning from a
slightly to moderately disturbed state. The value and
buffering capacity of remaining bushland is vital to the
water quality of Gamay as is the control of nutrients and
sediment input from all of its catchment’s land uses.

Gamay supports extensive maritime industries and

is home to the largest container port in NSW (Port
Botany), making its ecosystems extremely vulnerable
to marine invasive species. Only one introduced marine
pest species (Australian Ballast Water Management
Advisory Council target) has been found at Port Botany,
the toxic dinoflagellate Alexandrium sp. An additional
33 introduced and/or cryptogenic (i.e., status unknown)



species were, however, also detected. Introduced and
cryptogenic species have also been recorded in sediment
habitats in Gamay. Little information currently exists on
the type, extent and proportion of exotic and invasive
species specifically inhabiting artificial substrates in
Gamay, however, artificial substrates in other regions

in NSW have been found to harbor disproportionately
high abundances of exotic invertebrate species.

Commercial fishing was banned in Gamay in 2002 and
the bay was declared a Recreational Fishing Haven.
Despite this long history of commercial fishing and
the continued use of the bay by recreational fishers,
there has been little scientific examination of Gamay’s
fisheries (20 studies). The recreational fishing community
within the bay is engaged in efforts to improve fish
stocks and habitats, supporting a variety of efforts

in this space such as catch-and-release. But there
remain challenges as even catch-and-release fishing
within the bay has been shown to be associated with
significant post-release mortality for some species.

The impacts associated with climate change have
been poorly studied for Gamay but will likely pose

a significant threat in the future. Research from
outside Gamay suggests that whilst mobile species
may be able to migrate south to stay within their
thermal limits, increasing ocean temperature will
likely have significant negative impacts on sessile
species. Ocean acidification associated with an
increase in atmospheric carbon dioxide will likely
impair the ability of calcifying organisms to make
shells and grow. Rising sea-level combined with urban
encroachment is likely to have a significant negative
impact on saltmarsh habitats in Gamay. These negative
impacts will be further compounded as rising sea
levels give mangrove forests the room to expand
landwards further reducing saltmarsh habitats.

Knowledge gaps and opportunities

Overall, invertebrates and fish were the most
thoroughly studied taxa across multiple habitat types,
whilst epibiota and birds were the most poorly studied
taxa. Under one half of the 577 studies published on
Gamay considered threats to Gamay. Of those studies
that did look at threats to Gamay, research effort has
been heavily focused on contamination impacts

(60 studies, 23% single habitat studies). Most of these
contamination studies were concerned with non-taxa
specific impacts, followed by impacts to invertebrates.
Impacts associated with habitat modification have
been studied across most taxa, however, only in low
numbers. Contamination impacts to soft sediment
habitats were also well studied, followed by the
impacts of disease and pathogens to oyster reefs

and habitat modification in artificial substrates.

In recent years, there has been a push to bring back
degraded systems either by reducing or reversing the
negative impacts associated with urbanisation or by
actively re-establishing or restoring systems that have
been lost. Seagrass restoration has recently been
undertaken in multiple locations in Gamay. The project
appears to be successful, but continued monitoring

is still needed into the future to assess the long-term
viability of such projects in Gamay. Seagrass and
saltmarsh habitat restoration has also been undertaken
on Gamay’s northern shoreline as part of the Port
Botany expansion Penrhyn Estuary habitat enhancement
plan. Promising results from these projects suggest
there is potential to restore other areas of Gamay. The
first large scale oyster reef restoration project in Gamay
and Georges River was established in 2021 by the Nature
Conservancy, Greater Sydney Local Land Services and
New South Wales Department of Primary Industries. The
project aims to restore up to five hectares of oyster reef
in Gamay, but as yet, has not begun on-ground works.

Despite Gamay containing a diversity of habitat types,
seascape connectivity in the bay remains poorly
studied. Understanding how habitats and communities
are connected is particularly important in urban
estuaries such as Gamay where vegetated habitats

are declining and becoming more fragmented.

There has been little in the way of research or planning
into how climate change will impact the Gamay
ecosystem. The availability of high-resolution digital
terrain modelling for the Gamay foreshores makes
possible the modelling of habitat redistribution under
projected sea-level rise. This would be particularly
useful to explore the impacts of sea-level rise on
saltmarsh, which because of significant urbanisation

in Gamay has no room to expand landwards.

Since QX disease decimated oyster production in
1992 much effort has gone into selective breeding
programs to develop disease-resistant oyster lines.
Whilst knowledge gaps still surround the transfer of
disease and interbreeding between cultured and wild
oysters Gamay’s well documented history with oyster
aquaculture means that Gamay could be used as a case
study for aquaculture within large cities. Compared to
most other habitats that occur within Gamay, oyster
reefs remain some of the most poorly studied. To
maximise the ecosystem benefits of oyster reefs to
Gamay more research is needed into developing and
testing different methods of farming and restoration,
as well as exploring optimal sites, locations and
configurations for oysters to be grown within the bay.
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Much of the pioneering research that has revolutionised
our understanding of marine microbes has been
undertaken in Gamay. Continued investment into
projects such as the Australian Microbiome Initiative
will not only assist in furthering our understanding of
these microbial communities but will also allow this to
be expanded to other, currently unstudied microbiota.

Unfortunately, the ecological knowledge of First Nations
people of Australia remains largely undocumented,
meaning that significant knowledge gaps exist
surrounding how the First Nations people of Gamay
used the flora, fauna and habitats of Gamay. A recent
shift in our appreciation of this Traditional Ecological
Knowledge has meant it is increasingly being recognised
as an important and valuable source of ecological
information. The recognition of this knowledge as being
ecologically significant paves the way for collaborations
between scientists, managers and the First Nations

people of Australia, offering opportunities to not
only advance scientific knowledge but also share
power and responsibilities amongst stakeholders as
well as develop novel management approaches.

It could be argued that Gamay is amongst the most well
studied estuaries in Australia. But it is also a place of
enormous ecological and social complexity and in many
ways the extensive amount of knowledge documented
on Gamay represents just the baseline of what is needed
to effectively manage the bay. Research efforts to date
have not spanned all taxa and habitats and many threats
to Gamay’s ecosystems remain unstudied, highlighting
that there remains many knowledge and data gaps

to fill. This review has, however, also highlighted the
numerous opportunities which this work has generated,
creating paths that stakeholders and managers can walk
together towards a sustainable future for the bay.

The weedy seadragon (Phyllopteryx taeniolatus) is endemic to seaweed
dominated subtidal reefs in southern Australia. They can be found in subtidal
reef habitat in Gamay. Image: John Turnbull www.marineexplorer.org
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Introduction to Gamay

History of Gamay

Botany Bay, or Gamay (alternatively spelt Kamay)

as itis called by First Nations people has a long
history of human settlement, being home to the
several First Nation clans for thousands of years.
The country around Gamay and the lower Georges
River belonged to the Dharawal people (Attenbrow
2010b, Goodall 2017). Of the Dharawal people, the
Gameygal clan (also spelt Kameygal) resided on the
north-western shore of Gamay, the Gweagal clan on
the southern shore and the Bideegal clan resided on
the northern headland of Gamay (Attenbrow 2010b).

Gamay is where British explorers first arrived in Australia
in 1770. The British explorers originally called the bay
Stingray Bay, but soon after changed it to Botanist Bay
(later shortened to Botany Bay) in response to the
extensive diversity of botanical specimens that they
collected from along the bay’s shoreline (Adam 1997).
Perhaps in response to this high biodiversity, Gamay was
selected as the location to establish the first European
colony in Australia (Adam 1997). Consequently, Gamay
is a place of great cultural significance for both First
Nations people of Gamay and those Australia’s that
migrated or were transported to Australia from abroad.

However, in 1788, when the British returned to establish
the first colony, Gamay was deemed unsuitable for

the settlement due to the shallow nature of the bay
which made anchoring difficult, as well as its swampy
foreshore and the lack of fresh water close by. Instead,
the settlement was established at Port Jackson (Sydney
Cove) just to the north of Gamay. Gamay and its
surrounding areas continued to be a valuable resource,
however, and were extensively harvested for building
materials and later was used for industrial practices
(Reid, 2021). Trees were logged along the catchment
presumably starting the changes to the catchment

for the bay from 1800, and by 1845 almost all of the
large trees had been felled for timber in the immediate
surrounds of the bay. Similar levels of clearing would
have occurred though-out the larger catchment. Cattle
(five that had escaped from the settlement soon after
arrival) moved into the catchment and grazed the
immediate surrounds of the bay, and by 1806 had
grown to 3,000. These initial land-use changes would
have started affecting run-off and groundwater and

had flow-on effects for sediment and to a lesser degree
nutrient levels within the estuary (as seen elsewhere in
the world: Roberts 2007; catchment modelling: SMCMA
2011). Market gardens were developed from the 1830s
onwards within the catchment adding further nutrients
and suspended sediments to the estuary (SMCMA 2011).
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resident population
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of Local Government

Areas surrounding

Gamay for 2020. 3391
Data: Australia Bureau
of Statistics. Grey lines
are the borders of Local
Government Areas
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In the years since European settlement the population
surrounding Gamay has exponentially increased. For
example, between 2010 and 2020, the population of the
Greater Sydney area grew by 15.1% (NSW Government
2020). As of 2020, 5,367,139 people were estimated

to live in the Greater Sydney area (NSW Government
2020), with over 40% (an estimated 2,164,696 people)
living in the Gamay catchment (Australia Bureau of
Statistics 2021). This population growth has not been
even across the entire Greater Sydney region and

is disproportionately concentrated around coastal
areas and adjacent to major waterways (Figure 1).

For example, the Local Government Areas of Bayside
and Randwick, which make up Gamay’s northern

and western shorelines, have population densities

of 3637.4 and 4179.6 people per square kilometre
respectively (Figure 1, Australia Bureau of Statistics
2021). In comparison, the 2020 population density for
the entire Greater Sydney area is only 442.3 persons
per square kilometre (NSW Government 2020).

Marine resource harvesting
in Gamay

The harvest and use of marine resources are deeply
intertwined with the identity and traditions of First
Nations people (National Oceans Office 2002). First
Nations people belonging to coastal land refer to
themselves as saltwater people, and for these people
marine resources are inexplicably tied to their social,
cultural and economic values (Clarkson et al. 2017,
Smyth et al. 2018). As saltwater people, fishing and
the gathering marine resources is important not only
for food collection and cultural practices, but also

for connection to country and ancestors (Smyth et al.
2018). Excavated middens highlight the important
role Gamay played historically as the major source of
food for First Nations people of Gamay. Local middens
often contained oyster shells, the remains of various
fish (or maguro to First Nations people of Australia),
marine mammals (e.g., Fur seal Arctocephalus sp. and
cetacean bones), unidentified crustaceans as well as
some land animals and birds (Haworth et al. 2004,
Attenbrow 2010a, 2012). Flat oysters (Ostrea angasi)
and Sydney Rock oysters (Saccostrea glomerata) were
collected by First Nations people along the eastern
coast of Australia (Nell 2001). Fishing was one of the
most common activities described in historical accounts,
paintings and drawings of European encounters

with First Nations people of Australia. There was a
division of labour in fishing activities; women used
hook and line with shellfish-hooks from canoes,
whereas the men used multi-pronged spears from
canoes and rock platforms (Attenbrow 2010a, 2012).
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Early writings from European settlers suggest First
Nations people around Sydney acted as guides for
settlers in the initial stages of the colony, also providing
fish for the settlers to eat and sharing their knowledge
of the land and fishing skills (Goodall 2017). Oysters
were particularly popular with European settlers, as they
were a familiar food for many who had lived along the
coast back in the United Kingdom (Goodall 2017). The
early settlers also burnt oyster shells to provide lime for
building works (Reid and Bone 2020). The demand for
oysters peaked in the 1860’s when dredging for both S.
glomerata and O. angasi occurred at depths of 4—15 m,
with breath-hold divers employed to harvest the subtidal
beds that could not be dredged. Such was the efficiency
of dredging and the demand for oysters that it only took
a few years for the oyster beds to become exhausted.
The colonial Government closed the Georges River

to oyster harvesting in 1870 and a Royal Commission
was established in 1876 to inquire into the state and
management of NSW'’s oysters (Roughley 1922).

Despite this, however, by 1896 O. angasi was

declared functionally extinct in Gamay.

The demise of Gamay and Georges River wild oyster
fisheries stimulated the emergence of an iconic and
valuable Sydney rock oyster aquaculture industry (Reid
and Bone 2020). Early cultivation techniques included
placing juvenile oysters transported from Port Hacking
or other estuaries onto the sediment (Roughley 1922).
Another early attempt at aquaculture involved the
construction of French style ‘claires’, which were a series
of shallow canals (Roughley 1922; Nell 1993). However,
like many other European agricultural techniques
transferred to Australia, the claires were a failure,

with the oysters dying from heat accumulated in the
stagnant shallow water on hot summer days (Roughley,
1922). Aquaculture in Gamay was then moved to the
intertidal by placing substrate in the intertidal zone,
either stone slabs or lengths of timber which oysters
naturally recruit onto (Roughley 1922, Nell 2001). By
the 1900’s almost all oyster aquaculture in Gamay

was done using these types of intertidal infrastructure
and over time methods improved to include using
juvenile oysters that had settled on sticks or shell for
cultivation in trays and later into bags (Nell, 2001).

During the 1970Q’s, oyster production in the Georges
River and Gamay peaked at approx. 40,000 bags y™.

As the catchment of the Georges River became
increasingly urbanised with a growing human population,
pollution became a significant issue. Pollution from
heavy metals, lead and copper, and the antifouling
compound tributyltin (TBT) negatively impacted oyster
production (Reid and Bone, 2020). As a result, oyster
production in Gamay steadily declined until 1990, and
then in 1992 the discovery of QX disease reduced the
output of oysters further to about 500 bags y* (NSW



Current commercial cultivation of the Sydney rock oyster Saccostrea glomerata (Gould, 1850) in
plastic trays on wooden racks in Woolooware Bay, Gamay. Racks are separated by laneways for
access using flat-bottomed boats. Image: RJ Whittington, University of Sydney.

DPI production records 1930-2001; Reid and Bone,

2020). Oyster production data in the Georges River since

2001 are not available due to commercial in confidence
protecting the remaining few oyster producers.

An 1880 Royal Commission into the state of Australian
fisheries identified Gamay as Sydney’s most productive
fishing ground, noting “Botany, though never equal

to the Long Reef and Broken Bay grounds for school-
fish, has always held its own for net-fish, indeed it is
doubtful whether even Broken Bay, with its far greater
extent of net grounds, has ever been or is now more
productive than are the beaches and flats of Botany.
This inlet, though shallow, covers many thousand acres
of water, and as two salt-water rivers — Georges and
Cooks — flow into it, there is no lack of spawning or
nursery grounds” (Macleay et al. 1880). Ominously,

the same report also noted, however, that “unless
arrested by legislative restraints, these prolific grounds
will in a very short time succumb to the stake-nets
and the small mesh and surely as our other fishing-
grounds have succumbed” (Macleay et al. 1880), and
so in 1881 the Fisheries Act was introduced. Under

the Fisheries Act of 1881, a fisheries inspection

system was developed and legal procedures covering
offences and penalties were defined. A system of
licences applied to fishermen, fishing boats, oyster
bed dredging, oyster dealing, and fish selling.

In 2000 Gamay was designated a Recreational Fishing
Haven, with a complete buy back of all commercial
fishing licenses by the NSW State Government, and all
commercial fishing in the estuary was prohibited from
2002 (Taylor and Suthers 2008). Prior to its closure

to commercial fishing, approximately 60 commercial
fishers were reported to be fishing in Gamay, using
prawn trawling, net hauling, mesh netting and fish
trapping (Saintilan et al. 2008). Commercial catches
were dominated by (in order), sea mullet (Mugil
cephalus), luderick (Girella tricuspidata), yellowfin
bream (Acanthopagrus australis), sand whiting (Sillago
ciliate), Eastern king prawn (Melicertus plebejus),
longfin eel (Anguilla reinhardtii), dusky flathead
(Platycephalus fuscus) and Eastern school prawn
(Metapenaeus macleaya) (Saintilan et al. 2008).

The annual catch prior to closure was estimated

to be 220 tonnes (Scriber and Kathuria 1996).
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Since becoming a Recreational Fishing Haven
recreational fishers have reported an increase

in the numbers of fish present in Gamay (pers.

comm.). Key species targeted by recreational fishers

in Gamay are dusky flathead, yellowfin bream,
mulloway (Argyrosomus japonicus) and silver trevally
(Pseudocaranx georgianus) (NSW Department of
Primary Industries 2019). Tailor (Pomatomus saltatrix),
Australian salmon (Arripis truttaceus), yellowtail kingfish
(Seriola lalandi) and bonito (Sarda australis) can also be
caught in the bay in the warmer months. Sand whiting,
luderick (Girella tricuspidate) and several species of
flounder and squid are also present throughout the
year and can be specifically targeted. Estuary perch
(Macquaria colonorum) and Australian bass (Macquaria
novemaculeata) can be found in some sections of

the rivers (in particular, the upper sections of the
Georges River) (NSW Department of Primary Industries
2019). Blue swimmer crabs (Portunus pelagicus) can

be targeted in hoop nets around seagrass meadows
(NSW Department of Primary Industries 2019). Some
recreational fishers have noted over the years that

the composition of fish species caught in Gamay

has changed. Where previously benthic, habitat-
associated fish species had been common in the bay
(e.g., sand whiting, flounder), more recently they have
noticed pelagic species are dominating catches (e.g.,
yellowtail kingfish, Australia salmon) (per. comm.).

In line with this, there is a perception amongst these
recreational fishers that this shift is in response to past
dredging in Gamay, as this process removed much of
the subtidal vegetation that was historically present

in Gamay and shifted the bay from being a shallow,
sand-dominated bay to a deep, mud-dominated bay.

Survey data from the NSW Department of Primary
Industries (see Murphy et al. 2020 for survey methods
and complete results) suggests the estimated total
catch for recreational fishers in Gamay was much
lower in 2017/18 compared to 2013/14 (Figure 2). This
was the opposite pattern to other major estuaries

to the north and south of Gamay, which saw an
increase in total catch over that same period (Port
Hacking & Sydney Harbour, Figure 2). Large error bars
for some sites/years suggest, however, total catch
was highly variable in some locations and in certain
years. Snapper tended to dominate recreational fisher
catch in 2013/14 (50.47% to total catch), followed

by bream (13.7%; NSW Department of Primary
Industries survey data). In comparison, in 2017/18
snapper comprised only 11.6% of total recreational
fisher catch (NSW Department of Primary Industries
survey data). Instead, recreational fisher catch was
dominated by yellowtail scad (41.5% total catch) and
crab species other than blue swimmer crab (25.3%).
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Survey data from the NSW Department of Primary
Industries also suggests the popularity of recreational
fishing in Gamay appears to be decreasing, with less
recreational fisher effort days estimated in 2017/18
compared to 2013/14 (Figure 2). This contrasts with
other major estuaries in the Sydney region, where
recreational fisher effort days increased between
2013/14 and 2017/18 (Figure 2). Large error bars suggest,
however, that number of fisher effort days varied greatly
between individual fishers at Port Hacking in 2017/2018.
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Gamay Port Hacking Sydney Harbour

Figure 2. Estimated total catch (no. of individuals) (top) and
estimated fisher effort days (bottom) for recreational fishers
in three major estuaries in the Sydney region for 2013/2014
and 2017/18. Error bars are standard error. Data is based
on preliminary estimates obtained by Murphy et al. (2020).
Data source: NSW Department of Primary Industries
survey data.
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Figure 3. Timeline highlighting significant human disturbance events in Gamay since European settlement.

Industrial history of Gamay

Gamay has an extensive history of human disturbance
since European settlement (Figure 3). The first industrial
development in the catchment was a textile mill

on the Cooks River in 1815 and since then industry
continued to develop in the catchments of the Cooks
and Georges Rivers and later on the shores of Gamay.
By the early 1900’s many factories were built in

the Cooks River and Gamay Catchment areas, often
discharging pollutants directly into the waterways.

More recent industrial developments
have involved significant physical
modifications to Gamay. The first

of these major developments was
the construction of the Kurnell oil
refinery in 1956. The project included
dredging for the construction of
pipelines across Gamay. At the time,
it was one of Australia’s largest oil
refineries, and remained in operation
until 2014. Currently, the oil refinery
functions as a fuel storage terminal.

Gamay is also home to Australia’s
busiest airport, Sydney Kingsford-
Smith airport. The first gravel
runway for the airport was built in
1933. By the 1940s, however, the
airport was deemed too small and
so in 1947 the mouth of the Cooks

provide room for the airport to be expanded. By 1959,
the airport had tripled from its original size with one
runway extending into Gamay on reclaimed land
built from dredged sediments. The second and third
runways were built in 1972 and 1989, respectively,
with the third runway extending entirely into Gamay
on reclaimed land. As of 2018, Sydney Kingsford-
Smith airport was the busiest airport in Australia,
being used by 44.4 million people annually and
serving over 100 countries around the world.

River was moved further west to

View of Port Botany from across the bay. Some recreational fishers can be
seen in the foreground. Image: John Turnbull www.marineexplorer.org
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Gamay also contains Australia’s second largest port,
Port Botany. Construction began in 1971 and involved
huge modifications to the physical state of Gamay, with
extensive dredging and land reclamation as well as
the construction of a large revetment wall (1.8 km) to
protect port infrastructure from wave action and storm
surges (Black et al. 2018). Construction was completed
in 1979. Only a few decades later, however, it was
determined that the existing container terminals at
Port Botany were approaching capacity and expansion
was needed. The expansion required further land
reclamation, which was constructed from sediment
dredged from the bay (Davies and Mcllquham 2011).
The port expansion was completed in 2011. Currently,
Port Botany handles over two million containers each
year, but the NSW State Government intends for it
to soon become Australia’s largest port and handle
seven million containers per year (Black et al. 2018).

