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ARTICLE INFO ABSTRACT

Keywords: Muscle melanisation in sand flathead is defined as the presence of abnormal black spots in the fish’s flesh and the
Melanisation phenomenon has been associated with Zn pollution in the environment. In this study, Zn levels in the fish muscle
Black spot

and crabs were analysed to investigate the role of Zn in causing muscle melanisation and the fish’s uptake of Zn
via its diet, crabs. An improved technique for extracting melanised fish muscle from fillets with black spots was
developed. It enabled Zn levels in melanised muscle to be more accurately determined when compared to
previous study and showed Zn levels were 2.1-3.5 times higher in melanised regions of muscle than non-
melanised regions of muscle from fish with melanisation and fish unaffected by melanisation. This indicated
elevated levels of Zn were localised in the melanised muscle. Muscle melanisation was potentially caused by Zn
ions binding to the active site of tyrosinase, an enzyme involved in melanin production, likely facilitated by the
presence of higher Zn than Cu in the polluted estuaries. A digestion reagent mixture suitable for microwave
assisted acid digestion and analysis of Zn in the whole crab was developed using a mixture of HNO3 and H2O5. Zn
levels in the whole crab were 1.5 times higher in 50% of the crab species studied from a polluted estuary
compared to the same species from an unpolluted estuary. As sand flathead primarily feed on crabs, the fish’s diet
was a likely source of elevated Zn for the fish. Overall, this study has described new techniques useful for the
study of melanised fish and heavy metal levels in the whole crab. The findings from this study also provided
insights that will inform and guide the direction of future research on muscle melanisation in sand flathead.

Fish muscle
Sand flathead
Whole crab
Zinc

1. Introduction flathead represent the most commonly caught finfish species (Lyle et al.,

2019; Stocker et al., 2019) and have high recreational value in the state

Muscle melanisation in fish is defined as abnormal black spots in the
flesh, which occurs as sporadic spots or more severely as intensely
darkened flesh (Ooi et al., 2022; Ramos et al., 2019). It is a complex
phenomenon that affects various fish species across the globe and it can
be caused by various factors such as parasitic infection (Esteves et al.,
2009; Ramos et al., 2019), viral infection (Bjorgen et al., 2019; Bjorgen
et al., 2015; Malik et al., 2021), vaccination (Koppang et al., 2005) and
higher levels of Cu in the feed (Cooper and Midling, 2006; Cooper et al.,
2011). At the island state of Tasmania, Australia, recreational fishers
have been reporting muscle melanisation in the wild sand flathead
(Platycephalus bassensis) (Stocker et al., 2019). This is a worrying
development for the local recreational fishing community as sand
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(Frijlink and Lyle, 2013; Jordan, 2001; Yamazaki et al., 2013). Previous
study reported that no parasites were found in the melanised muscle
(Ooi et al., 2019) and as a wild fish species, sand flathead are not sub-
jected to vaccination. On the other hand, melanised muscle in sand
flathead contained higher levels of many heavy metals, with Zn being
the only metal that was consistently significantly higher (Ooi, 2016; Ooi
et al., 2019). The cause of muscle melanisation in sand flathead is not
well understood, but it has been suggested to be associated with envi-
ronmental pollution (Ooi et al., 2019). This is because sand flathead
affected by muscle melanisation are commonly found in Tasmanian
estuaries polluted by heavy metals, notably Zn (Ooi et al., 2022; Ooi
et al., 2019). This includes the Tamar Estuary (Aquenal Pty Ltd and
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DEPHA, 2008) and one of the most heavily polluted estuaries in the
world, the Derwent Estuary (Bloom and Ayling, 1977; Coughanowr
et al., 2015). Despite being highly contaminated, the Derwent Estuary
has not been included in previous muscle melanisation studies.

A standardised muscle melanisation scoring system was developed to
rank the severity of melanisation in sand flathead fillets based on scores
0, 1, 2 and 3 to indicate increasing severity of muscle melanisation (Ooi
et al., 2022). In general, it is feasible to extract sufficient melanised
muscle from fish with more severe muscle melanisation (melanisation
scores 2 and 3) for heavy metal analysis, but there is difficulty in
ensuring melanised regions of muscle sampled for analysis accurately
represented the black spots on fish muscle (Ooi, 2016). This is because
the melanised muscle sampled usually have some non-melanised muscle
included, thus affecting sample homogeneity and potentially lowering
the accuracy of heavy metal analysis results (Ooi, 2016). On the other
hand, the majority of sand flathead affected by muscle melanisation
have a minor level of melanisation (melanisation score 1) (Stocker et al.,
2019) and it has been difficult to extract sufficient melanised muscle
from these fish for analysis. As a result, studies on melanised sand flat-
head muscle are affected by the use of an inadequate extraction tech-
nique and it highlighted the need to develop an improved technique for
extracting melanised muscle. To develop an improved extraction tech-
nique, the utilisation of magnifying and cutting tools that would provide
better accuracy and precision were proposed (Ooi 2016) and will be
examined in this study.

