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Abstract Algal species which are ubiquitous along the
coastlines of many countries reflect the environmental
conditions of the coastal seawater and may serve as useful
biomonitors of anthropogenic pollution. Heavy metal
concentrations of ten elements (As, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb and Zn) of potential environmental concern
were determined in seawater, sediments and twelve species
of benthic marine macroalgae from four locations (Glenelg,
Port Adelaide, Port Broughton and Port Pirie) along the
South Australian coastline. The four sites chosen repre-
sented varying degrees of metal contamination, where the
capacity for benthic macroalgae to accumulate heavy
metals from the environment was evaluated. Spatial dif-
ferences in heavy metal concentration in both seawaters
and sediments were observed at all sites with the highest
concentrations of heavy metals including Cd (125 pg g™ "),
Pb (2,425 pg g~ ') and Zn (7,974 pg g~ ") found in the finer
sediment fractions (<250 pm) of Port Pirie. While all algal
species studied (Acrosorium polyneurum, Anotrichium te-
nue, Cystophora Cephalornithos Cystophora monillifera,
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Cystophora monilliformis, Dictyopteris australis, Gelidium
micropterum, Gracilaria, Hormophysa Cuneiformis, Sar-
gassum cinctum, Scaberia agardhii and Ulva lactuca)
accumulated metals to varying degrees, Blindigia margin-
ata was a good biomonitor species for a number of metals
including Cd, Co, Cr, Fe, Pb and Zn, exhibiting both rel-
atively high total metal concentrations and significant
concentration factors.
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Introduction

Metal contamination of the coastal marine regions of the
world is common (Millward and Turner 2001) and is of
ecotoxicological importance because of the toxicity and
long-term persistence of heavy metals (Claisse and Alzieu
1993). Although some natural discharges of metals occur,
pollution and the consequential environment and ecologi-
cal degradation are predominantly anthropogenic. While
contaminated site assessment typically involves the anal-
ysis of water and sediment to measure total contaminant
concentrations, often this analysis is not a good predictor of
contaminant toxicity to biota (Gosavi et al. 2004). Conse-
quently, aquatic organisms have become increasingly used
in the assessment of contamination, as both ‘biomonitors’
and ‘bioindicators’ (Rainbow 2006; Villares et al. 2002). In
particular, macroalgae have been commonly used as
powerful biomonitors of metal pollution in seawater
(Chaudhuri et al. 2007; Misheer et al. 2006). Previous
Australian studies of metal contamination in the marine
environmental have indicated that surficial sediments
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adjacent to most urbanized and industrialized estuaries are
contaminated with metals, particularly Pb and Zn (Batley
1995). Consequently, a number of metal biomonitoring
studies have been conducted in Australia employing a large
number of different biological organisms to monitor a
variety of different metals. Tropical oysters were used to
monitor Cd levels in North Queensland coastal waters by
Olivier et al. (2002) who observed that Cd accumulation in
oysters increased as ambient dissolved Cd concentrations
decreased. They concluded that for these oysters, the pre-
dominant source of Cd was from the particulate rather than
the dissolved phase. Metal contamination levels and the
effect on fishes in Port Kembla harbour, NSW were
reviewed by He and Morrison (2001). He concluded that
although the environment of the harbour had improved
over the last 20 years, due to public pressure and increas-
ingly stringent legislation requirements, there was still
considerable scope to reduce the pollution load to sediment
and marine organisms. In Victoria, the Asia—Pacific Mussel
Watch program used sentinel organisms, such as mussels
and oysters, as biomonitors for coastal water quality
(Tanabe 1994). This study concluded that sewage wastes,
which were commonly disposed to marine or estuarine
waters with varying levels of treatment, resulted in a high
degree of heavy metal pollution. However, this study is
often criticized for insufficient temporal and spatial mon-
itoring, absence of certain chemicals from the database and
lack of consistency in sites. Some studies of macroalgae
have shown distributional differences among estuaries with
differing pollution loads, and correlations between sedi-
ment and algal metal concentrations (Melville and Pul-
kownik 2006). A significant decline of large macroalgae
due to metal pollution in near shore habitats including
South Australia, especially near sewerage discharge and
urban run-off sites, has also been reported (Bellgrove et al.
1997). However, brown algae have been proposed as a
suitable tool for biomonitoring the environmental impacts
at effluent discharge sites in South Australia because they
exhibit a high degree of reproducibility with low to modest
temporal variation and apparent consistency in outcomes
from disparate locations (Burridge and Bidwell 2002).

In South Australia, the Adelaide metropolitan coastline
has been significantly degraded over the last 70 years due
to a variety of land-based inputs including wastewater,
stormwater and industrial effluents (Wilkinson et al. 2005a,
b) which has resulted in the deterioration of critical aquatic
habitats such as seagrass and reef ecosystems (Connell
et al. 2008). However, pollution is not uniformly distrib-
uted along the coastline, but is concentrated in two
industrial hotspots: Port Pirie (one of our sampling sites), in
the upper Spencer Gulf, and Adelaide, in the Gulf of Saint
Vincent (Edwards et al. 2001). Such anthropogenic hot-
spots of metal contamination have been previously
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documented (Zann 1995). It is logical that these contami-
nant hotspots correspond to areas of the coastline where
human populations aggregate and industrial activities
increase the effluence of contaminants into the environ-
ment. In this study, we report the degree of heavy metal
contamination in water, sediment and algal species col-
lected from four such areas along the South Australian
coastline.