The Gamay environment

The Gamay catchment covers an area of around

1,165 km? (SPCC 1977) and includes two major
waterways, the Georges River (84% of land area)

and the Cooks River (9% of land area) (Figure 4 &
SMCMA 2011). The Woronora River is also located

in the catchment and flows into the Georges River
before it reaches Gamay. Combined, the Georges and
Woronora Rivers drain nearly 90% of the bay, with the
Cooks River and other minor tributaries draining the
rest (Figure 4 & SPCC 1977). Human activities in the
Gamay catchment have led to extensive contamination
of these freshwater tributaries (Cooks and Georges
Rivers) (Reid 2021). However, despite this, water quality
within Gamay remains relatively good, likely due, in
part, to its marine-dominated waters (Roy et al. 2001).
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Figure 4. Major subcatchments of Gamay catchment. Grey lines are the borders
of Local Government Areas within the catchment. 'SH' = Sydney Harbour.
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Historically, the bay contained an extensive diversity
of aquatic habitats. The Georges River was once home
to highly productive oyster reefs but overharvesting
and disease have since decimated populations (Reid
and Bone 2020). Similarly, sediment cores suggest
Gamay once contained extensive seagrass beds,
dominated by Zostera muelleri subsp. capricorni and
the threatened Posidonia australis (Larkum 1976b,
Reid and Bone 2020), that likely supported a wide
variety of aquatic species (Middleton et al. 1984,
Smith and Suthers 2000, Upston and Booth 2003,
Blandon and Zu Ermgassen 2014). Over the years,
however, much of the bay’s seagrass habitat has been
lost due to habitat modification and contamination
associated with industrial and urban activities
(Larkum and West 1990, Reeds 2018, Blount 2019).

Some of the Gamay’s natural features have, however,
managed to persist. On Gamay’s southern shoreline the
Towra Point Nature Reserve and the adjacent Towra
Point Aquatic Reserve together comprise the largest
and most diverse wetland complex in the Sydney region
(Kermode et al. 2016). Together this wetland complex
supports ecologically significant communities and
habitats including saltmarsh, seagrass, mangroves, tidal
mudflats and remnant terrestrial vegetation, which are
generally under threat in the Sydney region. The Towra
Point Nature Reserve provides habitat for many native
plant, reptile and mammal species (ALS 1977), as well
as providing feeding and roosting habitats for a number
of waders and shorebirds including protected migratory
species and a breeding colony of locally endangered
Little Terns (Keating and Jarman 2004). Whilst in the

Bare Island Fort in the La Perouse area of the Gamay Botany National Park.
Image: John Turnbull www.marineexplorer.org
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adjacent Towra Point Aquatic Reserve over 230 fish
and invertebrate species have been recorded (NPWS
2001). For these reasons, the significance of this area
is internationally recognised under six international
conventions including the Ramsar convention.

Similarly, there is an aquatic reserve located at Cape
Banks on the northern headland of Gamay which covers
an area of approximately 20 hectares. The reserve is
partially surrounded on the landward side by the Botany
Bay National Park which forms a barrier against direct
impacts of coastal urbanisation (Matias 2008). The area
was designated as a marine research site in the 1940’s
and is a world-renowned site for marine research in
intertidal invertebrates (McGuinness 1988, Matias 2008).

Example of Gamay’s bursting underwater life.
Image: John Turnbull www.marineexplorer.org

Human modification of Gamay has also led to the
creation of novel habitats within the bay. For example,
revetment walls and groynes on the northern and
western sides of the bay support high numbers of fish
species commonly targeted by fishers (Burchmore

et al. 1985). More recently, the port revetment

has also become host to a non-breeding colony of
New Zealand fur seals (Taylor 2015). Whilst in Yarra
Bay, purpose built artificial reef balls (ReefBalls™)
support several recreationally important fish

species (Folpp et al. 2020, Becker et al. 2022).
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The legacy of human interaction with Gamay has
meant that over the years it has been the subject

of much research and study, making it arguably one
of Australia’s best studied waterways. Despite this,
Gamay is also a complex waterway, particularly from a
management perspective. Its shorelines are managed
under three separate coastal management plans; the
Cooks River alliance, Georges Riverkeeper and Eastern
beaches, which collectively comprise 13 local councils.
Additionally, the Port Authority and Sydney Airport also
play a role in the bay’s environmental management,
undertaking risk mitigation, environmental monitoring
and habitat rehabilitation in the areas surrounding
their infrastructure. The Gamay Rangers also care and
manage land owned by the La Perouse Local Aboriginal
Land Council as well

as other cultural areas
around the bay. There
are also several other
stakeholder groups that
have interests in Gamay
(e.g., recreation fishers,
scuba dive clubs etc.),
meaning that successful
management of the bay
requires consideration of
the competing interests
of industry, commercial
activity, national and
international transport,
residents, First Nations
people of Gamay,
recreational users and
the environment.

To this day the most
comprehensive study of
Gamay and its tributaries
is the Environmental
Control Study undertaken
by the State Pollution
Control Commission in
conjunction with the
Maritime Services Board of NSW and the Port Authority
of Botany Bay, which produced a series of technical
reports published between 1978 and 1981. Since this
time the bay has, however, been extensively modified
and much of the original habitats sampled in these
reports no longer exist or no longer exist as they did.
Therefore, given Gamay'’s history of modification, and
the high likelihood of future modification, it is necessary
to provide a synthesis of historical and more recent
research involving Gamay in order to understand the
biophysical nature of the bay as it stands today, in
order to gauge how it might fair in the face of future
development and to improve management of the bay.



Systematic review

This report comprehensively reviews the current science
concerning natural and man-made environments within
Gamay, with a strong focus on identifying knowledge
gaps and opportunities that are significant to the future
sustainability of the bay. We systematically review the
published literature, and we also include many of the
easily accessible non-published literature including
technical literature (so called ‘Grey Literature’), books
and other relevant literature. An attempt is therefore
made to include most of the relevant studies that can
be accessed easily by managers, scientists, the public
and other stakeholders. Some information is also
presented as unpublished work by this review’s authors,
representing ongoing study, however, this occurs rarely.

First Nations people have actively cultivated and
managed natural landscapes for tens of thousands of
years (Rowland 2004). Traditional Ecological Knowledge
is a form of local ecological knowledge held by First
Nations people that encompasses experience of

human interaction with the environment over time
(Berkes 1993). In this review we synthesise current
knowledge of all habitat types in Gamay, the natural
drivers of these systems and the distribution of the
flora and fauna, utilising the scientific literature and
Traditional Ecological Knowledge uncovered during

our systematic review process (described below).

We then present our understanding of the threats,
challenges and opportunities relevant to Gamay and
discuss current knowledge gaps. Importantly, some
areas and systems of Gamay are well studied leading

to a more comprehensive summary of our current
knowledge. In comparison, some areas have received
little attention, and for these habitats or processes,
much of our understanding comes from examples
outside of Gamay. All references used in the writing of
this review are included in the References section at the
end of this review. Additionally, we include a database
of all references uncovered during our Science of Gamay
review of current knowledge in a separate section
(Gamay Literature Database) at the end of this document
and intend the reader to use this list as a guide for
further research of the available published literature.

Our review of current knowledge used four
search methods to uncover information:

a) a systematic literature search of databases;

b) a voluntary questionnaire to researchers associated
with the Sydney Institute of Marine Science;

c) two workshop discussions with all the authors
of this document to further interrogate the
current state of knowledge of Gamay; and

d) one workshop discussion with recreational fishing
stakeholder representatives to discuss their
perspectives on the future sustainability of Gamay.

Using all these methods allowed us to comprehensively
review the historical and contemporary literature
featuring Gamay. We focus on the core areas of
geology, oceanography, chemistry, ecology and
environmental threats to the bay. Historical literature
was also included in this review as these early accounts
contain some of the only records of Gamay and First
Nations people of Gamay prior to British colonisation.

Systematic literature search

We utilised the Web of Science search engine to examine
journal titles within the Science Citation Index Expanded
Social Sciences Citation Index, Arts and Humanities
Citation Index, and the Conference Proceedings Citation
Index. Titles from 1898 to 2021 were available. Titles
and ‘Topic Keywords” were examined using the search
terms ‘Botany Bay’ or ‘Georges River’ or ‘Cooks River’.
We examined the titles and abstracts of each citation,
and the study was included in our review if it discussed
or assessed any physical, chemical or biological

aspect of Gamay (see definition of extent below).

Questionnaire

A google form questionnaire (Science of Kamay
Questionnaire) was distributed to researchers and
affiliates of the Sydney Institute of Marine Science (a
network of approximately 50 scientists and managers).
The questionnaire asked respondents to state their
area of expertise, list and briefly describe any research
they had conducted in Gamay, including any literature
that was published on the research. The questionnaire
also included a question where respondents could
suggest additional scientists not directly associated
with the Sydney Institute of Marine Science that could
contribute to the review. Scientists identified in this way
were then sent the questionnaire directly and so on.

A mixture of shells and coralline algae washed up on the beach.
Image: John Turnbull www.marineexplorer.org
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Workshops

Scientific workshop

On 8th and 13th October 2021, the authors of this
review attended a virtual workshop. During this
workshop, the combined group examined the literature
from their fields of expertise and added to the database
any work not found in our initial Web of Science search.
This allowed relatively obscure yet important texts to be
included, as well as highlighting unpublished works and
grey literature not available on searchable databases.
This was a key component of our search methods, as
many important texts failed to include ‘Botany Bay’,
‘Georges River’ or ‘Cooks River’ or similar search terms
in either the article title, its keyword list or abstract.

Recreational fisher
stakeholder workshop

On 22nd November 2021 we held a virtual discussion
forum with several leading representatives from the
Gamay recreational fishing community. During the
forum each participant was given the option to speak on

three key discussion topics covering: 1) their concerns
and future visions for Gamay, 2) their engagement
and involvement in the management of Gamay (past,
present and future), and 3) they were given the option
to suggest additional stakeholders (individuals or
organisations) that were missing from the forum.

Analysis

Articles and reports were included in the review if
they presented data wholly or partially collected from
Gamay. Gamay was defined to the include the main
bay and the lower, estuarine regions of the Georges
River and the Cooks River. This included a distance

of 200 km extending seaward from the mouth of the
bay and the coastal waters off the headlands, Cape
Banks and Cape Solander. It also included terrestrial
areas associated with the Towra Point Aquatic Reserve
(e.g., mudflats, mangroves and saltmarsh habitat) as
this area is an important region for wading birds. Each
study was assigned, where appropriate, to a Field of
Study (e.g., Ecology, Oceanography etc.), a Habitat
Type (e.g., rocky intertidal shores, seagrass etc.) and

a Threat Term (e.g., contamination, fisheries etc.).

Much of the Georges River catchment is bushland. Photo is of the upper Georges River
which remains largely unmodified by humans. Image: J. Dahlenburg
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Results

Some 577 different studies were included in this
systematic review, including 477 journal articles, 75
reports, 13 books as well as 12 additional resources

of other types. The earliest study included in this
systematic review was published in 1876. Since the late
1970’s the number of peer-reviewed studies published
each year steadily increased to peak around 2010 and
has decreased slightly since then (Figure 5). There were
10 times the number of publications on the ecology

of Gamay (408 studies) compared to those describing
any other aspect of the Gamay (Figure 6). Despite the
long history of commercial fishing and the continued
use of the bay by recreational fishers, there has been
little scientific examination of its fisheries published in
the peer reviewed literature (20 studies, Figure 6).

20+

15+

No. of studies

10

Single habitat studies were by far most common (Figure
7 insert plot). Rocky intertidal shore habitats were
the most common habitat featured in single habitat
studies (Figure 7), with much of this research being
undertaken in the Cape Banks aquatic reserve on the
bay’s northern headland. In comparison, freshwater
habitats in Gamay represent the most poorly studied
habitats in single habitat studies, whilst terrestrial
habitats (which represent habitats dominated by
littoral vegetation) were the most poorly studied
habitat overall (including both single and multi-
habitat studies; Figure 7). When studies did feature
multiple habitats, soft sediment and pelagic habitats
were most commonly featured together (Figure 7).
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Figure 5. Temporal patterns of peer-reviewed studies published on Gamay (n = 477).
Only peer-reviewed journal publications are included here (i.e., other literature types are
not shown) as our search can only be considered exhaustive for peer-reviewed literature.
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Figure 6. Studies were
separated into basic Study
Types. Ecology, or the use

of logic and mathematics

to determine patterns and
processes in nature, is by far,
the most studied scientific
discipline in Gamay. ‘Other’
represents all studies that could
not fit into standard categories
(e.g., taxonomic-based papers
and studies detailing industrial
development). All literature
types are included in this plot.

Historical 20
Geology 17
Other I 13
Oceanography I 7
0

100 200 300 400
No. of studies

Rocky shore
Soft sediment
Pelagic

Subtidal reef

Mangrove/saltmarsh

Seagrass

Oyster reef

Non-habitat specific

Artificial g 4%
rtifici 5

cla S 300

Beach 6 200

2 100

Freshwater o

123456738

Terrestrial No. of habitat types considered

50 75 100
No. of studies

o 4
N
wv

Figure 7. Studies were separated by Habitat Type. The number of studies that considered
individual habitat types in isolation are shown in dark blue (‘single’). The number of studies
that featured a given habitat type in addition to one or more other habitat types is shown in
light blue (‘multiple’). Individual studies may therefore appear in multiple columns and thus
the sum of all bars will be greater than the total number of studies included in the literature
review. ‘Terrestrial’ represents habitats dominated by littoral vegetation. Inset plot shows
the number of different habitat types considered by studies. Soft sediment habitats were
mostly studied in combination with other (one or more) habitats, followed by pelagic
habitats. Habitat types most commonly studied in combinations were soft sediment and
beach habitats (6 studies), followed by soft sediments and rocky shores (4 studies) and
subtidal reefs and artificial substrates (4 studies). All literature types are included in this plot.
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Figure 8. Studies were separated into Type of research.
More than half of studies were ‘pure’ scientific research
(light blue). All literature types are included in this plot.
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In comparison, oyster reef habitats feature least often
in multi-habitat studies (Figure 7). The habitat types
most commonly studied in combination were soft
sediment and beach habitats (6 studies), followed by
soft sediment and rocky shore habitats (4 studies), and
subtidal reef habitat and artificial substrates (4 studies).

Overwhelmingly, research concerning Gamay was ‘pure’
research, with less than half of studies (257 studies,
44.5% of studies) investigating threats or impacts to
Gamay (Figure 8). Of those studies that did consider
threats to Gamay, the impacts of contamination and
habitat modification were most commonly studied
individually (single threat studies), whilst also featuring
most commonly in studies that investigated the impacts
of multiple threats (multi-threat studies; Figure 9).
Much of the research that had no habitat classification
was historical literature about Gamay (for example

see Rolfe 1931), considered the management of

Gamay (for example see SMCMA 2009) or described
geological surveys (for example see Bryant 1980).

In the following pages we
present a synopsis of current
knowledge of the Gamay
ecosystem that arose from
our search. We uftilise the
research uncovered in our
review process, but also cite
published science from many
other locations in order to
demonstrate a point or qualify
a statement. This distinction

is made clear in the reference
section of this document. All
literature cited within the review

.Single is listed under References (this

includes studies from outside
of Gamay), whereas the full

list of all references uncovered
during our Science of Gamay
literature review is included
separately in Gamay Literature
Database (only contains studies
directly relating to Gamay).

12345678
No. of habitat types considered

No. of studies

100

Figure 9. Studies were separated by Threat Type. The number of studies that considered
individual threats in isolation are shown in dark blue (‘single’). The number of studies

that considered a threat in addition to one or more other threats is shown in light blue
(‘multiple’). Individual studies may therefore appear in multiple columns and thus the sum
of all bars will be greater than the total number of studies included in the literature review.
‘NIS” = Studies that considered threats associated with exotic and non-indigenous species.
Inset plot shows the number of different threat types considered by studies. All literature

types are included in this plot.
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The shape and form of Gamay

e ) e

Geological history

Gamay is part of the greater Botany Basin, which
covers an area from Bate Bay in the south to Centennial
Park in the north (Roy and Crawford 1981). The Basin
was originally carved out of Hawkesbury Sandstone
by three ancient river systems (Albani et al. 1976).
Bedrock mapping shows the Cooks River paleo-valley
flowed southwards from the location of its present
mouth at a depth of approximately 50-70 metre
below sea level (mbsl) to Towra Point. Here it was
joined by the ancient Georges River before continuing
southward into Bate Bay and combining with the Port
Hacking paleo-channel (Albani and Rickwood 1998).
The third, smaller (unnamed) ancient river with its
headwater at Centennial Park, flowed to the east

of a bedrock high located beneath the airport main
runway through a steep, deep (110 mbsl) channel
before exiting at the present mouth of the bay.

Four sedimentary units are recognized in Gamay
(Albani 1981, Roy 1983, Albani et al. 1988, Albani and
Rickwood 1998). Two lower estuarine/marine deposits
are separated from surficial sediments by a thick
aeolian accumulation. The lowermost unit (Unit 1)
grades from fluvial sands and gravels to estuarine muds
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with foraminifera shells indicating a deep, open-tidal
estuary. The overlying shallow, semi-enclosed lagoonal
sequence (Unit 2) of mud, sand and peat was deposited
on an erosional surface. Unit 3 comprises up to 30 m of
well-sorted, shell-free quartzose aeolian sand, possibly
sourced from older sands to the south. The uppermost
layer (Unit 4) contains several lithologies, including
dune, estuarine, beach ridge and terrestrial swamp
representing a variety of environments. Shelly, quartzose
sand occupies the central bay, and muddy fluvial deltas
are located adjacent to the mouths of Cooks and Sheas
Creeks (including in situ tree stumps at Sheas Creek).

The Quaternary geologic history of coastal
environments, including Australian east coast estuaries,
is largely controlled by glacial sea-level (Ribo et al.
2020), however, the ages of the Gamay units are not
well established as previous chronologies are based on
outdated sea-level curves (Bloom et al. 1974). Units 1
and 2 represent highstand sea-level stages, however,
with maximum heights of -35 m and -20 m mbsl,
respectively, these sequences are more likely related
to Interstadial events (MIS 5.1/5.3) at approximately
106 to 73 thousand years before present (kyBP), rather
than to the Last Interglacial period, unless the erosion
observed on the upper surfaces of these units was




considerable (Ribd et al. 2020). A reliable date of 31
kyBP to 24 kyBP, i.e., immediately prior to the Last
Glacial Maximum, has been established for the aeolian
sands south of Rose Bay (Thom and Oliver 2019).

The environmental importance of the Towra Point area
necessitates additional comments on the evolution and
sustainability of this environment (Roy and Crawford
1981). At 9,000 yBP, with sea-level at approximately
-20 mbsl, the combined Cooks and George paleo-
rivers joined the ancient Port Hacking channel and
exited to the ocean from Bate Bay. A proto-barrier spit
formed between Port Hacking south Head and Kurnell
Headland between 9,000 and 7,000 yBP, blocking exit
to the ocean and diverting the combined rivers to

exit between the Botany Heads. Between 7,000 and
4,000 yBP, the proto-barrier spit was destroyed and
beach ridges formed along the present-day northern
beaches of Bate Bay, forcing the Cooks/Georges

River system northwards into Gamay. Between 1000
and 4,000 yBP, a northerly-prograding spit formed

off what is now Towra Point, diverting the George
River outflow further to the north and by 1000 yBP
muddy sediment began to accumulate in the now
Woolooware, Weeney and Quibray Bays. A 1981 survey
predicted Towra Point spit to prograde further.

Hydrology and oceanography

In its existing form, the Gamay catchment is fed

by the catchments of the Georges, Woronora and
Cooks Rivers, with a catchment area of approximately
1165 km? (SPCC 1977). The Georges and Woronora
Rivers drain nearly 90% of the bay, with the Cooks
River and other minor tributaries draining the

rest (Figure 4 & SPCC 1977). Oceanic influences
dominate inflows during non-flooding periods.

Since British colonisation the region has undergone
significant development which has influenced the
region’s hydrology. Constructed by convicts at

the navigable limit of the Georges River in 1876,

the Liverpool Weir is an early example of the
hydrologic modifications within the catchment.
Other major impoundments in the upper catchments
include the Woronora Dam (completed in 1941)

and Prospect Reservoir (completed in 1888).

The Georges, Woronora and Cooks River catchments
have undergone extensive urbanisation since European
settlement. The broad acre development of residential,
urban, peri-urban and industrial settlements in the
lower estuary, as well as landform modifications via
reclamation (e.g., Sydney Airport and Port Botany)
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Figure 10. Aerial image of Gamay in 1945 (left) versus 2022 (right), highlighting urbanisation
changes and alterations to circulation flow paths. Major changes include the additions of the
airport runways, the Port Botany expansion and the realignment of the Cooks River entrance.
Image source is SixMaps.com.

and dredging projects (e.g., Chipping Norton Sand
Mines) has substantially altered the broader catchment
and localised hydrology, including rainfall-runoff
patterns, hydrodynamics and hydraulics (Figure 10).

Increased urbanisation has made large areas of the
catchment impervious and has connected these areas
directly to waterways via stormwater infrastructure
(SMCMA 2011). This means water regularly runs
directly off the land surface and quickly makes its

way into the waterways, instead of being filtered
through the soil and vegetation. Stormwater systems
very effectively move water from urban areas into
waterways, quickly transporting not only the water, but
also any pollutants in that water, straight into streams,
estuaries and bays. These fundamental changes in
catchment hydrology mean that in urban areas storm
hydrographs rise and fall much more rapidly than in
undeveloped catchments, with higher peaks and greater
volumes of water. This poses significant problems to
the waterways of the catchment (SMCMA 2011).

Size/shape of Gamay

Gamay is a semi-enclosed low inflow embayment
centred at ~34°S, 151°12°E. It lies ~13 km south of the
CBD of Sydney, Australia. The bay itself is approximately
40 km?, with a maximum length of ~8.8 km and width
of ~ 7.8 km. The mouth is ~ 1.3 km wide (1 km at its
narrowest), facing southeast, open to the Tasman Sea.
Depths of the bay itself are shallow, less than 5 m across
much of the bay, although the average depth is 11 m.
The entrance is up to 25 m deep, with dredging occurring
to expand the port, and reclaim land for two runways at
Sydney Airport (Kinhill Engineers 1990) and Port Botany.
The temperature stratification and circulation within
the bay are affected by tides, wind forcing and riverine
freshwater outflow each of which are discussed below.
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Temperature

As a shallow embayment, open to the ocean, Gamay
is characterized by marine waters. The surface
temperatures range between 22-24°C in Summer
(maximum in February) and 15-18°C in winter
(minimum in August). Winter temperatures are slightly
cooler than the offshore waters due to its shallow
depth where it is cooled quickly through surface heat
fluxes. Waters are generally well mixed, with low
stratification. During one experiment, stratification
of ~1°C was observed in 12 m of water through the
summer season (Middleton and Morris 1997).

Tidal circulation

Circulation in the bay is largely barotropic due to its
shallow nature and regular tidal forcing. The tidal
range is up to 2.1 m during spring tides and 0.5 m
during neap tides, with mean ranges of 1.3 m and
0.8 m respectively (URS Australia 2009a). The mean
tidal period is ~12.4 hours, with two high and two low
tides per day (semi-diurnal) (URS Australia 2009a).
The dominant tidal constituents with their amplitude
(m) and phase (degrees) are as follows: M2 (0.502,
307), S2 (0.125, 320), K1 (0.148, 329) and O1 (0.096,
300). Tidal elevations are almost simultaneous
throughout the bay with a maximum lag of 4 minutes
throughout the bay (Roughan and Hallam 2022).

