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In the state of New South Wales (NSW), Australia, recent legislative action has focused on identifying key threats
to the marine estate. We used a systematic literature review to evaluate the knowledge status of the effects of
estuarine outflows on coastal marine ecosystems, within the environmental, hydrological, and physicochemical
context of NSW waters. Results focussed on studies that measured outcomes for marine biota (n = 56). Trace
elements and organochlorines were the most frequently studied contaminant types, with reported biological

concentrations often below guideline values but detected at the highest concentrations adjacent to urban sources.
Few studies measured the impacts of legacy and emerging contaminants to animal health, or the flow on effects
to marine ecosystems in NSW. Our review highlights key biological and geographical data gaps in estuarine
outflow research in NSW, particularly of the impact on ecosystems of exported carbon and nutrients to the

oligotrophic waters of NSW.

1. Introduction

Water that flows from rivers and estuaries into the ocean (estuarine
outflows) plays a significant role in maintaining the health and functions
of neritic ecosystems by facilitating key ecological processes (Barbier
et al., 2011; Boerema and Meire, 2017). Due to anthropogenic activity
within contributing catchments, however, these very processes also
expose marine environments to contaminants from terrestrial sources
(Brown et al., 2018; Tong et al., 2022). Since the industrial revolution,
the fate of many land-based wastes has been deposition in estuarine
and/or marine waters, with modern legislative intervention only
occurring within the last 50 years (Lallas, 2001). Treated or partially-
treated effluents of mining, agriculture, industry, stormwater and
sewage treatment are often discharged to rivers and estuaries. Their
impacts can be measured locally and in adjacent and distant marine
waters, as the contaminants they contain can be transported by currents
(within the water column or adsorbed to sediment particles) and accu-
mulated in biota (Reish et al., 1982; Laicher et al., 2022). The science
underpinning catchment health and the flow on effects to estuaries and
nearby marine ecosystems is established (Kappel, 2005), however, local

management of these connected systems is complicated by the diversity
of contaminant sources, physicochemical properties, and hydrological
processes of estuarine outflows (Islam and Tanaka, 2004; Scanes et al.,
2017).

Coastal marine ecosystems rely on the many benefits that healthy
estuaries provide, especially through export of nutrients, organic car-
bon, and role as a nursery for larval and juvenile fishes (Gray, 1996;
Schlacher et al., 2008; Vorwerk and Froneman, 2009). These factors can
promote productivity in marine ecosystems with consequent impacts
throughout the food-web. For example, organic carbon and nutrients
originating in estuaries and transported to coastal seas by tides and
floods support the growth and reproduction of habitat forming species
(algae, seagrasses, etc) with flow-on effects to higher trophic levels
(Twilley 1988, Connolly et al., 2009, Jinks et al., 2020). Estuaries are
also well-known nursery and spawning habitats for important fishery
species (Gillanders and Kingsford, 2000; Creighton et al., 2015) and
outflows provide cues for larval, juvenile, and adult animals to enter
estuaries from the sea (Webley et al., 2009). Estuarine wetlands such as
seagrass, mangrove, and saltmarsh, are major sources of organic carbon
that can be transported to marine ecosystems, and additionally provide
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refuge, spawning grounds and nursery habitat for important fishery
species and ecologically important megafauna that utilise both marine
and estuarine habitats during various life-stages (Gillanders and King-
sford, 2000; Sievers et al., 2019; Champagnat et al., 2021). Thus, estu-
aries, and the habitats within them, provide valuable services in
supporting biodiversity and ecosystem productivity both within estu-
aries and in marine ecosystems beyond the coastal interface (Leakey
et al., 2008).

The chemical composition and hydrological processes of estuaries
around the world have been altered by urbanisation, agriculture, and
industry (Kennish, 2002; Clark et al., 2015). Contaminants deposit and
concentrate in estuaries as the point of convergence for catchment run-
off or treated waste disposal (Vermeiren et al., 2016; Birch, 2024).
Agricultural and stormwater run-off, as well as the effluents of mining,
sewage treatment, and industry, are introduced to estuaries either
directly or through natural drainage processes, where their fate is
determined by the physicochemical properties of both the contaminant
of interest and the receiving environment (Mazumder et al., 2015). As
freshwater from high energy rivers transforms to saline, low energy tidal
estuaries, suspended particles agglomerate and sink, storing their asso-
ciated contaminants in the sediment of estuarine habitats (Burban et al.,
1989). However, estuaries are complex and diverse systems, where the
hydrology and physiochemistry change temporally and spatially on fine
to large scales (Scanes et al., 2017). Extensive research has focused on
studying contaminants within estuaries and evaluating their effects on
biota (Dafforn et al., 2013; Glaspie et al., 2018). Despite the acknowl-
edged contributions of estuaries to marine environments in terms of
nutrients, biomass, and sediment, predicting contaminant concentra-
tions and their effects in receiving coastal marine ecosystems, as well as
understanding the extent of these effects seaward of the estuary mouth,
poses challenges. Globally, for some of the world’s major estuaries, there
are studies that address these complexities (Magris et al., 2019; Hunt
and Jones, 2020; Tong et al., 2022). However, the range of chemical
abundance, behaviour and temporal variation poses a challenge for local
management (Beck and Birch, 2013). This knowledge gap is exacerbated
by the rapid innovation of novel synthetic compounds for which the
toxicology, biological targets, and chemical behaviour are yet to be fully
understood (Birch et al., 2015; Lam et al., 2019). The presence of con-
taminants in the marine environment does not necessarily imply a
detrimental effect on ecosystems, as some (e.g., trace elements) are
naturally occurring and essential at biologically relevant concentrations
(Alam et al., 2023). However, increased contaminant concentrations
due to anthropogenic activities can interfere with biological systems and
impact the health of individuals, populations, and ecosystems (Baudrot
et al., 2018; Cuevas et al., 2018; Fleeger, 2020).

Australia is a coastal nation with 87 % of the population living within
50 km of the coast (Cresswell et al., 2021). Colonisation of Australia by
Europeans was initiated in 1788 in Port Jackson (Warrane) in New
South Wales (NSW). Since this time, much of the NSW coast has been
developed to accommodate the expansion of agriculture, urbanisation
and industrialisation (Reid, 2020). The NSW marine estate is exposed to
a spectrum of influences from coastal human populations, including via
inputs from 184 rivers and estuaries (Roy et al., 2001). Routine water-
quality monitoring provides insight into the state of each estuary, and
major risks and threats for estuaries are well understood (National Land
and Water Resources Audit, 2002; Dela-Cruz et al., 2019; Scanes et al.,
2020; Department of Climate Change Energy the Environment and
Water, 2024). The Newcastle/Sydney/Wollongong conurbation
(approx. 33-35° S) is the most densely populated and consequently
generates greater contaminant inputs (Scanes and Roach, 1999), as well
as increased monitoring efforts. Flow-on effects to the adjacent marine
environment have also been observed, with elevated contaminant con-
centrations and impacts to marine biota observed along the NSW coast.
Major policy and legislative action in NSW in the past decade has
focused on protecting and maximising benefits derived from the marine
estate (Jordan et al., 2016; Gollan et al., 2019), and a better
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understanding of the ways that estuarine outflows impact coastal marine
ecosystems in NSW is needed to support this effort. Here, we conduct a
systematic, quantitative review focused on the question: how do estuarine
outflows affect coastal marine ecosystems in NSW? We develop a concep-
tual model of the dynamics between catchment land-use and impacts on
coastal and marine ecosystems and provide insight into regionally
relevant sources of contaminants and their effect (if known) on marine
biota in NSW. Through synthesising these data, we aim to provide a
broad understanding of state-wide trends to assist researchers and
managers working in the coastal and marine ecosystems of NSW.

2. Methods

Our aim was to identify, and systematically quantify, all published
studies that assessed the influence of contaminants on marine ecosys-
tems in NSW. Searches were conducted on Web-of-Science (TOPIC),
SCOPUS (Title/Abstract/Keywords) and Google Scholar using the
following search terms:

(“New South Wales” OR “NSW”) AND (ocean* OR marine* OR reef
OR sea OR submerged OR coast.

* OR estuar* OR *tidal OR offshore) AND (assemblag® OR
gastropod* OR alga* OR macroalga* OR bivalv* OR reef OR coral* OR
kelp* OR seagrass OR macrophyt* OR benth* OR infauna* OR microb*
OR fish OR mammal* OR reptil* OR megafauna OR cetacean OR invert*
OR mollus* OR crustac* OR seaweed OR shark* OR ray OR habitat OR
ecosyst* OR health OR metab* OR lipid* OR bioindicator) AND
(wastewater OR outflow* OR discharg* OR debris* OR contam* OR
pollut* OR toxic* OR fertilizer* OR fertiliser* OR pesticide*OR turbid*
OR herbicide* OR insecticide* OR agrochem* OR sewage OR effluent
OR 0il* OR metal* OR “organic compound” OR plastic* OR chemical*
OR sediment* OR nutrient* OR aquacult* OR pathogen* OR phyco-
toxin®* OR pharma* OR “trace element” OR bioaccumulat* OR bio-
magnific* OR aluminium OR iron OR manganese OR molybdenum OR
strontium OR uranium OR copper OR cadmium OR lead OR arsenic OR
cobalt OR chromium OR selenium OR lithium OR titanium OR zinc OR
nickel OR silver OR nitrate* OR PAH* OR PFAS OR PCB* OR organo-
chlorine* OR “emerging contaminant” OR “endocrine disruptor” OR
“depressant” OR phosphate* OR PFOS OR PFOA OR ibuprofen OR sul-
famethoxazole OR caffeine OR bisphenol* OR asbestos OR atrazine OR
ethinylestradiol OR phthalate OR steroid* OR nano* OR antifoul* OR
psychoactive* OR PPCP OR plume*).