Materials and methods
Study sites

Four sampling locations (Glenelg, Port Adelaide, Port
Broughton and Port Pirie) representing various levels of
suspected metal contamination were chosen (Fig. 1). The
choice of sampling locations was informed by earlier
reports (Edwards et al. 2001; Ferguson 1983; Richardson
et al. 1994) which had indicated that these sites may have
potential for anthropogenic metal contamination due to a
combination of urbanization and industrialization. Sam-
pling occurred during autumn 2010 in the months of
March, April and May. Among the four sampling sites,
Port Pirie was believed to be the most polluted site com-
pared to Port Broughton and Glenelg. Port Adelaide was
considered to be moderately polluted due to industrial
discharge and recreational cruise activities. At all sites,
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Fig. 1 Sampling locations along the South Australian coastline
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seawater, sediments and commonly occurring benthic
macroalgae (seaweeds) belonging to Chlorophyceae
(green), Phaeophyceae (brown) and Rhodophyceae (red)
were sampled. At Site 1, Port Pirie (33° 10’ 839” S; 138°
01’ 147" E) the largest lead smelter in the world has been
releasing large quantities of heavy metal effluents into the
South Australian marine and aerial environments since
1889 (Ward and Hutchings 1996). Three distinct locations
were chosen in Port Pirie from around the smelter to obtain
a representative picture of the level of contamination. At
Site 2, Port Broughton (33° 35’ 969" S; 137° 55’ 716" E)
receives agricultural run-off via the Broughton River and is
an area where the seagrass community has been signifi-
cantly degraded due to the hot El Nino summer (Seddon
et al. 2000). At Site 3, Port Adelaide (34° 50’ 46" S; 138°
30’ 11” E), is bounded by the Port River and Inner Harbour
to the north and west and by Webb Street and Grand
Junction Road to the south harbouring the Adelaide
Brighton cement factory along with a massive sewage
works pumping an average of 37 million litres of effluent
directly into the river. At Site 4, Glenelg North Beach
(34°59'00” S; 138°31'00” E) is south of the Holdfast Bay
boat ramp and breakwaters. The surrounding land is
heavily urbanized, and this beach directly receives dis-
charges from the Barcoo outlet, which is the principle
discharge point for local stormwater run-off to the sea. It is
also close to the Glenelg wastewater treatment plant
(WWTP) and the Patawalonga Basin.

Seawater and sediment sampling and laboratory
preparation

Seawater was collected in polyethylene bottles in the field,
filtered through disposable 0.45 um cellulose acetate filters
(Millipore, USA) and preserved using 5 % (v/v) nitric acid
prior to transfer to the laboratory. All seawater samples
were stored at 4 °C prior to metal analysis. Intertidal sur-
face (top 5 cm) sediments were also collected from all four
sites. At each site, three discrete samples were taken within
an area of approximately 10 m? removed with a polyeth-
ylene scoop and immediately wet-sieved with local marine
water to separate the fine-grained sand (<250 pm) and the
coarse-grained sand (>250 pm and <2 mm). Sediment
fractions were transferred to polyethylene bottles and
transported to the laboratory under cool conditions. Sedi-
ments were subsequently dried to constant mass at 60 °C
prior to further treatment.

Seaweed sampling and preparation
Algae were handpicked from substratum (mud and con-

crete surfaces) of the intertidal zone and placed into food-
grade plastic bags for transfer to the laboratory in insulated

(cool) containers. Specimens were chosen because of their
different morphological and physiological characteristics
and also for their widespread occurrence in South Austra-
lian coastal waters. Immediately after reaching the labo-
ratory (within 4 h), the samples (0.5-1 kg) were washed
twice with local seawater from the sampling site followed
by single distilled water to remove any adhering impurities,
sand debris or epiphytes and freeze-dried at —20 °C for
48 h prior to further treatment. After freeze drying, algal
samples were crushed and homogenized in a porcelain
mortar and stored at 4 °C until analysed. Algal species
were identified by staff from the State Herbarium of South
Australia, and voucher specimens prepared and deposited
in their permanent collection.

Seaweed extraction

Freeze-dried and ground algal material (0.500 g) was
weighed directly into a 75-mL glass digestion tube and
cold-digested in a fume cupboard overnight (16 h) with
concentrated nitric acid (5 mL). The next morning, the
sample was heated using a commercially available AIM
500 automated temperature controlled block digestion
system (A.L Scientific Pty. Ltd., Australia). Digestion
blocks were programmed to slowly ramp to 140 °C over
8 h and then to maintain temperature. Sample digestion
was continued at 140 °C until only a small residual liquid
remained in each tube (&~ 1 mL). The tubes were subse-
quently removed from the digest block and allowed to cool
to room temperature in the fume cupboard prior to dilution
with 0.1 % (v/v) HNO;3 (20 mL). The samples were mixed
thoroughly by vortexing and filtered through Whatman No.
42 filter papers directly into plastic containers for storage
prior to analysis. Each batch of digests included blanks,
duplicates, spikes and certified reference materials at a rate
of 5 %. Spiked samples were prepared by addition of a
10 ppm multi-mix standard (200 pL) of selected heavy
metals prior to digestion to give a concentration of 100 ppb
in the final digestion (200 pL. of 10 ppm standard in
20 mL). The certified reference material was Bush Bran-
ches and leaves (GBW07603), National Research Centre
for Certified Reference Materials, China. In general, the
high observed recoveries (>96 %) of heavy metals with
low RSD (<12 %) indicated that the digest was accurate
and precise.