Fish living in polluted environment can accumulate heavy metals
from their surroundings, including from the water, diet and sediment
(Chen and Chen, 1999; Jezierska and Witeska, 2006; Nakayama et al.,
2010; Rajotte et al., 2003). The non-migratory benthic feeding sand
flathead are usually in contact with the benthic waters and surface
sediments (Ayling et al., 1975). In the past, high levels of Zn were re-
ported in the waters and sediments of the Tamar and the Derwent Es-
tuary. However, Zn levels in the benthic waters have declined to levels
below the 2000 Australian and New Zealand Environment and Conser-
vation Council (ANZECC) guideline, which is 15 pg/L of Zn in waters at
95% protection level (Aquenal Pty Ltd and DEPHA, 2008; Taylor et al.,
2020). Although Zn levels in the surface sediments also declined over
the years, the levels have remained higher than the 2000 ANZECC’s
Interim Sediment Quality Guideline high trigger value of 410 mg/kg for
Zn, which indicates high probability of biological effects (Aquenal Pty
Ltd and DEPHA, 2008; Taylor et al., 2020). Still, there was limited ev-
idence of a direct relationship between Zn in the sediments and the sand
flathead (Hunt, 2008). Alternatively, the accumulation of heavy metals
from diet is significant for fish (Spry et al., 1998) and this has also been
reported for the sand flathead (Hunt, 2008). Sand flathead are oppor-
tunistic feeder (Verdouw et al., 2010) that have a diet that include fish
and crustaceans (Ayling et al., 1975), especially crabs (Hunt, 2008).
Crabs are known to accumulate heavy metals such as Zn from sediments
(Weimin et al., 1994) and the accumulated levels can be influenced by
their surrounding environment (Al-Mohanna and Subrahmanyam,
2001; Rainbow et al., 1990). Potential links between sediments polluted
by Zn, crabs that accumulate Zn and sand flathead that primarily feed on
crabs, may explain the elevated levels of Zn found in the sand flathead.
However, heavy metal levels in crabs are usually determined in the
muscle, which is dissected prior to digestion and metal analysis (Genc
and Yilmaz, 2017). This is a useful method to study crabs in the context
of human health but it is not representative of the heavy metal levels
consumed by fish since the levels of metal can differ between different
crab organs (Chan and Rainbow, 1993; Reinecke et al., 2003; Snyman
et al., 2015; Turoczy et al., 2001) and sand flathead eat crabs whole. As
there is limited literature on digesting the whole crab for analysis, there
is a need to develop an appropriate digestion reagent mixture and
method for this purpose.

The main aim of this study was to investigate muscle melanisation in
sand flathead and the uptake of Zn via the fish’s diet. To study muscle
melanisation in sand flathead, Zn levels in melanised and non-melanised
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regions of muscle were determined and an improved technique for
extracting melanised muscle was developed. Zn levels in muscle of sand
flathead unaffected by melanisation were also determined to establish
the baseline level of Zn in the fish. Zn levels in crabs were studied as they
are a potential source of Zn for the fish, thus a reagent mixture and
method suitable for digesting the whole crab for analysis of Zn was
developed. Based on the results, the advantages of the newly developed
techniques, cause of muscle melanisation and role of diet (crabs) in the
accumulation of Zn in sand flathead were examined and discussed.

2. Materials and methods
2.1. Sample collection

Sand flathead were collected using hook and line from two northern
Tasmania estuaries, the Tamar Estuary (9 sites) and Port Sorell (1 site)
(Fig. 1A). Each fish was euthanised immediately upon capture by blunt
force trauma to the head as per University of Tasmania (UTAS) Animal
Ethics Committee approval (A0017197) and placed into a saltwater ice
slurry until return to the laboratory. Sand flathead from south-eastern
and eastern Tasmania estuaries were supplied by Nyrstar Hobart and
the Institute for Marine and Antarctic Studies, UTAS. This included sand
flathead from the Derwent Estuary (8 sites), Norfolk-Frederick Henry
Bay, D’Entrecasteaux Channel, and Great Oyster Bay (Fig. 1A). Similar
to previous study, Great Oyster Bay was selected as the control site as it
is arelatively clean and unpolluted area (Ooi et al. 2019). The collection
period and number of samples from each site are provided in Table S1.

To confirm the high abundance of crabs in the fish’s food intake, 60
sand flathead collected from the two northern Tasmania estuaries were
chosen using random selection procedure for gut analysis, where 31 of
them had content in their stomach and showed crabs were most
commonly found (~38%) when compared to other prey such as shrimp
(~8%), small fish (~5%) and isopod (~2%). The Deceitful Cove, located
within the Tamar Estuary, is heavily polluted by Zn in the sediments due
to effluents from nearby industries in the past, whereas Port Sorell is
relatively unpolluted with low population density and limited industrial
activity (Aquenal Pty Ltd and DEPHA, 2008; Mondon, 2000; Mondon
et al., 2000; Mondon et al., 2001; Ooi et al., 2022). The two sites were
chosen for crabs sampling as they are situated close enough to each other
(Fig. 1A) to contain the same species of crabs, but with dissimilar levels
of environmental pollution. The crabs were collected in a plastic bucket
during low tide, then transferred to plastic zip lock bags and placed on
ice in an esky, where the crabs were euthanised by chilling. The
collection period is provided in Table S2.

2.2. Sample preparation

At the laboratory, the total length (mm), weight (g) and sex were
determined for each fish. Fish were then filleted, muscles visually
checked for the presence and extent of melanisation, and a melanisation
score (i.e., 0, 1, 2 or 3) was assigned to each pair of fillets based on the
muscle melanisation scoring system for sand flathead (Ooi et al., 2022;
Stocker et al., 2020) (Fig. S1). The measured variables of sand flathead
are listed in Table S1. The fillets were kept in individual zip lock bags
and frozen at —20 °C for storage.

To prepare the fish samples for heavy metal analysis, each pair of
fillets was taken out of the freezer and placed on a white plastic chop-
ping board to thaw. For each pair of fillets with black spots, the
melanised muscle was extracted using an improved technique. First, a
magnifying glass with stand along with a disposable plastic knife was
used to remove a small portion of muscle from the fillet, made up of
mostly melanised muscle that included bits of non-melanised muscle.
Once removed, the melanised muscle sample was carefully trimmed of
non-melanised muscle by using a cover glass (20 x 26 x 0.4 mm) (Paul
Marienfeld, Lauda-Konigshofen, Germany). To ensure only melanised
muscle was included, at least two hours were spent carefully processing
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each pair of melanised fillets and the samples of melanised regions from
the same fish were pooled. Melanised muscle samples generally ranged
from 0.2-0.7 g (wet weight). For non-melanised regions of muscle in fish
with melanisation and fish unaffected by melanisation, around 1.0 g
(wet weight) muscle sample was cut from each pair of fillets according to

the method described in Ooi et al.,
knife.

