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Abstract Tin, Cu, Zn, Cd, Pb, Ag and Hg concen-

trations were measured in waters, sediments and three

ubiquitous sedentary molluscs: the oyster, Saccostrea

glomerata, a rocky intertidal gastropod, Austro-

cochlea porcata, and a sediment-dwelling gastropod,

Batillaria australis, at 12 locations along the far south

coast of NSW, Australia, from Batemans Bay to

Twofold Bay during 2009. Metal concentrations in

water for Sn, Cd, Ag and Hg were below detection

limits (\ 0.005 lg/L). Measurable water metal con-

centrations were Cu: 0.01–0.08 lg/L, Zn: 0.005–0.11

lg/L and Pb: 0.005–0.06 lg/L. Mean metal concen-

tration in sediments were Sn\ 0.01–2 lg/g, Cu\
0.01–605 lg/g, Zn 23–765 lg/g, Cd\ 0.01–0.5 lg/g,

Pb\ 0.01–0.3 lg/g, Ag\ 0.01–0.9 lg/g and Hg\
0.01–2.3 lg/g. Several locations exceeded the Aus-

tralian and New Zealand Environment and Conserva-

tion Council and Agriculture and Resource

Management Council of Australia and New Zealand

(Australian and New Zealand guidelines for fresh and

marine water quality 2000) low and high interim

sediment quality guidelines’ levels for Cu, Zn, Cd and

Hg. Some sites had measurable Sn concentrations, but

these were all well below the levels of tributyltin

known to cause harm to marine animals. Elevated

metal concentrations are likely to be from the use of

antifoulants on boats, historical mining activities and

agriculture in the catchments of estuaries. All molluscs

had no measurable concentrations of Sn (\ 0.01 lg/g)

and low mean Ag (\ 0.01–1.5 lg/g) and Hg

(\ 0.01–0.5 lg/g) concentrations. Mean Cu

(24–1516 lg/g), Zn (45–4644 lg/g), Cd (0.05–5lg/

g) and Pb (0.05–1.1 lg/g) in oysters were close to

background concentrations. Oysters have Cd and Pb

concentrations well below the Australian Food Stan-

dards Code (2002).] There were no significant corre-

lations between metal concentrations in sediments and

in organisms within locations, and no relationship with

levels of boating activity and suspected antifouling

contamination. Although not pristine, the low levels of

metal contamination in sediments and molluscs in

comparison with known metal-contaminated areas

indicate that this region is not grossly contaminated

with metals and suitable for the development of

mariculture.]
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Introduction

Marinas and associated boating activities introduce

contaminants into surrounding waters (McAllister

et al. 1996; Bighiu et al. 2017). In well-flushed

systems contaminants such as metals are dispersed,

but when marinas are built, circulation is impaired and

localised contamination can occur by metals being

adsorbed to sediments and taken up by sessile plants

and animals (Johnston et al. 2011). Antifouling agents

are applied to suppress the growth of organisms on the

hulls of marine vessels and structures. Copper has

been used since the 1700s, but in the 1960s organotin

compounds such as tributyltin (TBT) were incorpo-

rated into paints. TBT proved to be like DDT, in that

substantial unintended effects on marine organisms,

from algae to cetaceans, occurred (Huang et al. 2004;

Tanabe 1999). The use of TBT in NSW as an

antifouling agent was limited to vessels longer than

25 m in 1989 (Batley et al. 1992) and later totally

banned internationally (IMO 2001). TBT is persistent

in sediments and continues to effect ecosystems,

affecting endocrine systems resulting in elevated

testosterone levels giving rise to imposex (Matthiessen

and Gibbs 1998) and causing shell deformity in

bivalves (Gibson and Wilson 2003).

The banning of TBT has revived the use of Cu

compounds such as cuprous oxide, cuprous thio-

cyanate and copper hydroxide as antifouling paints,

and concern is rising over increased Cu concentrations

in marine environments, particularly antifoulant paint

particles (Turner 2010) and the resulting effects on

resident organisms (Matthiessen et al. 1999; Jones and

Turner 2010). Copper may induce immunomodulation

and growth retardation (Pipe et al. 1999), while

organisms resistant to Cu toxicity may become

dominant in affected areas (Johnston and Roberts

2009). Some governments, such as Denmark, Sweden

and the US State of California, are moving to ban or

restrict the use of Cu-based antifouling paints

(Showalter and Savarese 2004). Booster biocides,

such as zinc pyrithione and zineb, are also being added

to antifouling mixtures and may have chronic effects

at low concentrations (Guardiola et al. 2012; Boxall

et al. 2000). Copper and Zn are essential micronutri-

ents for plants and animals, but are toxic in excessive

concentrations (Bao et al. 2008; Koutsaftis and

Aoyama 2006). The use of Zn-based biocides may

be less environmentally damaging than other

antifouling additives due to their lower toxicity

(Voulvoulis et al. 2002). Zinc is also extensively used

in sacrificial anodes fixed to the keels and propeller

mechanisms of boats (Matthiessen et al. 1999). These

metals will partition to sediments and be taken up and

assimilated by biota at varying rates, based on

environmental conditions (Comber et al. 2002).

