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Abstract This study investigated the effects of age
and length on mercury contamination in four fish
species; yellow-eye mullet (Aldrichetta forsteri),
black bream (Acanthopagrus butcheri), sand flathead
(Platycephalus bassensis) and sea-run brown trout
(Salmo trutta) from the Derwent Estuary, Tasmania,
Australia, and examined the implications of these
findings for public health monitoring. Mean mercury
levels exceeded the Food Standards Australia and
New Zealand maximum permitted level (0.5 mg kg™ ")
for all species except yellow-eye mullet. Mean levels
in black bream were significantly higher (p<0.05)
than other species and consequently are a particular
concern for human health. Regional differences (p<
0.05) in mercury levels in sand flathead were not
obviously correlated with metal levels in the sedi-
ments. However, age and length significantly (p<
0.05) influenced mercury levels in brown trout and
sand flathead, with age being more strongly related to
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intraspecies differences. In addition, movement and
distribution within the estuary and trophic status
appeared to be important factors in contribution to
interspecific variation. Consequently, a sound under-
standing of fish life history and biology is important
in identifying species which may be susceptible to
accumulating mercury and hence pose a potential
threat to human health.
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1 Introduction

Fish are increasingly promoted as a healthy and
nutritious food source containing minerals, vitamins
and essential fatty acids and have been shown to have
significant health benefits (Han 1998; Carvalho et al.
2005). However, fish can also contain toxic levels of
some metals (Carvalho et al. 2005). In particular,
some species of fish have been found to contain
elevated mercury concentrations, which may be toxic
both for the fish and for humans who consume the
fish (Wiener et al. 2003). Mercury poisoning can have
devastating effects, one of the first major examples of
this was the Minamata Bay disaster in Japan, which
has resulted in the deaths of over 1,000 people and
left over 2,000 seriously ill from contaminated
seafood (Harada 1995). This tragic incident sparked
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numerous studies into mercury levels in fish and the
concomitant health effects on humans (Wang 2002).

The Derwent Estuary adjoins Hobart, the capital
city of Tasmania, and as such is an important local
industrial, recreational and environmental resource
(Green and Coughanowr 2003). The estuary supports
a significant recreational fishery, attracting an esti-
mated 11,000 recreational anglers annually (Lyle et al.
2009). The upper estuary is extensively fished for sea-
run brown trout (Salmo trutta) and black bream
(Acanthopagrus butcheri), whilst the lower reaches
are fished for a range of species including sand
flathead (Platycephalus bassensis), Australian salmon
(Arripis trutta), yellow-eye mullet (4ldrichetta for-
steri), school whiting (Sillago bassensis) and green-
back flounder (Rhombosolea tapirina; Green and
Coughanowr 2003; Lyle 2005; Lyle et al. 2009).
The lower reaches of the estuary are also open to
commercial fishing, particularly for school whiting
and sand flathead (Lyle 2005). Despite its natural
values and many recreational uses, the Derwent
Estuary is severely contaminated with metals includ-
ing mercury, the main source being historical indus-
trial effluent from a zinc smelter in the midestuary and
a paper mill in the upper estuary (Eustace 1974;
Bloom and Ayling 1977; Green and Coughanowr
2003).

Mercury loading in fish may be influenced by
many factors; these include both physiological factors
(species, size, age, sex, sexual maturity, diet) and
broader environmental conditions (water chemistry,
salinity, temperature, and levels of contamination;
Carvalho et al. 2005). Several studies have shown that
mercury accumulation in fish may be strongly
influenced by concentrations in the surrounding water
and sediments (Blevins and Pancorbo 1986; Calta and
Canpolat 2006) whilst interspecific variation may
arise as a result of differences in life history strategies,
such as feeding habits (Calta and Canpolat 2006) and
position in the food chain (Asuquo et al. 2004).
Intraspecific variation may also occur in response to
location (Asuquo et al. 2004), fish age/size (Calta and
Canpolat 2006) and sex (Pourang 1995).