Current speeds at the mouth of the bay are up to

0.3 ms* and oscillate periodically with the semi
diurnal tide driving flood and ebb every 6 hours. At
the western side of the bay velocities are weaker,
(~0.1 ms?) and also reverse periodically with the

tide (Roughan and Hallam 2008). Near Kurnell, field
experiments in the Summer of 1997 showed currents,
oriented primarily west on the flood tide, and east



Aerial shot of Cape Banks. Image: John Turnbull www.marineexplorer.org

on the ebb, although with a mean drift to the north
over the study period (Middleton and Morris 1987).

The mean volume of the bay is 234 x 10° m®. A
volume of approximately 110 x 10° m® is exchanged
with the ocean at the spring tide, adding to the low
tide volume, which is approximately 205 x 10° m?.
Thus, the tides provide a major flushing mechanism
for the bay (Middleton and Morris 1987).

Many land modifications and reclamations have resulted
in complex topography around the bay which generates
several recirculating eddies throughout the tidal cycle.
Noticeably in the north-westerly corner near the Cooks
River and the airport, and a second strong recirculation
feature is located on the northeastern side of the bay
that evolves during the tidal cycle. These features are
strengthened under easterly wind forcing (Roughan and
Hallam 2022). Currents measured by a vessel mounted
acoustic Doppler current profiler (ADCP) near Kurnell
show substantial variability in space and time, suggesting
recirculating eddies which have a strong dispersive
effect offshore of Gamay (Middleton and Morris 1987).

A series of idealised modelling experiments under
different wind forcing conditions estimated tidal
flushing times scales within the bay (Roughan

and Hallam 2022). Results showed that flushing
timescales and retention rates (which both impact
the age of the water) varied significantly during
different wind conditions. The retention of particles

seeded near the entrance to the bay (at Port Botany)
ranged between 3.6 % and 34.5 % after 90 days,
with the lowest (highest) retention occurring under
the influence of an easterly (northerly) wind.

Retention within the bay is highly dependent upon
prevailing wind conditions with at least a 30% variation
in the retention rates under the different forcing

wind scenarios. The Roughan and Hallam (2022)
modelling experiment, however, was conducted in

the absence of freshwater inflow, and with constant
wind direction and could well be improved upon.

Freshwater inflow

While freshwater inflow is typically low (Roy et al. 2001),
during periods of rainfall, freshwater inflow occurs from
two modified shallow rivers (the Cooks River and the
Georges River). After heavy rainfall (greater than 50 mm
per day) the surface waters become stratified, with a
buoyant freshwater plume 1-2 m thick overlaying saline
oceanic water. This plume can cause mass mortalities
of intertidal and shallow subtidal organisms such as sea
urchins (Andrew 1991). This plume leaves the estuary
within a few days reverting to low — flow state within

a week of dry conditions (Kingsford and Suthers 1994).
The tidal plume from the estuary generally extends
only a few kms offshore (Li et al. 2022) on a spring

tide ebb tide after significant rainfall, a tidal plume

of 11 km has, however, been observed (Kingsford

and Suthers 1994, 1996).
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Aerial shot of waves washing up onto the rock platform of Cape Banks.
Image: John Turnbull www.marineexplorer.org

Waves and winds

Atmospheric data have been collected consistently at
Sydney Airport resulting in one of the more accurate
and reliable long term wind records. However, due

to the size of Gamay it is thought to generate its own
sea breeze, hence Sydney airport wind data are not
representative of the offshore wind conditions and vice
versa (Wood et al. 2012). Dominant wind directions are
from the northeast and southwest (Wood et al. 2012).

Gamay is influenced by both locally generated wind
waves and remotely generated oceanic swell waves
that enter the bay through the seaward entrance. The
diurnal sea breeze (from the northeast ~8 ms™ during
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summer) produces waves with periods typically about
2.5 seconds that affect beaches on the southern
flanks of the bay (Towra and Silver beach). Strong
winds from the south (~10 ms?), particularly late on
summer afternoons, and during winter are usually

of short duration, but can produce wind waves that
influence water circulation in northern reaches of the
bay. Westerly winds can persist for up to a week during
winter and have long fetches over the bay. Remotely
generated swell waves and infragravity waves that
influence Gamay enter from the southeast and are
generated by distant storms (Vila-Concejo et al. 2020).
Impacts of these waves on beaches is discussed
further in the Soft bottom and beach habitats.



The environments of Gamay

Soft bottom and beach
habitats

Beaches and sandflats

Gamay contains many beaches. Notable beaches include
Congwong and Little Congwong, Currewol and Yarra

Bay (Indigenous names for La Perouse, Frenchmans and
Philip Bay) on the northeast shore near the entrance

to the open ocean, Lady Robinsons on the western
shore, and Towra Point and Kurnell on the southern
shores (Short 2007). These beaches are narrow (< 30m
wide), low-lying (< 5 m above mean sea level (MSL))

and are backed by low dunes or seawalls (Gallop et al.
2020). They are considered low energy beaches when
compared to beaches on the open coast but can still
experience significant storm erosion, as seen following
notable storms in 1974 (Fellowes et al. 2021) and 2016
(Gallop et al. 2020). Erosion can occur on estuarine
shores when swell waves and infragravity waves
propagate into the estuary from the open ocean, or from
locally generated wind waves (Vila-Concejo et al. 2020).

The biodiversity of infauna inhabiting these beaches
in Gamay has been assessed to a certain extent. They
are dominated by peracarid crustaceans, with the

Beach wrack washed up on one of G»amay’_i,s_anglxab,eaches.« 2
Image: John Turnbull www.marineexplorer.org - =

number of species being greater at the lower intertidal
levels, and in areas with reduced wave action (Dexter
1984, 1985). Infaunal communities in the surf zone at
La Perouse beach are dominated by amphipods and
polychaetes, with the number of species increasing
with depth. However, the environmental drivers of
these patterns remain unknown (Barros et al. 2002).
Natural rocky reef and artificial hard substrates

(e.g., breakwalls and groynes) have been found to
affect infauna across short distances (metres; Barros
et al. 2001). These infaunal communities seem to

be shaped by competition, as spatial separation
between similar species is common (Dexter 1985,
Jones et al. 1991). Additionally, beach wrack including
stranded seagrass and algae might play a big role in
fuelling densities of amphipods (Jones et al. 1991).

Infaunal communities in sand flats in Quibray Bay

are more diverse than in sandy beaches, probably

due to the lower exposure to waves. Here, infaunal
distribution patterns are related to tidal height and the
content of labile organic matter in sediments (Rossi and
Underwood 2002, Bugnot et al. 2022). Interestingly,
while wrack drives increases in capitellid, orbiniid and
nereid worms in sandflats, it does not seem to drive
big changes in sediment infauna (Rossi and Underwood
2002). The soldier crab Mictyris longicarpus is highly
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abundant, but has a patchy distribution driven by
topography, while their size distribution is driven by
sediment characteristics (Rossi and Chapman 2003).

Fish communities in surf zones in Gamay are quite
unique, having greater fish diversity in the upper
reaches of Gamay and abundance of marine stragglers
in the lower Gamay than other NSW bays (McKinley

et al. 2011). Fish communities are more diverse and
have greater biomass in surf zones of the upper river
beaches when compared to the lower river beaches,
patterns similar to other estuaries in NSW. In contrast,
fish reach bigger sizes in lower river beaches and fish
abundance patterns are variable between zones.
Whiting (Sillago sp.), sand whiting (S. ciliate), roach
(Gerres subfasciatus), and the long-finned goby
(Favonogobius lentiginosus) are more common in surf
zones of the upper river beaches, while the Port Jackson
glassfish (Ambassis jacksoniensis) is more abundant in
the lower river. These patterns seem to be driven by
salinity, temperature and pH (McKinley et al. 2011).

Extensive mudflat and marginal rock field colonised
by oysters, including Saccostrea glomerata and

Crassostrea gigas, near Limekiln Bar, Georges River.
Image: RJ Whittington, University of Sydney.
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Mudflats

Intertidal mudflats are common in Gamay, despite
many being reclaimed during two centuries of coastal
development. Gamay’s existing mudflats are prevalent
in sheltered coves, upper estuarine areas, rivers and
creeks, as well as filling in the gaps around mangroves
and built infrastructure. Mudflats are productive
habitats rich in organic materials, which underpin
microbial loops (Fenchel 1992) and detritus-based food
webs (Bishop and Kelaher 2008, Kelaher et al. 2013).
The detrital resources of mudflats fuel productive
meio- and macro-infaunal communities, providing food
resources for mud crabs, fish and wading birds (Mann
1988, Snelgrove et al. 2000). In particular, the mudflats
of Gamay support resident and migratory wading bird
populations, some of which are in serious decline (NSW
Threatened Species Scientific Committee 1998).

The surface layers of the mudflats in Gamay are well-
oxygenated and rich with micro-flora and fauna, such as
deposit-feeding molluscs (e.g., Pyrazus ebeninus, Bishop




et al. 2007) and crustaceans (e.g., Heloecius cordiformis,
Kelaher et al. 1998). The top five centimetres of mud
contain diverse meio- and macrofaunal assemblages,
representing a suite of invertebrate phyla (Inglis 1995).
The habitat provided by mudflats becomes increasingly
anoxic deeper into the sediment, transitioning from
nitrate-, to sulphur- and then methane-reducing
bacteria (Fenchel 1992). While few animals live directly
in the sulphurous, anoxic, black mud layers, borrowing
crustaceans, molluscs and polychaetes can persist in
this habitat (Inglis 1995). Burrows on mudflats provide
a link between oxygenated surface waters and deep
sediments. The bioturbation associated with burrowing
and deposit-feeding is a vital ecosystem process on
mudflats (Kristensen et al. 2012, Bugnot et al. 2022).

Organic material in mudflats is continuously replenished
by external sources, such as leaf litter from terrestrial
and aquatic vegetation (Bishop and Kelaher 2013a,
Kelaher et al. 2013). The detrital sources for Gamay
mudflats have been changing since European
colonisation (Macreadie et al. 2012). Changes in detrital
sources to Gamay mudflats influence decomposition
rates, primary productivity, nutrient cycling and
community metabolism, as well as the structure and
function of macrofaunal communities (Bishop and
Kelaher 2008, Bishop and Kelaher 2013a, Kelaher et

al. 2013). Detrital dynamics on mudflats will continue
to change in the coming decades because ocean
warming influences decomposition and nutrient
liberation (Kelaher et al. 2018, Litchfield et al. 2020).

Biogeochemical cycling in Gamay sediments has
only recently been assessed, and data are still
to be published (Bugnot A.B., pers. comm.).

Subtidal sediments

Subtidal soft sediments comprise the greatest extent of
all habitat types in Gamay. Modern, surficial sediments
mantling Gamay strongly influence the ecology and
contamination in the environment and are a product
of ambient energy and the present hydrologic regime.
Basin muds and sandy muds in the northern bay merge
with sand in the central region, beach ridges on the
western foreshore and an ebb-tide delta at the mouth
of Georges River. Mud and sandy muds are trapped

in Weeney, Woolooware and Quibray Bays by the
coastal barrier between Bate and Gamay bays and the
transgressive Towra Point spit. Minor fine sediment

in the central bay is due to resuspension and removal
by high-energy tide and wave energy. Mud-rich holes
dredged for airport construction and fine sediment

in the northern bay act as temporary contaminant
sinks and are a secondary source for dispersion of
pollutants to other parts of the bay (Birch et al. 2022).

Subtidal soft sediments have changed significantly
with respect to physico-chemical characteristics as
a direct and indirect result of European colonisation

and land use changes (Reid 2021). Artificial hard
shorelines have affected hydrodynamics and sediment
deposition leading to shifts in grain sizes. Gamay has

a predominantly sandy subtidal benthos with the
muddy areas associated with dredging near the bay's
entrance, around port infrastructure and the airport
runways. Georges River has predominantly muddy
embayments while the channels have muddy sand
(Reid 2021). Sediment cores have revealed higher
sedimentation rates in the last 30—-50 years compared
to the rest of the Holocene (Macreadie et al. 2012). The
microalgal community signature in sediment records
was also found to increase around the time of European
settlement, potentially as a result of increased nutrient
inputs. The overall shift from seagrass to microalgal
detritus as represented in sediment records suggests
that the carbon sink potential of Gamay has decreased.

No studies have directly investigated the demersal fish
and macrobenthic communities in Gamay. By-catch from
prawn trawling undertaken in Gamay did, however, find
37 taxa associated with sediment habitats, including,
115 finfish taxa, 11 crustaceans, 10 molluscs and 1
echinoderm (Liggins et al. 1996). Of these, Eastern
fortesque (Centropogon australis), snapper (Pagrus
auratus), two spot crab (Ovalipes australiensis), blue
swimmer crab (Portunus pelagicus) and mantis shrimp
(Squillidae spp.) were found in numbers exceeding a
mean of 100 individuals caught per fisher-day. Sand
whiting (Sillago ciliate) were also highly abundant in sand
habitats in Gamay (Ferrell and Bell 1991). Additional
fauna identified on subtidal sediments included several
sponge species such as Callyspongia sp., Dactylia
palmata and Myxillid sp. (Pollard and Pethebridge 2002).
The macrofaunal communities of these habitats are
dominated by polychaetes, with Spionids and Capitellids
observed to contribute approximately 25% and 15% of
the community abundance, respectively (Dafforn et al.
2012). Malacostracan crustaceans are also abundant,
and amphipods comprise ~4 % of the community
(Dafforn et al. 2012). Most mollusc species are found

in the outer parts of the bay where conditions are
similar to the open coastline, but habitat degradation

is thought to have reduced their distributions and
abundance (Pollard and Pethebridge 2002).

The microbial communities of soft sediment habitats
in Gamay have previously been assessed in several
comparative studies of estuaries in NSW (Sun

etal. 2012, Sun et al. 2013, Dafforn et al. 2014).
Extensive coring of the subtidal sediments in Gamay
provides the most comprehensive overview of the
community composition (Pollard and Pethebridge
2002). Twenty-five species of dinoflagellate have
been identified including Alexandrium, Gonyaulax,
Protoperidinium and Diplopsalids, but there has been
no evidence of toxic blooms in the bay. Dinocysts
have also been found to correlate to organic

carbon content in sediments (Tian et al. 2018).
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Seagrasses

Seagrasses have been a key component of the
ecology of Gamay for thousands of years. The primary
seagrasses in Gamay are Posidonia australis, Zostera
muelleri ssp. capricorni, Halophila ovalis and Halophila
minor (Flora of Australia 2011). Ruppia polycarpa is
today regarded as a seagrass and is present in many
brackish water sites around Australia including the
Georges River. P. australis in Gamay is one of six

NSW populations listed as endangered under state
legislation (Fisheries Management Act 1994) and

was listed as a threatened ecological community
under Commonwealth legislation (EPBC Act 1999).

Seagrasses provide essential ecological functions,
many of which directly benefit humans. P. australis,
the dominant seagrass of Eastern Australia, forms
meadows that create habitats for a vast array of
species, including recreationally and commercially
important fishes and crustaceans. In addition to being
an important primary producer, P. australis helps
stabilise and trap sediments, attenuate waves (thereby
protecting shorelines from erosion), plays a significant

role in carbon sequestration and improves water
quality and water clarity (Costanza et al. 1997, Duarte
2002, Lavery et al. 2013). Neither Zostera capricorni
nor Halophila ovalis provide much stabilisation against
wave-action. These primary producers also support
many food chains which add variety to the ecosystems
of the bay, including the shorebird Ramsar site (set up
in 1964) in the Towra Point Nature Reserve; especially
important is the nesting site of the Little Tern.

The sediments of P. australis meadows also constitute

a significant carbon store (Serrano et al. 2020), and

this is true to a lesser extent for the other seagrass
species but is dependent also on the position within the
estuary (related to the percentage of fine sediments;
Ricart et al. 2020). It has been claimed that the majority
of sedimentary organic Carbon in seagrass meadows

is derived from non-seagrass sources (Ricart et al.
2020). However, it should be noted that due to the
long-lived fibrous nature of the underground rhizomes
of P. australis, this species is regarded as a major
storage site for “blue carbon”, the long-lived form of
organic carbon, along with organic carbon stores from
mangroves and saltmarsh plants (Ralph et al. 2018).
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Figure 11. Distribution of estuarine macrophytes (seagrass, mangrove, saltmarsh)
in Gamay (excluding Georges River — west of Captain Cook Bridge) in 2019

(NSW Department of Primary Industries 2020).
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Fibrous remains of P. australis can be found in the
sediments of Gamay many years after the disappearance
of the living plants (Larkum and West 1990).

Seagrass beds provide some of the most ecologically
significant habitats within estuaries, being particularly
important habitat for many commercially and
recreationally important fish species (Bell and Pollard
1989, Smith and Suthers 2000, Smith and Sinerchia
2004). Seagrass meadows also provide important
nursery habitat for a wide range of fish and invertebrate
species (Bell and Pollard 1989). McNeill et al. (1992)
found a site on Gamay’s northern shoreline supported
significantly greater abundances of fish recruits of
five economically important fish species, compared

to 15 other sites across NSW (including multiple other
sites within Gamay). This site, however, no longer
exists and instead is the location of the third airport
runway of Sydney Kingsford Smith airport. Middleton
et al. (1984) found fish assemblages varied between
different seagrass species, with larger species of
Gobiidae and Syngnathidae occurring in P. australis
whilst smaller species of these families dominated

Seagrass bed containing Posidonia australis and
Halophila ovalis (foreground). Image: John Turnbull
www.marineexplorer.org

Z. capricorni meadows. Temporal variation in these
assemblages in addition to body size variability suggest
these habitats were likely being used sequentially,

with fish recruiting first to Z. capricorniand then
moving into P. australis when they are older.

Whilst a considerable body of literature exists on
seagrass-invertebrate interactions outside of Australia,
comparatively little is known about how they interact
in Gamay. One study found infaunal communities
associated with P. australis were significantly more
diverse and had higher invertebrate densities at
marine dominated sites (some of which were in
Gamay) compared to estuarine dominated sites along
the NSW coast (Collett et al. 1984). Furthermore, this
study found that the site at Towra Point on Gamay’s
southern shoreline had the highest abundance and
highest number of species of all sites sampled. Infauna
communities from Towra Point were dominated by (in
decreasing order of abundance): Heteromastus filiformis,
Anadara trapezia, Spio pacifica, Ampelisciphotis sp.,
Eunice australis, Caprella scaura, Syllis sp., Mysella

sp., Mediomastus californiensis and Birubius sp.
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Figure 12. Mapped areas (hectares) of seagrass in Gamay. Data sources: Larkum & West (1990),
Glasby & West (2021) and NSW Department of Primary Industries unpublished data (1972, 1986).

Today seagrasses cover a little over 300 hectares

of Gamay, primarily along the southern shoreline
(Figure 11). The current extent is potentially only a
small fraction of the extent before European
colonisation, when P. australis probably covered the
majority of the bay floor (Larkum 1976b, Reid and Bone
2020). Analyses of aerial photos demonstrate that

the area of all seagrasses in Gamay has been steadily
declining since the 1940s (Figure 12). Total seagrass area
includes more transient species of Zostera and Halophila,
abundances of which can fluctuate greatly from year to
year. Yet the long-term pattern of decline of the more
temporally stable Posidonia australis is very similar to
that for all seagrasses (Figure 12), suggesting that these
are indeed true declines of all species, over and above
any shorter-term natural fluctuations. The Cooks River,
a highly disturbed and polluted tributary of Gamay, is
one of the few NSW estuaries without any seagrass
(West and Glasby 2021). The largest historical declines
in seagrass in Gamay have occurred along the northern
shoreline, possibly due to historical contamination in the
1800s and early 1900s (Larkum and West 1990)

and more recently due to disruptions associated

with the construction of both Port Botany (and its
expansion) and the second and third airport runways
(Reeds 2018, Blount 2019, Macbeth 2019). P. australis
traditionally exerts a strong stabilising effect on the
seabed where it exists, but if the wave-action is severe
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enough, as it was in the 1970s, destabilisation of the
seabed and shoreline can occur (Larkum and West
1990). The rates of decline of seagrass over the last 80
years has been 0.75% yr* (total seagrass) and 0.64%
yr(P. australis-dominated meadows) which, although
on the lower range of rates recorded globally (Waycott
et al. 2009, Dunic et al. 2021), are cause for concern.
Once meadows get too small (< 50% of their maximum
mapped area), or become fragmented, rates of decline
can increase markedly (Larkum 1976b, Dunic et al. 2021).

The importance of symbiotic microorganisms
(bacteria, fungi, and archaea) for plant growth is
being increasingly recognised, however, remains a
relatively new area of research for seagrass ecology
(Nguyen et al. 2021b). There is growing evidence,
however, that seagrasses have intimate relationships
with their associated microbial communities, and that
these communities may aid in resource acquisition
and buffering seagrasses from environmental stress
(Brodersen et al. 2014, Gribben et al. 2017, Tarquinio
et al. 2019, Martin et al. 2020). In highly urbanised
waterways, such as Gamay, it will also be important to
understand how anthropogenic pressures and changing
environmental conditions may impact sediment
microbial communities in seagrass meadows, and
how this might flow on to in turn impact seagrasses.



Extensive mangrove forest bordering mudflat with deeper channels,
Towra Bay. Image: RJ Whittington, University of Sydney.

Mangrove and saltmarsh
habitats

Much of Gamay’s coastal wetland habitat lies within

the Ramsar-listed Towra Point aquatic reserve on

the southern shore of Gamay, although other small
patches of habitat are found in Penrhyn estuary and
further up the Georges and Cooks Rivers. The extensive
wetlands in and around Towra Point equate to ~25%

of the area of Gamay, and include typical mangrove
(Avicennia marina, Aegiceras corniculatum), saltmarsh
(Sarcocornia quinqueflora, Sporobolus virginicus, Juncus
kraussii) and floodplain forest species (Casuarina glauca,
saltmarsh understory; Figure 11), but also includes
small areas of littoral rainforest and terrestrial forest.
There is a diversity of terrestrial vegetation types

close to Gamay, including several that are recognized

as Endangered Ecological Community under the
Biodiversity Conservation Act NSW 2016 (EEC, BCA).
This includes littoral rainforest in the NSW North

Coast, Sydney Basin and Southeast Corner bioregion.