Sediment extraction

Dried and powdered sediment (0.25 g) was weighed
directly into a Teflon microwave digestion vessel and cold-
digested for 10 min with freshly prepared aqua regia
(10 mL) added using a disposable syringe. The microwave
vessel was subsequently sealed and then digested using a
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MARS-X microwave accelerate reaction system (CEM
Corporation, USA), using the recommenced USEPA
method 3051H aqua regia dissolution procedure (USEPA
1998). Digested samples were cooled for at least 15 min in
the fumehood, and the digest transferred to a volumetric
flask and diluted up to 50 mL with 0.1 % (v/v) HNO3 and
allowed to stand overnight. Diluted samples were filtered
through 0.45 pm cellulose acetate disposable filters using
disposable syringes into ICP sampler tubes for metal
analysis. The certified reference material was soil
GBWO07411 (Chinese Soil) from the National Research
Centre for Certified Reference Materials, China. In general,
the accuracy of the digest method was confirmed with high
recoveries (>96 %) of heavy metals from the standard
reference material with low RSD (<3 %).

Instrumental analysis

Total metal concentrations were determined simulta-
neously using an Agilent 7500c inductively coupled
plasma mass spectrometer (ICP-MS) equipped with an
ASX-510 autosampler (CETAC, USA). The 7500c used an
octopole reaction system in conjunction with a multi-tune
facility including He and H, as make up gases in addition
to the standard (no gas) mode to minimize isotopic inter-
ferences which are important in highly saline soils such as
seawater. 'Ru was used as an internal standard. Blanks,
standards and spiked samples were all used for analytical
quality control at a rate of >5 %. Continuous check of
variation (CCV) samples included in an instrumental run at
a concentration of 50 ppb in an aqueous 2 % (v/v) HNO;
solution had an average metal recovery of 101 &+ 2 %, and
high purity water blanks were low indicating that ICP-MS
response was satisfactory. Duplicate analysis of selected
samples of both plants and soils (n = 4) had RSD <5 %
indicating that precision was also satisfactory. However,
the average spiked recovery of 200 pg L' for selected
heavy metals in seawater was 112 % indicating a slight

overestimation of metal content in seawater samples pre-
sumably due to the complex seawater matrix, despite the
use of the reaction cell technology to suppress polyatomic
interferences.

Statistical analysis

All statistical procedures used the Analysis ToolPak
available with Microsoft Excel (Microsoft 1997). Analysis
of variance (ANOVA) was used to assess relationships
between heavy metal concentration and potential environ-
mental factors (sampling location, metal element and algal
species). The student ¢ test was used to evaluate signifi-
cance of differences in sediment concentrations between
two particle sizes (<250 and >250 um). Concentration
factors in each alga were calculated for individual metals
as the ratio of metal in the alga to that in the corresponding
seawater from the same location.

Results and discussion
Metal concentrations in seawater

The concentrations of ten heavy metals commonly
detected in the seawater at all four sampling locations,
including the three distinct sites from Port Pirie are
summarized in Table 1. Two-way ANOVA indicated that
while overall there was no significant variation in the
heavy metal concentrations of the seawater from the six
sampling sites at the 0.05 significance level (Fs9 = 1.92;
Foi = 2.42; P < 0.05), there were significant differences
between metals (F59 = 39.1; Feiy = 2.1; P < 0.05). One-
way ANOVA within individual elements did, however,
indicate significant spatial variations in individual ele-
mental concentrations with the four sampling locations at
the 0.05 significance level (Table 1). Port Pirie had the
highest overall average total metal seawater concentration

Table 1 Heavy metal concentrations (ug L™") in seawater at each sampling location compared to the relevant Australian guideline values for

marine waters

Sampling location As Cd Co Cr Cu Fe Mn Ni Pb Zn

Port Pirie site 1 (PP001) 82a 0.77 a 43 b 047 b 27 ¢ 218 a 157 a 1.8 a 55 a 67 a
Port Pirie site 2 (PP002) 8.0 ab 0.80 a 4.6 ab 035b 2.7 ¢ 228 a 70 a 1.7 a 55a 59 a
Port Pirie site 3 (PP003) 6.1 b 043 b 42b 0.35b 1.7 ¢ 192 a 42b 1.7 a 16 b 36 a
Port Broughton (PB001) 7.7 ab 0.13d 50a 0.55b 1.8 ¢ 176 a 6.5¢c 19 a 04 c 14 b
Glenelg Beach (GB001) 57D 0.13d 43 b 0.35b 09 b 250 a 9.1c 140 3.0 be 17b
Port Adelaide (PA0O1) 32¢ 0.24 ¢ 22¢ 132 a 64.2 a 348 a 33b 03¢ 10.7 be 33 a
Marine Guideline® 24 5.5 1 4.4 1.3 - - 70 44 15

Within individual elements, concentrations annotated with the same letters do not vary significantly from each other at the 0.05 significance level

* Australian water quality guideline values suitable for the protection of 95 % of all species (ANZECC/ARMCANZ 2000)
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and with a few exceptions the highest individual seawater
metal concentrations. Since the high seawater metal con-
centrations observed at Port Adelaide for Fe and at Port
Broughton for Co and Ni were not statistically signifi-
cantly higher than those observed at Port Pirie, the only
statistically significant higher individual metal concentra-
tions were observed for Cr and Cu at Port Adelaide
(Table 1). These observations were principally attributed
to effluents discharged from the smelter in the vicinity of
Port Pirie and the presence of industrial and commercial
complexes in Port Adelaide. In comparison, Port
Broughton and Glenelg which lack any industrial activi-
ties were less contaminated. These observations corrobo-
rated previous studies that had indicated that metals were
not uniformly distributed along the coast, but were con-
centrated in two hotspots: Port Pirie, in the upper Spencer
Gulf, and Adelaide, Gulf of Saint Vincent (Edwards et al.
2001). Earlier reports had also shown that the concentra-
tions of all metals at Port Pirie were elevated, with Pb and
Zn being of particular concern (Ferguson 1983; Richard-
son et al. 1994).