The resulting studies were extracted using either the built-in tools of
the search engine, or Python code (Google Scholar searches; ‘Beautiful
Soup’ package; Richardson, 2007). Studies were then interrogated using
Microsoft Excel search formulas to identify the presence of search terms
in the title, abstract, and keywords and attribute each study with a score
(Table S1). Only the studies from NSW waters were selected, and
additional formulas were used to select data that met the following
criteria:

1. The title, abstract, or keywords must include terms relating to at least
one contaminant type.

2. Thettitle, abstract, or keywords must include terms relating to at least
one form of marine biota.

3. Thettitle, abstract, or keywords must include terms relating to marine
environments. Studies exclusively conducted in estuaries, enclosed
bays, and intermittently closed and open lakes and lagoons (ICOLLs)
were excluded, although some are cited for context.

Remaining studies were manually screened to ensure that the above
criteria were met and further filtered so that only the studies measuring
an actual response to, or accumulation of, contaminants in biota were
included. This step was to ensure exclusion of studies that met the
criteria on the basis of mentioning these key components without
actually investigating them. Studies solely of water quality parameters
and concentrations of contaminants (in sediment or water) were



J.A. Rasmussen et al.

excluded if they did not also measure concentrations in, or effects on,
biota (although some are cited for context). (See Table 1.)

Laboratory studies where native marine fauna (or their cell cultures)
were exposed to water or sediment samples collected in NSW coastal
marine environments were included. Laboratory-based ecotoxicological
studies and bioassays where the overall aim was to investigate meth-
odology, the test subjects were exclusively estuarine species, or the
exposure concentrations were not reflective of environmental concen-
trations, were excluded. Field studies where biota was exposed to
elevated concentrations of contaminants in situ were also excluded.
Studies measuring the effects of coastal outfalls, including offshore
deepwater sewage outfall effluents, were included. While offshore
sewage outflows are not flowing directly from estuaries, they represent a
source of land-based marine pollution. The purpose of these refining
steps was to ensure that studies included in the review were represen-
tative of the existing ecological threat of land-based contaminants on
marine ecosystems.

The final database was sorted (using the previously assigned scores)
into categories based on contaminant type, biotic component,
geographic location, and habitat type. Some studies fell into multiple
categories and were therefore represented more than once. Thus, the
sum of studies within a category does not always equal the number of
studies included in our analyses.

3. Results and discussion

3.1. Literature database summary: types, sources, and locations of
contaminants in coastal marine NSW

Most studies assessed trace element contamination, with Hg and Cd
the focus of many due to their capacity to cause detriment to biota even
at very low concentrations (Table 2) (ANZG, 2018). Trace element
accumulation was measured in all fauna categories. No studies
measured the effects of trace elements in primary producers (Fig. 1).
There are, however, numerous experimental and field-based studies on
the effects of trace elements on primary producers within NSW estuaries
and ports (Macinnis-Ng and Ralph, 2004; Thomson et al., 2007; Shah
Mohammadi et al., 2019). A significant portion of the included studies
were done in the receiving environments of wastewater outfalls (n = 29;
nearshore coastal and deepwater, Table 2) of Burwood Beach, North
Head, Bondi, and Malabar (Fig. 1). Of these, 10 investigated specific
chemical components (trace elements and organic contaminants) of the
effluent and the effects on fish and invertebrates, while the remainder
measured the effects of the effluent as a whole. Few studies assessed the
effects of nutrients (n = 2), plastics (n = 2), and pharmaceutical and
personal care products (PPCPs; n = 1) on marine biota (Table 2,Fig. 1).
For the latter, this is likely due to the chemical properties of PPCPs, as
many compounds have short half-lives and their effects are localised to
the point-source (Yin et al., 2017; Patel et al., 2019). The threat of
plastics and excess nutrients can be mitigated to an extent by coastal
ecosystems such as mangroves, saltmarsh, and seagrass
(Sundaramanickam et al., 2021; Bandh et al., 2023). Further, mea-
surements of these types of contaminants are typically conducted in
water or sediment samples, rather than biota, which could explain their
underrepresentation in our dataset.

Table 1
Overview of data curation steps and the resulting number of studies that fit the
inclusion criteria.

Step Number of studies (n)
Initial search and scrape 2747

Removal of duplicates 1975

Interrogation for the inclusion of key terms 961

Selection of NSW studies only 655

Application of primary criteria 184

Manual screening 56
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Table 2

a. Key research components for assessing the impacts of estuarine outflows on
marine environments. Colour intensity of the cells indicates the status of
available research on the impacts of various outflow components in marine and
estuarine ecosystems of NSW; yellow = no published data, light green = < 2
studies within the past 10 years, dark green > 5 studies and > 3 published
within the past 10 years. References are included in Table S2.

Phenols

Contaminants Research status: NSW marine ecosystems Research
status: NSW

Sediment Water Biota estuaries
Nutrents [ [ ]
Sewage effluent (whole) I
Sewage — faccal bacteria -
and pathogens
PPCPs
Salinity
Emerging contaminants ,

I

TBT/antifouling agents
Other

a. includes pesticides like atrazine, DDT, & other PCBS, PCDDs/Fs
b. food additives, neonicotinoid pesticides, organophosphates etc.

The majority of studies were done within latitude 33.0-34.5°S, with
the potential primary sources of contaminants being of urban (including
stormwater and wastewater, 53 %) and industrial (ports and
manufacturing waste, 14 %) origin (Fig. 2). This region includes the
major cities of Newcastle (population = 465,000), Sydney (population
= 5,121,000), and Wollongong (population = 312,000), where exten-
sive historical pollution has been documented and where the majority of
urban and industrial activity remains to date (United Nations Depar-
ment of Economic and Social Affairs; Population Division 2024). Urban
inputs were detected along the entire coast of NSW, while industrial
sources were more prevalent on the central coast adjacent to major cities
(Fig. 2). Mining and agricultural inputs have been detected along the
coast, mostly south of Newcastle. While this aligns with known land-use
throughout coastal NSW, these results are not necessarily indicative of
the true contaminant profile and burden in marine ecosystems (ABARES,
2024). Most studies were completed near urban centres, which while
being primary sources of contaminants, are also the locations where
research institutions are centralised. Furthermore, these locations have a
higher density of waste utilities compared to rural zones, hence the
funding for research and legislated monitoring requirements are
disproportionately spread along the coastline.

3.2. The extent of estuarine influences in coastal marine NSW

3.2.1. Hydrology and physicochemistry

Globally, the effects of estuarine outflows on coastal hydrology and
physicochemistry are understood, but the literature is predominantly
from estuaries of the world’s major rivers (the Amazon, Mississippi,
Yangtze and Columbia; Lentz and Limeburner, 1995, Schiller et al.,
2011, Saldias et al., 2016, Wu et al., 2021). Ocean currents of the NSW
continental shelf are driven by advection caused by the warm south-
bound East Australian Current (EAC) interacting with cooler north-
bound inshore currents (Rendell and Pritchard, 1996). These forces are
also largely responsible for nutrient upwelling and fluctuations in
coastal productivity (Lee et al., 2007). In comparison, the influence of
NSW estuarine outflows on coastal currents is assumed to be low and is
often neglected despite how it may vary under flood conditions (Table 2)
(Li et al., 2022). Estuarine flood plumes of the Cooks and Georges River
(Botany Bay) have been shown to influence salinity up to 11 km offshore
(Kingsford and Suthers, 1994). Similarly, hydrodynamic modelling of
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Fig. 1. Summary of studies quantifying effects of contaminants on biota in coastal waters of New South Wales, Australia, by biotic component studied. The sewage
effluent (mixed) category contains studies where the effects to biota were measured as a result of whole effluent (and chemical properties were not quantified), or

where the contaminant quantified could not be assigned to any other category.

Table 2

b. The status of research on other key components of estuarine outflows in NSW (i.e. physico-
chemical and hydrological). These studies were not included in the formal review unless they
measured biotic metrics (i.e., the influence of estuarine plumes on ichthyoplankton abundance).