Sediments accumulate metal concentrations that

reflect inputs from both natural and anthropogenic

sources as metals readily adsorb to fine silt–clay

sediments (Tessier and Campbell 1987). Molluscs,

both bivalves and gastropods concentrate metals from

the water column and food (Edge et al. 2015). As such,

they are employed as biomonitors (Phillips 1977). We

have investigated the suitability of Australian mol-

luscs for use as biomonitors and found their metal

concentrations reflect environmental exposure

(Robinson et al. 2005; Gay and Maher 2003; Maher

et al. 2016; Ubrihien et al. 2016). Measurement of

metals in sediments and molluscs allows time-inte-

grated measurements of metal inputs allowing spatial

assessment of metal contamination on a regional scale.

No systematic study of metal concentrations in

estuarine waters and sediments and their resident

organisms of the far south coast of NSW has been

undertaken. Four published studies have measured

metal concentrations in south coast estuarine sedi-

ments (Jones et al. 2003; Waring et al. 2006; Mikac

et al. 2007; Sim et al. 2015) and reported very low

concentrations of Cu: 3.1–80 lg/g, Zn: 5–160 lg/g,

Cd:\ 0.05–0.8 lg/g, Pb: 4–60 lg/g, Se:\ 0.05–0.41

lg/g, Co: 0.7–6 lg/g dry mass, Ni: 10–16 lg/g and

Hg:\ 0.05 lg/g. Metal concentrations in oysters have

been extensively measured (Robinson et al. 2005;

Scanes and Roach 1999; Mackey et al. 1975) with

concentrations of Cu: 15–140 lg/, Zn: 500–1547 lg/g,

Cd: 0.5–5 lg/g and Pb:\ 0.05–5.5lg/g reported.

Metal concentrations for other organisms such the

gastropods Bembicium nanum and Cellana tramoser-

ica (Cu: 4–160 lg/g, Zn: 400–120 lg/g dry mass, Cd:

2–8 lg/g, Pb; 0.2–0.8 Cu: 15–140 lg/g, Zn: 500–1547

lg/g, Cd: 0.5–5 lg/g and Pb:\ 0.05–5.5lg/g

reported) have been sporadically reported (Gay and

Maher 2003, Maher et al. 2016, Ubrihien et al. 2016).

The far south coast of NSW is marketed as the

‘Nature Coast’ to promote tourism. The coastal areas

primarily contain forests ([ 85%) with some agricul-

ture and urban development. As well, historically,

mining for Sn, Cu and Zn has occurred in some
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watersheds (Supplementary Fig. 1, Geosciences Aus-

tralia 2000). The region has numerous estuaries with

varying levels of boating activity, from the irregularly

used Mummuga Lake to the commercial port of Eden

at Twofold Bay (Fig. 1). The estuaries of this area are

used extensively for mariculture of the Sydney rock

oyster Saccostrea glomerata. Along the NSW south

coast there are around 138 lease holders that contribute

30% of NSW oysters with a value of $13,241,073

(DIST/DIRD 2017).

Metals can enter estuaries from coastal urban

developments (Cu, Zn, Cr, Pb, Se and Ag), agriculture

(Cu, Zn, Cd, Co and Mo), current and historical

mining and boating activities (Cu, Zn and Sn). Five

medium-sized coastal towns are present in watersheds

(Fig. 1). These urban centres have small populations

(Batemans Bay 11,334, Moruya 2531, Narooma 2409,

Bega 16,866 and Eden/Merimbula 18,000) with only

light industry and are likely sources of Cd, Pb, Ni and

Cr in urban runoff (Liston and Maher 1986; McPher-

son et al. 2005) and Ag in sewage effluent (Sanudo-

Wilhelmy and Flegalt 1992; Vogel et al. 2016).

Agriculture on the south coast by land area is grazing

(14%), cropping and horticulture (0.06%) and

Fig. 1 Sampling locations

on the south coast, NSW,

Australia. Sampling location

details and organisms

collected are given in

Supplementary Table S1.

a Batemans Bay, b Tomaga

River, c Moruya River,

d Tuross Lake, e Mummuga

Lake, f Wagonga Inlet,

g Corunna Lake, h Wallaga

Lake, i Bermagui River,

j Bega River, k Merimbula

lake, l Twofold Bay
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intensive animal production (0.01%) (DIST/DIRD

2017), and metals such as Cd can be in runoff from the

use of fertilisers. In addition, Sn, Cu and Zn inputs

may have occurred from historical mining operations

(Supplementary Fig. 1, Geoscience Australia 2000).

In this study waters, sediments and three ubiquitous

resident marine molluscs, the oyster Saccostrea

glomerata, the rocky intertidal platform gastropod

Austrocochlea porcata and the sediment-dwelling

gastropod Batillaria australis, each utilising a differ-

ent feeding strategy, i.e. filter feeders, algal grazers

and deposit feeders, respectively (Underwood and

Chapman 1995), from estuaries along the southern

coast of NSW, Australia, were surveyed for metal

concentrations and possible correlations of metal

concentrations within and across locations deter-

mined. Results are compared with Australian and

New Zealand Environment and Conservation Council

and Agriculture and Resource Management Council of

Australia and New Zealand (ANZECC/ARMCANZ

2000) interim sediment guidelines, Australian Food

Standards Code (ANFA 2002) and contemporary

studies of background and contaminant concentrations

in estuarine waters, sediments and biota to assess the

extent of metal contamination in the region. Tributyl

Sn concentrations were not specifically measured due

to cost of analyses and the need to use a different

sampling design to obtain interpretable results. Total

Sn concentrations were measured, however, to give

preliminary data on tin contamination in sediments

and biota.