In general, the three Port Pirie sites had similar metal
levels which were all elevated relative to the other three
sites. The highest concentrations of Cd (0.8 ug L"), Pb
(55 ng L") and Zn (67 ng L") were all observed at Port
Pirie, and these higher concentrations, compared to the
other three geographic locations, were most likely due
solely to the presence of the Pb and Zn smelter at Port
Pirie. In a previous study, samples taken directly from the
effluent channel from the Port Pirie smelter had signifi-
cantly elevated levels of Cd (64 pg L™"), Pb (750 pg L™
and Zn (4,300 pg L_l), and the further samples were taken
from the smelter dilution with seawater reduced the levels
to those of the near-surface seawater (Ferguson 1983).
Thus, while not as high as effluent channel concentrations,
the levels of Cd, Pb and Zn determined here were all still
slightly higher than the average background levels of Cd
(03 pg L™, Pb (0.4 ug L™" and Zn (<10 pg L") for
the Spencer Gulf (Ferguson 1983). The small differences in
the concentrations observed between the two studies were
attributed to normal variations in spatial and temporal
sampling.

Iron concentrations across all locations ranged from 176
to 348 pg L™' with the highest level detected at Port
Adelaide and the lowest at Port Broughton, although sta-
tistically there was no significant difference in Fe level
with site (Table 1). While elevated Fe concentrations in
seawaters occur due to weathering of naturally occurring
iron minerals such as goethite, hematite, magnetite and
siderite, the presence of elevated concentrations of heavy
metals in seawater cannot readily be attributed to mineral
weathering and is more likely an indicator of anthropo-
genic contamination (Carral et al. 1995; Williams 1996).

Of the other metals determined, As and Mn were also
found to be highest at Port Pirie. After Port Pirie, the next
most contaminated location was Port Adelaide, which had
the highest concentrations of Cr (1.32 pg L™") and Cu
(64.2 ng L") where the differences in elemental distri-
butions suggested a different type of contaminant source
than that observed at Port Pirie. The other two sampling
locations, Port Broughton and Glenelg Beach, were less
contaminated as indicated by the consistently lower metal
concentrations in seawater (Table 1). Other metals (Co, Cr
Fe and Ni), with the exception of Port Adelaide where the
lowest levels of both Co and Ni were observed, did not
vary significantly with site. Previous analysis of seawater
from the shallow tidal Barker Inlet (Harbinson 1986), near
Port Adelaide, reported average concentrations for Cu, Fe,
Mn and Zn of 5.7, 87, 219 and 21.5 pg L_l, respectively,
which were of the same magnitude as the values deter-
mined here (Table 1).

Overall, while there was considerable variation in metal
concentrations with site, in general, Glenelg and Port
Broughton were less contaminated. While no exceedance
of available Australian water, quality guidelines (AN-
ZECC/ARMCANZ 2000) were observed for As, Cd, Cr or
Ni at any site, concentrations generally significantly
exceeded guideline values for Cu, Pb and Zn at Port Pirie
and Port Adelaide, while Co was consistently high across
all sites (Table 1). The major differences in the distribution
of metals in seawater from the six sampling locations were
attributed to increased discharges of industrial wastes at
Port Pirie from the smelter and at Port Adelaide from the
surrounding industries, commercial establishments and
recreational activities. Previous studies on the distributions
of heavy metal concentrations in Adelaide metropolitan
water samples support this assertion (Harbinson 1986;
Fernandes et al. 2008; Lavery et al. 2008).

Metal concentrations in sediments

While seawater concentrations tend to be transient and are
subject to tidal flows and other movements that quickly
disperse metal concentrations unless the effluent source is
ongoing, analysis of sediments is often more indicative of
long-term contaminant exposure, as metals generally
accumulate in sediments over time, and the concentrations
are not as susceptible to short-term temporal fluctuations.
The sediment metal concentrations observed in this study
were magnified a number of times for most of the metals
compared to seawater concentrations indicating sediments
to be a sink for heavy metal contamination, and as was
observed for seawater, heavy metal concentrations were
highest in Port Pirie sediments, followed by Port Adelaide
sediments, suggesting that the deposition rate of the metals
was relative to the metal concentrations in seawater.
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Elevated concentrations in sediments result from either 2 e & 2 2 L, =
low remobilization rates into water or the dominance of é’ Gl § g o = §
metal removal pathways from the water column such as 8 -
precipitation (Rainbow 1995). Variations in the metal ] 2l & 2 3 o e o