Estuarine Research status References
component
Hydrology & *Geographically Estuarine references: A
physicochemistry limited

Sydney deepwater outfall references: B
Estuarine plumes and  *Geographically References: C
effects on faunal limited

assemblages

*The colour of the cell indicates the status of research for the regions where physicochemical and
hydrological estuarine components have been studied. While the research may be sufficient where
studies were conducted, this data is not available for other regions of NSW.

a) (Kingsford & Suthers, 1994, Rendell & Pritchard, 1996, Li et al., 2022, Malan et al., 2024).

b) (Pritchard et al., 1993, Mortimer & Connell, 1995, Scanes & Philip, 1995, Bickford, 1996, Miller
et al., 1996, Mortimer & Connell, 1996, Pritchard et al., 2001, Tate et al., 2019).

c) (Kingsford & Suthers, 1994, Bickford et al., 1999b, Harris, 2001, Gillson, 2011, Gillson et al.,

2012).

the Hawkesbury shelf estimates the spatial extent of flood plumes be-
tween 9.5 km — 12.5 km, depending on the state of the EAC (Li et al.,
2022). However, a recent study using estuarine and oceanic salinity
loggers far exceeds these estimates, and found that an extreme wet-
weather event in 2022 coincided with significantly low salinity (below
the 5th percentile; 35.16 psu) up to 70 km offshore and increased dis-
solved organic matter (CDOM >1.2 mg m °) up to 20 km offshore
(Malan et al., 2024). As a region with low natural variation in oceanic
salinity, such changes could have effects on NSW marine ecosystems
(Eyre and Twigg, 1997; Beck and Birch, 2012) including kelp mortality,
altered larval distribution patterns, and decreased recruitment of marine
taxa to estuarine nursery habitats (Gillson, 2011; Gillson et al., 2012;
Davis et al., 2022; Li et al., 2022). Alternatively, estuarine plumes have
also been shown to benefit biological productivity and provide impor-
tant cues for ecosystem processes (Kingsford and Suthers, 1994).

3.2.2. Marine productivity
From the global literature, we know that estuarine plumes can

promote marine primary productivity both in the benthos and the water
column, which, in turn can promote productivity at higher trophic levels
(Gillanders and Kingsford, 2002; Darnaude et al., 2004; Connolly et al.,
2009). In NSW, few studies have assessed the influence of estuarine
outflows on coastal marine productivity (Table 2). However, estuarine
research in NSW demonstrates that coastal wetland habitats promote
fisheries productivity (Taylor et al., 2018b). These studies generally rely
on data from fisheries that operate predominantly within estuaries
themselves, such as prawns and estuarine fishes, however similar ben-
efits may extend into marine fisheries. Further work in NSW is needed to
quantify these effects. Studies have also made observations via drone
surveys showing that higher densities of fishes and large vertebrates
congregate at marine sites nearer to estuaries compared with sites
distant from estuaries in northern NSW (Kelaher et al., 2019; Tagliafico
et al., 2020). This suggests that estuarine outflows, and their associated
nutrient supplements, may play a role in attracting diverse assemblages
of large vertebrates including rays, sharks, turtles, dolphins, and bony
fishes (Kelaher et al.,, 2019). Furthermore, the abundance of
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Fig. 2. The geographical distribution of studies measuring the effects of contaminants in marine biota from NSW, Australia (0.5° latitudinal increments), classed by
the reported sources of detected contaminants. NSW map (left) is coloured by the log of the population count per 100 km? for 2020 (Center for International Earth
Science Information Network (CIESIN) Columbia University, 2020). Y-axis (Latitude °S) on the right also applies to the map in panel A.

ichthyoplankton in estuarine plumes adjacent to Botany Bay was
significantly greater than the waters beyond the plume (Kingsford and
Suthers, 1994). This study suggests that these plumes provide cues to
marine organisms that an estuary is nearby, attracting planktivores to
the plume front, and exporting larvae on ebb tides (Kingsford and
Suthers, 1994).

Targeted quantification of the roles that estuarine outflows play in
supporting marine ecosystems in NSW could be addressed in several
ways. For example, assessments could target the structure, function, and
productivity of marine ecosystems and fisheries proximal to less-
disturbed estuaries. Further, understanding of the relative contribution
of catchment and estuary producers to marine ecosystems could be
improved. Stable isotope analyses have been useful elsewhere for
examining the flow of organic matter from estuaries into marine eco-
systems and food-webs for smaller estuaries such as the Mooloolah River
in Queensland, Australia, just north of the NSW state border (Connolly
et al., 2009; Schlacher et al., 2009). These studies found that the small
estuary in flood contributed significant amounts of nutrients which
influenced the biomass of marine phytoplankton and thus, the assem-
blage of zooplankton. The spatial influence of this contribution was
limited to <2 km from the estuary mouth, as was the distribution of
contaminants (Cu) exported in the plume (Gaston et al., 2006; Schlacher
et al., 2008; Schlacher et al., 2009). These conservative estimates pro-
vide insight into the spatial influence expected of similar estuaries in
NSW. Fish and crabs sampled within the Mooloolah estuarine plume had
significantly different isotopic signatures to those collected offshore,
indicating that a large portion of the dietary nutrients consumed by
harvested species collected near estuaries originated from terrestrial
sources (Connolly et al., 2009). These methods of quantifying the in-
fluence of small estuaries on marine food webs have the potential to be
employed in the understudied smaller estuaries that constitute most of
the waterbodies along the NSW coastline. Improved understanding of
the contribution of terrestrial, freshwater, and estuarine organic matter

to marine food-webs in pristine and modified areas of NSW can
empower managers to improve marine ecosystem productivity and
health by optimising ‘upstream’ conditions and improving the export of
nutrients and organic matter, as well as reducing detrimental
contaminants.

3.3. Trace elements

The concentrations and bioavailability of many trace elements have
been altered by anthropogenic activities such as mining (Russell et al.,
2015), industry (elemental additives to antifouling agents or byproducts
of manufacturing; Dove and Kingsford, 1998, He and Morrison, 2001,
McVay et al., 2019), and urban development (stormwater run-off and
wastewater; Birch, 1996, Bickford et al., 1999a, Birch, 2024). Elevated
concentrations of both essential and non-essential trace elements can
have severe effects on biota, and their presence in animal tissues can
represent acute exposure or chronic accumulation (Purves, 2012).
Elevated concentrations of trace elements such as Cd, Hg, Zn, and Cu
were detected in invertebrates, fish, birds, fur seals, and elasmobranchs
from a range of locations along the coast of NSW, with the most common
sources being wastewater effluent and stormwater run-off.

Invertebrates such as amphipods, gastropods and oysters have been
utilised as bio monitors of marine and coastal trace element contami-
nation in NSW, with Cd, Zn, Pb, Hg, Co and Ni found to accumulate in
invertebrates close to urban centres. Baseline trace element concentra-
tions have been established for oysters and mussels from NSW estuaries,
which can serve as a reference for the concentrations observed in oysters
from NSW coastal marine environments (Scanes, 1996; Scanes and
Roach, 1999; Birch and Hogg, 2011; Birch and Apostolatos, 2013). Trace
elements measured in the tissues of oysters surrounding Sydney’s
deepwater sewage outfalls exhibited no consistent elevation in metal
accumulation (Scanes, 1996; Ajani et al., 1999), and adjacent to Bur-
wood Beach sewage outfall (32.9°S; Newcastle) tissue concentrations
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were below baselines (Andrew-Priestley et al., 2020). Other studies
measuring trace element concentrations in the suspended sediments
released from outfalls further substantiate the low risk posed by this
source, despite some samples containing Hg concentrations slightly
above the effect range low concentration (ANZG, 2018; Besley and
Birch, 2019a). In contrast, the concentrations of Cd, Zn, and Pb in
gastropod molluscs (Austrocochlea constricta) collected from the coastal
waters of Newcastle were three times greater than those from reference
sites, and the concentrations of Cd in particular exceeded the food
quality guidelines (Australia New Zealand Food Authority, 1992; Walsh
et al., 1994). Similar results were observed in limpets (Cellana tramo-
serica) from coastal waters adjacent to industry in southern NSW (Maher
et al., 2016). The effects observed in invertebrates include oxidative
stress, lipid peroxidation, lysosomal destabilisation, and DNA and
cellular damage (Avery et al., 1998; Ubrihien et al., 2017). Further,
amphipods native to coastal NSW have been exposed to contaminated
sediment and water samples from Sydney to investigate the toxicity of
trace element mixtures (Zhang et al., 2020). Most of the sediment
samples reduced amphipod survival and reproduction in both static and
flow-through tests, indicating that despite the physicochemical pro-
cesses that sequester and adsorb trace elements in marine environments,
amphipods may experience chronic exposure and accumulation of trace
elements in Sydney’s coastal environment. Overall, there are minimal
risks of trace elements from NSW deepwater sewage outflows to marine
invertebrates, however, the net effects of metals from diffuse sources has
not been well studied in invertebrates of coastal marine waters beyond
ports and estuaries.