Mercury levels in Derwent Estuary fish were first
examined in the mid-1970s by Ratkowsky et al.
(1975) and Dix et al. (1975), who found that levels
exceeded maximum permitted levels (0.5 mg kg™ ') in
several fish species including sand flathead and
various sharks. Even though there have been signif-
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icant improvements in industrial practices, 25 years
later, levels in sediments from many areas of the
estuary remain high (Jones et al. 2003) and levels in
sand flathead from some regions are still markedly
higher than the safe maximum permitted level of
0.5 mg kg ' prescribed by Food Standards Australia
and New Zealand (Green and Coughanowr 2003;
FSANZ 2004).

This study characterised the potential risk of
mercury contamination in seafood from the Derwent
Estuary by providing contemporary data on mercury
levels in a range of recreationally important fish
species to compare with historic records and compar-
ing contamination levels to a range of factors in order
to evaluate how environmental conditions and biolog-
ical factors (including age and/or size) might influence
mercury levels in fish. Understanding such relation-
ships is particularly important from a human health
perspective as this may influence mercury loading and
hence potential health risks of consumption.

2 Materials and Methods
2.1 Study Area

The Derwent Estuary (42° 54'S, 147° 18'E), is
approximately 52 km in length and is the largest
estuary in southern Tasmania, with depths ranging
between 0 to 30 m (Fig. 1). In this study, the estuary
was divided into four sampling regions, on the basis
of differences in hydrography, sediment metal loading
and biological information; these regions are consis-
tent with those used in previous studies (Eustace
1974; Ratkowsky et al. 1975; Green and Coughanowr
2003) (Fig. 1). Region 1 (Tasman Bridge to New
Norfolk) has a strong graduation from seawater to
freshwater and is subject to significant industrial
inputs. Regions 2 (Western shore) and 3 (Eastern
shore) are both predominantly marine, although there
is a stronger river flow along the eastern shore (Jones
et al. 2003). Region 4 (Ralphs Bay) is considered
fully marine but as an embayment has several distinct
differences from the other regions (shallow water and
warmer temperatures) (Jones et al. 2003). Samples
were also collected from a control site (Region 5),
outside the Derwent Estuary, and relatively unaffected
by industrial pollution (Green and Coughanowr 2003)

(Fig. ).
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Fig. 1 Location of study sites

2.2 Sample Collection and Processing

Fish were sampled over 5 months in Winter/Spring
2007 using line fishing and gill netting. Sampling
targeted a range of sizes for each species, including
individuals below legal minimum size limits. Sand
flathead were sampled from all regions, whilst black
bream, brown trout and yellow-eye mullet were only
sampled from Region 1.

Each fish was weighed (whole =1 g) and
measured (total and fork length £1 mm), sexed
and gonads weighed (£0.1 g). A sample of muscle
tissue (approximately 50 g) was removed from each
fish from the area posterior of the pectoral fin. The
muscle tissue was placed in a labelled plastic zip-
lock bag and stored at—18°C until further process-
ing. Sagittal otoliths were extracted, cleaned, dried
and stored in plastic sample containers for later age
analysis.

2.3 Age Determination

Methods used for fish aging were based on those
reported by Ewing et al. (2007), with specific age
determination techniques following those previously
described for sand flathead (Jordan et al. 1998), black
bream (Morison et al. 1998), brown trout (Graynoth
1996) and yellow-eye mullet (Curtis and Shima
2005). Otoliths were examined with no knowledge
of fish size, sex or date of capture. Between- and
within-reader precision was examined using the index

10 [ 10

20 Kilometers

of average percent error (APE; Beamish and Fournier
1981).

2.4 Mercury Analysis

The determination of total mercury in fish muscle
tissue followed National Association of Testing
Authorities (NATA) approved methods. A measure-
ment of total Hg can be used an approximate of
MeHg in fish muscle due to the fact that MeHg
generally accounts for 80% to 100% of the total Hg
content in fish (Wiener et al. 2003). A 1-g portion of
skinless and boneless muscle tissue was digested in
mercury digestion acid (HNO3; 67% vol/vol plus
H,S04 33% vol/vol), with the addition of 5 mL of
K5,S,054 solution and KMnOy as required. Mercury
analysis was undertaken using cold vapour atomic
fluorescence spectrometry (CV-AFS) on an atomic
fluorescence analyser (Melenium Merlin, UK). All
data are given as milligrams per kilogram (mg kg ")
wet weight of sample, with a reporting limit of
0.02 mg kg . Quality control measures included the
running of a blank, blank matrix spike, duplicate
sample, standard reference material (SRM) and a
matrix spike for every 20 samples analysed and
indicated that overall detection levels were reliable.
For all sample batches, the blank matrix spikes were
within 25% of the theoretical value of 1.00 pg L',
duplicates agreed within 20% of the mean, and
preparation blanks were below the minimum reporting
level (MRL) of 0.02 mg kg .
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2.5 Data Analysis