(2019) by using a disposable plastic

For the crab samples, the weight (g) was recorded and the species of
each crab was identified. The crab species investigated in this study
included soldier crab (Mictyris platycheles), four-toothed shore crab
(Paragrapsus quadridentatus), red-spotted shore crab (Paragrapsus gai-
mardii) and mottled shore crab (Paragrapsus laevis). Other crab species
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Fig. 1. The sampling sites and proportion of
sand flathead with muscle melanisation. (A)
The sampling sites for sand flathead at Tasma-
nia, Australia. The estuary systems, the Tamar
Estuary and the Derwent Estuary, are enlarged
to show the sampling sites within each estuary.
Sampling sites where only sand flathead were
collected are depicted by black boxes or dots,
and sampling sites where both sand flathead
and crabs were collected are coloured red. (B)
The proportion of sand flathead with muscle
melanisation from various sampling sites. The
round dot points represent the proportions and
include the 95% confidence intervals shown as
error bars. Confidence intervals for sampling
sites where sand flathead had no muscle mela-
nisation are not plotted.

with insufficient numbers sampled were omitted from the study. The
collected data are provided in Table S2. The crabs were placed into their
respective species zip lock bags and frozen at —20 °C for storage. To
prepare for heavy metal analysis, the crabs were taken out of the freezer,
thawed and rinsed with distilled and Milli-Q water to remove any

attached sediments.

The fish muscle and whole crab samples were dried at 60°C in an air
oven until a constant weight was achieved and ground to powder using a
glass pestle and mortar. For each individual fish, around 0.1-0.3 g (dry
weight) of ground muscle sample was transferred into individual
MARSXpress digestion vessels (CEM, Matthews, NC, USA). For each

whole crab,

the ground sample was transferred into individual
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MARSXpress vessels in full if the total weight was less than 0.5 g (dry
weight). Each whole crab with a total weight greater than 0.5 g (dry
weight) was thoroughly homogenised via grinding and mixing with the
glass pestle and mortar and a plastic spoon, then three technical repli-
cates were prepared. Each replicate consisted of no more than 0.5 g of
ground whole crab sample to ensure a clear digest. To check for preci-
sion, Zn levels in the technical replicates of 45 ground whole crab
samples were determined and the average relative standard deviation
(RSD) = 4.23%.

Digestion of samples for heavy metal analysis was largely based on
United States Environmental Protection Authority Method 3052 (US
EPA 1996) using a microwave assisted acid digestion process in a MARS
One (CEM, Matthews, NC, USA). Nitric acid 65% (HNOs 65%, Suprapur,
Merck, Darmstadt, Germany), 10 + 0.05 mL, was added to individual
MARSXpress vessels containing the ground fish muscle samples using an
analog-adjustable bottle-top dispenser (Dispensette S Organic, Brand,
Wertheim, Germany). The ground whole crab samples were dissolved by
microwave assisted acid digestion using different proportions of HNO3
65% and hydrogen peroxide 30% w/w (HpO2 30% w/w, AR grade,
Chem-Supply, Gillman, Australia) to test for a mixture that would

Table 1

Different proportions of nitric acid (HNO3; 65%) and hydrogen peroxide (H,O»
30%) added to ground whole crab samples for microwave assisted acid
digestion.

Reagent mixture Ref. A Ref. B Condition of

tested digest

3 mL HNO;3 Annabi et al. (2018) - N/A

10 mL HNO3 Hwang et al. (2017) Nedzarek Cloudy

et al. (2019)

1 mLHNO;3 + 1 mL Lima et al. (2018) - N/A
H30,

3mLHNO3 + 1 mL Silva et al. (2018) - N/A
H,0,

4 mL HNO3 + 2 mL Hamilton et al. (2008) - N/A
H,0,

5mLHNO3 + 2mL Ariano et al. (2015); - N/A
H,0, Olgunoglu and

Olgunoglu (2016)

SmLHNO3+5mL - - Cloudy
H20,

6 mLHNO3 +4mL - - Cloudy
H,0,

7 mL HNO3 + 3 mL Genc and Yilmaz (2017) - Cloudy
H,0,

8 mLHNO3+2mL - - Cloudy
H,0,

10 mL HNO3 + 2 - - Almost clear/
mL Hy0, cloudy

4 mLHNO3 + 4 mL Lemos et al. (2018) - Almost clear/
H,0; + 4 mL cloudy
H,0

SmLHNO3 +5mL - - Almost clear
H,0, + 5 mL
H,0

6 mL HNO3 + 6 mL - - Almost clear
Hy0;, + 6 mL
H,0

10 mL HNO;3 + 10 - - Clear/
mL Hy0, almost clear

Each reagent mixture tested on n = 2-4 samples of individual whole crab.
Condition of digest, ‘Cloudy’, ‘Almost clear’ and ‘Clear’ represent not fully
digested + cloudy, almost fully digested + leftover sediments and fully digested
+ clear digest, respectively. Illustrations for the condition of digest are available
at Fig. S2. Bold condition of digest = reagent mixture that produced the clearest
digest in this study, though slight leftover sediments may remain for crab species
that ingest sand. The reagent mixtures tested were selected and modified based
on published work that utilised microwave assisted acid digestion to study crabs.
Ref. A includes published work that analysed certain parts of, for example,
muscle in crabs. Ref. B includes published work that analysed the whole crab (<
20 mm small species). N/A represents untested reagent mixture in this study due
to the low volume of reagent used in the published work.

Environmental Advances 7 (2022) 100177

produce a clear digested sample and utilised in this study (Table 1 and
Fig. S2). Results of this indicated that 10 + 0.1 mL H0, 30% w/w
should be added in addition to 10 + 0.05 mL HNO3 65% to the ground
whole crab samples.

All samples were left to stand in the open for at least 15 min in a fume
cupboard to undergo pre-digestion. The vessels were then loaded onto
the MARS One and acid digestion was conducted based on a preloaded
method, the CEM Methods for Animal Tissue: Ramp time 20 min; Hold
time 15 min; Temperature 200 °C; Power 500-800 W. Once completed
and cooled, the digested samples were quantitatively transferred into
individual 120 mL high density polyethylene storage containers (Sar-
stedt, Niimbrecht, Germany). The samples were made up to approxi-
mately 50 mL with Milli-Q water and stored at 3 °C in a refrigerator until
analysis.