These data will give a baseline to evaluate the

effects of urban development expected from an

increase in retirees relocating to the coast. According

to the NSW Department of Planning and Environment,

the population of the far south coast is expected to

reach 177,650 by 2021 and 185,250 by 2031 (DIST/

DIRD 2017). As well, the region is being evaluated for

future mariculture ventures and results will be used to

assess the suitability of estuaries for mariculture.

Methods

Sampling locations

Samples were collected from 12 estuaries along the

southern coast of NSW, Australia, during August and

September 2009 (Fig. 1). Samples were collected

from sediment depositional areas and rocky platforms

at the mouth of estuaries. Location coordinates,

descriptions and sampled species are listed in ‘‘Sup-

plementary Table S1’’. Catchments feeding into each

location reside over the Lachlan Fold Belt which

extends along the southern coastal area of NSW

(Supplementary Figure S1).

Study design

The study used a nested design with ten replicates

(n = 10) of each sample collected from each location

over the whole estuarine mouth. Organisms selected

for the study were chosen based on being available at

the majority of locations and having different feeding

strategies: S. glomerata (filter feeder), A. porcata,

previously known as A. constricta (algal grazer) and B.

australis (deposit feeder). Oysters were less than

2 years old based on their mass size range (0.5–1 g dry

mass), while A. porcata and B. australis had restricted

mass ranges (0.1–0.3 and 0.2–0.4 dry mass, respec-

tively) so that metal concentrations were independent

of size and to minimise inherent metal concentration

associated with age or other differences (Lobel and

Wright 1982; Lobel et al. 1982; Taylor and Maher

2003; Robinson et al. 2005).

Sampling

All sampling containers were washed with 2% v/v

nitric acid and rinsed three times with deionised water.

Water (5 l) was collected in polyethylene carboys and

30 mL subsamples transferred to 50 mL polypropy-

lene centrifuge tubes and double-bagged in polyethy-

lene bags. Sediments were collected, using a Perspex

(5 9 5 cm) tube and 100 g samples transferred into

zip-lock plastic bags. Saccostrea glomerata were

chiselled from rocks with an oyster knife, while other

gastropods were collected by hand. All samples were

stored on ice for transport and then frozen until

analyses.

Sample preparation and analysis

Metal analyses

Water (n = 3), metals were pre-concentrated after

filtration through 0.2-lm filters (Minisart RC 15,

Sartorius, Germany) onto iminodiacetic acid resin at
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pH 5.5–8.3, using a flow injection interface leaving the

major salts in solution (Maher et al. 2003). Detection

limits were 0.005 lg/L using a 5-mL sample.

Sediment (n = 10 per site) was homogenised using

a stainless-steel spatula and ground with an agate

mortar and pestle. Subsamples (0.2 g dry mass) were

weighed into a 50-mL polypropylene centrifuge tubes

and 2 mL of Suprapur nitric acid (Merck, Australia)

and 1 mL of Suprapur hydrochloric acid (Merck,

Australia) added. Samples were digested using a

MARS-5 microwave oven (CEM, USA) at 90 �C for

45 min and after cooling, diluted with deionised water

(Milli-Q, Millipore, Australia) to 30 mL (Telford et al.

2008).

Molluscs (n = 10 per site) were depurated for

* 6 h in aerated seawater from the collection site and

soft tissues removed from shells. Oysters were

shucked by cutting the abductor muscle and gas-

tropods broken in a small vice and tissue severed from

the operculum using a stainless-steel blade. Whole

tissues were freeze-dried and ground to a powder

using a spatula. All blades and spatulas were cleaned

between uses with ethanol to remove organic material.

Approximately 0.07 g dry mass was weighed into a

7-mL Teflon polypropylene digestion vessel and 1 mL

of Aristar nitric acid added. Samples were digested at

600 W for 2 min, 0 W for 2 min, and 300 W for

45 min (Baldwin et al. 1994) and on cooling, trans-

ferred to plastic centrifuge tubes and diluted with

deionised water to 10 mL.

Prior to analysis, all samples were centrifuged;

biological extracts were diluted 1:10 v/v and sedi-

ments 1:100 v/v with internal standards Li, Sc, Y, Rh,

In, Te and Ho (10 lg/L). Metal concentrations in

extracts were determined using a PerkinElmer Elan

6000 inductively coupled plasma mass spectrometer

(Telford et al. 2008; Maher et al. 2001). Accuracy of

the procedure was assessed by the analysis of five

reference materials. Measured metal concentrations

indicate good agreement with certified values for

water (NRCC CASS-1), biological (NRCC DORM 2

and NIST 1566b) and sediment (NRCC MESS 1 and

NRCC PAC2) reference materials except Cr in

sediments (Supplementary Table S2).

Physiochemical measurements

Particle size distributions of sediments were deter-

mined by dry sieving, 50 g of sediment through a

series of sieve sizes to separate coarse sand

([ 250 lm), fine sand–silt (250 lm–63 lm) and clay

(\ 63 lm). Sediment particles retained in each sieve

were weighed and the composition of each fraction

calculated by dividing the mean weight of each

fraction by the total mean weight of the sample and

multiplying by 100.

Organic carbon concentrations were determined by

treating sediments (1 g) with 1 M hydrochloric acid

until evolution of carbon dioxide ceased. Sediments

were redried at 70 �C and heated in a muffle furnace at

550 �C for 12 h, and the % organic carbon determined

by weight loss on ignition (Wang et al. 2012).