Trace elements have also been detected in fish and megafauna in
coastal NSW. Trace elements such as Cd, Fe, Mo, Ag, Hg, Se, and V were
elevated in the livers of adult long-nosed fur seals found deceased on the
coast of NSW between Nelson Bay and Jervis Bay (32.7-35.1°S) (Hall
et al., 2023). This study found that the concentration of these elements
correlated with total length, indicating chronic exposure and bio-
accumulation. In sharks, rays, and fish collected from northern NSW, the
concentrations of As, Cd and Hg in hepatic tissues were at concentra-
tions indicative of detrimental health effects such as severe embryonic
and larval deformity (Sfakianakis et al., 2015; Cagnazzi et al., 2019a). In
the coastal town of Nambucca Heads (30.6°S), the high proportion of
wild-caught seafood in local Indigenous Australian diets indicated that
they may be exposed to concentrations of Zn, Se and Cd above general
expected concentrations (Zn, Se) and food safety standards (Cd), as
relatively high concentrations were detected in the muscle of locally
sourced sand mullet (Myxus elongatus) and Sydney rock oyster (Saccos-
trea glomerata; Russell et al., 2015, FSANZ, 2022). Similarly, in non-
commercial fishery species, otolith composition has been used to track
long-term exposure to trace elements from urban and industrial sewage
(Port Kembla; 34.5°S), with a distinct bioaccumulation gradient evident
based on proximity to Ports and estuarine wastewater effluent (Dove
and Kingsford, 1998; He and Morrison, 2001). Understanding the con-
centrations and biological impacts of trace elements in marine fauna -
particularly in apex predators - is critical in evaluating the risks to ma-
rine ecosystems and human health. However, attributing local trace
element sources to accumulation in highly mobile and migratory species
is difficult and an often-undisclosed caveat of many of these studies. One
study investigating trace element accumulation in Red Moorwong
(Cheilodactylus fuscus) in Sydney’s offshore environments found a rela-
tionship between elevated Hg and As accumulation in fish sampled near
the Malabar outfall and adjacent to Sydney harbour, but low accumu-
lation near Bondi and North Head sewage outfalls (McLean et al., 1991).
In contrast, a later study found no influence of proximity to the outfalls
on trace element accumulation in the same species (C. fuscus), high-
lighting the inconsistencies in linking offshore sewage outfalls to bio-
accumulation in biota and potentially ruling-out the outflows as a key
contributor of trace elements to coastal food webs (Krogh and Scanes,
1996). A recent meta-analysis identified NSW as a major priority for
assessing trace element contamination in marine megafauna, with
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considerable data gaps for contaminant concentrations in birds, sea
turtles, and marine mammals when compared to other states and terri-
tories of Australia (Jarolimek et al., 2023). By addressing this gap, the
true sources and risks of trace elements to marine ecosystems of NSW
will be better defined.

3.3.1. Trace elements from mining effluent

Mining pollution laden with trace elements enters estuarine and
marine environments via mine tailings that are released in floods, spills,
or planned disposals, or through atmospheric deposition (Magris et al.,
2019). While trace elements have been found to accumulate in NSW
marine biota, their source is unclear and often attributed to sewage and
stormwater runoff. The direct impacts of mining pollution on the marine
environment of NSW have not been studied - this highlights a critical
knowledge gap. Coal mining in Newcastle has received significant po-
litical attention due to the human health impacts detected in this region,
however, this has not translated to substantial monitoring efforts in the
receiving marine biota eastward of the estuary mouth (Higginbotham
et al., 2010; McManus and Connor, 2013; Palanisami, 2018). Seven
collieries remain in the Sydney basin, all of which are contributing trace
elements (such as Cd, Cr, Cu, Pb, and Zn) in discharge streams where
concentrations exceed water quality guidelines (ANZG, 2018) and
continue to have severe impacts on aquatic fauna (Swanson et al., 2017;
Belmer, 2022). Furthermore, many mines continue to contaminate
surrounding environments long after the mining activity has ceased.
Abandoned inland mines such as Captains Flat and Hillgrove cause
significant contamination of Pb, Zn, Cd, Sb, and As in receiving aquatic
environments, yet the transport of these contaminants to marine eco-
systems in flooding events or through atmospheric deposition remain
unquantified (Ashley et al., 2007; Marasinghe Wadige et al., 2016). The
ability to estimate effects of mining pollution in the marine environment
is critical for tailings management and temporal monitoring of long-
term industries.

3.4. Organic contaminants

3.4.1. Persistent organic pollutants (POPs)

Persistent organic pollutants (POPs) include a vast array of chemicals
with varying properties, sources, and biological targets, grouped by four
defining characteristics; persistence, long-distance transportation, and
the capacity to bioaccumulate and biomagnify (Ritter et al., 1995).
Contaminants such as organochlorines (including polychlorinated bi-
phenyls [PCBs] and pesticides such as dichlorodiphenyltrichloroethane
[DDT]) and polycyclic aromatic hydrocarbons (PAHs) have been
assessed throughout contaminant literature, and their sources and ef-
fects are generally well understood. In contrast, the biological effects of
emerging POPs such as per- and polyfluoroalkyl substances (PFAS)
remain a key topic of investigation.

3.4.1.1. Organochlorines. In NSW, the most studied POPs were organ-
ochlorine compounds (i.e. PCBs and DDT) with a large portion of studies
concentrated at the ocean wastewater outfalls near Sydney. The use of
many organochlorines is banned in Australia due to the detrimental
impacts they have on aquatic ecosystems, however, many are still
detected in Australian waters as old materials degrade, continuing to
contribute organochlorines to environments receiving run-off
(Department of Climate Change Energy the Environment and Water,
2022). Two studies found that organochlorine exposure to oysters
growing near sewage outfall discharges (both inshore and offshore) was
dramatically reduced following the commission of the offshore sewage
outfalls (Scanes and Philip, 1995; Scanes, 1996). The concentrations
observed at the new oceanic site were still high compared with similar
studies in the USA, however, they were below Australian food quality
guidelines. These results were reciprocated before and after the
commissioning of an offshore sewage outfall at Boulder Bay (36.7°S),
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where low concentrations of organochlorine pesticide metabolites
(Dichlorodiphenyldichloroethylene; DDE and Dichlorodiphenyldi-
chloroethane; DDD) were detected in oyster tissues at the discharge site
after commissioning. The concentrations were considered low enough to
be of no concern (Ajani et al., 1999). In oceanic sewage discharges, 98 %
of organic contaminants are dissipated by advection in the water column
or adsorption to the sediment, however, other biological processes can
serve as vectors for these contaminants to enter the food web (Mortimer
and Connell, 1995). One study found that despite the physicochemical
properties of ocean environments in removing PCBs and the absence of
significant accumulation in bivalves, red morwong (Cheilodactylus fus-
cus) accumulated organochlorines in hepatic tissues, yet these were also
below the Australian National Food Authority’s Maximum Residue Limit
(Krogh and Scanes, 1996).

Detections below food quality guidelines are not always indicative of
low biological impact. For example, accumulation of organochlorine
insecticides (DDT) have been found to correlate with altered hepatocyte
subcellular structures (dilated endoplasmic reticulum) in Gunther fish
(Parma microlepsis) from the Malabar sewage outfall and Jervis Bay
(reference site) (Tricklebank, 2000). However, this relationship was not
indicative of a sewage outfall point-source of organochlorines, as these
correlations were not significantly different between the outfall and the
reference site, and other subcellular components were not affected in a
consistent dose-wise manner. More recent assessments show that or-
ganochlorines detected soon after the commissioning of the outfalls in
Sydney dissipated in following years, with many compounds below
detection limits in sediments by 2019 (Besley and Birch, 2019b).
Overall, organochlorine contaminants have been detected in fauna
collected near the ocean outfalls, but there is no clear evidence of a
detrimental ecological impact.

Organochlorines have been detected in the tissues of megafauna
sampled along the NSW coast (sharks, rays, and pinnipeds; Manning
et al., 2017, Cagnazzi et al., 2019b, Hall et al., 2023). One study on
elasmobranchs from northern NSW coastal waters tested for 30 PCB
congeners, as well as metabolites of DDT and Hexachlorobenzene; HCB
(Cagnazzi et al., 2019b). The range of elasmobranchs sampled included
critically endangered greynurse sharks (Carcharias taurus; n = 1) and
endangered great hammerheads (Sphyrna mokarran; n = 24), among
eight other species of varying IUCN status. While white, dusky, and great
hammerhead sharks are known to be highly migratory; greynurse,
common blacktip, and bull sharks all exhibit philopatry to shallow
coastal zones (Hueter et al., 2005). Among all sharks and rays sampled
the most abundant organochlorines detected were those with estrogenic
and anti-androgenic activity (65 % and 33 % of all POPs in rays and
sharks, respectively). This is of particular concern due to the implica-
tions this may have on reproduction, gestation, and fertility. While
relatively high concentrations were observed in the sampled population,
no clear detrimental effects were reported. In contrast, hepatic organ-
ochlorine concentrations negatively correlated with body condition in
resident long-nosed fur seals off Newcastle and Sydney for which DDE, a
metabolite of the pesticide DDT, was the most abundant congener (Hall
et al., 2023). Three individuals with the highest liver burden of organ-
ochlorines were emaciated and had severe parasitism, hepatic necrosis
and ulceration. Between these two studies conducted in different regions
of the NSW coast, over 40 organochlorine compounds have been
detected in long-lived apex predators. While the direct sources are
difficult to determine, this evidence identifies bioaccumulation and in-
dividual effects of organochlorines in apex predators of NSW, which
could induce cascading effects for the population and food web.