2.3. Instrumental analysis

A XplorAA Atomic Absorption Spectrometer (GBC Scientific Equip-
ment, Melbourne, Australia) was used with an air-acetylene flame
throughout the study to perform routine flame atomic absorption
spectroscopy (FAAS) analysis of Zn in all the fish muscle and whole crab
samples. Standards for FAAS analysis of Zn were prepared weekly from
Scharlau Zn standard solution 1000 mg/L for AA (Scharlab, Barcelona,
Spain). All standards were stabilised with the addition of HNO3 65%
(1% v/v). European Reference Material - BB422 fish muscle (certified
value = 16.0 mg/kg, certified uncertainty = 1.1 mg/kg; European
Commission — Joint Research Centre, Geel, Belgium) was analysed and
the average measured value for Zn was 16.5 mg/kg, SD = 0.8 mg/kg,
[95% CI: 15.6, 17.5], n = 5. The average recovery for Zn was 103%.

2.4. Data and statistical analysis

Statistical analyses in this study were carried out using RStudio
Version 1.3.959 (RStudio, Boston, MA, USA) and SPSS Statistics Version
25 (IBM, Armonk, NY, USA). The significance threshold was set at p <
0.05. Data were expressed as mean, standard deviation (SD), [95%
confidence interval (CI)] and number of samples (n).

To determine if muscle melanisation in sand flathead was related to
multiple predictors (condition factor, sampling sites, sex, and the
interaction between condition factor and sex), a logistic regression
model was fitted to the data using maximum likelihood. The interaction
between condition factor and sex was analysed as prior literature indi-
cated the likelihood of muscle melanisation was not related to condition
factor and sex, but their interaction was not studied (Stocker et al.,
2020). Due to multicollinearity, fish total weight and length were con-
verted to a condition factor to avoid ambiguity in the interpretations.
The condition factor was calculated using the Fulton’s condition factor

K:
K =100 (W/L?

where W = fish body weight (g), L = fish total length (cm) and a scaling
factor of 100 to bring K close to a value of one (Froese, 2006; Nash et al.,
2006; Ricker, 1975). A set of possible models describing the relationship
between the predictors and presence of melanisation in fish muscle were
compared and selected based on the Akaike information criterion (AIC).
The difference in AIC values were compared across the fitted models to
determine the most parsimonious model (Xu et al., 2010). Due to sep-
aration, a penalised likelihood was applied using the package ‘logistf’
(Heinze et al., 2020) to ensure the estimates were unbiased (Cole et al.,
2014; Heinze and Schemper, 2002).

One-sample t-test was used to determine if mean Zn concentrations
in fish muscle obtained in this study were different to previously pub-
lished data (Ooi et al., 2019) and to determine if mean Zn concentrations
in different species of crabs were different to the minimum metabolic Zn
concentrations required by crustaceans (White and Rainbow, 1985).
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Welch’s t-test with unequal variances assumed was used to study if mean
Zn concentrations in each crab species differed between polluted and
unpolluted estuaries.

One-way ANOVA with unequal variances assumed using the Welch
test and the Games-Howell post hoc test were used to investigate the
difference in mean Zn concentrations between different types of fish
muscle sample from different areas in Tasmania. In this analysis, the
sampling sites were categorised into four major areas, namely the Tamar
Estuary, the Derwent Estuary, D’Entrecasteaux Channel and Great
Opyster Bay (control site). Other sampling sites with insufficient numbers
collected were omitted from this analysis. Samples with insufficient
mass extracted from the fillets were also omitted (See Section 3.2 for
more details).

Statistical analyses in this study were carried out using Zn concen-
trations in dry weight to facilitate comparisons with previously pub-
lished data. The data were also converted to wet weight to allow for
comparisons with other published data and guidelines for Zn levels in
fish. A conversion factor (CF) was used to convert the measured Zn
concentrations in dry weight to wet weight (Yap et al. 2020):

CF = fish muscle sample dry weight (g)/fish muscle sample wet weight (g)
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sediments and the levels are usually higher than other sites within the
estuary (Aquenal Pty Ltd and DEPHA, 2008; Coughanowr et al., 2015;
Whitehead et al., 2010). At D’Entrecasteaux Channel, the proportion of
sand flathead with muscle melanisation was lower than many of the sites
in the adjacent Derwent Estuary (Fig. 1B(ii) and (iii)). Monitoring report
stated D’Entrecasteaux Channel potentially also has elevated Zn in the
sediments, but the levels and severity of pollution are lower when
compared to the Derwent Estuary (Parsons 2012). By contrast, sites in
the Derwent Estuary reported to have low Zn levels in the sediments, for
example, Ralphs Bay (Whitehead et al., 2010), recorded little to no fish
with muscle melanisation (Fig. 1B(ii)). In addition, sand flathead from
sampling sites such as Great Oyster Bay and Port Sorell located in es-
tuaries unpolluted by Zn (Mondon, 2000; Mondon et al., 2000; Ooi et al.,
2019) also recorded little to no muscle melanisation (Fig.1B(iii).

While sampling in previous muscle melanisation studies were limited
to smaller sample size and sites located in northern Tasmania (Ooi et al.,
2022; Stocker et al.,, 2020), or limited to only two sites from
south-eastern Tasmania (Ooi et al., 2019), we were able to greatly
expand this and sampled in a broader scale. In total, we sampled from
ten sites in northern Tasmania, ten sites in south-eastern Tasmania and
one control site in eastern Tasmania. The heavily polluted Derwent Es-
tuary that was not previously studied for muscle melanisation was also

Concentration (wet weight mg / kg) = CF x concentration (dry weight mg / kg) sampled for the first time. Our results are in agreement with published

All reported concentrations in this study are in dry weight unless
otherwise stated.

3. Results and discussion
3.1. Likelihood of muscle melanisation

Model fitted to the data did not suggest there was an interaction
between condition factor and sex (LRT, G; = 5.64, p = 0.131), thus the
model was refitted with the interaction removed. There was limited
evidence that sex (LRT, G; = 1.72, p = 0.788) and condition factor (LRT,
G1 = 0.454, p = 0.500) influenced the likelihood of muscle melanisation
in this study. However, there was statistical evidence that presence of
muscle melanisation in sand flathead was influenced by the sampling
site (LRT, G; = 152.66, p < 0.001). The model with only sampling site
included was the best AIC model (Table 2), suggesting that among the
predictors tested, presence of muscle melanisation was primarily related
to the sampling site. As the sampling site is categorical, the logistic
regression fitted the proportion of *successes’, defined as the presence of
muscle melanisation, within each site (Fig. 1B).