. =1 S EVE IR o IS < < = S

content of sediments are generally a result of metal 3 NIV w = = - s = &
deposition and particle sedimentation rates, particle size e cle & =& L, 4 ©
and organic content (Phillips and Rainbow 1994). It is well g ﬁ 5 i 2 I =9 g
documented that the bulk of the total metals measured in 5 . -
sediment tends to be associated with the finer particles, k= 2lg &g 2 o = 3
which have a greater surface area (Hong 1993). This was E 2IV|2 & 5 2 3 = R
also observed in this study where irrespective of sampling 3 2 P E
location, sediment samples of <250 pm contained the E Al z = T g =2 T‘:
highest total metal concentrations. Concentrations of the % -1 , © ° ° = g
metals in the Port Pirie sediments decreased in the order E = § TR ; f § ; = é
Fe > Zn > Pb > Mn > Co > Cu > Cd > As > Cr > Ni = . il
(Table 2). Generally, coastal sediments and water show -ﬂ;) gles 2 02 : fi’ ,f é
higher concentrations of Fe and Mn (Sanchez-Rodriguez g AE g '8 a & 2 2
et al. 2001). In addition, elevated levels of Pb and Zn might g R I T 8
be due to the close proximity of the smelter. However, at e s "N\; § 2 2z g § 2 -i;’
P(?rt Pirie site 2 (PP002), the Cd concentration was inex- i} B . %
phc'ably very high compared Fo all other samples (Table 2). i o g § 2 ;‘: g E £
While some Cd elevation might be generally expected at 2 N I S S SR S S <
Port Pirie from smelter activities and the common associ- g s o o - E
ation of Cd, Pb and Zn mineral phases, this should have ;‘ s|l2 8 8 § § 2 %
also been observed at the other two Port Pirie sites (PP001 S el9]le = & S =2 4 2
and PP002). The only difference was that PPO02 was sit- § I g
uated near mangrove vegetation, which generally increases § ‘cﬁ a8 ; T 0o ; 8
the organic content of the sediment. Since organic matter is Eﬁ . 5 3
a significant factor in influencing metal distribution due to g, .2 3 '{E 2 < & 2 . g
binding of heavy metals (Balkis and Cagatay 2001), the § eivifse = = ¥ = = e %
elevated levels of Cd may be attributed to increased S gl & 2 23 o - g
organic matter content of the sediment at PP002. This E; AN S T R B B é
seems likely as Cu, which also readily forms strong com- z gl ¢ 2 o o E
plexes with organic matter, is also elevated at PP002 rel- E sivlz & & & & 8 g8|lgs
ative to the other two sites (Table 2). The highest é - |- = - . . o 3;‘ §
concentration of Pb (2,425 pg g~ ') was detected at PP002 é dle & 5 7 = = S
for the <250 pm fraction, while the lowest Pb concentra- = 0 s - E g
tion (2.5 ug g~ ') was found in the Glenelg sediment - |8l o g a2 o S 5 Z
sample >250 pm. Similarly, the highest concentration of = |[Z 'V [*° = = = = = 5 S
Zn (7,974 pg gfl) was also found at PP002 in the é =3 s o e oz ERN
<250 pm sediment fraction. As and Cu were also found at g Als = T 3 S 3 f <Zvﬂ
relatively higher concentrations in Port Pirie samples § ol &« Lo 0= e = i ;:;
compared to all other locations. While the maximum As § 319 = 8 < § § E NN 5
(59.6 ug g~ ") and Cd concentrations (125 pg g~') were g « o ER
found in PP002 <250 um, a minimum of 0.03 pg g~ was & gl e 2 2 o z " 5 3
recorded in Glenelg sediments of <250 pum. Interestingly, % A A g f;
Co and Cr were found to be highest, 112 and 69 ug g/, % 22 3 .,'f ©o o :2) E
respectively, in the PAOO1 (<250 pm) sample, potentially ; Vs 2 8§ & & & 8 5 g
indicating a very different industrial pollution source than ki g < % g
that of Port Pirie. Student t tests to determine whether there § ?g g S 3 TE 2 f
was a significant difference in the metal concentrations of  « £ | 22 28 2g gg ﬂig 35 2|23
the sediments between the two size fractions, indicated that = E “é- f‘;* E f § i’:* £ a é T A 2 E 3£ 2
in general, there was no statistical difference between & & | & F-ETETETSTETEIET
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metal concentrations of the two sediment particle sizes at
the 0.05 level of significance (Table S1; Supplementary
Information). However, for a large range of metals, metal
concentrations in sediments from PP0O1 to PB0O1 of dif-
ferent particle size were significantly different (Table S1;
Supplementary Information).

As was observed with metal concentration in seawaters,
one-way ANOVA within individual elements of the same
particle size indicated significant spatial variations in
individual elemental concentrations with sampling loca-
tions at the 0.05 significance level (Table 2) with exceed-
ance of sediment quality guidelines at some locations. At
Port Pirie and to a lesser extent at Port Adelaide, relative to
the low trigger values (ANZECC/ARMCANZ 2000), ele-
vated levels of As, Cd, Pb and Zn were observed (Table 2),
while at Port Broughton and Glenelg sediments did not
exceed any trigger values and could therefore be classified
as relatively uncontaminated. Copper was generally low
across most sites and only exceeded low trigger values at
PP002 and PAOO1, while Cr and Ni did not exceed low
sediment trigger values at any site. Thus, overall, irre-
spective of particle size, sediments from Port Pirie were
generally more contaminated than the other three sites with
overall contamination decreasing in the order
PP002 > PP003 > PPO01. Port Adelaide was the next
most contaminated site, followed by Port Broughton and
Glenelg having the least contaminated sediments. The
elevated concentrations determined here for Port Pirie
support earlier studies where sediments in the upper
Spencer Gulf near the smelter of Port Pirie were found to
contain up to 7,700 pg g~' Pb, 17,000 pg g~' Zn,
460 pg g=' Cd, 160 pug g~ 'As (Tiller et al. 1989), while
leaves of seagrass from the area contained up to
402 pg g~ Pb and 1,050 pug g~ Zn, suggesting that at
least some portion of the sediment metal concentration was
bioavailable (Tiller et al. 1989).

