
Science of the Total Environment 423 (2012) 84–94

Contents lists available at SciVerse ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Relationships between body burdens of trace metals (As, Cu, Fe, Hg, Mn, Se, and Zn)
and the relative body size of small tooth flounder (Pseudorhombus jenynsii)

Andrew C. McKinley ⁎, Matthew D. Taylor, Emma L. Johnston
Evolution & Ecology Research Centre, School of Biological, Earth and Environmental Sciences, University of New South Wales, Sydney, New South Wales 2052, Australia
⁎ Corresponding author. Tel.: +1 613 410 2200.
E-mail address: andrew.mckinley@hotmail.com (A.C

0048-9697/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.scitotenv.2012.02.007
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 October 2011
Received in revised form 3 February 2012
Accepted 6 February 2012
Available online 3 March 2012

Keywords:
Trace metals
Body size
Flounder
Sediment contamination
Pollution
Fish aging
Several studies have described strong relationships between body size and the accumulation of trace metals
in animal tissues. However, few of these studies have utilized aging techniques to control for age related ef-
fects. We utilized relative body size (g y−1) of a model flounder species, Pseudorhombus jenynsii, in order to
control for age related effects on growth and size measurements. We investigated links between relative
body size, concentrations of trace metals in flounder muscle tissue, physico-chemical variables (temperature,
salinity, pH, and turbidity), and levels of trace metals in the sediment. Flounder were sampled using an otter
trawl net in the inner areas of eight estuaries that were either heavily modified or relatively unmodified by
urbanization and industrial activity. Our results indicate that this commonly eaten fish is accumulating signif-
icant levels of some trace metals in their muscle tissue, both in relatively unmodified and heavily modified
estuaries. Concentrations of Cu, Zn and Fe in muscle tissue, as well as temperature, showed a negative rela-
tionship to the relative body size of flounder. In contrast, Se and Hg in muscle showed a positive relationship
to relative body size. Observed growth patterns indicate that these effects are not driven by age related dif-
ferences in metabolic activity. Instead, our results suggest that differences in food supply or toxicological ef-
fects may be responsible for the observed relationships between relative body size and concentrations of Cu,
Zn, and Se in muscle tissues. The use of otolith aging and growth measurement techniques represents a novel
method for assessing the relationships between trace metal accumulation and the relative body size of fish in
a field environment.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The accumulation of pollutants in fish species is of significant in-
terest to ecotoxicologists and fisheries managers. This is due both to
the potential ecological impacts of those pollutants (Johnston and
Roberts, 2009) and because of human health risks associated with
the consumption of contaminated fish (Campbell et al., 2008). Previ-
ous field studies have shown a strong relationship between the size of
fish and the accumulation of various trace metals (Al-Yousuf et al.,
2000; Canli and Atli, 2003; Liang et al., 1999). These relationships
have often been attributed to changes in metabolic activity as a fish
ages, where it is assumed that larger (and hence older) fish are
experiencing a reduction in their metabolic activity (Canli and Atli,
2003). Changes in metabolic rate as a fish ages are thought to influ-
ence the uptake or efflux of trace metals, creating a strong relation-
ship between body size, age, and tissue concentrations of trace
metals (Widianarko et al., 2000). However, most studies have not
assessed these relationships by explicitly determining the age of fish
and have instead linked body size and tissue concentrations without
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controlling for differential growth rates or age related effects (Canli
and Atli, 2003; Liang et al., 1999). By controlling for the age of fish,
it is possible to determine if the relationship between trace metal ac-
cumulation and body size is due to other factors unrelated to the age
of the animal. Prey-mediated effects (Deb and Fukushima, 1999) or
physiological impacts due to the acute toxicity of trace metals
(Buckley et al., 1982; Kearns and Atchison, 1979; Waiwood and
Beamish, 1978) may also play a significant role in driving the rela-
tionship between trace metal accumulation and body size.

Stressors such as trace metals can draw metabolic energy away
from growth, and changes to an organism's growth rate can be indic-
ative of a loss of fitness or health caused by physiological or environ-
mental stress (Brown and Ahsanullah, 1971). Several studies have
documented reduced growth rates in fish as a result of exposure to
trace metals (Buckley et al., 1982; Kearns and Atchison, 1979;
Waiwood and Beamish, 1978). However, physiological impacts can
be difficult to detect or accurately measure in a field environment
(Mondon et al., 2001). In many fish, age can be determined through
examination of the otoliths, and enumeration of the accreted calcified
layers within these bones. This data can be used to control for age re-
lated effects in body size measurements, by dividing the specimen's
weight by its age. This calculates the relative body size of the fish,
which also provides an indirect measure of the relative growth rate

http://dx.doi.org/10.1016/j.scitotenv.2012.02.007
mailto:andrew.mckinley@hotmail.com
http://dx.doi.org/10.1016/j.scitotenv.2012.02.007
http://www.sciencedirect.com/science/journal/00489697


85A.C. McKinley et al. / Science of the Total Environment 423 (2012) 84–94
over the lifespan of an individual. Although these methods are com-
monly used in ecological studies, they are seldom used in toxicologi-
cal studies (Francis et al., 1992). As such, the utilization of otolith
aging and growth measurement techniques represents a novel meth-
od for assessing the relationships between trace metal accumulation
and the relative growth of fish in a field environment.

In most estuarine environments contamination accumulates in
sediments, particularly in the sheltered inner areas of estuaries
where flushing from coastal currents is minimal and fine sediments
are available to bind contaminants (Hesslein et al., 1980; Knott
et al., 2009). Because of this, concentrations of contaminants in sedi-
ments are normally far greater than in the surrounding water column
(Dafforn et al., 2012; Knott et al., 2009). Consequently, organisms
which are highly associated with the benthos are thought to be ex-
posed to greater contamination levels than their pelagic or benthope-
lagic counterparts (Dallinger et al., 1987). Flounders spend their
entire life cycle on the benthos and frequently feed or burrow in the
sediment (Gomon et al., 2008). In addition, flatfish of various species
have been the subject of a variety of field eco-toxicological studies
(Cossa et al., 1992; de Boer et al., 2001; Mondon et al., 2001;
Plaskett and Potter, 1979), and consequently represent an ideal taxa
for the evaluation of contamination impacts. Pseudorhombus jenynsii
(small tooth flounder) is a common Paralichthyidae (sand flounder)
in the estuaries of southeastern Australia. P. jenynsii is a fast growing
species and has high fecundity (minimum population doubling time
15 months). The species is an estuarine resident, and is a secondary
consumer feeding at a trophic level of 3.5±0.37 (Froese and Pauly,
2010; Gomon et al., 2008). P. jenynsii is also a predatory generalist
and most of the animals that it preys upon (e.g. sediment infauna,
benthic invertebrates, and small benthic fish) also spend the majority
of their life cycle in or close to the sediment (Gomon et al., 2008).
Lastly, P. jenynsii is a highly sought after species for both commercial
and recreational fishing and is consumed by humans (Froese and
Pauly, 2010). For all of these reasons, P. jenynsii represents an excel-
lent species for the evaluation of contamination impacts in fish
(Plaskett and Potter, 1979).