Our results showed muscle melanisation was more commonly found
at most of the sampling sites located within estuaries impacted by
anthropogenic activities and Zn pollution, namely the Tamar and the
Derwent Estuary. For example, muscle melanisation was commonly
observed in sand flathead from Deceitful Cove and Middle Arm in the
Tamar Estuary, and New Town Bay in the Derwent Estuary (Fig. 1B(i)
and (ii)). Monitoring reports stated these sites have elevated Zn in the

Table 2

Summary of the AIC analysis.
Model descriptions Model K InL AAIC
All main effects included y~1+cf+s+ss 26 -1854 7.8
Sex and sampling site effect y~14s+ss 25 -185.6 6.2
Condition factor and sampling site effect ~ y~1+cf+ss 22 -186.3 1.5
Sampling site effect y~1+4ss 21 -186.5 0.0
Condition factor and sex effect y~1-+cfts 6 -261.7  120.4
Sex effect y~1+s 5 -262.2 119.4
Condition factor effect y~1-+cf 2 -264.9 1187
Null effect y~1 1 -265.4  117.6

The main effects: condition factor, sampling site and sex, are indicated by cf, ss
and s, respectively. K = number of estimated parameters and InL. = maximum
log-likelihood. Bold AAIC values = best model set.

literature that stated muscle melanisation was likely caused by
site-specific factors (Stocker et al., 2020), and one of the major factors
was hypothesised to be heavy metal, notably Zn, pollution in the sedi-
ments (Ooi et al., 2022; Ooi et al., 2019). Indeed, sand flathead with
muscle melanisation were more commonly found in polluted areas in
this study, with higher incidence typically recorded at contaminated
sites located within the Tamar and the Derwent Estuary.

3.2. Improved extraction technique for melanised muscle

Zn levels in sand flathead from this study were compared to the
levels determined in sand flathead collected during 2015 and analysed
in a previous study (Ooi et al., 2019). Comparisons were made between
muscle samples of sand flathead caught from the same sampling sites in
this study and the previous study. For melanised regions of muscle, there
were significant differences in mean concentrations of Zn between sand
flathead in this study and the previous study (Ooi et al. 2019). At
Deceitful Cove, the mean concentration of Zn in the melanised regions of
muscle in this study (37.8 mg/kg, SD = 8.6 mg/kg, [95% CI: 32.5, 43.2],
n = 10) was significantly higher when compared to the result reported in
the previous study (Ooi et al., 2019) (29.6 mg/kg, t(9) = 3.016, p =
0.015). Similarly, the mean concentration of Zn in melanised regions of
muscle of fish from Norfolk-Frederick Henry Bay and D’Entrecasteaux
Channel in the current study (56.7 mg/kg, SD = 10.5 mg/kg, [95% CI:
48.9, 64.5], n = 7) was significantly higher than reported previously
(Ooi et al., 2019) (37.7 mg/kg, t(6) = 4.771, p = 0.003).

On the other hand, there were no significant differences in mean
concentrations of Zn between sand flathead in this study and the pre-
vious study (Ooi et al., 2019) for non-melanised regions of muscle from
fish with melanisation and fish unaffected by melanisation. At Deceitful
Cove, the mean concentration of Zn in the non-melanised regions of
muscle from fish with melanisation in the current study (19.6 mg/kg,
SD = 4.0 mg/kg, [95% CIL: 17.3, 21.8], n = 12) was not significantly
different to the result reported in the previous study (Ooi et al., 2019)
(17.6 mg/kg, t(11) = 1.708, p = 0.116). Similarly, the mean concen-
tration of Zn in the non-melanised regions of muscle from fish with
melanisation from Norfolk-Frederick Henry Bay and D’Entrecasteaux
Channel (19.5 mg/kg, SD = 5.1 mg/kg, [95% CI: 15.8, 23.3], n = 7) was
also not significantly different to those reported previously (Ooi et al.,
2019) (23.0 mg/kg, t(6) = 1.797, p = 0.122). In addition, mean con-
centration of Zn in the muscle of fish unaffected by melanisation from
Great Oyster Bay in this study (16.4 mg/kg, SD = 4.2 mg/kg, [95% CI:
15.3, 17.6], n = 52) was not significantly different to those reported
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previously (Ooi et al., 2019) (17.5 mg/kg, t(51) = 1.869, p = 0.067).

Significantly higher levels of Zn were recorded in the current study
most likely due to the improved technique for extracting melanised
muscle. The improved technique ensured melanised muscle sampled
included very minimal non-melanised muscle, thus enhancing sample
homogeneity and giving more accurate results for Zn in the melanised
regions of muscle. Sufficient mass of melanised muscle sample was
successfully extracted from severely or moderately (melanisation score 3
or 2, respectively) melanised fillets in the majority of cases (~80%), but
limitations associated with the extraction process persisted. This is
because many fish had only a minor level of melanisation (melanisation
score 1) and extracting sufficient mass for analysis was unachievable.
Despite that melanised muscle was extracted from fish with melanisa-
tion score 1 using the improved technique, most of the results for these
were omitted due to low mass sampled from the melanised region
resulting in low accuracy of the analytical result.