In estuaries, the contaminant profiles of resident fish make it easier
to trace the sources of organochlorines compared to mobile, long-lived
marine megafauna. The concentrations of PCBs and polychlorinated
dibenzo-dioxins and furans (PCDD/Fs) have been measured in a number
of recreational and commercially relevant fish and invertebrate species
within Sydney Harbour (Manning et al., 2017). The highest toxicity
equivalent concentrations were detected in fish species (silverbiddy
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[Geres subfasciatus], sea mullet [Mugil cephalus], silver trevally [Pseu-
docaranx dentex], tailor [Pomatomus saltatrix] and yellowfin bream
[Acanthopagrus australis]), however, PCB and PCDD/F compounds were
detected in both fish and invertebrates (up to 193 pg/g) with PCDD/Fs
comprising 70-94 % of compounds detected (Manning et al., 2017).
These concentrations exceeded the safe guidelines for human con-
sumption, which resulted in a commercial fishing ban within the
harbour (FSANZ, 2007; Manning et al., 2017). The high concentrations
detected in these estuarine species that may seasonally migrate to the
ocean highlights a threat to adjacent marine ecosystems that has not yet
been fully investigated, and is a reminder that holistic estuarine-marine
food web contaminant studies are the best way to evaluate the threat of
bioaccumulation and biomagnification across the coastal interface.

3.4.1.2. PFAS. Per- and polyfluoroalkyl substances (PFAS) are POPs of
emerging concern, with their ubiquitous presence in the environment
only a recent discovery despite their prolific use over the past 50 years
(HEPA, 2022). Species of PFAS (Perfluorooctanesulfonic acid; PFOS and
Perfluorooctanoic acid; PFOA) are now recognised in the Stockholm
Convention on Persistent Organic Pollutants, meaning Australia has an
obligation to monitor and manage PFAS in the environment (Lallas,
2001). In NSW, three studies have measured PFAS in coastal marine
biota (Taylor, 2019; Taylor et al., 2019; Hall et al., 2023), while another
two focused on water, sediment and biota within the Sydney Harbour
estuary (Thompson et al., 2011; Taylor et al., 2018a). One of the best
examples of the effects of estuarine contaminants on biota offshore
investigated the spatial and temporal accumulation of PFAS in eastern
school prawn (Metapenaeus macleaya) across estuarine (Hunter River
Estuary; Newcastle) and marine (Stockton Bight trawl grounds; New-
castle) ecosystems (Taylor, 2019). In this study, PFOS was the most
abundant PFAS species detected in prawn tissues. Further, the concen-
trations of PFOS in prawns caught at the Stockton Bight trawl grounds
(5.2 + 1.7 pg kg™1) could be predicted with numerical models based on
migration data and the concentrations in juvenile prawns from the
estuarine nursery grounds. The concentrations detected in eastern
school prawns is concerning for the threat of human exposure via con-
sumption. Furthermore, a follow up study (Taylor et al., 2019) found
significant correlations between the metabolic profiles of eastern school
prawns and their PFAS bioaccumulation profiles. Therefore, sublethal
effects exist for eastern school prawns, which could have flow on effects
for their predators. PFAS was also detected in all long-nosed fur seals
sampled in the study by Hall et al. (2023), again with PFOS as the
predominant species detected () PFAS 5.98-407.08 ng/g, PFOS
constituted ~33 %). PFAS is known to maternally transfer in Australian
pinnipeds (Taylor et al., 2021) and interfere with mammalian serum
proteins such as albumin (Bangma et al., 2022), meaning that PFAS
accumulation in long-nosed fur seals from NSW may exert effects not
only to individuals, but to the health of the local population. The
epidemiology of PFAS is in its infancy, but some human studies have
drawn links to cancer, cardiovascular impairment, and endocrine
disruption (Radke et al., 2022). The potential impacts PFAS bio-
accumulation can have on reproductive processes means that individual
effects may also be indicative of population effects, though this has not
been assessed for long-nosed fur seals and their communities in NSW.
Estuarine species known to traverse the estuarine/marine interface
such as sea mullet (Mugil cephalus) were found to contain high concen-
trations of PFOS (up to 107 ng/g in liver tissue) when sampled within
Sydney Harbour (Thompson et al., 2011). While these concentrations
are mid-range compared to international examples (Nania et al., 2009;
Quinete et al., 2009; Naile et al., 2010), they present a risk for bio-
accumulation in marine species that eat sea mullet. In Port Stephens
estuary (Newcastle; 32.8°S), the Airforce base serves as a point source of
PFOS, and fishery species including sea mullet (Mugil cephalus), luderick
(Girella tricuspidate), yellowfin bream (Acanthopagrus australis), dusky
flathead (Platycephalus fuscus), sand whiting (Sillago ciliate), school
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prawn (Metapenaeus macleaya) and mud crab (Scylla serrata) have been
found to accumulate tissue concentrations of PFOS that exceeded FSANZ
trigger values and display a strong relationship with distance from the
point source (Ghosh, 2014; Taylor et al., 2018a). The fish species
sampled in this study have fidelity to small ranges of their home estuary,
yet undertake seasonal migrations to the coast where they serve as food
sources for secondary and tertiary marine predators (Coleman and
Mobley, 1984). Quantifying the contribution of estuarine species to the
bioaccumulation of PFAS in marine predators is an important next step
for understanding the effects of estuarine exports on marine
contamination.

3.4.2. Pharmaceutical and personal care products

There are many organic contaminants that are known to negatively
impact marine ecosystems yet are not considered POPs due to their
chemical properties. Pharmaceutical and personal care products
(PPCPs) enter marine ecosystems through wastewater discharge
(Andrew-Priestley et al., 2012; Melvin and Leusch, 2016). The purpose
of PPCPs is to interact with biological targets, which is why they are so
readily received by marine biota and have the potential to cause endo-
crine disruption, carcinogenesis or psychoactive impacts (US EPA, 1997,
Melvin, 2017). However, they often readily degrade in marine envi-
ronments or are assimilated by bacteria and algae, and are difficult to
measure (Boxall, 2004). Many PPCPs exert biological impacts below
practical limits of quantification, partly due to the cumulative impacts of
estrogenic mixtures (Ortiz de Garcia et al., 2014). Two studies in NSW
address the impacts of sewage outfalls with respect to PPCPs in NSW.
Sydney rock oysters in shallow sites near (<50 m) Burwood Beach
wastewater outfall had significantly greater concentrations of estrogenic
compounds than reference sites of the same depth (4 m, Redhead; 33.0°S
and Fingal Island; 32.7°S), which resulted in higher vitellogenin gene
expression and feminisation of the oyster population surrounding the
discharge site (Andrew-Priestley et al., 2012). The compounds identified
(estrogen imitators and phenols) in this study have also been shown to
exhibit strong influences on gene expression in Sydney rock oysters in
NSW estuaries (Andrew-Priestly et al., 2010), as well as in apex preda-
tors internationally (Ross et al., 2023), but the links between exposure
routes and accumulation in marine megafauna are not studied in NSW.
Radioactive PPCPs such as iodine-131 can also enter the marine envi-
ronment though sewage effluent due to widespread use in medical di-
agnostics and treatment, as their half-lives are often shorter than the
time required for the human patient to excrete them (Davis, 2006).
Bioconcentration of iodine-131 was observed in intertidal marine algae
receiving effluent from the Cronulla sewage outfall (cliff face disposal at
Potter Point; 34.0°S), but the worst-case modelled radiological dose to
marine biota was below predicted no-effect values (Garnier-Laplace
et al., 2006; Veliscek Carolan et al., 2011). The threat of PPCPs to the
marine environment in NSW is scarcely supported by field data, partly
due to the complexity of measuring PPCPs in marine environments. The
diversity and abundance of PPCPs in the marine environment, along
with the effects of this on marine biota is expected to increase with
growing human populations.

3.4.3. Organic contaminants summary

Overall, the links between land-based pollution in NSW and accu-
mulation of organic contaminants — particularly PFAS and PPCPs — in
marine biota are patchy and understudied. Notably, organic contami-
nants were only detected in low concentrations in invertebrates, while
sharks and fur seals accumulated relatively high concentrations of
organic contaminants. The rapid depuration rates of bivalves, and the
capacity for long-lived high-level consumers to bioaccumulate and
biomagnify organic contaminants in lipid-rich tissues may explain the
observed trends. This factor alone exemplifies why contaminant risk
assessment should consider adopting a multi-tiered framework assessing
species from different functional groups of an ecosystem, as the mech-
anistic pathways that underpin contaminant accumulation and impact

Marine Pollution Bulletin 208 (2024) 116915

can be species-specific. In many studies, purely environmental concen-
trations are measured, and the expected sources and outcomes of
organic contaminant exposure are explained by lab-based ecotoxicology
research or existing seminal literature. The paucity of local marine
studies, as well as the rapid rate at which new compounds are syn-
thesised, mean this topic should be a priority for future research.