Metal concentrations in algae

Although the concentrations of Cd, Cu, Pb and Zn deter-
mined here were similar to those determined in four species
of macroalgae sampled from the Gulf of St Vincent from
1981 to 1983 (Maher 1986), the concentration of all heavy
metals in algae showed significant variation with species
and sampling location (Table 3). Spatial variations in the
metal contents of seaweeds and variations in metal accu-
mulation in laboratory studies are believed to be related to
changes in growth and metabolic rates, which are influ-
enced by local and seasonal environmental conditions,
interactions among metal ions resulting in competition for
binding sites in seaweed, life span of the species, growth
rates and morphology (Villares et al. 2002; Ryan et al.
2012). Although the accumulation of non-essential

elements (As, Cr, Cd and Pb) was considered independent
of physiological requirements (Higgins and Mackey 1987),
earlier reports had shown that brown seaweeds were
capable of accumulating As a hundred times more than
terrestrial plants (Keiji and Kanji 1989). Although it was
not possible to individualize a contaminant gradient among
the seaweed taxa, both species which accumulated the
maximum amount of As were brown algae, and the next
highest As concentration of 67 pg g~ ' was accumulated by
the green algae Blidingia marginata and all other species
accumulated less than half of these amounts (Table 3). For
As, both the highest and the lowest algal concentrations
were found in samples from Glenelg. A maximum As
concentration of 79 pg g~' was detected in two algal
species (Cystophora monillifera and Sargassum cinctum),
while Ulva lactuca accumulated the lowest concentration
of As (3.3 ng g7 "), suggesting different accumulation
capacities and specificity of metal uptake by the different
benthic macroalgal forms when exposed to the same degree
of pollutant. It is now well recognized that different classes
of algae accumulate different amounts of metals, particu-
larly As, with the order of accumulation generally fol-
lowing the sequence brown > red > green (Diaz et al.
2012; Ryan et al. 2012). Such inter-species patterns in As
accumulation have also previously been reported in Aus-
tralian marine macroalgae (Maher and Clarke 1984, Tukai
et al. 2002). Thus, we attribute the higher accumulation of
As by C. monillifera and S. cinctum, to being brown algae
and the lower As accumulation of U. lactuca to being a
green alga. Tukai et al. (2002) suggested that this may be
directly related to uptake of macroalgal phosphate, since
As accumulation was greater when phosphorus was also
accumulated and brown macroalgae accumulated more
phosphorous than either red or green macroalgae.

Algae sampled from the three sites of Port Pirie exhib-
ited several times higher concentrations of Pb and Zn
compared to the other three sites. The Port Pirie site also
had the maximum concentration of Pb and Zn in both
seawater and sediments. Accumulation of Pb in algae was
highest in B. marginata (974 pg g~ ") from Port Pirie and
lowest in S. cinctum from Glenelg Beach (0.92 ug g~ '). Pb
concentrations of up to 3,213 pg g~' for Ulva.,with mean
values of 748 to 206 g g~ ' had been previously reported
(Malea and Haritonidis 2000). All other algal species
except Anotrichium tenue (34.6 pg g=') and U. lactuca
(17.9 ug g~ ") showed negligible concentrations of Pb.
Similarly, Zn was highest in the algal tissue collected from
Port Pirie. Zinc concentrations in algae decreased in the
order B. marginata (3,162 pg gfl) >Hormophysa cunei-
formis (393 and 162.8 pg g~' in PPOO1 and PP002).
However, A. tenue also accumulated 224 ug g=' of Zn
though it was collected from Port Adelaide. Algae gener-
ally accumulate Zn from seawater (Ho 1988), although Zn
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Table 3 Heavy metal concentration (ug g~ ") in algae at each sampling location

Sampling location Algal species As Cd Co Cr Cu Fe Mn Ni Pb Zn
Port Pirie site 1 (PP001)  H. cuneiformis 15.0 35 3.1 2.5 37.3 314 773 1.1 838 163
Port Pirie site 2 (PP002)  H. cuneiformis 19.9 6.6 3.0 43 11.5 265 87.8 0.6 202 393
Port Pirie site 3 (PP003)  Blidingia marginata 66.8  65.6 433 17.5 639 8,712 278 8.1 974 3,162
Port Broughton (PB001) Scaberia agardhii 233 0.21 1.8 2.3 3.3 175 32.7 0.3 3.5 15.9
C. cephalornithos 223 0.08 1.5 1.5 2.6 162 418 03 2.5 15.5
Glenelg Beach (GB001) Acrosorium polyneurum 20.0 0.06 7.6 1.2 6.4 1,174 5.4 2.0 2.0 51.2
Cystophora monillifera 79.4 0.04 1.4 0.8 4.8 209 566 02 1.5 17.5
Cystophora monilliformis 6.0 0.10 8.9 3.7 13.9 1,750 36 0.6 3.2 42.1
Dictyopteris australis 13.4 0.05 13.7 5.2 50.3 2,698 22.5 0.9 6.1 63.0
Gelidium micropterum 18.3 0.04 17.3 5.0 102 3,635 29.0 14 54 48.4
Gracilaria 10.3 0.04 5.8 2.0 7.7 1,121 803 07 23 24.5
Scaberia agardhii 9.1 0.02 32 0.9 3.1 564 2.5 05 09 22.0
Sargassum cinctum 78.8 0.07 2.1 0.9 8.3 224 148 04 09 232
Ulva lactuca 33 0.06 2.0 09 467 268 6.0 0.3 3.6 41.6
Port Adelaide (PA0O1) Anotrichium tenue 9.6 0.38 11.0 9.7 912 2,756 397 2.5 346 224
Ulva lactuca 6.8 0.11 5.0 2.1 45.5 540 309 22 17.9 112