Statistical analysis

Analysis of results was undertaken using Microsoft

Excel 2007 to determine means and standard errors

and ANOVAs using Statistical Analysis System 9.1.3.

Pearsons correlation and simple linear regressions

were used to check relationships between metal

concentrations and with grain size, organic carbon,

iron and manganese concentrations. Procedures fol-

lowed were as per Georges (2002). Data below

detection limits were replaced by the value of half

the detection limit (0.005 lg/g). All data were log-

transformed to meet the requirements of normality and

homogeneity of variances. Kruskal–Wallis test was

used when data were not normally distributed. Cluster

analysis and principal component analysis (PCA) were

used to classify metal concentrations into groups

(Primer 5; Primer-E, Plymouth, UK) (Clarke and

Warwick 1994).

Results and Discussion

Water

Metal concentrations in water samples for Sn, Cd, Ag

and Hg were below detection limits (\ 0.005 lg/L).

Measurable metal concentrations in water were Cu:

0.01–0.08 lg/L, Zn: 0.005–0.11 lg/L and Pb:

0.005–0.06 lg/L. Metal concentrations are well below

those recommended for the protection of biological

species at the 99% of Cu: 0.3 lg/L, Zn: 7lg/L, Cd: 0.7

lg/L, Pb: 2.2 lg/L, Ag: 0.8 lg/L and Hg: 0.1 lg/L

(ANZECC/ARMCANZ 2000). These results agree

with published studies that find very low
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concentrations of dissolved metals in waters from the

NSW coastline (Hatje et al. 2003; Apte et al. 1998) and

other parts of Australia (Munksgaard and Parry 2001;

Fabris and Monahan 1995). Sewage does not enter

most estuaries, while storm water drains primarily

receive runoff from urban areas with little industry;

thus, inputs of dissolved metals such as Ag are

relatively low. As well, metal concentrations are

probably reduced by adsorption to suspended matter

and dilution with oceanic water (Hatje et al. 2003;

Turner 1996). Metal concentrations are well below

those reported for industrialised estuaries, e.g. Scheldt

estuary, Netherlands, Weser estuary, Germany, and

Humber and Mersey estuaries, the UK (Zwolsman

et al. 1997; Comber et al. 1995; Turner et al. 1992).

Sediment

Grain size, organic carbon, Fe and Mn concentrations

Sediments had a large variation in silt–clay, sand and

organic carbon (Table 1) because of deposition–

resuspension processes during tidal movements (Fau-

ser et al. 2013; Boyle et al. 1977). Organic carbon

concentrations were not significantly correlated with

clay content (\ 63 lm), but had a trend of being

higher as silt–clay content increased (Table 1). Sed-

iments also exhibited considerable variation in iron

(Fe) and manganese (Mn) concentrations again

attributed to particle movement and flocculation–

deflocculation because of variations in salinity and

redox during tidal movement (Boyle et al. 1977). Iron

and Mn concentrations were significantly correlated

(r = 0.61 p = 0.000) as were organic carbon and Fe

concentration (r = 0.8652, p = 0.0001), clay and Fe

concentration (r = 0.7553, p = 0.001) and clay and

Mn concentration (r = 0.2193, p = 0.01). Clay parti-

cles can be coated with organic matter, and both can

complex with Fe and Mn (Douzva et al. 2011;

Tombacz 2004; Chandrika et al. 1997).

Metal concentration patterns

Metal concentrations for sediments showed significant

variation between locations (Table 2) with ranked

metals concentrations also being different between

locations (Table 3) with no suite of metals responsible

for the differentiation of sites. Regression analyses

showed that Sn–Cu, Sn–Zn, Sn–Ag, Cu–Zn, Cu–Cd,

Cu–Ag, Cu–Hg, Zn–Ag and Ag–Hg concentrations

were significantly correlated (Table 4A), indicating

their common occurrence together.

Cadmium and Pb concentrations were below the

ANZECC/ARMCANZ (2000) interim sediment qual-

ity (ISQ) low guideline levels (1.5 and 50 lg/g,

respectively). Batemans Bay and Wagonga Inlet had

Table 1 Grain size, organic carbon, iron and manganese concentrations in sediments

Location Grain size (%) Organic carbon (mg/g) Iron (lg/g) Mn (lg/g)

[ 250 lm 63–250 lm \ 63 lm

a 71 20 9 20 ± 6 2110 ± 358 19 ± 5

b 35 50 15 18 ± 10 2004 ± 38 28 ± 13

c 68 30 2 6 ± 4 855 ± 270 44 ± 1

d 51 48 1 5 ± 4 347 ± 73 1.2 ± 0.5

e 68 30 2 1 ± 1 571 ± 49 2.8 ± 0.4

f 67 20 13 20 ± 12 2659 ± 2193 17 ± 13

g 41 53 6 20 ± 8 1780 ± 20 10 ± 8

h 72 26 2 14 ± 10 1166 ± 551 4 ± 2

i 66 32 2 7 ± 6 722 ± 518 2 ± 2

j 63 35 2 6 ± 4 896 ± 265 6 ± 4

k 57 42 1.5 2 ± 2 267 ± 155 0.8 ± 0.4

l 54 44 2 15 ± 8 1348 ± 15 4 ± 2

Grain size on composite sample, organic carbon, iron and manganese (n = 10)

a Batemans Bay, b Tomaga River, c Moruya River, d Tuross Lake, e Mummuga Lake, f Wagonga Inlet, g Corunna Lake, h Wallaga