Extensive research has identified diverse aquatic
fauna that accesses, or resides within, the wetlands
of Towra Point in Gamay, which provide both physical
habitats and provisioning services. Mangroves are
important as primary habitat-formers in wetland

habitats and also influence the functioning of these
habitats via interactions with other habitat-forming
organisms. Mangrove pneumatophores are covered

by algae, Bostrichyia/Caloglossa association and

in the seaward areas provide substrate for oyster
settlement and macroinvertebrate communities (Ross
2006, Ross et al. 2009). Macroinvertebrate species
occur in high densities in all areas of the mangrove
forest and saltmarsh (Ross 2001, Hughes et al. 2014,
Ross 2006; Ross et al., 2009) including on all parts of
mangrove trees and oysters (Bishop et al. 2012, Ross
and Underwood 1997, Minchinton and Ross 1999). The
intertidal vegetation at Towra Point supports roosting,
breeding and feeding habitats for endangered and
migratory waterbirds, as well as habitats for terrestrial
vertebrates and insects (SMCMA 2010). In the Georges
River, saltmarsh habitat supports one of only two
extant populations of White-fronted chats (Major

and Sladek 2012). Wetlands also play a significant role
in shoreline stabilization and protection from wave
action (Gedan et al. 2011). Historical dredging of Gamay
significantly increased wave energy at Towra Point which
caused major damage to its shores due to increased
erosion and vegetation recession (ALS 1977, NPWS
2001). Mangroves and saltmarsh are also important
for carbon sequestration, playing a significant role

in climate change mitigation (Duarte et al. 2013).
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Wetland habitats in Gamay also support the aquatic
ecosystem throughout the broader bay, including
fisheries species, via both provision of nursery habitat
and outwelling of wetland production. Saltmarsh

plants are a primary source of dietary carbon for the
resident grazing herbivores in the Towra Point wetlands
as shown in stable isotope analyses (Mazumder et

al. 2011). Similarly, at high tide carnivorous fish hunt
within mangrove-saltmarsh habitats at Towra Point
(Mazumder et al. 2011). In Gamay, saltmarshes were
found to support the highest densities of zooplankton
of all estuarine habitats (saltmarsh, mangrove, seagrass,
and open water) which are a major source of food for
estuarine fish (Mazumder et al. 2009, Mazumder et al.
2011). A restored wetland in inner Gamay, Rockdale
wetland, was found to provide an important nursery
area, especially for yellowfin bream and mullet which
were able to move through a permanently open 700 m
long pipe into the modified wetlands (Gibbs et al. 1999).

Fish assemblages at Towra Point consist of relatively
few species dominated by juveniles from the families
Gerreidae, Sparidae and Mugilidae and other generally
small species from the families Atherinidae, Ambassidae
and Gobiidae (Bell et al. 1984). Studies comparing

fish assemblages between mangrove and saltmarsh
habitats have, however, found variable results. One
study found mangrove habitats at Towra Point had
higher species richness than nearby saltmarsh habitats,
with fish density also slightly higher in mangrove

than saltmarsh habitats (Mazumder et al. 2005).

In comparison, however, another study reported
saltmarsh habitats in Gamay had slightly higher species
richness then mangrove habitats (Mazumder et al.
2006). Gastropods are some of the most ubiquitous
invertebrate taxa on the surface of mangroves and
saltmarshes at Woolooware Bay and other locations

at Towra point, with species such as Bembicium
auratum, Cassidula zonata, Phallomedusa solida,
Salinator fragilis, Ophicardelus spp., Cryptassiminea

Mangrove forest, Woolooware Bay. Image: RJ Whittington, University of Sydney.
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buccinoides and Tatea rufilabris all known to occur,
whilst the dominant burrowing crab is Heloecius
cordiformis (Warren 1990, McGuinness 1990, Ross
2006, Ross et al. 2009) and barnacles, Austrominius
covertus and Hexaminus foliorum and H. popeiana
are abundant on mangrove trees and other hard
substrata including oysters (Bishop et al.2012, Hughes
et al. 2014, Ross 1996, Ross and Underwood 1997).

Reports dating back to the first fleet suggest First
Nations people of Gamay used coastal wetland habitats
for a variety of resources (ALS 1977). Whilst more
specific reports of how these resources were used by
First Nations people of Gamay are lacking, the use of
wetland resources by First Nations people in other
places around Australia have been recorded in more
detail. The fruit of the mangrove tree Avicennia marina
(called ngoor-ngoor-loo by the Bardi clan, Western
Australia (Hegerl 1982); also known as egaie (Friess
2016)) were baked and eaten by First Nations people of
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Australia (Hegerl 1982, Thozet 1985). The mangroves
themselves were also used to make canoes (Wilson
1858, Martin 1865) and to make wood carvings (Heger!
1982). Historical reports also describe the use of
mangroves in burial ceremonies, where First Nations
people in the Adelaide River region were seen covering
new graves in mangrove saplings (Wake 1870).

Across the bay, there has been a steady decrease

in the extent of saltmarsh since mapping in Gamay
began in 1980 (Figure 13). From the Ramsar listed
Towra Point wetland 30% of the saltmarsh has

been lost since the 1930s (Saintilan and Williams
1999, Saintilan and Williams 2000). Mangroves have
shown the opposite trend, with mangrove cover
increasing in the bay (Figure 13). Aerial photographs
from the 1930s and data from as early as 1882 show
that this is a long-term trend for the bay (Mitchell
and Adam 1989b, Mitchell and Adam 1989a).

1980 1985 1990 1995 2000

2005 2010 2015 2020

Figure 13. Mapped areas (hectares) of mangrove and saltmarsh in Gamay
(excludes Cooks and Georges River) (NSW Department of Primary Industries).
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Subtidal rocky reefs

Subtidal rocky reef is found predominantly around the
mouth of Gamay, extending out around both headlands
and along the oceanic coastline north and south of
Gamay (Figure 14). Within Gamay, most subtidal reef
habitat is shallow, extending down to a maximum of

24 m. Deeper subtidal reef (20—60 m) occurs in small,
isolated patches at the mouth of Gamay, but dominates
subtidal reef habitats outside the bay, on the oceanic
side of each headland. Within the bay, the reefs tend

to be algal dominated on the horizontal upward facing
surfaces, while the vertical surfaces of the reefs

tend to be dominated by sessile invertebrates (e.g.,
sponges, seaquirts, bryozoans) (Van Der Velde and

King 1984, Underwood et al. 1991, Knott et al. 2004).

Much of the research on subtidal reefs in Gamay has
been undertaken at Bare Island and at Cape Banks, on
the bay’s northern shore. Bare Island is a 1.4 ha rocky
outcrop just offshore, where bottom depths range from
3-16 m (Figure 14, SPCC 1981d, Van Der Velde and

King 1984). Cape Banks is an Aquatic Reserve located
at the northern headland of Gamay and covers an area

of ~20 ha, with sandstone rocky reefs reaching ~17 m
depth. The macroalgal community at these sites is
diverse and 45 species of Rhodophyta, 13 species of
Phaeophyta and three species of Chlorophyta have
been documented at Bare Island (Van Der Velde and
King 1984). The most common and/or abundant species
are the foliose red alga Delisea pulchra, various brown
algae (Ecklonia radiata, Sargassum vestitum, Sargassum
linearifolium, Zonaria diesingiana and Dilophus
marginatus), coralline turfing red algae (Corallina
officinalis and Amphiroa anceps) and crustose red algae
(Sporolithon durum, Lithamnion spp.) (Underwood
etal. 1985, Underwood et al. 1991, Wright et al. 2005).
The forest-forming fucoid Phyllospora comosa was
once abundant along shallow reefs on the northern
headland but disappeared from the Sydney region

in the 1970—80’s, likely in response to near-shore
sewage outfall discharges (Coleman et al. 2008). Recent
restoration efforts for P. comosa populations in the
Sydney region have had some success in Gamay (e.g.,

in Kurnell; Mead 2020) but herbivory (likely by fish) has
limited the re-establishment of this species at Cape
Banks (Campbell et al. 2014, Vergés et al. 2020).

Large bed of the habitat-forming brown alga, Ecklonia radiata
at Bare Island. Image: John Turnbull www.marineexplorer.org
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Figure 14. Distribution of mapped subtidal reef in Gamay. Data source = Cardno.

Macroalgae are an important source of food for the

First Nations people of Australia, as well as being used

in the catching, cooking and in the preparation of fish
and invertebrates to eat (Thurstan et al. 2018). Historical
reports suggest that macroalgae was also traditionally
used in the construction of dwellings and clothing,
however, if the First Nations people of Gamay undertook
this practice remains unclear (Thurstan et al. 2018).

The subtidal reef at Bare Island is also known to host
diverse communities of sessile invertebrates, dominated
by sponges, soft corals and bryozoans (SPCC 1981d,
Underwood et al. 1991, Poore et al. 2000, Knott et al.
2004, 2006). Deeper areas of reef to the east of Bare
Island also support colonies of cool-temperate hard coral
(SPCC 1981d). Together with macroalgal communities,
the biogenic habitat provided by these habitat-

forming species support abundant and diverse mobile
invertebrate communities dominated by crustaceans,
polychaetes and molluscs (Van Der Velde and King
1984, Underwood et al. 1991, Poore et al. 2000).

Kurnell Reef is another offshore subtidal reef that
occurs just off Inscription point on the bay’s southern
shore. Diversity is low here when compared to

Bare Island (SPCC 1981d). Subtidal reef also occurs
along much of the bay’s southern headland. The

reef here is deep (~20 m) and traditionally was
dominated by sponges (Davis et al. 1997) although
there are extensive Ecklonia beds at ~10 m depth

in close proximity to the cliffs (Marzinelli et al.

2015). In 1995, a rapid invasion of the native alga
Caulerpa scalpelliformis was documented, leading to
a corresponding decline in sessile invertebrates on
the reef (Davis et al. 1997). There are also extensive
Ecklonia beds in shallow reefs (~¥3—10 m) off Inscription
point, interspersed with barrens formed by the sea
urchin Centrostephanus rodgersii (Mead 2020).

A range of sea urchin species inhabit the subtidal

in Gamay, with several species identified as key in
determining the abundance and composition of benthic
algae (Hill et al. 2003, Wright et al. 2005). The most well-
known is the long-spined sea urchin Centrostephanus
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Bare Island contains extensive sponge gardens, where the endangered soft coral,
Dendronephthya australis also grows. Image: John Turnbull www.marineexplorer.org

rodgersii, which can cause density-related, non-linear
regime shifts from kelp forest to barrens in other areas
in south-eastern Australia (Ling 2008). Cape Banks

has extensive areas of barrens at depths from 3—20 m
(Ettinger-Epstein and Kingsford 2008) that are some of
the most persistent in the state, with the area having not
changed since at least 1950 (Glasby and Gibson 2020).
The short-spined sea urchin Heliocidaris erythrogramma
is, however, the most abundant regular urchin in Gamay,
and while usually occurring at densities < 10 m?, can
occur in high-density aggregations, or ‘fronts’, exceeding
100 urchins m (Wright and Steinberg 2001). In Gamay,
these H. erythrogramma fronts have been documented
to cause shifts from a foliose algal-dominated
community to one that is dominated by crustose algae
(Wright et al. 2005). Another well studied species is the
short-spined sea urchin Holopneustes purpurascens,
which lives largely enmeshed in the canopy of the algae
that it consumes by using its tube feet to wrap the algae
over its short spines to create a nest that facilitates
other organisms (Williamson et al. 2004, Bell et al.

2014, Connolly et al. 2017). A range of other species

of sea urchins also occur within the subtidal habitat of
Gamay, such as Heliocidaris tuberculata, Holopneustes
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inflatus, Tripneustes gratilla, Pseudoboletia indiana
and Phyllacanthus parvispinus, however, their impacts
on the subtidal habitat in Gamay are less known.

The subtidal reefs of Gamay are also home to abalone
(Haliotis brazeri, Haliotis coccoradiata and Haliotis
rubra). They were historically harvested for food and
trade purposes around the La Perouse area by First
Nations people of Gamay (Cruse et al. 2005), and
more recently have become popular catch for free
diving fishers. Between 2005 and 2012 the collection
of abalone from Gamay was heavily restricted or
banned. At present the collection of abalone in

NSW is subject to strict bag limits, and in Gamay is
restricted to weekends and public holiday days only.

There is surprising little in the way of comprehensive
assessments of subtidal rocky reef fish assemblages
in Gamay in the peer-reviewed literature. A series of
studies by the State Pollution Control Board (SPCC
1981c, b, d, a) identified 100 different species of fish
associated with hard substrata (out of 229 overall)
making it one of the three most specious geomorphic
zones in the bay (behind seagrass Zostera capricorni
with 104 species and deep soft substrate in the
western region of the bay with 102 species).



The presence of many artificial structures within the bay
has motivated several comparisons of fish assemblages
between them and nearby natural rocky reefs. Early
studies (Burchmore et al., 1985) suggested natural
rocky reef sites had greater total abundance (especially
of sub-adult stages) than nearby artificial breakwalls
(revetments). Richness was also elevated on natural
reefs, but this pattern was not as consistent over time

as was that of richness. Interesting, more recent studies
have indicated that richness on rocky reefs may actually
be lower than on nearby breakwalls (Fowler and Booth
2013, Porter et al. 2018) but beta-diversity is higher,
most likely due to the elevated range of micro-habitats
available on rocky reefs compared to the relatively
homogenous breakwalls (Porter et al. 2018). This pattern
may be driven by more sub-adults on breakwalls (Fowler
and Booth 2013). A study on the ReefBalls™ installed in
Yarra Bay (north side Gamay) suggested these habitats
serve to actually produce more fish in the system rather
than just attracting them from nearby habitats (Folpp

et al. 2020) (for full discussion see Artificial substrates).

There are several studies completed partly within Gamay
on species that spend at least part of their life history
on subtidal reefs. Juvenile snapper tend to strongly
associate with rocky reef habitats around the mouth

of Gamay (and elsewhere in NSW) but abundance,
especially of adults, tends to be lower around Gamay
(and the Greater Sydney region in general) than in other
estuaries to the north and south of Sydney (Rees et

al. 2021). Work on the iconic blue grouper indicated

no obvious association with a specific habitat though
the amount of habitat did vary by area. There is some
evidence that more small fish are found in macroalgal
habitats dominated by Ecklonia radiata than in the
urchin barrens that characterise much of the subtidal
reef habitats around NSW (Gillanders and Kingsford
1998). Although Curley et al. (2002) found more fish

The eastern blue groper, Achoerodu
(Steindacher, 1866) is a regular residen
Gamay’s subtidal reefs. Image: John Turnbu
www.marineexplorer.org

in barrens (study included sites at Cape Banks). This
work also identified ontogenetic habitat associations
whereby small fish tended to be found in shallow
habitats while larger ones were more common on
deep and exposed reefs. Interestingly, fish recruits
were found in both rocky reef and seagrass habitats
(Gillanders 1997) and recently on Sydney Rock Oyster
reefs (though not as common on reefs in Gamay

as other estuaries in the study; Pine et al. 2022).

Gamay subtidal rocky reefs have been a focal point

of marine microbial research in Australia since the
beginning of the new millennium, through a combination
of field surveys and ex situ experimental manipulations
aimed at understanding the ecology of marine free-living
and host-associated microbes, and how these interact
with benthic macroorganisms (e.g., Taylor et al. 2005,
Huggett et al. 2006, Swanson et al. 2006, Longford et

al. 2007, Zozaya-Valdes et al. 2015). Temporal sampling
of microbial communities associated with kelp, sponges
and corals from Bare Island (as well as water, sediments
and seagrass from elsewhere in the bay) have generated
unprecedented data on microbial diversity (via amplicon
sequencing) and function (via metagenomics and
metatranscriptomics) which are currently being used to
understand environmental drivers of, and connectivity
amongst marine microbiomes (e.g., Phelps et al. 2021,
Taylor et al. 2022). More broadly, microbial samples of
kelp-associated microbes at Cape Banks and Kurnell
were included in a global effort to characterise microbial
diversity and function across Earth’s habitats as part of
the Earth Microbiome Project (Thompson et al. 2017b).
This research also revealed the strong association
between the health of the kelp host and the structure
of its associated microbiota (Marzinelli et al. 2015), with
ex situ experiments demonstrating how environmental
change can disturb host-associated microbes, resulting
in strong impacts on host health (Qiu et al. 2019).
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The extensive rock planforms at Cape Banks contain many natural rockpools.
Image: John Turnbull www.marineexplorer.org

Rocky intertidal shores

Approximately 30% of the shoreline in Gamay is
comprised of intertidal rocky substrata (SPCC, 1981d).
Most of the natural rocky shore area is located

around the two headlands of the bay (Cape Banks and
Sutherland Point), with some additional sections being
found around La Perouse (Bare Island and La Perouse
Point) (SPCC, 1981d) and some patchy smaller intertidal
shores are found along the Cooks River and Georges
River estuary (Courtenay et al. 2005, Gall et al. 2013).

In Gamay, natural intertidal rocky shores generally
consist of gently sloping sandstone platforms,
interspaced with crevices, rockpools, cobbles and
boulders. In some areas, the rock platforms are
backed by vertical cliff walls (SPCC 1981d, Fairweather
and Underwood 1991), whilst at Cape Banks on the
northern headland, rock platforms are backed by the
Gamay Botany Bay National Park and the NSW Golf
course (Matias 2008). Storms and large swells are
predominantly from the south-southeast along the
NSW coast (Short and Trenaman 1992, Kulmar 1995)
meaning that intertidal habitats on Gamay’s northern
shoreline experience high wave action, particularly
during storms. The intertidal rocky shore area around
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Cape Banks became a Marine Scientific Research

Area in 1975 (McGuinness 1988, Matias 2008), before
transitioning to an Aquatic Reserve in 2002. The area

is a prominent site for research on key ecological
processes, including inter- and intraspecific competition
(e.g., Creese and Underwood 1982) and habitat-species
interactions (e.g., Creese 1982), with this review finding
96 studies including this site. Much of this ecological
research used innovative manipulative experiments

to test hypotheses. For example, in 1986, the site

was permanently modified by the drilling of artificial
rockpools to facilitate further examination of these
ecological theories (Underwood and Skilleter 1996).

The intertidal communities of the rocky shores
found around the Gamay headlands generally display
distribution patterns similar to those found on other
rocky shores in NSW (SPCC 1981d, Underwood et al.
1983). Small topographical features on the rock shelf
including pits, crevices and rockpools can provide
microhabitats and have been found to drive small
scale patchiness in mobile organisms like gastropods
across intertidal habitats (Underwood and Chapman
1992, Chapman and Underwood 1994, Beck 2000,
Underwood 2004). In the Cape Banks area, sea-squirts
(Pyura stolonifera), various macroalgae and/or tube-



dwelling polychaetes cover the low levels of the shore
and provide important habitat for associated macro-
faunal assemblages (Kelaher et al. 2001, Monteiro et al.
2002, Kelaher 2003a, Kelaher 2003b). The mid-levels
are characterised by encrusting algae, gastropods and
barnacles, with periwinkles dominating high levels on
the shore (Denley and Underwood 1979, Underwood
and Chapman 1996). In comparison, on more sheltered
sites around Bare Island and Sutherland Point, the
substratum is mostly bare, with some encrusting

algae, but little foliose macroalgae (Beck 2000).
Overall, the range of species inhabiting the shoreline

is higher at the mouth of the estuary than further

up the estuary in the channels (Attenbrow 2010a).

Excavated middens in the Gamay area suggest shellfish,
namely bivalves and limpets, were a significant part of
the diet of the First Nations people of Gamay prior to
European settlement (Attenbrow 2010a). First Nations
people of Gamay gathered shellfish from the subtidal
by diving or by collecting them from rocks along the
intertidal (Attenbrow 2010a). The species and relative
abundances of shellfish vary among middens and are
thought to reflect locational and season variation in
availability rather than community structure (Attenbrow
2010a). In Quibray Bay, the most abundant shell

found in an excavated midden was the Sydney whelk
(Pyraxua herculeus) (Rolfe 1931). Small shellfish species
(<15 mm) also found in middens were unlikely to

have been harvested as a source of food, and instead
are thought to have either been collected to make
jewellery such as necklaces, or accidentally as they
were attached to larger shellfish (Attenbrow 2010a).
Molluscan shells were also used by First Nations people
of Gamay to make hooks for line fishing, where the
robust shells of the turban snail Turbo torquata were
ground down into a hook shape, with only the pearly
nacreous inside surface showing (Attenbrow 2010b).

Oyster reefs

QOysters were historically a key component of Gamay
ecosystem (Roughley 1922, Gillies et al. 2020). Captain
Cook, in his 1770 exploration of Gamay, reported

the largest oysters he had ever seen (Ogburn et al.
2007). John Hawkesworth, official record keeper of
HMS Endeavour reported “great quantities of oysters,
mussels, cockles, and other shellfish”. Further, the
large numbers of oyster shells in middens (Attenbrow
2010b) as well as place names such as ‘Oyster Bay’
and ‘Lime Kiln Bay’ (Gillies et al. 2018) are suggestive
of historically abundant oyster reefs. These oyster
reefs were a valued resource to both First Nations
people of Gamay and later to European colonists who
ultimately exploited these to near extinction. Despite
the estimated loss of over 90% of Gamay oyster reefs
(Gillies et al. 2020), the estuary continues to support

some of the best examples of remnant Sydney rock
oyster (Saccostrea glomerata) reefs along the New
South Wales coast, that are of high ecological value.

First Nations people of Gamay have used oysters as an
important food source for over 6000 years (Jackson
and Forbes 2018). Flat oysters (Ostrea angasi) and
Sydney rock oysters (Saccostrea glomerata) have
been found within middens from the Gamay area in
large quantities, suggesting that these species were

a valuable subsistence resource (Jackson and Forbes
2018). Observations from Captain Cook’s journal note
that there was clear evidence of shellfish farming by
First Nations men of Gamay, and that campfires were
made on boats and on shore to cook oysters (Bowdler
1976). The shells of oysters were also fashioned into
tools, such as fishing hooks or spear heads, including
a tool that was used to pry oysters off the rocks

and used to collect other resources (Bowdler 1976,
Attenbrow 2010a). While there is no specific mention
of the trade of oysters occurring between groups or
clans within Gamay, the importance of oyster trading
and its role in the economies of First Nations people of
Australia is well documented (Baumhoff 1963, Evans
1969, Bailey 1975) with oysters found transported to
the inland regions of the Murray Darling Basin (Clark
and Hope 1985). Given the vast supply of oysters
within Gamay, both flat and Sydney rock oysters, it

is likely that they were also a valuable trade item.