Analysis of variance was used to test for the effects of
species and region (sand flathead only) upon mercury
concentrations. In all cases, the type III sums of
squares was used to test the null hypothesis because
the experimental design was unbalanced. Assump-
tions of homogeneity and normality of data were
assessed through examination of residual plots, and
data were appropriately transformed (natural log)
where assumptions of homogeneity were not met.
For all analysis of variances, significance value was
set at p<0.05. Where effects were significant, Tukey’s
pair-wise post hoc tests were used to further examine
these differences.

The relationships between mercury levels and age
and length were evaluated using regression analysis;
analysis of covariance (ANCOVA) was employed to
allow for comparisons between regions where signif-
icant relationships were observed between factors. All
statistical analyses were carried out using SPSS
version 15.0 (SPSS, Chicago, IL).

3 Results

3.1 Interspecific Comparisons

Mean mercury levels in black bream, brown trout and
sand flathead all exceeded the Food Standards

Australia and New Zealand (FSANZ) maximum
permitted level (ML) of 0.5 mg kg ', with maximum

mercury levels recorded for individual sand flathead,
black bream and brown trout being well in excess of
this guideline (Table 1). Brown trout and sand
flathead had significantly higher mean levels than
yellow-eye mullet (dfs, 108, £=92.79, p<0.01), and
black bream had significantly higher mean levels than
all of the other species (Table 1).

Of the legal sized fish sampled in this study, all of
the black bream, 60% of the brown trout and 46% of
the sand flathead had mercury levels that exceeded
the ML (Table 2). In contrast, none of the legal-sized
yellow-eye mullet had concentrations that exceeded
the ML (Table 2).

Sand flathead and brown trout displayed signifi-
cant, positive relationships between mercury concen-
tration and age and length, with length accounting for
slightly more of the observed variability than age in
both species (Fig. 2). However, it should be noted that
there was a high degree of autocorrelation between
age and length in brown trout.

3.2 Regional Comparisons—Sand Flathead

Comparison of mercury levels in sand flathead
between the five regions suggests that there were
significant differences between locations (dfs, 148, F'=
34.77, p<0.001; Fig. 3). Mean mercury levels in sand
flathead from regions 1, 3 and 4 (0.62, 0.57 and
0.64 mg kg ', respectively) were significantly higher
than that from the other regions, whilst levels in fish
sampled from the control region were significantly
lower (region 5; 0.22 mg kg ') than other areas,

Table 1 Number of fish sampled (n), mean age (+SE), fork length, weight and muscle tissue mercury concentration for each of the

study species

Species N Age Fork length Weight Hg
) (mm) @ (mg kg )
Sand flathead 150 5.6+0.4 284+7.8 161+15.1 0.53 °+0.05
(2-13) (186—406) (32-449) (0.10-1.40)
Black bream 28 19.3+0.6 342434 994+31.5 1.57 +0.08
(13-28) (320-388) (795-1532) (0.57-2.30)
Brown trout 25 3.5+0.3 426+16.8 709+200.9 0.68 °+0.08
2-7) (262-554) (262-1400) (0.08-1.70)
Yellow-eye mullet 27 7.4+0.5 295+6.1 335+20.1 0.23 #+0.05
(3-13) (226-357) (179-525) (0.05-0.25)