3.5. Plastic

Plastics polluting marine environments have many origins, including
manufacturing, fishing, landfill, vessel dumping, wastewater discharge,
and stormwater run-off, and consequently their presence in marine en-
vironments is ubiquitous world-wide (Bradney et al., 2019). Plastics do
not biodegrade, but instead fragment into smaller pieces. The sources,
prevalence, and ecological consequences of macro plastic/debris, and
microplastics (plastic pieces smaller than 5 mm; Reis-Santos et al., 2022)
are different. Thus, they are typically studied separately. Debris has
known impacts to wildlife such as entanglements and impaction,
therefore, recent research prioritises understanding the sources and
spatial distribution of debris, as well as the effects at scales relevant to
management (Gacutan et al., 2022). Microplastics research is increas-
ingly prominent in the literature, however, techniques for sampling and
analysis are still in development and the biological impacts to wildlife
are more ambiguous than the physical impacts of debris. New South
Wales has been identified as the region with the highest plastic con-
sumption in Australia (modelled by population size), and the state has
been called upon to improve plastic waste management (Hossain et al.,
2022).

3.5.1. Macroplastics

The abundance of plastic waste is highly variable along the NSW
coastline, with debris loads significantly higher in estuaries compared to
offshore locations (Smith and Edgar, 2014). In remote regions of NSW, a
significant portion of the debris load is considered to originate elsewhere
and is transported to locations like northern NSW and Lorde Howe Is-
land (31.5°S) by winds and currents (Taffs and Cullen, 2005). This
contrasts global trends, where the majority of debris is delivered via
terrestrial waterways (Willis et al., 2017). In recent years, data on the
abundance, distribution, and risks of plastic waste have been limited by
the spatial or temporal scales of monitoring programs. A meta-analysis
addressed this issue by modelling the risks of plastic debris to key as-
sets of the NSW marine estate (including benthic assemblages, plank-
tonic assemblages, marine megafauna, and avifauna) using a spatially
and temporally expansive citizen science dataset, providing insights on
plastic ‘hotspots’ and the greatest constituents of plastic waste in NSW
(Gacutan et al., 2022). Risk was determined by the likelihood of expo-
sure to plastic debris and the consequence of the interaction for different
plastic types. This study estimates that the greatest threat of plastic
debris occurs close to population centres, where cetaceans, turtles, and
sea birds were most at risk of entanglement and ingestions of fishing
equipment (nets, traps and tackle), balloons, and plastic bags. In the
only study of measured impacts on NSW coastal marine communities,
the greatest abundance of debris occurred in reefs with the highest
conservation value in northern NSW, although the debris had no sig-
nificant effects on the species richness of reef fish and molluscs (Smith
et al. 2008). Comprehensive studies evaluating the spatial distribution
and movement of plastic debris in coastal NSW would serve as ground-
truths for risk assessment modelling and provide insights on the impacts
to local marine ecosystems, thus improving risk assessments in NSW.

3.5.2. Microplastics

The impacts of microplastics is lesser known as analytical methods
continue to evolve (Schuyler et al., 2014; Filella, 2015). Microplastics
alone are chemically stable, but can act as vectors for the transport and
bioaccumulation of other toxic contaminants (Amelia et al., 2021).
Gacutan et al. (2022) included microplastics in their risk assessment and
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concluded there was a high risk to all biological assets along the entire
NSW coastline, albeit noting insufficient spatial data of microplastic
distribution as a caveat. Most NSW studies occur within estuaries and
ports (e.g., Halstead et al., 2018; Jahan et al., 2019), while others
investigated the presence of microplastics in seafood (Wootton et al.,
2021; Ogunola et al., 2022). Fish collected from Sydney seafood markets
were mostly pelagic species, therefore, they likely represent the marine
microplastic pollution burden in coastal NSW. On average, fish gut
contents contained low abundances of microplastics (<1 piece; Wootton
et al., 2021), and decapod crustaceans from a mix of marine and estu-
arine environments in NSW had the lowest average abundance of
microplastics compared to other Australian states and territories (king
prawn: 0.5 pieces per individual, tiger prawn, banana prawn, blue
swimmer crab, and mud crab = 0 pieces; Ogunola et al., 2022). These
studies may indicate that the risk of microplastics to human consumers
of seafood from NSW is low, yet this is not representative of the potential
risks associated with bioaccumulation of plastics in other commercial
estuarine species. The most abundant microplastics in commercial fish
species caught in Sydney harbour were clothing fibres, which are
flushed into waterways through wastewater effluent and stormwater
run-off (Halstead et al., 2018). These fibres contain dyes that could be
potentially toxic, yet no biological effect was measured in this study. In
addition, ample research on plastic in birds from remote terrestrial lo-
cations in NSW were excluded by the criteria of this review but are
representative of the extent of plastic pollution in coastal food webs. A
recent review identified numerous studies on the presence of micro-
plastics in avifauna from Lord Howe Island and Ballina (28.8°S) (Reis-
Santos et al., 2022). In brief, almost 100 % of birds sampled (the ma-
jority being shearwaters) contained microplastics in their gastrointes-
tinal tract, with >17 pieces per individual (Lavers et al., 2014; Lavers
et al., 2018). As urbanisation increases globally, the impact of plastic
pollution in NSW from local and distant sources will continue to be a
focus for future marine and coastal research.

3.6. Contaminant mixtures in whole sewage

There are a number of studies on the NSW deepwater sewage dis-
charges that assess the effects of the effluent as a whole, rather than
investigating the effects of a single contaminant type on the receiving
ecosystems. Most of these studies (n = 11) were published between 1995
and 97, in the years following the commissioning of the deepwater
outfalls (1990-91). The purpose of the outfalls was to direct effluent
offshore to improve water quality at Sydney beaches and minimise
impact on coastal biota, including intertidal algae and microbenthic
invertebrate communities (Borowitzka, 1972; Roberts, 1996; Under-
wood and Chapman, 1996). The depth of the deepwater outfalls (60-80
m deep) was expected to increase the rate of dilution of the effluent. For
this purpose, the development was successful, reducing coastal pollution
at the cliff-face coastal outfalls of Malabar, North Head, and Bondi by 98
% (Mortimer and Connell, 1995). There have since been additional
outfalls commissioned for Newcastle (Burwood Beach) and Coffs
Harbour (Corambirra Point; 30.3°S) (Smith, 1996; Andrew-Priestley
et al., 2022). In some studies, changes to community structure within
300 m of the outfalls was detected, with decreased diversity, increased
polychaete dominance, reductions in cryptic reef fish, and commercially
and recreationally important fish species (Otway, 1995; Scanes and
Philip, 1995; Smith et al., 1999). The effluents can contain organo-
chlorines, nutrients, trace elements, and PPCPs (studies investigating the
effects of these contaminants in deepwater outflows have been discussed
in the relevant sections above), however, most studies conclude that the
shift in community structure is likely due to the physical characteristics
of the plume (e.g., currents, turbidity, and reduced salinity and density;
Scanes and Philip, 1995) rather than acute toxicity. Studies found that
larval fish abundance over large spatial scales was not affected by the
deepwater discharges in the years following establishment, but
acknowledged there was an influence on small-scale distribution
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patterns due to displacement caused by the upwelling of rising plumes
(Gray et al., 1996; Gray, 1996; 1997). While large-scale population
metrics appeared to be within natural variation, one of the key recom-
mendations from these studies was to investigate the long-term health
and survival of larvae exposed to the effluent (Gray et al., 1992, Gray,
1997). No studies on larval fish health adjacent to the sewage outfalls
was found in our review, however, the toxicity of the effluent to end-
points such as survival, development, and fertilisation was tested in vitro
for two marine invertebrates, Heliocidaris tuberculata and Allorchestes
compressa (Woodworth et al., 1999). The bioassays found that dilution at
the offshore outfalls of North Head, Bondi and Malabar were enough to
prevent an observable effect in either of the model organisms, whereas
onshore discharges (Cronulla; 34.0°S, Bellambi; 34.4°S and Port Kem-
bla; 34.5°S) were concentrated enough to inhibit sea urchin fertilisation.
Recent studies assessing the long-term impacts of the offshore outfalls
conclude that natural oceanic processes prevent hypoxia and toxicity of
sediment contaminants at the effluent release sites (Besley and Birch,
2019b, a). Overall, these studies suggest that NSW deep-water dis-
charges have little effect on receiving communities, although they do
not address sublethal effects of legacy and emerging contaminants that
could influence population dynamics after chronic exposure, and
therefore advise long-term periodic monitoring of environmental
pressures.