We explore the relationship between trace metal contamination
in sediments, the occurrence of trace metals in the muscle tissues of
P. jenynsii, and the relative body size of fish at different ages (as an in-
direct measure of relative growth rate over the lifespan). We assess
these relationships within the context of large scale anthropogenic
modification and physico-chemical variability. We hypothesize sever-
al outcomes:

1. We hypothesize that levels of trace metals in muscle tissues will be
correlated with levels of trace metals in the sediment. Further-
more, we predict that flounder living in heavily modified estuaries
will show higher levels of trace metals in their muscle tissues.

2. We predict that the occurrence of trace metals in muscle tissues,
above concentrations which have been demonstrated to have
physiological significance for fish, will show a negative relation-
ship to the relative body size of P. jenynsii.

3. Lastly, we predict that the negative relationship between trace
metals in muscle tissue and the relative body size of fish will be ob-
served for all age groups.

2. Methods

2.1. Study sites

Fish were sampled in eight permanently open estuaries along the
south coast of New South Wales, Australia. These included four heavily
modified estuaries — Hunter River (32°55.352′S, 151°46.191′E), Port
Jackson (33°44.258′S, 151°16.542′E), Botany Bay (33°59.352′S,
151°11.433′E), and Port Kembla (34°28.121′S, 150°54.410′E), as well
as four relatively unmodified estuaries — Karuah River (32°38.782′S,
151°57.953′E), Broken Bay (33°32.203′S, 151°12.839′E), Port Hacking
(34°04.680′S, 151°09.311′E), and the Clyde River (35°44.233′S,
150°14.272′E) (Fig. 1). The four heavily modified estuaries are all an-
thropogenically disturbed environments near large urban and industri-
al areas and are subject to intense commercial and recreational boating
traffic, historic and ongoing contamination, greater recreational fishing
activity, and substantial urbanization of their shoreline and catchment
(Birch and Taylor, 1999; DPI, 2010; Scanes, 2010). In comparison, the
relatively unmodified estuaries have fewer recreational fishers, less
boating traffic (almost none of which is commercial), less urbanization
of the coastline and catchment, and virtually no heavy industry (Birch
and Taylor, 1999; DPI, 2010; Scanes, 2010). While these estuaries do
have some degree of agricultural land use in their catchment, the ma-
jority of the catchment in all of the relatively unmodified estuaries is
within conservation areas, forestry zones, or areas where anthropogen-
ic utilization is negligible. Most significantly for this study, previous
studies have indicated high levels of trace metal contamination in the
four heavily modified estuaries, while the relatively unmodified estuar-
ies have comparatively low levels of trace metal contamination
(Dafforn et al., 2012).

Four sampling sites were initially selected in each estuary with
three replicate trawls conducted per site to sample flounder (twelve
trawls per estuary). Flounder were captured in 7–12 trawls per estu-
ary, representing 3–4 sites. All sampling was done at a similar dis-
tance from the mouth of the estuary, within the sheltered inner
areas of the estuary (Fig. 1).

2.2. Fish sampling methods

Sampling at each site was conducted with an otter trawl (6 m
mouth, 12 m length, and 3.8 cm diamond mesh, with a fine 0.6 mm
cod-end mesh) pulled over bare sediment at 4–12 m depth. Otter
boards were rigged into a four point bridle using an approximate
3:1 warp to depth ratio. Trawls were 15 min, at a speed ~1 knot, cov-
ering a distance of ~450 m. Following trawling all fish were sorted on
the boat and flounder were euthanized in a 100 mg L−1 benzocaine
solution and frozen for transport back to the laboratory.

2.3. Tissue trace metal analysis

Fish were taken back to the laboratory and rinsed with Milli-Q
water before being dissected for muscle tissue samples. All flounder
were dry weighed and length measurements were taken in the lab.
Acid washed tools were used for dissections and muscle tissue sam-
ples were placed in polypropylene vials and freeze-dried for 48 h
prior to trace metal analysis. Freeze-dried samples were digested
using microwave high pressure digestion (C-225) at 200 °C. All
trace metals except Fe and Mn were measured using inductively
coupled plasma mass spectrometry (ICP-MS) (C-209). Fe and Mn
were measured using inductively couple plasma atomic emissions
spectrometry (ICP-AES) (C-229). All samples were analyzed in
batches with blanks and analytical accuracy was determined using
certified reference material with every digestion batch. DORM-3
Fish Muscle and DOLT-4 Dogfish Liver reference material was
obtained from the National Research Council of Canada. All recoveries
were within 10% of the certified values. Limits of detection (LOD 3σ)
were determined per digestion batch and are listed in the results sec-
tion; where samples were below the limit of detection this has been
noted (Table 1). Throughout the manuscript metal concentrations in
both the flounder muscle tissue and in sediment samples are pre-
sented as μg g−1.

2.4. Otolith analysis

Sagittal otoliths were extracted, cleaned, dried, and stored in plas-
tic vials. The dorsal otolith was utilized for analysis while the ventral
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Fig. 1. Locations of study sites in eight focal estuaries: a) Karuah River (relatively unmodified), b) Hunter River (heavily modified), c) Broken Bay (relatively unmodified), d) Port Jackson (heavily modified), e) Botany Bay (heavily modified),
f) Port Hacking (relatively unmodified), g) Port Kembla (heavily modified) and g) Clyde River (relatively unmodified).
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Table 1
Mean (±SE) concentrations (μg g−1) of trace metals in flounder muscle tissue. ⁎All samples below detection limits (Ag, Cd, and Cr). †50–70% of samples below detection limit (Ni
and Pb). Marked trace metals (Ag, Cd, Cr, Ni, and Pb) omitted from further analysis. European Union, United States Federal Drug Administration, and Australian Federal limits for
human consumption are listed for regulated metals (Rayment, 1991; USFDA, 2001; EC, 2005).