Values in parentheses indicate the range for each measure. Different letters (Hg values) indicate statistically significant (»<0.05)

differences between means from post hoc pooling analysis.
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Table 2 Minimum legal size, total number of fish sampled (n) and the percentage of fish above and below legal size which exceeded

the FSANZ ML for mercury for each of the study species

Sand Black Brown Yellow-eye
flathead bream trout mullet

Minimum legal size (length, mm) 300 250 220 250

Total number fish sampled (1) 150 28 25 27

- % exceeding ML 33 100 60 0

Number of legal sized fish sampled 56 28 25 26

- % legal fish exceeding ML 46 100 60 0

Number of sublegal sized fish sampled 94 - -

- % sublegal fish exceeding ML 26 - - 0

including region 2 (0.33 mg kg '; Fig. 3). The
length—age relationships for sand flathead within each
region suggest that age explained more of the
variation in mercury levels (Table 3).
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The size and age structure of sand flathead were
not consistent between regions, with samples from
regions 1 and 5 having a much larger range of age/
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Fig. 2 Mercury concentration versus age and length, respectively, in brown trout (a, b) and sand flathead (¢, d)
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Fig. 3 Mean (+SE) muscle tissue mercury concentrations for
sand flathead in each region (n=30). Different letters indicate
statistically significant (p<0.05) differences between means
from post hoc pooling analysis. Dotted line indicates the
FSANZ maximum level (0.5 mg kg™ ")

levels were found to vary with age and length, the
data need to be standardised for age in order to
accurately evaluate regional differences. The adjusted
(least-squares means) mercury concentrations shown
in Table 4 reflect the values that might be expected
had fish from each region been of similar age.
Examination of these adjusted means suggests that
regional differences were more pronounced; impor-
tantly, the adjusted mean levels for regions 3 and 4
exceeded that for region 1, with levels in region 4
being the highest (Table 4). In the ANCOVA, age was
found to have a significant effect on mercury levels in
sand flathead from all regions (Table 5).

4 Discussion

Variability in contamination levels in fish is influ-
enced by two main factors: (1) exposure, the overall
level of pollutant in the environment (Carvalho et al.
2005), and (2) the capacity of the contaminant to
accumulate in an organism and the organism’s ability
to excrete the contaminant (Sorensen 1991). Benthic
environmental conditions, in particular sediments,
will influence mercury loading (Carvalho et al.
2005), particularly where fish rely either directly or
indirectly on the sediment for food. Fish that dwell
and feed primarily in the sediments are thus likely to
uptake more mercury since most benthic invertebrates
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(which are common prey items) obtain nutrition
through the digestion of sediment material (Campbell
1994).

Sediment mercury levels are elevated in much of
the Derwent estuary; region 1 is the most contami-
nated area, and there is a tendency for levels to
decline towards the mouth of the estuary (Green and
Coughanowr 2003; Table 6). As a result, benthic
feeders, such as sand flathead (Jordan 2001), that feed
on prey in areas exposed to higher metal loads are
expected to accumulate higher levels of mercury
(Blevins and Pancorbo 1986). Furthermore, sand
flatheads are generally regarded as sedentary, moving
within relatively restricted ranges at least in the short
term (Dix et al. 1975; Jordan 2001) and thus might be
expected to reflect local regional differences in
mercury levels. While mercury levels in sand flathead
were moderately elevated compared with the other
species examined and also demonstrated significant
regional variability, this variability did not match the
spatial variability in sediment load. For instance, fish
from region 1 had moderate levels of mercury,
whereas those from region 4 (Ralphs Bay) had the
highest levels, despite sediment levels in that region
being an order of magnitude lower than in region 1.
Previous studies from the Derwent have revealed
similar spatial patterns of mercury contamination in
sand flathead and shellfish, oysters (Crassostrea
gigas) and mussels (Mytilus edulis planulatus) (Rat-
kowsky et al. 1975; Green and Coughanowr 2003),
implying that mercury contamination is not directly
linked to sediment levels and that other mechanisms
influence bioaccumulation.