For the non-melanised regions of muscle from fish with melanisation
and fish unaffected by melanisation, the extraction technique used was
the same as the previous study (Ooi et al., 2019) and the Zn levels have
remained unchanged. This trend is in close agreement with published
literature, where Zn levels in white sand flathead muscle from Port
Phillip Bay, Victoria, Australia have remained comparatively unchanged
for 20 years from 1995 (3.8-6.8 mg/kg wet weight) to 2015 (5.93-7.16
mg/kg wet weight) (Gagnon et al., 2016). Similarly, Zn levels in
non-melanised regions of muscle, or white fish muscle, in the present
study were similar to the levels obtained in 2015 (Ooi et al., 2019). The
levels of Zn in white sand flathead muscle in the present study (3.6-4.9
mg/kg wet weight), along with the results from previous studies (Gag-
non et al., 2016; Ooi et al., 2019), show that the baseline level for Zn in
sand flathead white muscle is lower than or around 5 mg/kg wet weight,
which conforms to the Australia New Zealand Food Authority generally
expected levels (GELs) of 5 mg/kg wet weight for Zn in fish (FSANZ,
2001). For melanised regions of muscle, Zn levels (12.4-15.7 mg/kg wet
weight) exceed the GELs (FSANZ, 2001).
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3.3. Zn levels and muscle melanisation in sand flathead

There was a significant difference in mean Zn levels when comparing
between the different types of muscle in sand flathead from different
sampling areas (F(9,43) = 22.148, p < 0.001). A post hoc test revealed
the difference in Zn levels were mainly observed when comparing the
melanised regions of muscle to non-melanised regions of muscle from
fish with melanisation and fish unaffected by melanisation.

The mean Zn concentration in fish from the Tamar Estuary was about
2.1 times higher in melanised regions of muscle (39.2 mg/kg, SD = 9.4
mg/kg, [95% CI: 33.5, 44.9], n = 13) compared to non-melanised re-
gions of muscle from fish with melanisation (19.1 mg/kg, SD = 4.1 mg/
kg, [95% CIL: 17.9, 20.3], n = 49, p < 0.001) and fish unaffected by
melanisation (18.9 mg/kg, SD = 3.6 mg/kg, [95% CI: 18.1, 19.8], n =
78, p < 0.001) (Fig. 2). Compared to muscle of fish unaffected by
melanisation from the control site (16.4 mg/kg, SD = 4.2 mg/kg, [95%
CI: 15.3, 17.6], n = 52), the mean concentration was about 2.4 times
higher (p < 0.001) (Fig. 2). There was no significant difference in mean
Zn concentration between the non-melanised regions of muscle from fish
with melanisation and fish unaffected by melanisation (p = 1.000) from
the Tamar Estuary (Fig. 2). However, higher mean Zn concentrations
were observed when the non-melanised regions of muscle from fish with
melanisation (p = 0.044) and fish unaffected by melanisation (p =
0.020) from the Tamar Estuary were compared to muscle of fish unaf-
fected by melanisation from the control site (Fig. 2).

In fish from the Derwent Estuary, the mean Zn concentration was
about 3.1 times higher in melanised regions of muscle (52.0 mg/kg, SD
=15.2 mg/kg, [95% CI: 40.5, 64.0], n = 7) compared to non-melanised
regions of muscle from fish with melanisation (16.7 mg/kg, SD = 2.2
mg/kg, [95% CI: 15.7, 17.7], n = 20, p = 0.012) and fish unaffected by
melanisation (17.0 mg/kg, SD = 3.0 mg/kg, [95% CI: 15.9, 17.9], n =
26, p = 0.012) (Fig. 2). Compared to muscle of fish unaffected by
melanisation from the control site, the mean concentration was about
3.2 times higher (p = 0.011) (Fig. 2). There were no significant differ-
ences in mean Zn concentrations between the non-melanised regions of
muscle from fish with melanisation and fish unaffected by melanisation
from the Derwent Estuary (p = 1.000), and muscle of fish unaffected by
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Fig. 2. The concentration of Zn (mg/kg dry weight) in the muscle of sand flathead from various sampling areas in Tasmania. Red diamond points indicate the mean
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melanisation from the control site (p = 1.000 and p = 0.999) (Fig. 2).

The mean Zn concentration in fish from D’Entrecasteaux Channel
was about 3.3 times higher in melanised regions of muscle (58.1 mg/kg,
SD = 10.8 mg/kg, [95% CI: 44.3, 73.7], n = 6) compared to non-
melanised regions of muscle from fish with melanisation (19.4 mg/kg,
SD = 5.5 mg/kg, [95% CI: 12.6, 27.4], n = 6, p = 0.001) and fish un-
affected by melanisation (16.2 mg/kg, SD = 3.3 mg/kg, [95% CI: 15.0,
17.3],n =45, p = 0.003) (Fig. 2). Compared to muscle of fish unaffected
by melanisation from the control site, the mean concentration was about
3.5 times higher (p = 0.003) (Fig. 2). There were no significant differ-
ences in mean Zn concentrations between the non-melanised regions of
muscle from fish with melanisation and fish unaffected by melanisation
from D’Entrecasteaux Channel (p = 0.895), and muscle of fish unaf-
fected by melanisation from the control site (p = 0.930 and p = 1.000)
(Fig. 2).

The mean Zn concentrations in melanised regions of muscle did not
differ significantly between sand flathead from the Tamar Estuary, the
Derwent Estuary (p = 0.598) and D’Entrecasteaux Channel (p = 0.084),
nor between those from the Derwent Estuary compared to D’En-
trecasteaux Channel (p = 0.995) (Fig. 2). Similarly, there were no sig-
nificant differences between the mean Zn concentrations in non-
melanised regions of muscle from fish with melanisation from the
Tamar Estuary compared to the Derwent Estuary (p = 0.080) and to
D’Entrecasteaux Channel (p = 1.000), nor between those from the
Derwent Estuary compared to D’Entrecasteaux Channel (p = 0.958)
(Fig. 2).Therefore, Zn concentrations can be divided into two main
groups depending on whether melanisation was present in the fish
muscle. Within the melanised regions of muscle, Zn concentrations were
greatly elevated, about 2.1-3.5 times higher than in non-melanised re-
gions. In non-melanised regions or unaffected muscle, Zn concentrations
were around the baseline level and similar to the levels observed in fish
muscle from the control site. Even though some of the sampling areas are
situated as far as 250 km apart, this trend was consistent for all the sand
flathead investigated in this study.