Today, only 0.098 km? of Sydney rock oyster reef
remains in Gamay, with oyster reef habitat confined to
the intertidal (NSW Department of Primary Industries
2020). Much of this reef is protected by the Towra Point
Aquatic Reserve. Despite its small area, this remnant
reef has considerable biodiversity and fisheries value.
Quarterly unbaited video sampling at Quibray Bay

and Carter’s Island in Gamay from December 2017 to
February 2019 revealed 44 species of fish associated
with oyster reefs —a comparable number to Posidonia
australis seagrass beds (48 species), which are
commonly considered important nursery habitats, and
over 60% greater than sedimentary habitat (27 species)
and mangrove habitat (29 species; Martinez-Baena et al.
2022). Not only did oyster reefs support a greater than
or equal species richness of fish to adjacent habitats, but
they also supported greater fish observations (Martinez-
Baena et al. 2022) with fish using oyster reefs to feed,
rest and as nursery habitat. Ten species, including
Gunther’s Wrasse (Pseudolabrus guentheri), several
species of cryptic blennies and gobies (e.g., Callogobius
mucosus, Parablennius intermedius) as well as a number
of transient species were found only on oyster reefs

and not in adjacent habitats (Martinez-Baena et al.
2022). More recently, threatened juvenile blue groper
have been observed utilising remanent oyster reefs

in Gamay suggesting that these rare habitats may be
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an important, yet poorly known, recruitment habitat
for blue groper (Pine et al. 2022). Further studies are
needed to assess the extent to which these oyster
reefs enhance fisheries productivity (as opposed to
simply attracting fish away from other habitats), and
the temporal and spatial scales across which fish

migrate between oyster reefs and adjacent habitats.

Separate studies have addressed the spatial
configuration of often patchy oyster reef in Gamay, and
how this might influence its fisheries value. These found
that reef-associated fish communities displayed greater
richness and diversity at the edge than the interior of
reefs (Erickson 2019, Pine 2020). Additionally, smaller
oyster patches, proximate to other oyster patches,
supported a greater richness of fish than those that
were large and/or isolated (Erickson 2019, Pine 2020).

This research has contributed to the definitions of
oyster reefs that are being used by the Department of
Agriculture, Water and the Environment to nationally
list oyster reef as an Endangered Ecological Community.
Censuses of invertebrate populations associated with
Gamay oyster reefs have not been conducted due to
the destructive sampling methods that are required
and the protected status of much of the remnant reef.
However, censuses in other NSW estuaries have found
a five-fold greater density, biomass and productivity

of macroinvertebrates on oyster reefs as compared to
adjacent sediments (McLeod et al. 2019), suggesting

a similar habitat value may be expected in Gamay.
Sampling and experiments in Woolooware and Quibray
Bays mangrove forest indicate the important role
oysters play in enhancing invertebrate abundances and
richness in mangroves (Minchinton and Ross 1999, Bishop
et al. 2009, Bishop et al. 2012, Hughes et al. 2014).

Intertidal oyster reef and sand flats, Towra Point. Both Saccostrea glomerata and
Crassostrea gigas are present in the same colonies. The City of Sydney skyline is
visible in the background. Image: RJ Whittington, University of Sydney.
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Yellowtail scad, Trachurus novaezelandiae (Richardson, 1843) move about
Gamay in large schools. Image: John Turnbull www.marineexplorer.org

Open water and
pelagic systems

Open water or pelagic regions are significant habitats
in estuaries and marine embayments. These habitats
provide corridors for the movement and transport

of species and resources important for all levels

of the estuarine food web. In Gamay, the biota
inhabiting open water regions consist of microbes
(Bacteria, Archaea, protists, phytoplankton) as well as
zooplankton, larvae, fish, invertebrates, and mammals.

Gamay is a well-studied system in terms of planktonic
processes, generating a highly productive tidal
discharge plume and associated tidal front (Kingsford
and Suthers 1994, 1996, Reid 2021) throughout the
daily tidal cycle. The highest concentrations of fish eggs
and larvae, and invertebrate (barnacle) larvae have
been found in the plume or front. Additionally, tidal
phase is a major influence on patterns of abundance
and composition of ichthyoplankton with highest
abundances (primarily postflexion and juvenile) mainly
occurring in fronts at low tide (Kingsford and Suthers
1996). Accumulation of marine spawned fish larvae in
the plume and tidal front facilitates their transport into
estuarine nursery habitats in the bay on flood tides.
Conversely, larvae of estuarine spawning fish may be
exported out of the estuary on the ebb tides (Kingsford
and Suthers 1994). The distribution of plankton is

greatly influenced by plumes and fronts with some
plankton taxa being rarely advected from the plume,
whereas others were only found to occur in fronts.
These flow dynamics within Gamay have the ability to
influence small scale distribution patterns of fish and
plankton, via retention within plumes and advection
within fronts, allowing for both self-recruitment and
genetic connectivity along the NSW coast. Temporally,
the highest abundance of ichthyoplankton occurs in
February, naturally leading to peak recruitment in
April (Autumn) with a secondary peak in Spring (SPCC
1981c, b). Spatially the northern shore of Gamay has
the highest levels of fish recruitment. This is likely due
to the artificial structures (Port Botany and Sydney
Airport runway) forming eddies whereby planktonic
larvae are directed towards the northern shore and
retained by these eddies (Smith and Suthers 2000).

Significant fish species within the pelagic ecology of
Gamay include schooling baitfish such as sandy sprat
(Hyperlophus vittatus) and Australian anchovy (Engraulis
australis), and the commercially and recreationally
important yellowtail scad (Trachurus novaezelandiae),
silver trevally (Pseudocaranx georgianus) and yellowtail
kingfish (Seriola lalandi). Larger fishes such as whale
shark (Rhincodon typus) and bump-head sunfish

(Mola alexandrine) have been sighted within the bay.
Little penguins (Eudyptula minor) can also be seen
foraging for baitfish within Gamay (Carter 2020).
Mullet (Mugil cephalus) is also particularly important
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for First Nations people of Gamay, where harvesting
of Mullet around March to June is associated with

a time of celebration at Frenchmans Bay and Yarra
Bay, La Perouse (Fay and Linkhorn 2021). Humpback
whales (Megaptera novaeangliae) are regularly
observed off Cape Solander (southern headland of
Gamay) as they migrate northwards, with occasional
sightings of dolphins (Tursiops truncatus, T. aduncus
and Delphinus delphissea), green sea turtles (Chelonia
mydas) and fur seals (Arctocephalus spp.) amongst
several other whale species such as dwarf minke
whale (Balaenoptera acutorostrata), Southern right
whale (Eubalaena australis), blue whale (Balaenoptera
musculus), killer whales (Orcinus orca) and false killer
whales (Pseudorca crassidens) also reported (Pirotta
et al. 2020). Excavated bones of Dugong from an
indigenous midden near Gamay suggest dugongs
occurred in the area historically (Haworth et al. 2004),
however, recent sightings along the NSW coast are
rare and none have been reported in Gamay (Allen

et al. 2004). Jelly blubbers, Catostylus mosaicus, have
also been reported to occur in open water habitats in
Gamay’s main bay and the Georges River (Reid 2021).

While the macrobiota of Gamay’s open water is
relatively well studied, microbial components are less
well documented. Ajani et al. (2013) documented

the presence of 33 species of potentially harmful
phytoplankton taxa at Woolooware Bay, close to
oyster production leases. Whilst recent sequencing
of 18S ribosomal RNA (V4) from water column
samples collected from Towra Point and Bare Island
detected 644 unique phytoplankton amplicon
sequence variants (ASVs) in 428 genera from Towra
Point, and 623 ASVs in 419 genera from Bare Island
(McLennan et al. 2021). Only 43% of all phytoplankton
ASVs in that study were able to be classified to
species level, indicating the presence of much
undocumented diversity (McLennan et al. 2021).

Planktonic microbe communities in Gamay are highly
dynamic both temporally and spatially (McLennan

et al. 2021). Factors impacting this variability include
seasonality, which has been shown to play a role in the
distribution of the ‘red tide’ forming microalgal species
Noctiluca scintillans, which was highly abundant in
Gamay in Spring and late Summer, forming visible water
discolouration at times, and present at low levels in
Winter (Murray and Suthers 1999). Spatial variability

is also found in phytoplankton communities in Gamay,
as a more riverine influenced site had divergent
composition compared to open ocean locations (Murray
and Suthers 1999, McLennan et al. 2021). Nutrient
inputs due to riverine inflow, land runoff, and other
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processes influence phytoplankton communities in

an episodic manner, as can be seen by the periodic
blooms of the dinoflagellate Prorocentrum minimum,
which was f significantly correlated to decreased
salinity and water column CO, (McLennan et al. 2021).
Movement of taxa between benthic and pelagic habitats
is likely to play an important role in some planktonic
processes, as temporary benthic resting stages such as
cysts of planktonic species have been found in Gamay
(Pollard and Pethebridge 2002, Doblin et al. 2010, Tian
et al. 2018), differing spatially in relation to sediment
properties. Some microbial eukaryotes from Gamay
inhabit both benthic sediment, epiphytic and planktonic
habitats, including bloom-forming taxa such as species
of Amphidinium, Prorocentrum and Peridinium
quinquecorne (Murray and Patterson 2010). Processes
driving movement of taxa between benthic and pelagic
habitats are factors such as seasonality, which is
relevant for cyst germination, transport via currents,
and dispersal after storms or mechanical processes.

Within coastal environments like Gamay, planktonic
bacteria are both key regulators of important chemical
and nutrient cycling processes at the base of the
foodweb (Falkowski et al. 2008) and potential indicators
of contamination (Newton et al. 2011). However, while
bacterial communities associated with macrophytes and
sediments have been extensively examined (Burke et al.
2011, Sun et al. 2012, Sun et al. 2013, Phelps et al. 2021),
planktonic bacterial communities within Gamay have not
been widely characterised to date. One exception is the
work by Carney et al. (2019), who performed time-series
analysis of bacterial communities at Foreshore Beach.
This study revealed 388 bacterial Operational Taxonomic
Units (OTUs), spanning 35 different bacterial genera.
Notably, the bacterial community composition displayed
highly dynamic temporal patterns, with rapid and
intense shifts between bacterial communities dominated
by a small core ‘marine’” assemblage (of only 5 OTUs)
that were permanently present, to a ‘transient’ bacterial
assemblage characterised by bacterial taxa flushed into
the environment in, sometimes sewage-contaminated,
stormwater. Notably, 52% of all bacterial OTUs at this
site were present in <90% of samples, indicating a

highly transient community. While seasonality was

not found to influence bacterial communities within
Gamay to the same extent as other coastal sites,

Marine Heat Waves (MHW) impacted some planktonic
bacterial populations (Carney et al., 2020). MHW
influenced short-lived increases (i.e., blooms) in some
bacterial taxa, including members of the potentially
pathogenic genus Vibrio, in a pattern consistent with
trends emerging globally (Vezzulli et al. 2013).



Artificial substrates

Similar to urbanised estuaries globally, a considerable
amount of artificial substrate has been added to Gamay
and its associated river systems (e.g., breakwalls,
groynes, piers, seawalls, pontoons). In 1981, it was
estimated that 20% of the shoreline was ‘hardened’
through the addition of infrastructure (SPCC 1981c).

A more recent estimate by the authors using satellite
images available from Google Earth estimates that
40% of the shoreline of Gamay, excluding Georges

and Cook Rivers, has now been altered through the
addition of artificial substrate. Seawalls dominate

the shoreline of the main bay (20%), followed by
revetments (12%). Recent estimates made by the NSW
Department of Primary Industries (DPI, unpublished)
found a total of 33 jetties and pontoons in the main
bay, and 39 rock groynes, which occupy an area

of 22,513 m?and 32,196 m?, respectively. Three-
hundred and eighty artificial reef units have also

been added to the main bay (see below for details).

We distinguish artificial structures installed for
industrial (e.g., airport runaways), recreational

(e.g., jetties and pontoons), and/or coastal defence
purposes, (e.g., seawalls and breakwaters) from
purpose-built artificial reefs designed to enhance
biological communities. Studies to date have either
investigated human-made rock walls along the shoreline
of Gamay (see review by Reid 2020), or concrete reef
modules (reef balls) deployed subtidally to enhance
recreational fishing opportunities (Folpp et al. 2013).

Most studies on artificial habitats in Gamay have
focused on fish assemblages and how artificial reefs and/
or breakwaters have influenced those (Burchmore et
al. 1985, Folpp et al. 2013, Porter et al. 2018, Folpp et
al. 2020). Other studies have considered the effects of
artificial surfaces (e.g., fibreglass, concrete, aluminium)
on biofilms (Anderson 1995) or on fouling assemblages
(e.g., Underwood and Anderson 1994), or have used
sites in Gamay to answer more general questions (e.g.,
Clark et al. 2015). Furthermore, although some studies
used artificial substrate as sampling units, their main

Gamay contains many artificial structures that create novel habitat for the flora and fauna of Gamay.
Here, the brown alga, Ecklonia radiata can be seen growing on the submerged part of a marine
structure in Gamay. Image: John Turnbull www.marineexplorer.org
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objective was to describe or explain patterns found in
natural rocky shores (Anderson and Underwood 1994,
Mayer-Pinto et al. 2016). There are no published studies
conducted on fish assemblages associated with artificial
substrates in either the Georges or Cooks Rivers.

The few studies of fish assemblages on rock walls

have produced mixed results and they tended to make
comparisons to assemblages on nearby subtidal rocky
reefs (as discussed above in the Subtidal rocky reefs).
Fish abundance and species richness were higher, similar,
or lower than natural rocky reefs, and assemblage
structure was either similar or different (Burchmore et
al. 1985, Fowler and Booth 2013, Porter et al. 2018).

On the northern side of the bay, assemblage differences
between smaller rock groynes and sandstone reefs
of a similar size were driven by sub-adult life stages
of numerous species (Fowler and Booth 2013),

while mid-water piscivores were more abundant

on a large revetment wall relative to nearby rocky
reefs (Porter et al. 2018). The mixed results among
studies may be due to the different types and sizes of
rock walls investigated, which differ in their habitat
characteristics. In contrast to other assemblage
parameters, diversity was similar between rock walls
and natural reefs in both studies that investigated

it (Fowler and Booth 2013, Porter et al. 2018).

Only two papers have specifically measured the fouling
assemblages on artificial habitats in Gamay (Knott et al.
2004, Mckenzie et al. 2011). This is low compared to the
number of studies done at the neighbouring estuary,
Sydney Harbour, where > 20 studies have documented
these assemblages and associated ecological processes
on artificial habitats. Knott et al. (2004), in a study that
looked at differences in the subtidal fouling assemblages
between natural rocky reefs and concrete breakwalls,
found that many invertebrate taxa showed clear
differences regarding their cover between the two
habitat types. The total cover of serpulid polychaetes
and ascidians was greater on breakwalls than on natural
reefs. The latter was mainly due to the large solitary
ascidian Herdmania momus. The authors found many
sponges only on natural reefs e.g., Polymastia sp.,
Chondropsis sp., Cymbastela concentrica, Ircinia sp.,
Sponge sp. 1 and Dendroceratid sp., as well as the soft
coral Capnella gaboensis. Oysters were also mainly
found on natural reefs. Only one species of sponge
appeared to cover a larger area on breakwalls than on
natural reefs, but this was not statistically significant.

Gamay was declared a recreational fishing haven in 2002,
bringing to a halt a commercial fishery that operated

for over a century. At the same time, NSW DPI Fisheries
deployed reef balls in three estuaries to enhance rocky
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substrate and recreational fishing opportunities (0.5 m
tall, 80 kg, footprint of 0.45 m?). In June 2006, 180 reef
balls were deployed in six groups on the northeastern
side of Gamay (and in two other estuaries, Lake
Macquarie and Sussex Inlet; Folpp et al. 2013). These
were mostly deployed at the mouth of Yarra Bay, east of
Bare Island in 5-10 m depth. The artificial reefs provided
~80 m?of artificial substrate (30 m* reef volume),
representing a ~16% increase in total area (Folpp et al.
2020). An additional 200 reef balls were deployed west
of Bare Island during 2009. The fish communities on
reef balls are often different among estuaries (Folpp

et al. 2013, Goddard et al. 2021), largely due to the
deployment location being near or far from the entrance
(e.g., Gamay). Nearly half of the fish biomass on the

reef balls in Gamay is based on plankton (the rest on
algal or benthic production), which is similar to the
adjacent coastal reefs (Truong et al. 2017, Holland et al.
2020). In contrast, the reef balls in Lake Macquarie, had
approximately a third of fish community biomass more
evenly based on plankton, macrophytes and detritus.

Mckenzie et al. (2011) investigated the development
of epibenthic assemblages over a 2-year period on
six artificial reefs, each composed of 30 Mini Bay
Reef Balls® deployed in Gamay, Lake Macquarie and
Georges Basin. The authors found a total of 16 taxa
on the Gamay reef, which was the highest number
found among the three deployments. Lake Macquarie
had only four taxa and Georges Basin had nine taxa
in total. Taxa found in Gamay included bryozoans,
ascidians, barnacles, polychaetes, sponges, molluscs
and different types of red, brown and green algae,
including the habitat-forming kelp Ecklonia radiata.

Freshwater habitats

Gamay has two primary rivers feeding into it, the Cooks
and the Georges Rivers. The Cooks River catchment is one
of the most heavily urbanised catchments in Australia,
dominated by commercial, industrial, and residential
areas (92%), with only one small area of bushland within
the Wolli Creek tributary (SMCMA 2011). The lower
reaches of the Georges River catchment are also urban
(Bundury Curran, Cabramatta and Prospect Creeks) but
the upper reaches are in surprisingly good condition
being protected in part by National Parks and the
Holsworthy military areas and remain largely forested
(52% of the catchment is bushland or parks) (SMCMA
2011). The bushland dominated catchment is vital to
the health of the Georges River, particularly in terms

of water quality influencing rainfall events. A coal mine
does, however, also operate in the upper reaches with
discharge into Brennans Creek (Price and Wright 2016).



Water regulation in the catchment has been significant.
The freshwater wetlands around Gamay were used

as a source of freshwater from 1859 up until 1889,
after which these areas dried up due to the use of

this water by industry (SMCMA 2011). The Georges
River is about 96 km long with a catchment of around
96,000 ha and a discharge of >300 GL per year. The
Cooks River is small by comparison, just 23 km long
with a catchment size of 10,900 ha entirely within the
City of Sydney. With a discharge of around 200 GL per
year, the Cooks freshwater reach is nearly entirely
comprised of concrete drainage ditches and much of
the flow occurs through pipes (89% is artificial). The
Cooks River is mostly estuarine whereas the Georges is
estuarine for nearly half its length up to the Liverpool
Weir. Water capture and regulation for drinking water,
agriculture and industry occurred at several locations in
the Georges River Catchment. Some examples include
a weir built at Liverpool to damn the Georges River and
block saltwater intrusion in 1836, the Prospect Reservoir
damned the headwaters of one of the north-western
tributary flows into the Georges River in 1888 and

the Woronora Dam was built in 1941 which contains
water from most of the undeveloped catchment to

the south of the estuary. These structures created
significant barriers to fish passage along the estuaries.

Few studies have investigated the flora and faunal
communities of Gamay'’s freshwater habitats. However,
water quality, benthic diatoms and macroinvertebrates
in Gamay’s freshwater tributaries are monitored by both
the Cooks River Alliance and the Georges Riverkeeper
program. The Georges River is also known to be home
to the endangered Macquarie Perch (Faulks et al.

2011). Other native freshwater fish species known to
occur in the river include several species of gudgeons
(Hammer et al. 2019), galaxids, smelt, Australian bass
(Harris 1985) and long and short-finned eels. Mullet also
migrate upstream but it is unclear how they navigate
the weirs and penetrate into freshwater reaches.
Multiple fish ways have been installed but fish passage
for anadromous and catadromous fishes is of concern.
Far more research is needed examining the freshwater
fishes of the catchment. In the Georges River, platypus
can still be found but they are restricted to an area

near Campbeltown (Hawke et al. 2019). Whilst there
are no formal records of freshwater mussels occurring
in the Georges River, there are reports of First Nations
people of Gamay eating them in the area (Attenbrow
2010b). First Nations people of Gamay are also reported
to have sourced eels and wood boring worms, which
they called cahbro from the upper reaches of the river.

Photo shows the highly modified banks of the Cooks River. An example of traditional
shoreline hardening can be seen on the far side of the river, with the near side showing a
hardened shoreline that has been naturalised using a technique called channel naturalisation.

Image: J. Dahlenburg
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Threats and challenges to Gamay

Gamay'’s long history of exploitation and modification

in conjunction with the enormous changes within the
catchment including land-clearing, industrialisation and
urbanisation since European settlement has left little

of the Gamay ecosystem untouched by anthropogenic
influence (see History of Gamay). Historically, untreated
industrial, commercial and urban waste was disposed of
directly into the bay, its aquifer and tributaries. During
these times, multiple closures of these waterways to
swimming and/or fishing occurred, with the Cooks River
still being considered one of Australia’s most polluted
waterways. As a result, Gamay has been left with a
legacy of contamination. Since European settlement,
pressures associated with urbanisation of the Gamay
catchment have intensified due to population growth
and urban development. Extensive modification of the
bay through dredging, land reclamation and shoreline
hardening has significantly altered the size and shape of
Gamay. Dredging directly removed much of the shallow,
sandy habitats in the bay, whilst associated changes to
the bay’s bathymetry have hydrodynamics and sediment
movement in the bay. The construction of Port Botany

(and later expansion to increase transport capacity)
required land reclamation and shoreline hardening
which not only significantly modified the shape of Gamay
but also encouraged connectivity between Gamay

and the rest of the world. This has led to changes in
circulation and an increased likelihood of exotic and
non-indigenous species being detected in Gamay. At
the time of writing, there are multiple infrastructure
development projects in the proposal phase for Gamay,
suggesting that the habitats and communities of Gamay
will likely continue to face threats and challenges
associated with human activities well into the future.

In this section, we review and present what is currently
known about these threats and challenges. We then
use the results of our systematic literature review
process to discuss how these threats and stressors
relate specifically to Gamay, and present what we
believe to be the most concerning gaps in our current
knowledge. Further discussion of the threats facing
Gamay can be found in the NSW Government’s threat
and risk assessment for the Hawkesbury Shelf Marine
Bioregion which incorporates Gamay (BMT WBM 2015).

Sandy beach and public foreshore reserve, Gamay Botany Bay National Park, with adjacent
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wharf installation and commercial shipping. Image: RJ Whittington, University of Sydney.