Ag* As Cd* Cr* Cu Fe Hg Mn Ni† Pb† Se Zn

Heavily modified
estuaries

Botany Bay b0.030 4.16
(±0.25)

b0.05 b0.18 0.81
(±0.02)

8.55
(±0.70)

0.15
(±0.01)

1.03
(±0.22)

0.07
(±0.02)

0.02
(±0.01)

1.56
(±0.06)

21.47
(±0.98)

Port Jackson b0.030 1.97
(±0.20)

b0.05 b0.18 0.68
(±0.03)

6.09
(±0.75)

0.37
(±0.08)

2.41
(±1.04)

0.04
(±0.02)

0.04
(±0.02)

2.06
(±0.12)

17.00
(±1.17)

Port Kembla b0.030 4.17
(±0.71)

b0.05 b0.18 0.68
(±0.03)

8.11
(±0.70)

0.11
(±0.01)

1.33
(±0.57)

0.05
(±0.03)

0.03
(±0.01)

3.52
(±0.16)

16.61
(±0.52)

Newcastle b0.030 1.74
(±0.12)

b0.05 b0.18 0.68
(±0.02)

7.16
(±0.43)

0.14
(±0.01)

1.48
(±0.46)

0.08
(±0.03)

0.02
(±0.01)

1.83
(±0.10)

22.74
(±1.90)

Relatively unmodified
estuaries

Broken Bay b0.030 2.42
(±0.40)

b0.05 b0.18 0.66
(±0.03)

4.64
(±0.62)

0.17
(±0.02)

0.65
(±0.08)

0.04
(±0.02)

0.02
(±0.01)

1.90
(±0.07)

16.60
(±0.69)

Clyde River b0.030 2.26
(±0.25)

b0.05 b0.18 0.63
(±0.05)

6.77
(±0.93)

0.21
(±0.02)

1.02
(±0.30)

0.05
(±0.04)

0.01
(±0.01)

2.13
(±0.12)

21.31
(±1.92)

Karuah River b0.030 1.82
(±0.16)

b0.05 b0.18 0.65
(±0.03)

6.69
(±0.69)

0.27
(±0.02)

1.25
(±0.46)

0.05
(±0.02)

0.02
(±0.01)

1.84
(±0.07)

17.01
(±0.43)

Port Hacking b0.030 4.49
(±0.57)

b0.05 b0.18 0.65
(±0.02)

6.91
(±0.45)

0.11
(±0.01)

0.72
(±0.19)

0.03
(±0.01)

0.01
(±0.01)

1.79
(±0.05)

16.98
(±0.45)

EU Regulated Limit – – 0.05 – – – 0.50 – – 0.20 – –

USFDA Regulated Limit – 86.00 4.00 13.00 – – 1.00 – 80.00 1.70 – –

Australian Federal Limit – – 2.00 – 10.00 – 0.50 – – 1.50 – 150.00
Limit of Detection (3σ) 0.03 0.04 0.05 0.18 0.14 4 0.03 0.4 0.09 0.05 0.07 0.30
Analysis Method C-209 C-209 C-209 C-209 C-209 C-229 C-209 C-229 C-209 C-209 C-209 C-209
Digestion Method C-225 C-225 C-225 C-225 C-225 C-225 C-225 C-225 C-225 C-225 C-225 C-225
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otolith was retained as a back-up. Otoliths were embedded in a rect-
angular mould using prepared Epofix hardener/resin mixture and
dried for 3 h in a drying oven at 45 °C. The core of the embedded oto-
lith blocks was then marked and the blocks were sectioned trans-
versely through the core using a diamond blade low speed saw.
Sections were then mounted on glass slides using a thermoplastic ce-
ment (Crystal Bond, SPI Supplies) and polished using aluminum oxide
abrasive paper on a rotating wet sander, followed by lapping film.
Sections were photographed using a microscope mounted digital
camera with conventional lighting. Otolith pictures were measured
along the ventral side of the sulcus and analyzed using ImageJ (v
1.44p, National Institute of Health, USA).

There are no published age validation studies for P. jenynsii, so the
number of annuli rings was considered a relative measurement of fish
age amongst individuals (Francis et al., 1992). The relative body size
of fish was calculated as the weight of the fish divided by its age.
This is an estimate of the growth rate of the fish over the entire life-
span. The relative body size thus approximates the accumulation of
body mass per year of life. Relative body size increased in a linear
fashion from the first to the fourth year (Fig. 2d). This indicates that
the majority of fish captured in this study were at a stage of their
life cycle where mass was linearly increasing with age.

2.5. Physico-chemical and sediment sampling methods

Physico-chemical variables and sediment grain size data were in-
cluded in the analysis in order to evaluate if these variables had a
significant correlation with the relative body size of flounder or ac-
cumulation of trace metals. At each sampling time and location
physico-chemical data were collected using a YSI-Sonde 6820-V2
(Yellow Springs, USA) (calibrated weekly). Physico-chemical data
collected using the YSI-Sonde included temperature, salinity, pH,
dissolved oxygen, and turbidity values. At each site benthic sedi-
ments were collected once at 5 m depth between Feb–Mar 2011
using a sediment grab. Grab sediments were sorted through a series
of filters to measure the distribution of grain sizes (Dafforn et al.,
2012). For the purposes of this analysis grains were divided into
two broad categories, coarse grains (>2 mm) and fine grains
(b63 μm). Surficial sediment samples were oven-dried before
being digested and analyzed with ICP-OES following standard
methods (Hill et al., 2009; USEPA, 2007). Recoveries were calculated
against certified reference materials and all trace metals used in this
study were within accepted recovery limits. Hg and Se values were
not obtained from this method and so are not utilized in analysis
of the sediment. Full details of analyses and contaminant datasets
are presented in Dafforn et al. (2012).
2.6. Statistical analysis