concentrations not exceeding 100 pg g~' are suggested
acceptable background levels for non-polluted areas
(Moore and Ramamoorthy 1987). In this study, some Zn
concentrations were 79 times this value indicative of sig-
nificant Zn contamination in Port Pirie sediments.
Cadmium accumulated in negligible amounts in almost
all of the algae except B. marginata, which accumulated
the maximum Cd concentration of 66 pg g~ '. In compar-
ison, Hormophysa c. accumulated only 6.6 and 3.5 pg g~ ',
and the rest of the algae had Cd concentrations
<0.5 pg g~'. Moore and Ramamoorthy (1984) reported
concentration ranges for Cd in three brown seaweeds
sampled in a non-polluted area of the United Kingdom,
from 0.15 to 0.43 pug g~ ' dry weight. However, in contrast
to previous studies where high concentrations of Cd were
observed in Ulva (Malea and Haritonidis 2000; Leal et al.
1997), relatively lower concentrations of Cd were observed
here for Ulva., which may be due to lower nitrate con-
centrations, limiting growth and resulting in a significant
decrease in Cd accumulation by this species.
Accumulation of Co, Cr and Cu was highest in B.
marginata with concentrations of 43.3, 17.5 and
63.9 ng g~ ', respectively, which was generally much
higher than the accumulation observed in all other species
collected. Accumulation of Co was maximum in B. mar-
ginata followed by Gelidium micropterum which were 40
and 20 times higher than previous studies of Gelidium
microdon (0.79 pg ¢~ at Ferraria) (Wallenstein et al.
2009). Accumulation of Cu was also relatively high in
Dictyopteris australis (50.3 pg g~") and U. lactuca from
Glenelg (46.7 ug g "), while U. lactuca from Glenelg
accumulated only 2.0 ug g~ of Co, which was the lowest
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Co accumulation of all the species. While several species
(B. marginata, D. australis, U. lactuca) accumulated con-
siderable amounts of Cu, Accumulation was highest in the
red algae Anotrichium tenue. High concentrations of Cu in
a variety of algae (Enterromorpha compressa, Chaeto-
morpha antennina, Centroceras clavulatum) from the
Tamil Nadu coast of India had also previously been
reported (Rajendran et al. 1993) as well as in one species,
Monostroma hariotii, from Casey station, Antarctica
(McMinn et al. 2004). This level of accumulation reflects
the structural and functional importance of Cu as a major
cell constituent in important physiological processes. The
algal concentrations of Cr ranged between 0.76 and
17.5 ug g~ ' and with the exception of Blidingia marginata
all the other species studied contained Cr at levels similar
to those previously reported (Villares et al. 2002).

Although high Fe concentrations were found in all
species, the same pattern of accumulation with species was
generally observed for Fe as had been observed for all the
other metals. Thus, the maximum accumulation of Fe was
observed in Blidingia marginata (8,700 pg g~ ') followed
by Caulocystis cephalornithos (162 ug g=') which were
comparable with seaweeds from the Venice lagoon (Cali-
ceti et al. 2002) and Sao Miguel (Azores) in the North
Atlantic Ocean (Wallenstein et al. 2009). The consistently
high Fe concentrations encountered in seaweed are prob-
ably due to several factors including (1) the established
need of Fe for normal growth of marine plants (Goldberg
1952), (2) the ability of most algal species to bioconcen-
trate Fe from the surrounding environment and (3) con-
tamination from industrial and other operations (Eisler
1981).
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Table 4 Concentration factors for various metals and algae species sampled at six distinct sampling locations

Sampling location Algae species

Concentration factors

As Cd Co Cr Cu Fe Mn Ni Pb Zn

Port Pirie (PP001)
Port Pirie (PP002)
Port Pirie (PP003)
Port Broughton (PB001)

H. cuneiformis

H. cuneiformis
Blidingia marginata
C. cephalornithos
Scaberia agardhii
Glenelg Beach (GB0O01)  Acrosorium polyneurum Okamura
Cystophora monillifera

Cystophora monilliformis

Dictyopteris australis (Sonder) Askenasy
Gelidium micropterum

Gracilaria

Scaberia agardhii

Sargassum cinctum J. Agardh

Ulva lactuca

Port Adelaide (PAOO1) Anotrichium tenue (C. Agardh) Négeli

Ulva lactuca

1.8 4.6 0.7 53 141 1.4 49 06 152 2.4
25 82 07 124 4.2 1.2 1.3 04 3.7 6.7
11.0 153 103 50.1 37.6 454 6.6 47 604 83.1
3.0 0.6 0.3 2.7 1.4 0.9 64 0.1 5.6 1.1
30 1.6 0.4 4.2 1.8 1.0 50 0.1 7.8 1.1
35 05 1.8 33 72 4.7 06 14 0.7 3.0

140 03 0.3 22 54 08 06 02 05 1.0

1.0 08 21 106 156 7.0 40 05 1.1 2.5
24 04 32 149 565 108 25 06 2.0 3.7
33 03 41 141 114 146 32 1.0 1.8 2.8