Table 3 Linear regression results for mercury concentration in
response to age and length for sand flathead from each of the
sampled regions, where age and length are independent
variables and mercury concentration is the dependent variable

Hg x age Hg x length
Region R? P R? P
1 0.442 0.000%* 0.519 0.000%*
2 0.588 0.000%* 0.282 0.003*
3 0.222 0.012%* 0.16 0.054
4 0.159 0.029%* 0.036 0.317
5 0.721 0.000* 0.333 0.001*

*Indicates significance at the p<0.05 level

n=30 for each region
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Table 4 Number of fish

sampled (1) and mean Region n Age Length Weight Hg » Adjusteﬁdl Hg
(+SE) age, fork length, ™ (mm) () (mg kg ) (mg kg )
weight and muscle tissue
mercury concentrations for 1 30 6.3+£0.5 293+8.9 195+20.4 0.62+0.04 0.54
sand flathead from each (3-12) (211-374) (56-438) (0.25-1.1)
region 2 30 53+04 272+6.4 135+10.7 0.33+0.03 0.29
(3-11) (199-346) (44-298) (0.03-0.66)
3 30 4.8+£0.2 274+8.3 140+12.9 0.57+0.05 0.57
2-7) (186-360) (32-284) (0.18-1.3)
4 30 4.4£0.2 288+6.0 159+10.4 0.64+0.04 0.70
(2-8) (230-340) (66-272) (0.27-1.4)
5 30 7.1£0.6 294+8.6 174+16.9 0.22+0.02 0.16
Adjusted means (standar- (3-13) (205-406) (52-449) (0.06-0.43)
dised for age) are also pre- Total 150 5.6£04  284+78 1614151  0.530.05
sented. Ranges are indicated (2-13) (186-406) (32-449) (0.03-1.4)

in parentheses

The other species in this study differed in the
degree to which they utilise the estuary, and this is
expected to influence their potential exposure to
contaminants. Brown trout and yellow-eye mullet
are mobile species, which move in and out of
estuaries (Graynoth 1996; Curtis and Shima 2005)
and thus may have a lower overall exposure to
contaminants in the Derwent estuary. Black bream,
on the other hand, is an estuarine resident species that,
while actively moving within a given estuarine
system, especially the mid and upper regions of the
estuary (Hindell et al. 2008), show little evidence of
movement between systems. Since these mid and
upper regions also represent the most polluted areas
of the Derwent Estuary, black breams are likely to
have greater overall exposure to contaminants than
either brown trout or yellow-eye mullet. This may in
part account for the higher mercury levels observed in

Table 5 One-way ANCOVA results for mercury levels in
muscle tissue of sand flathead caught in different regions, with
age as the covariate and region as a fixed factor

Source df MS F P
Region 4 1.81 13.92 0.000
Age (cov) 1 6.81 52.48 0.000
Region x age (cov) 4 0.256 1.97 0.102
ANCOVA without interaction term:
Region 4 9.44 70.80 0.000
Age 1 10.93 81.95 0.000

Data were natural log transformed

dF degrees of freedom, MS mean square, F F-value, p
significance, cov covariance

black bream. Although there is no information on
mercury levels for black bream from “uncontaminat-
ed” estuaries in Tasmania, black bream from a
relatively unpolluted estuary in Victoria had consid-
erably lower levels (0.22 mg kg '; Fabris et al. 1999)
than those observed in the current study
(1.57 mg kg ).

The trophic status of a species also influences
metal loadings, and many studies that have shown
that species from higher trophic levels tend to
accumulate higher concentrations of mercury than
species of lower trophic status (Ratkowsky et al.
1975; Mason et al. 1995). Yellow-eye mullet, a
herbivore (Curtis and Shima 2005) and therefore at

Table 6 Number of samples (1) and mean sediment mercury
levels (mg kg™' dry wt) for each of the four study regions with
Interim Sediment Quality Guidelines (ISQG) high and low
trigger levels (mg kg ™' dry wt)

Region n Hg
(mg kg™')

1 14 27
2
3 7 2
4 13 2
ISQG trigger Level

Low 0.15

High 1

ISQG low trigger is equivalent to effects range low, i.e., likely
to cause adverse effects 10% of the time, whilst ISQG high
trigger is equivalent to effects range median, i.e., likely to cause
adverse effects 50% of the time. Data adapted from Green and
Coughanowr (2003)