Lake, i Bermagui River, j Bega River, k Merimbula lake, l Twofold Bay
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mean copper and or zinc sediment concentrations

above ISQ high guideline levels of 270 and 410 lg/g,

respectively. Moruya River and Wallaga Lake have

Cu and Zn concentrations above the ISQ low guideline

levels of 65 and 200 lg/g, respectively. Silver

concentrations were low, reflecting the lack of sewage

inputs (Sanudo-Wilhelmy and Flegalt 1992) into these

estuaries. Mercury concentrations at Tuross Lake,

Wagonga Inlet, Bermagui River, Bega River and

Merimbula Lake exceeded the ISQ high guideline

level of 1 lg/g, while at Mummuga Lake, Corunna

Lake and Twofold Bay exceeded the ISQ low

guideline of 0.15 lg/g. Where sediment guidelines

were exceeded, no consistent pattern of exceedance

occurred across sites.

When sediment metal concentrations measured in

this study were compared to other Australian estuarine

locations (Supplementary Table S3), widespread

metal contamination was not found. Most sites

contained metal concentrations considered typical of

non-contaminated Australian sites, Cu: 1–80 lg/g,

Zn: 1–141 lg/g, Pb: 0.2–60 lg/g, Cd: 0.2–0.8 lg/g,

while contaminated sites have Cu: 1–1400 lg/g, Zn:

1–3900 lg/g, Pb: 1–3900 lg/g, Cd: 0.05–270 lg/g

(Supplementary Table S3).

Table 2 Sediment metal concentrations in far south coast, NSW, Australia, estuaries (n = 10)

Site Sn Cu Zn Cd Pb Ag Hg

lg/g dry mass

a Range \ 0.01–2 21–114 439–1240 \ 0.01 \ 0.01 \ 0.01 \ 0.01–0.65

Mean ± sd 0.9 ± 0.7 54 ± 25 765 – 239 0.2 ± 0.3

b Range \ 0.01 \ 0.01 33–143 \ 0.01 \ 0.01 \ 0.01 \ 0.01

Mean ± sd 80 ± 33

c Range \ 0.01–0.5 85–717 137–998 0.16–0.73 \ 0.01 \ 0.01 \ 0.01

Mean ± sd 0.374 ± 0.031 214 ± 229 378 ± 302 0.5 ± 0.2 \ 0.01

d Range \ 0.01–0.04 2–7 13–39 0.12 –0.17 \ 0.01 \ 0.01 1.5–3.7

Mean ± sd 0.013 ± 0.009 5 ± 2 29 ± 9 0.13 ± 0.02 \ 0.01 2.3 ± 0.7

e Range \ 0.01–0.002 0.01–3 11–59 \ 0.01 \ 0.01 \ 0.01 0.4–1

Mean ± sd 0.01 ± 0.001 1 ± 1 23 ± 14 0.7 ± 0.2

f Range 0.05–3 97–2145 134–2038 \ 0.01–0.94 \ 0.01 0.01–3.05 0.01–3.7

Mean ± sd 2 ± 2 605 ± 681 575 ± 560 0.13 ± 28 0.9 ± 0.8 1.3 ± 1.3

g Range 0.01–0.014 9–22 56–138 0.07–0.4 0.8–4.5 \ 0.01 0.01–2.17

Mean ± sd 0.013 ± 0.013 14 ± 5 84 ± 27 0.012 ± 0.013 0.18 ± 0.12 0.8 ± 0.7

h Range \ 0.01–0.25 28–193 90–359 0.1–0.14 \ 0.01 0.01–1 0.01–0.07

Mean ± sd 0.15 ± 0.08 82 ± 48 234 ± 94 0.12 ± 0.16 0.4 ± 0.5 0.03 ± 0.02

i Range 0.1–0.5 \ 0.01–0.3 17–108 0.03–0.04 \ 0.01 \ 0.01 0.7–1.8

Mean ± sd 0.221 ± 0.014 0.04 ± 0.09 45 ± 26 0.03 ± 0.04 \ 0.01 1.2 ± 0.3

j Range \ 0.001–0.8 8–31 45–183 0.03–0.04 0.01–0.4 \ 0.01 1.7–2.8

Mean ± sd 0.021 ± 0.015 16 ± 8 111 ± 36 0.04 ± 0.01 0.3 ± 0.5 \ 0.01 2.2 ± 0.3

k Range \ 0.001–0.08 4–100 17–176 0.12–0.13 \ 0.01 \ 0.01 0.8–1.8

Mean ± sd 0.027 ± 0.023 18 ± 48 55 ± 44 0.13 ± 0 1.3 ± 0.3

l Range \ 0.001–0.07 16–29 71–234 0.04–0.07 \ 0.01 \ 0.01 0.4–1.3

Mean ± sd 0.029 ± 0.021 21 ± 4 154 ± 56 0.05 ± 0.01 0.8 ± 0.3

ISQ Low 65 200 1.5 50 1 0.15

High 270 410 10 220 3.7 1

ISQ ANZECC/ARMCANZ (2000) Interim sediment quality guidelines, a Batemans Bay, b Tomaga River, c Moruya River, d Tuross

Lake, e Mummuga Lake, f Wagonga Inlet, g Corunna Lake, h Wallaga Lake, i Bermagui River, j Bega River, k Merimbula lake,

l Twofold Bay

Numbers in italics exceed the ISQ low values while numbers in bold exceed the ISQ high values
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Geochemical controls

The major adsorptive phases present in estuarine

sediments are clay and silt particles coated with iron

and manganese oxohydroxide coatings, iron and

manganese oxohydroxy minerals, organic matter and

iron sulphides (Tessier and Campbell 1987). All

sediments were a mixture of oxic and anoxic phases

caused by resuspension, inundation and bioturbation

from feeding, burrowing, breathing and other activi-

ties of benthic organisms (Meadows and Tait 1989;

McCall and Tevesz 1982; Rhoads and Boyer 1982).