Most multivariate and univariate datasets were analyzed as
mixed-model PERMANOVA in PRIMER v.6.4 (Anderson, 2001). The
exception was the Linear Mixed Model (LMM) analysis and associat-
ed linear regressions, which were analyzed in SPSS using the MIXED
function (Table 5 and Fig. 4 only). For PERMANOVA analysis, Bray–
Curtis similarity matrices were calculated for multivariate data
while Euclidean distance matrices were used for univariate measures.
A dummy variable of 1 was added when calculating the similarity ma-
trices in order to compensate for zero values. The PERMANOVA and
LMM designs employed in the course of this analysis were identical
and consisted of the following factors:

Dis Disturbance category — Heavily Modified or Relatively
Unmodified (2 levels, Fixed)

Es Estuary (Disturbance Category) — (8 estuaries, Random)
Si Site (Estuary(Disturbance Category) — (38 sites, Random)
Tr Trawl (Site(Estuary(Disturbance Category))) — (90 trawls,

Random)

Analyses of covariation of physico-chemical, tissue metal, flounder
relative body size, and sediment size variables were conducted using
a Draftsman's Plot in combination with Principal Component Analysis
(PCA) plots. The Draftsman's Plot computes the correlation co-
efficient between pairs of variables in order to provide a rough esti-
mate of the degree to which these variables are interrelated (Clarke
and Ainsworth, 1993). All tissue trace metal values which were en-
countered above detection limits in the majority of samples were in-
cluded in this analysis (described in Table 1). Only values for trace
metals which were highly correlated between muscle tissue and rel-
ative body size of flounder are included from the sediment samples
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Fig. 2.Mean (±SE) physical characteristics offlounder by estuary and disturbance category, including a) age, b)flounderweight, and c) relative body size. d) Linear regression of flounder
weight by age, indicating an approximately linear growth pattern up to fourth year.
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(Cu, Fe, and Zn). Hg and Se values were not available from sediment
samples. Among the physico-chemical variables, salinity, tempera-
ture, and % fine grains were included in the Draftsman's Plot and
PCA analyses. Dissolved oxygen, turbidity, and pH were excluded as
they are not expected to have biological relevance for this analysis,
and initial analysis indicated no correlation between these variables
and the relative body size of flounder (Lemly, 1993). The proportion
of sediment that was coarse grains were omitted as this value is by
definition inversely related to % fine grains. Variables included in
the Draftsman's Plot were also analyzed graphically using the multi-
variate PCA function of PERMANOVA. PCA is an ordination technique
which analyzes any symmetric distance matrix. This analysis is also
called multi-dimensional scaling (Anderson, 2003). PERMANOVA sta-
tistical results are presented in text as (MSdf=0.00, p=0.000),
where MS=mean squares, df=degrees of freedom, and p=proba-
bility value.

Physico-chemical variables (temperature) and tissue trace metal
variables (Cu, Zn, Hg, and Se) which showed a medium or high corre-
lation to the relative body size of flounder in the Draftsman's Plot
(Table 4) were analyzed in more detail through the use of a Linear
Mixed Model (LMM) and regression plots. Fe was also analyzed in
the LMM as it showed a comparatively strong correlation to the rela-
tive body size of flounder. The LMM procedure allows a linear regres-
sion between two variables to be calculated within the context of the
larger sampling design. In this analysis fixed effects are evaluated in-
dependently of random factors. All data used in the LMM procedure
was approximately normally distributed following the removal of
two outlier data points. These outliers were identified through the
use of exploratory scatter plots and consisted of one sample each
from Port Hacking and Port Jackson (Fig. 4).

3. Results

3.1. Flounder physical characteristics

In total 184 flounder were captured in the course of this study;
154 fish were retained for analysis. Of these 153 were successfully
processed for tissue trace metal concentrations while otoliths were
obtained from 150 fish (149 fish yielded data for both measures).
Fish were obtained in numbers which were sufficient for statistical
analysis in every estuary (>8 individuals) and were obtained at 3–4
sites in each estuary.

The abundance of fish differed by estuary (MS6=0.70, p=0.008)
and site (MS30=0.42, p=0.060) with significantly more fish in the
Hunter River, Botany Bay, and Karuah River compared to the other es-
tuaries. The relative body size (MS20=246.72, p=0.040), age
(MS20=0.48, p=0.049), and weight (MS20=2908.9, p=0.042) of
flounder samples all differed significantly by site but not by estuary,
though there were trends towards differences in these measures
amongst estuaries (Fig. 2 a–c). Notably, none of these measures dif-
fered significantly by disturbance category (p>0.05). All flounder
displayed 1–4 annuli rings (approximately 1–4 years of age), and
the average age of fish was similar across all estuaries with 92% of
fish displaying 2 or 3 annuli rings (Fig. 2a). Despite being similar in
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age, the relative body size of flounder ranged widely and was approx-
imately 5–60 g y−1 (Fig. 2c). Relative body size increased in a linear
fashion from the first to the fourth year (Fig. 2d). This indicates that
the majority of fish captured in this study were at a stage of their
life cycle where mass was linearly increasing with age. Most fish
were of similar size, with approximately 80% of samples 10–20 cm
long, weighing 10–100 g. However, total variation in size was large,
and specimens ranged from 8 to 27 cm total length (TL) and 7–
240 g. As such, the majority of specimens in this study were below
maturity, which is reached at approximately 25–30 cm (Gomon
et al., 2008).

3.2. Concentrations of trace metals in muscle tissue

Values for As, Cu, Fe, Mn, Hg, Se, and Zn were sufficient for further
analysis. None of the trace metals differed significantly by disturbance
category (p>0.05). Cd, Cr, and Ag concentrations in muscle tissue
were below detection limits in all samples, and so were omitted
from further analysis (Table 1). Pb and Ni concentrations were
below detection limits in 50–70% of the samples and so were omitted
from further analysis due to low replication (Table 1). Hg
(MS6=0.08, p=0.001), Se (MS6=3.96, p=0.001), and As
(MS6=31.89, p=0.002) differed significantly by estuary, while As
(MS20=5.61, p=0.032) also differed significantly by site. Concentra-
tions of As in muscle tissue were significantly greater in Botany Bay,
Port Kembla, and Port Hacking compared to other estuaries, Hg con-
centrations were greater in Port Jackson and Karuah River, and Se
concentrations were higher in Port Kembla than other estuaries
(Table 1). Zn, Cu, Fe, and Mn did not differ by site or estuary
(p>0.05) (Table 1).