3.7. Nutrients and harmful algae blooms

Nutrient exports (particularly nitrates and phosphates) affect marine
ecosystems by altering the dynamics between habitat forming species
that compete for space and stimulating plankton growth in the water
column. Both urban and agricultural areas export considerable quanti-
ties of nutrients into waterways, especially via sewage, detergents, and
fertilisers (Seitzinger et al., 2010). The net effect of nutrient supplements
in coastal ecosystems depends largely on local conditions and the sta-
bility of nutrient concentrations, with potential for both positive and
negative outcomes as supply varies. For example, in high-nutrient con-
ditions algae will bloom, growing more rapidly than other habitat
forming taxa, such as seagrasses and corals (Paerl, 2006; Barbier et al.,
2011). This can lead to algae outcompeting seagrasses and corals for
both space and sunlight, or excessive epiphytic algal growth on sea-
grasses and macroalgae, impacting the condition and biomass of these
important habitat forming species. Rapid increases in nutrients can
therefore trigger fundamental shifts in the dominant habitat forming
species within an impacted area, with potential flow-on effects
throughout the ecosystem (Nystrom et al., 2000). Thus, coastal
ecosystem resilience and stability relies, in part, on stable nutrient
supplies, especially where slower growing species are the dominant
habitat forming groups (Nystrom et al., 2000).

Despite the abundance of studies measuring the influences of excess
nutrients from sewage, stormwater, and agricultural run-off on riverine
and estuarine ecosystems in NSW (Baginska et al., 2005, Drewry et al.,
2005, Dela-Cruz et al., 2006), few studies have assessed the impacts of
excess nutrients on coastal marine biota. These studies reported the
influence of nutrients on algal abundance, identifying that the primary
anthropogenic contributor of ammonia and phosphate to the marine
waters between Port Stephens and Jervis Bay was deepwater sewage
outfalls (99 %; 23-28 mg L ™! and 97 %; 3.2-6.4 mg L™?, respectively),
while estuarine exports containing land-based run-off contributed the
most nitrate (0.11-0.45 mg L~L: Pritchard et al., 2001). Despite these
high concentrations, algal blooms within the study region were driven
by natural seasonal variation in nutrient upwelling from slope waters,
although the authors noted these seasonal patterns may be exacerbated
by the nutrients discharged in oceanic sewage effluent (Pritchard et al.,
2003; Lee et al., 2007). A number of harmful algal bloom events were
recorded in marine and coastal NSW between 1890 and 1999, with one
of the most significant examples attributed to a Dictyocha octonaria
bloom in Newcastle, in February 1993 (Ajani et al., 2001). This bloom
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resulted in significant fish kills, particularly for pelagic trevally species
(Caranx spp.). D. octonaria exerts toxicity by causing excess mucus
production in gill tissues and thus restricting respiration (Hallegraeff
et al., 2004). The NSW State of the Environment Report uses chlorophyll
concentrations to assess trophic condition along the coast every three
years, but the effects of nutrients on habitat forming species in the NSW
coastal marine environment are not closely monitored.

3.8. Desalination effluent

Ongoing industrial discharges can also contribute to chronic shifts in
salinity (Beck and Birch, 2012). The Kurnell desalination plant in Syd-
ney can discharge up to 342,000 m® of hypersaline brine when opera-
tional, from an outlet 300 m offshore. Studies of the effects this effluent
has on marine communities (Kelaher et al., 2020; Kelaher et al., 2022)
found that the discharges significantly increased the local abundance
and diversity of reef fish, with a negative effect on invertebrate assem-
blages. Once the discharge ceased, assemblages reflected the pre-
discharge communities. It was speculated that fish were attracted to
the discharge site due to the increase in marine noise and the potentially
misleading cues of food availability caused by disturbance in the water
column. Measuring the impacts of hypersaline discharge on zooplankton
and microbial communities would be an important step in determining if
these outflows are supporting diverse communities, or simply serving as
an attractive sink for reef fish.

4. Synthesis of findings and key knowledge gaps

Estuaries are not just conduits of freshwater delivering contaminant-
laden diffuse pollution to coastal waters. Estuarine exports are also a
vital part of the coastal ecosystem, facilitating the exchange of nutrients,
carbon, and biota (e.g., propagules and larvae). The spatial extent of the
influence of these exports in NSW is not defined beyond the coastal
waters of Sydney, however, these values were substantial (freshwater
intrusions up to 70 km offshore; Malan et al., 2024), and as a result we
can assume that the constituents of outflows, including nutrients and
sediment-bound contaminants can be transported long-distances from
sources. The net effects of estuaries on coastal marine ecosystems in
NSW is dependent on a variety of factors including hydrology and the
level of urbanisation. Remote sensing has shown that the strongest in-
fluences on NSW intertidal rocky reefs were environmental and
geographical variables such as proximity to large estuaries (with
catchments >480 kmz, regardless of the level of disturbance) and not the
size of the human population (Glasby et al. 2017). However, for some
habitat forming species (Ulva spp.) in mid-intertidal habitats, percent
cover was highest near agriculturally impacted estuaries, and inverte-
brate assemblages in subtidal rocky reefs were most impacted closest to
the estuaries with the most urbanisation, industry, and agriculture, such
as the Hunter River estuary. Current knowledge in NSW is insufficient to
determine whether net impacts of estuarine plumes are positive or
negative, as these are likely to be situational, varying spatially and
temporally alongside differences in nearby land-use and freshwater
input; factors that are not yet well understood in NSW (Table 3).

Access to biological samples and relevant guideline values is a
limiting factor when evaluating the threat of contaminants for NSW
coastal marine ecosystems. Few studies from NSW found concentrations
of contaminants in marine biota above food safety guidelines, and when
contaminants were found to exceed these guideline values, this was
often localised adjacent to estuaries of high urban and industrial
disturbance. However, sub-lethal effects of contaminants to biota are
possible below concentrations that would impact human consumption.
Furthermore, organochlorine pesticides and PFAS entering the food
chain and bioaccumulating in more mobile species such as fish and
marine mammals are examples of diffuse pollution impacting NSW
marine ecosystems. Increasing access to these biological samples from
apex predators is challenging, due to the cost of targeted sampling and
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the uncertainty of opportunistic sampling (i.e. beached animals or by-
catch), yet they are key for understanding bioaccumulation and bio-
magnification of contaminants that may be in low concentrations in the
water column and consequently dismissed as a low risk to marine eco-
systems. In addition, coastal and marine sediments are often sampled for
contaminants, yet the physicochemical variability of neritic sediments
means that contaminant concentrations alone are not indicative of
toxicity risk. Therefore, sediment concentrations normalised to the <63
um fraction (fine silt/clay) are more informative for observing spatial
patterns in marine contamination (Birch and Davey, 1995). Thus,
continued research into understanding the biological impacts of con-
taminants on individuals, populations, and ecosystems is needed to
interpret the concentrations found in tissues of biota from NSW coastal
waters (Table 3).

While contaminant bioaccumulation has been observed in NSW
marine biota, the links between contaminant sources and accumulation
in fauna are poorly defined, along with the flow-on effects this may have
on food webs (Table 3). Most contaminant research in NSW has been
done at deepwater sewage outfalls due to government responsibilities in
managing the environmental impacts of wastewater infrastructure.
These studies conclude that while organochlorines and trace element
concentrations in sediments and biota are slightly elevated by the
wastewater discharge close to the discharge point, concentrations do not
exceed water or sediment quality guidelines, and changes to fish com-
munities are likely due to the physical parameters of the discharge. This
leaves the source of evident contaminant accumulation in fish and
megafauna uncertain. Alternatively, acute land-based pollution studies
are mostly restricted to estuaries, and very few repeated standardised
measures have been conducted to identify spatial and temporal trends in
the marine environment. The NSW State of the Environment Report
comprehensively evaluates and reports the ‘health’ of NSW land and
water every three years, however, marine water quality parameters only
include measurements of chlorophyll a (trophic condition), nutrients,
acidification, temperature, and Enterococci (stormwater and waste-
water contamination; State of New South Wales, 2021). Including
analysis for organochlorines, trace elements, PPCPs, PFAS, plastics and
other emerging contaminants would more comprehensively evaluate the
quality of marine waters and health of coastal ecosystems. Meta-
analyses and reviews on NSW pollution have been fundamental in
supporting development of these monitoring programs, yet they
acknowledge that the lack of available data renders these frameworks
inadequate for supporting a more comprehensive approach to contam-
inant management (Birch, 2000; McKinley and Johnston, 2010; Thom
et al., 2023).