Contamination

Sediment contamination

Industrial discharges, until regulation in the 1970s,
have caused an accumulation of legacy contaminants
in Gamay. Sediments in Gamay and Georges River

are contaminated with heavy metals, polyaromatic
hydrocarbons and phosphates that often exceed levels
in other Australian estuaries (Brown and Maher 1992,
Birch 1996, Hayes et al. 1998, Spooner et al. 2003,
Albani and Kollias 2005). Birch (1996) found that copper
(Cu), zinc (Zn), nickel (Ni) and lead (Pb) are concentrated
in the upper reaches of the estuary and bay ends,
while the lower reaches and mouth areas tend to be

at background levels. The uncontrolled discharge of
waste from manufacturing into Salt Pan Creek created
a significant contaminant hotspot (Alyazichi et al.
2016). Inputs from point and non-point discharges of
stormwater provide an ongoing source of dissolved
and gross pollutants. Recent subtidal sediment cores
found Cu (0—-30 ug/g in the bay and 20-149 ug/g in the
river), Pb (2-27 ug/g in the bay and 3-98 ug/g in the
river) and Zn (6—210 ug/g in the bay and 15-330 ug/g
in the river) concentrations to be highest around the
Caltex Wharf and lowest at Brighton-Le-Sands (Dafforn
et al. 2012). Metal concentrations were generally lower
further up the river towards Bottle and Glass Head,
while Cu was highest in the Kogarah Bay storm drain
and Pb/Zn were highest at Horse Rock Pt. Sources of
polycyclic aromatic hydrocarbons (PAHs) in Gamay are
likely combustion products entering through point
discharges from marinas and boating activities as well
as more generally through atmospheric fallout (Brown
and Maher 1992). Individual PAH concentrations range
from <0.1-5600 ug/kg indicating levels that exceed
ANZECC sediment guideline values in some locations
(Simpson et al. 2007). The highest contaminant values
are associated with finer grain sizes and organic matter
suggesting that the distribution of these contaminants
after entering the estuary and bay are influenced

by sedimentation processes. The distribution of
contaminants is strongly influenced by sediment size
and hydrodynamic processes in Gamay resulting in
reduced ecological risk in the bay and enhanced risk

in low-energy areas of Cooks River estuary and some
tributaries of Georges River (Birch et al. 2022).

Extensive research has been undertaken on sediment
quality in Penrhyn estuary (AGEE and Woodward Clyde
1990, Kinhill Engineers 1990, Kinhill Engineers 1991,
Woodward-Clyde 1996, URS Australia 2004b). Here,
concentrations of mercury in sediments were found

to exceed ANZECC (2000) Interim Sediment Quality
Guidelines ISQG in samples collected in December
2003 at most sites within Penrhyn Estuary, with

concentrations up to 183 mg kg®. Mercury was not
detected in sediments collected in the outer estuary
near the derelict groyne and jetty (URS Australia 2004b).
The maximum chromium concentration was 130 mg kg™,
exceeding the ANZECC (2000) ISQG-L guideline value,
but the mean concentration of chromium was

17.3 mg kg*. Hexachlorobenzene (HCB) has been
recorded in concentrations up to 2.2 mg kg, ANZECC
(2000) has no guideline for this compound (URS Australia
2004b). The semivolatile CHC hexachlorobutadiene
(HCBD) is likely present in sediments, but there are no
data on current sediment concentrations in Penrhyn
Estuary. These semivolatile CHCs adhere to sediment
particles and have the potential to accumulate in
sediment ingesting benthic invertebrates, fish and

other aquatic animals. Sediment sampling has also been
undertaken in the Scarborough Ponds and these were
found to exceed ANZECC guidelines for a number of
heavy metals (see SMCMA 2008). The likely source of the
heavy metals is from past industrial practices (tanneries,
electroplaters) and current urban stormwater runoff.

Water contamination

The impervious nature of the Gamay catchment
means that stormwater often runs quickly and

directly into the main river channel and eventually
into the bay, bringing with it all the usual pollutants
and nutrients (Tippler et al. 2012). Rainfall induced
urban runoff produces periodic stressors to planktonic
communities, influencing phytoplankton and bacterial
communities, that may cause cascading impacts to the
pelagic foodweb. At Foreshore Beach within Gamay,
stormwater inputs and periodic wet weather sewer
overflow events are the principal drivers of changes in
planktonic bacterial communities. Notably, Carney et
al. (2019, 2020) revealed strong correlations between
stormwater input and the relative abundances of
enteric bacterial genera belonging to the Arcobacter,
Acinetobacter, Bacteroides, and Cloacibacterium genera,
with some of these organisms representing potentially
dangerous human pathogens. This is consistent

with the data collected in the regional water quality
monitoring program Beachwatch, which uses Faecal
Indicator Bacteria (FIB) and has revealed that this site
is regularly characterised by high FIB counts, indicative
of sewage-associated microbial contamination.

Additional work by Carney et al. (2020) also revealed
that the shifts in microbial communities associated

with stormwater and wet weather sewage over-flow
events coincide with significant increases in bacteria
possessing antibiotic resistance (AbR) genes, which
represents a potential human health risk for recreational
users of Gamay. Cumulatively, this body of work
indicates that run-off from stormwater, which in this
system is occasionally contaminated with sewage, can
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influence the composition of bacterial assemblages
within Gamay, leading to a shift in the community

from archetypal marine genera to enteric bacteria,
which potentially threatens both the ecosystem and
human health. Sewage impacts on intertidal organisms
in Gamay have also been detected, with proximity

to a shoreline sewage outfall on Kurnell Peninsula
affecting the abundance of some intertidal organisms
on adjacent rocky shores (Bishop et al. 2002). This study
also highlights the potential for contamination sources
outside the bay to influence communities within Gamay.

There are several deep groundwater plumes up the
gradient of Penrhyn Estuary and Gamay characterised
by high concentrations of ethylene dichloride (EDC). The
Southern Plume is currently discharging approximately
350 m? day* of contaminants, mainly EDC and TCE

into the intertidal areas between Springvale and
Floodvale drain channels with representative surface
concentrations of EDC in the range of 1.1 to 0.019 mglL?
and concentrations at 2 m depth ranging from 0.112 to
19.2 mglL*. The maximum concentration of EDC occurs
at low tide, when there is no dilution by seawater, and
is at a minimum at high tide. Similar trends occur for
other contaminants. It is estimated that approximately
0.2 kg day? of volatile chlorinated hydrocarbons (CHCs)
enters Penrhyn Estuary from the Southern Plume (URS
Australia 2004a). Modelling has demonstrated that
reduction of ethene compounds in the intertidal zone
is due largely to dilution with seawater within a zone
of groundwater diffusion rather than degradation of
the compounds in situ. The Northern Plumes extend

in a southwest direction from Botany Industrial Park
and have core concentrations of EDC in the range of
100 to 200 mgL™. Its front, with EDC concentrations of
10 mglLtis about 300 m wide at present. The Central
Plume was predicted to discharge in the intertidal
zone between Floodvale and Springvale drains by
February 2006 and is the focus of Orica’s groundwater
interception activities. It has higher core concentrations
of volatile halogenated compounds (VHCs) compared
to the southern plume (greater than 5000 mgL?) and
therefore potential to result in higher concentrations
being discharged to the estuary. Interception and
treatment of the central plume is the focus of the
current cleanup activities and of this report.

Biota contamination

Heavy metals have a significant effect on benthic
macrofauna (Chariton et al. 2010, Dafforn et al. 2013,
Birch et al. 2018) and microbial communities (Sun et
al. 2012, Sun et al. 2013) in estuaries in the Sydney
basin, including Gamay. Specifically, copper pollution
affects cumaceans, amphipods, and spionid, syllid and
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capitellid worms (Morrisey et al. 1995, 1996). Cooks
River has the most contaminated sediments in the bay.
Toxicological studies have characterised them as ‘highly
toxic’, meaning that they increase death of infauna by
20 times in comparison to a reference site (McCready
et al. 2004). Metal contamination has been detected

in beaches, but minimal effects of these contaminants
were observed on fish communities (McKinley et al.
2011), while there have been no assessments of their
effects on infaunal communities in these habitats.

Multiple studies have identified the presence of
contaminants in fish and invertebrates in Penrhyn
Estuary, particularly hexachlorobenzene (HCB) and
mercury (The Ecology Lab 1995, 1998). HCB was
detected in every species of fish, in a total of 88%

of individuals, with sea mullet having the largest
concentrations (maximum: 0.479 mg kg-' ww), followed
by silver biddy (0.340—0.343 mg kg-' ww; The Ecology
Lab 1998). Mercury was detected in the muscle tissue of
sea mullet, silver biddy, dusky flathead and bream. The
presence of contaminants in fish tissue have also been
detected in fish in the Georges River, with fishing now
banned in some parts of the Georges River and all of the
Cooks River due to significant health concerns (Roach
and Runcie 1998). Experimental research undertaken
at Cape Banks has shown that chemical disturbances
can negatively impact rocky intertidal communities,
both directly by reducing the abundance of organisms,
and indirectly by reducing biofilm food availability

in intertidal habitats (Mayer-Pinto and Ignacio 2015,
Mayer-Pinto et al. 2015b, Mayer-Pinto et al. 2016).

Habitat modification

Gamay has undergone enormous levels of modification.
By the 1980s, over 12 km (approximately 20%) of
Gamay'’s shoreline was already composed of artificial
substrata in the form of rock groynes, revetment walls,
training walls and wharves (SPCC 1981d). Substantial
areas of the bay have been converted into land (e.g.,
Port Botany, Sydney Airport runways) with the loss

of seagrass, mangroves, saltmarsh, intertidal and
subtidal soft sediments and the water-column (see
Artificial substrates). The loss of these habitats has
had direct costs for the ecological functioning of the
bay and negative effects on the cultural, social and
economic values of these habitats. Visual estimations
from Google Earth suggest currently, however, this
value sits closer to 40% of the shoreline (excluding
Georges and Cook Rivers) now consisting of artificial
substrate. This value is likely to increase over time

as properties along the shoreline install seawalls to

try and protect their assets from rising sea levels.
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Numerous small artificial structures have also altered
the biological diversity, the localised habitats and
movement of water and sediments (e.g., groynes, pier
pilings, jetties, pontoons, marinas) of the bay. Although
less intrusive than the large-scale modifications, these
small-scale modifications are becoming more frequent
and have small-scale effects as well as potentially
cumulative effects. Infaunal communities in sediments
2 m from a breakwater in Gamay were observed to

be different to those 10—13 m from the breakwater,
indicating effects of foreshore infrastructure on the
ecology of surrounding sediments (Barros 2005). It is
unclear, however, what those community changes are,
the full extent of these effects around the structure,
and the generality of these findings (as this study was
done in only one location). Moreover, it is unclear if
the effects of foreshore infrastructure on surrounding
sediments are similar to those observed for natural
habitats such as rocky shores (Barros et al. 2001, Barros
2005) and oyster reefs (Bugnot et al. 2022) in Gamay.

Dredging of the bay’s shipping channels has also
affected the connectivity of the bay (see Hydrology
and oceanography). Estimates from the 1980s,
indicated 550 ha of the bay had been dredged and

140 ha reclaimed, together representing about 15%

of the bay area having been modified (Jones 1981).
Since then, a further 220 000 m?® has been dredged
and 63 ha reclaimed for the Port Botany expansion
(URS Australia 2009b, Davies and Mcllquham 2011).
Dredging and land reclamation practices have had
detrimental impacts on the beaches in Gamay that
have required interventions including extensive sand
nourishment and the construction of rock groynes to
maintain their shorelines (Aijaz and Treloar 2003, Frost
2011). Furthermore, in the case of Currewol and Yarra
Bay, the construction of the adjacent port revetment
wall may have amplified the erosive effects of the
storms in 1974 and 2016 by reflecting waves onto
previously sheltered shores (McGuinness 1988, Gallop
et al. 2020). Beaches in Gamay can take decades to
recover lost sediment, while some (e.g., south end of
Lady Robinsons) have struggled to recover and persist
as eroding storm-relicts (exhibit negligible recovery
between storms) (Fellowes et al. 2021). In comparison,
Congwong, Little Congwong and Towra Point present
quasi-stable behaviours (limited decadal-scale change).
Currewol, Yarra Bay and Kurnell showed retreating
behaviours (partially recover between storms) (Fellowes
et al. 2021) before groyne construction and stitching to
quasi-stable after, and the north end of Lady Robinson
that is now sheltered by the Airport is prograding
(shoreline migrating seaward) (Fellowes et al. 2021).

Dredging has changed the depth of subtidal sediments
(Sydney Metropolitan Catchment Management
Authority 2008), as well as the grain sizes, shifting once
sandy sediments to muddy, and driving reductions in
biodiversity and abundance of infaunal communities
(Jones 1981, Jones and Candy 1981). Dredging is

a strong disturbance, which completely depletes
sediment infauna over short time frames, and even
though there is some evidence of recovery one year
after dredging, particularly in sandy sediments, it is
unclear whether full recovery is achieved (Wilson
1998). Interestingly, it seems that dredged areas at the
mouth of the bay might be having a positive effect on
infauna biodiversity, possibly by creating deeper areas
more protected from waves (Jones and Candy 1981).

Dredging can resuspend sediments in the pelagic
environment of Gamay, some of which contain high
levels of heavy metals, which in turn impact filter
feeding invertebrates (Hayes et al. 1998). Habitat loss
and degradation associated with dredging and land-
reclamation practices have also likely had a negative
influence on wild oyster reefs in the bay (Esquivel-
Muelbert et al. 2022, Beck et al. 2011, Gillies et al.
2020, Reid and Bone 2020), where populations have
not recovered despite fishing restrictions being in place
in Gamay since 2002. Dredging also likely led to the
destabilisation of seagrass beds in Gamay, resulting

in significant fragmentation and declines (Larkum
1976a, Reeds 2018, Blount 2019). More recently,
configuration dredging in the entrance to the bay in
1980 to 1990 led to increased wave-action along the
exposed Southern shoreline of the bay, negatively
impacting seagrasses around Towra Point (Larkum
1976a). Groynes built from 1990 to 2010 have acted to
stabilise the seabed along Silver Beach on the southern
side of the bay (Blount 2019), whilst modification of
the configurational dredging in the entrance to the bay
following 1990 alleviated some of the severe wave-
action on southern side of the bay following that date.

Artificial structures (e.g., boating-related infrastructure)
create and modify environments by modifying

natural habitats and introducing novel habitats for
marine communities. They can also negatively impact
communities if habitats are changed or altered to the
point where those communities can no longer persist.
Boat moorings are ubiquitous in sheltered bays and
embayments in urban areas and can have significant
negative impacts on marine communities (Glasby and
West 2018, NSW Department of Primary Industries
2020). Seagrass loss can occur in the regions directly
surrounding moorings as heavy chains attached to the
mooring scour the benthos as the boat moves on the
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surface (Demers et al. 2013, Glasby and West 2018).
This process can fragment seagrass meadows

and reduce their resilience to other stressors
(Demers et al. 2013). Similarly, shading from

marine infrastructure (e.g., jetties and pontoons)
can restrict the growth of macrophytes and if
persistent for long periods of time and may lead to
permanent loss (Fitzpatrick and Kirkman 1995).

At present, most of the permanent moorings, jetties and
pontoons in Gamay are in the Georges River, with few
occurring in Gamay’s main bay. At the time of writing,
however, the NSW Government has multiple boating-
related developments for Gamay in the proposal phase.
Gamay has been identified as the most viable location
to construct a third international cruise ship terminal
for Sydney (NSW Government 2018). Also, a proposal

is currently being put forward to construct wharves on
Gamay’s north and southern headlands to accommodate
commuter ferries (Fay and Linkhorn 2021).
Developments such as these will likely place additional
pressure on many ecological communities and habitats,
either directly via the removal or degradation of habitats
and/or shading from permanent infrastructure, or
indirectly via artificial light, sedimentation, turbidity

and altered circulation patterns (Fay and Linkhorn

2021). Propeller wash from ferries and other vessels
using the wharfs can also create scour channels which
harm and destroy nearby habitat and their associated
fauna, with many habitats unable to re-establish with
continuous vessel usage (Fay and Linkhorn 2021).

Human recreational activities such as walking or

the use of recreational vehicles are common in the
coastal wetland habitats in Gamay. These activities
directly impact habitat by changing the topography
of the saltmarsh surface causing mounds and ruts,
and altering drainage patterns (e.g., salinity and
waterlogging). They can also cause significant damage
to vegetation and disturb/kill macroinvertebrates and
shorebirds (Clarke 1993, Ross et al. 2009, Adam 2010).
Indirectly they can also impact macroinvertebrate
recruitment and larval supply from these habitats into
estuarine waters which can affect fisheries production
(Mazumder et al. 2006, Ross 2006, Taylor et al. 2018).

In addition to the physical impacts to habitat discussed
above, there have been modifications to some habitats
that although not as obvious, have nonetheless

been detrimental to some ecological communities.
Foreshore development within Penrhyn Estuary, in the
north of Gamay, has increased disturbance generally

to shorebirds by increasing noise, artificial light and
visual amenity. Changes to turbidity and flushing have
also modified subtidal habitats in these areas (see
Nutrients and turbidity for further details on this threat).
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Habitat modification has also removed environmental
signals for recruitment in Gamay, this can lead to an
urbanised fishery based on higher trophic level bream
and predatory sportfish, rather than prawns and
planktivores (Taylor and Suthers 2021). With increasing
urbanisation in Gamay, fish recruitment will likely
continue to be supplemented by semi-annual restocking
of hatchery reared, juvenile fish (e.g., mulloway, kingfish,
flathead; Becker et al. 2022), with further artificial

reef deployment also highly likely, particularly in the
broad areas of unconsolidated sandy sediments.

Changes to hydrology and
circulation

The enormity of modifications to Gamay’s shoreline
and its main basin from dredging has not only led to
the requirement for regular beach nourishment at
many of Gamay’s beaches to mitigate erosion (see
Soft bottom and beach habitats) but has also led to
massive alterations to natural flushing. Circulation
and flushing not only control how effectively poor-
quality water (in terms of nutrient levels, dissolved
oxygen and contaminants) around point sources of
pollution or stormwater inflows can be dispersed

and ultimately transported out of the bay and into
the ocean, but also the efficiency of critical inputs to
some habitats. The sustainability of seagrass beds, for
example, is as much reliant on good water quality as
it is on the dispersal of seeds into previously occupied
areas that may have been destroyed by storms.
Likewise, fish and invertebrate communities can be
dependent on water quality and larval supply.

The effects of changes to hydrology and circulation in
Gamay that are a consequence of modifications to its
shoreline are most evident in its northwestern parts
where extensions to Sydney Airport’s runways and
port arms have created obstructions to circulation
and pockets of less well-flushed water. The historical
losses of large beds of seagrass at Foreshore Beach
(see Seagrasses) are the most obvious example of
the potential consequences of this type of threat.

Neo biota: exotic and non-
indigenous species in Gamay

Gamay supports extensive maritime industries and

is home to one of the largest container ports in NSW
(Port Botany). Gamay is accessed by international and
inter-state shipping, making its ecosystems vulnerable
to marine invasive species. These non-indigenous
species are likely to be introduced to the port by

one of three mechanisms: 1. directly to the port by



ships using the port, either in ballast water or by hull
fouling; 2. by domestic translocation via fishing and
recreational vessels; or 3. by natural range expansion
of species introduced to other parts of the south-
eastern coast of the Australian mainland. One study
undertaken in Port Botany, interestingly found only
one Australian Ballast Water Management Advisory
Council target for introduced marine pest species,
the toxic dinoflagellate Alexandrium sp. (Pollard and
Pethebridge 2002). An additional 33 introduced and/
or cryptogenic (i.e., status unknown) species were,
however, also detected. These included two species
of algae, two species of polychaetes, four species of
hydrozoans, one anthozoan, ten species of crustaceans,
thirteen species of bryozoans and one ascidian.

Whilst shipping related activities remain a major avenue
for the introduction of species into Gamay, the artificial
substrate of infrastructure related to shipping activities
can also foster the establishment of non-indigenous
species. Little information currently exists on the

type, extent and proportion of exotic and invasive
species specifically inhabiting artificial substrates in
Gamay, however, artificial substrates in other regions
have been found to harbor disproportionately high
abundances of exotic invertebrate species (Sheehy

and Vik 2010). If structures in Gamay develop

similar assemblages, the removal and transport of
existing structures, as well as the addition of new
structures, may increase the spread of such species.

In comparison, despite being less susceptible to

pest invasion than hard substrata, introduced and
cryptogenic species have been recorded in sediment
habitats in Gamay (Pollard and Pethebridge 2002).
Caulerpa taxifolia is an introduced green alga which
when it was first introduced was particularly abundant
in Quibray Bay (Glasby 2013), although also occurred
in other areas including along Silver Beach. C. taxifolia
is still present in Gamay, but not abundant. C. taxifolia
can substantially change the habitat provided by
unvegetated sediment, impacting the structure and
function of faunal assemblages (Gribben et al. 20093,
Gribben et al. 2009b). The impacts of C. taxifolia also go
well beyond its beds because its decomposing fronds
negatively affect macroinvertebrate assemblages

in unvegetated sediments in Gamay (Taylor et al.
2010, Bishop and Kelaher 2013b). Experiments in
Quibray Bay and in Port Hacking demonstrated,
however, that although C. taxifolia grew amongst
seagrass and was occasionally more abundant in
areas that had previously been colonised by seagrass,
the alga was not directly impacting seagrass and
instead was an opportunistic invader that primarily
colonised non-vegetated areas (Glasby 2013).

The European green crab (Carcinus maenas) is
another introduced species and has been recorded
in sediment habitats in many estuaries in southern
NSW and, historically, in Gamay (Pollard and
Pethebridge 2002). C. maenas is a generalist benthic
predator that has impacted aquaculture and native
species overseas (Garside et al. 2014). The current
impact of C. maenas in Gamay is negligible, as
recent surveys failed to find any individuals (Pollard
and Pethebridge 2002). Its potential threat will
decrease in the future as the range of C. maenas
shifts further south in response to ocean warming.

The non-native Pacific oyster Crassostrea gigas (also
named Magallana gigas) is present within Gamay.
The exact arrival of C. gigas to Gamay remains
unclear, however Pacific oysters were likely illegally
introduced for aquaculture and have been present
in NSW estuaries in low abundances from 1967
(Medcof and Wolf 1975, Scanes et al. 2016).

There are also several species of introduced
polychaetes that have been found in Gamay including,
Boccardia chilensis and Capitella capitata (Pollard

and Pethebridge 2002). Originally from California,

C. capitata is relatively common in Gamay, particularly
in organically enriched sediments. C. capitata is part
of a complex set of sibling species with different
reproductive modes (Grassle and Grassle 1976). Taking
advantage of reproductive flexibility, populations of

C. capitata can grow rapidly. As C. capitata is a non-
selective subsurface deposit feeder, its burrowing
activities contribute to the biomineralization

of organic matter in enriched sediments.

The most recent known introduced species in Gamay is
the polychaete Sabella spallanzanii, which was detected
in 2013 on rocks and dead shells near the mouth

of the bay in 10—-12 m of water (Murray and Keable
2013). Subsequent surveys have detected the species
on a range of artificial substrata throughout the bay,
although it is relatively uncommon (DPI unpublished
data). The species is, however, capable of colonising
large areas of soft sediment, modifying the composition
of associated macrofauna and microphytobenthos and
indirectly affecting nutrient cycling (Ross et al. 2013).