Presence of muscle melanisation in fish has been associated with
elevated levels of heavy metals (Cooper and Midling, 2006; Cooper
etal., 2011; Ooi et al., 2019). It is shown that melanin, normally found in
melanised or pigmented tissues in, for example, muscles, eyes and
feathers, is usually enriched with elements such as Zn, Cu, Mg, Ca or Fe
(Bowness et al., 1952; Chatelain et al., 2014; Cooper and Midling, 2006;
Edwards et al., 2016; Hong and Simon, 2007; McGraw, 2003; Niecke
etal., 1999; Wogelius et al., 2011) as it can function as a reservoir or sink
for heavy metals and other toxic substances (Chatelain et al., 2014;
Cooper and Midling, 2006; Edwards et al., 2016; Hong and Simon, 2007;
McGraw, 2003). As a result, melanin pigments in the melanised regions
of muscle in sand flathead was suggested to be a sink for sequestering
excessive heavy metals in the fish, especially Zn (Ooi et al., 2019).

The occurrence of muscle melanisation has been observed in both
wild and farmed Atlantic cod from Norway, but the presence and
severity were much lower in the wild fish than in the farmed fish
(Cooper and Midling, 2006; Cooper et al., 2011). Increased occurrence
of muscle melanisation in farmed Atlantic cod was linked to higher
levels of Cu in the feed (Cooper et al., 2011) and reported as arising due
to an increase in the activity of tyrosinase, a copper-dependent enzyme
that catalyses melanin production (Cooper and Midling, 2006). The
resultant melanin was associated with blood vessels and muscle, and
higher levels of Cu were found in these melanised tissues compared to
non-melanised tissues (Cooper and Midling, 2006). In the wild sand
flathead considered in the current study, the melanin has also been
associated with blood vessels and muscle (Ooi et al., 2019; Stocker et al.,
2020). However, in this case the melanised tissues were found to contain
higher levels of Zn rather than Cu.

While Cu ions are traditionally expected to bind to the active site of
the tyrosinase family, recent studies in human tyrosinase have contra-
dicted that assumption and shown the presence of Zn ions in the active
site involved in melanogenesis (Lai et al., 2017; Solano, 2018). The
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process is facilitated under certain conditions, most importantly the
presence of Zn ions along with low availability of Cu (Solano, 2018).
This has in turn presented an interesting premise for the cause of muscle
melanisation in sand flathead, since the three enzymes associated with
the biosynthesis of melanin in humans, namely tyrosinase, tyrosinase
related-protein 1 and tyrosinase related-protein 2, are also present in
teleost fishes (Lai et al., 2017; Sato et al., 1999; Solano, 2018) such as the
sand flathead. Furthermore, the polluted estuaries investigated in this
study also demonstrated higher Zn levels when compared to Cu. Moni-
toring reports indicated Zn levels (34-1030 mg/kg) in the surface sed-
iments throughout the Tamar Estuary were about 2-10 times higher
than Cu (4-472 mg/kg), and certain sites such as the Deceitful Cove
recorded Zn (6050 mg/kg) levels that were up to 47 times higher than
Cu (130 mg/kg) (Aquenal Pty Ltd and DEPHA, 2008). For the Derwent
Estuary, Zn levels (2103-4228 mg/kg) in the surface sediments were on
average 20-26 times higher than Cu (106-164 mg/kg) (Coughanowr
et al., 2015). As a result, the cause of muscle melanisation in sand
flathead is possibly related to the presence of higher Zn than Cu in the
estuaries and the Zn ions may bind to the active site of tyrosinase
enzyme, thereby inducing melanin production.

3.4. Zn levels in sand flathead’s diet (crabs)

The mean Zn concentrations recorded in four-toothed shore crabs
from Port Sorell (52.4 mg/kg, SD = 3.7 mg/kg, [95% CI: 49.8, 55.0], n
=10, t(9) = 2.074, p = 0.068), red-spotted shore crabs from Deceitful
Cove (51.5 mg/kg, SD = 4.1 mg/kg, [95% CI: 47.2, 55.7], n = 6, t(5) =
0.872, p = 0.423) and Port Sorell (49.8 mg/kg, SD = 5.8, [95% CI: 46.1,
53.5], n =12, t(11) = 0.124, p = 0.903), and mottled shore crabs from
Deceitful Cove (51.8 mg/kg, SD = 5.2 mg/kg, [95% CI: 52.8, 66.0], n =
10, t(9) = 1.103, p = 0.299) were not significantly different to the
literature value for minimum metabolic requirement in crabs, 50.0 mg/
kg dry weight (Wang and Rainbow, 2020; White and Rainbow, 1985)
(Fig. 3). However, mean Zn concentrations significantly higher than this
base level were observed in other crabs in these estuaries, namely soldier
crabs from Deceitful Cove (130.1 mg/kg, SD = 14.8 mg/kg, [95% CL:
119.5, 140.6], n = 10, t(9) = 17.121, p < 0.001) and Port Sorell (86.1
mg/kg, SD = 8.4 mg/kg, [95% CI: 80.0, 92.1], n = 10, t(9) = 13.5,p <
0.001), four-toothed shore crabs from Deceitful Cove (76.9 mg/kg, SD =
13.2 mg/kg, [95% CI: 60.5, 93.3], n = 5, t(4) = 4.555, p = 0.010), and
mottled shore crabs from Port Sorell (59.4 mg/kg, SD = 5.3 mg/kg,
[95% CI: 52.8, 66.0], n = 5, t(4) = 3.974, p = 0.016) (Fig. 3).

The minimum metabolic Zn concentration required by crustaceans,
including crabs, is estimated to be 50.0 mg/kg dry weight (Wang and
Rainbow, 2020; White and Rainbow, 1985). Zn levels in most crabs
investigated in this study were in close agreement with this value and no
individual crab species recorded Zn concentrations that were signifi-
cantly lower than 50.0 mg/kg. Levels of Zn varied somewhat between
crab species, but this was anticipated as the accumulation of heavy
metal in crabs can vary between taxa, feeding habit and behavioural
strategy (Rainbow et al., 1990; Rainbow and White, 1989).