There are many spatial gaps in contaminant studies in NSW, with
most of the research efforts occurring in the regions surrounding the
state’s largest city, Sydney. This coincides with the greatest density of
industry, and human population, however, this overshadows contribu-
tions from rural mining, industry, and agriculture along the entire
coastline. The spatial bias in this review is largely driven by published
literature, with a heavy focus on urban-centres and exclusion of un-
published grey-literature. Intensive monitoring in stormwater catch-
ments and constructed wetlands of Sydney is currently being done to
better characterise contaminant loads in Sydney’s aquatic environ-
ments, and to standardise monitoring efforts (Department of Climate
Change Energy the Environment and Water, 2024). A critical next step is
extending this monitoring program beyond the estuary mouth to the
marine estate and along the remainder of the coastline to address
knowledge gaps in less populated coastal towns. Interstate and inter-
national examples of such programs exist and are essential for identi-
fying spatial and temporal trends required for managing the source of
contaminants and their effects on biota (Waterhouse et al., 2012; Siegler
et al., 2015). Further, the Integrated Marine Observing System’s (IMOS)
Australian National Mooring Network (ANMN) collects a range of
physicochemical and biological data from a site 3 NM offshore of the
Port Hacking estuary (34.1°S), which represents the neritic
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Table 3
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The level and nature of the effects of estuarine outflow components measured in biota from coastal
marine NSW. An asterisk (*) indicates that bioaccumulation of contaminants was measured, but
there were no observed effects to the health or condition of biota.

Estuarine Biota Individual effect ~ Population effect Community
outflow effect
component
Trace elements Plants and algae Data insufficient Data insufficient
Invertebrates . Negative effect
Mixed effects &
measured
Teleosts Wi Eiitat. Data insufficient insuffici
e ala 1ns Data insufficient
Elasmobranchs No effect . S
Data insufficient
observed*
Mammals Negative effect o
Data insufficient
measured

Organic
contaminants -
Organochlorines

Organic
contaminants -
PFAS

Organic
contaminants -
PPCPs

Plastic -
microplastics

Plastic - debris

Nutrients

Plants and algae

Invertebrates
Teleosts
Elasmobranchs
Mammals

Plants and algae
Invertebrates
Teleosts
Elasmobranchs
Mammals

Plants and algae
Invertebrates
Teleosts
Elasmobranchs
Mammals

Plants and algae
Invertebrates

Teleosts

Elasmobranchs

Mammals
Plants and algae
Invertebrates
Teleosts
Elasmobranchs
Mammals
Plants and algae
Invertebrates
Teleosts

Elasmobranchs

Mammals

Data insufficient

No effect
observed*
Negative effect
measured
No effect
observed*
Negative effect
measured

Data insufficient

Negative effect
measured

Data insufficient
Data insufficient

Negative effect
measured
No effect
observed*

Negative effect
measured

Data insufficient
Data insufficient
Data insufficient
Data insufficient

No effect
observed
No effect
observed

Data insufficient

Data insufficient

Data insufficient

No effect
observed
No effect
observed

Data insufficient

Negative effect
modelled

Mixed effects
Data insufficient
Mixed effects
Data insufficient

Data insufficient
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Data insufficient
Data insufficient
Data insufficient
Data insufficient
Data insufficient

Data insufficient

Negative effect
measured

Data insufficient
Data insufficient
Data insufficient
Data insufficient

Negative effect
measured

Data insufficient
Data insufficient
Data insufficient
Data insufficient
Data insufficient

No effect
observed

Data insufficient

Data insufficient

No effect
observed
No effect
observed
No effect
observed

Data insufficient
Data insufficient
Mixed effects
Data insufficient
Mixed effects
Data insufficient

Data insufficient

Data insufficient

Data insufficient

Data insufficient

Data insufficient

Data insufficient

Data insufficient
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environments of the temperate southeast Australia. While these data are
important, it lacks information on contaminants and is geographically
limited. The use of these monitoring tools, as well as others like ocean
gliders, would be beneficial if expanded to other regions along the
coastline and used to collect water samples for contaminant analysis.
This would provide a large-scale dataset with fine-scale temporal and
spatial resolution, key for understanding sources and drivers of
anthropogenic contaminants in coastal marine NSW ecosystems.

In taking steps to increase the spatial extent of environmental
monitoring, it is also important to continue refining experimental
methods to better understand the toxicity of novel compounds and
contaminant mixtures. One oversight of existing research in NSW is the
rare utilisation of ‘omic’ methods to evaluate the sub-lethal effects of
contaminants in the marine environment. Once changes to populations
or communities are observed, it may be too late for proactive inter-
vention and management of coastal contaminants. Using analytical
techniques such as genomics, metabolomics, and proteomics provides
information on the physiological health and responses of biota to low
levels of contaminants, indicating effects prior to lethal endpoints
(Melvin et al., 2022). Furthermore, most toxicology studies assess the
impacts of one type of contaminant in a dose-response manner, when
realistically contaminants are introduced to the environment under a
range of conditions with varying timing and intensity. Recent studies
have shown that biological responses to multiple stressors vary
depending on the timing of introduction and the degree of stressor in-
tensity, highlighting the need to consider the threat of contaminant
mixtures in realistic exposure scenarios (Ostrowski et al., 2022). This is
particularly important as novel synthetic compounds continue to
emerge, as the capacity to test new chemicals lags their widespread
commercial use (Mortimer and Reichelt-Brushett, 2023). Additionally,
addressing the varying biological targets of simultaneously released
compounds may give insight for cumulative impact modelling, which is
an important tool for managing environments receiving multiple
stressors (Griffiths et al., 2023).
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Our review has demonstrated that many trends in NSW align with
the global understanding of the distribution and effects of contaminants
in coastal marine environments, and the role estuaries play in delivering
both contaminants and critical stimulants of productivity to coastal
waters. We have drawn upon the local literature and applied expecta-
tions from global literature (to fill local knowledge gaps) to develop a
preliminary conceptual model of potential effects that estuarine out-
flows impart on marine ecosystems in NSW (Fig. 3). Key gaps in NSW
contaminant research are identified where monitoring does not exist for
combinations of biota or contaminant types.

5. Conclusions

There is no evidence of large-scale pollution affecting marine eco-
systems in areas where the greatest amounts of pollution input are ex-
pected. The main impacts identified were changes in subtidal reef
habitats adjacent to the entrances of larger estuaries irrespective of
human disturbance levels (presumably due to periodic freshwater in-
fluences) and a risk of contaminant bioaccumulation among apex
predators. However, direct links between estuarine sources and oceanic
effects are heavily dependent on modelling, international literature, and
expert speculation.

Concentrations of most contaminants and nutrients seaward of es-
tuary mouths are relatively low, and broad-scale oceanic processes are a
significant driver of their re-distribution in the open coastal zone. While
marine concentrations may appear insignificant as contaminants
become diluted in ocean waters or lost to sediment adsorption and
biological uptake, we do know that estuarine plumes extend far offshore.
There is also evidence from the global literature suggesting that or-
ganisms, including plants and invertebrates, perform important services
in the uptake of nutrients and contaminants near the estuary-marine
transition zone, reducing coastal marine contamination and minimis-
ing the flow of pollution outside of estuaries. However, migrating biota
can also serve as facilitators of contaminant transport and

The impacts of estuarine outflows on the marine
environment of New South Wales, Australia

Contaminants and debris

e N
B

Nutrients,

Deepwater sewage outflow
]

Agriculture: Urban & industry:

Stormwater run-off: PAHSs, trace
elements, PFAS, plastic & debris
Sewage effluent: PPCPs,
organochlorines & nutrients.
Shipping & ports: antifouling agents
(TBT, pesticides and trace
elements)

Pesticides (POPs, trace wetlands

elements & other organic
contaminants) & nutrients
Mining:

debris, atmospheric carbon,

Contribute: Larval fish,

Trace elements, hypersaline -
organic carbon

brine (salt mining), etc.,

Estuaries and coastal

Remove: Contaminants and

sediment and excess nutrients

Impacts on fauna in NSW, Australia
Estuarine exports:

Mammals ~ Birds Fish  Invertebrates  Primary producers

Biomass (fish Trace elements 2 1 6 8 0
larvae) Nutrients 0 0 0 0 4
Orggmc carbon POPs 4 1 5 4 1
Nutrients

Contaminants PPCPs 0 0.0 1 0
Sediment Plastic 0 0|2 2 0
Debris Sewage effluent 0 0 10 7 2

Fig. 3. Sources, types, and impacts of land-based waste in coastal and marine systems. Table on the bottom right indicates the number of relevant studies collected in
the systematic quantitative review that describe the impacts of contaminants on biota in marine and coastal New South Wales.
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biomagnification.

Most studies that investigated impacts of estuarine outflow compo-
nents in marine ecosystems have focused on the state’s most populous
and contaminated region near Sydney (32.5° - 35.0°S), with few in areas
away from large population centres. While this bias in research effort
appears justified given the higher contaminant loads identified within
estuaries near major urban locations, it is also likely a product of funding
disparity and regulatory monitoring. Future research in less urbanised
areas could provide valuable insights into the net impact of contami-
nation, as well as the benefits that healthy estuaries provide to nearby
marine ecosystems in NSW.

Contaminants are an ongoing threat to marine productivity as novel
compounds are continually synthesised and legacy contaminants persist
long after their use has ceased. The effects of many contaminants on
marine biota remain unexplored, and the cumulative effects of con-
taminants alongside climate change render this area of research a key
priority for the ongoing management of NSW, and Australia’s, marine
resources.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2024.116915.
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