European Union, US Federal Drug Administration and Australian
federal regulated limits for human consumption of some trace metal
contaminants in fish tissues are listed in Table 1. Regulated limits
have not been set for all trace metals. In no case did the estuary aver-
age exceed regulated limits for human consumption; although four
samples did exceed regulated limits individually. These included
two samples which exceeded European Union limits for Pb (0.22,
0.33 μg g−1) both of which came from the Kogarah Bay area of Botany
Bay, and two samples which exceeded European Union and Austra-
lian limits for Hg (0.50, 0.81 μg g−1) both originating from the Iron
Cove area of Port Jackson. In all of these cases the samples did not ex-
ceed the higher USFDA limits (EC, 2005; Rayment, 1991; USFDA,
2001).

3.3. Relationships between variables

Physico-chemical and sediment size values are displayed in
Table 2. Temperature (MS6=31.89, p=0.002), pH (MS6=0.08,
p=0.001), and turbidity (MS6=3.96, p=0.001) were all found to
differ significantly by estuary while temperature also differed by
site (MS20=5.61, p=0.032). Salinity and dissolved oxygen did not
differ by estuary or site (p>0.05).
Table 2
Mean (±SE) values for physico-chemical and sediment size covariates. Sediment size cova

Temperature
(°C)

Salinity (‰) DO

Heavily modified estuaries Botany Bay 23.83 (±0.05) 27.11 (±0.24) 83.7
Port Jackson 20.10 (±0.12) 33.73 (±0.21) 138
Port Kembla 18.72 (±0.10) 34.60 (±0.07) 96.3
Newcastle 20.20 (±0.12) 26.46 (±0.33) 101

Relatively unmodified
estuaries

Broken Bay 22.46 (±0.07) 25.78 (±0.33) 105
Clyde River 23.32 (±0.58) 29.11 (±0.89) 125
Karuah River 21.90 (±0.09) 25.88 (±1.14) 109
Port Hacking 19.18 (±0.09) 31.86 (±0.54) 129
Correlations between the relative body size of flounder, tissue
metal concentrations, physico-chemical variables, sediment size,
and sediment trace metal concentrations (Table 3) were evaluated
using a series of bivariate correlations (Draftsman's Plot) (Table 4)
in conjunction with a multivariate PCA analysis (Fig. 3). Cu, Zn, and
temperature displayed strong negative correlations to the relative
body size of flounder. In contrast, Hg and Se displayed strong positive
correlations with the relative body size of flounder (Table 4). Fe, Zn,
and Cu are all highly correlated with one another and trend in the
same direction in the PCA (Fig. 3a). Hg and Se, while highly positively
correlated to the relative body size of flounder, are not strongly corre-
lated to one another or most other trace metals.

Among the physico-chemical variables, only temperature showed
a strong correlation to the relative body size of flounder. Notably, no
other physico-chemical, sediment size, or sediment trace metal vari-
ables were strongly correlated to the relative body size of flounder
(Table 4). In addition, the levels of Cu, Fe, and Zn in the sediment
were not strongly correlated to the concentrations of these trace
metals in muscle tissue or the relative body size of flounder. However,
Cu, Fe, and Zn in the sediment were strongly positively correlated to
one another, while temperature and salinity were strongly negatively
correlated.

While correlations of this nature suggest relationships between
the variables discussed, they are insufficient to fully evaluate these re-
lationships within the context of the larger sampling design. Key rela-
tionships between relative body size of flounder and highly
correlated variables (Table 4) were further investigated using a Linear
Mixed Model (LMM). This approach calculates a linear regression be-
tween two variables within the context of the larger statistical design
(Table 5). The relative strength of these relationships were evaluated
through regression plots (Fig. 4).

LMM analysis indicated a significant regression between the rela-
tive body size of flounder and tissue concentrations of Cu, Zn, Hg, Se,
and Fe, but not temperature (Table 5). The relative body size of floun-
der showed a strong negative relationship to Zn and a moderately
strong negative relationship to Cu (Fig. 4a,b). Temperature also
showed a moderately strong negative relationship to the relative
body size of flounder, though this was not significant in the LMM
analysis. Lastly, the relationship between Fe and the relative body
size was comparatively weak (Fig. 4e,f). In contrast, Se showed a
strong positive relationship to the relative body size of flounder,
while the relationship between Hg and relative body size was weaker
but still positive (Fig. 4c,d).

In summary, only Cu, Zn, and Se were both statistically significant
in the LMM analysis, while also displaying a moderate or strong rela-
tionship to the relative body size of flounder in the regression plots.
The effect sizes of these relationships are comparatively large, as in-
creasing concentrations of trace metals in the tissue were correlated
with substantial changes in the relative body size of flounder
(Fig. 4). Cu showed a large negative effect size with an increase in
Cu concentrations of 250% (0.4–1.0 μg g−1) corresponding to a de-
cline in relative body size of −70% (from ~35 to 10 g y−1). Zn
showed a large negative effect size with an increase in Zn
riates represent average of inner estuary sites from Dafforn et al. (2012).

(%) pH Turbidity
(NTU+)

% Coarse grains
(> 2 mm)

% Fine grains
(b 63 μm)

7 (±0.69) 8.12 (±0.01) 3.23 (±0.07) 0.11 53.06
.74 (±8.72) 7.96 (±0.01) 2.48 (±0.26) 0.60 30.73
0 (±0.99) 8.22 (±0.01) 2.06 (±0.03) 7.43 22.37
.00 (±0.52) 8.09 (±0.03) 1.93 (±0.13) 2.39 62.45
.93 (±0.89) 7.92 (±0.01) 12.97 (±1.88) 1.56 71.71
.21 (±3.89) 7.98 (±0.03) 1.63 (±0.18) 1.19 5.75
.32 (±4.76) 7.93 (±0.03) 4.54 (±0.32) 6.40 38.92
.54 (±3.33) 7.99 (±0.01) 0.41 (±0.10) 18.23 3.84



Table 3
Mean (±SE) concentrations (μg g−1) of trace metals in benthic sediments. *Sn samples b5.00 indicate all samples below detection limits. Hg and Se values were not available (Daf-
forn et al., 2012).