For Deceitful Cove soldier crabs, the mean Zn concentration was
about 1.5 times higher than those from the comparatively unpolluted
Port Sorell (t(14) = 8.171, p < 0.001) (Fig. 3). Similarly, the Deceitful
Cove four-toothed shore crabs had mean Zn concentration that was
about 1.5 times higher than individuals from Port Sorell (t(4) = 4.070, p
= 0.013) (Fig. 3). In contrast, mean Zn concentration in mottled shore
crabs from Port Sorell was slightly higher, about 1.1 times, than in-
dividuals from Deceitful Cove (t(8) = 2.628, p = 0.030) (Fig. 3).

There is evidence for crabs being able to regulate Zn levels in their
body (Rainbow et al., 1990). This has been reported in decapod crus-
taceans, where essential metals including Zn are regulated by changing
the Zn excretion rate to match the Zn uptake rate (Rainbow et al., 1990).
However, there is generally a threshold above which net accumulation
of metals will occur (Al-Mohanna and Subrahmanyam, 2001; Rainbow
and White, 1989). This appears to have occurred for soldier crabs and



C.K. Ooi et al.

Environmental Advances 7 (2022) 100177

Minimum metabolic requirement - - - 50.0 mg/kg

Soldier crab

Four-toothed shore crab

Red-spotted shore crab Mottled shore crab

*kk

140

-
w
o

-
N
o

N
-
o

-
o
o

T

80 -

70

Concentration of Zn (mg/kg)

40 n=10 n=10 n=5 n=10

60
] EE,

- - [ - L I

n=12

n=6 n=10 n=5

Deceitful Cove Port Sorell Deceitful Cove Port Sorell

Deceitful Cove Port Sorell Deceitful Cove Port Sorell

Sampling site

Fig. 3. The concentration of Zn (mg/kg dry weight) in different crab species from Deceitful Cove and Port Sorell. Diamond points indicate the mean concentrations of
Zn and error bars depict the 95% confidence intervals. Asterisks indicate significant difference in mean Zn concentrations when comparing between the same species
of crab from different sampling site, where *, ** and *** indicate p = 0.030, p = 0.013 and p < 0.001, respectively. NS indicates no significant difference. Blue dashed
line represents the base value from published data (Wang and Rainbow 2020; White and Rainbow 1985). A difference in diamond point colour (i.e., red) to the
dashed line colour (i.e., blue) indicates significant difference (p < 0.05) in mean Zn concentration to the base value. The boxplots show the distribution of data based
on the five-number summary including the minimum (lower whisker), first quartile (lower box outline), median (horizontal black line inside box), third quartile
(upper box outline) and maximum (upper whisker). Black dot point indicate outlier.

four-toothed shore crabs from Deceitful Cove, which is known to contain
sediments highly polluted by Zn (Aquenal Pty Ltd and DEPHA, 2008).
For mottled shore crabs, individuals sampled from Port Sorell were
likely older and thus accumulated more Zn as they were on average 6
times heavier than individuals sampled from Deceitful Cove (Table S2).
The higher levels of Zn in the crabs likely resulted from a Zn uptake rate
that exceeded the excretion rate, thus resulting in net accumulation of
Zn in the crab’s body (Rainbow et al., 1990). As soldier crabs ingest sand
to filter for food (Edgar, 1997), they have accumulated significantly
higher levels of Zn in their body than other crab species. For example,
light-blue soldier crabs (Mictyris longicarpus) are shown to be capable of
accumulating more heavy metals from the sediments than from water
(Weimin et al., 1994). Elevated Zn levels were also observed in
four-toothed shore crabs from Deceitful Cove, but the elevation was less
than for soldier crabs. This is likely due to the four-toothed shore crabs
being scavengers and not consuming sand (Taylor and Poore, 2020b).
Similarly, mottled shore crabs are carnivorous and do not ingest sand
(Taylor and Poore, 2020a).

There was no significant difference in the mean Zn level between red-
spotted shore crabs (t(14) = 0.704, p = 0.493) from Deceitful Cove and
Port Sorell (Fig. 3). The Zn concentrations were maintained around the
minimum metabolic requirement of 50.0 mg/kg, suggesting Zn levels
are regulated more effectively in this crab species.

For each crab species, the whole crab was digested and analysed for
Zn, and 50% of the crab species investigated in this study exhibited
higher Zn concentrations when residing in a polluted estuary. As heavy
metal accumulation in sand flathead was reported to be greatly influ-
enced by their diet (Hunt, 2008), this study shows crabs that accumu-
lated Zn may serve as the intermediate link between elevated Zn in the
sediments and the fish. Since sand flathead are non-migratory (Ayling
et al.,, 1975) and primarily consume crabs (Hunt, 2008), it is possible
that the constant consumption of crabs residing in Zn contaminated sites
resulted in overabundance of Zn in the sand flathead’s body. As mela-
nisation in sand flathead has been associated with the muscle fibres and
blood vessels, the excess Zn could be transported via blood circulation
and localised in the melanised regions of muscle (Ooi et al., 2019). In

this case, melanin in the melanised regions of muscle would act as a sink
to sequester the excess Zn (Ooi et al., 2019).

4. Conclusions

This study established that occurrence of muscle melanisation in
sand flathead was influenced by the levels of Zn pollution in the fish’s
surrounding environment. An improved technique for extracting
melanised muscle was successfully developed and led to more accurate
results of Zn being determined in the melanised muscle. It showed that
Zn levels in the melanised regions of muscle were significantly higher
(about 2.1-3.5 times) than non-melanised regions of muscle from fish
with melanisation and fish unaffected by melanisation, where Zn levels
were near the baseline level. The findings indicated elevated levels of Zn
were localised in the melanised regions of muscle and the possible cause
of muscle melanisation in sand flathead was explored. The newly
developed reagent mixture and method were suitable for the digestion
and analysis of Zn in the whole crab. Zn levels were significantly higher
(about 1.5 times) in 50% of the crab species studied from a polluted
estuary compared to an unpolluted estuary. As sand flathead primarily
feed on crabs, the diet was a likely source of elevated Zn for the fish.
Overall, findings from this study will inform and shape the direction of
future work on muscle melanisation in sand flathead. Aside from the
sand flathead, the newly developed techniques are applicable to other
fish and crab species and will be useful for muscle melanisation and
environmental pollution research in general.
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