1.8 03 1.4 5.7 8.7 4.5 88 05 0.8 1.4
1.6 02 0.8 2.6 35 2.3 03 04 0.3 1.3
140 05 0.5 24 9.4 0.9 1.6 03 0.3 1.4
06 05 0.5 27 525 1.1 0.7 02 1.2 2.4
30 1.6 5.1 7.4 1.4 8.0 121 9.1 32 6.8
21 05 23 1.6 0.7 1.6 94 179 1.7 3.4

Accumulation of Mn was considerable in both species
collected from Port Adelaide, where Anotrichium tenue and
Ulva lactuca accumulated 397 and 309 pg g~', respec-
tively. Although the highest Mn accumulation of
773 ug ¢! was seen in Hormophysa cueniformis from
Port Pirie, all other algal species contained <100 pg g~
Mn. Negligible amounts of Ni were found in all species
except Blidingia marginata, which  accumulated
8.1 pg g~ ' Ni. In comparison, species from Port Adelaide,
Anotrichium tenue and Ulva lactuca, contained only 2.5
and 2.2 pg g~ Ni, respectively. The highest accumulation
of Mn and Ni was by Hormophysa cueniformis and Bli-
dingia marginata, respectively, with concentrations similar
to previous results obtained in algae from the Aegean Sea,
Greece (Sawidis et al. 2001).

Concentration factors in algae

To find any antagonistic or synergistic relationships
between the different metals accumulated by all of the
algal species metal correlation, analyses were performed
(Table S2; Supplementary Information). The literature
suggests that antagonism occurs when the combined
physiological effect of two or more elements is less than
the sum of their independent effects, and synergism occurs
when the combined effects of these elements are greater
(Kabata-Pendias and Pendias 1989). In our study, some
metals exhibited synergistic accumulation by algae. Lead
and zinc showed strong positive correlations (r = 0.973 at
0.05 level of significance). Similarly, Pb and Cd

(r = 0.986), Zn and Cd (r = 0.971), Cu and Cr (r = 0.98),
Zn and Mn (r = 0.91), Ni and As (r = 0.926). This was
may be due to the high bioavailability of the metals due to
presence of common metal sources like smelters, metal
processing industry effluents and sewage and agricultural
run-off. A similar correlation was reported by Sfriso et al.
(1995) and Moore and Ramamoorthy (1984). However, the
antagonistic effect was also evident, as in some instances
the accumulation of one metal did not favour the accu-
mulation of another, as depicted by the strong significant
negative correlation found between the metals. Cobalt
showed significant negative correlation at 0.05 level with
Cu (r = —0.954), Fe (r = —0.929), and Ni (r = —0.959).
Nickel also showed significant negative correlation with
Cu (r=-0950) and Fe (r = —0.959). Interactions
observed within plants between trace metals have also
indicated that these processes are quite complex, being at
times both antagonistic and synergistic in nature, and
occasionally are involved in the metabolism of more than
two elements. The antagonistic metals are mostly linked to
processes of absorption by plants and to the enzymatic
pathway (Kitagishi and Obata 1981).

The concentrations of heavy metals in littoral seaweeds
have previously been used as an indicator of regional dif-
ferences in the dissolved trace metal content of estuarine
and coastal waters. This is possible due to the ability of
marine algae to concentrate metals and to integrate the
exposed metal concentration in seawater over a reasonably
long time interval and thus smooth out any large, but short-
term, fluctuations in these concentrations. Constancy of
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mean concentration factors has been reported earlier
(Foster 1976). The concentration factor, calculated by
dividing the mean metal concentration in the algae by the
mean metal concentration in seawater, for the different
algal species (Table 4) showed slightly different patterns
from the normal accumulation pattern. Concentration fac-
tors (CF) significantly varied with respect to metal, alga
and site. Blidingia marginata showed the highest concen-
tration factor for the majority of the metals (Cd, Co, Cr, Fe,
Pb and Zn), while D. australis showed the maximum CF
for Cu, Cystophora monillifera for As and Anotrichium
tenue for Mn and Ni.

Therefore, Blindigia marginata appears to be good
biomonitor species as it accumulates heavy metals in its
tissues in relatively significant quantities and may therefore
be analysed as a measure of the bioavailability of a large
number of metals in the ambient habitat. It also produces a
simple correlation between metal concentration in tissues
(body) and average ambient bioavailable metal concen-
tration over a recent time period. The study also suggests
that in biomonitoring programmes, site differences in metal
concentrations can be inferred using data from individual
species, but it is also necessary to make interspecies
comparisons involving comparisons of families and orders
of sites.

Conclusion

The overall level of heavy metal contamination in seawater
and sediments decreased in the order of Port Pirie > Port
Adelaide > Glenelg > Port Broughton, where sediment
metal concentrations generally increased with decreasing
particle size. This preliminary investigation supports the
notion that macroalgae can differentially accumulate metal
contaminants from waters and sediments of the South
Australian coastline. Although the concentration of trace
elements in macroalgae samples ranged widely, reflecting
both contaminations in the water column and in the sedi-
ment, the heavy metal concentrations found in the seaweed
species studied were comparable to the levels previously
reported in the literature for industrialized coastal areas. Of
the thirteen algal species evaluated, the highest concen-
trations of trace metals were found in Blidingia marginata
for Cd, Co, Cr, Cu, Fe, Pb and Zn; Cystophora monillifera
for As and Anotrichium tenue for Mn and Ni. Due to its
widespread distribution in South Australian coastal waters
and its ease of recognition, Blidingia marginata is rec-
ommended as a biomonitor species for future studies.
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