Al As Cd Co Cr Cu Fe Mn Ni Pb Sn* V Zn

Heavily modified
estuaries

Botany
Bay

11476
(±632)

18.5
(±0.4)

0.56
(±0.03)

8.1
(±0.1)

31.8
(±1.2)

34.2 (±0.8) 26983
(±644)

136
(±4.4)

11.5
(±0.4)

70.9
(±1.7)

1.52
(±0.34)

44.6
(±1.2)

217
(±4.4)

Port
Jackson

9727
(±714)

21.4
(±1.0)

0.60
(±0.07)

7.4
(±0.5)

75.8
(±7.7)

133 (±10.2) 25956
(±1644)

120
(±8.6)

11.5
(±0.9)

218
(±17.3)

10.8
(±0.49)

46.3
(±2.9)

498
(±36)

Port
Kembla

7684
(±450)

12.1
(±0.8)

1.31
(±0.14)

10.0
(±0.7)

67.7
(±7.5)

141 (±13.9)
40596

(±3524) 608
(±52)

18.2
(±1.4)

128
(±14.4)

201
(±23.7)

83.9
(±8.2)

638
(±90)

Newcastle 22814
(±279)

10.9
(±0.2)

1.08
(±0.02)

16.1
(±0.3)

51.1
(±0.9)

82.3 (±4.0) 37137
(±252)

308
(±1.4)

40.5
(±0.1)

80.5
(±4.4)

b5.00 63.1
(±0.1)

356
(±16)

Relatively unmodified
estuaries

Broken
Bay

7752
(±97.2)

15.0
(±0.1)

0.53
(±0.01)

9.6
(±0.1)

16.1
(±0.2)

12.8 (±0.2) 24791
(±130)

305
(±4.6)

11.4
(±0.1)

23.8
(±0.2)

b5.00 39.0
(±0.4)

63.4
(±0.8)

Clyde
River

3896
(±256)

5.8
(±0.4)

0.31
(±0.01)

4.0
(±0.2)

6.5
(±0.5)

2.4 (±0.4) 9506
(±525)

50.3
(±2.2)

6.0
(±0.3)

6.6
(±0.4)

b5.00 9.7
(±0.8)

24.6
(±1.4)

Karuah
River

10310
(±895)

7.8
(±0.6)

0.28
(±0.02)

4.8
(±0.1)

8.1
(±0.6)

4.1 (±0.5) 13330
(±79.4)

98.9
(±14.4)

4.2
(±0.4)

12.3
(±0.9)

b5.00 21.4
(±0.3)

38.1
(±1.6)

Port
Hacking

2852
(±201)

8.2
(±0.1)

0.29
(±0.01)

2.0
(±0.1)

7.5
(±0.3)

11.4 (±0.7) 8228
(±196)

31.7
(±1.5)

2.6
(±0.1)

27.3
(±1.4)

3.16
(±1.72)

18.5
(±0.7)

53.5
(±1.9)
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concentrations of +67% (from ~15 to 25 μg g−1) corresponding to a
decline in relative body size of −80% (~50–10 g y−1). Beyond
25 μg g−1 increased Zn concentrations did not show any significant
additional impact on the relative body size of flounder. In contrast,
Se showed a large positive effect size with an increase in Se concen-
trations of 300% (1.0–3.0 μg g−1) correlating to an increase in the rel-
ative body size of 600% (~5–30 g y−1). Beyond 3.0 μg g−1 an increase
in Se concentrations did not show any significant addition impact on
the relative body size of flounder.

4. Discussion

We have demonstrated that the edible flounder P. jenynsii has
detectable concentrations of trace metals in their muscle tissue,
both in relatively unmodified and heavily modified estuaries.
While these trace metals were only above regulated safety limits
for human consumption in four fish, they do represent comparative-
ly high body burdens of trace metals contaminants. Some trace
metals concentrations (notably Cu and Zn) were several times
greater than have been found in this species in other parts of Austra-
lia (Plaskett and Potter, 1979). Concentrations of Cu and Zn were
also comparable to levels which have been shown or predicted to
have biological effects in other flounder species (Cossa et al., 1992;
de Boer et al., 2001). It is significant to note that in no case did tissue
Table 4
Draftsman's Plot of correlations between relative body size of flounder (g y−1), concentratio
trace metals in benthic sediments. Only values for trace metals which highly correlate betw
samples (Cu, Fe, and Zn). Hg and Se values were not available from sediment samples.

Relative body
size (g y−1)

As
(Tissue)

Cu
(Tissue)

Fe
(Tissue)

Hg
(Tissue)

Mn
(Tissue

Arsenic (tissue) −0.048
Copper (tissue) −0.440 0.218
Iron (tissue) −0.258 0.111 0.330
Mercury (tissue) 0.427 −0.261 −0.147 −0.226
Manganese (tissue) −0.083 −0.088 0.133 −0.015 0.022
Selenium (tissue) 0.376 −0.034 −0.268 −0.146 0.090 0.017
Zinc (tissue) −0.486 0.015 0.462 0.214 −0.299 0.180
Temperature −0.378 0.053 0.331 0.079 0.133 −0.077
Salinity 0.209 0.227 −0.116 −0.001 −0.085 0.074
% Fine grain −0.116 −0.197 0.220 −0.007 0.000 0.015
Copper (sediment) 0.107 0.018 −0.017 0.068 −0.068 0.182
Iron (sediment) −0.034 −0.020 0.118 0.097 −0.212 0.103
Zinc (sediment) 0.024 0.055 0.030 0.115 −0.119 0.144
High correlation
±0.5–1.0

Medium correlation
±0.3–0.5
concentrations or flounder relative body size differ significantly by
disturbance category. This is despite the fact that concentrations of
trace metals in the sediment are known to be more than 10× greater
in the heavily modified estuaries compared to the relatively unmo-
dified estuaries (Dafforn et al., 2012).

4.1. Negative relationship between Cu, Fe, Zn, temperature, and relative
body size

Strong correlations between the relative body size of flounder (as
an indirect measure of the growth rate over time) and the concentra-
tions of trace metals in the tissue of flounder are described in this
study. These relationships may be mediated or influenced by a vari-
ety of factors including the bioavailability of the contaminant in the
sediment, the interrelationships between contaminants, the way
that the contaminant bioaccumulates, and relationships between
the accumulation of the contaminant and mediating factors, such
as the food supply (Deb and Fukushima, 1999; Klaverkamp et al.,
1983; van der Oost et al., 2003).