There were no significant correlations between

metal concentrations and silt–clay and organic carbon

content. The presence of organic carbon can influence

metal adsorption as organic carbon diminishes the

number of active surface adsorption sites inhibiting

complexation with metals (Oades 1988; Zhuang and

Yu 2002).

Fe concentration was correlated with Sn (r = 0.38,

p = 0.000), Cu (r = 0.54 p = 0.000) and Zn (r = 0.76,

p = 0.000) concentration and Mn concentration with

Sn (r = 0.22, p = 0.02), Cu (r = 021, p = 0.02) and Zn

(r = 0.76, p = 0.0001) concentration. Many studies

have reported significant correlations between metals

and Fe concentrations in sediments (Tessier and

Campbell 1987) attributed to iron oxyhydroxides

coating particles (McCready et al. 2006). Similarly,

Mn-coated sediments are very good scavengers of

metals (Guo et al. 1997).

Tin

Mean Sn concentrations (Fig. 2) are less than those

found in other Australian estuaries with marinas

(Natural Heritage Trust 2004): Cairns, Queensland,

2.0–2.1 lg/g; Derwent River, Tasmania, 3.3–5.0 lg/

g; Domain Slipway, Tasmania, 14–17 lg/g; St. Kilda,

Victoria, 5.6–6.3 lg/g. Tin was probably present as

inorganic Sn as there was no evidence that biota was

being affected by TBT, primarily the lack of imposex

(Smith and McVeagh 1991; Oberdorster and McClel-

lan-Green 2002).

Copper

Only Wagonga Inlet had Cu concentrations above the

ISQ high level of 270 lg/g. This is a major harbour.

Batemans Bay that also has a large marina did not haveT
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Cu concentrations above the ISQ low guideline level

of 65 lg/g. These are comparable to those found in

Northern Queensland marinas and harbours

(9–113 lg/g, 45 ± 41, n = 8; Haynes and Loong

2002). Banning of TBT has revived the use of copper

compounds as antifouling agents, and some of this Cu

may be present due to its use as an antifouling agent

(Warnken et al. 2004; Singh and Turner 2009), but

widespread Cu contamination is not evident. The

Moruya River Cu concentrations were well above the

ISQ low guideline level (65 lg/g), but below the ISQ

high guideline level (270 lg/g). The Moruya River

catchment was extensively mined for gold (Au), Ag

and associated Cu and Zn in the 1860s, resulting in

considerable silt–sand inputs into the Moruya River.

The higher Cu (and Zn) concentrations in Wallaga

Table 4 Metal concentrations in sediments and molluscs from the far south coast, NSW, Australia, estuaries: correlations between

metal concentrations

(A) Sediments

Sn Cu Zn Cd Pb Ag Hg

Sn 1 0.468805*** 0.546682*** - 0.16621 - 0.09457 0.51318*** - 0.03081

Cu 0.468805*** 1 0.7275*** 0.203849* - 0.05473 0.830013*** 0.304808***

Zn 0.546682*** 0.7275*** 1 0.115999 - 0.04697 0.477066*** 0.000392

Cd - 0.16621 0.203849* 0.115999 1 0.01582 0.050414 - 0.0835

Pb - 0.09457 - 0.05473 - 0.04697 0.01582 1 - 0.05792 0.087764

Ag 0.51318*** 0.830013*** 0.477066*** 0.050414 - 0.05792 1 0.320542***

Hg - 0.03081 0.304808*** 0.000392 - 0.0835 0.087764 0.320542*** 1

(B) Saccostrea glomerata

Cu Zn Cd Pb Ag Hg

Cu 1 0.838984*** 0.079414 0.2893*** - 0.08069 0.564702***

Zn 0.838984 1 0.385822*** 0.250032* 0.235437* 0.534497***

Cd 0.079414 0.385822*** 1 0.068289 0.512152*** 0.407829***

Pb 0.2893** 0.250032* 0.068289 1 0.179247 0.446118***

Ag - 0.08069 0.235437* 0.512152*** 0.179247 1 0.057642

Hg 0.564702*** 0.534497*** 0.407829*** 0.446118*** 0.057642 1

(C) Austrocochlea porcata

Cu Zn Cd Pb Hg

Cu 1 0.271242* 0.323904* - 0.07259 - 0.01992

Zn 0.271242* 1 0.11406 - 0.14047 - 0.08438

Cd 0.323904* 0.11406 1 0.226176 0.480617***

Pb 0.07259 - 0.14047 0.226176 1 0.552287***

Hg - 0.01992 - 0.08438 0.480617*** 0.552287*** 1

(D) Batillaria australis

Cu Zn Cd Pb Hg

Cu 1 0.270276* 0.323904* - 0.07259 - 0.01992

Zn 0.270276* 1 0.111978 - 0.14624 - 0.0949

Cd 0.323904* 0.111978 1 0.226176 0.480617

Pb - 0.07259 - 0.14624 0.226176 1 0.552287

Hg - 0.01992 - 0.0949 0.480617*** 0.552287*** 1

*p\ 0.05; **p\ 0.005; ***p\ 0.001
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Lake are probably due to agricultural activities in the