The introduced Spiny Rush Juncus acutus has
also been found in wetlands in Gamay where it
displaces the Native Rush, Juncus kraussii and
changes saltmarsh dynamics (Harvey et al. 2011).
Invasive fish species are also a significant threat
in Gamay, with European Carp (Cyprinus carpio)
and Mosquito Fish (Gambusia holbrooki) present
in the freshwater reaches (Sydney Water 2018) as
well as invasive gastropods (Shield et al. 2014).
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Pathogens and disease

Gamay is a well-connected and highly modified bay,
with an extensive history of human interference,
making it highly susceptible to pathogens and disease.
Intense urbanisation of coastal areas often results

in microbial communities associated with human
waste entering coastal waterways. In Gamay, storm
events were found to increase microbial diversity

in the sediments of Foreshore beach (Carney et al.
2019). An increase in human pathogens in sediments
was also detected after storm events (Carney et al.
2020) (see Contamination for more details). Algal and
cyanobacterial contamination has also been registered
after rainfall in waters from Foreshore Beach, and

in lower levels in Oatley Bay Baths and Crass Point
Baths, with Foreshore Beach classified as the least
swimmable beach in Gamay (State of NSW 2019).

Harmful algal blooms are a threat to the aquaculture
industry, recreational fishing and ecosystems in
Gamay, as they can lead to deaths of marine life.
Species producing harmful toxins occur 10-30 times
per year at detectable levels (Ajani et al. 2013)

and high biomass blooms of other phytoplankton
species (Murray and Suthers 1999, MclLennan et al.
2021) are also common. Blooms of the paralytic
shellfish toxin (PST) producing species Alexandrium
pacificum (as A. catenella) occur regularly in Gamay,
including up to 10° cells L, a level which results in
PST uptake into shellfish and the closure of shellfish
harvesting (Murray et al. 2011). Cysts of this species
have also been found in the area (Tian et al. 2018).

Diseases and parasites have been a major source of
oyster mortality in Gamay, both within wild oyster
reefs and aquaculture populations, with the two often
situated in close proximity. The principal problems are
mudworm, QX and winter mortality in S. glomerata and
ostreid herpesvirus in C. gigas. Little is known about the
source of these pathogens or their exchange between
wild and cultivated oysters. Mudworm (Polydora
websteri) was first recorded in S. glomerata in Gamay
in 1888 and is thought to have been introduced with
oysters from New Zealand (Nell 2001). The larvae of
this polychaete form cavities in oyster shells increasing
susceptibility to stressors and often causing mortality in
the oyster (Nell 2001). Some claim that the mudworm
was responsible for the loss of all subtidal oyster

reefs in NSW coast including in Gamay (Nell 2001,
Ogburn et al. 2007). These claims, however, need to

be balanced with the impacts of overharvesting.
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The disease named ‘winter mortality’ was first observed
in S. glomerata in Gamay around 1920 (Roughley 1922)
and its cause, although probably infectious, remains
unclear. QX (short for Queensland Unknown) disease,
which is caused by a protistan parasite, causes major
economic losses in S. glomerata. These species have
served as a major selective pressure on oysters in
Gamay, with wild S. glomerata displaying low genetic
diversity relative to hatchery-sourced aquaculture
stock (Thompson et al. 2017a). To address disease-
mortality of aquaculture stock, adaptive husbandry and
selective breeding of oysters resistant to QX disease
and winter morality have been used based on natural
exposure to disease in Gamay (reviewed in Reid and
Bone 2020). The products of research into QX disease
conducted in Gamay have been exported to oyster
producers throughout NSW (Dove et al. 2013).

Government-approved, commercial production of
functionally sterile triploid C. gigas, otherwise an
introduced pest species, escalated in Gamay as a
replacement for disease-prone S. glomerata. However,
within a few years C. gigas was afflicted by ostreid
herpesvirus (OsHV-1) (Jenkins et al. 2013). Research

has identified an environmental source of the virus,
including planktonic carriers of the infection, warmer
water, husbandry responses and the exchange of
infection between wild and cultivated oysters and other
invertebrates (reviewed in Whittington et al. 2018,
Whittington et al. 2019). A national breeding program
to develop OsHV-1 resistant oysters is also centred in
research in Gamay (Australian Seafood Industries 2017).

Apart from the mass mortalities of sea urchins recorded
in the 1980s and summarised by Reid (2021), most
information associated with stressors and threats

to sea urchins in subtidal habitat in Gamay must be
gleaned from studies elsewhere. The exception to
this is a long-term study on the increase in prevalence
of the opportunistic pathogen, Vibrio anguillarum,

on H. purpurascens that positively correlates with
increases in sea surface temperature in the bay
(Sweet et al. 2016). Transmission of the pathogen is
also temperature-dependent for H. purpurascens

and H. erythrogramma, suggesting that any observed
increases in disease in these species are likely to
increase at a greater than linear rate in the future
(Sweet et al. 2016). Recent research has also shown
that changing environmental conditions can disrupt
host-pathogen interactions in macroalgae, having
significant implications for algal health on subtidal
reefs in Gamay (e.g., Campbell et al. 2011, Campbell
et al. 2012, Fernandes et al. 2012). Any future declines
in kelp or algae in subtidal habitat at Gamay is also
likely to be coupled with a decrease in health of the
urchins residing in the bay, and potential mortality.



Recreational fishers can often be seen fishing along the shores of Gamay.
Image: John Turnbull www.marineexplorer.org

Fisheries in an urban estuary

An 1880 Royal commission into the state of
Australian fisheries identified Gamay as Sydney’s
most productive fishing ground, but also stipulated
that without legislation this would likely be short
lived. In response to this in 1881 the Fisheries Act was
introduced. Commercial fishing continued in Gamay,
however, until 2002 when the bay was declared a
Recreational Fishing Haven (RFH). This action reflected
the importance of recreational fishing within the

bay. Since the declaration of the RFH, it is likely that
recreational fishing in the bay has grown in popularity.

The recreational fishing community within the bay is
quite engaged in efforts to improve fish stocks and
habitats, supporting a variety of efforts in this space.

This ethos and a focus on catch-and-release, provides
the basis for ongoing opportunities for effective
management within the bay. But of course, there
remain challenges as even catch-and-release fishing
within the bay has been shown to be associated with
significant post-release mortality (about 30%) and

hold time seems important. Popular species such

as snapper and bream tended to die within 3 hours

of release while trevally and flathead mortality was
somewhat more delayed, extending out over 4 days
(Broadhurst et al. 2005). There is also more general
evidence that overall anthropogenic activity, as occurs
within Gamay and the greater Sydney region in general,
can have negative effects on the occurrence of a key
recreational fisheries species, snapper (Rees et al. 2021).
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The collection of intertidal organisms in NSW is
regulated but remains difficult to enforce, meaning
that little is known about the ecological implications
the removal of these organisms may have on biotic
interactions and wider ecosystem functioning (but
see Kingsford et al. 1991, Monteiro et al. 2002).

At Cape Banks, the area from the bridge to the
Endeavour Light House at the Henry Head and

100 m seaward from the mean low water mark is an
Aquatic Reserve covering c. 20 ha (NSW Department
of Primary Industries ND). Within the reserves, the
collection of marine invertebrates or empty shells is
prohibited, except abalone and rock lobsters (NSW
Department of Primary Industries ND). Of the marine
vegetation, only sea lettuce and bait weed can be
collected (NSW Department of Primary Industries
ND). Gamay is, however, impacted by occasional
illegal collection, with Fisheries Officers recording
469 offences in the past 10 years (2011-2021, data
extracted 30.11.2021) in the areas of Cape Banks,

La Perouse, Bare Island and Inscription Point. All
offences were related to the collection of intertidal
invertebrates, with some offences related to multiple
activity types. The most common items seized were
Turban snails and sea urchins, although other items
(e.g., other molluscs, crabs, fish) were found as well.

Nutrients and turbidity

The Gamay catchment contains a mix of bushland

and rural areas, largely to the southwestern side

of the catchment as well as urban areas, including
commercial, industrial and residential areas, primarily
focused in the Lower Georges River Catchment, the
Cooks River catchment and areas draining directly
into the Gamay. Although a large proportion of the
catchment is still bushland (42%) and parkland (5%),
historical changes to land-use in the catchment have
affected run-off and groundwater and had flow on
effects on sediment and to a lesser degree nutrient
levels within Gamay (as seen elsewhere in the world —
Roberts 2007; catchment modelling by SMCMA 2011).

NSW Office of Environment and Heritage determined
that indicators of good ecosystem quality for coastal
estuary/embayments would be high water clarity, low
Chl-a concentrations and very small amounts of green
nuisance macroalgae among the seagrass (SMCMA
2011). Gamay currently meets condition thresholds for
both Chl-a (annual average of 1.9 mg/L) and turbidity
(annual average of 1.3 ntu) although for Chl-a the
current value sits exactly on the threshold, indicating
the system is at best close to transitioning to a slightly
to moderately disturbed state. The value and buffering
capacity of remaining bushland is vital to the water
quality of Gamay as is the control of nutrients and
sediment input from all of its catchment’s land uses.
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Climate change

Sea-surface temperature rise

Gamay is located off the south-eastern coast of
Australia, a region experiencing accelerated oceanic
warming associated with climate change (Ridgway 2007).
Estuaries in eastern Australia are generally warming
even faster than this, with urbanised catchments
showing some of the most significant warming (Scanes
et al. 2020). Warming temperatures have the potential
to alter the structure of marine food webs as species
expand or contract their ranges as they track changing
thermal gradients. Ocean warming can also affect
macroalgae directly (e.g., affecting their morphology
or physiology) and/or indirectly, through changes to
ecological interactions with other species, such as
herbivores and microbial pathogens (Campbell et al.
2011, Campbell et al. 2012). Temperature increases
are perhaps less likely to be an issue for seagrasses in
Gamay given that the species are not near the edges
of their geographical (thermal) limits. Interactive
effects of warming and other human stressors are,
however, also of concern (Nguyen et al. 2021a).

Acidification

Anthropogenic activities have increased the amount
of carbon dioxide entering the atmosphere, with
around 25% of emitted carbon dioxide entering oceans
(Canadell et al. 2007). In the ocean, the carbon dioxide
reacts with water to produce carbonic acid which
decreases the pH (and increases the acidity) of the
ocean (Sabine et al. 2004). A recent study (Scanes et al.
2020) found that estuaries in Australia were acidifying
(pH decreased) faster than was projected by the IPCC
(0.00625 pH units year™, pH 7.7) for the year 2100 under
“business as usual” emission scenarios for the open
ocean (Stocker 2014). The study identified seagrass
cover and increased nitrogen loads as drivers of pH,
with estuaries with high seagrass cover acidifying at

a slower rate (Scanes et al. 2020). Seagrass and algae
increase the pH of estuarine waters as they use carbon
dioxide and nutrients to photosynthesise, thereby
slowing or potentially mitigating ocean acidification

in estuaries. Unfortunately, however, extensive
modification of Gamay has led to significant declines in
seagrass cover likely reducing the capacity for Gamay
to withstand the impacts associated with acidification.

The change in oceanic carbon chemistry associated
with ocean acidification is particularly harmful for
calcifying organisms, negatively impacting their survival,
calcification, growth and reproduction (Havenhand et al.
2008, Ross et al. 2011). In Gamay, ocean acidification
together with inflow of mineral acidification from

acid sulphate run off impairs the ability of oysters to



make their shells and grow, as these agents perturb
the carbonate conditions required for calcification
(Parker et al. 2010, Parker et al. 2013, Fitzer et al.
2018). When combined with ocean warming, these
effects are also likely to manifest in altered sex ratios
and microbiomes of S. glomerata (Parker et al. 2018,
Scanes et al. 2021). This will have direct implications
for the ecology of Gamay as oysters are important
drivers of ecosystem functioning there. Ocean
acidification is also likely to reduce the economic
benefits associated with oysters, as production is
reduced and estuarine condition declines (O'Connor
and Dove 2009, Parker et al. 2009, Ross et al. 2011).

Sea-level rise

In Sydney, sea level is rising at a rate of between

0.65 (+0.05) mm yr (using data from 1886 to 2010)
and 0.98 (+ 0.07) mm yr* (using data from 1914 to
2010) (White et al. 2014). This sea level rise will have
the greatest influence on intertidal communities

in Gamay, particularly where the landward side is
experiencing urban encroachment. “Coastal squeeze”
as this is called, is likely to have a significant impact
on saltmarsh habitats, for whilst mangrove forests
have the room to expand landwards, saltmarshes
experience the dual stress of mangrove encroachment
and sea level rise (Townend and Pethick 2002, Loarie
et al. 2009, Saintilan et al. 2019). If inland movement
of saltmarsh cannot occur, then there will be a spatial
decrease of saltmarsh vegetation which will limit

the number of macroinvertebrates and crabs which
are associated with the vegetation (Ross and Adam
2013). In comparison, Schaefer et al. (2020) found
that even under extreme climate change scenarios
sea-level rise is not expected to significantly diminish
the extent of the intertidal rocky shore habitat at
Cape Banks on Gamay'’s northern headland.

Increased frequency of storms
and extreme climate events

Climate change is predicted to increase the frequency
and severity of storms and extreme events (Cai et al.
2014, IPCC 2014, Cai et al. 2015, Oliver et al. 2018).

On the western coast of Australia, a marine heat

wave (MHW) had a detrimental effect on subtidal reef
habitats, causing local extinctions of habitat forming
kelp and shifting distributions of other macroalgae

as well as associated invertebrate and fish species
(Wernberg 2021). Whilst Gamay has not experienced an
extreme weather event such as what occurred on the
west coast, weather associated with El Nifio events was
found to affect the condition of canopy forming kelps,
which in turn negatively influenced the abundance of
an associated herbivorous gastropod (Ettinger-Epstein
and Kingsford 2008). Extreme weather events have

also been shown to cause significant erosion to sandy
beaches in Gamay (Gallop et al. 2020, Vila-Concejo et
al. 2020) and can cause fires in saltmarsh and mangrove
forests (Ross et al. 2019). Climate change could also
affect seagrasses via more frequent and intense heat
waves (especially if coupled with high turbidity that

can lead to oxygen stress; Zimmerman 2021), but

also increased frequency of high intensity storms.

Pollution export

Modelling for the potential impacts of climate change
on pollution export for Gamay suggests both stream
hydrology and pollutant exports appears to overshadow
the potential impacts of land use change to the Gamay
ecosystem. The climate change scenarios used for this
modelling indicate a general drying of the catchment
resulting in less runoff and pollutant export, which could
have significant ecological impacts to natural wetland
hydrology in undisturbed parts of the catchment.

Under median climate change scenarios, reductions

in pollutant exports are expected, even after land

use change is accounted for. Under extreme climate
change scenarios, pollutant exports are further reduced
and, in some cases, result in total loads less than that
modelled for the predevelopment condition. However,
these results need to be cautiously considered because
changes in catchment characteristics (other than

urban density changes) have not been considered in

the model. Many other possible changes to vegetation
cover and soil characteristics may occur under climate
change also resulting in altered hydrologic and pollutant
export responses (Dahlenburg and Weber 2008).

Contemporary and
emerging threats

The Botany Bay and Catchment Water Quality
Improvement Plan (SMCMA 2011) identifies many
emerging threats to Gamay and possible solutions

to these threats have been identified in the
recommendations section of the Plan. The Plan
explores ‘best’” and ‘worst’ case scenario options for
the Catchment, in line with expected population growth
(as described in the Sydney Metropolitan Strategy). The
‘best’ case involving application of water sensitive urban
design (WSUD) to infill redevelopment areas to meet
growing population needs and rehabilitation of some
riparian areas could lead to reductions of stormwater
pollutants delivered to the bay by 2030 of: TSS
(turbidity) 17%, TP (phosphorus) 13% and TN (nitrogen)
9% (reductions in TP and TN will reduce the amount of
nutrients available in the water and hence reduce Chl-a
levels). These reductions in turbidity and nutrients will
lead to improved local waterway conditions throughout
the Gamay catchment. The ‘worst’ case involving
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greenfield development without WSUD to meet growing
population needs could lead to increases of stormwater
pollutants delivered to the bay by 2030 of: TSS 10%,

TP 10% and TN 12% respectively. These changes are
also associated with significant local declines in river
condition, particularly in the Georges River Catchment.

Multiple stressors and
stressor interactions

Above we have summarised individual threats and how
they impact the communities, habitats and processes
that occur within Gamay. Whilst such investigations
are important, they disregard the potential interaction
of threats that may co-occur in space or time, and
thereby influence systems simultaneously. Interactions
between threats can be complex, and more commonly
than not the impacts associated with multiple threats

do not accumulate in a linear, additive way. Non-
additive (synergistic or antagonistic) effects have
been found to occur more commonly than additive
effects in natural marine systems (Crain et al. 2008).

Of the 257 papers identified in this systematic

literature review that investigated threats to Gamay
only 48 looked at impacts associated with more than
one threat, highlighting a lack of research into the
impacts associated with multiple stressors and stressor
interactions to the Gamay ecosystem. This is particularly
concerning as interactions between important human
stressors for Sydney Harbour, a similar urban estuary in
the Sydney region, are predicted to be mostly synergistic
in nature (Mayer-Pinto et al. 2015a). In Gamay, many of
these interactions have not been explicitly investigated
and instead remain significant knowledge gaps for
estuaries in urban areas (Mayer-Pinto et al. 2015a).

Litter quickly becomes marine debris as it is readily flushed into urban waterways.
Image: John Turnbull www.marineexplorer.org




Knowledge gaps and opportunities for Gamay

In order to identify areas where further fundamental
research is needed in Gamay, we cross-referenced
the number of studies published on different taxa
within each habitat type (Figure 15). Invertebrates
and fish were the most thoroughly studied taxa across
multiple habitat types (Figure 15), whilst epibiota and
birds were the most poorly studied taxa (Figure 15).

We also identified gaps in our knowledge surrounding
how different threats or stressors impact the taxa (Figure
16) and habitats (Figure 17) that occur in Gamay. Figures
16 & 17 show many white cells which highlight the fact
that only around half of the 577 studies published on
Gamay investigated threats to Gamay'’s species and
habitats (Figure 8). Of those studies that did consider
threats to Gamay, research effort has been heavily

focused on impacts associated with contamination
and habitat modification (Figure 9). Non-taxa specific
impacts associated with contamination were most
commonly studied, followed by contamination impacts
to invertebrates (Figure 16). Impacts associated

with habitat modification have been studied across
most taxa, however, only in low numbers (Figure 16).
Contamination impacts to soft sediment habitats
were also comparatively well studied, followed by the
impacts of diseases and pathogens to oyster reefs and
habitat modification to artificial substrates (Figure 17).

Below we summarise the results of this gap
analysis grouped into common themes which
are relevant to all or parts of Gamay.

Figure 15. Studies were separated out by Seagrass .
Major taxa and Habitat type to identify areas Plankton
of low and high research effort (quantified as Oyster
the number of_studles). ‘I\/\u_ltlple’ categories Non—taxa specific .
represent studies that considered more than )
one taxon or more than one habitat. Dark blue Multiple 80
grid cells identify taxa-habitat interactions % Microbia -
that have been comparatively well studied, +  Mangrove/saltmarsh .
whilst white grid cells identify taxa-habitat R Mammal
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one taxon or more than one threat. ‘NIS’ = = NIS
Studies that considered threats associated = ) o
with exotic and non-indigenous species. Dark @ Habitat modification . .
blue grid cells identify threats to specific taxa = Fisheries
interactions that have been comparatively well Disturbance 0
studied, whilst white grid cells identify threats Contamination . .
to specific taxa interactions that have not been
studied. Grey grid cells identify threats to Climate change

specific taxa interactions that are not possible/
not applicable to Gamay.
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Figure 17. Studies were separated out by
Major habitat and Threat type to identify
areas of low and high research effort
(quantified as the number of studies).
‘Multiple’ categories represent studies
that considered more than one habitat or
more than one threat. ‘NIS’ = Studies that
considered threats associated with exotic
and non-indigenous species. Dark blue
grid cells identify threats to specific habitat
interactions that have been comparatively
well studied, whilst white grid cells identify
threats to specific habitat interactions

that have not been studied. Grey grid

cells identify threats to specific habitat
interactions that are not possible/not
applicable to Gamay.

Threat type

Habitat restoration and
remediation

A legacy of extensive urbanisation has led to the
degradation and loss of many habitats and communities
in Gamay. Locally in Gamay, Quibray Bay and
Weeney Bay have central areas devoid of seagrass.
All the known seagrasses in the area grow down

to much deeper depths than this. It suggests that
anaerobic conditions (lack of oxygen in these central
regions) or high hydrogen sulphide levels possibly
poison the seagrasses preventing growth in these
areas. Testing these hypotheses would be relatively
simple and would provide important information
for both management and restoration efforts.

Seagrass restoration is becoming increasingly

viable and is seen as a crucial management tool for
addressing seagrass losses (Sinclair et al. 2021). There
have been recent successful seagrass transplantation
projects in Gamay. Over 2,300 m?of P. australis was

lost during the laying of electricity cables across the

bay (which involved jetting high pressure water into

the sediments). Restoration by NSW Department of
Primary Industries involved sediment rehabilitation
followed by transplantation of P. australis rhizomes
(collected from the meadow prior to damage)

secured with biodegradable jute mats (similar to the
method described in Ferretto et al. 2021). Numbers of
transplanted shoots doubled over 8.5 years and there
was extensive vegetative regrowth from the surrounding
meadow into the rehabilitated sediments, resulting in
the restoration of some 600 m?of P. australis, albeit at

a reduced density (Glasby unpubl. data). Interestingly,
however, the success of rhizome transplanting in deeper
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(3—4 m) parts of the meadow was substantially reduced
relative to the shallower areas (2-3 m), suggesting
there are still gaps in our understanding of the
mechanisms that regulate the success of this process.

Seagrass restoration has also been undertaken on
Gamay’s northern shoreline as part of the Port Botany
expansion Penrhyn Estuary habitat enhancement plan.
This involved transplanting P. australis from Foreshore
beach to Quibray Bay prior to the commencement

of dredging and reclamation for the port expansion.
The experiment was more successful for whole or
trimmed plants, compared with plants with rhizomes
only, and when plants were transplanted to large bare
areas within meadows of seagrass as opposed to bare
areas at the edges of meadows (Blount 2019). New
saltmarsh habitat was also recently created there as
part of the Port Botany expansion Penrhyn Estuary
habitat enhancement plan. These results suggest
potential opportunities for creating or restoring
seagrass or saltmarsh in other areas in Gamay.