Cu, Zn, and Fe are essential for fish metabolism and are taken up
naturally by fish as part of their normal metabolic processes (Bury
et al., 2003; Wood, 1992). However, uptake of trace metals can lead
to bioaccumulation in tissues when intake from food or environmen-
tal sources exceeds the rate of efflux (Deb and Fukushima, 1999). It
ns of trace metals in muscle tissue, physico-chemical covariates, and concentrations of
een muscle tissue and relative body size of flounder are included from the sediment

)
Se
(Tissue)

Zn
(Tissue)

Temperature Salinity % Fine
Grain

Cu
(Sediment)

Fe
(Sediment)

−0.384
−0.447 0.155
0.475 −0.167 −0.521
−0.317 0.210 0.449 −0.602
0.531 0.003 −0.490 0.422 0.009
0.311 0.145 −0.138 0.070 0.482 0.798
0.478 0.037 −0.382 0.375 0.048 0.962 0.858
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Fig. 3. Principal Components Analysis (PCA) of multivariate relationships between a) concentrations of highly correlating trace metals in flounder muscle tissue and relative body
size of flounder (g y−1) and b) physico-chemical covariates, grain size, and concentrations of trace metals in the sediment. Only values for trace metals which highly correlate
(>0.3, Table 4) between muscle tissue and relative body size of flounder are included from the sediment samples (Cu, Fe, and Zn). Hg and Se values were not available from sed-
iment samples.
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has been well established that metabolic activity is one of the most
important factors governing trace metal accumulation in fish and in
many species metabolic activity declines with age and maturity
(Douben, 1989; Nussey et al., 2000; Widianarko et al., 2000). In
some cases concentrations of these trace metals have been shown
to reach a steady state in mature fish, where uptake and efflux rates
are balanced and no further net accumulation occurs (Widianarko
et al., 2000). This has been attributed to declining metabolic activity
in older fish, which reduces the net accumulation rate of some trace
metals including Cu, Zn, and Fe (Douben, 1989; Nussey et al., 2000;
Widianarko et al., 2000). Therefore, one possible explanation for the
observed negative relationships between relative body size and tissue
concentrations of Zn, Cu, and Fe may be differences in metabolic ac-
tivity between younger and older fish. However, other studies have
generally not controlled for differences in the age of the fish and
have instead calculated the relationship between body size and
trace metal concentrations directly (Canli and Atli, 2003; Liang
et al., 1999). Our measure of relative body size (g y−1) approximates
the mass of the fish per year of life, which should largely control for
Table 5
Multivariate tests of the relationship between relative body size of flounder (g y−1) and cov
d) Se, e) Fe, f) temperature. Factors: Dis=Disturbance Category (Heavily Modified vs. Rela

Tests of fixed effects for relative body size (dependant variable)

a) Cu b) Zn c) Hg

Source Denom.
df

F p-
value

Denom.
df

F p-
value

Denom.
df

F p
va

Dis 6.10 0.05 0.824 6.77 0.03 0.865 5.54 0.00 1
independent
variable

132.91 21.87 0.000 142.60 38.26 0.000 142.63 65.50 0

Intercept 100.25 80.45 0.000 48.16 140.93 0.000 9.32 2.73 0

Tests of random factors covariance parameters

a) Cu b) Zn c) Hg

Estimate Std. error Estimate Std. error Estimate Std.

Es(Dis) 10.46 13.335 16.74 13.050 70.39 49.0
Si(Es(Dis)) 18.38 12.385 5.56 7.027 18.61 12.3
Tr(Si(Es(Dis))) 0.00 0.000 0.00 0.000 0.00 0.00
Res 73.61 9.484 71.18 9.119 54.96 7.19
effects due to differences between year classes, given that we know
the growth pattern is approximately linear (Fig. 2d). The approxi-
mately linear growth pattern suggests that fish are not experiencing
a decline in their rate of growth (and hence metabolism) up to their
fourth year (Machiels and Henken, 1985). For these reasons it is un-
likely that differences in metabolic activity between fish of different
ages are the primary driver of the negative relationships observed
in this study.

Our results indicate that Cu, Zn, and Fe concentrations in the fish tis-
sue were negatively correlated to the relative body size of flounder. Cu
and Zn are known to have negative physiological and developmental
impacts on fish at concentrations comparable to those observed in
this study (Buckley et al., 1982; Clearwater et al., 2002; Kearns and
Atchison, 1979; Waiwood and Beamish, 1978). Therefore, one possible
explanation is that the strong negative relationships between Cu, Zn,
and the relative body size of flounder are at least partially due to the
toxicity of these trace metals. Reduced relative body size in association
with Zn and Cu accumulation may imply that the adverse toxicological
effects of these trace metals are impacting the growth rate of this
ariate factors within the context of a linear mixed model (LMM) for a) Cu, b) Zn, c) Hg,
tively Unmodified), Es=Estuary, Si=Site, Tr=Trawl. Bold values are significant.

d) Se e) Fe f) Temperature

-
lue

Denom.
df

F p-
value

Denom.
df

F p-
value

Denom.
df

F p-
value

.000 4.99 0.65 0.458 6.99 0.002 0.962 4.53 0.89 0.392

.000 111.41 34.49 0.000 135.26 14.471 0.000 5.64 5.43 0.061

.132 24.84 0.00 0.949 33.89 109.04 0.000 0.00 12.91 0.012

d) Se e) Fe f) Temperature

error Estimate Std. error Estimate Std. error Estimate Std. error

40 41.98 31.957 11.46 13.786 5.07 11.167
55 5.74 7.349 22.74 13.081 20.23 12.151
0 0.00 0.000 0.00 0.000 0.00 0.000
1 70.92 9.035 76.31 9.747 83.63 10.674



LMM p-value = 0.000
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Fig. 4. Regression of relationship between flounder relative body size and concentrations of trace metals in muscle tissue. Including a) Cu, b) Zn, c) Hg, d) Se, e) Fe, and f) Temper-
ature. Linear Mixed Model (LMM) p-value corresponds to multivariate tests of the relationship between flounder relative body size and covariate factors within the context of a
linear mixed model, as shown in Table 5.

92 A.C. McKinley et al. / Science of the Total Environment 423 (2012) 84–94
species. The effect sizes associated with these relationships were com-
paratively large, and so it is possible that Zn and Cu accumulation in
the muscle tissue of P. jenynsii are having a significant impact on the
health and ecology of this species.