catchment. A high percentage (62%) of the lake

catchment is under agricultural use, there have been

large increases in sediment input since European

settlement resulting in high nutrient and chlorophyll-a

concentrations and low water clarity and the entrance

Fig. 2 Metal concentrations in Saccostrea glomerata from

estuaries of the south coast, NSW, Australia. Comparison with

Robinson et al. (2005) approximation to Eastern Australian

background concentrations: as noted on relevant graphs with

green bands. Comparison with Scanes and Roach (1999)

approximation to Eastern Australian background concentra-

tions: as noted on relevant S. glomerata graphs red line. See

Fig. 1 for sampling locations. Box: median, 25th and 75th

percentiles; Whiskers: 5th and 95th percentiles; Black dots are

outliers
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is closed for long periods and hence no flushing occurs

(Bega Valley and Eurobodalla Shire Council 2000).

Zinc

Batemans Bay and Wagonga Inlet have mean Zn

sediment concentrations above the SQG high guide-

line level of 410 lg/g. Again, some Zn may be present

from its use as a substitute for Sn antifouling agents or

from historical mining activities in their watersheds

(Supplementary S1). Moruya River and Wallaga Lake

Zn concentrations were above the ISQ low guideline

of 200 lg/g and as mentioned above, probably the

result of mining activities and agriculture, respec-

tively. All other locations had Zn concentrations

below the guideline ISQ low guideline level of

200 lg/g.

Mercury

Mercury was found in all sediments except at the

Tomaga and Moruya Rivers, with many Hg concen-

trations exceeding the ISQ low and high guideline

levels of 0.15 and 1 lg/g, respectively. Gold was

discovered in the Moruya District in 1851, and

Araluen proved to be one of the three principal

goldfields in Australia producing more than 26 tonnes

of pure gold. In 1857–1861 Au was found near

Broulee, Mogo, Mt Dromedary, Gulph Creek and

Nerrigundah, Nelligen, Merricumbene and Deua.

Mercury was used to scavenge the Au using Hg

sluices with few precautions taken to prevent Hg

contamination of waterways. This has resulted in

extensive low-level Hg contamination of catchments

in the Eurobodalla and Bega shires. Some Hg may also

come from natural hydrothermal fissures, biotite-rich

granite formations and cinnabar deposits known to

contain Hg (Jardin and Bunn 2010). As well, bushfires

that regularly occur in the adjacent coastal catchments

can release Hg into the environment (Packham et al.

2009).

Molluscs

Non-detectable Sn concentrations (\ 0.01 lg/g) and

non-detectable or very low mean Ag (\ 0.01–0.9 lg/

g) and Hg concentrations (\ 0.01–0.5 lg/g) were

found in molluscs. Metal concentrations measured in

mollusc species showed no widespread contamination

of Cu and Zn (Figs. 2, 3, 4) when compared to

published literature on metal concentrations in S.

glomerata (Supplementary Table S4) and A. porcata

(Supplementary Table S5). Any effect of organism

size and mass can be discounted as previous studies

have indicated that for oysters (0.5–1 g dry mass; less

than 2 years old) and marine gastropods (0.1–0.4 g

dry mass), metal concentrations are independent of

size/mass in the ranges collected for this study

(Robinson et al. 2005; Taylor and Maher 2003).

Significant variation between locations for metal

concentrations occurs (Figs. 2, 3, 4) with ranked

metals concentrations being different between loca-

tions, and organisms at different locations have

different ranked metal concentrations (Table 3).

Saccostrea glomerata

Most S. glomerata had mean Cu concentrations within

background concentrations of 20–90 lg/g (Fig. 2) as

defined by Robinson et al. (2005). Oysters at Bate-

mans Bay, Wagonga Inlet, Bermagui River and

Twofold Bay had mean Cu concentrations greater

than the 170 lg/g proposed by Scanes and Roach

(1999). At Tuross Lake and Merimbula Lake, mean

Cu concentrations (64 and 72 lg/g, respectively) were

comparable to those found by Mackey et al. (1975);

however, at Batemans Bay and Wagonga Inlet, mean

Cu concentrations (236 and 552 lg/g, respectively)

were more than double those reported by Mackey et al.

(1975). Differences between studies at the same

location can be attributed to the increase in urbanisa-

tion and boating activities over the last 25 years.

For S. glomerata, all locations except Bermagui

River and Twofold Bay had mean Zn concentrations

(1259–2394 lg/g, Fig. 2) below the 2610 lg/g back-

ground level proposed by Scanes and Roach (1999).

Only oysters at Bega River were within background

levels of 792–1465 lg/g as defined by Robinson et al.

(2005). Mean Zn concentrations in oysters at Bate-

mans Bay and Wagonga Inlet were comparable;

Tuross Lake was more than double, and Merimbula

only 6% of Zn concentrations reported by Mackey

et al. (1975) at the same locations. Oysters had Cd and

Pb concentrations that are well below the Australian

Food Standards Code (10 lg/g dry mass) (ANFA

2002).

Regression analyses showed that Cu–Zn, Cu–Pb,

Cu–Hg, Zn–Cd, Zn–Pb and Zn–Hg concentrations
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were significantly correlated (Table 4B), indicating

their common occurrence together.