Cape Banks was one of the first sites where macroalgal
restoration was first tested in Australia (i.e., Phyllospora
comosa restoration; Layton et al. 2020). Such trials
showed that restoration of macroalgal forests via
adult transplantation is feasible and necessary where
natural recovery fails, but that managing species’
interactions (e.g., herbivory) can be critical to achieve
restoration success (Campbell et al. 2014, Vergés et

al. 2020). Subsequent trials in Kurnell showed that
coupling Phyllospora transplantation with urchin
(Centrostephanus) removal can enhance Phyllospora
restoration, as well as the recovery of other habitat-
forming macroalgae such as Sargassum and Ecklonia
(Mead 2020). Habitat restoration relies heavily on



financial support (Eger et al. 2020), but we still have
limited understanding of the costs and benefits
associated with macroalgal restoration in Australia
(and globally, but see Eger et al. 2020, Mead 2020) —
particularly those that relate to ecosystem services
such as carbon sequestration and nutrient cycling.

Recent reductions in contaminant inputs into Gamay
and the Cooks River provide a great opportunity to
implement remediation strategies to combat legacy
pollution in the water and sediments. One way to do
this is through the reintroduction of lost biodiversity,
such as oyster reefs (Gillies et al. 2020, McAfee et al.
2020) and sediment infauna (Bugnot et al. 2022), which
can boost biogeochemical processes in sediments.
The first large scale oyster reef restoration project in
Gamay and Georges River was established in 2021 by
the Nature Conservancy, Greater Sydney Local Land
Services and NSW Department of Primary Industries.
The project aims to restore up to five hectares of the
locally extinct Australian flat Oyster (O. angasi) and
depleted Sydney rock Oyster (S. glomerata) reefs, across
four sites in Gamay and the Georges River estuary:
Kurnell, Taren Point, Coronation Bay and Audrey Bay
flat (TNC 2022). Although inground works are yet to
begin, the restoration project will utilize locally quarried
igneous rock as a substrate for restoration, and for flat
oysters couple this substrate provision with seeding of
hatchery reared spat. By recovering oyster habitat, the
project hopes to increase biodiversity, improve water
quality, and increase production of recreationally and
commercially important fish. This project will provide
an acid test of how well we understand oyster reef
ecology, and if successful opens up opportunities

for oyster reef restoration in other estuaries.

Many of these restoration projects represent pioneering
work for habitat restoration, highlighting that there are
significant opportunities to trial management strategies
in Gamay. These endeavours will, however, have flow-on
effects for the fauna and flora of Gamay and in order for
such projects to be successful more needs to be known
about species-specific habitat dependencies as well

as transfers and linkages between different habitats.

Seascape connectivity

Understanding how habitats and communities are
connected is particularly important in urban estuaries
such as Gamay, where vegetated habitats are declining
and becoming more fragmented. While the importance
of seagrass, mangrove and saltmarsh as fish habitat

is well documented (Mazumder et al. 2011, Saintilan
and Mazumder 2017), the movement of fish and other
biota between habitats remains poorly understood
(Saintilan et al. 2007). Similarly, little is known about
how sediment infauna biodiversity and their functions

are driven by seascape connectivity and patterns such
as proximity to habitat-forming species and rocky reefs.
The mudflats at Towra Point are important foraging
grounds for endangered and migratory shorebirds, yet
we know little of how the productivity of these habitats
and nearby soft sediment habitats are influenced by
adjacent oyster reefs. The contribution of oyster reefs
to the present-day fisheries productivity of Gamay

is also unknown. Given that Gamay is a designated
recreational fishing haven this information will be
important to ensure effective fisheries management

of the bay. Seascape connectivity information can also
be used by scientists and managers to select optimal
habitat restoration sites, allowing for conservation,
restoration and/or fisheries related goals to be reached
simultaneously in a more efficiently and effectively way.

Climate change

Climate change and sea-level rise are overarching drivers
already altering the distribution and function of habitats
and the wise management of Gamay requires planning
for a range of possible futures. However, as yet, there
has been little in the way of research or planning into
how climate change will impact the Gamay ecosystem.
In particular, there is an urgent need to plan for the
impacts of climate change to wetland ecosystems

in Gamay. This includes the consequences of sea-

level rise on saltmarsh, which because of significant
urbanisation and mangrove encroachment will have no
room to expand landwards (Ross and Adam 2013). The
availability of high-resolution digital terrain modelling
for the Gamay foreshores makes possible the modelling
of habitat redistribution under projected sea-level

rise. Currently, sea-level rise flooding risk tools, such as
Coastal Risk Australia project inundation against existing
surfaces. The Sea Level Affecting Marshes Model
(SLAMM) is the best known of a number of models
incorporating the dynamic relationship between sea-
level rise and sediment accumulation to project changes
to habitat elevation under sea-level rise scenarios
(Rogers et al. 2012, Runting et al. 2017, Sadat-Noori et al.
2021). If the elevation preferences of habitat types are
known, habitat redistribution can also be modelled, as
recently demonstrated by NOAA for the US coastline.

Carbon stocks within Gamay habitats have been
estimated (Kelleway et al. 2016), though greenhouse
gas and lateral dissolved organic carbon fluxes have
received little attention, despite their importance to the
quantification of blue carbon opportunities (Kroeger

et al. 2017, Lovelock and Duarte 2019). SLAMM models
can facilitate the identification of opportunities for tidal
reinstatement for habitat creation and ‘blue carbon’
capture and storage (Rogers et al. 2014, Kelleway et al.
2020). Management of the Gamay foreshores would

be enhanced by the application of landscape-scale
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models projecting habitat distribution under possible
climate futures, and the implications of these changes
for ecosystem services including carbon sequestration.
Furthermore, given some of the shifts in microalgal

and macrophyte communities in Gamay there has likely
been changes to the potential for carbon burial. It would
therefore be useful to develop a full carbon budget for
Gamay following the strategy Tanner and Eyre (2020).

Southeast Australia is a hotspot for ocean warming due
to climate change and as such the region can expect to
see continued increases in ocean temperatures. These
increases bring with them the potential for the shifts
in the structure of marine food webs as species ranges
expand or contract as they track thermal gradients.
While there has been little direct work on species
range dynamics within Gamay, work on tropicalisation
within the NSW region has shown that while currently
many tropical species have their ranges limited by
declining ocean temperatures into winter (Figueira

and Booth 2010, Booth et al. 2018) and community
interactions with resident species (Figueira et al. 2019),
winter thresholds are being overcome and the long-
term pattern shows strong increased temperatures
drive increased seasonal richness of tropical vagrants
(Monaco et al. 2021). Amongst the largest effects of
these tropical vagrants observed to date is that of
herbivores on temperate algal communities (Vergés

et al. 2016). These habitat-forming organisms are
considered foundational and thus the impact of novel
grazing can extend to ecosystem function (Vergés et
al. 2019). It will be important to carefully monitor the
arrival of novel tropical species into the Gamay region
to better understand the potential impacts they may
have on the ecology of the bay into the future.

Oyster aquaculture in Gamay

The discovery of QX disease in the Georges River in
1992 led to significant declines in oyster production

in Gamay (Reid and Bone 2020). Since then, selective
breeding programs have been implemented to develop
disease-resistant oyster lines (Nell and Hand 2003, Nell
and Perkins 2006, Dove et al. 2013). Knowledge gaps,
however, still surround the transfer of disease and
interbreeding between cultured and wild oysters (both
C. gigas and S. glomerata). Greater investment in oyster
research will not only benefit the oyster aquaculture
industry in Gamay but could provide important
information for urban aquaculture generally. Gamay’s
well documented history with oyster aquaculture
means that Gamay could be used as a case study for
aquaculture within a large Australian city. Similarly,
future oyster disease research could use Gamay as a
natural laboratory, allowing controlled experiments

to be undertaken in natural, real-world settings.

The ecosystem service benefits provided by oysters
(natural reef/aquaculture/restored reef) could have
far reaching benefits for the entire Gamay ecosystem.
Despite this, however, compared to most other habitats
that occur within Gamay, oyster reefs remain some of
the most poorly studied. To maximise these ecosystem
benefits for Gamay more research will be needed into
developing and testing different methods of farming
and restoration, as well as exploring optimal sites,
locations and configurations for oysters to be grown
within the bay. Understanding how multiple climate
change stressors (warming, acidification, heatwaves,
low salinity) impact oysters will also be important to
ensure a sustainable future for oyster reefs in Gamay.

Oyster aquaculture research infrastructure with water quality monitoring equipment,
within a farming lease, Woolooware Bay. Image: RJ Whittington, University of Sydney.
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Gaps in baseline data

Much of the research of Gamay’s hydrology and
oceanography has focused on the main bay, with

its two major tribulates (Georges and Cooks River)
often excluded from modelling studies due to their
low inflow (e.g., Roughan and Hallam 2022), however,
their inclusion should be considered for future work,
if gauge data is available, particularly as freshwater
inflow is projected to change in the future.

Important knowledge gaps remain concerning processes
within the vegetated habitats of Gamay relevant to
ecosystem service provisioning. Whilst a recent review
identified Australia as the second largest contributor to
seagrass research globally, several areas of weakness

in Australia’s seagrass research knowledge were also
recognised across 10 key research fields, ranging

from taxonomy to mapping and management (see

York et al. 2017 for full list). There are also gaps in our
understanding of littoral rainforest and other vegetated
terrestrial communities. Whilst much attention has been
given to Casuarina forest, little attention has been paid
to other terrestrial communities, which include Eastern
Suburbs Banksia Scrub, which has just been upgraded
under the EPBC Act to ‘critically endangered’ status.

Similarly, whilst Gamay has been the focal point of

much intertidal research, the vast majority of published
studies of the rocky intertidal have been limited to the
Cape Banks area, with rocky shores in other areas of
Gamay receiving much less attention. Surveys assessing
the diversity and distribution of rocky shore biota across
the entire bay are needed, particularly the southern
headland, to establish baseline data that can be used to
evaluate and predict the response of these communities
to present and future stressors. The generality of
patterns described for the Cape Banks area has also not
been sufficiently explored along neighbouring stretches
of rocky shore to the north and south of Gamay.
Knowledge of how applicable these patterns are to
other rocky shores is important if we are to understand
how local conditions and other site-based factors may
influence these patterns, as well as to understand

how the communities at Cape Banks compare to

rocky shore communities from other locations.

In comparison to other habitats in Gamay, scientific
understanding of the significance of artificial substrates
in Gamay is superficial and generally small-scale.

For example, all three of the investigations into fish
assemblages associated with artificial shoreline
structures have been conducted on the northern side of
the main bay (Burchmore et al. 1985, Fowler and Booth
2013, Porter et al. 2018). There is a need to examine

the bay-wide extent and the influence of artificial
substrate, both to understand the type and magnitude

of ecological change that may have already occurred and
to predict future change if further substrate is added. To
achieve this, comprehensive faunal surveys on all major
structure types are required, along with information

on the amount and distribution of those substrates
within the bay and associated rivers. Knowledge of how
biological communities interact and function on artificial
substrates is also required, to understand the potential
effects of differences in community structure observed
in numerous studies and the best management
practices to mitigate some of these impacts.

Despite the popularity of recreational fishing within
Gamay, the most recent systematic surveys of fish
assemblages within the bay are close to 30 years old.
Information on the fish assemblages within the bay
are a critical benchmark against which to evaluate any
perceived effects of processes like habitat alteration,
fishing and climate change related processes. This
information is also necessary to deepen understanding
of the role of fish assemblages in providing connectivity
amongst different habitats within the bay and the
degree to which bay resilience depends upon this (as
discussed in Seascape connectivity). Currently little
information also exists on the biodiversity of sediment
bioturbators such as large sediment macrofauna, rays
and fish, as most studies to date have focused on

small macroinvertebrates that can be captured from
surface layers using grabs. These larger macrofauna
can, however, significantly affecting sediment
functioning and as such more information about these
communities is essential to understand the functioning
of sediments and nutrient cycling in the bay.

On-going and long-term
monitoring

There are several sites in Gamay where the monitoring
of open water sites has been conducted on a regular
basis over a period of years. For example, as part of
the Australian Microbiome coastal project conducted
by Bioplatforms Australia and the Integrated Marine
Observing System, fortnightly water column plankton
and bacterial samples have been collected at a site
close to Quibray Bay for the past 5 years (McLennan
et al 2021). In relation to this project, a real time
temperature and salinity sensor, with data that is
publicly available, has also been deployed close to the
sampling site. If such monitoring can continue at these
sites, a long-term time series can be invaluable to
show changes to the environment in response to short
and long-term perturbations. Similarly, Beachwatch
monitors Gamay and Georges River swimming sites
every 6 days throughout the summer swimming
season (October to April), and monthly during winter
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(May to September). Developments in water quality
assessments using molecular approaches are resulting
in more refined diagnostics of faecal contamination
that are providing clearer advice to councils about
sources of inputs and enhancing opportunities to guide
management interventions and improve human health
outcomes (Seymour et al. 2020, 2021). Furthermore,
Gamay would be an ideal place to refine e-DNA and
other techniques for rapid assessment of biodiversity
in soft sediment habitats, particularly in the context of
environmental impact assessment. Places like Penrhyn
Estuary could be ideal testing grounds for this.

The rich history of field surveys and experiments on
subtidal habitats in Gamay provide a unique background
to assess long-term impacts of such stressors on
macroalgae and to unravel mechanisms, which are
necessary to develop sound management strategies.

In the context of predicted environmental change,
there are significant opportunities to incorporate novel
molecular tools to monitor rocky reef assemblages in
Gamay. For example, the extensive microbial datasets
that exist for Gamay’s subtidal reef (as discussed in
Subtidal rocky reefs) can be used to develop and test
microbial strains/genes as indicators of poor reef
health (e.g., Ferrari et al. 2021) and water quality

(e.g., Carney et al. 2019). For kelp and crayweed in
particular, the combination of host genetics and
host-associated microbiome data can be used to test
their independent and combined role in potentially
enhancing resilience of macroalgal forests to future
environmental conditions (Wood et al. 2019, Wood

et al. 2020, Wood et al. 2021, Wood et al. 2022).

Microbial research

The rapid advancement of molecular technologies and
the increase in computing power has led to a revolution
in our understanding of the diversity and abundance of
marine microorganisms. Pioneering microbial research
undertaken in Gamay has led the way in developing

this field (e.g., Taylor et al. 2005, Huggett et al. 2006,
Swanson et al. 2006, Longford et al. 2007, Zozaya-Valdes
et al. 2015). An example of the success of this research
is the Marine Microbes Framework Data Initiative,

now part of the Australian Microbiome Initiative — a
collaborative effort underpinned by a partnership among
government agencies and various universities, facilitated
by BioPlatforms Australia as part of the Commonwealth
Government National Collaborative Research
Infrastructure Strategy (NCRIS). Most of the research on
Gamay’s marine microbiota on rocky reefs has focused
on bacteria and archaea, and we still have limited
understanding of the role of other microorganisms

such as fungi, microalgae and viruses representing an
opportunity for future microbial research in Gamay

(but see Ferrari et al. 2021, McLennan et al. 2021).
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Traditional Ecological
Knowledge of First Nations
people of Gamay

The First Nations people of Gamay successfully

and harmoniously fished and farmed the waters of
Gamay for tens of thousands of years prior to the
arrival of European settlers. Unfortunately, Traditional
Ecological Knowledge of First Nations people of
Gamay remains largely undocumented, meaning that
significant knowledge gaps exist surrounding how
the First Nations people of Gamay used the species
and habitats of Gamay prior to European settlement.
In cases where Traditional Ecological Knowledge has
been documented, it is often recorded as anecdotal
observations by early European settlers that lack
important detail such as location, dates etc. making it
difficult to use such information in scientific research.

In addition to this, historically Traditional Ecological
Knowledge from First Nations people of Australian

has generally not been recognised as ecological
information, which has led to it often being overlooked
by scientists and managers. More recently however,
Traditional Ecological Knowledge is being increasingly
recognised as an important and valuable source of
ecological information paving the way for collaborative
efforts between scientists, managers and First Nations
people of Australia (Bohensky et al. 2013). Such
collaborations can open opportunities to advance
scientific knowledge as well as share power and
responsibilities amongst stakeholders and develop
novel management approaches that can be used to
ensure a sustainable future for Gamay (Houde 2007).

Shoreline and bathymetry
monitoring

The shorelines of Gamay are already in different

stages of erosion and we have little knowledge of

the sediment transport patterns and magnitudes in
the bay. The presence/absence of channels or shoals
next to the beaches seem to control beach recovery
after erosive events. Future studies should focus

on understanding these sediment fluxes and the
relationships between the beaches and the sediment
sinks and sources. A mix of marine geomorphology and
biology seems the most appropriate pathway here.

Dredging is an ongoing management need in Gamay
and creates disturbances that have a significant
ecological impact in space and persist over long
periods of time. This also creates an opportunity to
investigate novel strategies for dredging that control
and mitigate ecological impacts as well as enhance the
speed of restoration afterwards (Knott et al. 2009).


https://www.australianmicrobiome.com/
https://bioplatforms.com/

Planning and engagement

Water sensitive urban design

The Water Quality Improvement Plan (WQIP) for
Gamay sets targets for pollutant load reductions (in
terms of total nitrogen [TN], total phosphorus [TP]
and suspended sediment [TSS]) required to protect
its condition (SMCMA 2011). The WQIP, however,
relies on local and state government planning policies
including water sensitive urban design (WSUD)
practices in urban development and renewal.

Socio-economic opportunities

Socio-economic opportunities for Gamay include
the development of a recreational artificial reef

plan for the bay involving several stakeholders (e.g.,
Ports and recreational fishers), which would develop
recreational reefs that meet the needs of users and
the ecosystem in the face of future climate change.

Eco-engineering opportunities

The existing infrastructure of the bay would likely be
favoured by eco-engineering interventions such as Living

Seawalls, accompanied by rigorous ecological monitoring.

Management opportunities

The ecology of fisheries in urban estuaries presents
important challenges and opportunities for fisheries
research and managers who must consider their unique
socio-ecological systems. Taylor & Suthers (2021)
propose three focal goals for urban estuarine fisheries

ecology: (1) define the socio-economic objectives and
motivations that are important to the urban fishing
community; (2) seek to measure and define ecosystem
attributes with a goal to identifying bottlenecks to
desirable fisheries outcomes; and (3) provide a scientific
basis for design and implementation of management
activities that move towards these social and economic
goals. More research in this area will pave the way for
the development of novel management practices than
enhance the productivity of fisheries in urban estuaries.

Other management opportunities might also include
the assessment of human use, such as boat and tourism
activity (e.g., diving), in response to management
changes to MPA zonation and other interventions

(e.g., restocking artificial reefs with small fish), eco-
engineering and improving catchment conditions.

Citizen science opportunities

Projects that involve citizen science are growing,
particularly in ecology and the environmental
sciences (Silvertown 2009). Citizen science programs
are particularly useful when addressing ecological
questions that span large spatial and temporal scales
as such large-scale collection of data is often difficult
for small research groups. This makes them highly
attractive to scientists. These programs can also be
beneficial to the participants as they expand their
own scientific knowledge and contribute towards
greater knowledge of the environment they interact
with. Currently few citizen science programs have
been undertaken in Gamay highlighting this as a
significant area of opportunity into the future.

A school of old wives (Enoplosus armatus) swimming
amongst sponges and sea tulips in Gamay. The species
is éﬁ'derﬁ'ic to the cold temperate waters of Australia.
Imag'e:\Jf)hn Tur*ﬁb_q‘ukwww.marineexplorer.org
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Conclusion

It could be argued that Gamay is amongst one the
most well studied estuaries in Australia, if not the
world. It is a place of enormous ecological and social
complexity and in many ways the extensive amount of
research having been undertaken in Gamay represents
just the baseline of what’s needed to effectively
manage the bay. Through this comprehensive review
we have synthesised current ecological knowledge
from scientific peer-reviewed literature and a wide
range of non-scientific sources and have identified
major knowledge gaps that should be filled if we are
to manage this iconic ecosystem for all its residents,
including both the people that live on its shores

and the biota that live within its aquatic habitats.

From this review it is evident that humans and their
activities pose the biggest challenge for Gamay

both now and into the future, with pressures from
urbanisation and continued land-use changes in the
Gamay catchment being major concerns for the future
sustainability of Gamay. It is not all doom and gloom
for the bay, however, as this review also highlights
the numerous opportunities which current work

has generated, creating paths that stakeholders and
managers can walk together towards a sustainable
future for Gamay. The success of many of these
opportunities will, however, rely on co-operation

and collaboration, not only between scientists

and managers, but also between the multitude

of Gamay’s other stakeholders that use and care

for the bay (e.g., First Nations People of Gamay,
recreational fishing groups, local councils, community
groups, commercial operators, residents etc.).

Furthermore, whilst this review has identified a
vast amount of published knowledge that exists
for the bay, we also recognise there has been
much valuable data collected in Gamay that is

not immediately accessible. We would therefore
echo the recommendations put forth by those
that came before us and continue to encourage
strategic and integrated research programs that
combine disciplines, and cross industry boundaries.
For it is only through co-operation, collaboration
and partnerships between stakeholders that a
sustainable future for Gamay can truly be ensured.

Aerial shot of a dive boat in Gamay.
Image: John Turnbull www.marineexplorer.org
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Science of Kamay Questionnaire

Botany Bay Project

Scoping and Planning Workshop - Expression of Interest

*Required
1. Fullname *
2. Organisation *
3. Dept/School/Unit *
4. Role/position *

5. Email address *

6. What is your area of expertise? If you are currently conducting research in
Botany Bay, or have done so in the past, please briefly clarify the nature of this
work. Please also included details of any peer-reviewed research that has been
published on this work. *
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7. Please share any thoughts you have on key research questions for Botany Bay
that you'd like to see explored in this workshop.

8. We have been working to compile literature and data on Botany Bay ecosystems.
However, if you know of any relevant data sources or publications and are able to
share them easily please feel free to do so here (web link or citations are most
welcome). Alternatively, if you have documents you wish to send you can email
them to: tste5627@gmail.com.

9. The workshops will most likely take place at SIMS as a face-to-face event (if
restrictions allow) but with the opportunity for virtual attendance as well. Please
indicate which of the following best characterises your preference for the
workshop format (assuming you are available). *

Mark only one oval.

(" ) 1would attend only if it was face-to-face
() I'would attend only if it was virtual

/[ \

(__ ) l'would attend if it was either face-to-face or virtual

10. Do you know of any other non-SIMS scientists that we might like to send this
questionnaire too? Please include their contact information if possible.
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11 Through this comprehensive review we have synthesised current
ecological knowledge from scientific peer-reviewed literature and
a wide range of non-scientific sources and have identified major
knowledge gaps that should be filled if we are to manage this iconic
ecosystem for all its residents, including both the people that live
on its shores and the biota that live within its aquatic habitats. yy

Location shot of Boat Harbour in Kurnell, on
the oceanic side of Gamay’s southern headland.
Image: John Turnbull www.marineexplorer.org
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