In contrast, Fe has generally only been shown to have negative
physiological and body size impacts at concentrations substantially
higher than those observed in this study (Canli and Atli, 2003). Cu,
Zn, and Fe were found to be strongly covarying both in the tissue of
flounder and in the sediments. It is possible that the weak negative
relationship between Fe and the relative body size of flounder is
due to covariation with Cu and Zn, rather than any direct effects of
Fe at the concentrations observed.

While temperature also displayed a moderately strong negative
relationship to the relative body size of flounder in the Draftsman's
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Plot, this relationship was not significant within the context of the
LMM analysis (p=0.061). This is possibly due to significant variation
in temperature between estuaries and sites. The relationship between
temperature and the relative body size of the fish is not likely to be
indicative of a latitudinal gradient in growth rates, as the relative
body size of fish did not differ significantly by estuary. It may instead
be indicative of P. jenysii's preference for the inner areas of an estuary,
where conditions are usually warmer compared to sites closer to the
estuary mouth (McKinley et al., 2011). Both temperature and the rel-
ative body size of the fish were found to differ significantly by site,
which could be consistent with this hypothesis. The relative position
of sites within the estuary was not explicitly evaluated in this
analysis.

4.2. Positive relationship between Hg, Se, and relative body size

Se showed a strong positive relationship to the relative body size
of flounder (as an indirect measure of the growth rate over time).
Hg also showed a positive relationship to the relative body size of
flounder, though this relationship was relatively weak.

Se concentrations in this study were low compared to values ob-
served in similar studies, and are not likely to have large physiological
and developmental impacts on fish at the levels observed (Hodson
and Hilton, 1983). Similarly, observed Hg concentrations were
below levels normally associated with adverse physiological impacts
in fish (Friedmann et al., 1996; Latif et al., 2001). In spite of any po-
tential toxicological effects, both trace metals showed a positive rela-
tionship with the flounder relative body size. This implies that any
toxicity effects associated with the accumulation of these trace metals
are being outweighed by other positive growth factors.

While it has been argued that Cu, Zn, and Fe concentrations can
reach an equilibrium state where uptake and efflux rates are equiva-
lent (Dang et al., 2009; Widianarko et al., 2000; Zhang and Wang,
2005), Se and Hg concentrations have generally been shown to con-
tinually increase with continued exposure (Barak and Mason, 1990;
Klaverkamp et al., 1983). This is because little efflux of Se and Hg oc-
curs (Campbell et al., 2008; Deb and Fukushima, 1999; Hodson and
Hilton, 1983). The main pathway for exposure to Hg and Se in fish
is by ingestion of food particles (Creighton and Twining, 2010;
Dallinger et al., 1987; Mathews and Fisher, 2009). Because there is lit-
tle efflux of Se and Hg, fish which have eaten more food are likely to
have greater concentrations of these trace metals in their tissues (if
the concentrations in food sources are equal). Because our measure
of relative body size (g y−1) controls for age differences, fish of larger
relative body size must have grown faster than smaller fish. Fish
which grow faster are likely to be consuming food quicker than
slower growing fish, which increases their ingestion of Hg and Se in
contaminated environments. Thus, it is possible that the observed
positive relationship between Se, Hg, and the relative body size of
flounder is due to increased food intake by faster growing fish. How-
ever, this relationship cannot be confirmed without comparing values
of Hg and Se in the sediment, which were not available in this study.

For all studies of trace metals accumulation, dilution of the con-
taminant in the tissues of faster growing animals can be a confound-
ing factor. Dilution may be a substantial issue in situations where
growth outpaces contaminant uptake and this can be explicitly stud-
ied in controlled laboratory settings (Sprague, 1973). In our extensive
field survey we explicitly examine relationships between relative
body size and tissue concentrations, but cannot distinguish tissue di-
lution from changes to exposure or uptake in the field.

4.3. Relationship between sediment and tissue trace metals

While it is surprising that concentrations of trace metals in the
sediment were not correlated to levels in the tissues of P. jenynsii,
a variety of factors may explain this disjuncture (Widianarko et al.,
2000). Uptake mechanisms and pathways are complex and may be
mediated by prey species (Deb and Fukushima, 1999), patchy distri-
butions of contaminants in the sediment (Dafforn et al., 2012), com-
plex contaminant mixtures (e.g. sewage) which include both food
subsidies and toxicological contaminants (Connolly et al., 2009;
Gaston and Suthers, 2004; McKinley and Johnston, 2010), and
other environmental factors (Lemly, 1993). Differences in tissue
trace metal concentrations may also be due to differential resistance
and tolerance, both between individuals and populations. Physio-
logical resistance to trace metals uptake and relative tolerance to
trace metals exposure has been demonstrated in some fish
(Wirgin and Waldman, 2004). A variety of mechanisms could ac-
count for differential tolerance to contaminants between individ-
uals and populations, for example, differential capacity to produce
metal binding proteins such as metallothioneins (Xie and Klerks,
2004).

5. Conclusion

We have demonstrated that the use of otolith aging and growth
measurement techniques represents an effective and novel method
for assessing the relationships between trace metal accumulation
and the relative body size of fish in a field environment. Surprising-
ly, concentrations of Cu, Zn, and Fe in muscle tissue showed almost
no relationship to concentrations of these trace metals in the sedi-
ment, and P. jenynsii appears to be accumulating significant levels
of these trace metals in both relatively unmodified and heavily
modified estuaries. It is also interesting to note that in no case did
sediment trace metals concentrations show a strong relationship
to the relative body size of flounder, and in no case did relative
body size of flounder, tissue trace metals, or physico-chemical vari-
ables differ significantly between heavily modified and relatively
unmodified estuaries.

In our study Se and Hg showed a positive relationship to the rela-
tive body size of P. jenynsii, while Cu, Zn, and Fe were negatively relat-
ed to the relative body size. The use of fish aging techniques has
allowed us to eliminate the possibility that these effects are driven
by age related differences in metabolic activity. Instead, we suggest
that differences in food supply likely explain the relationship be-
tween Se concentrations and relative body size. In contrast, we have
suggested that toxicological effects may be responsible for the ob-
served relationships between relative body size and concentrations
of Cu and Zn in muscle tissues. The effect sizes associated with
these relationships were comparatively large, and so it is possible
that Zn and Cu accumulation in the muscle tissue of P. jenynsii is hav-
ing a significant impact on the health and ecology of this species.
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