Austrocochlea porcata

Copper, Zn and Cd concentrations measured in A.

porcata (Fig. 3; 24–116 lg/g; 45–92 lg/g and\
0.01–0.9 lg/g, respectively) were lower than those

measured in this gastropod in the contaminated Lake

Macquarie, NSW (40–200 lg/g; 80–260 lg/g and

1–7 lg/g, respectively, Taylor and Maher 2003), and

lower than those found in the relatively

uncontaminated Jervis Bay (10–160; lg/g;

20–180 lg/g and 0–3 lg/g, respectively, Taylor and

Maher 2003). Austrocochlea porcata are missing at

the Bega River site probably because of the lack of

suitable habitat. Copper and Zn concentrations are

higher and Cd concentrations lower than concentra-

tions reported for this gastropod (Cu 0.58–5.23 lg/g;

Zn 4.46–47.57 40 lg/g; and Cd 0.44–5.53 lg/g,

respectively) around Newcastle, NSW (Walsh et al.

1994), which is also contaminated with metals. The

study of Walsh et al. (1994), however, combined soft

tissues and shells which would have considerably

Fig. 3 Metal

concentrations in

Austrocochlea porcata from

estuaries of the south coast,

NSW, Australia. See Fig. 1

for sampling locations. Box:

median, 25th and 75th

percentiles; Whiskers: 5th

and 95th percentiles; Black

dots are outliers
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diluted the soft tissue metal concentrations. Regres-

sion analyses showed that Cu–Zn and Cu–Cd concen-

trations were significantly correlated (Fig. 4c),

indicating their common occurrence together.

Batillaria australis

Copper, Zn, Cd and Pb concentrations in B. australis,

like those in A. porcata, indicated little metal

contamination (Fig. 4). Batillaria australis were

missing at several sites although suitable habitat (i.e.

soft clay–silt–sand sediments) was present at these

locations. Batillaria australis are generally found near

Fig. 4 Metal concentrations inBatillaria australis from estuaries of the south coast, NSW, Australia. See Fig. 1 for sampling locations.

Box: median, 25th and 75th percentiles; Whiskers: 5th and 95th percentiles; Black dots are outliers
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mangrove forests, but these sites were not near

mangroves probably explaining their absence. Regres-

sion analyses showed that like A. porcata, Cu–Zn and

Cu–Cd concentrations were significantly correlated

(Fig. 4d), indicating their common occurrence

together.

Understanding contaminant sources

There were no significant correlations between metal

concentrations in waters, sediments and organisms, or

between organisms across locations. Metal concen-

trations in molluscs from within a location do not

consistently reflect the concentrations of metals found

in the location’s sediments or metal concentrations

found in other species. Although the locations were

different based on their sediment metal composition

(Table 3), the metals causing the discrimination were

different to those causing the site discrimination for

organisms (Table 3). This further illustrates that the

presence of metals in sediments is not a good predictor

of metals in filter feeding and grazing organisms.

Similar results have been found for polychaetes living

in south coast sediments and rocky intertidal zones

(Waring et al. 2006).

All three organisms had much lower Sn and Hg

concentrations than the corresponding sediment Sn

and Hg concentrations, indicating low uptake and/or

regulation or low bioavailability of Sn and Hg directly

from sediments.

Sampling of sediments and organisms to detect

metals originating from specific metal sources such as

antifouling agents is problematic. Confounding fac-

tors can be multiple sources of metals, factors

affecting metal uptake such as temperature, salinity

and dissolved organic carbon (Lobel and Wright 1982;

Lobel et al. 1982; Wood 1983; Wang and Fisher 1999)

and potential inherent biological variability affecting

metal accumulation within species (Robinson et al.

2005; Taylor and Maher 2003). Commercial S.

glomerata farming has been a key driver for the need

to understand anthropogenic inputs, in terms of both

oyster quality and negation of risks for human

consumption. Maintaining healthy environmental

conditions for oyster production will also support

other resident organisms. While monitoring using

molluscs may not reflect all impacts on ecosystems,

the use of bivalves and gastropod molluscs has gained

universal acceptance as an indicator of the biologically

available fraction of metals (Phillips 1977). Oysters

and gastropods have the ability to accumulate metals

without lethal effects, are sedentary and easy to

sample and provide sufficient tissue for analysis

(Spooner et al. 2003; Taylor and Maher 2003;

Robinson et al. 2005; Maher et al. 2016). Any

substantial increase in the use of boats, with resulting

contaminants, sharing locations with oyster farms may

force farmers and supporting government agencies to

undertake structured ongoing monitoring to detect

possible increases in metal contamination and allow

for mitigation through further antifouling agent

regulation.

Summary

At present, although the region is not pristine, the low

levels of metal contamination in sediments, oysters

and gastropods indicate that this region is generally

suitable for mariculture. Tin concentrations in sedi-

ments at several locations indicated that speciation of

the Sn compounds present in sediment should be

considered to confirm if organisms are exposed to

geologically derived Sn or TBT. There is, however, no

evidence indicating that biota is being affected by

TBT to warrant large-scale measurements of TBT.

Copper and Zn concentrations at some locations are

higher than ANZECC/ARMCANZ (2000) ISQ low

and high guidelines and expected background levels in

S. glomerata. These locations warrant further inves-

tigation as to the source of the metals, possibly from

natural mineral deposits, historical mining legacies,

boating activities or urban centres within their water-

sheds. Metal concentrations in general do not, how-

ever, appear to be correlated with levels of boating

activity and thus the use of antifouling agents.
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