@ Springer



304

Water Air Soil Pollut (2011) 214:297-306

the lowest trophic level of the four species sampled,
correspondingly had the lowest levels of mercury in
its flesh. Brown trout and sand flathead, which are
opportunistic carnivores (Graynoth 1996; Jordan
2001), both showed relatively high mercury levels.
By contrast, black breams are generally regarded as
omnivores (Sarre et al. 2000) yet had substantially
higher levels of mean mercury than did the other
species. A possible explanation for this is that specific
components of the diet may be particularly suscepti-
ble to mercury accumulation. For instance, previous
studies have indicated that bivalves, crabs and macro-
phytes represent the main components of the black
bream diet (Sarre et al. 2000), and in the Derwent,
bivalves (eg. blue mussels) have been shown to
contain high concentrations of mercury, with levels
of up to 1.3 mg kg ' reported (Green and Cough-
anowr 2003). As such, this prey group may represent
an important contributor to the elevated levels of
mercury observed. Thus, while trophic status may
provide a general characterisation of mercury levels,
bioaccumulation may also be influenced by specific
dietary components.

Mercury is a persistent contaminant, and excretion
from fish is slow (Sorensen 1991). Consequently,
mercury tends to accumulate over time, reaching high
levels in long lived fish (Wiener et al. 2003). Several
studies have shown that mercury levels in muscle
tissue increase with size and age in fish, for example,
black marlin (Mackay et al. 1975), deep water sharks
(Hornung et al. 1993), largemouth bass (Park and
Curtis 1997) and pacific cod (Burger 2007). Consis-
tent with these findings, mercury levels in sand
flathead and brown trout increased with age and
length. The relationship between age and mercury
concentration was more pronounced in brown trout
than sand flathead, although this may reflect the
larger size range of brown trout examined. Contrary
to expectations, mercury levels did not increase
significantly with age in black bream. A possible
explanation for this is that the sampled black
breams were relatively old fish (13-28 years), with
71% of individuals falling into just two age classes
(18 and 19 years). A relationship may have been
observed had a greater range of sizes and ages been
examined. It is also worth noting that the black
breams were significantly older than the other
species sampled, a factor that may have further
contributed to the observed high levels of mercury
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in this species. As has been noted, mercury
bioaccumulation is a function of both exposure
opportunity and duration of exposure; black breams
in the Derwent Estuary were in the highest category
for both of these factors. These results highlight
that age and size, in conjunction with other factors,
need to be considered when assessing the environ-
mental impact or health effects of mercury or
similar metal pollutants in estuaries.

A key component of this study was to provide an
assessment of the risks to public health associated
with mercury in commonly caught fish species. The
findings indicate that mercury levels in several key
estuarine fish species exceeded the safe maximum
permitted level (FSANZ 2004). Despite major
improvements in industrial practices, Derwent sedi-
ment levels have remained elevated in many areas
(Green and Coughanowr 2003) and mercury levels in
sand flathead have remained largely unchanged since
the 1970s (Ratkowsky et al. 1975; Dix et al. 1975).
As a consequence, there are potential public health
issues associated with the consumption of fish caught
in the Derwent Estuary. This study has also shown
that mercury levels in brown trout and black bream
exceeded the maximum permissible residue level,
with black bream concentrations being three times
higher than levels in sand flathead. Black breams are
a highly sought-after sport fish and are regularly
consumed by recreational fishers (Lyle 2005), and
therefore, such concentrations represent an important
public health concern. In recognition of this, a health
advisory was issued in 2007 recommending that
consumption of sand flathead should be limited to
no more than three meals a week and that pregnant
women and children should limit their consumption to
one meal per week. Furthermore, it was recommen-
ded that black bream not be used for human
consumption at all.

In addition, data from the current study suggest
that there may be considerable regional variability
in mercury levels for sand flathead. This has
implications for human health, as fish from areas
such as region 4 appear to pose a greater risk than
those from elsewhere. Furthermore, depending on
differences in fishing and fish usage practices, the
risk to human health may vary between ethnic or
socioeconomic groups. Consequently, understanding
the biology, ecology and behaviour of key fish
species in contaminated estuaries is not only
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important in establishing contamination pathways
but also in the identification of high-risk groups
and the subsequent response to the management of
potential health issues.
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